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INTRODUCTION

1 INTRODUCTION

1.1 Regulation of glucose homeostasis

1.1.1 Inter-organ crosstalk for the maintenance of whole-body glucose homeostasis

The blood glucose concentration of humans and mammals needs to be tightly regulated to
ensure a healthy whole-body metabolism. Blood glucose has to be decreased in the post-
prandial state, but it also needs to be increased or at least maintained during periods of
starving. These processes involve several different organs and tissues, such as pancreas,
skeletal muscle, white adipose tissue and liver. Each of those organs participates substan-
tially in this inter-organ crosstalk to promote whole-body metabolism. The regulation of blood
glucose and the relationships between the mentioned organs and tissues is demonstrated in
Figure 1. Per definition, normoglycemia in humans is defined as a fasting plasma glucose
concentration < 6.1 mmol/L (110 mg/dL) or a plasma glucose concentration < 7.8 mmol/L
(140 mg/dL) two hours after glucose uptake in an oral glucose tolerance test (0. GTT) (Posi-
tion statement: Screening for Type 2 Diabetes, Clinical Diabetes, Vol 18. No 2 Spring 2000,
ADA).

Two different hormones, secreted from specialized endocrine cells (islets of Langerhans) in
the pancreas, mainly regulate this essential balance between the hyper- and the hypoglyce-

mic state.

Insulin is a peptide hormone of 51 amino acids [1, 2] and is produced exclusively in endo-
crine B-cells of the islets of Langerhans within the pancreas [3]. The main trigger for the se-
cretion of insulin into the blood is an increased level of blood glucose [4]. In healthy individu-
als, the amount of secreted insulin strongly depends on the glucose concentration [5] accord-
ing to the model of stimulus-secretion coupling of B-cells [6]. After secretion of insulin into the
blood it facilitates the uptake of glucose into insulin-responsive tissues, such as skeletal
muscle, liver and adipose tissue. This process in turn decreases blood glucose concentra-
tion, finally leading to a suppression of insulin secretion [5, 7]. To effectively sense glucose
and react with insulin secretion, the islets of Langerhans are strongly vascularized by blood

vessels [8].

The insulin-antagonist glucagon is also a peptide hormone of 29 amino acids [9] and is pro-
duced in endocrine a-cells of the islets of Langerhans. Secretion of glucagon, that is trig-
gered by low blood glucose levels, amino acids, hormones and neurotransmitters [10], leads
to an increase in blood glucose concentration due to elevated hepatic glucose production

[11] that is attributed predominantly to breakdown of glycogen into glucose [12]. Glucagon



INTRODUCTION

thereby binds to a special G-protein coupled receptor (glucagon receptor) in the plasma
membrane [13] of its target cells.

High blood glucose

Glucose

Insulin

_ Glucagon

S

-
\\\\\ies S ———

Low blood glucose

s

Figure 1: Schematic representation of blood glucose regulation with the mainly involved organs and tissues

Besides insulin and glucagon, the specialized cells of the pancreatic islets also produce so-
matostatin that regulates the secretion of insulin and glucagon [14] as well as pancreatic pol-
ypeptide [15] and ghrelin [16]. Table 1 summarizes the major cell types, the produced hor-
mones and the approximate portion of the cells inside an islet.

Table 1: Cell types of islets of Langerhans and their features

Cell type Produced hormone Portion of the islet
a-cells glucagon 15 %
B-cells insulin 75-80 %
o-cells somatostatin 5%
PP-cells (F-cells) pancreatic polypeptide few
e-cells ghrelin few
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1.2 Anatomy and physiology of the pancreas

1.2.1 Anatomic, morphologic and histologic properties of the pancreas

The pancreas is located in the upper left abdomen next to the stomach and the duodenum. It
can be divided into three different parts. The so-called “head" lies between the stomach and
the duodenum, the “tail” is attached to the spleen, and the “body” represents the part in be-
tween. As the pancreas is part of the gastrointestinal system it is also connected to the gall
bladder and the liver by sharing a common duct system. At the head of the pancreas, the
common bile duct (Ductus choledochus), that takes together the cystic duct (Ductus cysticus)
and the hepatic duct (Ductus hepaticus communis), ends in the pancreatic duct (Ductus pan-
creaticus) to open out into the duodenum via the major papilla (Papilla duodeni major = am-
pulla of Vater) (Fig. 2). The pancreatic duct pervades the entire pancreas to branch in the
single lobes of the exocrine acinar and tubular network. Histological examination after basic
staining reveals distinct cell clusters within the pancreatic tissue, the islets of Langerhans.
Thereby, the pancreas can be distinguished between the exocrine and the endocrine part of
the pancreas. The exocrine part makes up more that 95 % of pancreatic cell mass and func-
tionally consists of the acinar cells. They produce digestive enzymes and the pancreatic juice
that is excreted into the duodenum via the pancreatic duct. The endocrine pancreas refers to
the islets of Langerhans. They only make up 1-2 % of the pancreas mass and produce the
previously mentioned hormones (Tab. 1), which are necessary for glucose homeostasis. The
islets are dispersed throughout the pancreas but their distribution is heterogeneous. The
highest islet concentration is found in the pancreatic tail compared to the other parts [17].
Pancreatic islets can be identified with hematoxylin staining by a paler cytoplasm compared
to the surrounding exocrine tissue (Pancreapedia.org; Longnecker 2014, DOI:
10.3998/panc.2014.3).
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Figure 2: Anatomy of the pancreas and the adjacent organs in the upper abdomen.

1.2.2 Islets of Langerhans

The islets of Langerhans were first described in 1869 by Paul Langerhans. He reported
about these “cell clusters” in his medical doctor thesis. Each islet is surrounded by a peri-
insular basement membrane and is highly vascularized in order to secrete the produced
hormones directly into the blood [8]. Therefore, the endothelial cells surrounding the vascula-
ture are fenestrated ensuring the effective exchange of substances with the islet cells [18].
The islets show a diverse range of sizes and shapes within and between individuals and
species. In humans, the average islet diameter is 100-150 ym [19]. The B-cells of rodents are
clustered mainly in the islet center, whereas B-cells of humans do not show a distinct distri-
bution within the islet ([20], Pancreapedia.org; Longnecker 2014, DOI: 10.3998/panc.2014.3).
While the single cell distribution within the islet is independent of the islet size, the physiology
may be not. It was reported that glucose-stimulated insulin secretion is much more profound
in small islets (approx. 50 um diameter) of rats compared to large islets (approx. 200 pm)
[21].



INTRODUCTION

1.3 Insulin secretion from pancreatic p-cells

1.3.1 Glucose-stimulated insulin secretion

The physiological need for increased insulin secretion from B-cells is given in the situation of
increased blood glucose levels. The B-cells of rodents permanently sense the blood glucose
concentration with the help of the facilitative glucose transporter 2 (GLUT2) [22], whereas in
humans the predominant glucose transporter in B-cells is GLUT1 [23]. GLUT2 has a high
capacity and a low affinity (high Ky, ~ 15-20 mM) for glucose, which makes it a very efficient
carrier for glucose [24]. Via GLUTZ2 glucose from the blood enters the pancreatic -cells and
becomes phosphorylated immediately by glucokinase [25]. This enzyme is a hexokinase iso-
enzyme (hexokinase 4) and its expression and activity is limited to only a few cell types, for
instance in the liver, pancreas, gut and the brain [26]. Glucokinase exhibits special kinetic
properties. It has a lower affinity for glucose compared to the other hexokinases and there-
fore its activity depends, at least under physiological conditions, on the glucose concentration
[27]. The special feature of glucokinase is that it is not inhibited by its product glucose-6-
phosphate [28], which makes this enzyme an obligatory player permanently triggering insulin
release upon high glucose concentrations [29]. After phosphorylation, glucose is used in the
glycolysis pathway to produce pyruvate. After the subsequent Krebs cycle and the oxidative
phosphorylation inside the mitochondria, energy is produced equivalent as adenosine tri-
phosphate (ATP). In B-cells, the rise in the ATP to ADP ratio mediates the closure of ATP-
sensitive K™ channels in the plasma membrane [30-33]. This K channel in the B-cells is
composed of two different subunits. K;;6.2 is the major inward-rectifier potassium ion chan-
nel-forming subunit that builds an integral membrane protein. SUR1 (sulfonylurea receptor 1)
is a regulatory subunit that associates with the K;6.2 subunit [34]. To form a functional recep-
tor, four subunits of each type assemble in a special conformation to allow potassium flux.
Upon closure of this channel, the cell membrane starts to depolarize due to the accumulation
of positively charged ions inside the cell. This initial depolarization triggers a set of additional
ion channels to open and to further increase membrane depolarization. These channels in-
clude transient receptor potential (TRP) channels, voltage-dependent T-type Ca®" and Na*
channels [35]. The rise in positively charged Na* and Ca?* ions increases the depolarization
to a threshold value upon which voltage-dependent L-type Ca®*-channels (VDCC) open. The
subsequent influx of Ca®* ions into the B-cell mediates insulin exocytosis [36] by vesicle
movement and actin reorganization [37]. The entry of Ca?* ions from outside the cell through
the VDCCs also activates the type 2 ryanodine receptor (RyR2) which functions as a calcium
release channel in the membrane of the endoplasmic reticulum [38, 39]. This rapidly increas-

es the cytosolic Ca®* concentration to support the release of insulin.
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Glucose-stimulated insulin secretion usually consists of two phases as a consequence of the
depletion of different insulin granule pools [40-45]. First phase insulin secretion occurs in the
first few minutes after the detection of the glucose rise in the blood stream. It is triggered
mainly by the pathway mentioned above (Fig. 3). To rapidly secrete a substantial amount of
insulin after a rise in glucose concentration, the B-cell holds a readily releasable pool (RRP)
of insulin granules available that are pre-docked to the plasma membrane. These granules
are preferably used to secrete insulin in the first phase [41, 46]. The second phase of insulin
secretion is thought to be independent of the pathway that includes the ATP-sensitive K*
channel. This phase is more supported by metabolic adaptations of the cell and uses the
reserve pool of insulin granules and newly formed granules with freshly expressed insulin
[45] that has to be translocated to the plasma membrane, presumably by the small G protein
Rab27A [47]. The pathways leading to the second phase of insulin secretion are more com-
plex and include different mediators, such as cyclic adenosine monophosphate (CAMP), free

fatty acids, incretins and others [48].

——4
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Figure 3: Schematic representation of the triggering pathway that leads to first phase glucose-stimulated insulin

i

insulin vesicle

secretion in pancreatic -cells.
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1.3.2 Other known modulators of insulin secretion

Insulin secretion from B-cells is not only stimulated by glucose, but also by a broad variety of
other modulators. Some of them stimulate insulin secretion only in the presence of glucose.

Others can provoke insulin secretion also in the absence of glucose.

Two major modulators that are produced naturally in the body increasing insulin secretion
upon an oral glucose uptake are the incretin hormones glucagon-like peptide-1 (GLP-1) and
the glucose-dependent insulinotropic polypeptide (GIP) [49-51]. Both are produced by spe-
cial cells of the gut and bind to G-protein coupled receptors on the cell surface of p-cells [52]

to potentiate glucose-stimulated insulin secretion (known as incretin effect).

In addition to the incretins, also an acute stimulation with free fatty acids can potentiate insu-
lin secretion in the presence of glucose [53-56]. Most of this potentiating effect is mediated
by the free fatty acid receptor 1 (GPR40) [57]. Also amino acids like arginine and leucine are

capable of potentiating insulin secretion at stimulatory glucose concentrations [58].

Another interesting study describes the effect of the artificial chemical substance 5-
aminoimidazol-4-carboxamid 1-B-D-ribo-furanoside (AICAR) on the potentiation of glucose-
stimulated insulin secretion [59]. The active metabolite of AICAR, 5-amino-1-3-D-
ribofuranosylimidazole-4-carboxamide-5-monophosphate (ZMP) mimics the effect of AMP
and activates AMPK by phosphorylation [60]. The presence of AMP and the AMP-mediated

AMPK phosphorylation and activation is usually linked to a low cellular energy status [61].

For many years it has been known that the ability for glucose-induced insulin secretion from
pancreatic B-cells strongly depends on cell-cell interactions [62-66]. This is of particular im-
portance when working with cell culture or with sorted (3-cells from dispersed islets. The la-
test report describes the importance of the EphA-ephrinA pathway in the regulation of insulin
secretion. Pancreatic 3-cells express the EphA5 cell surface receptors and also the ephrinA5
ligands. The interaction of both proteins and the phosphorylation status of the EphA5 recep-
tors determine either the EphA forward signaling at low glucose levels or the ephrinA reverse
signaling at elevated glucose levels [64]. Manipulation of this pathway by inhibiting the EphA
receptors can be used to increase insulin secretion and to promote the ephrinA reverse sig-

naling [67].

Stimulators of insulin secretion that are independent of glucose are mostly substances that
interfere with the triggering pathway of insulin secretion by mimicking the appearance of glu-
cose. These are for example sulfonylureas (glibenclamide, tolbutamide) that inhibit the ATP-

sensitive K* channels [68-71], potassium chloride (KCI) that induces a cell membrane depo-

11
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larization [72] and a calcium ionophore (A23187) that incorporates into the cell membrane to

build a pore permeable for Ca* ions [73].

Beside these possibilities mentioned above to increase or induce insulin secretion, there are
many more reports on either endogenous or exogenous substances that modulate insulin
secretion [67, 74-83].

1.3.3 Components of the insulin granules necessary for insulin secretion

Secretory granules for exocytosis need special molecules to be able to fuse with the cell
membrane to secrete their contents. Similar to the mechanism of neurotransmitter release in
nervous cells, insulin exocytosis is regulated by a variety of molecules [84]. Most of them
belong to the SNARE complex that includes synaptobrevin-2 (VAMP-2), syntaxin-1A, and
SNAP-25. They are the key components that enable membrane fusion and exocytosis [85].
Beside these proteins, many more components are necessary to ensure a regulated exocy-
tosis of secretory granules, especially from B-cells [86]. Proteomic techniques uncovered the
appearance of many additional proteins in the insulin secretory granule, including cysteine
string protein alpha (CSPa), Rab3A, Rab27A, Rab37, ryanodine receptor RyR, Eph recep-
tors, ATP-sensitive K* channels and many others [87, 88]. Not all of these proteins are ne-
cessary for a regulated exocytosis of the granule but are still somehow crucial for the mecha-
nism of insulin secretion. For instance, the role of CSPa in insulin exocytosis is not complete-
ly understood, but it seems to have an important part by interacting with syntaxin-1A and
SNAP-25 to promote the SNARE-complex assembly [89-93]. Interestingly, the exocytosis
mechanisms and the involved molecules of insulin release in the pancreas and GLUT4 trans-
location in the skeletal muscle share some similarities by both using Munc18c and syntaxin-4
[94].

1.4 Glucose disposal in the periphery

Regardless of the major role of the pancreas in the regulatory system of glucose homeosta-
sis also the insulin-sensitive target tissues contribute substantially to glucose homeostasis. In
skeletal muscle, liver and adipose tissue, insulin triggers cellular glucose uptake that leads to
a decrease in blood glucose concentration [4]. Figure 4 illustrates the main steps in this pro-
cess which is described in this paragraph. Insulin binds to its special insulin receptor tyrosine

kinase on the cell surface [95], which is, in contrast to other receptor tyrosine kinases, a co-

12
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valently maintained dimer [96]. Due to conformational changes the receptor becomes phos-
phorylated at the cytosolic part due to its kinase activity [97]. This recruits IRS-1 (insulin re-
ceptor substrate 1) to bind the insulin receptor at the intracellular NPXY motif with its PTB
(phospho-tyrosine-binding) domain [98, 99]. Upon insulin binding, multiple tyrosine residues
of IRS-1 become phosphorylated by the receptor [100] and activate the PI3 kinase (phospha-
tidylinositol-4,5-bisphosphate 3-kinase) pathway [101, 102]. This leads to the translocation of
GLUT4 containing vesicles to integrate GLUT4 into the cell membrane [103]. After activation,
P13 kinase phosphorylates PIP2 (phosphatidylinositol (3,4)-bisphosphate) to form PIP3
(phosphatidylinositol (3,4,5)-trisphosphate) [104]. On the one hand, protein kinase B (AKT) is
now able to bind PIP3 with its pleckstrin homology domain [105] on the other hand PDK1
(phosphoinositide-dependent kinase-1) binds to PIP3 [106]. AKT becomes phosphorylated
due to the interaction of these two molecules [107]. As this just leads to a partial activation of
AKT another phosphorylation step is executed by the mTOR (mammalian target of rapamy-
cin) protein kinase to reach full activation of AKT [108]. Phosphorylated AKT subsequently
binds to RabGAPs (GTPase activating proteins) TBC1D1 and/or TBC1D4 (AS160) and inac-
tivates them by phosphorylation [109-112]. Inactivation of these RabGAPs leads to the initia-
tion of GLUT4 containing vesicle trafficking to the plasma membrane [111]. GLUT4 becomes

integrated into the membrane and transports glucose from the blood into the cell.
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Figure 4: Schematic representation of the pathway that leads to insulin-induced translocation of GLUT4 contain-

ing vesicles to the plasma membrane in skeletal muscle cells or adipocytes.
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1.5 Diabetes mellitus

Disturbances in the production, secretion or the peripheral use of pancreatic hormones can
lead to severe pathophysiological consequences and diseases. The most prominent disease
that is caused by malfunctions in the glucose homeostasis is Diabetes mellitus. This meta-

bolic disease is classified into two major subtypes, based on its pathophysiology.

1.5.1 Type 1 diabetes mellitus

Type 1 diabetes mellitus represents an insulin-dependent disease. Due to autoimmune pro-
cesses the B-cells of the islets of Langerhans are recognized as foreign cells and are de-
stroyed by the immune system [113]. As a consequence the body is not able to produce and
secrete insulin anymore. Therefore, individuals with type 1 diabetes require a lifelong daily
administration of insulin to regulate their blood glucose concentration appropriately. The on-
set of this type of diabetes usually begins at juvenile or teenager age but can also start at
older ages [114]. There is a genetic inheritance of this disease, but it is also accompanied by
environmental factors and viral infections that play a role in the onset and progression of type
1 diabetes [115]. To date there are about 50 genes that have been associated with the de-
velopment of type 1 diabetes [116]. There are four types of antibodies that can be detected in
relation with type 1 diabetes: antibodies against islet cell antibody (ICA), GADA (glutamic
acid-decarboxylase), tyrosine phosphatase 1A-2, and insulin autoantibody (IAA) [114].

1.5.2 Type 2 diabetes mellitus

The pathophysiology of type 2 diabetes mellitus is very complex und not yet fully understood.
It comprises several factors that can influence the onset and progression of the disease,
such as environmental factors, lifestyle, exercise, but also genetic factors [117] and, most
importantly, the combination between all previously mentioned factors. Type 2 diabetes melli-
tus is considered to have a polygenic origin combined with different risk factors, such as
obesity, elevated blood pressure, elevated fasting plasma glucose, high serum triglycerides
and low high-density lipoprotein (HDL) levels [118]. A major risk factor for the development of
type 2 diabetes is obesity. Type 2 diabetes mellitus is classically characterized by the prima-
ry development of insulin resistance in the insulin-sensitive target tissues (Diabetes mellitus

a guide to patient care). The insulin receptors at skeletal muscle cells and adipocytes be-
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come less sensitive towards insulin that leads to an increased secretion of insulin from the -
cells as a compensatory mechanism [119]. This results in hyperglycemia but also hyperinsu-
linemia. In the progression of the disease the (-cells are not capable of secreting enough
insulin anymore, leading to progressive (-cell failure [119]. In this state of the disease, the
patients are insulin-dependent. To compensate for the insulin resistance at early stages of
the disease, some oral medications, such as sulfonylureas or GLP-1 analoga, intend to in-
crease insulin secretion when blood glucose levels are elevated [120]. As mentioned in 1.4
the peripheral insulin-target tissues regulate the insulin-mediated translocation of GLUT4
containing vesicles to enable glucose uptake. These translocation processes are themselves
strongly dependent on a regulatory system that involves small Rab-GTPases and Rab-

GTPase activating proteins.

1.6 Small Rab-GTPases regulate vesicle trafficking

1.6.1 Small Rab-GTPases

The complex organization of eukaryotic cells requires a regulated sorting of proteins to their
specified location inside the cell. After the expression inside the rough endoplasmic reticulum
of most membrane proteins or proteins to be secreted they are budded out in vesicles to
transport the proteins to all possible positions. This vesicle trafficking needs to be organized
to ensure that the proteins reach their predetermined location. This regulation is amongst
others realized by Rab (Ras-related in brain) GTPase proteins [121-123]. Rab-GTPases be-
long to the Ras-superfamily of monomeric small GTPase proteins [123]. To regulate vesicle
trafficking, Rab-GTPases switch between two conformational states, the GTP-bound “active”
and the GDP-bound “inactive” state [124]. To enable these conformations, the Rab-GTPases
are supported by mainly two other classes of signaling molecules, namely the GEFs (gua-
nine nucleotide exchange factors) and the GAPs (GTPase activating proteins) [125-127].
GEFs catalyze the exchange of GDP with GTP [128], while GAP proteins facilitate the hy-
drolysis of GTP to GDP, thereby increasing the low intrinsic GTP hydrolysis activity of the
Rab-GTPases [129] (Fig. 5).
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activation inactivation

vesicle

Figure 5: Schematic visualization of the Rab-cycle to activate or inactivate vesicle transport.

1.6.2 Rab-GTPases as regulators of insulin secretion

There are some reports on the relevance of Rab3A and a lot more reports of Rab27A in the
control of insulin exocytosis but both proteins are not exclusively expressed in islets. Rab27A
was first described as a crucial protein in the regulated secretion in human lymphocytes,
platelets and melanocytes [130, 131]. Later Rab27A was also shown to be expressed in
pancreatic islets, regulating insulin exocytosis by interacting with granuphilin [132]. A deeper
look into the mechanism revealed that glucose-induced Rab27A activity leads to a replen-
ishment of insulin granules [133] by interacting also with Noc2, a Rab-binding protein [134].
Until now, several effectors of Rab27A have been identified as necessary for regulated exo-
cytosis. Interestingly, Rab27A is one of very few Rab proteins for which an effector was iden-
tified that binds to Rab27A-GDP [135]. In contrast to Rab27A-GTP-effectors regulating exo-
cytosis, the Rab27A-GDP effector coronin 3 controls endocytotic events [136]. Besides the
downstream effectors of Rab27A, also more upstream regulators have been identified. In
melanosomes, the RabGAP EPI64 (TBC1D10) was described as Rab27-specific GTPase-
activating protein [137]. Although EPI64 could also be shown to be the Rab27-specific
RabGAP in pancreatic acinar tissue [138, 139], the responsible RabGAP for Rab27A in pan-
creatic islets was not identified yet. The fact that there are different Rab-GTPases present on
insulin secretory granules illustrates the complexity of regulated sorting and translocation
mechanisms and makes it different to unravel the specified roles of one single Rab protein in

these processes. In the dynamic process of glucose-induced insulin secretion, Rab27A is
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believed to have a more relevant role in the second phase of secretion, that is independent
from the K*-ATP channel [47].

1.7 Rab-GTPase activating proteins

1.7.1 Rab-GTPase activating proteins

The regulated protein sorting under the control of Rab-GTPases needs to have an upstream
control system to manage the trafficking events. Usually the active Rab proteins are in the
GTP-bound conformation. The switch between GTP- and GDP-conformation is controlled by
either GTPase-activating proteins (GAPs) or guanine-nucleotide-exchange factors (GEFs)
[123, 125-127, 140]. All known RabGAPs share a common Tre-2/ Bub2/Cdc16 (TBC) protein
domain that was first identified in yeast [141] and that is evolutionary conserved [142]. Some
RabGAPs have been shown to interact with specific Rab proteins independently of the TBC
domain [143, 144], but for most RabGAPs the TBC domain is the catalytically active
GTPase-activating domain with a crucial arginine residue [145, 146]. Interestingly, despite
the fact that more than 60 different Rab-GTPases are known in humans [121], only approxi-
mately 40 different RabGAPs have been described so far [147]. This indicates that the speci-
ficity of one RabGAP might be directed towards several Rab-GTPases. In the past years
some studies explored the substrate specificity of different RabGAPs towards Rab proteins
[147] by either using yeast two-hybrid assays [148, 149] or by analyzing the in vitro GAP ac-
tivity towards several Rab-GTPases [150]. In all of these studies, a recombinantly expressed
TBC domain was used to measure in vitro GTP hydrolysis activity [111, 151]. In the field of
glucose homeostasis, diabetes and obesity the most important RabGAPs so far are TBC1D1
and TBC1D4.

1.7.2 TBC1D1 and TBC1D4

TBC1D1 and TBC1D4 (also known as AS160) belong to the family of RabGAPs and their
physiological roles in glucose homeostasis and their implication in human diseases have
already been characterized in skeletal muscle and adipocytes in a large number of inde-
pendent studies [111, 112, 150-170]. Both proteins share about 50 % identity in full length
whereas the functional GAP domain is identical to a degree of 79 % between TBC1D1 and
TBC1D4 [111, 164]. In contrast to TBC1D1, which is expressed in all animals, TBC1D4 is

only present in vertebrates [158].
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As represented by Figure 6, both proteins have a similar domain structure, including two
phospho-tyrosine-binding (PTB) domains, a calmodulin-binding domain (CBD) and the func-
tional GAP domain responsible for catalyzing GTP hydrolysis. The figure shows the human
isoforms with their respective amino acid numbering. Both proteins have distinct tyrosine and
serine residues where either AKT or AMPK can directly phosphorylate TBC1D1 or TBC1D4.
TBC1D1 is phosphorylated by AKT on Thr**® and by AMPK on Ser?®’. On TBC1D4, four dif-
ferent AKT phosphorylation sites were identified on Ser®'®, Ser®®®, Thr®*? and Ser™' [164]. In
addition to that, the AMPK phosphorylation site Ser’'" was identified in TBC1D4 in muscle
[171]. The role of the CBD in both proteins is not understood. Although calmodulin binding to
the CBD of TBC1D4 was demonstrated before, it was assumed that this binding does not

participate in the function of GLUT4 translocation [162].

1 PTB PTB CBD GAP 1298
TBC1D4
(AS160) ( L IIO

1 _PTB PTB CBD  GAP 1168
(G

Figure 6: Schematic protein domain organization of human TBC1D1 and TBC1D4 with amino acid count at the

C- and N-terminal end.

For both RabGAPs, different splice variants and isoforms have been described [153, 156,
161, 168, 172]. Their respective function in metabolism, however, remains unknown. In pre-
vious and unpublished data from our working group, it was shown that the TBC1D1 isoforms
differ between the investigated tissues. In the human skeletal muscle TBC1D1 is expressed
as multiple isoforms. [168]. While the long isoform is predominant in skeletal muscle, heart
and hypothalamus, the short isoform is predominant in pancreas, kidney, white adipose tis-
sue (WAT), brown adipose tissue (BAT) and in the intestines. In mice, the long isoform of
TBC1D1 consists of 1255 amino acids coded by 21 exons. The short isoform has 1162 ami-
no acids coded by 19 exons. Thus, the short isoform is lacking two exons. Importantly, the
different isoforms have different sites for phosphorylation [168]. The expression of the differ-

ent isoforms may represent tissue-specific activities.
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1.7.3 TBC1D1 and TBC1D4 in pancreas tissue

The role of TBC1D1 and TBC1D4 has been intensely studied in skeletal muscle and white
adipose tissue. Recent studies, however, demonstrated expression in the pancreas and en-
richment of TBC1D1 and TBC1D4 in islet B-cells [156, 173, 174] but their functional roles
have not been extensively investigated so far in this tissue. TBC1D4 was shown to be a glu-
cose-dependent substrate of AKT in sorted mouse 3-cells and the reduced expression of this
protein, induced by RNA interference technique resulted in an increased basal and de-
creased glucose-stimulated insulin secretion [173]. Along with this insulin secretion effect,
knockdown of Thc1d4 in primary mouse B-cells led to a decreased proliferation and an in-
creased apoptosis. Another recent study showed an involvement of TBC1D4 in the regula-
tion of B-cell mass and function in glucocorticoid-treated rodents [175]. TBC1D1 was shown
to be phosphorylated in rat B-cells after glucose stimulation and knockdown of Thc1d7 in
sorted rat B-cells led to a mild increase in both, basal and glucose-stimulated insulin secre-
tion in combination with a reduced proliferation but with no significant changes in apoptosis
[174]. Stimulation of insulin secretion with KCI was ineffective in rat B-cells upon Tbc1d1

knockdown.

A previous study performed in our own working group investigated the implication of a
Tbc1d1-deficiency in lipid metabolism of pancreatic islets (PhD thesis Franziska Menzel). In
accordance to an earlier finding, in which Tbc1d1-deficiency in skeletal muscles and cultured
C2C12 myotubes led to elevated uptake and oxidation of fatty acids [156], isolated mouse
islets and cultured MING cells also showed an increased fatty acid uptake upon Thc1d17-

deficiency.
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2 AIM OF THE STUDY

The RabGAPs TBC1D1 and TBC1D4 are important regulators of glucose homeostasis in
skeletal muscle and adipose tissue. Their functional role in the regulation of GLUT4 contain-
ing vesicle translocation upon insulin and contraction stimulation has been demonstrated by
us and others in the past. In contrast to the skeletal muscle, the role of TBC1D1 in pancreas
tissue is not well defined. Only one published study so far investigated the impact of Tbc1d1
knockdown in sorted rat B-cells on proliferation, apoptosis and glucose- as well as KCI-
stimulated insulin secretion. Although it was shown that Thc1d7 knockdown somehow alters
glucose- and KCl-induced insulin secretion no deeper insights into a potential mechanism
was given [174]. Therefore the aim of this study was to further clarify the role of TBC1D1 in
glucose-stimulated insulin secretion to postulate a potential mechanism. For this purpose we

used three different mouse models.

1. A recombinant congenic Tbc1d17-deficient mouse strain on C57BL/6J background
(D1KO) that globally lacks Thbc1d7 due to a frameshift mutation in exon 18 [156].

2. A transgenic mouse model on C57BL/6J background that overexpresses the
3xFLAG-tagged short isoform of Thc1d1 specifically in B-cells under the control of the
rat insulin 2 promoter (RIP2-TG). This mouse was created by Franziska Menzel, pre-
viously a member of our working group at the German Institute for Human Nutrition
(DIfE, Potsdam-Rehbruecke, Nuthetal, Germany) together with Fatima Bosch and
Anna Pujol (Autonomous University of Barcelona, Barcelona, Spain).

3. A Tbc1d1/Tbc1d4-double-deficient mouse strain (D1/4KO) that was generated previ-
ously by us by crossing the recombinant congenic Thc1d7-deficient mouse strain with
a conventional Tbc1d4-knockout mouse on C57BL/6J background [155].

We characterized the impact of Thc71d71 expression on static and dynamic basic GSIS ad by
using different pharmacological approaches, including sulfonylureas, KCl and the Ca®'-
ionophore A23187. Furthermore, we specified the role of TBC1D4 in basic GSIS by using
isolated islets of D1/4KO mice. Moreover, we performed in vivo glucose tolerance tests, his-
tological analyses to determine islet morphometry and number as well as ultrastructural insu-
lin granule density in D1KO mice and controls. In addition we investigated expression of
both, mRNA and protein abundance of crucial regulatory factors of insulin secretion, (3-cell

integrity and vesicle sorting as a function of Tbc1d1 deficiency.
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3 MATERIAL AND METHODS

3.1 Animal experiments

3.1.1 Experimental mice

For this thesis three different mouse models were used (Tab. 2). All three strains had already
been backcrossed at least 10 times to generate a pure (>99.9 %) C57BL/6J background. The
generation of both knockout models, the D1KO and the D1/4KO mouse lines, was already
described in the literature [155, 156]. The generation of the transgenic mouse overexpress-
ing the short isoform of Thc1d1 specifically in B-cells under the RIP2 promoter was described
in the PhD thesis of Franziska Menzel, formerly working in our group at the German Institute

for Human Nutrition, DIfE, Potsdam-Rehbruecke, Nuthetal, Germany.

Table 2: Overview of the used experimental mice

Systematic strain name Designation Expression feature
RCS.B6.SJL.Nob1.10 D1KO Thc1d1-knockout
RIP2-3xFLAG-Tbc1d1 RIP2-TG B-cell specific Thc1d1-overexpression

RCS.B6.SJL.Nob1.10 x KO-TBC1D4 D1/4KO Thc1d1-/Thc1d4-double knockout

3.1.2 General animal maintenance

Mice were group-housed with up to six animals per cage after weaning under a 12:12 hour
light-dark cycle (light on at 6 a.m.) in macrolon Ill cages. Mice received a standard chow diet
(Ssniff Spezialdiaten, Soest, Germany, 9 kcal % from fat, Tab. 3) directly after weaning at the
age of 3 weeks and drinking water ad libitum throughout the whole project. For certain expe-
riments mice received a chow diet until the age of 12 weeks and subsequently a high-fat diet
(Research Diets, New Brunswick, NJ, USA: 60 kcal % from fat, Tab. 3) for 4 weeks. Tail tip
biopsies were collected at the age of 3 weeks after weaning for later genotyping. We used
male mice at the age of 12 to 16 weeks and, for certain experiments, also old male mice at
the age of 50 to 52 weeks. All animal experiments were approved by the Ethics Committee of
the State Agency for Nature, Environment and Consumer Protection (LANUV, North Rhine-
Westphalia, Germany), reference number 84-02.04.2013.A225.
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Table 3: Overview of animal diets and compositions

Diet Supplier Catalog number Composition
Protein 33 kcal %
Chow diet Ssniff Spezialdiaten V1534-3 Carbohydrate 58 kcal %

Fat 9 kcal %

Protein 20 kcal%
High-fat diet Research Diets, Inc. D12492 Carbohydrate 20 kcal %
Fat 60 kcal %

3.1.3 Pancreatic islet isolation

Prior to the isolation, a collagenase solution (Liberase TL Research Grade, Tab. 12) was
prepared by dissolving 5 mg of collagenase with 200 uL of DMEM-1 (Tab. 14) to a concen-
tration of 25 mg/mL. 140 pL aliquots were diluted in 19 mL DMEM-1 to reach a final colla-
genase working concentration of 0.18 mg/mL. This working solution was stored on ice. Ex-
perimental mice were sacrificed by cervical dislocation and the abdominal part was disinfect-
ted with 70 % ethanol. The abdominal organs were exposed and the major part of the intes-
tines was laid aside. Under the stereomicroscope the Papilla duodeni major was identified
and blocked with a Bulldog clamp. 3 mL of the collagenase working solution (0.55 mg) were
injected into the Ductus choledochus with a syringe and a 30G needle (Tab. 15) to perfuse
the pancreas (Fig. 7). Afterwards, the inflated pancreas was dissected and stored in a 50 mL
Falcon tube on ice until the procedure was finished with all animals. The collagenase was
activated by incubation in a 37 °C shaking waterbath for exactly 18 min. The collagenase
activity was stopped immediately by adding DMEM-2 (Tab. 14) to a total volume of 50 mL
followed by vigorous hand shaking. The disrupted pancreas was pelleted at 900 rcf for 3 min
and the supernatant was discarded. The pellet was resuspended with 10 mL DMEM-1 and
poured over a tissue sieve with a mesh size of 380 uym via a plastic funnel into a new Falcon
tube. The old Falcon tube and the sieve were rinsed with DMEM-1 and the new Falcon was
filled up with DMEM-1 to 50 mL. After another centrifugation at 900 rcf for 3 min the superna-
tant was discarded and the pellet resuspended in 10 mL Histopaque-1077 (Tab. 13). The
suspension was carefully covered with 13 mL of DMEM-1 to shape a phase separation. The
tubes were centrifuged at 1200 rcf for 25 min without brake and both phases were trans-
ferred into a new Falcon tube and filled up with DMEM-1 to 50 mL. After another centrifuga-
tion at 900 rcf for 3 min with installed brake and the elimination of the supernatant the re-

maining tiny pellet was resuspended with 10 mL of islet medium (Tab. 14) and the suspen-
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sion was transferred to a 10 cm disposable petri dish and the purity of the islets was estima-
ted under the stereomicroscope (Tab. 16). Finally the islets were handpicked into a new petri
dish with 13 mL islet medium to have the islets completely separated from residual exocrine
tissue. The isolated islets were allowed to regenerate overnight in a 37 °C /5 % CO,/ 90 %

humidity incubator.

3 mL Liberase TL
(0.55 mg)

clamped ampulia
of vater

Figure 7: Visual description of the collagenase perfusion of the pancreas. The Papilla duodeni major (am-
pulla of Vater) is clamped and collagenase is injected into the Ductus choledochus to reach the pancreatic duct

and to perfuse the entire pancreas.

3.1.4 Pancreas dissection

Experimental mice were sacrificed by cervical dislocation and the abdominal part was disin-
fected with 70 % ethanol. The abdominal organs were exposed and the major part of the
intestines was laid aside. With a fine forceps the pancreas was removed from the adjacent
intestines and visceral fat and stored according to the planned subsequent analysis. For total
pancreatic insulin content the spleen was removed and the pancreas was snap frozen in li-
quid nitrogen and stored at -80 °C until use. For immunohistochemistry the pancreas (with
attached spleen!) was arranged in an embedding cassette and fixed in 4 % paraformalde-
hyde (PFA, Tab. 12) solution for 24 hours.
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3.1.5 Intraperitoneal glucose tolerance test

Prior to the test the mice were fasted for 6 hours by maintaining them overnight in cages
connected to a system, that takes away the food at a preset time automatically (2 a.m.). At 8
a.m. body weight was determined, the tail tip of the mice was cut and blood glucose concen-
tration was measured with a glucometer (Tab. 16) for the baseline value. Additional blood
(approx. 30 pl) was collected in a microcuvette (Tab. 15) and stored on ice. Mice were then
kept in individual cages without food but with water throughout the experiment. Mice were
injected with 2 mg glucose per gram body weight intraperitoneally and blood glucose was
measured at 15, 30, 60 and 120 min after injection with a glucometer. When using old ani-
mals (50-52 weeks) for glucose tolerance test, an additional time point at 240 min after injec-
tion was included due to the slower glucose disposal from the blood. At each time point blood
was collected in microcuvettes and stored on ice. After the test the microcuvettes with blood
were centrifuged 15 min at 21000 rcf at 4 °C, blood plasma was collected and used for insu-
lin quantification with Insulin (Mouse) Ultrasensitive ELISA kit (3.3.6) after appropriate dilu-

tions or stored at -80 °C.

3.2 Molecular biology methods

3.2.1 DNA isolation from mouse tail tips and concentration measurement

To specify the genotypes of the mice which were used in the experiments, approx. 1.5 mm
mouse tail tip was collected after weaning in a reaction tube. Genomic DNA isolation from
the tail tip was performed with the Invisorb® Genomic DNA Kit Il (Tab. 10) according to the
manufacturer’'s handbook. The tail tip was lysed with 10 yL Proteinase K and 200 pL Lysis
Buffer G for three to four hours (or overnight) at 60 °C with 1200 rpm stirring. The lysate was
centrifuged for 1 min at 16000 rcf in a table centrifuge (Tab. 16) and the supernatant was
mixed with 450 pL Binding Buffer. To ensure the effective binding of the DNA to the silica
particles of the buffer, the sample was incubated for 5 min at room temperature and mixed
again afterwards. The suspension was centrifuged for at least 15 seconds at 16000 rcf and
the supernatant was aspirated with a vacuum pump. The pelleted silica particles were
washed with 650 pL of the prepared Wash Buffer, resuspended thoroughly in a gyrator (Tab.
16) for approx. 1 min and again pelleted for at least 15 seconds at 16000 rcf. The superna-
tant was discarded and the washing procedure was repeated twice. After the last washing

the supernatant was aspirated entirely and the silica pellet dried at 60 °C with 1200 rpm stir-
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ring for 10 min. The sample was cooled at room temperature for 3 min and the DNA was fi-
nally eluted with 200 uL Elution Buffer, heated to 60 °C. Before the sample was placed again
to 60 °C with 1200 rpm stirring for 3 min it was mixed in the gyrator. Finally the tube was cen-
trifuged for 2 min at 18,000 rcf and the DNA containing supernatant was collected in a new

reaction tube. DNA concentration was measured via NanoDrop.

3.2.2 Genotyping of experimental mice

The genotypes of mice were determined by PCR for the designated genes from isolated ge-
nomic DNA and subsequent agarose gel analysis of the amplified DNA fragments. The iso-
lated DNA was used at a concentration of 10 ng/uL. Agarose gel electrophoresis with ethidi-

um bromide staining was performed according to standard procedures.

3.2.21 Genotyping of D1KO mice

The reaction setup for one sample had a total volume of 20 yL and comprised 5.8 yL MQ-
H>O, 4 pL 5x HF Buffer, 2 yL dNTPs (8 mM), 1 pL of each primer (10 nM, Appendix Tab. 19),
0.2 pL Phusion® High-Fidelity DNA Polymerase (2 u/uL) and 4 L of DNA. Table 21 (Appen-
dix) shows the temperature properties of the different cycling steps of the thermocycler for
the DNA amplification. The forward primer to detect the D1KO mice is located on exon 18
directly at the site of the frameshift mutation, so that it can only bind to DNA derived from
D1KO mice. The reverse primer is located in the adjacent intron. The forward primer to de-
tect the WT mice is located in the intron prior to exon 18, whereas the reverse primer is lo-
cated on exon 18 directly at the site of the frameshift mutation so that it can only bind to DNA
derived from WT mice. With this protocol the amplified DNA fragment of wildtype mice was
expected with a size of 585 bp, the fragment of D1KO mice was expected with a size of 347
bp.

3.2.2.2 Genotyping of RIP2-3xFLAG-Tbc1d1 mice

The reaction setup for one sample had a total volume of 10 uL and comprised 3.8 L
MQH,0, 2 pyL 5x DreamTaq Green Buffer, 1 yL dNTPs (8 mM), 0.5 uL of each primer (10
nM, Appendix Tab. 19), 0.2 yL DreamTaq Polymerase (5 u/pL) and 2 uL of DNA. Table 21
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(Appendix) shows the temperature properties of the different cycling steps of the thermocy-
cler for the DNA amplification. One primer is located on the FLAG-expression DNA se-
quence, so that it can only bind to DNA derived from RIP2-TG mice. In the RIP2-WT mice
the primer cannot bind, thus no amplification is expected. The PCR was designed to amplify
a 374 bp fragment in the presence of FLAG. Since FLAG was not present in the wildtype

animals, no band was expected for these animals.

3.2.2.3 Genotyping of D4KO and D1/4KO mice

The reaction setup for one sample had a total volume of 20 yL and comprised 5.8 uL
MQH,0, 4 uL 5x DreamTaq Green Buffer, 2 uL dNTPs (8 mM), 2 pL of the forward primer
and 1 L of each reverse primer, respectively (10 nM, Appendix Tab. 19), 0.2 uyL DreamTaq
Polymerase (5 u/uL) and 4 uL of DNA. Table 21 (Appendix) shows the temperature proper-
ties of the different cycling steps of the thermocycler for the DNA amplification. With this pro-
tocol the amplified DNA fragment of wildtype mice was expected with a size of 350 bp, the

fragment of D4KO mice was expected with a size of 250 bp.

3.2.3 RNA isolation from isolated mouse islets and concentration measurement

Total RNA from isolated mouse islets was extracted with the RNeasy mini kit (Tab. 10) ac-
cording to the manufacturer's instructions. Isolated islets were collected in a reaction tube
with islet medium and centrifuged for 5 min at 4 °C and 6000 rcf. Medium supernatant was
discarded and the islets were lysed in 350 uL Lysis Buffer RLT (containing 1 % pB-
mercaptoethanol, Tab. 12) and disrupted in a gyratory shaker for 10 min. After another cen-
trifugation the supernatant was mixed with one volume of 70 % ethanol and applied on the
spin columns to centrifuge shortly. While the flow through was discarded, the spin column
was washed with Wash Buffer RW1 and centrifuged again. To remove DNA contaminations
the sample in the spin column was incubated for 15 min at room temperature with an RNAse-
free DNAse (Tab. 10). Afterwards, the spin column was washed again with Wash Buffer
RW1 and centrifuged as described above. The flow-through was discarded and the column
was washed twice with Buffer RP1 and the RNA was finally eluted with 30 yL of nuclease-
free water. RNA concentration was measured via NanoDrop. In case the measured RNA
concentration was too low to use for subsequent methods, the RNA concentration was en-

riched in a vacuum centrifuge (Tab. 16). In this centrifuge the volume of the RNA solution
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was reduced to a remaining little drop of water. The RNA was reconstituted with 11 L of

RNAse free water and the concentration was measured again.

3.2.4 Quality control of isolated RNA with a BioAnalyzer

To evaluate the quality of the isolated RNA (3.2.3), especially after concentration in the va-
cuum centrifuge, the RNA fragments were separated by their size in a chip-based approach
(RNA 6000 Nano Kit, Tab. 10) to measure 18s and 28s rRNA. The chips were initially load-
ed with a special gel and a fluorescent dye before the RNA samples were loaded to the
sample wells. One well was loaded with a size reference and an electric circuit was applied
to the chip. The results of the measurements were graphically analyzed by the respective
Agilent BioAnalyzer software (Tab. 17). In some exemplary samples, RNA quality was unaf-

fected neither by RNA concentration enrichment nor HFD feeding of the mice.

3.2.5 Reverse transcription

To synthesize cDNA for subsequent gene expression measurements, 500 ng (for gPCR) or 1
Mg (for gRT-PCR) of RNA was used in a reverse transcription reaction with the GoScript™
Reverse Transcriptase Kit (Tab. 10). In a first step, the isolated RNA was mixed with random
hexanucleotide primers (Tab. 10) and a PCR nucleotide mix and incubated for 5 min at 65
°C. In this step the primers should anneal to the RNA templates. In the second step, a reac-
tion buffer, MgCl, and the reverse transcriptase were added and subjected to another set of
temperature properties in a thermocycler (Biorad T100™ Thermal Cycler, Tab. 16) that are

summarized in Table 4.

Table 4: Thermocycler settings to synthesize cDNA from RNA template

Stage Temperature Duration
Lid heating 40 °C o
Annealing 25°C 5 min
Elongation 42 °C 60 min
Inactivation of reverse transcriptase 72 °C 15 min
4°C o

The cDNA was finally diluted 1:10 with nuclease-free water for subsequent expression ana-
lyses.
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3.2.6 RT-PCR to identify Tbc1d17 isoforms in different tissues

cDNA samples of islets, heart and skeletal muscle from C57BL/6J mice, that were prepared
from 1 ug RNA by reverse transcription (3.2.5), were subjected to a PCR approach according
to chapter 3.2.2.1. The reaction setup for one sample had a total volume of 20 uL and com-
prised 10.8 yL MQH,0, 4 pL 5x HF Buffer, 2 yL dNTPs (8 mM), 1 pL of each primer (10 nM,
Appendix Tab. 19), 0.2 uL Phusion® High-Fidelity DNA Polymerase (2 u/uL) and 1 pL of islet
and muscle cDNA, but 2 yL of heart cDNA. Table 20 (Appendix) shows the temperature
properties of the different cycling steps of the thermocycler for the cDNA amplification. The

amplified DNA fragments were analyzed on a 2 % agarose gel.

3.2.7 Quantitative Real-time PCR (qPCR)

The relative amount of cDNA in a sample can be measured in a special PCR approach,
where after each amplification cycle the fluorescence intensity of a DNA-intercalating dye
(SYBR® Green) is measured. This quantitative Real-time PCR (qPCR) approach is a very
sensitive method for the determination of relative gene expression levels. In the end a spe-
cial value (C; — cycle threshold) gives the threshold where the fluorescence is significantly
higher than the baseline fluorescence. The lower the Ci-value, the higher was the amount of
mRNA/cDNA in the starting material. In the end of the amplification period, a dissociating
melt curve of each sample is recorded by increasing the temperature from 65 °C stepwise to
95 °C with an increment of 0.3 °C. The reaction setup for one sample had a total volume of
10 uL and was comprised of 3 pL nuclease free H,0, 5 uL 2x GoTaq® qPCR Master Mix,
containing 20 yL CXR reference dye per mL (Tab. 10), 0.5 pyL of each primer (10 nM, Ap-
pendix Tab. 18) and 1 pL of the synthesized and 1:10 diluted cDNA. The primers were either
self-designed  with the help of the web-based online tool “Primer3”
(http://bioinfo.ut.ee/primer3-0.4.0/) or were taken from the literature (Appendix Tab. 18).
Whenever possible, the primer pairs were chosen to be located on two different exons to
avoid amplification of genomic DNA. Table 5 shows the temperature properties of the cycling

steps for the cDNA amplification.
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Table 5: Thermocycler settings to amplify the target cDNA in a gqRT-PCR

Stage Temperature Duration Repeats
Lid heating 105 °C o0 Throughout the entire cycling
Hot start 95 °C 2 min -
Denaturation 95 °C 15s
40 x
Annealing / Elongation 60 °C 60 s
Dissociation / Melt curve 65-95°C -
3.2.8 Determination of Thc1d7 and Thc1d4 copy number in islet cDNA from mice

Due to different product lengths, different amounts of intercalating dye can be present in the
amplified fragments. Thus, the measured fluorescence intensity does not correlate with the
number of DNA fragments. In addition the amplification efficiency can differ between different
targets. Therefore, to calculate total amounts of mMRNA in a specific sample, the Ct values
after qPCR are not a suitable surrogate. Hence, different expression vectors containing ei-
ther Thc1d1 or Thc1d4 were used to generate a standard curve for quantification (Tab. 6).
The original concentration of both vectors was measured and adjusted to a starting concen-
tration of 10 ng/uL. Serial dilutions of 46 times 1:2 were prepared and subjected to amplifica-
tion by qPCR (3.2.7) with primers for Tbc1d1 and Thc1d4 (Appendix Tab. 18). The resulting
Ct values were used to refer to the concentration of the vector in the respective dilution and
to receive a linear equation. With this equation the amounts of Tbc7d7 and Thc1d4 template
in the isolated islet RNA samples were calculated and referred to the amount of the house-

keeping gene 36b4.

Table 6: Expression vectors for Tbc1d1 and Tbc1d4

Expression vector Vector size Starting amount Plasmid source
pcDNA3-CMV-3xFLAG-Tbc1d1 9319 bp 9400 pg Thermo Fisher
PCR2.1-Tbc1d4 7916 bp 11275 pg Thermo Fisher
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3.3 Biochemical methods

3.3.1 Protein isolation from isolated mouse pancreatic islets

Isolated islets were collected after overnight recovery with 1 mL islet medium in a 1.5 mL
reaction tube on ice. After centrifugation at 4 °C for 5 min at 6000 rcf, the supernatant medi-
um was discarded and the pelleted islets were washed with 1 mL islet medium without sup-
plements (pure CMRL medium). Afterwards, the islets were lysed with 30 pL lysis buffer
(Tab. 13). To support the lysis the samples were homogenized in a gyratory shaker for 10
min and finally centrifuged at 4 °C for 10 min at 21000 rcf. The protein containing superna-
tant was collected in a new reaction tube and stored at -20 °C. Protein concentration was
measured in a micro plate reader after application of the BCA Protein Assay Kit (Tab. 11)

according to the manufacturer’s handbook.

3.3.2 Western Blot analysis

The western blot technique was developed in 1979 to detect a certain protein in a complex
protein mixture or tissue lysate [176]. In a first step, the protein mixture was separated by
size in a discontinuous SDS-PAGE [177]. In the second step, the separated proteins were
transferred via tank blotting onto a chemically inert PVDF (polyvinylidene difluoride) mem-
brane [178]. In the last step, the membrane was incubated with specific antibodies (Tab. 7)
against the desired protein. Finally the primary antibodies were detected with conjugated
secondary antibodies (Tab. 7) via either Western Lightning ECL Pro or Western Lightning
ECL Ultra (Tab. 11) in the ChemiDoc llluminator (Tab. 16) and analyzed with the Image Lab
software (Tab. 17).

Table 7: Antibodies for western blot

Designation Host Immunogen Supplier
B-Actin (AC-15) | Mouse DDDIAALVIDNGSGK Abcam, Cambridge, UK
Amino acids 1178-1189 rat Merck Millipore, Darmstadt,
TBC1D4 Rabbit

TBC1D4 Germany

Synaptic Systems, Goéttingen,
CSPa Rabbit Amino acids 182-198 rat CSP

Germany

Sigma Aldrich, Steinheim, Ger-
FLAG (M2) Mouse DYKDDDDK
many
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Designation Host Immunogen Supplier

Thermo Fisher Scientific, Darm-
GAPDH Mouse Whole rabbit muscle GAPDH
stadt, Germany

GLUT2 (H-67) Rabbit | Amino acids 32-98 human GLUT2 Santa Cruz, Dallas, TX, USA

Cell Signaling Technologies,
Danvers, MA, USA

IRS2 Rabbit Total human IRS2

Cell Signaling Technologies,

TBC1D1 (V796) | Rabbit Around Val796 mouse TBC1D1
Danvers, MA, USA

Calbiochem — Merck Millipore,

a-Tubulin (DM1A) | Mouse native chick brain microtubules

Darmstadt, Germany
Anti-rabbit-HRP Goat - Dianova, Hamburg, Germany
Anti-mouse-HRP | Rabbit - Dianova, Hamburg, Germany

3.3.3 Measurement of total pancreatic insulin content

Dissected total pancreas (3.1.4) was homogenized in a 2 mL reaction tube with 1 mL ice-cold
acid ethanol solution (Tab. 13) and a small stainless steel bead (Tab. 15) under harsh dis-
rupting conditions in the TissuelLyser Il (Tab. 16). The homogenate was stirred overnight at
4 °C and centrifuged the next day at 5000 rcf, 4 °C for 15 min. The clear supernatant was

stored at -20 °C until insulin (3.3.6) and protein concentration measurement (3.3.1).

3.3.4 Preparation of palmitate stock solution

Initially, a 10 % BSA solution was prepared by mixing 1.6 g fatty acid free BSA (Tab. 12) with
16 mL KHB buffer (Tab. 13) overnight at 4 °C. A 20 mM palmitate solution was prepared by
mixing 14.14 mg palmitic acid (Tab. 12) with 3 mL freshly prepared 100 mM NaOH solution
at 70 °C in a heat block. The BSA solution was heated to 50 °C. To prepare a 5 mM palmi-
tate stock solution, a total of 2.5 mL clear palmitate solution (20 mM) was added quickly to
7.5 mL warm BSA solution (10 %) with a pre-heated pipette tip with a maximum of 1 mL at a

time. The solution was stored at -20 °C.
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3.3.5 Secretagogue-stimulated insulin secretion in isolated mouse islets

3.3.5.1 Static secretagogue-stimulated insulin secretion

Static GSIS assay was performed in a U-bottom 96 well plate with eight islets (3.1.3) of equal
size in 4 replicates per genotype. The respective wells were loaded with 80 yL KRH buffer
(Tab. 13) with 2 mM glucose and islets were added in a volume of 20 L islet medium. To
wash the samples from the added islet medium, 80 uL were discarded and 80 uL fresh KRH
buffer with 2 mM glucose was added again. After another washing step, the islets were al-
lowed to equilibrate for 1 h at 37 °C, 5 % CO.,. Thereafter, always the same islets were incu-
bated 1 h at 37 °C, 5 % CO, with KRH buffer containing the designated secretagogue
(11 mM / 25 mM glucose, 1 uM glibenclamide, 30 mM KCI or 5 uyM A23187, 0.5 mM AICAR,
0.3 mM palmitate) according to the experimental setups shown in Figure 8. When certain
substances were dissolved in DMSO, the same volume of DMSO was also applied to the
respective control conditions. Always 80 uL of supernatant was collected and replaced with
the same volume of the next secretagogue-containing buffer after the incubation time. Insulin
values in the supernatants were quantified with the Insulin ELISA Kit (Tab. 11) after appro-

priate dilutions.

equilibration collection of supernatants for insulin detection

Basic GSIS
I:l 11 mM glucose

. 25 mM glucose

“ " 1uM
KCI 30 mM KCI
A23187 DMSO 5 M A23187
0.5 uM 0.5 uM
AICAR AICAR AICAR

1hbr 1hbr 1hr 1hr 1hr 1hbr 1hr

Figure 8: Experimental setups for static secretagogue-induced insulin secretion of isolated islets. For all

setups an initial 1 hour equilibration of isolated islets in KRH buffer with 2 mM glucose is followed by the 1 hour
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incubation in KRH buffer with 2 mM glucose as the basal control. For later applied secretagogues that were dis-
solved in DMSO, the same volume of DMSO in the KRH buffer was applied at this stage. Basic GSIS: Basic
glucose-stimulated insulin secretion with 25 mM glucose. Glibenclamide: GSIS under the influence of 1 yM
glibenclamide (solubilized in DMSQO). KCI: KCl-stimulated insulin secretion at 2 mM glucose with 30 mM KCI.
A23187: Ca2+ion0phore A23187-induced insulin secretion at 2 mM glucose with 5 yM A23187 (solubilized in
DMSOQO). AICAR: GSIS under the influence of 0.5 pM AICAR. Insulin secretion was stimulated with 11 mM glu-
cose. Repetitive GSIS: GSIS with three subsequent repetitive glucose stimulations (25 mM) interrupted by incu-

bation with 2 mM glucose. Palmitate: GSIS with an additional acute exposure to 0.3 mM palmitate.

3.3.5.2 Dynamic secretagogue-stimulated insulin secretion (perifusion)

These experiments were performed by Verena Lier-Glaubitz in the lab of Prof. Dr. Ingo Rus-
tenbeck at the Institute of Pharmacology, Toxicology and Clinical Pharmacy (Technical Uni-
versity Braunschweig, Germany). Mice were sacrificed by decapitation, pancreas was re-
moved and manually chopped in KRH buffer. After 8.5 min of collagenase (Tab. 12) digestion
in a 37 °C shaking water bath, the tissue was washed with KRH buffer und islets were imme-
diately handpicked from the exocrine tissue. Perifusion of 50 WT and D1KO islets, respec-
tively, was carried out with 5 mM basal glucose and either 30 mM glucose, 500 uM tolbutam-
ide (Tab. 12) and/or 40 mM KCI for stimulated conditions according to the previously de-
scribed protocols [179] (Hans-Georg Joost et al. (eds.), Animal Models in Diabetes Re-

search, Methods in Molecular Biology).

3.3.6 Insulin quantification with ELISA

The enzyme-linked immunosorbent assay (ELISA) is an antibody-based detection system to
quantify very little amounts of proteins in a sample. The assay was carried out according to
the manufacturer’s instructions with slight adaptations (Tab. 11). 10 yL sample and the sup-
plied insulin standard solutions (for the Insulin ELISA Kit, otherwise 25 pL for the Insulin Ul-
trasensitive ELISA Kit) were loaded into the antibody-coated wells of a 96 well plate and
mixed with 100 pL of a prepared 1x enzyme-conjugate solution. After 2 hours incubation at
room temperature with approx. 800 rpm stirring the wells were washed 6 times with 300 L of
a prepared 1x wash buffer. The buffer was discarded and the plate tapped on tissue paper
between the washing steps. For the signal development, 200 pyL of the TMB (3,3’,5,5'-
tetramethylbenzidine) substrate was added and incubated for 15 min at room temperature
without light exposure. The reaction was stopped by adding 50 uyL of a sulfuric acid-

containing stop solution by which the blue signal turned yellow. The intensity of the yellow
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color was quantified in the iMark Reader at 450 nm and the insulin concentration calculated
via cubic spline regression with the help of the insulin standards in the Microplate Manager 6
software (Tab. 17).

3.4 Histological techniques

The histologic and morphometric analysis and the sample preparation were performed in
major parts by Carmen Weidlich during her Bachelor thesis (C.W., bachelor thesis, 2014)
and Dr. Jurgen Weil® and Kay Jeruschke from the histology unit of the Institute for Clinical

Biochemistry and Pathobiochemistry.

3.4.1 Fixation of tissues

As mentioned in 3.1.4, the dissected pancreas with the attached spleen was placed in an
embedding cassette and fixed with 4 % PFA for 24 hours at room temperature. PFA acts by
crosslinking proteins and therefore stabilizing and maintaining the actual status of the tissue
[180].

3.4.2 Paraffin embedding

With the help of an automatic tissue processor (Shandon Excelsior, Tab. 16), the fixed tis-
sues (3.4.1) were prepared for paraffin embedding by firstly dehydration with alcohol and
secondly a subsequent substitution of the alcohol with the amphoteric intermedium xylene. In
the last steps of the automatic procedure, the tissues were placed into liquid paraffin. The
automatic procedure contained different steps that are shown in Table 8. In a manually oper-
ated embedding station (Tab. 16) the tissues were filled up with paraffin so that the tissue

was fully surrounded by paraffin in a block.
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Table 8: Incubation series of formalin-fixed tissues for paraffin embedding

Solution Temperature Duration
ethanol 70 % room temperature 1h
ethanol 70 % room temperature 1h
ethanol 96 % room temperature 1h
ethanol 96 % room temperature 1h
ethanol 100 % room temperature 1h
ethanol 100 % room temperature 2h

xylene room temperature 1h
xylene room temperature 1h
xylene room temperature 1h
paraffin 59°C-60°C 1h
paraffin 59°C-60°C 1h
paraffin 59°C-60°C 2h

3.4.3 Preparation of tissue slices by microtome cutting

After embedding the tissue in paraffin (3.4.2), sections of 5 ym thickness were cut with a mi-
crotome (Tab. 16) with 10 sections per level series. Between each series 50 um of tissue
(another 10 adjacent sections) were discarded. By doing so, each section of one series has a
defined distance of 100 um to the same section of the next or the previous series. To stretch
the sections after the cutting, they were transferred via a water bridge into a 45 °C water bath
for a few seconds. When the tissue was stretched, the section was collected onto microscop-

ic slides (Tab. 15) and dried overnight at room temperature.

3.4.4 Hematoxylin and eosin (HE) staining

The HE staining represents a very basic method for the illustration of tissue arrangement in
the histologic characterization of tissues. Hematoxylin in the prepared solution oxidizes to
hematein which forms a complex with aluminium ions to form hemalum. This is able to stain
nuclei of cells and some other cellular components in blue [181]. Afterwards, the tissue can
be counterstained with aqueous or alcoholic solutions of eosin y which stains cytoplasmic
(eosinophilic) structures of cells in red, pink and orange. Prior to the staining, the tissue had

to be deparaffinized and rehydrated to enable the accessibility and binding of the stains. This
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was achieved by subsequent incubations of the formalin-fixed paraffin embedded (FFPE)
tissue on the microscopic slides (3.4.3) in xylene and different descending concentrations of
ethanol. After incubation in 70 % ethanol solution the paraffin disappeared on the slide and
the tissue was stained with Mayer’'s hematoxylin solution (Tab. 13). After the stain, the ex-
cessive solution was washed away with water and the tissue was stained with 0.1 % alcohol-
ic eosin solution (Tab. 13). To finalize the stain the slides were incubated again in ethanol
and finally in xylene before they were mounted with a specialized medium (Shandon EZ-
Mount, Tab. 12) and sealed with a cover slip. The different incubation steps are listed in Ta-
ble 9.

Table 9: Incubation series of FFPE slices for hematoxylin/eosin staining

Solution Incubation time
xylene 5 min
xylene 5 min

ethanol 100 % 5 min
ethanol 100 % 5 min
ethanol 96 % 5 min
ethanol 96 % 5 min
ethanol 70 % 5 min
ethanol 70 % 5 min
Mayer’s hematoxylin 2 min
double-distilled water wash
tap water 10 min
eosin 0.1 % 30 seconds
ethanol 100 % wash
ethanol 100 % 2 min
ethanol 100 % 2 min
ethanol 100 % 2 min
xylene 5 min
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3.4.5 Point counting method to determine the pancreas area

The first step in the morphometric analysis was the determination of the pancreas area of
each analyzed section. This was accomplished with the point counting method [182]. The
slides were projected by an overhead projector onto a paper grid with marker points that had
a defined distance of 28 mm to each other. The projected picture was adjusted to a magnifi-
cation of 28-fold. The marker points that hit the pancreatic tissue in the projected picture (ex-
cluding vessels, duct, lymph nodes and spaces) were counted and summed up. One point

corresponded to a pancreas area of 1 mm>.

3.4.6 Software-assisted morphometric analysis of islets

After determination of the pancreas area per section by point counting (3.4.5), each section
was scanned under the microscope (Tab. 16) with 10-fold magnification for the amount and
area of islets within the pancreas tissue. Pictures of each islet were taken and analyzed with
the cellSense Dimension software (Tab. 17). Each islet was manually surrounded by an inte-

grated polygon tool that determined the islet area and the islet count.

3.4.7 Transmission electron microscopy for insulin granule analysis

To determine the amount of insulin secretory granules in B-cells of D1KO and WT mice iso-
lated islets (3.1.3) were allowed to regenerate overnight. Islets with signs of necrosis (dark
spots in the middle of the islet) were sorted out and the remaining islets were incubated with
2 mM or 25 mM glucose in KRH buffer for 1 h at 37 °C, 5 % CO, after equilibration in KRH
buffer with 2 mM glucose for 1 h at 37 °C, 5 % CO.. Islets were washed with BSA-free KRH
buffer, fixed for 1 h at room temperature by immersion in 2.5 % glutaraldehyde in KRH buffer
(Tab. 13), postfixed in 2 % osmium tetroxide in 0.19 M sodium cacodylate buffer, pH 7.4
(Tab. 12, 13), for 30 minutes, and subsequently stained with 2 % uranyl acetate in maleate
buffer, pH 4.7 (Tab. 12, 13). The specimens were dehydrated with increasing ethanol con-
centrations and embedded in epoxy resin [183]. Ultrathin sections were picked up onto
Formvarcarbon-coated grids (Tab. 15), stained with lead citrate (Tab. 12) and viewed in a
transmission electron microscope (Tab. 16). Processing of the islets and TEM analysis was

conducted by Kay Jeruschke and Dr. Jirgen Weil3.
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3.5.1 Reaction kits

3.5.1.1

MATERIAL AND METHODS

Reaction kits for molecular biology methods

Table 10: Reaction kits for molecular biology methods

Kit name

Supplier

Invisorb® Genomic DNA Kit I

STRATEC Molecular GmbH, Berlin, Germany

RNeasy Mini Kit

QIAGEN, Hilden, Germany

RNAse free DNAse Set

QIAGEN, Hilden, Germany

GoScript™ Reverse Transcriptase Kit

Promega, Madison, WI, USA

Hexanucleotide primer

Roche, Mannheim, Germany

GoTaq® gPCR Master Mix

Promega, Madison, WI, USA

100 bp DNA Ladder / 1 kb DNA Ladder

Thermo Scientific, Peqglab, Wilmington, MA, USA

6x Gel Loading Dye

Thermo Scientific, Peqglab, Wilmington, MA, USA

Phusion High-Fidelity DNA Polymerase 500U

Thermo Scientific, Peglab, Wilmington, MA, USA

5x Phusion HF Buffer

Thermo Scientific, Peqglab, Wilmington, MA, USA

10x DreamTaq Green Buffer

Thermo Scientific, Peqglab, Wilmington, MA, USA

DreamTaq DNA Polymerase 5U/uL

Thermo Scientific, Peqlab, Wilmington, MA, USA

RNA 6000 Nano Kit

Agilent Technologies, Waldbronn, Germany

Customized oligonucleotide primers

Eurogentech, Seraing, Belgium

3.5.1.2 Reaction kits for biochemical methods

Table 11: Reaction kits for biochemical methods

Kit name

Supplier

Pierce™ BCA Protein Assay Kit

Thermo Scientific, Pierce, Rockford, IL, USA

Precision Plus Protein Standard Dual Color

Biorad Laboratories, Minchen, Germany

Western Lightning ECL Pro

Perkin Elmer, Waltham, MA, USA

Western Lightning ECL Ultra

Perkin Elmer, Waltham, MA, USA

Insulin (Mouse) ELISA

DRG Instruments, Marburg, Germany

Insulin (Mouse) Ultrasensitive ELISA

DRG Instruments, Marburg, Germany
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All fine chemicals that were used for the described study were purchased from standard

suppliers. Specific chemicals are listed in Table 12.

Table 12: Chemicals

Chemical / Solution

Supplier

5-aminoimidazole-4-carboxamide 1-B-D-ribo-
furanoside (AICAR)

Enzo Life Sciences, Lérrach, Germany

Ammonium persulfate (APS)

MP Biomedicals, lllkirch, France

Bovine serum albumin (BSA) Fraction V

AppliChem, Darmstadt, Germany

BSA Fraction V, fatty acid free, low endotoxin

Sigma Aldrich, Steinheim, Germany

Bromophenol blue

Merck, Darmstadt, Germany

Cacodylic acid Na-salt x 3 H,O

Serva, Heidelberg, Germany

Calcium ionophore A23187

Sigma Aldrich, Steinheim, Germany

Chloralhydrate AppliChem, Darmstadt, Germany
Collagenase Serva, Heidelberg, Germany
Roche, Mannheim, Germany

Complete Protease Inhibitor Cocktail

Compound 6 Provided by Prof. Dr. Eckhard Lammert
D.E.R 736 Serva, Heidelberg, Germany
Serva, Heidelberg, Germany

Dimethylaminoethanol (DMAE)

Dimethylsulfoxide (DMSO)

AppliChem, Darmstadt, Germany

Dithiothreitol (DTT)

VWR, Darmstadt, Germany

dNTP Set PCR Grade

Roche, Mannheim, Germany

Eosin yellowish

Merck, Darmstadt, Germany

3,4-Epoxycyclohexylmethyl-3,4-
epoxycyclohexylcarboxylate (ERL-4221 D)

Serva, Heidelberg, Germany

Ethidium bromide

MP Biomedicals, lllkirch, France

Ethylenediaminetetraacetic acid (EDTA)

Roth, Karlsruhe, Germany

Ethylene glycol tetraacetic acid (EGTA)

Serva, Heidelberg, Germany

Fetal Bovine Serum (FBS)

Thermo Fisher Scientific, Darmstadt, Germany

Glibenclamide

Sigma Aldrich, Steinheim, Germany

Glutaraldehyde (25 % solution)

Serva, Heidelberg, Germany

Hematoxylin

Merck, Darmstadt, Germany

Histopaque-1077

Sigma Aldrich, Steinheim, Germany

Lead citrate

Merck, Darmstadt, Germany

Liberase TL Research Grade

Roche, Mannheim, Germany

Maleic acid

Merck, Darmstadt, Germany
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Chemical / Solution

Supplier

B-Mercaptoethanol (50 mM solution)

Thermo Fisher Scientific, Darmstadt, Germany

Nonenylsuccinic anhydride

Serva, Heidelberg, Germany

Osmium tetroxide

Serva, Heidelberg, Germany

Paraffin (Paraplast Plus®)

Sigma Aldrich, Steinheim, Germany

Paraformaldehyde (PFA) extra pure

Merck, Darmstadt, Germany

Penicillin/Streptomycin solution

Thermo Fisher Scientific, Darmstadt, Germany

PhosSTOP Phosphatase Inhibitor

Roche, Mannheim, Germany

Potassium aluminium sulfate (Kal(SQO,),)

VWR, Darmstadt, Germany

Shandon EZ-Mount

Thermo Electron Corporation, Waltham, MA, USA

Sodium bicarbonate (7.5 % solution)

Thermo Fisher Scientific, Darmstadt, Germany

Sodium iodate

VWR, Darmstadt, Germany

Tetraethylethylenediamin (TEMED)

Roth, Karlsruhe, Germany

Tolbutamide

Serva, Heidelberg, Germany

Tris(hydroxymethyl)aminomethan (TRIS)

Roth, Karlsruhe, Germany

Uranyl acetate 98 %

Polysciences Inc., Warrington, PA, USA

Xylene

AppliChem, Darmstadt, Germany

3.5.3 Solutions

3.5.3.1 Buffers and solutions

Table 13: Buffers and solutions

Solution

Content

KRH (Krebs-Ringer-HEPES) Buffer

15 mM HEPES, 5 mM KCI, 120 mM NaCl, 24 mM
NaHCO3;, 1 mM MgCl,, 2 mM CaCl,, 1 mg/mL BSA

Stacking gel buffer for SDS-PAGE

500 mM Tris-HCI, 0.4 % SDS, pH 6.8

Separation gel buffer for SDS-PAGE

1,5 M Tris-HCI, 0.4 % SDS, pH 8.8

Electrophoresis Buffer for SDS-PAGE

25 mM Tris-HCI, 192 mM Glycine, 0.1 % (w/v) SDS

Transfer Buffer for tank blotting

25 mM Tris-HCI, 192 mM Glycine, 20 % Methanol

Wash Buffer for Western Blots (TBS-T)

10 mM Tris-HCI, 150 mM NacCl, 0.5 % Tween-20, pH 8.0

4x Lammli Sample Buffer

20 % vol Glycerol, 8 % SDS, 10 mM EDTA, 250 mM Tris-
HCI, 5 % bromophenol blue solution (2 % bromophenol
blue + 4 % SDS in water)

1x TAE Buffer

40 mM Tris acetate, 1 mM EDTA

Lysis buffer stock

20 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1 mM EG-
TA, 1 % Triton X-100

Complete Proteases working solution

1 Tablet dissolved in 2 mL H,O
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Solution

Content

PhosSTOP working solution

1 Tablet dissolved in 1 mL H,O

Lysis buffer

Lysis Buffer stock with 10 % PhosSTOP and 4 % Com-

plete Proteases

Acid ethanol solution

0.18 M HCI, 75 % Ethanol

Mayer’s hematoxylin

50 g Chloralhydrate, 1 g Citric acid, 1 g hematoxylin, 50 g
Kal(SO,),, 0.2 g Sodium iodate, add 1000 mL H,0O

80 mL Ethanol (70 %), 40 pL Acetic acid, 0.1 % Eosin

Eosiny
yellowish
) 118.5 mM NacCl, 4.7 mM KCI, 1.2 mM KH,PQ,4, 25 mM
Krebs-Henseleit buffer (KHB) Stock |
NaHC03
2.5 mM CaCl, - 2 H,0, 1.2 mM MgSO, - 7 H,O, 5 mM
KHB Stock |l
HEPES
KHB 10 % (v/v) KHB Stock I, 10 % (v/v) KHB Stock I, 80 %
(v/v) H,O

Sodium cacodylate buffer 0.19 M

0.19 M sodium cacodylate in water

Maleate buffer 0.05 M

0.05 M maleic acid in water

3.5.3.2 Media for islet isolation and maintenance

Table 14: Media for islet isolation and maintenance

Solution Content

Supplier

Supplements

DMEM-1 tamine, sodium pyruvate and
phenol red, without HEPES

DMEM low glucose, L- glu-

Gibco® Thermo Fisher
Scientific, Darmstadt,

Germany

No Supplements

Gibco® Thermo Fisher

DMEM-2 DMEM-1 Scientific, Darmstadt, 15 % FBS
Germany
15 % FBS, 0.1 % 50 mM (-
Gibco® Thermo Fisher Mercaptoethanol, 1 % peni-
Islet medi- CMRL medium without L-
) Scientific, Darmstadt, cillin/streptomycin, 0.5 %
um glutamine and HEPES

Germany

glucose solution (20 %), 2 %
NaHCOj; solution (7.5 %)
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3.6.1 Disposables

MATERIAL AND METHODS

All standard disposable material that was used for the described study was purchased from
standard suppliers. Specific material is listed in Table 15.

Table 15: Disposables

Material

Supplier

BD Microlance™ 3, 30G 72" 0.3 x 13 mm

BD Drogheda, Ireland

Sterican® needle 26Gx1” 0.45 x 25 mm

Braun, Melsungen, Germany

PVDF Hybond membrane 0.45 pm

GE Healthcare, Buckinghamshire, England

di-K*-EDTA-coated microcuvettes

Sarstedt, NUmbrecht, Germany

96 well PCR plate for Real time PCR

Applied Biosystems, Darmstadt, Germany

Glucose test stripes Contour Next

Bayer HealthCare, Leverkusen, Germany

Microscope slides HistoBond®

Marienfeld, Lauda-Kdnigshofen, Germany

Plastic Petri dish 10 cm

Greiner Bio One, Kremsmdiinster, Osterreich

Formvar 12438

Serva, Heidelberg, Germany

Copper grids H75 mesh

Veco Gmbh, Marl, Germany

Stainless steel beads

QIAGEN, Hilden, Germany

3.6.2 Devices

Table 16: Devices

Device / Instrument

Supplier

Stereomicroscope SMZ1500

Nikon Instruments, Amsterdam, Netherlands

Shaking waterbath

Koéttermann, Uetze/Hanigsen, Germany

Heraeus Megafuge 1.0 (Rotor Cat. No. 2705 with
# 2252 F inlays)

Heraeus, Hanau, Germany

Plastic funnel, size 8

Roth, Karlsruhe, Germany

Cooling table centrifuge 5425 R (Rotor FA-45-24-
11, KLO88, 36927)

Eppendorf, Wesseling-Berzdorf, Germany

Table centrifuge 5425 R (Rotor FA-45-24-11,
KL001, 32470)

Eppendorf, Wesseling-Berzdorf, Germany

Thermocycler Mastercycler (personal/gradient)

Eppendorf, Wesseling-Berzdorf, Germany

GelDoc XR+

Biorad Laboratories, Miinchen, Germany

ChemiDoc XRS+

Biorad Laboratories, Miinchen, Germany
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Device / Instrument

Supplier

Gelchambers compact (M/XS/S)

Biometra, Gottingen, Germany

Standard PowerPack P25

Biometra, Gottingen, Germany

Minipac PS304 I

Biometra, Gottingen, Germany

Glucometer Contour XT

Bayer HealthCare, Leverkusen, Germany

Agilent 2100 Bioanalyzer

Agilent Technologies, Waldbronn, Germany

Cell dissociation sieve

Sigma Aldrich, Steinheim, Germany

iMark Microplate Reader

Biorad Laboratories, Minchen, Germany

NanoDrop 2000

Thermo Scientific, Peglab, Wilmington, MA, USA

Short plates for SDS gels

Biorad Laboratories, Minchen, Germany

Spacer Plates (1.0 mm, 1.5 mm) for SDS gels

Biorad Laboratories, Minchen, Germany

StepOnePlus™ Real-time PCR system

Applied Biosystems, Darmstadt, Germany

Concentrator 5301 (Vacuum centrifuge)

Eppendorf, Wesseling-Berzdorf, Germany

Mini PROTEAN Tetra System

Biorad Laboratories, Minchen, Germany

Power Pac Basic

Biorad Laboratories, Minchen, Germany

Tankblot Eco Mini

Biometra, Gottingen, Germany

Power Pac HC

Biorad Laboratories, Miinchen, Germany

Horizontal shaker CAT ST5

CAT, Staufen, Germany

TissueLyser Il

QIAGEN, Hilden, Germany

Uniprep Gyrator

UniEquip, Planegg, Germany

Shandon Excelsior Tissue Processor

Thermo Scientific, Peqglab, Wilmington, MA, USA

Histo-Embedder

Leica Microsystems, Wetzlar, Germany

Rotary Microtome HM 360

Thermo Scientific, Peqglab, Wilmington, MA, USA

Microscope DM RBE

Leica Microsystems, Wetzlar, Germany

TEM 910

Zeiss, Oberkochem, Germany

3.7 Software

Table 17: Software applications of different devices for data measurement and analysis

Software Method Device Company
NanoDrop 2000 DNA/RNA concentration NanoDrop 2000 Thermo Fisher
Image Lab Agarose gel / Western blot | Gel/Chemi Doc Bio-Rad Laboratories
StepOne v2.1 gPCR StepOne Plus Applied Biosystems
Microplate Manager 6 BCA / ELISA iMark Reader Bio-Rad Laboratories
GraphPad Prism 5 Statistical analyses PC GraphPad Software Inc

Agilent 2100 BioSizing RNA quality BioAnalyzer Agilent Technologies
cellSense Dimension Microscopy Microscope Leica Microsystems
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3.8 Statistical analysis

Statistic operations were applied to identify significant differences between the measured or
determined data. Therefore, different statistical tests were applied to determine the signifi-
cance of differences. All experiments were performed with at least n = 3 samples and shown
as mean values + SEM or mean values + SD. Exact numbers of experiments (n) are depicted
in the figure legends and the text. Statistical significance was calculated with two-tailed stu-
dent’s t-test for paired or unpaired values, one-way ANOVA with Tukey’s multiple compari-
son test, two-way ANOVA with Bonferroni post-hoc-test or with Mann-Whitney-U test. For all
tests a p-value < 0.05 was considered to be significant. Statistical analysis was performed
with GraphPad Prism 5 software (Tab. 17).
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4 RESULTS

4.1 Glucose-stimulated insulin secretion from isolated D1KO islets

Isolated islets from D1KO mice and WT littermates were subjected to the basic GSIS proto-
col (3.3.5, Fig. 8) and the secreted insulin was measured with ELISA. The results were ex-
pressed as pg secreted insulin per islet per 60 minutes (Fig. 9). Insulin secretion at 2 mM
glucose was unchanged between both genotypes after 60 min incubation (10.8 + 2.2
pg/islet/60 min in WT islets vs. 8.1 £ 1.9 pg/islet/60 min in D1KO islets). Stimulated insulin
secretion at 25 mM glucose was substantially increased in islets of D1KO mice compared to
WT after 60 min incubation (120.5 + 12.7 pg/islet/60 min in WT islets vs. 178.1 + 24.0
pg/islet/60 min in D1KO islets; p < 0.05).
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Figure 9: Glucose-stimulated insulin secretion in isolated islets of D1KO mice. Isolated islets of D1KO mice
were incubated with 2 mM and 25 mM glucose for 1 h at 37 °C (Basic GSIS setup) and secreted insulin in the
supernatants was measured with ELISA. Data are mean values + SEM (n = 7), two-way ANOVA with Bonferroni

post-hoc-test * p < 0.05.

The demonstrated differences could be due to several cellular or mechanistic changes. To
find the underlying in vitro mechanisms and possible in vivo consequences, first the total and

differential expression of Tbc1d1 and Thc1d4 in isolated islets were investigated.
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4.2 RabGAP expression in isolated islets

A qualitative assessment of the expressed Thc71d? isoform in islets and other tissues of
wildtype mice was performed. In addition the mRNA copy number of Tbc1d1 and Thc1d4
transcripts in isolated islets of wildtype mice as well as the differential expression of Thc1d1
and Tbc1d4 in isolated islets of D1KO and RIP2-TG mice were determined.

4.2.1 Determination of Thc71d1 isoforms in different tissues of C57BL/6J mice

Tbc1d1 is expressed as two major isoforms in different tissues. In the literature it was report-
ed that the skeletal muscle expresses predominantly the long isoform [168] whereas the
short Tbc1d1 isoform is found in pancreas tissue from NZO mice (Katja Leicht, PhD thesis).
Therefore, the short isoform was used for the generation of the transgenic mice that were
used for this thesis. To verify the previous results heart and muscle tissue (Musculus quadri-
ceps) of C57BL/6J mice were used and isolated islets instead of total pancreas (3.2.6). The
primers that were described in the methods section (Appendix Tab. 19) bind to DNA regions
of exons 11 and 14 that flank exons 12 and 13 that are present in the long isoform but miss-
ing in the short isoform. Thus, for the long isoform a 645 bp fragment and for the short iso-
form a 366 bp fragment was expected to be amplified. The amplified fragment from the cDNA
of the skeletal muscle Musculus quadriceps represented an intense band between 600 and
700 bp at the expected height of the long isoform. A very faint band was also seen between
300 and 400 bp at the expected height of the short isoform. The amplified fragment from the
cDNA of the heart represented a band for both isoforms. The band of the short isoform was a
bit more intense, than the band for the long isoform. Notably, an additional band below 600
bp was visible next to the expected band at 645 bp for the long isoform which could neither
be seen in the muscle nor in islets. The amplified fragment from the cDNA of the islets repre-
sented a band exclusively for the short isoform of Tbc7d1. Importantly the negative control

without cDNA template did not show up any nucleic acid amplification (Fig. 10).
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Figure 10: Identification of Tbc1d1 isoforms in different tissues of C57BL/6J mice. Identification of the ex-
pressed Tbc1d1-isoforms in heart (HE), quadriceps muscle (SM) and pancreatic islets (PI) from C57BL/6J mice.
Samples were analyzed by RT-PCR and visualized on a 2 % agarose gel. Schematic primer location is designat-
ed with the arrows. The long isoform should produce a 645 bp fragment, the short isoform a 366 bp fragment, due

to the lack of exons 12 and 13. & — negative control without cDNA template

4.2.2 Total gene expression of Tbc1d? and Thc1d4 in isolated mouse islets

The comparative AACt method to determine the relative amount of mRNA does not give in-
formation about the total amount of mMRNA present in a sample [184]. The amplification effi-
ciency of a template depends on the primer pair, on the template itself or on the cycling set-
tings. Therefore the raw Ct values were not suitable to conclude about expression differ-
ences in a sample between different genes. This was solved by measuring Ct values of two
different expression vectors (pcDNA3-CMV-3xFLAG-Thbc1d1 and PCR2.1-Thc1d4) contain-
ing either Thbc1d1 or Thc1d4 gene in multiple serial 1:2 dilutions (3.2.8). By referring the re-
sulting Ct value to the concentration of the vector in the respective dilution the efficiency of
the amplification was determined. As shown in Figure 11A the linear part of the relationship
between Ct value and the logarithm of the concentration was equal with the amplification of
both, Thc1d1 and Tbc1d4. With the help of the respective linear equation the amount of tem-
plate of Tbc1d1 and Thc1d4 in the islet samples was calculated. By normalizing to the refer-
ence gene 36b4 the normalized copy-number of mRNA was determined. Figure 11B shows
the result of this calculation. Thc1d? copy-number was 7.6-fold higher than Thc1d4 copy-
number after molar calculation and normalizing to 36b4 (0.440 + 0.022 for Tbc1d1 vs. 0.058
+ 0.006 for Thc1d4, p < 0.0001). The Ct values of Thc1d?1 and Thc1d4 in the measurement
from islets already differed in 3-4 Ct's. At the same time Ct values for 36b4 were not differ-

ent.
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Figure 11: Tbc1d1 and Tbc1d4 mRNA quantification in isolated islets of mice. (A) 10 ng/uL of expression
vectors pcDNA3-CMV-3xFLAG-Tbc1d1 (9319 bp) and PCR2.1-Tbc1d4 (7916 bp) with serial 1:2 dilutions were
amplified with primers for Thc1d1 and Thc1d4 in a Real time PCR approach. Resulting Ct values were related to
the amount of template in the respective dilution and the linear part of the relationship was plotted in a semi-log
(x-axis log) diagram. The characteristics of the linear equation are shown. (B) With the help of the equation the
molar amount of Thc1d1 and Thc1d4 template in RNA samples of isolated islets were calculated, normalized to
the molar amount of 36b4 and displayed as normalized copy-number. Data are mean values + SEM (n = 8), Stu-
dent’s t-test, two-tailed, unpaired *** p < 0.0001

4.2.3 Detection of TBC1D1 and FLAG in total pancreas lysates of transgenic mice

To test the conditions to detect TBC1D1 protein by western blot in total pancreas lysates
from wildtype and RIP2-3xFLAG-Tbc1d1 mice different amounts (40, 80 and 200 ug) of total
protein were loaded to the polyacrylamide gel. Only with 200 pug protein TBC1D1 (Fig. 12A)
and FLAG (Fig. 12B) were detected on the PVDF membrane after blotting at approx. 160
kDa. The detection of FLAG was used as a surrogate for TBC1D1 in the transgenic RIP2-TG
islets. By using the anti-FLAG antibody the samples of wildtype and transgenic mice could be
distinguished from each other.
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Figure 12: Detection of TBC1D1 and FLAG in lysates of total pancreas from transgenic mice. 200 ug of
total protein were separated on an 8 % polyacrylamide gel. After tank blotting onto PVDF membrane TBC1D1 and
FLAG were detected with (A) anti-TBC1D1 (1:1000) and (B) anti-FLAG (1:1000) primary antibodies. Signals were
developed with ECL solution in a ChemiDoc device after incubating with HRP-conjugated secondary anti-rabbit
(for TBC1D1) or anti-mouse (for FLAG) antibodies (1:20000).

4.2.4 Relative protein and gene expression of Tbc1d1 and Thc1d4 in islets

After islet isolation and overnight regeneration the islets were lysed according to 3.3.1 and 10
pg of total islet protein were separated on an 8 % polyacrylamide gel. After tank blotting onto
PVDF membranes the proteins were detected with anti-TBC1D1 and anti-TBC1D4 antibod-
ies (Tab. 7) with a dilution of 1:1000 in 5 % BSA/TBS-T. TBC1D1 was identified at approx.
160 kDa in all samples, except for islets of D1KO mice. TBC1D1 protein expression in RIP2-
3XxFLAG-Thc1d1 islets was 2.6-fold higher compared to the respective control islets. TBC1D4
was also identified at approx. 160 kDa in all samples without differences between the respec-

tive genotypic different samples (Fig. 13A).

MRNA expression of both genes was measured in islets of D1KO mice. Expression of
Tbc1d4 mRNA was not different between WT and D1KO islets but Thc7d7 mRNA was ex-
pressed 10-fold less in D1KO islets compared to WT islets (Fig. 13B). Despite the presence
of Tbc1d1 mRNA in Tbc1d1-deficient islets no TBC1D1 protein was detected.

49



>
w

4 159 O WT Bl D1KO
3- *kk
1-0_ l l

0.5

protein abundance (a.u.)
N

gene expression (244

Tbc1d1 Tbc1d4

c D1KO D1/4KO RIP2-TG
WT D1KO WT D1/4KO WT TG
TBC1D1 | s & —

]

TBC1D4_ P— —— —

GAPDH | o | (0 q evmun  <ENSAR

Figure 13: TBC1D1 and TBC1D4 expression in isolated islets of Thc71d7-deficient and transgenic mice. (A)
Protein expression of TBC1D1 and TBC1D4 in islets of D1KO and RIP2-TG mice compared to their respective
controls. Samples from RIP2-WT and RIP2-TG mice were normalized to GAPDH expression, samples from WT
and D1KO mice were normalized to a-tubulin. Data are mean values * SEM (n = 4-8), Mann-Whitney-U test, two-
tailed, * p < 0.05, *** p < 0.001. (B) Relative mRNA expression of Thc1d? and Thc1d4 in islets of D1KO mice.
Data were normalized to 36b4 expression and are shown as mean values + SEM (n = 8), Mann-Whitney-U test,
two-tailed, *** p < 0.001. (C) Representative Western Blots for TBC1D1 and TBC1D4 detection in isolated islets
are shown in reference to the housekeeping protein GAPDH.

4.3 Static and dynamic GSIS from isolated islets

4.3.1 Static GSIS from islets of transgenic RIP2-3xFLAG-Tbc1d1 mice

To investigate whether the overexpression of Thc1d1 would lead to the opposite effect as
seen in the islets of D1KO mice isolated islets of transgenic mice and their respective WT
controls were subjected to the basic GSIS protocol (3.3.5, Fig. 8) and the secreted insulin
was measured with ELISA. Insulin secretion at 2 mM glucose was unchanged between both
genotypes after 60 min incubation (17.5 + 5.7 pg/islet/60 min in WT islets vs. 16.4 + 3.3
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pg/islet/60 min in RIP2-TG islets). Stimulated insulin secretion at 25 mM glucose was also
unchanged between the genotypes after 60 min incubation (136.4 £ 26.0 pg/islet/60 min in
WT islets vs. 135.1 + 42.2 pg/islet/60 min in RIP2-TG islets) as shown in Figure 14.

Insulin secretion at basal 2 mM glucose was higher in islets of both genotypes of the trans-
genic mouse strain compared to the Tbc7d7-knockout strain. However, these differences

were statistically not significant when calculating with two-way ANOVA.
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Figure 14: Glucose-stimulated insulin secretion in isolated islets of RIP2-TG mice. Isolated islets of RIP2-
TG mice were incubated with 2 mM and 25 mM glucose for 1 h at 37 °C (Basic GSIS setup) and secreted insulin
in the supernatants was measured with ELISA. Data are mean values + SEM (n = 7), two-way ANOVA with Bon-

ferroni post-hoc-test.

4.3.2 Static GSIS from islets of Tbc1d1/Tbc1d4-double-deficient D1/4KO mice

In a previous study the impact of Thc7d4-knockdown in sorted mouse B-cells on GSIS was
reported [173]. Reduced Thc1d4 expression led to an increase in basal but a decrease in
glucose-stimulated insulin secretion. In this study the role of Tbc7d4 in GSIS was investigat-
ed by using isolated islets of a mouse strain with a double-knockout of Thc1d1 and Thc1d4.
Isolated islets were subjected to the basic GSIS protocol (3.3.5, Fig. 8) and the secreted in-
sulin was measured with ELISA. Insulin secretion at 2 mM glucose was again unchanged

between both genotypes after 60 min incubation (10.9 + 1.2 pg/islet/60 min in WT islets vs.
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13.4 + 1.8 pg/islet/60 min in D1/4KO islets). Stimulated insulin secretion at 25 mM glucose
was significantly increased in islets of D1/4KO mice compared to WT (96.8 + 17.3 pg/islet/60
min in WT islets vs. 172.8 + 25.4 pgl/islet/60 min in D1/4KO islets) similar to the results with
the single knockout of Tbc1d7 (Fig. 15).
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Figure 15: Glucose-stimulated insulin secretion in isolated islets of D1/4KO mice. Isolated islets of D1/4KO
mice were incubated with 2 mM and 25 mM glucose for 1 h at 37 °C (Basic GSIS setup) and secreted insulin in
the supernatants was measured with ELISA. Data are mean values + SEM (n = 7), two-way ANOVA with Bonfer-

roni post-hoc-test, ** p < 0.01.

4.3.3 Dynamic GSIS from islets of D1KO mice

In the static approach of glucose-stimulated insulin secretion only the sum of secreted insulin
is measured at a certain time after stimulation. These data do not allow for a statement re-
garding insulin secretion phases. In the dynamic perifusion of isolated islets, insulin secretion
can be assessed in various fractions of a secretagogue-containing buffer that constantly
passes immobilized islets with a constant flow rate. This allows analyzing the different insulin
secretion phases and therefore is much more suitable to narrow down the underlying possi-
ble mechanism. Since the static glucose-stimulated insulin secretion was changed in islets of

Thc1d1-deficient mice, those mice were also used for the dynamic perifusion (3.3.5). Insulin
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secretion under basal conditions was determined with 5 mM glucose for approx. 30 min with
a subsequent change to 30 mM stimulated glucose for 40 min and a final return to 5 mM ba-
sal glucose for another 20 min. The data were expressed as % insulin secretion of the value
at 60 min.

As shown in Figure 16A basal insulin secretion was similar in both genotypes and declined in
the progression of the basal glucose period to a minimum at 60 minutes. Directly after stimu-
lation with 30 mM glucose, islets of WT mice increased insulin secretion only slightly (maxi-
mum 268.57 + 96.39 %) in the first phase up to minute 70 and a little bit more in the second
phase up to minute 100 (maximum 475.04 + 163.95 %). After the return to basal glucose
also insulin secretion fell to approx. 170 %. Islets of D1KO mice showed a much more pro-
nounced insulin response to glucose throughout the entire stimulation period. Directly after
stimulation with 30 mM glucose, islets of D1KO mice increased insulin secretion approx. 9-
fold (maximum 872.26 + 321.27 %) in the first phase. After a decline to minute 75 (414.73 £
101.49 %), insulin secretion in the second phase increased again to a maximum at minute
105 (1223.69 £ 414.76 %). Return to basal glucose led to a decrease in insulin secretion
comparable to islets of WT mice to approx. 165 %. The measurement of the area under the
curve (AUC) between 60 and 100 minutes as the time of glucose stimulation showed a clear

increased area for the D1KO islets but without being statistically significant (Fig. 16B)
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Figure 16: Dynamic glucose-stimulated insulin secretion in isolated islets of D1KO mice. (A) 50 islets per
genotype were perifused in a custom-made perifusion chamber with 5 mM glucose and 30 mM glucose for the
designated time points. Insulin from the eluate fractions was measured with ELISA and the values are expressed
as percentage of the secretion rate at the end of the basal glucose period. Data are mean values + SEM (n = 5).
(B) Area under the curve (AUC) between 60 and 100 minutes for glucose stimulation. Data are mean values *
SEM (n = 5).
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4.4 Glucose-stimulated insulin secretion in D1KO mice in vivo

Islet physiology and hormone secretion affect whole-body glucose homeostasis. In isolated
islets of Thc1d1-deficient mice glucose-stimulated insulin secretion was increased in both
phases compared to wildtype mice (Fig. 9, 16). In a physiological context increased insulin
secretion would lead to an accelerated transport of glucose from the blood into the insulin-
sensitive target tissues. In isolated islets, Thc1d7-deficiency led to changes in glucose-
stimulated insulin secretion ex vivo. To investigate, whether glucose disposal from the blood
and plasma insulin levels after an intraperitoneal glucose application to mice is different be-
tween wildtype and Thc1d7-deficient mice in vivo an intraperitoneal glucose tolerance test
was performed. The application of glucose intraperitoneally leads to a rapid bioavailability
and resorption into the blood without activating incretin hormones to further increase insulin
secretion (in contrast to an oral glucose tolerance test). In collected blood samples insulin

concentration was measured to refer the glucose tolerance to the insulin values.

4.4.1 Glucose tolerance and plasma insulin in 14-16 weeks old mice

Prior to the test 14-16 weeks old mice were fasted overnight for 6 hours and the test was
performed according to 3.1.5. Glucose tolerance was not different between both genotypes
(Fig. 17A). 60 min after intraperitoneal glucose application D1KO mice had slightly lower
blood glucose levels. Fasting blood glucose levels were also not different between both gen-
otypes (Fig. 17D). Although glucose tolerance was not different within the tested mice the
plasma insulin levels showed some differences between wildtype and D1KO mice. As shown
in Figures 17B and 17E, fasting plasma insulin levels were significantly lower in D1KO mice
(0.445 £ 0.038 ng/pL in WT mice vs 0.311 + 0.030 ng/uL in D1KO mice; p = 0.0112).
Throughout all other time points of the test no significant differences were observed in plas-
ma insulin concentrations (Fig. 17B). The rise in plasma insulin after the first 30 minutes of
the test seemed to be higher in D1KO mice compared to WT mice. In the remaining test time
the course of plasma insulin was similar in both genotypes. By expressing the data relative to
the fasting plasma insulin levels for both genotypes individually an increased secretion of
insulin into the plasma in D1KO mice became visible (Fig 17C). In this expression the insulin
values at 30, 60 and 120 min were significantly higher in D1KO mice compared to WT mice.
Calculating the area under the curve (AUC) by integration of the relatively expressed data
(Fig. 17F) demonstrated also a significantly increased AUC in D1KO mice (19977.1 %
1402.7) compared to WT mice (15847.4 £ 1261.0) (p = 0.044).
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Figure 17: Intraperitoneal glucose tolerance test in 14-16 weeks D1KO mice compared to WT mice. (A, D)
Glucose tolerance as a measure of glucose clearance from peripheral tail blood within 120 min after glucose
injection was the same in D1KO and WT mice (n = 14). (B, E) Absolute plasma insulin levels were significantly
lower in the fasted state in D1KO mice but were unchanged in the progression of the test (n = 12-14). (C, F)
Plasma insulin levels and the AUC were significantly higher in D1KO mice when expressed as the percentage of
the basal values of D1KO and WT mice, respectively. Data are mean values + SEM with indicated number of
individuals. Student’s t-test, two-tailed, unpaired. * p < 0.05, ** p < 0.01

4.4.2 Glucose tolerance and plasma insulin in 50-52 weeks old mice

Because the young mice analyzed in 4.4.1 did not show a marked difference in the absolute
plasma insulin levels throughout the test between both genotypes some of the previously
tested mice were analyzed again in the same experimental setup at older ages. To ensure
that blood glucose levels return to baseline levels at the end of the test the late time point at
240 min after i.p. injection was included for blood glucose and plasma insulin measurements.
Glucose tolerance of old WT mice was significantly impaired in comparison to old D1KO
mice (Fig. 18A). This was also illustrated by the AUC in Figure 18C (82951.3 £ 7122.2 in WT
mice vs. 60771.3 £ 5396.8 in D1KO mice; p = 0.041). This difference in glucose tolerance
between the genotypes was mostly due to differences in the blood glucose values at 60 and
120 min after glucose injection. Importantly fasting blood glucose levels and glucose levels at
15 and 30 min after glucose injection were unchanged between WT and D1KO mice. WT
mice had an impaired glucose disposal from the blood 60 and 120 min after glucose injection
compared to D1KO mice. The corresponding plasma insulin levels of the old mice were ap-
prox. twice as high as in the young mice (Fig. 18B). Fasting plasma insulin levels were un-
changed between old WT and D1KO mice (Fig. 18D) although still a trend towards de-
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creased levels of plasma insulin was determined in D1KO mice (p = 0.18). In the time course
of the experiment plasma insulin levels of WT mice continuously increased from 0.957 +
0.146 ng/uL at baseline until 2.375 + 0.346 ng/pL 240 min after glucose injection. In contrast
in D1KO mice plasma insulin continuously increased from 0.649 + 0.090 ng/uL at baseline to
1.009 £ 0.084 ng/uL 30 min after glucose injection and reached more or less a plateau until
1.286 = 0.229 ng/uL 240 min after glucose injection. Importantly plasma insulin levels after

240 min were significantly lower in D1KO mice compared to WT mice (Fig. 18E: p = 0.041).
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Figure 18: Intraperitoneal glucose tolerance test in 50-52 weeks D1KO mice compared to WT mice. (A, C)
Glucose tolerance as a measure of glucose clearance from peripheral tail blood within 240 min after glucose
injection was significantly improved in D1KO mice compared to WT mice (n = 6). (B) Plasma insulin levels
showed an increased rise within 240 min in WT mice compared to D1KO mice (n = 6). (D) Fasting plasma insulin
levels were unchanged between the genotypes but (E) were significantly lower in D1KO mice at the end of the
test. Data are mean values + SEM with indicated number of individuals. Mann-Whitney-U test, two-tailed. * p <
0.05
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4.5 Total insulin content

4.5.1 Insulin content after glucose stimulation

Dependent on the Tbc1d1 expression glucose-stimulated insulin secretion from isolated is-
lets was altered. To exclude that the increased insulin secretion in D1KO islets was due to
increased insulin content in the islets, insulin concentration in islet lysates after glucose stim-
ulation was measured. Insulin content in the islet lysates of all genotypes were not different
compared to their respective controls. Moreover, insulin content was unchanged in the com-

parison between all genotypes (Fig. 19).
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Figure 19: Insulin content of isolated islets after glucose stimulation. Isolated islets of D1KO, RIP2-TG and
D1/4KO mice were lysed after 25 mM glucose stimulation and insulin in the lysates was measured with ELISA.

Data are mean values + SEM (n = 7), One-way ANOVA with Tukey’s multiple comparison test.
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4.5.2 Total pancreatic insulin content of D1KO mice

In young mice the course of absolute plasma insulin levels after glucose administration was
unchanged between D1KO and WT mice. Similar to the demonstrated ex vivo data on isolat-
ed islets, here, total pancreatic insulin content was measured in pancreases from Thc1d1-
deficient mice according to 3.3.3. The amount of insulin was normalized to the amount of

protein in the same sample.

Total pancreatic insulin content was not different between D1KO and WT mice (9.3 £ 1.1
pug/mg protein in WT mice vs. 9.6 £ 1.0 uyg/mg protein in D1KO mice; n=6) as shown in Fig-
ure 20C. Importantly also the amount of insulin (Fig. 20A) and total protein (Fig. 20B) per
pancreas were unchanged (62.7 £ 5.8 pg insulin in WT vs. 73.0 £ 4.7 pg insulin in D1KO and
6.9 + 0.4 mg protein in WT vs. 7.8 + 0.4 mg protein in D1KO).
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Figure 20: Total pancreatic insulin content from D1KO mice. The snap frozen pancreas was homogenized in
acid ethanol. Insulin was measured with ELISA and protein amount was measured with BCA assay. (A) Amount
of insulin per pancreas in D1KO and WT mice. (B) Amount of protein per pancreas in D1KO and WT mice. (C)

Amount of insulin per mg protein. Data are mean values + SEM (n = 6), Student’s t-test, two-tailed, unpaired.

4.6 Islet morphometry and f-cell insulin granules from Tbc1d1-
deficient mice

The following data of the histologic and morphometric analysis were gained in collaboration

with Carmen Weidlich, Dr. Jirgen Weil3 and Kay Jeruschke.

4.6.1 Basic morphology

After HE staining of the pancreas sections the islet structures could be well distinguished

from the exocrine cells of the pancreas as indicated by arrows in Figure 21. Without applying
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quantitative measures the basic morphology of the islets seemed to be the same in both, WT
and D1KO mice. Most of the islets were localized around the main pancreatic duct and in the

tail of the pancreas.

Figure 21: Pancreas sections of D1KO and WT mice stained with HE. Organization of exocrine and endocrine
cells in pancreas sections of (A) WT mice and (B) D1KO mice. Islets can be distinguished from the exocrine cells
by the staining and by the borderline peri-insular basement membrane. Arrows indicate islets of Langerhans.

Scale bar =200 pm

4.6.2 Morphometry

After analyzing three animals per genotype there were no differences found in any of the
measured parameters between WT and D1KO mice. The pancreas area, measured by point
counting (3.4.5) was 53.26 + 3.07 mm?in WT vs. 53.88 + 2.74 mm? in D1KO mice (Fig. 22A).
In all of the analyzed sections every islet was counted and the islet area was measured. The
amount of islets in the wildtype mice were 738.3 £ 121.3 vs. 718.0 + 52.3 in D1KO mice (Fig.
22B). When normalizing the amount of islets to the pancreas area also no differences were
found as shown in Figure 22C (0.74 + 0.02 islets/mm? pancreas in WT vs. 0.75 £+ 0.04 is-
lets/mm? pancreas in D1KO mice). The portion of the pancreas area that was covered with
islets, analyzed for each slide individually and summed up was expressed as percentage.
Figure 22D showed no differences between the genotypes (0.51 + 0.01 % in WT vs. 0.54 +
0.08 % in D1KO mice). In addition the amount of islets of different areas as percentage of the
total islet area was compared between WT and D1KO mice (Fig. 22E). In summary there
were no big changes between the genotypes. Statistical analysis with two-tailed, unpaired
student’s t-test showed only significant differences between the genotypes in the area cluster
1000-1500 uym? (p = 0.030) and 8500-9000 um? (p = 0.046). While there were less islets of
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1000-1500 pm? in D1KO mice compared to WT the opposite was seen with the 8500-9000
Mm? islets.
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Figure 22: Morphometric analysis of islets from D1KO mice. Pancreas from D1KO mice was dissected and
H/E-stained slices of formalin-fixed and paraffin embedded pancreas were analyzed for (A) pancreas area by
point counting, (B) amount of islets, (C) amount of islets per mm? pancreas and (D) % of islet area per pancreas
area. (E) Islet sizes of different size clusters show the same distribution within the pancreas in both, WT and

D1KO mice. Data are mean values * SEM (n = 3 with 14-21 sections per n).
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4 .6.3 Ultrastructure of D1KO islets

The perifusion experiment demonstrated that both, first and second phase of insulin secre-
tion were increased in isolated islets of D1KO mice. To investigate whether this might be due
to a change in insulin granule dynamics transmission electron microscopy was used to visu-
alize and analyze insulin granules of single p-cells in isolated islets of D1KO and WT mice.
Therefore, islets were isolated and regenerated overnight. After incubation for one hour with
either 2 mM or 25 mM glucose the islets were fixed with glutaraldehyde and ultrathin sections
were picked onto Formvarcarbon-coated grids to view in the transmission electron micro-
scope (3.4.7). Single B-cells of the islets were identified and the area of the cells was meas-
ured. The secretory granules that contained readily processed and condensed insulin were
identified with a threshold analysis of gray scales and therefore distinguished from the pale
granules that contain precursor forms of insulin. Those granules were identified and counted
manually. The amount of both types of insulin granules was normalized to the respective [3-
cell area. As shown in Figure 23A the density of dark insulin granule was significantly in-
creased in B-cells of D1KO islets after 25 mM glucose compared to WT islets with glucose
stimulation (1.388 + 0.042 in WT vs. 1.608 + 0.177 dark granules/B-cell area in D1KO, p <
0.05). Dark insulin granule density did not differ in D1KO cells between 2 mM and 25 mM
glucose stimulation. In contrast, dark insulin granule density significantly decreased in WT
cells after 25 mM glucose stimulation compared to 2 mM glucose (1.756 + 0.105 at 2 mM
glucose vs. 1.388 £ 0.042 dark granules/B-cell area at 25 mM glucose, p < 0.001). As shown
in Figure 23B, pale insulin granule density was significantly increased in D1KO cells com-
pared to WT cells after 25 mM glucose stimulation (0.066 + 0.009 in WT vs. 0.088 + 0.022
pale granules/B-cell area in D1KO, p < 0.05).
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D1KO

Figure 23: Density of insulin granules in B-cells of WT and D1KO islets with or without glucose stimula-
tion. Pancreatic islets of three different mice per genotype were isolated and regenerated overnight. After rejec-
tion of necrotic islets all islets per genotype were pooled. After 1 h stimulation with 2 mM or 25 mM glucose islets
were fixed in 2.5 % glutaraldehyde and prepared for transmission electron microscopy. (A) Granules with readily
processed insulin were identified by gray scale threshold analysis and the amount of dark granules was referred
to the B-cell area (um?). Data are mean values + SD from 10 B-cells of 3-5 different islets per condition, respec-
tively. Two-way ANOVA with Bonferroni post-hoc-test. * p < 0.05. Student’s t-test, two-tailed, unpaired, ### p <
0.001. (B) Pale granules were identified and counted manually and the amount was referred to the (3-cell area
(um?2). Data are mean values + SD from 10 B-cells of 4-5 different islets, respectively. Student’s t-test, two-tailed,
unpaired, # p < 0.05. (C) TEM images of WT and D1KO -cells after 2 mM or 25 mM glucose stimulation with
insulin containing granules. The red dotted circles indicate pale granules, the yellow closed circles indicate dark
granules. Islets of WT and D1KO mice, respectively, were treated with 2 mM versus 25 mM glucose for 60 min.

Bar (5 ym) fits to all images.
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4.7 Gene expression analysis

Basic islet histology and morphometry was not altered in pancreatic sections of both WT and
D1KO mice. However, insulin granule density was increased in B-cells of isolated islets of
D1KO mice after 25 mM glucose stimulation compared to WT littermates. To further charac-
terize islet-cell identity and dedifferentiation, as well as insulin exocytosis mechanisms a

panel of various genes were analyzed by qPCR in islets of both genotypes.

4.7.1 Expression of genes that confer islet-cell identity and dedifferentiation

A panel of genes that mediate basic cell function or dedifferentiation of islets was analyzed
by qPCR (Fig. 24). Interestingly isolated islets of D1KO mice expressed 50 % less Mafa
MRNA compared to islets of WT mice (1.06 £ 0.14 in WT vs. 0.53 £ 0.09 in D1KO; p =
0.0019). Mafa is a key transcription factor for the insulin gene that is exclusively expressed in
B-cells of adult islets [185]. In contrast, Mafb that is exclusively expressed in adult a-cells was
not differentially expressed between islets of both genotypes (1.02 £ 0.09 in WT vs. 1.18
0.17 in D1KO). In accordance with the decreased Mafa mRNA in D1KO islets also the ex-
pression of the insulin 2 (Ins2) gene was slightly repressed in D1KO islets, although not sig-
nificantly (1.02 £ 0.09 in WT vs. 0.85 £ 0.05 in D1KO; p = 0.195). The pancreatic and duode-
nal homeobox protein Pdx1 is a transcription factor that is necessary for the development of
the entire pancreas but also for B-cells within the islets [186]. Together with FoxA2 and
Nkx2.2 Pdx1 regulates MafA expression in islet B-cells [187]. Although Mafa mRNA abun-
dance was significantly lower in D1KO islets Pdx1 mRNA was unchanged (1.01 £ 0.05 in WT
vs. 0.91 £ 0.06 in D1KO). Neurogenin3 (Ngn3) is a marker that is expressed in 3-cell progen-
itor-like cells and is associated with dedifferentiation of pancreatic B-cells in diabetic 3-cell
failure [188]. Ngn3 mRNA expression was also unchanged between islets of WT and D1KO
mice (1.02 £ 0.08 in WT vs. 1.06 £ 0.09 in D1KO).
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Figure 24: Expression of genes that confer islet cell identity and dedifferentiation. Relative mRNA expres-
sion of Pdx1, Ins2, Mafa, Mafb and Ngn3 from isolated islets of D1KO mice compared to WT mice in reference to
36b4 mRNA expression. Data are mean values + SEM (n = 7-8), Mann-Whitney-U test, two-tailed, ** p < 0.01.
Pdx1 - pancreatic and duodenal homeobox protein 1, Ins2 — Insulin 2, Maf - v-maf musculoaponeurotic fibrosar-

coma oncogene family, protein, Ngn3 — Neurogenin

4.7.2 Gene expression of Rab27a and Tbc1d10a

It has been shown previously that Rab27A is an important regulator of insulin vesicle translo-
cation [132-134]. In pancreatic acinar cells and in melanosomes the protein EPI64 was
shown to be the RabGAP for Rab27 that hydrolyzes Rab27-GTP [137-139]. The expression
of both genes was measured by qPCR (3.2.7). No significant differences were found in
mRNA expression of both genes (Fig. 25A). Thc1d10a expression in D1KO islets was slight-
ly increased compared to WT islets (1.005 + 0.037 in WT vs. 1.093 = 0.044 in D1KO; p =
0.152). In line with the mRNA expression also protein expression of Rab27A in isolated islets
was unchanged between WT and D1KO mice (Fig. 25B).
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4.7.3 Expression of SNARE genes

Beside the genes responsible for the regulation of vesicle translocation another set of im-
portant exocytosis genes control different steps in tethering, docking and fusion of the vesi-
cles. These so called SNARE (Soluble N-ethylmaleimide-sensitive factor attachment protein
receptor) genes mainly comprise genes encoding syntaxin-1a (Stx7a), synaptobrevin-2
(Vamp2 — vesicle-associated membrane protein) and synaptosomal-associated protein 25
(Snap25) [85]. Syntaxin-1a interacts with VAMP2 and SNAP25 to enable tethering and fusion
of the vesicles with the plasma membrane [189]. After measuring relative mRNA expression
none of the mentioned genes were differentially expressed between islets of D1KO and WT
mice (Fig. 25A). Although Vamp2 expression in D1KO islets seemed less that in WT islets,
the calculated p-value by Mann-Whitney-U test was 0.235 (n = 8).

4.7.4 Expression of other insulin secretion genes

Insulin vesicles contain numerous proteins that play a role in the regulated exocytosis of in-
sulin from pancreatic B-cells. Amongst all the genes Dnajc5, Prkcb, Sytl4, Snca, Irs1 and Irs2
were chosen for analysis. Dnajc5 encodes a protein called cysteine-string protein a (CSPa).
This is a Dnad homologue that shows guanine nucleotide exchange activity for G, proteins
[190] and has been shown to regulate insulin exocytosis via interaction with syntaxin-1a [89,
191]. Prkcb encodes the protein kinase C-B (PKCB) that has been implicated in Ca?-
mediated regulation of insulin release [192, 193]. Syil4 (synaptotagmin-like 4) encodes for
granuphilin and has been shown to interact with Rab27A to regulate insulin secretion [132].
Snca encodes the protein a-synuclein. Binding of a-synuclein to the K'-ATP channel has
been demonstrated to inhibit insulin secretion [194]. Irs1 and Irs2 as components of the insu-
lin signaling pathway have been linked to insulin secretion and synthesis as well [195, 196].
Expression analysis showed no changes in mRNA expression of most of the genes between
D1KO and WT islets (Fig. 25A). Dnajc5 mRNA was significantly increased by approx. 20 %
in islets of D1KO mice (1.007 £ 0.044 in WT vs. 1.206 £ 0.045 in D1KO; p = 0.007). In con-
trast, the corresponding protein CSPa was not differentially expressed between the geno-
types (Fig. 25B). Expression of Sytl4 was less in D1KO islets compared to WT islets and
showed a clear statistical trend (p = 0.097, n = 8). Irs2 expression was significantly upregu-
lated in D1KO islets by approx. 30 % (1.015 £ 0.076 in WT vs. 1.325 + 0.101 in D1KO; p =
0.022), while protein abundance remained unchanged (Fig. 25C).
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Figure 25: Expression of genes encoding different proteins that play a role in insulin exocytosis. (A) Rela-
tive mRNA expression of the designated genes from isolated islets of D1KO mice compared to WT mice in refer-
ence to 36b4 mRNA expression. Data are mean values + SEM (n = 6-8), Student’s t-test, two-tailed, unpaired. **
p < 0.01. Snap25 - Synaptosomal-associated protein 25, Vamp2 — Vesicle-associated membrane protein 2, Stx71a
— Syntaxin 1A, Dnajc5 — DnaJ Heat Shock Protein Family (Hsp40) Member C5, Prkcbh — Protein Kinase CB, Snca
— Synuclein a, Irs1 — Insulin receptor substrate 1, Irs2 — Insulin receptor substrate 2 (B) Relative CSPa protein
abundance from isolated islets of D1KO mice compared to WT mice in reference to a-Tubulin. Primary CSPa and
a-Tubulin antibodies were diluted 1:1000, respectively. Data are mean values + SEM (n = 7). (C) Relative IRS2
protein abundance from isolated islets of D1KO mice compared to WT mice in reference to a-Tubulin. Primary
IRS2 antibody was diluted 1:500, a-Tubulin antibody was diluted 1:2000. Data are mean values + SEM (n = 7).
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4.8 Manipulation of the triggering pathway of insulin secretion in
D1KO islets

Isolated islets of Thc1d7-deficient mice secrete more insulin upon glucose stimulation com-
pared to islets of the respective wildtype mice. This increase could neither be attributed to
morphometric changes (4.6) nor changes in total pancreatic and islet insulin content (4.5).
Moreover, the effect that was observed in isolated islets ex vivo was not clearly seen in the
entire organism in vivo (4.4). The results of the perifusion showed that both insulin secretion
phases were increased (Fig. 16). Therefore, a mechanistic and pharmacologic approach
aiming to investigate or manipulate insulin secretion at different steps of the triggering path-

way of insulin secretion (Fig. 3) was initiated.

4.8.1 Protein abundance of GLUT?2

Insulin secretion is initially triggered by the uptake of glucose into the B-cells via GLUT2 in
mice. Therefore GLUT2 protein abundance was measured in isolated islets of both geno-
types in comparison to the reference protein p-actin. With seven individual samples per gen-
otype no expression differences were found after quantification (Fig. 26: 0.96 £ 0.10 in WT
vs. 1.08 £ 0.07 in D1KO). As illustrated, expression of GLUT2 showed higher variability than

expression of B-actin.
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Figure 26: GLUT2 protein abundance from isolated islets of D1KO mice. Protein abundance of GLUT2 in
islets of D1KO mice compared to controls. Primary GLUT2 antibody was diluted 1:1000. Primary B-actin antibody
was diluted 1:1000.Expression was normalized to B-actin and quantified. Data are mean values £ SEM (n = 7),
Mann-Whitney-U test, two-tailed.
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4.8.2 Potentiation of insulin secretion by glibenclamide

Glibenclamide is a pharmacologic substance belonging to the group of sulfonylureas. As
such it binds the sulfonylurea receptor at the intracellular SUR1 subunit of ATP-sensitive K-
channels in pancreatic B-cells to block potassium flux and to induce insulin secretion [71].
Due to this mechanism glibenclamide does not require glucose for its efficacy. Previously, an
increase in insulin secretion could be seen at both, basal (2 mM) and stimulated (20 mM)
glucose concentrations with 1 uyM glibenclamide [79]. After performing the GSIS assay ac-
cording to the Glibenclamide protocol (3.3.5, Fig. 8) potentiation of insulin secretion at 2 mM
glucose with 1 uM glibenclamide was significantly higher in islets of D1KO mice compared to
wildtype littermates (154.4 £ 10.4 pg/islet/60 min in WT vs. 229.1 + 13.8 pg/islet/60 min in
D1KO; p = 0.0012). Supplementation of 25 mM glucose with 1 uM glibenclamide led to a
pronounced increase in insulin secretion only in WT (425.8 £ 47.6 pg/islet/60 min without
glibenclamide vs. 573.2 £+ 54.6 pg/islet/60 min with glibenclamide; p = 0.065) but not in D1KO
islets (789.6 £ 41.9 pg/islet/60 min without glibenclamide vs. 865.0 + 57.2 pg/islet/60 min with
glibenclamide; p = 0.311) The potentiating effect of Tbc1d7-deficiency on insulin secretion at
25 mM glucose was observed with (573.2 + 54.6 pg/islet/60 min in WT vs. 865.0 £ 57.2
pg/islet/60 min in D1KO; p < 0.001) or without (425.8 + 47.6 pg/islet/60 min in WT vs. 789.6
41.9 pg/islet/60 min in D1KO; p < 0.001) addition of glibenclamide (Fig. 27).
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Figure 27: GSIS from isolated islets of D1KO mice with or without 1 uM glibenclamide. Isolated islets of
D1KO mice were incubated with 2 mM and 25 mM glucose, with or without 1 uM glibenclamide (solubilized in
DMSO) for 1 h at 37 °C and secreted insulin in the supernatants was measured with ELISA. Data are mean val-
ues £ SEM (n = 7), two-way ANOVA with Bonferroni post-hoc-test. *** p < 0.001; Student’s t-test, two-tailed, un-
paired. o p <0.01.

4.8.3 KCl-induced insulin secretion

Exposure of isolated islets to high concentrations of K* ions leads to a rapid increase in B-cell
depolarization and mimics the closure of K™-ATP channels [72]. This results in insulin secre-
tion also in the absence of stimulatory glucose concentrations. For the following result the
KCI protocol (3.3.5, Fig. 8) was applied. As shown in Figure 28 insulin secretion at 2 mM glu-
cose was substantially potentiated after 60 min with 30 mM KCI in islets of both genotypes
(500.6 +60.9 pgl/islet/60 min in WT vs. 558.1 £ 45.4 pgl/islet/60 min in D1KO). Potentiation
was approx. five times higher than stimulation with 25 mM glucose (compared to Figure 9).

Differences in the KCl-induced potentiation fold were not observed between the genotypes.
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Figure 28: Insulin secretion from isolated islets of D1KO mice induced by 30 mM KCI. Isolated islets of
D1KO mice were incubated with 2 mM glucose, with or without 30 mM KCI for 1 h at 37 °C and secreted insulin in
the supernatants was measured with ELISA. Data are mean values + SEM (n = 5), Mann-Whitney-U-test, two-

tailed.

4.8.4 Ca**-ionophore A23187-induced insulin secretion

In the triggering insulin secretion pathway the voltage-dependent L-type Ca?* channel is
downstream of the K*-ATP channel (Fig. 3). Membrane depolarization due to the closure of
K*-ATP channels mediates the opening of the Ca®* channel. The resulting influx of Ca* ions
into the cell triggers insulin exocytosis. To initiate Ca?*-mediated insulin release without in-
creasing the membrane potential, the ionophore A23187 was introduced into the cell mem-
brane [73]. This ionophore is highly selective for Ca** to increase intracellular Ca®* concen-
trations [197, 198]. 5 uM A23187 were shown to significantly increase insulin secretion in
cultured INS-1 cells under basal glucose conditions by approx. 2-fold after 15 min [199]. In-
sulin secretion at 2 mM glucose was also moderately potentiated with 5 uM A23187 approx.

2-fold after 60 min when applying the A23187 protocol (3.3.5, Fig. 8) in islets of both geno-
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types (Fig. 29). Differences in the A23187-induced potentiation fold were not observed be-
tween the genotypes.
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Figure 29: Insulin secretion from isolated islets of D1KO mice induced by 5 pM Ca2+-ionophore A23187.
Isolated islets of D1KO mice were incubated with 2 mM glucose, with or without 5 uM A23187 for 1 h at 37 °C and
secreted insulin in the supernatants was measured with ELISA. Data are mean values + SEM (n = 6), Mann-

Whitney-U-test, two-tailed.

4.8.5 Perifusion of isolated islets with tolbutamide and KCI

The pharmacologic approach in the static insulin secretion assay demonstrated an increase
in glibenclamide-stimulated insulin secretion at basal glucose levels upon Thc1d1-deficiency.
By manipulating further downstream targets in the triggering pathway insulin secretion
showed no differences between WT and D1KO islets. To validate these results, another sul-
fonylurea, tolbutamide, and KCI were applied in a perifusion experiment at 5 mM basal glu-

cose, according to the same settings already explained in 4.3.3.

Insulin secretion under basal conditions was determined with 5 mM glucose for approx. 30

min with a subsequent addition of 500 uM tolbutamide. 30 min after tolbutamide addition 40
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mM KCI were added for another 10 min and finally removed again. The data were expressed

as % insulin secretion of the value at 60 min.

As shown in Figure 30A basal insulin secretion was already different between WT and D1KO
islets. Islets of WT mice showed only minor changes in insulin secretion up to 60 minutes
(maximum 133.48 + 36.45 %) whereas islets of D1KO showed a straighter decline of insulin
secretion from the beginning of the test up to 60 min (maximum 196.28 + 23.11 %). Directly
after addition of 500 uM tolbutamide, insulin secretion of WT islets increased only moderately
(maximum 193.44 + 35.21 %) and fell down to baseline rapidly. Islets of D1KO mice showed
a greater insulin response to tolbutamide. Directly after stimulation insulin secretion of D1KO
islets increased to a maximum of 356.61 + 94.92 % in minute 66. Insulin secretion rate fell
down initially to approx. 210 % and later down to 132 % at minute 90. The addition of KClI led
again to a sudden rise in insulin secretion to a maximum of approx. 445 % in both genotypes.
The secretion rate of WT islets again fell down faster compared to D1KO islets. After return-
ing to basal glucose with tolbutamide at minute 100, insulin secretion increased shortly in
both genotypes. The measurement of the area under the curve (AUC) between 60 and 90
minutes as the first time of tolbutamide stimulation showed a significantly increased area for
the D1KO islets (Fig. 30B). In contrast, the AUC between 90 and 100 minutes as the time for

KCI stimulation is not different between the genotypes.
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Figure 30: Dynamic secretagogue-stimulated insulin secretion in isolated islets of D1KO mice. (A) 50 islets
per genotype were perifused in a custom-made perifusion chamber with 5 mM glucose and together with 500 uM
tolbutamide and 40 mM KCI for the designated time points. Insulin from the eluate fractions was measured with
ELISA and the values are expressed as percentage of the secretion rate at the end of the basal glucose period.
Data are mean values + SEM (n = 5). (B) Area under the curve (AUC) between 60 and 90 minutes for Tolbutam-

ide stimulation. Data are mean values + SEM (n = 5). Student’s t-test, two-tailed, unpaired, * p < 0.05.
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4.8.6 Relative gene expression of K*-ATP-channel subunits

Since insulin secretion was potentiated in D1KO islets by two different sulfonylureas but not
with KCI or A23187 the expression of the single subunits composing the ATP-sensitive K*
channel was analyzed by qPCR (3.2.7). The genes encoding both subunits of the channel,
Kenj11 (Ki6.2) and Abcc8 (SUR1) were unchanged in mRNA expression between WT and
D1KO islets (Fig. 31).
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Figure 31: Expression of genes encoding the subunits of ATP-sensitive K* channel. Relative mRNA ex-
pression of Kcnj11 (Ki6.2) and Abcc8 (SUR1) from isolated islets of D1KO mice compared to WT mice in refer-

ence to 36b4 mMRNA expression. Data are mean values + SEM (n = 8), Student’s t-test, two-tailed, unpaired.

4.8.7 Potentiation of insulin secretion by AICAR

AICAR is a synthetic compound that phosphorylates AMPK. AICAR is converted to the me-
tabolite 5-amino-1-B-D-ribofuranosylimidazole-4-carboxamide-5-monophosphate (ZMP) that
mimics the effect of AMP [60]. Exposure of isolated mouse islets to 0.5 mM AICAR with in-
creasing concentrations of glucose showed a dose-dependent potentiation of insulin secre-
tion upon stimulated glucose concentrations [59]. TBC1D1 is a direct target of AMPK in the
skeletal muscle to mediate contraction-induced GLUT4 translocation [155]. Moreover, K'-
ATP channel trafficking was shown to be regulated by AMPK [200, 201], thus the effect of
AICAR on insulin secretion in D1KO islets was investigated (AICAR protocol, 3.3.5, Fig. 8).
To cover the range of glucose stimulation used in the previously mentioned study [59], 11

mM glucose were chosen for stimulation. Figure 32 shows the results. Insulin secretion at 2
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mM glucose was not altered in islets of both genotypes with (9.7 £ 1.3 pg/islet/60 min in WT
vs. 13.5 £ 1.6 pgl/islet/60 min in D1KO) or without (8.5 £ 1.3 pg/islet/60 min in WT vs. 10.9 +
0.6 pg/islet/60 min in D1KO) 0.5 mM AICAR application. In D1KO islets insulin secretion was
slightly higher compared to wildtype islets, independent of AICAR (120.9 + 15.7 pg/islet/60
min in WT vs. 168.1 = 25.9 pgl/islet/60 min in D1KO without AICAR and 167.7 + 22.9
pg/islet/60 min in WT vs. 219.9 £27.4 pg/islet/60 min in D1KO with AICAR). At 11 mM glu-
cose 0.5 mM AICAR was able to significantly potentiate insulin secretion in both, D1KO
(168.1 £ 25.9 pg/islet/60 min without vs. 219.9 +27.4 pg/islet/60 min with AICAR; p = 0.0019)
and WT islets (120.9 + 15.7 pg/islet/60 min without vs. 167.7 + 22.9 pg/islet/60 min with
AICAR; p = 0.0016) to the same extent. However, Tbc1d7-deficiency did not result in a signif-

icant increase in insulin secretion at 11 mM glucose with or without AICAR supplementation.
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Figure 32: GSIS from isolated islets of D1KO mice with or without 0.5 mM AICAR. Isolated islets of D1KO
mice were incubated with 2 mM and 11 mM glucose, with or without 0.5 mM AICAR for 1 h at 37 °C and secreted
insulin in the supernatants was measured with ELISA. Data are mean values + SEM (n = 8), Student’s t-test, two-
tailed, paired. ** p < 0.01.
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4.8.8 GSIS with repetitive glucose stimulation

In a physiologic context glucose stimulation by food intake occurs in a repetitive manner. To
more accurately represent the physiologic situation for triggering insulin secretion, a repeti-
tive glucose stimulation of isolated islets for three times was assessed according to the re-
petitive GSIS protocol (3.3.5, Fig. 8). As demonstrated in Figure 33, Thc1d1-deficiency failed
to increase GSIS in the first two stimulations (1.37-fold potentiation in D1KO in the first stimu-
lation and 1.29-fold potentiation in D1KO in the second stimulation) but the third repetitive
stimulation with 25 mM glucose showed an increased insulin secretion in D1KO islets com-
pared to WT islets (415.1 £ 44.1 pg/islet/60 min in WT vs. 589.4 + 69.2 pg/islet/60 min in
D1KO, 1.42-fold; p < 0.05). Notably, potentiation of insulin secretion after the last stimulation

was two times higher in both genotypes compared to the respective genotype after the first

stimulation.
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Figure 33: GSIS from isolated islets of D1KO mice after three repetitive glucose stimulations. Isolated
islets of D1KO mice were incubated three times with 2 mM and 25 mM glucose, respectively for 1 h at 37 °C and
secreted insulin in the supernatants was measured with ELISA. Data are mean values + SEM (n = 5), two-way
ANOVA with Bonferroni post-hoc-test. * p < 0.05.
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4.9 Static GSIS after acute and chronic exposure to fatty acids

4.9.1 GSIS of islets from D1KO mice after acute exposure to palmitate

It is known from the literature that Thc1d17-deficiency in skeletal muscle and cultured C2C12
myotubes leads to increased fatty acid uptake and oxidation accompanied with decreased
glucose uptake and oxidation [156]. To test whether Thc1d71-deficient islets respond differ-
ently in insulin secretion upon treatment with fatty acids isolated islets were acutely incubat-
ed with 0.3 mM palmitate according to the Palmitate protocol (3.3.5, Fig. 8). From previous
work it has already been shown that acute exposure of islets to fatty acids should potentiate
glucose-induced insulin secretion without affecting insulin secretion at basal glucose concen-
trations [56]. Therefore palmitate in this setup was only supplemented to 25 mM glucose.
The results (Fig. 34A) showed that no significant differences were found in any of the incuba-
tion parameters. Insulin secretion at 2 mM glucose was in the same range as with the previ-
ously reported experiments (9.8 £ 1.3 pg/islet/60 min in WT islets vs. 10.9 + 1.1 pgl/islet/60
min in D1KO islets). In contrast to the result in Figure 9 insulin secretion at 25 mM glucose
was not different in islets of both genotypes without palmitate (209.9 £ 21.6 pg/islet/60 min in
WT islets vs. 206.1 = 22.1 pg/islet/60 min in D1KO islets). The secreted insulin reached
higher amounts compared to the result shown in Figure 9. Supplementation of 25 mM glu-
cose with 0.3 mM palmitate (bound to BSA) effectively boosted insulin secretion approx. 3.5-
fold compared to the same conditions without palmitate (714.9 + 129.9 pg/islet/60 min in WT
islets vs. 786.8 + 226.4 pg/islet/60 min in D1KO islets). However, no differences between the

genotypes were observed.

4.9.2 GSIS of islets from D1KO mice after chronic exposure to high-fat diet

Since acute exposure of islets with fatty acids had no influence on genotype-dependent dif-
ferences in GSIS, mice were chronically fed a HFD for four weeks. Then, islets were isolated
and subjected to the basic GSIS protocol (3.3.5, Fig. 8). Previous work showed that chronic
exposure of islets to fatty acids decreased insulin secretion performance [53, 55]. In a short
pilot study with mice that were fed a HFD for 14 weeks, isolated islets did not meet the quali-
ty criteria for a GSIS assay so that the time for HFD-feeding was reduced to four weeks. The
results (Fig. 34B) showed a marked decrease in GSIS compared to islets of mice that were
fed a standard diet (Fig. 9) but also showed no differences between the genotypes (39.2 +
4.3 pgl/islet/60 min in WT islets vs. 43.1 £ 9.9 pg/islet/60 min in D1KO islets). Insulin secre-
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tion at 2 mM glucose was again in the same range as with the previously reported experi-
ments (14.9 £ 3.4 pg/islet/60 min in WT islets vs. 10.7 + 1.2 pg/islet/60 min in D1KO islets).

A B
1400- .

z a wr _ 59 gwr
£ 12001 @m D1KO g @8 D1KO
S 1000 3

S 600l =

2 2

- 2507 z

2 2001 2

o 2 20

9 1501 ]

(7] (7]

£ 100 £

2 2

£ 90 2

0 0 2 mM 25 mM
m m
S & 5
a9 © éQ
,56‘
XQ‘
s‘&‘\
K»

Figure 34: GSIS in isolated islets of D1KO mice with acute or chronic fatty acid exposure. (A) Isolated islets
of D1KO mice on standard diet were incubated with 2 mM, 25 mM glucose and 25 mM glucose + 0.3 mM palmi-
tate for 1 h at 37 °C and secreted insulin in the supernatants was measured with ELISA. Data are mean values *
SEM (n = 6). (B) Isolated islets of D1KO mice on high-fat diet (4 weeks) were incubated with 2 mM and 25 mM
glucose for 1 h at 37 °C and secreted insulin in the supernatants was measured with ELISA. Data are mean val-
ues = SEM (n = 5).

4.9.3 Expression of genes involved in lipid signaling and metabolism in islets

Previous studies have shown that isolated islets of D1KO mice exhibit an increased uptake
of radioactively labelled palmitic acid compared to islets of wildtype littermates (Franziska
Menzel, PhD thesis). Tbc1d1 was therefore believed to act as a molecular switch for nutrient
preference to use for energy production [156]. To determine, whether the increased fatty acid
uptake is due to changes in the expression of fatty acid transporters or other important pro-
teins in lipid metabolism the relative mRNA expression of various genes in WT and D1KO
islets was measured. The expression of the G-protein coupled free fatty acid receptors Ffar1,
Ffar2, Ffar3, Gpr119 and Gpr120, known for their role in lipid-induced cellular signaling, were
not different between WT and D1KO islets (Fig. 35). Ffar1 shows a trend towards a de-
creased expression in islets of D1KO mice compared to WT littermates (1.025 + 0.087 in WT

islets vs. 0.868 + 0.041 in D1KO islets; p = 0.126). No expression differences were also
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found for Cd36, Fabp3, Fabp5 and Fatp1 (Fig. 35). Those are genes that are important for
cellular but also mitochondrial uptake of fatty acids. Finally the genes Acadl, Pgc1a and
Cpt1a, that encode key enzymes and proteins in mitochondrial uptake and oxidation of fatty

acids showed no differences between the genotype (Fig. 35).

1 owr
5 Il D1KO
<
3 I
% 10_1 BIRI 1 [T 1 I I IR L
5
0
(72}
o
< 05
(4]
c
O
(o))}
07N 4 & 0 © > » A S 2 a0
AL IR I of N N
& OQ(\ OQ{\ ® ¢ N ¢ N @\Q V(;b ng &

Figure 35: Expression of genes encoding receptors, transporters and key enzymes in islet lipid metabo-
lism. Relative mRNA expression of Ffar1, Ffar2, Ffar3, Gpr119, Gpr120, Cd36, Fabp3, Fabpb, Fatp1, Acadl,
Pgc1a and Cpt1a from isolated islets of D1KO mice compared to WT mice in reference to 36b4 mRNA expres-
sion. Data are mean values + SEM (n = 7-8). Ffar — Free fatty acid receptor; Gpr — G-protein coupled receptor;
Fabp — Fatty acid binding protein; Fatp — Fatty acid transport protein; Acadl — Acyl-CoA dehydrogenase long-

chain; Pgc1a — PPARYy Coactivator 1a; Cpt1a — Carnitine palmitoyltransferase 1a
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5 DISCUSSION

Previous studies have shown that the two related proteins TBC1D1 and TBC1D4 are in-
volved in the insulin-stimulated GLUT4 translocation in skeletal muscle [111, 155]. More re-
cently, both RabGAPs have also been implicated to play roles in GSIS in pancreatic 3-cells
[173, 174].

Here the involvement of Tbc1d71 in GSIS was investigated using freshly isolated pancreatic
islets from Tbc1d1-deficient mice (D1KO), transgenic mice overexpressing Thc1d1 in pan-
creatic B-cells under the control of the rat insulin 2 promoter (RIP2-TG), and mice deficient in
both Tbc1d1 and Thc1d4 (D1/4KO).

This thesis demonstrated for the first time, that the whole-body knockout of the RabGAP
Tbc1d1 in mice resulted in a pronounced increase in glucose-stimulated insulin secretion in
isolated islets without affecting basal insulin secretion. The same effect was found in isolated
islets of mice with an additional knockout of the Tbc71d7 homologue Tbc1d4. Conversely,
isolated islets with Tbc1d1 overexpression in B-cells showed no difference in GSIS compared

to their wildtype littermates.

5.1 Insulin secretion from isolated islets of experimental mice

The main finding of this thesis was a substantial increase in glucose-stimulated insulin secre-
tion in intact isolated islets from genetically modified mice globally lacking the RabGAP
Tbc1d1 (D1KO) (Fig. 9). “Moreover, islets from Tbc1d1/Tbc1d4 double-deficient mice
(D1/4KO) were not different in GSIS than islets from Thc7d7 single knockout mice (Fig. 15).
At least under non-challenging conditions, TBC1D1 protein appears not to be rate-limiting for
GSIS in islets, as overexpression of Tbc1d1 in RIP2-TG mice did neither change basal nor
glucose-stimulated insulin secretion, when compared to the wildtype littermate controls (Fig.
14).” The observed changes in insulin secretion were not attributed to changes in insulin con-

tent of the assayed islets, since they appeared unchanged between all genotypes (Fig. 19)

‘A recent study with sorted rat B-cells showed that the siRNA-mediated knockdown of
Tbc1d1 moderately increased insulin secretion at both, basal and glucose-stimulated condi-
tions [174]. In isolated D1KO mouse islets, where TBC1D1 protein was undetected, basal
insulin secretion was not changed, which demonstrates that loss of Thc1d1 affects only glu-
cose-induced insulin secretion. Bouzakri and colleagues reported that siRNA-mediated
knockdown of Thc1d4 in sorted mouse B-cells led to increased basal and decreased glu-
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cose-stimulated insulin secretion, respectively [173].” If TBC1D4 affects insulin secretion in
the opposite way from TBC1D1 with a similar impact this would be expected to yield in an
intermediate phenotype regarding insulin secretion in the D1/4KO islets. However, islets with
genetic deletion of both RabGAPs Thc1d1 and Tbc1d4 showed the same insulin secretion
phenotype than islets with a single Thc7d7 knockout. “Consistent with this finding, the analy-
sis of MRNA copy numbers showed that in freshly isolated mouse islets Thc1d1 was the
predominantly expressed RabGAP (Fig. 11). The knockdown of both, Thc1d71 and Thc1d4 in
the previous studies was reported to reduce the abundance of the respective RabGAP by
approx. 40-70 % [173, 174], whereas genetic ablation of Thc71d7 and Tbc1d4 results in a
complete loss of the proteins [155]. Thus, the presence of residual RabGAPs and compensa-

tory mechanisms may explain the divergent results of the studies.”

These results suggest for the first time a regulatory role for TBC1D1 in isolated mouse islets

in a process that is not known to be associated with the trafficking of GLUT4 [111, 155].

To date it seems evident that TBC1D1 regulates GLUT4 vesicle trafficking in skeletal muscle
cells [155, 164, 202]. One study reports the expression of GLUT4 also in the endocrine pan-
creas of rats, mice and humans, which might have an influence on islet physiology [203].
However, mRNA expression of GLUT4 (S/c2a4) in INS1 cells was much lower than GLUT2
(Slc2a2) expression. Since INS1 cells derive from rat islets, this does not necessarily repre-
sent the same situation in freshly isolated mouse islets. Moreover it is not known, whether
GLUT4 in islets undergoes the same trafficking as in muscle cells [165, 170, 204, 205] and if
this is regulated the same way. A supportive study identified single players of an insulin sig-
naling system in B-cells, including AKT, insulin receptor and insulin receptor substrates [206].
Since TBC1D1-regulated GLUT4 translocation plays an important role after activation of the
insulin signaling this could also be a role for TBC1D1 in pancreatic B-cells. At least for
TBC1D4 it was shown that it became phosphorylated by protein kinase B (AKT) after glucose
stimulation in B-cells [173]. TBC1D1 in rat B-cells was also phosphorylated after glucose
stimulation but it was not specified, whether this phosphorylation was AKT or AMPK depend-
ent [174]. At least Rab8A and Rab10, which are important for GLUT4 translocation in skeletal
muscle, were also shown to be enriched in mouse islets compared to total pancreas in the
bachelor thesis of Dario Gosman from our working group. It is still an open question if and
how insulin signaling in the B-cells is important for insulin secretion. An interesting regulator
in this pathway could be APPL1. It modulates substrate specificity and activity of AKT and
thereby initiates the expression of exocytotic genes to enhance insulin secretion in B-cells
[207, 208]. At least for the APPL1-homologue APPL2 an interaction with TBC1D1 was shown
[209]. However, since the major exocytotic genes were unchanged in D1KO mice (Fig. 25)

an involvement of APPL1 in D1KO-mediated increase in insulin secretion seems unlikely.
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Nevertheless, the presented data demonstrate for the first time a regulatory role of TBC1D1

in GSIS in mouse pancreatic islets.

The observed differences in insulin secretion upon Thc1d1-deficiency could be due to sever-
al cellular or mechanistic changes. To investigate the underlying in vitro mechanisms and

possible in vivo consequences the following additional questions were asked:

¢ Does an increased expression of Tbc1d4 compensate for the loss of Tbc1d1 in islets?

e Do islets of D1KO mice have more total pancreatic insulin than WT littermate controls?

¢ Is islet morphology and morphometry changed upon Tbc1d1-deficiency?

¢ Which insulin secretion phases are altered in islets of D1KO mice?

e |Is TBC1D1 involved in insulin granule mobility and dynamics?

e Does TBC1D1 act on the triggering pathway of insulin secretion?

o Are possible changes of these parameters accompanied with altered gene expression?

e Do D1KO mice show increased insulin secretion and improved glucose tolerance in vivo?

¢ Does high-fat diet feeding affect insulin secretion of D1KO and WT mice?

5.2 RabGAP expression in mouse islets

The expression and function of Rab GTPase-activating proteins in pancreatic islets and (3-
cells is not well characterized. So far, TBC1D1 and TBC1D4 were reported to be expressed
in mouse, rat and human pancreatic B-cells, as well as TBC1D10A (EPI64), which was
shown just recently [173, 174, 210]. TBC1D10A was reported to be the RabGAP for Rab27A
which has been previously associated with the trafficking of insulin secretory granules [47,
132, 136]. The substrate Rabs for TBC1D1 and TBC1D4 in B-cells are still unknown. For
various Rabs TBC1D1 and TBC1D4 GAP domains were tested for their GTPase activity in
vitro. TBC1D1 GAP domain showed GTPase activity towards Rab27A compared to the Rab
alone or the RK-mutant of the TBC1D1 GAP domain, although the effect size was much
smaller compared to the activity towards other Rabs [111]. In contrast TBC1D4 GAP domain
showed no GTPase activity towards Rab27A [151]. The present study demonstrated that
TBC1D1 is expressed in islets as a different isoform, compared to skeletal muscle (Fig. 10).
Although the structure of the functional GAP domain is the same in both TBC1D1 isoforms
[168] it is possible that the lack of two exons in the short isoform in islets alters the secondary
structure of the protein accompanied with altered substrate specificity for Rabs. It was
shown, that the short isoform of TBC1D1 is missing two serine-phosphorylation sites (S
and S’®) which were linked to inhibition of GLUT4 translocation in adipocytes [111, 112,

168].
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The present study confirms that TBC1D1 and TBC1D4 are expressed in islets but for the first
time it demonstrates significantly higher Thc7d1 transcripts compared to Tbc1d4 in freshly
isolated mouse islets (Fig. 11) indicating a more relevant role of TBC1D1 in mouse islet
physiology. If Rab27A is involved in the insulin secretion effect of D1KO and D1/4KO islets,
this would be in line with the previously mentioned observation that TBC1D4 GAP domain
has no GTPase activity towards Rab27A. Although it was shown that skeletal muscle also
expresses a functionally relevant alternative splice variant of TBC1D4 [153] the predominant
splice variant in islets was not investigated. However, the amplification of Thc1d4 transcripts
with custom made oligonucleotide primers for quantification in mouse islets included both

splice variants.

Interestingly mRNA for Thc1d71 was strongly reduced in the islets of the recombinant congen-
ic D1KO mice (Fig. 13B). This is attributed to nonsense-mediated mRNA decay. The SJL
variant of Tbc1d1 in the D1KO mice exhibits a 7 bp-deletion compared to wildtype Thc1d7,
leading to the formation of a premature translation termination codon [156]. This might con-
stitute a cellular signal to execute the posttranscriptional nonsense-mediated mRNA decay
[211-215]. In fact, the truncated form of the mutant TBC1D1 protein appears to be highly un-
stable in vivo and has only been detected through in vitro translation assays [156]. Important-
ly this study showed that neither deficiency nor overexpression of TBC1D1 in islets of D1KO
or RIP2-TG mice led to compensatory alterations in TBC1D4 protein expression in islets.
Although Tbc1d4 transcripts were shown to be significantly less expressed in normal mouse
islets the detection of TBC1D4 protein in islet lysates were as effective as for TBC1D1. Anti-
body affinity and binding conditions in a western blot can be totally different between different
antibodies, thus the signal intensities after western blot detection do not necessarily correlate
with the protein abundance when comparing to another protein. Such correlation is even not
possible by normalizing to a housekeeping protein. For this purpose a stain-free gel with
known amounts of protein as an intensity reference after coomassie staining might be used

to determine absolute amounts of a certain protein present in a given protein lysate.

TBC1D1 detection by western blot in total pancreas lysates of transgenic RIP2-TG mice and
their respective control littermates was only possible with the application of 200 pg of total
protein (Fig. 12). For isolated islets already 10 ug of total protein was sufficient to detect
TBC1D1 with comparable experimental conditions (Fig. 13). This indicates that TBC1D1 ex-
pression in pancreas tissue is highly enriched in endocrine islet cells. Previously it was
shown that RNA expression of both RabGAPs Tbc1d1 and Tbc1d4 was similar in isolated
human islets, but Thc1d4 was the major RabGAP in FACS-sorted human (-cells [174]. As
shown in this study the differential RNA expression of Tbc1d1 and Tbc1d4 in isolated mouse

islets was totally different compared to the study with human islets. Although Rtti and col-
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leagues showed an involvement of TBC1D1 in rat islet function and GSIS, they did not show

which RabGAP is the major form in rat islets or 3-cells [174].

The present study also made use of a mouse lacking both RabGAPs TBC1D1 and TBC1D4
(D1/4KO). In isolated islets of those mice, neither TBC1D1 nor TBC1D4 protein were detect-
ed. A previous study also demonstrated the loss of both proteins in WAT, TA, EDL and So-

leus muscle in the same mouse model [155].

Finally, the data showed for the first time that Thc1d1 is predominant over Thc1d4 in mouse
islets and that upon Thc1d17-deficiency no compensatory overexpression of Thc1d4 was ob-

served.

5.3 Total pancreatic insulin content and islet morphometry

To exclude the possibility that the insulin secretion effect observed upon Thc1d7-deficiency
was not due to increased pancreatic insulin content, accompanied with morphologic or mor-
phometric changes, pancreatic insulin content was analyzed by ELISA and the histologic

properties of pancreatic islets were characterized by light microscopy in pancreatic sections.

Total pancreatic insulin content normalized to total protein content was unaffected by
Tbc1d1-deficiency (Fig. 20). Insulin content (~ 10 ug/mg protein) accounted for approx. 1%
of total pancreatic protein in D1KO and WT control mice. Although unchanged pancreatic
insulin content suggested no relevant changes in the number of islets, the morphology and
morphometry of pancreas sections from D1KO and WT mice were analyzed. “In line with the
data from total pancreatic insulin content the morphometric analysis showed no major differ-
ences in islet morphology, number or islet size distribution between D1KO and WT mice as

analyzed by light microscopy after HE staining of pancreatic sections (Fig. 22).”

5.4 Dynamic glucose-stimulated insulin secretion

Isolated islets of Tbc1d7-deficient mice secrete more insulin upon glucose stimulation com-
pared to islets of the respective wildtype mice. This increase could neither be attributed to
morphometric changes (4.6) nor changes in total pancreatic and islet insulin content (4.5). To
investigate, whether first or second phase of insulin secretion is affected by Tbc1d17-
deficiency, isolated islets were applied to perifusion in the lab of Prof. Dr. Ingo Rustenbeck

(Institute of Pharmacology, Toxicology and Clinical Pharmacy, Technical University Braun-
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schweig, Germany). The results demonstrated for the first time that Thc1d7-deficiency in-
creased both, first and second phase of insulin secretion in the dynamic perifusion of isolated
islets (Fig. 16). Apparently the islets of WT mice showed a very poor response to glucose
stimulation compared to the D1KO islets. It has been shown earlier that insulin secretion ex
vivo and in vivo differs markedly between different inbred mouse strains when stimulating
with different secretagogues [216-219]. Isolated islets of C57BL/6 mice thereby showed the
weakest response to glucose, IBMX [220] and tolbutamide in a perifusion experiment when
compared to islets of 129X1/Sv, FVB/N and DBA/2 mice. In contrast, insulin secretion to the
plasma in an in vivo hyperglycemic clamp experiment was pronounced from C57BL/6 mice
[217]. Notably, the mice were fasted 5 h prior to the in vivo assessment, while they were not
fasted for ex vivo perifusion. Interestingly C57BL/6J mice carry a mutation in the nicotina-
mide nucleotide transhydrogenase (Nnt) gene resulting in a lack of a proton pump involved in
mitochondrial NADPH production [221]. It was reported that this loss-of-function mutation
had no effect on insulin secretion and glucose tolerance, when compared to C57BL/6 Nnt-
wildtype (C57BL/6N) control mice [221]. However, a recent study showed a reduced insulin
secretion in C57BL/6J mice after intravenous glucose infusion compared to C57BL/6N mice
[218]. Although the same mice were used, the experimental conditions (age of mice and
amount of glucose administered) differed in these two studies which might account for the
different findings related to insulin secretion. Metabolism of glucose regulates insulin secre-
tion via two main pathways. “Both, the triggering and the amplifying pathway derive from the
end products of B-cell mitochondria [78, 222]. The triggering pathway initiates insulin secre-
tion but does not specify its total amount [222]. This depends on the amplifying pathway,
which includes the export of mitochondrial metabolites, but remains to be elucidated [223].
Importantly, first phase insulin secretion is affected by the amplifying pathway. Thus, the col-
lective stimulated secretion is critically dependent on continuous mitochondrial activity [224,
225].” While first phase insulin secretion is in large part a result of depleting granules that are
pre-docked to the plasma membrane [41, 46], second phase insulin secretion is supposed to
be attributed to newly synthesized insulin granules that have to be translocated to the plasma
membrane [45]. “However, recent studies unraveled that freshly synthesized newcomer
granules were also visible and used during early stages of stimulated insulin secretion [226-
229].” Since both phases were increased in islets of D1KO mice, this could either point to an
involvement of TBC1D1 in insulin vesicle movement and dynamics or to an accelerated ac-

tivity of mitochondria or an increase in mitochondrial number and area.
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5.5 Ultrastructural insulin granule density in B-cells

The loss of Tbc1d1 as a RabGAP will most likely affect vesicle trafficking events, rather than
activity or number of mitochondria. Therefore the insulin granule density of B-cells was ana-

lyzed in transmission electron microscopic images.

Transmission electron microscopy revealed a reduced density of dark granules in B-cells of
WT mice after glucose stimulation, whereas density of dark granules in 3-cells of D1KO mice
was unaffected by glucose stimulation (Fig. 23A). After glucose stimulation the density of
dark granules was significantly higher in D1KO B-cells, when compared to WT 3-cells. At the
same time also the density of pale granules was significantly higher in D1KO B-cells, when
compared to WT B-cells after glucose stimulation (Fig. 23B). These data reflect the situation
60 minutes after the respective glucose condition, which reflects also the same conditions as
the GSIS results. It has been shown early that glucose stimulates the trafficking of insulin
vesicles [230, 231]. It is also accepted that the density of dark granules decreases to various
extents after different times of glucose stimulation [232, 233]. In one report 40 minutes of rat
pancreas perfusion with 27 mM glucose resulted in a decrease of approx. 7 % in the dark
granules compared to control conditions with 3.9 mM glucose. Apparently, the time of pan-
creas perfusion was insufficient to induce glucose-stimulated insulin synthesis [232]. In this
thesis, the reduction of dark granules 60 minutes after 25 mM glucose stimulation of isolated
wildtype mouse islets was approx. 21 %. The fact, that this decrease was not observed in
islets of D1KO mice suggests that islets of D1KO mice might have an increased synthesis of
insulin throughout the glucose stimulation period, compared to WT mice. This is supported
by the finding of increased pale granules in D1KO B-cells after glucose stimulation, as these
granules represent newcomer granules, containing both, proinsulin and insulin [232, 234-
236]. The mobility of newly formed insulin granules is higher than that of older ones and new
granules are preferred for translocation to secrete insulin [237]. If B-cells of D1KO mice ex-
hibit accelerated insulin synthesis, accompanied with increased pale granule generation they
can deplete the newly synthesized granules, while B-cells of WT mice need to deplete more
of the old granules to maintain insulin release. This assumption would be in line with the ob-
served differences in granule densities. The pictures represent the situation 60 minutes after
basal or stimulated glucose concentration, thus it rather shows the events belonging to the
second phase of insulin secretion, than the first phase. Second phase insulin secretion
seems to be more important with regard to insulin vesicle translocation, than first phase.
“Previous studies have demonstrated that glucose-stimulated insulin release utilizes Rab-
GTPases that regulated a highly dynamic interplay of insulin granule formation, granule stor-

age and granule trafficking and fusion with the plasma membrane [88, 132, 133, 238].”
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Those are Rab3A, Rab27A and Rab37 [88, 132, 133, 238]. “In earlier studies, only Rab27A
has been shown to be a relevant substrate for the RabGAP domain of TBC1D1 in vitro [111].
However, other Rabs might be additionally involved in the regulation of insulin granule mobili-
ty” or, as mentioned earlier, the secondary structure of the short isoform of TBC1D1 might be

altered and with this also substrate specificity for Rabs.

SORCS1 as a protein belonging to the vacuolar protein sorting-10 family was described as a
crucial component in the promotion of secretory granule biogenesis in pancreatic 3-cells
[239]. It is also involved in vesicle trafficking and overexpression was associated with an in-
crease in the secretory granule content, whereas SORCS1 deletion led to severely de-
creased insulin secretory granules. Since no scientific publication links the expression of
TBC1D1 or any other RabGAP with the expression or activity of SORCS1 it is speculative,
whether SORCSH1 is involved in the elevated insulin granule density after glucose stimulation.
However, the described SORCS1-related phenotype of insulin granule biogenesis seemed to
be independent of glucose [239], whereas Tbc1d7-deficiency revealed its phenotype only
after glucose stimulation. The maturation of insulin inside the granules was reported to
strongly depend on the expression of zink transporter ZnT8. Deletion of this transporter in
mice led to a defective maturation and crystallization of insulin, accompanied with a switched
ratio of dark to pale granules in the B-cells [240]. An increased number of both, dark and pale
insulin granules might also imply an increase in the total pancreatic insulin content, as al-
ready discussed in 5.3. However, total pancreatic insulin content was unchanged between
WT and D1KO mice. This might be due to the fact that mice, where the pancreata were tak-

en from, were not stimulated with glucose, prior to pancreas dissection.

Tbc1d1-knockout in islets showed for the first time an increased density of both, dark and
pale granules 60 minutes after glucose stimulation compared to wildtype littermates, where
the density of dark granules decreased by 21 % compared to non-stimulatory conditions.
Thus, insulin vesicle dynamics or insulin synthesis seems to be altered in D1KO mice during
glucose stimulation that is also represented by the increased second phase insulin secretion

in the perifusion experiment.

5.6 Role of Tbc1d1 in secretagogue-induced insulin secretion

Isolated islets of Thc1d7-deficient mice secrete more insulin in both phases upon glucose
stimulation compared to islets of the respective wildtype mice. Increased second phase insu-
lin secretion in D1KO B-cells might be due to altered vesicle dynamics represented by an

increased or at least maintained insulin granule density after glucose stimulation compared
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to WT B-cells, as analyzed by electron microscopy. To analyze the impact of Tbhc1d17-
deficiency on the triggering insulin secretion pathway, representing first phase insulin secre-
tion (Fig. 3), a mechanistic and pharmacologic approach was initiated. “Glibenclamide and
tolbutamide as substances belonging to the group of sulfonylureas positively affect insulin
secretion at low glucose concentrations by blocking ATP-sensitive K*-channels [70, 71].” In
the Rustenbeck-Lab tolbutamide-induced insulin secretion was investigated in the isolated
islets of D1KO mice in a perifusion experiment. The glibenclamide-induced insulin secretion
was investigated in a static approach. “The increase in both, glibenclamide- and tolbutamide-
stimulated insulin secretion at basal glucose concentrations (2 mM and 5 mM) was potentiat-
ed in isolated islets of D1KO mice” (glibenclamide: Fig. 27, tolbutamide: Fig. 30), while addi-
tion of KCI showed no changes in insulin secretion between the genotypes. This suggests
mechanistic differences at the site of the K'-ATP channel. “Interestingly, the K*-ATP chan-
nels have been reported to not only localize to the plasma membrane of B-cells, but also
were shown to be present on insulin secretory granules [88, 241]. Moreover, glibenclamide
and other sulfonylureas were found to stimulate insulin secretion via granule-localized chan-
nel inhibition without binding to plasma membrane K*-ATP channels [242]. Since sulfonylu-
rea-potentiated secretion at low glucose concentration was increased in D1KO islets, it is
possible that Thc1d7-deficiency may increase K'-ATP channel trafficking and surface ex-
pression [243-247].” This trafficking was reported to be mainly dependent on AMPK activa-
tion [200, 201, 248]. TBC1D1 is a known downstream target of AMPK and thus likely to be
involved in this pathway. However, K*-ATP channel surface expression is not only controlled
by exocytotic trafficking, but also by endocytotic recycling and degradation [249]. The respec-
tive regulatory Rabs and RabGAPs or RabGEFs have not been described, yet. It is possible
that insulin and K*-ATP channels undergo concerted trafficking mediated by Rab27A, con-
trolled by TBC1D1.

AMPK activity is involved in K*-ATP channel trafficking that might be regulated by TBC1D1.
The AMPK activator AICAR was shown to potentiate insulin secretion from isolated mouse
islets at stimulatory glucose conditions [59]. Activated AMPK is able to phosphorylate and
thereby inactivate TBC1D1 [158], thus it is possible that TBC1D1 knockout influences
AICAR-mediated insulin secretion. Knockout of TBC1D1 reflects a situation of hyper-
phosphorylation and inactivation of TBC1D1 therefore it would mimic also AMPK phosphory-
lation. We could not find a different insulin secretion effect of AICAR on D1KO islets with 11
mM glucose stimulation (Fig. 32) than on WT islets. It is possible that 25 mM glucose stimu-
lation would lead to different results but these conditions were not sufficiently tested. To date
it is still controversial how activated AMPK affects insulin secretion in islets [250]. The pres-
ence of AMP and the AMP-mediated AMPK phosphorylation and activation is usually linked

to a low cellular energy status [61], although insulin secretion physiologically appears at high
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ATP and thereby low AMP levels. Since TBC1D1 knockout already mimics effects of AMPK
phosphorylation it is possible, that further AMPK phosphorylation has no additional effect.
This would suggest that AICAR potentiated GSIS could still be mediated by TBC1D1 in
wildtype islets. Notably, the active metabolite of AICAR, ZMP, is able to also activate other
AMP-activated enzymes, for instance glycogen phosphorylase [251] and fructose-1,6-
bisphosphatase [252]. The latter is an essential enzyme in the gluconeogenesis, and there-
fore unlikely to be relevant in pancreatic islets. However, glycogen phosphorylase as a nec-

essary enzyme in glycogen breakdown is expressed and active in rat pancreatic islets [253].

“A previous study reported that knockdown of Thc1d1 prevents insulin secretion induced by
depolarizing concentrations of KCI in sorted rat B-cells [174]. Conversely, the present data
show that genetic ablation of Thc1d1 does not result in altered response of islets to KCI (Fig.
28). This might be attributed to the difference between incubation times for KCI between both
studies and again the fact that Tbc7d71 knockdown in rat B-cells led to just 70 % reduction of
TBC1D1 protein. When bypassing the further downstream Ca®'-channel with the Ca*'-
ionophore A23187 [73, 199], insulin secretion was the same in both, wildtype and D1KO is-
lets (Fig. 29).” This suggests that the TBC1D1 contribution to first phase insulin secretion in
isolated mouse islets is localized around the K*-ATP channel. The depolarization that is in-
duced by closing or blocking the K*-ATP channel is not directly committed to the voltage-
gated L-type Ca®*-channel. In between there are also transient receptor potential (TRP)
channels, Na*-channels and T-type Ca*-channels, all of them increasing the initial mem-
brane depolarization to the required threshold to open the voltage-gated L-type Ca?*-channel
[35]. The TRP channels of the pancreatic 3-cells are reported to be mostly activated by cer-
tain steroids [254, 255] to contribute to insulin secretion [256]. However, a recent study
demonstrated that also GLP-1 stimulates insulin secretion in part by activation of TRP chan-
nels [257]. Compared to the prominent participants of the insulin secretion pathway the con-
tribution of the other mentioned receptors in the transmission and enhancement of the depo-
larization is mostly neglected. Nevertheless, it cannot be excluded that TBC1D1 might play a

role in the regulation of surface expression of these receptors and channels.

Notably, there is an existing bypassing pathway of insulin secretion that is also often ne-
glected in the consideration of the different secretion pathways. This pathway is initiated by
the glucose-induced generation of cAMP [258, 259]. cAMP is well known as a cellular sec-
ond messenger that transmits signals inside the cell [260], i.e. after activation of certain
GPCRs. The precise mechanism, how glucose increases cellular cAMP levels in B-cells is
unknown, but is suggested to be due to activation of adenylyl cyclase [258]. cAMP, if not in-
activated by phosphodiesterases, activates the cAMP-dependent protein kinase A (PKA)
[261]. A limited number of publications link the activity of cAMP and PKA to mechanisms of
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insulin secretion [262] and exocytosis either via crosstalk with AMPK [263] or activation of
the cAMP-dependent RabGEF Epac2 [264] or activation of B-catenin [258]. Besides the
PKA-mediated effects, cAMP was also shown to amplify insulin secretion by Epac2 inde-
pendent of PKA activation [265]. Tbc1d7-deficiency may also impact this described pathway,
especially when considering the role of Epac2 as RabGEF. It was described as the specific
GEF for Rap1 [266], which was also found to localize to the insulin granule next to Rab3A,
Rab27A and Rab37 [88]. Thus, it is possible that due to Tbhc1d7-deficiency, Epac2 activity

predominates to over-activate granule trafficking via Rap1.

5.7 Gene expression in islets of WT and D1KO mice

To analyze, whether the above described changes in insulin secretion, are accompanied with
changes in gene expression, relative mRNA quantification was measured by real time PCR.
Isolated islets of D1KO mice showed reduced expression of the transcription factor Mafa
compared to islets of WT littermates (Fig. 24). Although MafA regulates insulin gene expres-
sion and is itself regulated by glucose [185] mRNA of the insulin 2 gene in islets of D1KO
mice was not different compared to wildtype littermates. It is not clear, whether the reduced
Mafa expression is causative for the insulin secretion effect in D1KO islets, although the
presence of MafA was reported to be relevant for functional GSIS in postnatal islets [267]. It
might indicate a reduced number of B-cells in the islets, although this was not represented by
Ins2 or Pdx1 gene expression or total pancreatic insulin content (Fig. 20). In addition Mafb
mRNA as a surrogate for the number of a-cells [268, 269] as well as Ngn3 mRNA as a mark-
er for B-cell dedifferentiation [188] was unchanged. A feasible antibody to clearly detect and

quantify MafA in mouse protein lysates by western blot was commercially not available.

In addition a number of other genes that are relevant for insulin secretion in general and es-
pecially exocytosis were analyzed. The only gene that showed significantly different expres-
sion in D1KO islets compared to WT islets was Dnajc5 (Fig. 25A). This gene showed elevat-
ed transcripts in D1KO islets. Dnajc5 encodes the cysteine-string protein a (CSPa). This is a
DnaJ homologue that shows guanine nucleotide exchange activity for G, proteins [190] and
has been shown to regulate insulin exocytosis via interaction with syntaxin-1a [89, 191]. In
contrast to Dnajc5, Stx1a as the gene encoding syntaxin-1a was unchanged in mRNA ex-
pression (Fig. 25A). Moreover, gene expression of Dnajc5 did not correlate with the CSPa
protein expression (Fig. 25B). Since protein is the more executive molecule in the regulation
of cellular processes the significant increase in mRNA might not be relevant for the observed
insulin exocytosis effect. Rab27a mRNA as well as the reported RabGAP for Rab27A,
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TBC1D10A was expressed in mouse islets but was unchanged between the genotypes (Fig.
25A). Thus, expression differences of Rab27a or Thc1d10a between the genotypes can be
likely excluded to contribute to the insulin secretion effect upon Tbhc1d7-deficiency. This does
not mean that maybe activation states of both components may be different in the Tbc1d1-
deficient state, although this has not been reported in the literature, yet. Expression of Irs1
and Irs2 was measured. Both are components of the insulin signaling pathway in B-cells that
have been described for their role in insulin secretion and synthesis [195, 270]. While Irs1
was unchanged between WT and D1KO, Irs2 expression was significantly increased by ap-
prox. 30 % in islets if D1KO mice. As overexpression of Irs2 in isolated rat islets was associ-
ated with increased second phase and total insulin secretion [196], this suggests a role for
TBC1D1 in insulin synthesis and secretion, which would be in line with the findings of the
ultrastructural analysis and the perifusion experiment. However, IRS2 protein abundance

was not different between WT and D1KO islets.

The observation that sulfonylurea-induced insulin secretion at low glucose levels is elevated
in D1KO islets suggest, that K*-ATP channel surface expression might be increased. To
have an idea about the total expression of the subunits of the channel the relative gene ex-
pression of Kcnj711 und Abcc8 was measured. Total expression of both subunits was not sig-
nificantly different between D1KO and WT islets, although Abcc8 showed slightly elevated
MRNA levels in D1KO islets. Due to the lack of appropriate antibodies that detect both pro-
tein subunits by western blot in mouse protein lysates there is no information on protein ex-
pression. Moreover, total gene or even protein expression does not reflect the surface ex-
pression of the subunits. Nevertheless, leptin-induced increase in K*-ATP channel surface
expression had been proposed to regulate insulin secretion [271], as well as increased sur-

face expression that is induced by downregulated syntaxin-1a [244].

However, since RNA and also protein were taken from islets that were cultured overnight in
islet medium and not stimulated with 25 mM glucose concentration, the results might not rep-

resent the situation after glucose stimulation.

5.8 Impact of Tbc1d7-deficiency in vivo

Previous studies investigated in vivo glucose- and insulin tolerance and also plasma insulin
levels of Thc1d1-deficient mice [155, 167]. Young mice that globally lack Thc1d?1 showed
neither alteration in glucose tolerance, nor insulin tolerance or gross differences in plasma
insulin levels throughout the test period. These observations were in large part reproduced in

the present study. Young D1KO mice exhibited the same glucose tolerance as young WT
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mice (Fig. 17A). However, plasma insulin levels in the basal state were significantly lower in
D1KO mice compared to WT littermates but with no differences in the progression of the test
(Fig. 17B). In contrast, previous observations reported significantly increased fasting plasma
insulin levels in D1KO mice [167]. It cannot be completely excluded that this difference is due
to a clustering of insulin values in the mice, although no such clustering of the plasma insulin
values were observed with the used animals in the present study. The fasting period of the
mice in the mentioned study was just two hours less compared to the period in the present
study. However, this difference is unlikely to be the cause for this opposed finding. Although
housing conditions of the mice were similar the animal facility for the breeding of the mice
was different. Even if the mice were genetically identical it was shown that the composition of
the gut microbiota of mice in different laboratories can influence metabolic parameters [272,
273]. This difference in the gut microbiome can be caused by diet but also by other parame-
ters [274, 275].

For a small subset of mice the glucose tolerance test was repeated when the mice were at
the age around 50 weeks. In contrast to the results with young mice the genotype seemed to
affect glucose tolerance at higher ages. Interestingly, fasting blood glucose levels were not
different in old mice when compared to young mice independent of the genotype. However,
glucose tolerance of old D1KO mice was improved compared to old WT mice (Fig. 18). The
overall plasma insulin levels were markedly higher in the old animals but D1KO mice
achieved to improve glucose tolerance with only moderate insulin secretion. In contrast, WT
mice with impaired glucose tolerance had a pronounced increase in insulin secretion. This
indicates a higher degree of insulin resistance in the WT mice at higher ages compared to
D1KO mice. The used mouse model represents a whole-body knockout for TBC1D1. For the
accurate assessment of insulin resistance a hyperinsulinemic-euglycemic clamp experiment
is the gold standard method [276]. With this procedure the participation of the liver and the
skeletal muscle in glucose uptake and glucose production can be evaluated. Whole-body
Tbc1d1-knockout in mice was shown to be associated with a substantially reduced expres-
sion of GLUT4 protein in EDL, TA and quadriceps muscle with a severely impaired insulin-
and AICAR-stimulated glucose uptake in isolated EDL muscle. However, insulin- and AICAR-
stimulated glucose uptake in the soleus muscle and insulin-stimulated glucose uptake in
WAT was unchanged in D1KO mice, compared to wildtype littermates, as they showed equal
GLUT4 abundance [155]. Furthermore, the unchanged glucose tolerance in Thc1d1-deficient
mice has been demonstrated also by other groups [160, 167, 202]. That an increased insulin
secretion was not directly observed in D1KO mice in vivo could be due to inter-organ signals
acting on the repression of insulin secretion which would not be present in the ex vivo assay.
It was shown that factors released from exercised mouse muscles reduce insulin secretion

from INS1 cells, although this effect was not seen in isolated rat islets [277]. Likewise secret-
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ed factors of human myotubes treated with TNF-a repressed GSIS in primary rat- and human
B-cells [278]. However, the young D1KO mice did not exhibit any signs of insulin resistance
or glucose intolerance. Nevertheless, endurance training in rats was associated with de-
creased plasma insulin levels but an improved glucose tolerance [279] as these effects were
present in the old D1KO mice. This indicates that signals from other organs than the pancre-
as can indeed influence insulin secretion in vivo and that this might cause unaltered insulin
secretion in the young D1KO mice in vivo. In addition the mice were fasted 6 hours prior to
the glucose tolerance test, whereas islet isolation was carried out from random fed mice and
isolated islets were starved in the GSIS assay just one hour with 2 mM glucose. Thus a di-

rect comparison between in vivo and ex vivo approaches is not feasible.

5.8.1 Repetitive glucose stimulation

In a physiological context, insulin secretion is not only triggered by a single glucose stimula-
tion, as assessed in the GSIS assays and also in the in vivo GTTs, but rather by maintained
or repetitive stimulation. To simulate these conditions, isolated islets of D1KO mice were
subjected to a GSIS assay with three repetitive glucose stimulations, each with 25 mM, inter-
rupted by phases of 60 minutes with 2 mM glucose. As shown in Figure 33, islets of D1KO
mice are still able to secrete more insulin compared to islets of WT mice, even after the third
glucose stimulation. Unfortunately a significant increase in insulin secretion after the first two
stimulations was not observed. More importantly, insulin secretion after the third stimulation
was approx. twice as high compared to the first two stimulations in both genotypes. “This
indicates that the mechanism, leading to increased GSIS upon Thc1d1-deficiency is continu-
ously working with repetitive glucose stimulations. This effect is therefore highly relevant in a
physiological context.” The concept of insulin secretion after repetitive glucose stimulations is
not well described and characterized in the literature. Islets of leptin-deficient ob/ob mice with
a deletion of SORCS1 fail to maintain insulin secretion after three repetitive glucose stimula-
tions, compared to their respective ob/ob controls [239]. In contrast to this thesis, the stimula-
tions were only for 15 minutes and the interrupting phases with basal glucose were only for
five minutes. These conditions might have abrogated the propagation of second phase insu-
lin secretion, which was shown to be highly relevant for the effect upon Thc1d7-deficiency.
However, islets of D1KO mice are able to increase insulin secretion even after three repeti-
tive glucose stimulations compared to islets of WT mice, which promotes physiological rele-

vance.
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5.8.2 High-fat diet

Tbc1d1-deficiency increases GSIS from isolated mouse islets but was unchanged in islets
overexpressing Tbc1d1 under the control of the RIP2 promoter (Fig. 9, 14). In isolated islets
of wildtype mice on standard diet 25 mM glucose stimulation potentiates insulin secretion by
approx. 12-fold compared to basal glucose concentrations with 2 mM under non-challenging
diet conditions. It is long known that mouse islets are capable of storing and utilizing triacyl-
glycerols [280]. The effects of chronic and acute fatty acid exposure on insulin secretion is
also well known [55]. Challenging the mice with feeding a high-fat diet for four weeks severe-
ly impaired the glucose-induced insulin secretion index to only approx. 2.5-fold in wildtype
islets (Fig. 34B). Upon Tbc1d1 deficiency the secretion index is 4-fold but this is a result of a
slightly lower basal and slightly higher stimulated insulin secretion. However, none of the

differences between wildtype and D1KO islets were statistically significant.

Chronic exposure of islets to fatty acids should decrease insulin secretion performance due
to the development of lipotoxicity and due to inhibition of insulin gene expression [53, 55,
281]. This decrease in insulin secretion performance was also demonstrated in the present
study. Obviously the lack of Tbc71d7 does not change the insulin secretion performance after
chronic exposure of the mice to high-fat diet, compared to mice on standard diet. Thc1d1-
deficiency was reported to increase fatty acid uptake and oxidation in isolated skeletal mus-
cle. At the same time glucose uptake and oxidation was reduced [156]. Isolated islets of
D1KO mice also exhibited an increased uptake of radioactively labelled palmitic acid com-
pared to islets of wildtype littermates (PhD thesis Franziska Menzel). Tbc1d1 was therefore
believed to act as a molecular switch for nutrient preference to use for energy production
[156]. This fat-challenging approach should show if islets of mice fed a high-fat diet can ben-
eficially compensate for lipotoxicity upon Thc1d71-deficiency by maintaining the ability to se-
crete insulin after glucose stimulation appropriately. Apparently, this was neither the case for
the chronic exposure to high-fat diet, nor for acute exposure of isolated islets to palmitate
(Fig. 34).

In contrast to long-term exposure of islets to fatty acids acute exposure potentiates glucose-
induced insulin secretion without affecting insulin secretion at basal glucose concentrations
[53, 56, 57]. Most of the acute effect on fatty acid potentiation of insulin secretion is mediated
by the free fatty acid receptor 1 (FFAR1, also known as GPR40) [282-284] but other signals
are still necessary for the entire effect in vivo [285]. Potentiation of insulin secretion by acute-
ly applied free fatty acids is mediated by the amplifying pathway of insulin secretion [48, 117,
286, 287]. This secondary pathway is strongly dependent on glucose metabolism, thus at

basal glucose concentrations the amplifying pathway is mostly inactive [222, 288, 289].
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Therefore palmitate was only added to 25 mM glucose. The potentiating effect of palmitate to
insulin secretion was shown in Figure 34A. In this experimental setup the effect of Thc1d1-
deficiency on increasing insulin secretion was unfortunately neither seen without nor with
palmitate supplementation to 25 mM glucose. However, gene expression analyses showed
no differences of various receptors, transporters and key enzymes in lipid metabolism of
pancreatic islets of WT and D1KO mice (Ffar1, Ffar2, Ffar3, Gpr119, Gpr120, Cd36, Fatp1,
Fabp3, Fabp5, Acadl, Pgc1a, Cpt1a) [290-296] (Fig. 35) suggesting no changes in functional
lipid metabolism upon Tbc1d7-deficiency. At this point it is not feasible to imply that Thc1d1-
deficiency has no impact on palmitate potentiation of insulin secretion since the genotype
effect at 25 mM glucose alone failed to show significant differences compared to the WT is-

lets, although gene expression suggest no functional changes in lipid metabolism.

5.9 Conclusions

The present thesis aimed to investigate the role of the signaling protein TBC1D1 in pancreat-
ic islets and especially in the mechanism of insulin secretion from B-cells. For the first time
this thesis demonstrates that loss of TBC1D1 increased glucose-induced insulin secretion in
isolated islets. Additional knockout of the close homologue Thc7d4 has no further impact on
GSIS and results in the same increase in glucose-stimulated insulin secretion as the single
Tbc1d1-knockout. TBC1D1 is expressed as short isoform in pancreatic islets of C57BL/6J
origin and is predominant over TBC1D4. This clearly indicates a more relevant role of
TBC1D1 in the regulation of insulin secretion. In contrast, overexpression of the physiologi-
cally relevant short Tbc1d1 isoform under the control of the RIP2-promoter had no influence
on GSIS, indicating, that TBC1D1 is not rate-limiting in this process. Due to potential com-
pensatory mechanisms in whole-body physiology and signals from other organs absolute
insulin secretion after glucose stimulation is not significantly different in young D1KO mice
compared to WT mice in vivo. In contrast, one year old mice show some interesting differ-
ences in glucose homeostasis with regard to Thc1d7-deficiency as measured by i.p. GTT
and plasma insulin concentrations. Tbc1d7-deficiency increases glucose-induced insulin
granule density in islet B-cells that indicates a role in the generation and trafficking of insulin
granules. Furthermore, Tbc1d7-deficiency increases glibenclamide-induced insulin secretion
in isolated islets at low glucose concentrations, suggesting a regulatory role for TBC1D1 in
also trafficking and surface expression of K-ATP channels. These suggestions are in line
with increased first and second phase of GSIS as well as the increased tolbutamide-induced

insulin secretion in D1KO islets that was observed in perifusion experiments performed in
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Braunschweig. Manipulation of more downstream steps in the triggering pathway from isolat-

ed islets show no alterations in insulin secretion due to the loss of TBC1D1.

Taken together, the present data strongly suggest TBC1D1 as a novel component in the
regulation of insulin secretion in mouse pancreatic B-cells by modulating insulin granule dy-
namics and presumably K*-ATP channel trafficking (Fig. 36).
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Figure 36: Proposed mechanism of action of Tbhc7d7-deficiency on glucose- and sulfonylurea-induced
insulin secretion. (A) The triggering pathway of insulin secretion as already described in 1.3.1 in the normal
situation under normal TBC1D1 expression. (B) According to the presented results, Tbc1d7-deficiency indicates
changes in the B-cell physiology by modifying vesicle trafficking at least at two different locations. On the one
hand, translocation of K*-ATP channel containing vesicles to the plasma membrane (3) and a subsequent in-
crease in the surface expression of the channels (4) might lead to increased sulfonylurea-induced insulin secre-
tion at basal glucose concentrations. The literature suggests that this process is regulated upstream by AMP-
mediated (1) AMPK phosphorylation (2) at low glucose levels. On the other hand, the generation (5) and the dy-
namics of insulin containing vesicles (6) under stimulated glucose concentrations are altered towards an in-

creased vesicle density leading to an increased secretion of insulin (7).
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6 SUMMARIES

6.1 Summary (English)

Background and aims:

The Rab-GTPase activating protein (RabGAP) TBC1D1 has been described for its role in
both glucose and lipid metabolism in skeletal muscle. TBC1D1 is also expressed in pancreat-
ic B-cells but its role in glucose-stimulated insulin secretion (GSIS) remains to be determined.
Recently TBC1D1 was shown to contribute to insulin secretion in sorted rat 3-cells but with
no detailed insights into a potential mechanism. To specify the role of TBC1D1 in insulin se-
cretion its function in secretagogue-induced insulin secretion in isolated islets from Thc1d17-
deficient mice, transgenic mice overexpressing Thc71d7 under the control of a RIP2 promoter

and Thc1d1/Tbc1d4-double-deficient mice, respectively was investigated.
Materials and methods:

Mouse pancreatic islets were isolated by ductal collagenase perfusion and subsequent pan-
creas digestion. The isolated islets were applied to static and dynamic secretagogue-induced
insulin secretion measurements. Whole-body glucose tolerance was measured by intraperi-
toneal glucose tolerance test and dissected pancreases were used for histologic and mor-
phometric analysis of islets. Isolated islets were also used for ultrastructural insulin granule
determination and quantification as well as quantification of protein and gene expression in
lysates by western blot and quantitative Real time PCR, respectively. Statistics were calcu-

lated with appropriate tests.
Results:

GSIS at 25 mM glucose stimulation was substantially increased in islets from Tbc1d17-
deficient mice, whereas the overexpression of Thc1d1 had no effect on GSIS. In both cases
insulin secretion at basal glucose (2 mM) was unchanged. Moreover, the additional knockout
of the close TBC1D1 homologue TBC1D4 had no additive effect on GSIS compared to the
single knockout of Tbc1d1. Pancreatic islets of normal C57BL/6J mice exclusively express
the short variant of Thc1d1 which was used for the generation of transgenic mice on a
C57BL/6J background (RIP2-TG). Thc1d1 mRNA in islets was predominant over Thc1d4.
TBC1D1 protein expression in RIP2-TG islets was 2.6-fold higher compared to RIP2-WT
controls, whereas TBC1D1 was undetected in islets of D1KO mice. Dynamic perifusion of
D1KO islets showed that the increased GSIS was attributed to both, first and second phase

of insulin secretion. The Tbc1d1-related ex vivo effect on insulin secretion could not be
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shown in vivo. Although no differences were found in general islet morphometry between
D1KO and WT mice, transmission electron microscopy revealed an increased density of
both, pale and dark insulin granules in B-cells of D1KO mice after glucose stimulation. Stimu-
lation of islets with 1 uM of the K*-ATP channel inhibitor glibenclamide with 2 mM glucose as
well as 500 uM tolbutamide with 5 mM glucose, resulted in an increased insulin secretion in
D1KO islets. In addition, glibenclamide potentiated GSIS at 25 mM glucose in WT islets, but
not in D1KO islets. In contrast, exposure of isolated islets to 30-40 mM KCI or to 5 uM calci-
um ionophore A23187, respectively, had no effect on genotype-dependent insulin secretion
at basal glucose levels. Protein and gene expression only showed an increase in Irs2 in

D1KO islets as relevant target for insulin secretion and synthesis.
Conclusion:

Loss of TBC1D1 increased glucose- and sulfonylurea-induced insulin secretion in isolated
islets due to increased first and second phase, but B-cell specific overexpression of the phys-
iologic relevant short Thc1d1 isoform does not. Due to potential compensatory mechanisms
insulin secretion after glucose stimulation is not pronounced in D1KO mice in vivo. Loss of
TBC1D1 increases glucose-induced insulin granule density in islet B-cells. The present data
suggest that TBC1D1 is a novel component in the regulation of insulin secretion in mouse
pancreatic B-cells and modulates insulin granule dynamics and presumably K*-ATP channel

trafficking.
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6.2 Zusammenfassung (Deutsch)

Fragestellung:

Die Rolle des Rab-GTPase aktivierenden Proteins (RabGAP) TBC1D1 wurde bereits sowohl
fur den Glukose- als auch den Lipidmetabolismus des Skelettmuskels beschrieben. TBC1D1
ist ebenfalls in pankreatischen B-Zellen exprimiert, seine Rolle in der glukose-stimulierten
Insulinsekretion (GSIS) muss jedoch noch ermittelt werden. Kirzlich wurde gezeigt, dass
TBC1D1 zur Insulinsekretion in isolierten 3-Zellen der Ratte beitragt, jedoch ohne detaillierte
Einblicke in einen méglichen Mechanismus. Um die Rolle von TBC1D1 in der Insulinsekreti-
on zu spezifizieren, wird seine Funktion im Zusammenhang mit verschiedenen sekretionsan-
regenden Substanzen in isolierten Inseln untersucht. Dazu werden Inseln von Thc1d1-
defizienten Mausen, transgenen Mausen, die Thc1d1 unter der Kontrolle des RIP2 Promo-

tors exprimieren und Tbc1d1/Tbc1d4-doppel-defizienten Mausen verwendet.
Material und Methoden:

Inseln der Maus wurden durch Collagenase-Perfusion des Pankreas durch den Pankreas-
gang und anschlieRendem Verdau des Pankreas isoliert. Die Inseln wurden flr die Analyse
der statischen und dynamischen Insulinsekretion nach Applikation verschiedener sekretions-
anregender Substanzen verwendet. Ganz-Kérper Glukosetoleranz wurde durch einen intra-
peritonealen Glukosetoleranztest in Mausen ermittelt. Das praparierte Maus-Pankreas wurde
fur die histologische und morphometrische Analyse der Inseln verwendet sowie isolierte In-
seln fur die ultrastrukturelle Detektion und Quantifizierung der Insulingranula. Die zusatzliche
Quantifizierung der Protein- und Genexpression mittels Western Blot und quantitativer Real
time PCR wurde mit entsprechenden Lysaten isolierter Inseln durchgefuhrt. Die statistische

Auswertung erfolgte durch angemessene Tests.
Ergebnisse:

Insulinsekretion nach 25 mM Glukosestimulation war in Inseln der D1KO Mause deutlich
erhdht, wahrend die Uberexpression von Tbc1d1 keinen Einfluss auf die GSIS hatte. In bei-
den Fallen war die Insulinsekretion bei 2 mM Glukose ahnlich. Dartber hinaus hatte der zu-
satzliche Verlust des TBC1D1 Homologs TBC1D4 keinen additiven Effekt auf die GSIS im
Vergleich zur einzelnen Tbc1d1-Defizienz. Langerhans Inseln von normalen C57BL/6J Mau-
sen exprimieren ausschlieBlich die kurze Isoform von Tbc1d1, welches fir die Generierung
der transgenen Mause auf dem C57BL/6J Hintergrund (RIP2-TG) verwendet wurde. Thc1d1
MRNA war in Inseln deutlich starker gegenuber Thc1d4 exprimiert. TBC1D1 wurde in den

RIP2-TG Inseln 2,6-fach starker exprimiert, als in den RIP2-WT Inseln, wohingegen TBC1D1
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in D1KO Inseln nicht detektiert wurde. Die Perifusion von D1KO Inseln zeigte, dass die er-
hohte GSIS auf eine Erhdhung beider Insulinsekretionsphasen zurlickzuflihren war. Der
Thbc1d1-abhangige Effekt auf die Insulinsekretion ex vivo konnte in vivo nicht gezeigt werden.
Obwohl keine Unterschiede in der generellen Inselmorphologie zwischen D1KO und WT
Mausen gefunden wurden, enthillte die Transmissionselektronenmikroskopie eine erhéhte
Dichte von sowohl blassen als auch dunklen Insulingranula in B-Zellen der D1KO Inseln nach
Stimulation mit Glukose. Stimulation isolierter Inseln mit sowohl 1 uM des K*-ATP Kanal-
Inhibitors Glibenclamid bei 2 mM Glukose, als auch 500 yM Tolbutamid bei 5 mM Glukose,
fuhrte zu einer erhdhten Insulinsekretion in D1KO Inseln. Zusatzlich potenzierte Glibenclamid
die GSIS mit 25 mM zwar in WT Inseln, jedoch nicht in D1KO Inseln. Im Gegensatz dazu
wurde die Insulinsekretion bei basalen Glukosekonzentrationen weder durch 30-40 mM KCI,
noch durch 5 yM des Kalzium-lonophors A23187 genotyp-spezifisch verandert. Die Protein-
und Genexpression einer Vielzahl von Genen, zeigte nur bei Irs2 als relevantes Gen fur In-

sulinsekretion und —synthese eine erhdhte Expression in D1KO Inseln.
Schlussfolgerungen:

Der Ausfall von TBC1D1 verandert die Glukose- und Sulfonylharnstoff-induzierte Insulinsek-
retion in isolierten Inseln durch die Erhdhung beider Insulinsekretionsphasen. Die B-Zell spe-
zifische Uberexpression der physiologisch relevanten kurzen Tbc1d1 Isoform hat dagegen
keinen Effekt auf die GSIS. Aufgrund potentieller Kompensationsmechanismen ist die erhoh-
te Insulinsekretion nach Glukosestimulation in D1KO Mausen nicht ausgepragt. Der Ausfall
von TBC1D1 erhoht die glukose-induzierte Insulingranuladichte in B-Zellen. Die vorliegenden
Daten weisen darauf hin, dass TBC1D1 ein neuer Bestandteil in der Regulation der Insulin-
sekretion der Mausinsel ist und die Dynamik der Insulingranula und mdoglicherweise die

Translokation von K*-ATP-Kanalen moduliert.
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7 FURTHER QUESTIONS AND PERSPECTIVES

The presented thesis does not provide enough experimental information to draw a final con-
clusion about the mechanism by which TBC1D1 regulates insulin secretion from pancreatic

B-cells. For this purpose additional experiments are necessary.

Obviously insulin granule dynamics are different in islets of D1KO mice. Although this thesis
reports and increase in granule density after 60 minutes of glucose stimulation this repre-
sents just a snapshot of a highly dynamic process. Visualization of granule movement for
example by TIRF microscopy would give a deeper insight into the dynamic processes as
described in the literature [46, 237, 297]. In this regard it might be a relevant issue to also
identify the responsible Rab-GTPases that are involved in the insulin vesicle translocation,
regulated by TBC1D1.

One important experiment might be the measurement of K°’-ATP channel surface expression
and maybe AICAR-stimulated insulin secretion at 25 mM glucose. Most available data on
surface expression of K;6.2 and SUR1 subunits in islets were generated with biotinylation of
surface proteins or HA-tagged constructs in rat pancreatic tissue or cell lines [200, 201, 248,
249, 298]. No relevant data were generated with mouse tissue. This might be due to a lack of
good antibodies for mouse channel subunits. Moreover, for biotinylation of surface proteins
lysine residues in the extracellular domains of the proteins are required to covalently link the
biotin to the protein. Literature search (www.uniprot.org) revealed two extracellular domains
in the K;6.2 protein in mouse and rat, but interestingly in both animals none of the two do-
mains contains a lysine residue. In contrast rat SUR1 subunits contains more than one lysine
residue in their multiple extracellular domains but the database has no information about the
respective mouse sequence. The measurement of glucose- and sulfonylurea-induced
changes in membrane potential and calcium flux in the islets of D1KO and WT mice would
give a deeper insight into the role of TBC1D1 in the events of the triggering insulin secretion

pathway.

The influence of the islet energy metabolism in D1KO mice on the changes in insulin secre-
tion would give some more information about the events in insulin secretion. Mitochondrial
activity and ATP production likely modulate the triggering pathway in an early state of the cell
metabolism but also the amplifying pathway. Thus, the measurement of mitochondrial activity
in D1KO islets by a flux analyzer (Seahorse Bioscience) will help to understand a potential
role of the mitochondria in insulin secretion. That mitochondrial activity and mitochondrial
metabolites have an influence on insulin secretion has been shown in recent publications

[223, 299]. Another interesting question is, whether Rab27A is indeed a relevant substrate
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for the native full length TBC1D1 in its short isoform. If this is the case the subcellular locali-
zation of TBC1D1 in the B-cells would be interesting to know, since this is also a yet un-
addressed issue. The initial steps to answer this question were already taken, although they
are not described in the present thesis. All commercially available antibodies against
TBC1D1 are unable to work appropriately in immunohistochemistry approaches. With the
use of the 3xFLAG-tagged Thc1d1 construct in the generation of the transgenic mice there is
an available tool to use the FLAG-tag for the detection of TBC1D1 in histologic samples. The
subcellular localization of TBC1D1 could be determined by transmission electron microscopy
via labelling the FLAG-tag and use an immunogold-labelled secondary antibody to visualize
the FLAG-tagged TBC1D1.

To investigate, whether TBC1D1 might also play a role in the cAMP-PKA-mediated pathway
of insulin secretion the GAP activity of TBC1D1 towards the Rap1 protein would be some-

thing to evaluate.

One question that has not been addressed within this thesis is the impact of a-cell function
on the described insulin secretion effects upon Tbc1d7-deficiency. Since it has been shown
previously that a-cell to B-cell communication also affects insulin secretion [300, 301] it would

be interesting to investigate also glucagon secretion or a-cell function in general.

It would also be interesting to know, whether the GTPase activity of TBC1D1 is necessary for
the observed effects described in this thesis. Therefore an amino acid exchange from argi-
nine to lysine (RK mutant) in the GAP domain of TBC1D1 [111] would lead to the expression
of the protein but with an inactive GTPase activity. Such a construct could be used for the

overexpression in 3-cells.

Ultimately, it is possible that TBC1D1 has not only a single site of action and therefore a sin-
gle mechanism in the regulation of insulin secretion, but multiple sites that act in concert are
imaginable. Since TBC1D1 is a regulatory protein for cellular vesicle sorting, its functions in

this regard are most likely.
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9 APPENDIX

9.1 Manuscripts used as a reference

Torben Stermann, Franziska Menzel, Carmen Weidlich, Kay Jeruschke, Jurgen Weil}, Anna

Pujol, Fatima Bosch, Ingo Rustenbeck, Christian de Wendt, Sandra Lebek, Tanja Schall-
schmidt, Martin Kragl, Eckhard Lammert, Alexandra Chadt, Hadi Al-Hasani: ,The RabGAP
TBC1D1 regulates glucose- and sulfonylurea-induced insulin secretion in isolated mouse
islets”. Cell Reports. Submitted August 29" 2016

Parts of the discussion section of this thesis are written in quotation marks. These parts have
been adopted either word by word or with modifications from the above mentioned manu-

script that has been submitted for publication to the journal Cell Reports.

The manuscript was in large parts written by myself and complemented with parts from Prof.
Dr. Ingo Rustenbeck, Alexandra Chadt, Eckhard Lammert and Hadi Al-Hasani (all co-
authors). The figures that are presented in this manuscript have been generated and pre-
pared mostly by myself. Figure 3C of the manuscript was prepared by Dr. Jirgen Weil} (co-
author), and the experiments that led to the figures 4A and 4C were done by Verena Lier-

Glaubitz from the lab of Prof. Dr. Rustenbeck (co-author).
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9.2 Abbreviations

A23187
ADP
AICAR
AKT
a.m.
AMP
AMPK
approx.
APS
AS160
ATP
B6
BAT
BCA
bp
BSA
cAMP
CBD
CD36
cDNA
CMRL
CO,
Cpt
CSP
Ct
D1KO

D1/4KO

Calcium ionophore

adenosine diphosphate
5-aminoimidazol-4-carboxamid 1-B-D-ribo-furanoside
refers to PKB

latin: ante meridiem — before noon
adenosine monophosphate
AMP-activated protein kinase
approximately
ammoniumpersulfat

AKT substrate of 160 kDa
adenosine triphosphate

C57BL/6J

brown adipose tissue

bicinchonic acid

base pair

bovine serum albumin

cyclic adenosine monophosphate
calmodulin binding domain

cluster of differentiation 36
complementary DNA

Connaught Medical Research Laboratories
carbon dioxide

Carnitin palmitoyl transferase
Cystine string protein

cycle threshold

TBC1D1 knockout

TBC1D1/TBC1D4 knockout
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DBA
DENN
DIfE
DMEM
DMSO
DNA
dNTP
DTT
ECL
EDL
EDTA
e.g.
EGTA
ELISA
et al.
FABP
FATP
FBS
FLAG™
FFAR
FFPE
FVB
GADA
GAP
GAPDH
GDP
GEF
GIP

GLP-1

APPENDIX

Dilute Brown Non-Agouti
differentially expressed in neoplastic versus normal cells
German Institute for Human Nutrition
Dulbecco’s Modified Eagles Medium
dimethylsulfoxide
desoxyribo nucleic acid
desoxyribo nucleotide triphosphate
dithiothreitol
Enhanced chemoluminescence
Extensor digitorum longus
ethylene diamine tetra acetate
latin: exempli gratia — for example
ethylene glycol-bis(aminoethylether)-N,N,N’,N’-tetra acetate
enzyme-linked immuno sorbent assay
latin: et alia — and others
fatty acid binding protein
fatty acid transport protein
fetal bovine serum
FLAG is a registered trademark of Sigma-Aldrich Co. LLC
Free fatty acid receptor
Formalin-fixed, paraffin embedded
Friend Leukemia Virus B
glutamic acid-decarboxylase
GTPase activating protein
glyceraldehyde-3-phosphate dehydrogenase
guanosine diphosphate
guanine nucleotide exchange factor
gastric inhibitory polypeptide / glucose-dependent insulinotropic polypeptide
glucagon-like peptide-1
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GLUT
GP(C)R
GSIS
GTP
GTT
HA
HDL
HE
HEPES
HFD
HRP

IA-2

IBMX

ICA

i.p.
IRS
kb
kcal
kDa
KHB
Kir
Kwm
KO
KRH
LSB
Mb

MING
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glucose transporter
G-protein coupled receptor
glucose-stimulated insulin secretion
guanosine triphosphate
glucose tolerance test
hemagglutinin

high-density lipoprotein
hematoxylin and eosin
2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethane sulfonic acid
high-fat diet

horseradish peroxidase
islet antigen-2

insulin autoantibody
isobutylmethylxanthine
islet cell antibody
immunoglobulin G
intraperitoneal

insulin receptor substrate
kilo base

kilo calories

kilo dalton
Krebs-Henseleit-Buffer
potassium inward rectifier
Michaelis constant
knockout
Krebs-Ringer-HEPES
Lammli sample buffer
mega base

mouse insulinoma cell line
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MQ ultrapure (Milli-Q)

mMRNA messenger RNA

mTOR mammalian target of rapamycin

NADPH nicotinamide adenine dinucleotide phosphate
Noc2 Rabphilin-3A-like protein

PAGE polyacrylamide gel electrophoresis

PCR polymerase chain reaction

PDK1 phosphoinositide-dependent kinase-1
PFA paraformaldehyde

P13 phosphatidylinositol-4,5-bisphosphate 3
PIP2 phosphatidylinositol (3,4)-bisphosphate
PIP3 phosphatidylinositol (3,4,5)-trisphosphate
PKB protein kinase B (AKT)

PPAR peroxisome-proliferator-activated receptor
PTB phospho-tyrosine-binding

PVDF polyvinylidene difluoride

Rab Ras-related in brain

rcf relative centrifugal force

RCS recombinant congenic strain

RIP2 rat insulin promoter 2

RNA ribonucleic acid

rRNA ribosomal RNA

RRP readily releasable pool

RT reverse transcriptase

RyR ryanodine receptor

SD standard deviation

SDS sodium dodecylsulfate

SEM standard error of the mean

siRNA small interfering RNA
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SJL

SM
SNAP
SNARE
SUR
TA

TAE
Taq
TBC1D1
TBS-T
TEMED
TG
TIRF
TMB
TL

TRP
VAMP
VDCC
VS.
WAT
WT

ZMP
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Swiss Jim Lambert

smooth muscle
synaptosomal-associated protein
Soluble N-ethylmaleimide-sensitive factor attachment protein receptor
sulfonylurea receptor

Tibialis anterior

tris-acetate-EDTA

Thermophilus aquaticus

TRE2, Bub2, CDC16 1 domain family member 1
tris-buffered saline — Tween 20
N,N,N’,N’-tetramethyl ethylene diamine
transgene

total internal reflection fluorescence
3,3',5,5-tetramethylbenzidine
Thermolysin low

transient receptor potential

vesicle associated membrane protein
voltage-dependent L-type Ca?*-channel
versus

white adipose tissue

wildtype

5-amino-1-B-D-ribofuranosylimidazole-4-carboxamide-5'-monophosphate
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9.3 Additional Tables

Table 18: Oligonucleotide primer sequences for cDNA amplification

Target Gene Sequence 5 2> 3’ Product Reference
For ACAGTGTGGGAAAAGATGCT
Toeld? | pev AGGTGGAACTGCTCAGCTAG 143 bp
For CCAACAGTCTTGCCTCAGAG
Tocldd | ooy GAATGTGTGAGCCCGTCTTC 146 bp
P For TCCACCAGGTAGACATCCC . 200
Y Rev TAGGAGCCAGGTCGTAGAG P [302]
For CTAACTTCCCCAAGCTGCTG
Abce8 | pey CCCGTAGAGGATCACCAGAA 152 bp
For ACCACAGTGGGCATTGATTT
Rabzra | ooy CCCATAACTGCAGGTGGATT 103 bp
For TCTGTGAGAAGTACCTGCCTG
Tbcid0a | oo, TCAATCTTCTGGCGGCTGAG 133 bp
For AGGTCCACATGGACTCTTGG
Syti4 Rev TGGAGGCTGGGATGTATTTC 144 bp
Sranps | FOT ATGGAGAAGGCTGATTCCAAC 8 b 207
P Rev CCATGAGAGAAGCATGAAGGA P [207]
For CCCACACACCAGGTTTTICTGT
vampz | pey GCAGGGGACACTGGGATAATA 130 bp [207]
For GTGAGGAATTGGAAGACATGC
Stx1a | pev GCCTTGCTCTGGTACTTGACG 298 bp [207]
Sron For AAGAAGAGTCTGTTCGCTGGA sob i
Rev AAAGATGTATTTTTGCTCCACACTT P [50]
oraics | FOr CTGCTGTGGGAAATGCAAG 31n o
4 Rev GCTGTATGACGATCGGTGTG P [90]
ot For GAAACTCGAACGCAAGGAGA . %
Rev ACCGGTCGAAGTTTTCAGC P [90]
ot For GAAATCCACCAAAGCTCACG b 203
Rev CGGGTTCCGCTGTGTAAG P [303]
e For CCCTGCTGGCCCTGCTCTT .
Rev AGGTCTGAAGGTCACCTGCT P
Vot For GAGGAGGTCATCCGACTGAAA . “os
Rev GCACTTCTCGCTCTCCAGAAT P [304]
o For CTGCGCCCCTAGCCCTGGACTC 106 205
Rev GGCGGCCCTGGCACTCACAAA P [309]
o3 For CTGCGCATAGCGGACCACAGCTTC . 205
g Rev | CTTCACAAGAAGTCTGAGAACACCAG P [306]
o For GGCCCTATAATGCCTCCAAT .
Rev CCAGGACCTGTTCCCAAGTA P
o For GATCATGTCCTTTGGCCACT .
Rev GCTCTTGGGTGAAGTTCTCG P
o For GCAGCAGAGTGCCAGTTGT 010
Rev CACCAACAGGTAGACGGAAAA P
For ACCAGAGAAAGCGCCTATCA
Geri19 | Rev CAACCTGCCTTTACCAGTTG 147 bp
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Target Gene Sequence 5’ 2> 3’ Product Reference
For CCCCTCTGCATCTTGTTCC
Gpri20 | pev GATTTCTCCTATGCGGTTGG 102 bp
For GATGTGCAAAACCCAGATGA
Ca36 Rev TCCTCGGGGTCCTGAGTTAT 122 bp
For CGGTACCTGGAAGCTAGTGG
Fabo3 | pev TATCCCCGTTCTTCTCGATG 128 bp
For ATGGGAAGATGATCGTGGAG
Fabos | pev CTGGCAGCTAACTCCTGTCC 109 bp
oot For TGCTTTGGTTTCTGGGACTT 0h
P Rev CCGAACACGAATCAGAACAG P
o] For ATTGCTGAGTTGGCGATTTC .
Rev GCTGCACCGTCTGTATGTGT P
roota For GAGTCTGAAAGGGCCAAACA 8 b
g Rev TGCATTCCTCAATTTCACCA P
Cotra For CTCAGTGGGAGCGACTCTTCA 050
P Rev GGCCTCTGTGGTACACGACAA P
e For CAATGAGGGCAACTCCCCAA .
Rev GGTCTTCATTCTGCTGTGATGT P
e For GCCTGGGGATAATGGTGACTA h
Rev TCCATGAGACTTAGCCGCTTC P
For GCCGTGATGCCCAGGGAAGACA
36b4 Rev CATCTGCTTGGAGCCCACGTTG 126 bp [90]

Table 19: Oligonucleotide primers for genotyping and Tbc1d1 isoforms

Primer Sequence 5’ 2> 3’ Annealing temperature
Tbc1d1-WT for GGACAAGCAGCTTTCTTGTTT 60 °C
Tbc1d1-WT rev TCCTGGTCCAGAAGCGAG 58 °C
Thc1d1-KO for CAACATTCTGAAGGCCTTCTG 62 °C
Tbc1d1-KO rev TCCCTGGCTACAAGCTGAGT 62 °C

FLAG for CCATGGATTACAAGGATGACG 47,3 °C

FLAG rev AGGCTTGCACTCAAAGATGC 60 °C

AS160 for AGTAGACTCAGAGTGGTCTTGG 49,7 °C
AS160 WT rev GTCTTCCGACTCCATATTTGC 47,3 °C
AS160 KO rev GCAGCGCATCGCCTTCTATC 64 °C
Thc1d1-Iso for AAGAGTCTGCCCTGTTGTCA 60 °C
Tbc1d1-Iso rev ACACCGGTTCTAAAGGGGAG 62 °C
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Table 20: Thermocycler settings to amplify the target region of Tbc71d71 cDNA for isoform
discrimination

Lid heating 105 °C B Throughout the entire cycling
Hot Start 95 °C 2:00 min -
Denaturation 95 °C 0:30 min
Annealing 60/62/65°C 0:30 min 30 x
Elongation 72 °C 1:00 min
Final elongation 72 °C 7:00 min -
4°C o0 -

Table 21: Thermocycler settings for the different genotyping PCRs

Lid heating o0 0 o0 entire cycling
Hot Start 98 °C 0:30 min | 95°C 3:00 min 95 °C 2:00 min -
Denaturation | 98 °C 0:10 min | 95°C 0:30 min 95°C 0:30 min
Annealing 65 °C 0:30 min | 57 °C 0:30 min 60 °C 0:30 min 30 x
72°C 0:05 min 72°C 1:00 min 72°C 1:00 min
72°C 7:00 min 72°C 10:00 min 72°C 5:00 min -
4°C oo 4°C o 4°C oo -

Elongation
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9.4 Additional Figures

80
5 mM Glucose |
o WT | 30 mM Glucose
=+ D1KO

=
2 60
2
X
=
o
e
5 .
- 40'
o
%)
)
(7] o
£ Z 2
3 /.;/7 O
@ 20 INoL & L
= A\

0 T T T 1

30 60 90 120
Time (min)

Figure 37: Absolute data for dynamic GSIS in isolated islets of D1KO mice. 50 islets per genotype were
perifused in a custom-made perifusion chamber with 5 mM glucose and 30 mM glucose for the designated time
points. Insulin from the eluate fractions was measured with ELISA and the values are expressed as pg insulin per
ML and islet. Data are mean values + SEM (n = 5).
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Figure 38: Absolute data for dynamic secretagogue-stimulated insulin secretion in isolated islets of D1KO

mice. 50 islets per genotype were perifused in a custom-made perifusion chamber with 5 mM glucose and to-

gether with 500 uM tolbutamide and 40 mM KCI for the designated time points. Insulin from the eluate fractions

was measured with ELISA and the values are expressed as pg insulin per pL and islet. Data are mean values *

SEM (n = 5).
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Figure 5

Figure 6

Figure 7
Figure 8

Figure 9

Figure 10
Figure 11
Figure 12

Figure 13

Figure 14
Figure 15
Figure 16
Figure 17

Figure 18

Figure 19
Figure 20
Figure 21
Figure 22
Figure 23

Schematic representation of blood glucose regulation with the mainly involved
organs and tissues

Anatomy of the pancreas and the adjacent organs in the upper abdomen
Schematic representation of the triggering pathway that leads to first phase glu-
cose-stimulated insulin secretion in pancreatic B-cells

Schematic representation of the pathway that leads to insulin-induced transloca-
tion of GLUT4 containing vesicles to the plasma membrane in skeletal muscle
cells or adipocytes

Schematic visualization of the Rab-cycle to activate or inactivate vesicle
transport

Schematic protein domain organization of human TBC1D1 and TBC1D4 with
amino acid count at the C- and N-terminal end

Visual description of the collagenase perfusion of the pancreas

Different experimental setups for static secretagogue-induced insulin secretion
of isolated islets

Glucose-stimulated insulin secretion in isolated islets of D1KO mice

Identification of Tbc1d1 isoforms in different tissues of C57BL/6J mice

Tbc1d1 and Thbc1d4 mRNA quantification in isolated islets of mice

Detection of TBC1D1 and FLAG in lysates of total pancreas from transgenic
mice

TBC1D1 and TBC1D4 expression in isolated islets of Thc1d7-deficient and
transgenic mice

Glucose-stimulated insulin secretion in isolated islets of RIP2-TG mice
Glucose-stimulated insulin secretion in isolated islets of D1/4KO mice

Dynamic glucose-stimulated insulin secretion in isolated islets of D1KO mice
Intraperitoneal glucose tolerance test in 14-16 weeks D1KO mice compared to
WT mice

Intraperitoneal glucose tolerance test in 50-52 weeks D1KO mice compared to
WT mice

Insulin content of isolated islets after glucose stimulation

Total pancreatic insulin content from D1KO mice

Pancreas sections of D1KO and WT mice stained with HE

Morphometric analysis of islets from D1KO mice

Density of insulin granules in B-cells of WT and D1KO islets with or without glu-
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cose stimulation

Figure 24 Expression of genes that confer islet cell identity and dedifferentiation

Figure 25 Expression of genes encoding different proteins that play a role in insulin exocy-
tosis

Figure 26 GLUT2 protein expression from isolated islets of D1KO mice

Figure 27 GSIS from isolated islets of D1KO mice with or without 1 uM glibenclamide

Figure 28 Insulin secretion from isolated islets of D1KO mice induced by 30 mM KCI

Figure 29 Insulin secretion from isolated islets of D1KO mice induced by 5 uM Ca?-
ionophore A23187

Figure 30 Dynamic secretagogue-stimulated insulin secretion in isolated islets of D1KO
mice

Figure 31 Expression of genes encoding the subunits of ATP-sensitive K" channel

Figure 32 GSIS from isolated islets of D1KO mice with or without 0.5 mM AICAR

Figure 33 GSIS from isolated islets of D1KO mice after three repetitive glucose stimula-
tions

Figure 34 GSIS in isolated islets of D1KO mice with acute or chronic fatty acid exposure
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Figure 37 Absolute data for dynamic GSIS in isolated islets of D1KO mice

Figure 38 Absolute data for dynamic secretagogue-stimulated insulin secretion in isolated
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All  figures were generated by myself either with graphical material

(http://www.servier.com/Powerpoint-image-bank) under a free-to-use Creative Commons
Attribution 3.0 Unported License (Figures 1, 2, 7 and 36) or with the GraphPad Prism 5 soft-

ware.
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