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Abstract

1. Abstract

Type 2 diabetes (T2D) is characterized by dysfunctional insulin secretion from pancreatic beta
cells. Ceramides are suggested to be involved in the development of T2D and might be
implicated in beta cell failure. Six individual ceramide synthases (CERS1-6) exist, which attach
fatty acids with a specific chain length to a sphingoid base backbone and thus generate distinct
ceramide species possessing different biophysical and biochemical properties. Previous
studies demonstrated that pharmacological inhibition of ceramide de novo synthesis might be
a potential therapy to treat metabolic diseases, such as obesity and T2D. However, the role of
distinct ceramide species in pancreatic beta cells has not been investigated.

In this thesis, alterations in the sphingolipidome of diabetic pancreatic islets of db/db mice were
analyzed using untargeted lipidomics. While long and very long chain ceramide species were
elevated in islets from db/db mice, more complex sphingolipids, such as sphingomyelins and
hexosylceramides showed an increase in C16:0 species, but a reduction in C24:1 species.
This demonstrates that sphingolipid species with distinct acyl chain length are differentially
regulated during the development of T2D in islets. Furthermore, the role of very long chain
C22-C24 ceramides and sphingolipids were analyzed in pancreatic beta cells in vivo and in
vitro by ablation of CerS2. Beta cell specific deletion of CerS2 and the concomitant reduction
in very long chain sphingolipids impaired glucose tolerance and insulin secretion in mice on
normal and high fat diet. Consistently, pancreatic beta cells of CerS2 knockout mice contained
less mature insulin due to impaired processing of proinsulin into insulin. Mechanistically,
ablation of CerS2 specifically reduced the number of mature insulin granules and decreased
prohormone convertase 1 (PC1, encoded by Pcsk1), the rate limiting enzyme for proinsulin
processing, while PC2 expression was unaffected. Furthermore, CERS2 deficiency did not
alter Pcsk1 mRNA expression and PC1 degradation, indicating that CERS2 is required for
efficient PC1 protein biosynthesis, maturation and/or trafficking along the secretory pathway.
This data demonstrate the importance of CERS2 and very long chain sphingolipids in
prohormone processing of pancreatic beta cells and highlight potentially unwanted

consequences of global ceramide and sphingolipid inhibition as diabetes treatment.
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2. Introduction

2.1. The pancreas and pancreatic islets

The pancreas is a crucially important metabolic organ and is involved in energy homeostasis
by secreting several digestive enzymes and hormones (Fig.1). It can be divided into three
different compartments: the head, body and tail '. In fact, its dysfunction plays a role in the
development of diabetes. The pancreas can be divided into an exocrine and an endocrine part,
both accomplishing different functions. More than 90% of the pancreas consist of exocrine
cells, which secrete digestive enzymes into the intestine. The endocrine cells make up only
1-2% of the pancreas and they are clustered in island-like structures, so called islets of
Langerhans, which are scattered throughout the whole tissue '2. In non-diabetic human
pancreata, a total islet number between 1 and 14.8 million is estimated 2-°. Human pancreatic
islets have a size of 50-500 um, are composed of 50-3,000 cells and consist of at least five
different cell types that secrete specific hormones into the bloodstream that regulate energy
homeostasis '7. Glucagon is secreted by alpha cells, insulin is secreted by beta cells,
somatostatin is secreted by delta cells, ghrelin is secreted by epsilon cells and pancreatic

polypeptide is secreted by PP cells 6.

Splenic artery

Spleen

Pancreatic islets

Bile duct (from
gall bladder)

Common bile duct

Duodenum of

— Alpha cells
small intestine

Acinar cells

secrete digestive
enzymes

Pancreatic duct Beta cells

Exocrine acinus

Figure 1: Anatomical structure of the pancreas. The pancreas is located in the upper left abdominal cavity and
is divided into an exocrine and endocrine part. Acinar cells, which are part of the exocrine system, secrete digestive
enzymes into the duodenum. The islets of Langerans are scattered throughout the whole pancreas and fulfill the
endocrine function. Pancreatic islets consist of glucagon secreting alpha cells, insulin secreting beta cells,
somatostatin secreting delta cells, ghrelin secreting epsilon cells and pancreatic polypeptide secreting PP cells.
Hormones are released into the vascular system and regulate blood glucose homeostasis. The micrograph shows
a pancreatic islet, which is embedded in the exocrine tissue. The image is adapted from Human Anatomy and
Physiology, an OpenStax College ressource 8.

The most abundant cell type in pancreatic islets are beta cells with a proportion of 50-75% in
humans and 60-80% in mice, followed by alpha cells with approximately 25-35% in humans

and 15-20% in mice °. Thus, mice exhibit a higher proportion of beta cells and lower proportion
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of alpha cells in pancreatic islets compared to humans ©. Delta cells account for approximately
10% in human and 5% in mouse islets. The residual two cell types, epsilon and PP cells,
compose only less than 1% of the islet °. Moreover, the architecture of mouse and human islets
is different. In mouse islets, beta cells are localized in the center of the islet while the other cell
types are located in the periphery. This organization is also seen in islets from young humans.
However, in adult human islets the architecture differs and alpha, beta and delta cells are
dispersed throughout the islet, which allows paracrine signaling between the different cell
types 111,

Furthermore, pancreatic islets of mice and humans are both highly vascularized, which allows
the cells to respond rapidly to an altered nutritional environment and to secrete hormones into
the circulatory system that delivers hormones to the respective target tissues °. To regulate
hormone secretion from pancreatic islets, mouse and human islets are innervated by

autonomic neurons %12,

2.2, Diabetes mellitus

Diabetes mellitus is a chronic metabolic disorder, which is characterized by elevated blood
glucose levels, called hyperglycemia, and results from insufficient or deficient secretion and/or
action of insulin 34, Worldwide, 463 million people have diabetes and the number of diabetic
people dramatically increased during the last decades ™. In 2030 the estimated number of
people with diabetes will rise up to 578 million people and may further increase up to
700 million people in 2045 ™. Therefore, diabetes has attained the status of a pandemic .
Chronic hyperglycemia is known to damage a large number of tissues and organs. Therefore,
diabetes patients have a higher risk of developing several secondary complications, such as
cardiovascular diseases, cancer, retinopathy, neuropathy and nephropathy '3 Thus,
diabetes is among the top 10 leading causes of death worldwide and 4.2 million people died
due to diabetes in 2019 '*. Besides the higher mortality rate, lower life expectancy and lower
quality of life, diabetes also represents a high economic burden for society. Recently, Bommer
and colleagues calculated the absolute global costs of diabetes for the year 2015 with an
amount of USD 1.32 trillion. Furthermore, they predicted a dramatic increase in the costs of
diabetes up to USD 2.12-2.48 trillion in the year 2030 %°.

There are two main types of diabetes mellitus. Type 1 diabetes mellitus (T1D) accounts for
5-10% of all diabetes cases, while the majority is represented with over 90% by type 2 diabetes
mellitus (T2D) 132122,

2.21. Type 1 diabetes mellitus

T1D is a polygenic disease that is caused by an autoimmune reaction leading to beta cell

destruction in the pancreas. Therefore, little amounts or no insulin are secreted from the
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pancreas, which results in hypoinsulinemia and consequently hyperglycemia 2%. Despite former
designation of T1D as juvenile diabetes, T1D can be diagnosed at any age '*. A recent study
from Thomas and colleagues indicates that 42% of newly diagnosed T1D patients are older
than 30 years of age 2. T1D patients, who are older than 30 years of age, are more difficult to
be diagnosed and might be misclassified as T2D patients 7425, Nevertheless, T1D is the
major cause of diabetes in childhood '*. The etiology of beta cell autoimmunity is still unclear,
but most likely results from a complex interplay of genetic and environmental factors 17:2"26,
Genome wide association studies (GWAS) identified more than 60 loci that are associated with
increased susceptibilty to T1D. Among those, many polymorphisms are located in the human
leukocyte antigen (HLA) region on chromosome 6 and account for approximately 50% of the
genetic predisposition '7:?7. In addition to the genetic component, several environmental factors
like diet, vitamin D, the microbiome and potentially viruses are involved in the progression of
T1D and may trigger islet specific autoimmunity 282°, Once autoimmunity is initiated, T1D
progression is variable between patients and takes between months to decades 2. At the
beginning, T1D patients are asymptomatic with normoglycemia, but two or more
autoantibodies against specific beta cell proteins are expressed and can be detected in the
circulation. These include autoantibodies against insulin (INS), glutamic acid
decarboxylase (GAD), insulinoma associated antigen-2 (IA-2), zinc transporter 8 (ZNT8) and
tetraspanin-7 (TSPAN7) 172631 As the disease progresses, immune cells, such as CD8+ and
CD4+ T-cells, CD68+ macrophages and CD20+ B-cells, infiltrate the pancreatic islets and
induce beta cell destruction and insulin deficiency 2632, Beta cell mass declines over time,
presumably non-linear in a relapsing-remitting fashion, and the ability to secrete insulin is
eventually lost, leading to glucose intolerance and hyperglycemia 263033 After the loss of
60-90% of beta cell mass 3, insulin supply is insufficient and T1D can be clinically diagnosed
by specific symptoms, such as persistant hyperglycemia, weight loss, polyuria, polydipsia and

polyphagia 2630,

2.2.2. Type 2 diabetes mellitus

T2D is a highly heterogenous polygenic disease and the most common form in over 90% of
diabetes patients +'2, It is characterized by deficient insulin secretion from the pancreatic beta
cells in combination with impaired insulin sensitivity, called insulin resistance, in several
organs, such as the liver, skeletal muscle and adipose tissue *>*3. The risk to develop T2D
increases with age and is therefore commonly diagnosed in older adults. However, due to the
rise in obesity, physical inactivity and unhealthy diets, which are the major environmental risk
factors for the development and progression of T2D, it is diagnosed with increasing frequency
in children, adolescents and young adults '*#4. In addition, T2D has a genetic component. Over

400 gene variants were identified by GWAS that are involved in the development of T2D “°,
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However, individual gene variants have only small effect sizes and cannot explain the overall
risk of T2D 15454€,

Overnutrition, and as a consequence obesity, is one of the major risk factors of T2D and is
associated with insulin resistance in the liver, skeletal muscle and adipose tissue 4. Excess
food intake results in increased triacylglycerol (TAG) storage in adipocytes, which leads to
enlargement and hypertrophy of those cells. Enlarged adipocytes were shown to be less
vascularized, resulting in hypoxia and subsequent apoptosis and cell death *°. Adipocytes start
to secrete larger amounts of monocyte chemoattractant protein 1 (MCP1), which promotes the
recruitment of macrophages and immune cells to the adipocyte. Tumor necrosis factor a
(TNFa), interleukin-1B (IL-1B) and interleukin-6 (IL-6) are released from adipocytes and
macrophages and cause a local and systemic low-grade inflammation in obesity *84°,
Furthermore, lipolysis is increased and TAG synthesis is decreased in dysfunctional
adipocytes, which results in the release of glycerol and free fatty acids (FFA, also called non-
esterified fatty acids, NEFA) into the circulatory system %8, Elevated levels of lipids in the
circulatory system, designated as hyperlipidemia, leads to the accumulation of lipids in
peripheral organs, such as the liver, pancreas, skeletal muscle and heart, which can result in
organelle dysfunction and insulin resistance in a process called lipotoxicity #7-5051,
Nevertheless, many obese people that are insulin resistant do not develop T2D. In obese mice
and humans, it was shown that in this prediabetic state, pancreatic beta cells can compensate
for the higher demand of insulin 43253, Immunohistological analyses of human pancreata
showed that the pancreatic beta cell volume of obese non-diabetic subjects is increased
compared to lean subjects %6, Beta cell expansion was also observed in rodents, fed with a
high fat diet or in genetic animal models that develop insulin resistance °-°. Furthermore,
pancreatic beta cells can adapt to such a prediabetic state by increasing insulin biosynthesis
and secretion “3°2, In rodent studies it was demonstrated that even after a short time period of
high fed diet feeding, as well as after glucose- or lipidinfusion, beta cell proliferation is induced,
which leads to an increase in beta cell mass and hyperinsulinema %2, However, when beta
cells cannot sufficiently compensate for the insulin resistance and are dysfunctional, relative
hypoinsulinemia leads to reduced systemic glucose uptake from the blood and hyperglycemia
occurs. Ongoing hyperglycemia and hyperlipidemia can lead to beta cell toxicity and failure,
which subsequently reduce functional beta cell mass 3. In T2D patients, the beta cell mass is
decreased by approximately 30-60% compared to non-diabetic subjects %453-%5, However, high
variations are observed and some studies detect no differences in beta cell mass of T2D
patients 34587 Furthermore, beta cell loss progressively increases over time after diagnosis 2.
Currently, the underlying mechanisms of beta cell failure are not completely understood and

several models have been proposed and debated that do not mutually exclude each other ©8.
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First, the reduction in beta cell mass can originate from a reduced beta cell number, which
results from an imbalance of beta cell proliferation and cell death. It was shown that even
between healthy individuals, the pancreatic beta cell mass and presumably beta cell growth is
highly variable ¢3%°, Thus individuals, who have a lower initial beta cell mass, a lower potential
for beta cell regeneration or a compromised capacity for compensation due to genetic and
environmental factors, could be more susceptible to T2D 8. Furthermore, a study from Butler
et al. showed that in human pancreata from T2D donors, apoptosis is 3-10 fold increased .
Second, it was suggested that beta cells can lose their molecular identity. A study from Talchai
and coworkers pointed out by lineage tracing experiments in mice that beta cell loss arises
from dedifferentiation of beta cells into more progenitor-like cells and alpha cells, not from beta
cell death 7°. Dedifferentiation into progenitor-like cells, alpha cells and delta-like cells was
confirmed in ex vivo islet studies from human non-diabetic and diabetic donor islets 7.
However, the group of Butler observed only a slight increase in non-hormone expressing
endocrine cells in autopsies from T2D human pancreata. Furthermore, this increase is
comparitively low in contrast to the loss in beta cell mass. Therefore, they conclude that
dedifferentiation and degranulation play only a minor role in humans, and endocrine cells with
altered cell identity may partially reflect attempted beta cell regeneration 72.

Third, several factors are thought to contribute to beta cell dysfunction, such as ER stress,
oxidative stress, DNA damage, inflammation and glucolipotoxicity ®. Chronically elevated FFA
levels in combination with increased glucose levels affect beta cell function and survival in a
process that is designated as glucolipotoxicity >74. Increased insulin biosynthesis is thought
to exceed the ER folding capacity, leading to the accumulation of unfolded and misfolded
proteins in the ER, which activates the unfolded protein response (UPR) 7°. The UPR is a
protective process that attempts to reduce ER stress and restore ER homeostasis by the
downregulation of protein synthesis, upregulation of protein degradation and refolding
processes that remove misfolded proteins. However, when those mechanisms fail and ER
stress remains, apoptosis is induced %77 In T2D patients, ER stress was shown to be present
in pancreatic islets by increased expression of ER stress markers on mRNA and protein
level 7879, Existing ER stress in pancreatic beta cells of T2D patients is associated with an
expanded ER 8. Moreover, insulin biosynthesis and glucose stimulated insulin secretion are
impaired in the presence of ER stress 7578881 |n addition, overnutrition promotes the
generation of reactive oxygen species (ROS) including radical superoxide (O2), hydrogen
peroxide (H202) and hydroxyl radical (OH") in the electron transport chain of mitochondria 8283,
Furthermore, cytokines trigger the synthesis of nitric oxide (NO) by inducing the expression of
inducible nitric oxide synthase (iNOS) #. Pancreatic beta cells have a low antioxidative

capacity, which makes them more susceptible to oxidative stress %884, Elevated levels of ROS
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can damage nucleotides, proteins as well as lipids and mitochondria, leading to beta cell
dysfunction 6885,

Taken together, T2D is a very heterogeneous disease that is characterized by hyperglycemia
due to insulin resistance and beta cell dysfunction presumably leading to a progressive loss of
beta cell mass. However, the manifestation of diabetes in individual patients can have distinct
reasons, such as insulin resistance, beta cell apoptosis, dysfunctional insulin secretion or

impaired insulin biosynthesis.

2.2.3. Other forms

In addition to T1D and T2D other forms of diabetes mellitus exist, such as gestational diabetes
mellitus (GDM) and maturity-onset diabetes of the young (MODY). GDM appears during
pregnancy and can lead to short- and long-term health risks for the mother, the developing
fetus and the offspring during later life 88, MODY is a set of rare monogenetic forms of
diabetes mellitus, and results from single mutations in genes that are often involved in beta
cell function or development, such as the transcription factors hepatocyte nuclear
factor-1-alpha (HNF1A), -4-alpha (HNF4A), -1-beta (HNF1B), glucokinase (GCK), insulin (INS)

and pancreatic and duodenal homeobox 1 (PDX1) 388,

2.2.4. Diabetes medication

Until today, none of the available medication is able to cure diabetes or prevent, reverse or
stop the progression of diabetes over a longer timeframe 42389 Although some T1D patients
secrete low amounts of insulin, it is insufficient to maintain blood glucose levels %%, Therefore,
T1D patients require lifelong insulin injections 2'. Recent studies showed that in some cases
T2D can be reversed by bariatric surgery, low calorie diets and carbohydrate restriction *°. T2D
can be prevented and improved by lifestyle modifications, such as exercise and diets °'-,
However, when changes in lifestyle are not sufficient to maintain blood glucose homeostasis,
additional drug therapy is necessary 8. Several medications are on the market, which are
divided into distinct groups, depending on their metabolic action. Insulin secretagogues, like
sulfonylurea, incretin mimetics, glucagon-like peptide 1 (GLP-1) receptor agonists, dipeptidyl
peptidase-4 (DPP-4) inhibitors and meglitinides can increase insulin secretion from the
pancreatic beta cells %, Biguanides (e.g. metformin) and thiazolidinediones belong to the
class of insulin sensitizers and increase insulin sensitivity in peripheral tissues °2%. Finally,
glucourics, like sodium-glucose cotransporter 2 (SGLT2) inhibitors, and alpha glucosidase
inhibitors reduce blood glucose levels by decreasing reabsorption of glucose in the renal
system or lowering the digestion rate in the intestine °. Nevertheless, those medications
may only delay the progression of diabetes, are not efficient in all patients, lose their efficacy

over time and can induce adverse effects '#%°7. Therefore, many T2D patients become
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dependent on insulin therapy over time 89989 Recently, two research groups defined five
different subgroups of diabetes, namely severe autoimmune diabetes (SAID), severe insulin-
deficient diabetes (SIDD), severe insulin-resistant diabetes (SIRD), mild obesity-related
diabetes (MOD) and mild age-related diabetes (MARD) %11 Consequently, different
subtypes of diabetes require distinct medications, which are specially taillored to their needs.
Furthermore, new therapeutic drugs need to be discovered that prevent or reverse diabetes

progression and protect from pancreatic beta cell loss as well as cardiovascular diseases.

2.3. Glucose metabolism

The maintenance of blood glucose levels within a range of 3.3-5.5 mM is important to ensure
normal body functions '°2. Chronically decreased glucose concentrations (hypoglycemia) as
well as elevated plasma glucose concentrations (hyperglycemia) are correlated to several
acute or long-term complications 6193-1%%_Therefore, blood glucose is tightly regulated by the
two hormones glucagon and insulin that have opposing effects. The catabolic hormone
glucagon is secreted from alpha cells at low glucose concentrations, leading to glucose
production in the liver by glycogenolysis and gluconeogenesis, which results in an increase of
blood glucose levels %107 |n contrast, the anabolic hormone insulin is secreted from
pancreatic beta cells when blood glucose levels are high. Insulin promotes glucose uptake into
the skeletal muscle as well as adipose tissue by translocation of glucose transporter 4 (GLUT4)
to the plasma membrane '%. Moreover insulin promotes glycogenesis and impairs
gluconeogenesis in the liver '°°. These processes result in subsequent decrease of glucose
concentration in the blood 1%, Furthermore insulin affects lipid metabolism by increasing
lipogenesis through the promotion of FFA uptake from the plasma into the liver and adipose

tissue and stimulation of triglyceride synthesis and storage *'°.

24. Insulin biosynthesis, maturation and trafficking

Insulin is a peptide hormone and acts as an important messenger molecule to regulate glucose
homeostasis and metabolism *'"'. Many processes like translation, translocation, folding,
trafficking, maturation and secretion are involved in the regulated release of insulin and
dysfunction of any of these actions can lead to improper insulin secretion and development of
diabetes 127114,

Insulin synthesis starts with the translation of the large, inactive precursor peptide preproinsulin
at the rough endoplasmic reticulum that is subsequently translocated into the ER '211°,
Preproinsulin directly undergoes signal peptide cleavage, followed by folding and disulfide
bond formation to form proinsulin in the ER ''2. Proinsulin is then transported in vesicles to the
Golgi apparatus and translocates from cis- to trans-Golgi, where secretory granules are formed

possibly by self-organization of membrane lipids '8 |n this model, proteins aggregate
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through a mildly acidic and calcium-enriched environment leading to the interaction of
aggregated proteins with cholesterol at the membrane 4. This interaction causes
reorganization of cholesterol-rich microdomains and therefore budding of secretory granules
into the regulated secretory pathway 4. Proinsulin is packed together with other prohormones,
proteins and molecules like amylin (IAPP), GABA, chromogranin A (CGA),
chromogranin B (CGB), prohormone convertase 1 (PC1), prohormone convertase 2 (PC2) and
carboxypeptidase E (CPE), into secretory granules '"8. Proinsulin maturation takes place in the
immature granule '". For this, granule milieu gets acidified by ATP-driven proton pumps
leading to the conversion of proinsulin into insulin and C-peptide by combined action of PC1,
PC2 and CPE (see Fig.2), which have an acidic pH optimum ', While PC2 preferentially
cleaves proinsulin at the C-A junction, PC1 prefers processing of the B-C junction ''°-'2', Due
to a higher pH optimum and more rapidly enzymatic action of PC1, it is thought that first PC1
cleaves the B-C junction of proinsulin at the C-term of Arg31-Arg32 and subsequent PC2
cleaves the C-A junction of proinsulin at the C-term of Lys64-Arg65 19120122 CPE removes
C-terminal Arg or respectively Lys residues from intermediate processed proinsulin and

generates insulin and C-peptide 4123124,
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Figure 2: Conversion of human proinsulin into insulin and C-peptide. Shown is the human proinsulin protein
sequence with one letter abbreviations and disulfide-bonds. Proinsulin is a single polypeptide precursor of insulin
consisting of A- and B-chain (grey) and C-peptide (yellow). Red arrowheads point to cleavage sites of the different
enzymes, which are necessary for the conversion into insulin and C-peptide. Proinsulin cleavage takes place in
acidified secretory granules by sequential cleavage of PC1, PC2 and CPE. PC1 preferentially cleaves C-terminally
of Arg31-Arg32 of the B-C junction, while PC2 is able to cleave C-terminally of Lys64-Arg65 in the A-C junction of
proinsulin. After proteolytic cleavage of PC1 or PC2, CPE removes residual basic amino acids at the C-terminus of
C-peptide or respectively B-chain leading to the generation of the two intermediates DES-64,65 or DES-31,32
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proinsulin. After another round of proteolytic cleavage via PC1 or respectively PC2 and subsequent trimming of
residual amino acids by CPE, mature insulin and C-peptide is generated. The pathway on the right site is thought
to be more prominent, indicated by bold type arrows. PC1= prohormone convertase 1, PC2= prohormone
convertase 2, CPE= carboxypeptidase E.

However, a very recent study questioned this view of proinsulin processing. Ramzy and
colleagues reported that PC2 cannot be detected in non-diabetic human pancreatic beta cells
by immunofluorescence, suggesting that only PC1 processes proinsulin in humans.
Furthermore, due to elevated levels of PC2 in pancreatic beta cells of T2D donors they
proposed that mislocalized PC2 expression may contribute to impaired proinsulin
processing '%°.

Insulin is further crystallized by condensation of six insulin molecules joined with one calcium
and two zinc ions and stored in granules until metabolic stimulation and subsequent fusion
with the plasma membrane ''®. The most important stimulus for insulin secretion in the beta
cell is glucose, but other nutrients like amino acids and fatty acids are able to induce insulin

secretion as well 115126,

2.5. Insulin secretion

Secretion of insulin from pancreatic beta cells is highly stimulated by elevated blood glucose
levels (Fig.3). Circulating glucose is taken up from the beta cells by glucose
transporters (GLUT), which are highly expressed on the plasma membrane. GLUT2 is
encoded by the gene Sic2a2, which is the predominant glucose transporter in pancreatic beta
cells in rodents. However, human pancreatic beta cells express higher levels of GLUT1 and
GLUT3 (encoded by Sic2a? and Sic2a3) in comparison to GLUT2 1?7129 After glucose uptake
into the beta cell, glucose is metabolized via glycolysis in the cytoplasm leading to the
generation of pyruvate and adenosine triphosphate (ATP). Pyruvate enters the mitochondrion
and passes through the tricarboxylic acid (TCA) cycle. NADH and FADH.generated in the TCA
cycle are subsequently oxidized and enable ATP production in the respiratory chain '*°. The
increased ATP/ADP ratio drives the closure of ATP-sensitive K* channels (Kare channels) and
leads to a depolarization of the plasma membrane '3'-'33 This leads to opening of voltage
dependent Ca?* channels (VDCCs) followed by an increase in intracellular calcium levels.
Finally calcium triggers the fusion of granules with the plasma membrane and insulin is
released into the circulatory system ”. In addition to insulin, other hormones and molecules,
which are present in secretory granules, like C-peptide, IAPP, ATP, Zn?**, GABA, CGA derived
peptides (e.g. betagranin and pancreastatin) and insulin-like growth factor 2 (IGF2) are

secreted and affect energy metabolism and glucose homeostasis as well '8,
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Figure 3: Model for glucose stimulated insulin secretion in pancreatic beta cells. Extracellular glucose is
transported into the pancreatic beta cell by glucose transporters (GLUT) and subsequent metabolized to pyruvate
(Pyr) via glycolysis in the cytoplasm. Pyruvate enters the tricarboxic acid (TCA) cycle where NADH and FADHz, is
generated, which is required for ATP production in the respiratory chain (Resp. chain). Increased ATP/ADP ratios
lead to closure of ATP sensitive Katp channels. Intracellular accumulation of K* ions causes a depolarization of the
plasma membrane and opens voltage dependent calcium channels (VDCCs). Calcium influx into the beta cell
stimulates the fusion of insulin granules with the plasma membrane and secretion of insulin into the circulatory
system. The illustration is modified from Rutter et al., 2015 7.

Insulin secretion occurs in a biphasic manner that originates from the secretion of granules
from distinct intracellular pools. The majority of granules (>95%) belongs to the reserve pool,
while the rest of granules (<5%) belong to the readily releasable pool (RRP), which are docked
to the plasma membrane 4134 The transient first phase starts during the first 3-10 minutes
after glucose stimulation and releases the majority of insulin vesicles from the RRP. The
second phase is slower, but lasts for a longer period of time, which peaks around 1-3 hours
and originates from the recruitment of insulin granules of the reserve pool independent of
extracellular glucose levels ''°. For the recruitment of granules from the reserve pool to the
plasma membrane, also referred as mobilization or priming, granules must undergo several
preparatory reactions that are ATP-, Ca?*-, time- and temperature-dependent 3°. A reduction
in first phase insulin secretion can be observed in prediabetic patients and is an early sign for
the development of T2D 29136137 |n T2D patients, the first phase of insulin secretion is almost

absent, while the second phase of insulin secretion is reduced 3813,

2.6. Sphingolipids and sphingolipid metabolism

Sphingolipids are alongside of glycerolipids and sterols one of the major class of lipids and
comprise more than 4,000 distinct species 4°-'42, They are integral components of cell
membranes and influence not only structural properties of membranes but can also act as

signaling molecules, so called bioactive lipids '4!143144_ Previous studies have shown that
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sphingolipids are involved in several cellular processes, like differentiation, apoptosis, growth,
inflammation, senescence, migration, adhesion and stress response 4. All sphingolipids
share structural similarities and are composed of a sphingoid base backbone, mostly
dihydrosphingosine (d18:0), also known as sphinganine, or sphingosine (d18:1), to which a
fatty acid chain with varying length between 14 and 36 carbon atoms (C14-C36) and different
head groups can be attached (Fig.4). The assembly of different building blocks leads to a huge
diversity in sphingolipids, which can differentially modulate biophysical and biochemical
properties of membranes, such as curvature, thickness, charge and fluidity and thereby

influence crucial biological functions '42145-147,
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Figure 4: Molecular structures of the most common sphingoid bases and distinct sphingolipids. The
sphingoid bases dihydrosphingosine (sphinganine) and sphingosine are the most common used backbones for the
generation of dihydroceramides or ceramides by the distinct ceramide synthases. Deoxyceramides are synthesized
by using a different backbone, which originates from condensation of L-alanine with palmitoyl-CoA, instead of serine
in the de novo pathway. Ceramides serve as central metabolites for the generation of complex sphingolipids. For
the generation of sphingomyelin, phosphocholine is attached as headgroup to ceramide. Glycosphingolipids are
formed by addition of mono- or oligosaccharides to the ceramide backbone. Shown here are the simplest
glycosphingolipids, glucosylceramide and galactosylceramide, which are designated as hexosylceramides in this
thesis. Glucosylceramides have glucose as headgroup, while galactosylceramides have galactose as headgroup.
Attachment of additional mono- or oligosaccharides lead to the generation of very complex and diverse
glycosphingolipids, such as ganglioside, globosides and cerebrosides. All sphingolipids shown here have
incorporated the C16:0 acyl chain, but due to different ceramide synthases, the fatty acid chain length can differ
from C14 to C36. In addition to distinct fatty acid chain lengths, sphingolipids can also differ in their saturation
depending on the sphingoid base they use as backbone and the fatty acid they attach. This leads to a huge variety
of sphingolipids in the cell. The number in brackets describes the composition of the sphingolipid. m= mono and
d=di represent the number of —OH groups in the sphingoid backbone, first number denote which sphingoid base is
present and second number display which fatty acid is attached to the sphingoid base backbone.

Ceramides serve as a precursor for more complex sphingolipids and therefore play a central
role in the sphingolipid metabolism (Fig.5). They are generated by three different processes in

the cell. First, ceramides can be generated by de novo synthesis, where new ceramides are
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formed from breakdown products of dietary sources in the ER. Second, ceramides can be
generated by hydrolysis of sphingomyelin at the plasma membrane. Third, ceramides can be
generated by the salvage pathway, in which ceramide is synthesized from sphingosine in the
ER after the breakdown of more complex sphingolipids in the endolysosomal pathway '48-1%,
Ceramide de novo synthesis classically starts with the condensation of palmitoyl-CoA, which
originates from the saturated fatty acid palmitate, and the amino acid L-serine to 3-keto-
dihydrosphingosine (3-KdhSph). This rate limiting reaction is performed by the enzyme serine
palmitoyltransferase (SPT). 3-keto-dihydrosphingosine is directly reduced to the sphingoid
base dihydrosphingosine (DhSph), also known as sphinganine, by 3-keto-dihydrosphingosine
reductase (KDSR). In the next step, dihydrosphingosine gets N-acylated with a second fatty
acid by ceramide synthase (CERS) 1-6 and forms dihydroceramide (DhCer). Importantly,
CERS1-6 have high preferences for the fatty acid chain length they use in this reaction and
thus generate, depending on the catalyzing CERS isoform, dihydroceramides with defined acyl
chain lengths ''7%2 Subsequent trans-double bond formation at position 4-5 by
dihydroceramide desaturase 1 (DES1) converts dihydroceramide into bioactive ceramide.
Ceramide can be metabolized into more complex sphingolipids. In the ER, ceramide can be
converted to galactosylceramide (GalCer) through addition of galactose by the enzyme
ceramide galactosyltransferase (CGT), followed by vesicular transport of galactosylceramide
to the Golgi '®3. Furthermore, ceramide is transported from the ER to the Golgi by either
vesicular trafficking or ceramide transfer protein (CERT). Transport of ceramide by CERT is
ATP-dependent and efficiently transports ceramide species with an acyl chain length of
C14-C20, but not longer acyl chains '°*1%°, Furthermore, CERT mainly delivers ceramides to
the Golgi for sphingomyelin (SM) synthesis, while vesicular transport delivers ceramides to the
Golgi for the generation of glucosylceramides (GluCer) '*3. Recently, a potential third, non-
vesicular mechanism to transport ceramide from ER to Golgi was identified in yeast. Liu and
coworkers demonstrated that the protein NVJ2p promotes the formation of ER-Golgi contact
sites after ER stress induction and may directly transfer ceramides to the Golgi '°.
Sphingomyelins are the most abundant complex sphingolipids in human cells and are
generated by the addition of a phosphocholine headgroup to ceramide via sphingomyelin
synthase (SMS) '’. For the generation of glucosylceramides, glucose is attached to ceramide
by glucosylceramide synthase (GCS). Following this, four-phosphate adaptor protein 2
(FAPP2) transports glucosylceramides to the trans-Golgi '%8. There, glucosylceramides and
galactosylceramides are converted into more complex glycosphingolipids, like lactosides,
gangliosides, globosides and cerebrosides through addition of further mono- or
oligosaccharides '°%'%°, One of those glycosphingolipids is sulfatide, which is generated by
sulfation of galactosylceramide via cerebroside sulfotransferase (CST) '57:1%". Most of ceramide

is metabolized into sphingomyelin and glucosylceramide in the Golgi, but a part of the ceramide
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pool can be additionally converted into ceramide-1-phosphate (C1P) by phosphorylation via
ceramide kinase (CERK) at the trans-Golgi '°"°8, Ceramide-1-phosphate, sphingomyelin and
glycosphingolipids are transported to the plasma membrane, whereas ceramide-1-phosphate
is transported by ceramide-1-phosphate transfer protein (CPTP) and the latter two
sphingolipids by vesicular trafficking 412, The breakdown of sphingomyelin is catalyzed by
sphingomyelinase (SMase), which leads to the generation of ceramide and free
phosphorylcholine 3. Dependent on their pH optimum sphingomyelinases can be classified
into acid SMase (aSMase), neutral SMase (nSMase) and alkaline SMase (alkSMase) and are
differentially localized in the cell. aSMase is mainly present in the endolysosomes, but can also
relocate to the outer leaflet of the plasma membrane, while nSMase is located to the inner
leaflet of the plasma membrane '*3. alkSMase is specifically expressed in human intestine and
liver "%, Ceramidases (CDase) are able to cleave the fatty acid from ceramide and generate
sphingosine. Five different ceramidases exist, which are divided by their pH optimum into acid
CDase (aCDase), neutral CDase (nCDase) and alkaline CDase (alkCDase or ACER), whereas
the latter class consist of three different enzymes (ACER1-3) '3, While nCDase is localized at
the plasma membrane, aCDase is localized to the lysosome and ACER1-3 are localized to the
ER and/or Golgi '%. Sphingosine can either be recycled in the salvage pathway to ceramide in
the ER, or phosphorylated by sphingosine kinase (SK) 1 or 2 to form sphingosine-1-phosphate
(S1P) 143164165 S1P js an important bioactive lipid that can either be secreted and act in an
autocrine/paracrine manner by binding to sphingosine-1-phosphate receptors (S1PR) at the
plasma membrane or function intracellularly as second messenger '%. S1P levels in most
tissues are low and are tightly regulated not only through its generation via sphingosine
kinases, but also through its degradation via sphingosine-1-phosphate lyase (S1P lyase) and
sphingosine-1-phosphate phosphatases (S1PP) or other phosphatases '%. Dephosphorylation
of S1P leads to the generation of sphingosine, which can reenter ceramide and sphingolipid
biosynthesis in the ER. Ultimately, S1P can be irreversibly cleaved into hexadecanal and
phosphoethanolamine by the enzyme S1P lyase, which is located at the ER membrane with
its catalytic site in the cytosol %167, This reaction is the final step of sphingolipid degradation
and the only known route to leave the sphingolipid metabolism %7164  Hexadecanal is
converted to palmitoyl-CoA after several steps and can be reused for ceramide de novo

synthesis or for the synthesis of glycerolipids 144168169,
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Figure 5: Schematic overview of the sphingolipid metabolism. Sphingolipid synthesis starts with the de novo
synthesis of ceramides in the ER by the condensation of palmitoyl-CoA and serine. Ceramides are the central
backbone for the generation of complex sphingolipids. They are transported either by vesicular trafficking or by
CERT to the Golgi, where more complex sphingolipids are synthesized. Glucosylsphingolipids and sphingomyelins
are transported to the plasma membrane. The breakdown of complex sphingolipids takes place in the lysosomes
and ceramides can be regenerated by the salvage pathway. Sphingolipids can exit the sphingolipid pathway only
by the irreversible breakdown of sphingosine-1-phosphate to hexadecanal and phosphoethanolamine via the
enzyme sphingosine-1-phosphate lyase. A more detailed description is written in the text. ER: endoplasmic
reticulum, SPT: serine palmitoyltransferase, 3-KdhSph: 3-keto-dihydrosphingosine, KDSR: 3-keto-
dihydrosphingosine reductase, DhSph: dihydrosphingosine (sphinganine), CERS: ceramide synthase,
DhCer: dihydroceramide, DES1: dihydroceramide desaturase 1, Cer: ceramide, CGT: ceramide
galactosyltransferase, GalCer: galactosylceramide, CERT: ceramide transfer protein, GCS: glucosylceramide
synthase, GluCer: glucosylceramide, CST: cerebroside sulfotransferase, SMS: sphingomyelin synthase,
CERK: ceramide kinase, C1P: ceramide-1-phosphate, GSL: glycosphingolipids, SM: sphingomyelin, aSMase: acid
sphingomyelinase, nSMase: neutral sphingomyelinase, nCDase: neutral ceramidase, aCDase: acid ceramidase,
GCase: glucocerebrosidase; Sph: sphingosine, SK: sphingosine kinase, GCase: glucocerebrosidase,
S1PP: sphingosine-1-phosphate phosphatase, S1P lyase: sphingosine-1-phosphate lyase. The schematic
overview is based on several publications 43.153.168,170,171
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2.7. Properties of ceramide synthases

Ceramides are the central metabolite in the sphingolipid metabolism and are generated in
mammals by a family consisting of six enzymes, CERS1-6, previously known as longevity
assurance (LASS) 1-6. CerS are differentially expressed in various tissues. For example,
CerS3 is mainly expressed in the skin and the testis, while CerS2 is almost ubiquitously
expressed '°"'72. CERS1-6 primarily reside in the ER as transmembrane proteins and are
suggested to have 5-6 transmembrane domains, whereas the catalytic site presumably faces
the ER lumen ™0171.173.174 " |n addition, several studies demonstrated CERS activity or
localization in the mitochondria, the Golgi and the nuclear envelope '8, However,
mitochondrial localization of CERS is still unclear, due to insufficient purity after subcellular
fragmentation '®'. All CERS possess a C-terminal domain, a Tram/Lag/CLN8 (TLC) domain, a
N-terminal domain and a Hox domain, whereby the latter is missing in CERS1, which is more
distantly related to the other CERS proteins '°"17".18_ CERS1-6 perform the same reaction and
N-acylate (dihydro-) sphingosine with a fatty acid to generate (dihydro-) ceramide, but each
CERS has high specificity towards distinct fatty acids with a certain chain length (see Fig.6).
The fatty acid moiety of ceramide can vary between 14 and 36 carbon atoms (C14-C36), but
long (C16-C20) and very long (C22-C24) ceramides are the most abundant ceramide species
in mammals 7184 Ultra long ceramides with a chain length 226 are only present in a few
tissues, like epidermal keratinocytes in the skin or male germ cells in the testis 4185, Based
on studies using knockout animals, CERS1 primarily attaches fatty acyl-CoAs with a chain
length of C18 18187 CERS2 attaches longer fatty acyl-CoAs with a chain length of C22-24 188~
191 CERS3 uses acyl-CoAs 226 2, CERS4 adds C18-20 acyl-CoAs to the sphingoid
backbone '®® and CERS5 and CERS6 preferentially uses acyl-CoAs with a chain length of
C16 94197 Overexpression and knockdown experiments of CerS in cell lines partially show
additional specificities towards the acyl chain length of CERS. Due to tissue specific expression
of CERS and attachment of different fatty acid chain lengths to the sphingoid base backbone,
CERS proteins are not redundant. This leads to a complex tissue-specific distribution pattern

of ceramides, followed by a large heterogeneity of sphingolipids 9.
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Figure 6: Ceramide synthases generate ceramides with variable acyl chain length. Ceramides consist of a
sphingoid backbone (blue) and a second fatty acid (red). All ceramide synthases (CERS), CERS1-6, carry out the
same reaction and N-acylate a fatty acid to a sphingoid base, but they possess high specificity towards the acyl
chain length they are using in this reaction. In this way, ceramides with different chain length are generated that
obtain different biophysical and biochemical properties. CERS5 and CERS6 generate long chain C16 ceramides,
while CERS2 generates very long chain ceramides with a fatty acid chain length of C22-C24. The image displays
the most abundant ceramide species (C16-C24) in mammals and respective CERS enzymes that are responsible
for their generation.

Ceramides are a family of at least 50 closely related molecular species that are highly
hydrophobic and can differ in their acyl chain length, hydroxylation and saturation state 2.
Therefore, distinct ceramides possess different biochemical and biophysical properties that
affect membrane packing, shape, size and thickness and thus influence biological functions,
like vesicle formation, protein interactions and signaling processes 4. Furthermore, ceramides
are located in distinct cellular compartments, such as the ER, Golgi, plasma membrane,

mitochondria, nuclei and lysosomes, where they may fulfill different biological functions 43198,

2.8. Sphingolipids in metabolic diseases

Sphingolipid metabolism in the cell is very complex and is tightly regulated due to the
implication in many cellular processes. Dysregulation of sphingolipid biosynthesis and
degradation is involved in several pathologies and diseases, such as sphingolipidosis, cancer,
Alzheimer’s disease, atherosclerosis, cystic fibrosis, and diabetes 4416819 Usually, ceramide
levels in the cell are very low and an imbalance can have deleterious effects on cell properties.
Increased plasma and tissue ceramide concentration are associated with several metabolic
disorders such as diabetes, obesity, fatty liver disease and insulin resistance '*4. Overnutrition
and obesity result in elevated circulating levels of lipids (hyperlipidemia), including TAG, DAG,
ceramide and FFA, as well as amino acids 2. The excess of FFA and amino acids provide
new substrates for sphingolipid biosynthesis and promote de novo synthesis of ceramides by
upregulating the expression of SPT and DES1 20293 Furthermore, obesity and insulin

resistance are associated with chronic low grade inflammation, which triggers ceramide
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biosynthesis and accumulation in skeletal muscle, liver and hypothalamus in human and
rodents 141200204-206 - Mechanistically, a number of in vitro studies demonstrated that the
cytokines TNFa and IL-1B upregulate SMase activity, which leads to increased sphingomyelin
hydrolysis and ceramide synthesis 2°/-2"'. Furthermore, hyperinsulinemia and TNFa increase
SPT activity, resulting in enhanced de novo synthesis and subsequent ceramide
generation 2':212. Other stress stimuli, like oxidative stress, growth factors, heat shock or
chemotherapeutic reagents are able to increase ceramide synthesis as well 2'*2'4, |n addition,
the adipokine adiponectin was shown to increase CDase activity, which hydrolyzes ceramide
into sphingosine and a fatty acid 2'°. Adiponectin receptors are suggested to possess intrinsic
basal CDase activity that is augmented after binding to adiponectin 2'®. Plasma levels of
adiponectin are reduced in obese and T2D patients potentially leading to increased ceramide
levels 2'7. Elevated ceramide levels impair insulin signaling in the liver, skeletal muscle and
adipocytes by inhibiting protein kinase B (AKT), as well as insulin receptor
substrate 1 (IRS1) 149.150.218219 Seyeral studies have shown that a reduction in ceramide levels
by pharmacolgical inhibition of SPT using myriocin and L-cycloserine in vivo and in vitro
improves insulin signaling, insulin sensitivity and glucose homeostasis in the context of high
fat diet, palmitate treatment or obesity 203219-227 Moreover, genetic approaches that inhibit
ceramide de novo synthesis, like heterozygous ablation of Sptic2, one of the subunits from the
SPT complex, or heterozygous as well as inducible ablation of Degs?1 (coding for DES1), result
in an improved glucose homeostasis and insulin resistance in different organs 226-22°, Although
those studies showed an advance in glucose homeostasis and insulin sensitivity after
ceramide depletion, global inhibition of sphingolipid metabolism potentially leads to adverse
side effects due to their contribution in many cellular signaling pathways 9¢1%7:227_'Homozygous
knockout of one of the two SPT subunits, Sptlc1 or Sptic2, leads to embryonic lethality 228230231,
In addition, homozygous DES1 deficiency is partially embryonic lethal and surviving animals
display growth retardation and die within 8-10 weeks after birth 227,

Importantly, several studies have demonstrated by knockout of CerS that specific ceramide
species with defined acylchain length differentially influence cellular functions in various
tissues 186.189.192194196.232  Egpecially long chain C16:0 fatty acids are associated with an
increased diabetes risk, while longer C20:0, C22:0 and C24:0 fatty acids are linked to a lower
diabetes risk 223235, Preventing the synthesis of detrimental ceramide species or modulating
beneficial species could be a new therapeutic approach to treat diabetes. CERS, which are
characterized by their specificity to use defined fatty acyl chains, represent a potential
target 2%¢. C16:0 ceramides are generated by CERS5 and CERS6, while CERS2 synthesizes
C22-C24 ceramide species 19 Previous studies could demonstrate that the reduction of
C16:0 ceramides in the liver or adipose tissue by ablation or inhibition of CerS6 in vivo protect

animals from high fat diet induced obesity, glucose intolerance and improves insulin
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sensitivity 196197236 Conversely, it could be shown that an increase in C16:0 ceramide levels,
generated by overexpression of CERS6 in primary mouse hepatocytes, is able to inhibit insulin
signaling #*’. However, controversial data were published concerning the ablation of CerS5,
which generates C16:0 ceramides as well. Gosejacob and collegues reported that CerS5
knockout mice displayed improved glucose tolerance and insulin sensitivity and are protected
from high fat diet-induced obesity '*°. In contrast to that, Hammerschmidt and colleagues
showed that CerS5 ablation in mice does not protect from diet induced obesity, hepatic lipid
accumulation, insulin resistance and glucose intolerance, demonstrating a specific impact of
CERS6 derived sphingolipids "%,

The loss of very long chain ceramides by heterozygous or homozygous knockout of CerS2 in
mice is accompanied with a compensatory increase in C16:0 ceramides and promotes diet
induced hepatosteatosis, insulin resistance and glucose intolerance 88:189.191.237.238
Furthermore, CerS2 null mice develop myelin sheath defects and cerebellar degeneration '8
In addition to ceramides, other sphingolipid species, such as sphingomyelins and
glycosphingolipids are involved in insulin resistance. Elevation of sphingomyelins at the
plasma membrane by overexpression of SMS2 are proposed to promote FFA uptake in the
liver, leading to hepatosteatosis, while decreased sphingomyelins at the plasma membrane by
the knockout of sphingomyelin synthase 2 (Sgms2) protects from high fat diet induced obesity,
insulin resistance and fatty liver 228239240 |n contrast to this, decreased sphingomyelin levels
by ablation of sphingomyelin synthase 1 (Sgms17) in mice, which is located in the Golgi, result
in impaired glucose homeostasis and hyperglycemia, originating from decreased insulin
secretion from pancreatic beta cells ?*'. The expression of the ganglioside GM3 is increased
after TNFa stimulation suppressing insulin signaling in adipocytes 242. Knockout of ganglioside
GM3 synthase (St3gal5) in mice protects from high fat diet induced obesity 23

In contrast to ceramide, S1P and C1P are considered as pro-survival and anti-apoptotic
sphingolipids 2*. It is proposed that the balance of relative amounts of prosurvival S1P and
proapoptotic ceramide signals act as a rheostat that determines cellular response and
outcome 245,

Those findings indicate that several sphingolipid species, as well as the fatty acid chain length
affect glucose homeostasis and demonstrate the importance of proper regulation of

sphingolipid metabolism.

2.9. Sphingolipids in pancreatic beta cells

Lipids and sphingolipids also play an important role in pancreatic beta cell function. At
physiological concentrations, FFA serves as an important nutrient that can stimulate insulin
secretion in response to glucose 2. However, in obesity, circulating fatty acids are elevated,

the fat mass of the pancreas is potentially increased and lipid droplets in beta cells accumulate,
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leading to the assumption that pancreatic beta cells are constantly exposed to high fatty acid
concentrations 24’-2%3, Nevertheless, a recent study from Nowotny and colleagues could not
detect a correlation of beta cell function and pancreatic fat content 2.

Chronically elevated FFA levels serve as fuel for the generation of sphingolipids, such as
ceramide and are thus implicated in the induction of beta cell dysfunction and apoptosis by the
induction of ER stress and ROS production 7425258 |mportantly, lipotoxicity is dependent on
the chain length, as well as the saturation state of the FFA. In vitro studies with beta cell lines,
as well as ex vivo studies with rodent and human islets report that exposure to the saturated
fatty acid palmitate (palmitic acid, C16:0) or soluble ceramide analogues result in increased
apoptosis and reduced proliferation, while exposure to unsaturated longer fatty acids, such as
oleate (oleic acid, C18:1) is partially protective 25°-264, However, only few studies exist that have
analyzed specific alterations of sphingolipid species by manipulating CerS in pancreatic islets.
Overexpression of CERS4 was shown to increase the generation of C18:0, C22:0 and C24:1
ceramide, which augments glucolipotoxicity-induced beta cell apoptosis in INS1E cells 25
Conversely, knockdown of CerS4 inhibited apoptosis in INS1E cells 25, Ceramide induced
apoptosis is associated with mitochondrial dysfunction and increased ROS production,
ultimately leading to mitochondrial membrane permeabilization, cytochrome c release and
apoptosis *. The mechanism how mitochondrial membrane integrity is diminished was
extensively debated and controversely discussed. Goii and coworkers proposed that
increased ceramide levels lead to changes in the membrane curvature resulting in membrane
destabilization and increased permeabilization 2%, while Collombini and coworkers proposed
that ceramides form channels with a size of 5-40 nm in the mitochondrial outer membrane
(MOM) during early apoptotic events resulting in the release of cytochrome c, ions and other
proteins 2%7. Inhibtion of ceramide de novo synthesis by inhibiting SPT using myriocin or L-
cycloserine or inhibiting CERS via fumonisin B1 can partially prevent beta cell apoptosis after
lipotoxic stress in vitro in beta cell lines and in rodent and human islets ex vivo 2%6:259:262.265,268
In addition, application of L-cycloserine to prediabetic fa/fa Zucker Diabetic Fatty rats partially
protects islets from apoptosis 2%°.

Furthermore, palmitate or ceramide were shown to reduce insulin biosynthesis ex vivo in
rodent islets by impairing insulin gene expression and decreasing insulin content 2272 |n
addition, lipotoxicity induced by palmitate or ceramide impairs glucose stimulated insulin
secretion in human and MING cells 2°°262_ |nhibition of ceramide de novo synthesis in beta cell
lines, as well as human and rodent islets was sufficient to normalize insulin biosynthesis and
partially rescue insulin secretion after palmitate induced ceramide synthesis 26227°,

In addition to ceramides, other sphingolipid species, such as sulfatide, S1P and sphingomyelin

can affect beta cell function and survival.
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S1P, which is generated by SK1 and SK2 was shown to enhance insulin secretion and protect
beta cells from cytokine induced apoptosis 2”327, However, SK1 and SK2 differ in their cellular
localization and SK1 is reported to be pro-survival, while SK2 is described as pro-apoptotic 2°.
SK1 knockout mice possess increased apoptosis and decreased beta cell mass, which results
in impaired glucose tolerance after lipotoxic stress induction by high fat diet (HFD) 2®. In
contrast, SK2 null mice are protected from beta cell apoptosis and retain insulin production
after diabetes induction by HFD in combination with streptozotocin (STZ) 7.

Knockout of SMS1 in mice, as well as knockdown or inhibition of SMS1 and SMS2 in INS1
cells, strongly impair glucose stimulated insulin secretion 242’8, However, SMS2 knockout
mice exhibit an improved glucose tolerance and insulin sensitivity 2.

Sulfatide seems to play an important role in the beta cell and reduced sulfatide levels have
been implicated in T1D and T2D "¢, It is packed together into secretory granules at the trans-
Golgi and promotes proinsulin folding and crystallization of insulin into hexamers 279280,
Furthermore, sulfatide is also located at the plasma membrane, where it regulates insulin
secretion in a glucose-dependent manner by activation of Karp-channels, as well as mediating
Ca?*-dependent exocytosis 28",

Those studies demonstrated that sphingolipids differentially affect beta cell survival and
function. Especially, ceramide species with different acyl chain length and their function in
various organs and pathological diseases are in the focus of research during the last
10-20 years, but the role of distinct CERS and sphingolipid species in pancreatic beta cell

remain unclear.

2.10. Aim

Ceramides have been shown to contribute to the development of T2D and are proposed to
affect beta cell function and physiology. Although global inhibition of ceramide de novo
synthesis prevents glucose intolerance and obesity, there are concerns about severe adverse
effects due to the importance of sphingolipids for several cellular processes. However,
targeting only sphingolipids with certain acyl chain length, ideally those species that are
responsible for harmful cellular effects, might be a less serious intervention in cellular
physiology. Therefore, CERS1-6, which generate distinct ceramide species with a defined acyl
chain length, are in the focus of current research.

Since the role of distinct ceramide and sphingolipid species in pancreatic beta cells is largely
unknown, we aimed to identify which sphingolipid species are altered during the development
of obesity and T2D by analyzing the islet sphingolipidome in the diabetic db/db mouse model
using untargeted lipidomics. Furthermore, we aimed to investigate the role of very long chain
ceramides and sphingolipids on glucose homeostasis and beta cell physiology under

obesogenic and non-obesogenic conditions in vivo and ex vivo. Therefore, we generated beta
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cell specific CerS2 knockout mice and analyzed their body weight, blood glucose levels,
glucose tolerance, insulin tolerance and insulin secretion on normal and high fat diet. In
addition, to uncover the underlying mechanisms, CerS2 was ablated in the rat beta cell line

INS1E and a proteome analysis was conducted.
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3. Material and methods

3.1. Mouse experiments

3.1.1. Animal care

All animal procedures were conducted in at the German Diabetes Center in Disseldorf and
were in compliance with protocols approved by local government authorities (Bezirksregierung
Dusseldorf, Germany). Mice were housed in groups of 2-6 mice, at 22-24°C with a 12 h light,
12 h dark cycle. Mice were either fed with normal chow diet (ND) containing 62%
carbohydrates, 26% protein and 12% fat (ssniff Spezialdiaten, V1126-000) or with high fat diet
(HFD) containing 20% carbohydrates, 20% protein and 60% fat (Research Diets, D12492). All
animals have unlimited access to drinking water at all times and food was only removed for a
specific fasting period if required for experiments. Blood glucose levels and body weight were
monitored every week from mice in experimental cohorts. At the end of experiment, mice were

sacrificed by cervical dislocation or decapitation.

3.1.2. Mouse models

Dependent on the scientific questions, different mouse models were used in this study. Male
BKS.Cg-Dock7™ +/+ Lepr®lJ (control) and BKS.Cg-Dock7™ +/+ Lepr®/® (db/db) mice were
purchased from the Jackson Laboratory in week 5 and 11 and used for islet isolations after
one week of adaptation. db/db mice possess a homozygous mutation in the leptin receptor and
become morbidly obese, hyperglycemic and relative hypoinsulinemic 282283,

To investigate the role of CERS2 in pancreatic beta cells in vivo and ex vivo, CerS2 was
specifically knocked out in beta cells in mice onto the C57B6/J background. Conditional CerS2
mice with integrated flanking loxP (flox, fl) sites in front of exon 2 and behind exon 11 were
generated and kindly provided by Prof. Dr. Jens C. Briining from the Max-Planck-Institute for
Metabolism Research in Cologne, Germany. Conditional CerS2 mice were crossbred with the
Ins1-Cre driver mouse line, which expresses a Cre recombinase under the control of the
Insulin 1 (Ins1) promoter 284, When Ins1 expression starts, the Cre recombinase specifically
eliminates the gene sequence of CerS2 between the two flanking loxP sites, generating beta
cell specific CerS2 knockout mice. CerS2**, as well as CerS2"" mice were generated in
parallele by breeding heterozygous CerS2"* mice with Ins71-Cre'9*, CerS2"* mice and
littermates were used for the generation of experimental cohorts in the next breeding. CerS2""
mice were mated with Ins7-Cre'9"*, CerS2"" mice to generate beta cell specific CerS2 knockout
mice (Ins1-Cre'9*, CerS2" designated as CerS2*8X°). As control group CerS2** mice were
crossed with Ins1-Cre'9*, CerS2** mice to generate mice that possess the CerS2 wildtype

allele (Ins1-Cre'9*, CerS2'"*, designated as control).
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3.1.3. Genotyping

Genotypes of mice were determined by polymerase chain reaction (PCR) using genomic DNA
extracted from ear biopsies. In addition, germline deletion was excluded using primers, which

detect the deleted allele.

3.1.3.1. Isolation of genomic DNA from ear biopsies

Biopsies from mice were digested in 500 pl lysis buffer (0.1 M Tris pH 8.0, 0.2 M NaCl, 5mM
EDTA, 0.4% SDS) for 1 h to over night at 55°C in a shaking thermomixer. DNA was precipitated
by adding an equal amount of isopropanol. After centrifugation for 10 min at 12,000x g, DNA
was washed with 1 ml of 75% ethanol (EtOH), centrifuged and the dry DNA pellet was
subsequently dissolved in 200 ul of double distilled water (ddH20).

3.1.3.2. Extraction of genomic DNA from mouse organs

For determination of specific CerS2 deletion in pancreatic beta cells, different organs were
isolated from mice. For this, mice were sacrificed by cervical dislocation and pieces of the liver,
kidney, heart, adrenal gland, brain, gonadal fat, skeletal muscle from musculus gastrocnemius,
lung and tail were extracted and transferred in 1ml lysis buffer (0.1 M Tris pH 8.0, 0.2 M NacCl,
5 mM EDTA, 0.4% SDS). Organs were homogenized using an Ultra Turrax (IKA), which was
cleaned with 5% SDS, 70% EtOH and ddH.O between different samples. DNA of
homogenates was precipitated by adding an equal amount of isopropanol following
centrifugation for 10 min at 12,000x g. Then resulting precipitate was washed with 1 ml EtOH,
centrifuged with the same conditions and DNA pellet was dried at 55°C. Dried DNA pellet was
dissolved in 200 ul of ddH20.

Islets were isolated as described later in chapter 3.2.1. On the next day, 15 islets were picked,
washed with 1 ml PBS and lyzed in 30 ul QuickExtract DNA Extraction Solution (Epicentre,
QE09050). DNA was digested for 6 min at 65°C, follwed by inactivation for 5 min at 95°C and
addition of 20 pl ddH20O prior to PCR.

3.1.3.3. Polymerase chain reaction

PCR was used to amplify rapidly specific DNA sequences in a biological sample using specific
primers. For the detection of the Cre transgene in the Ins1 locus and loxP flanked exons of
CerS2 in mouse genome two different PCRs were performed. Tab.1 shows specific primers

and expected PCR products.
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Table 1: Specific primer sequences for genotyping of CerS2 and Ins7-Cre allele. Expected PCR fragments for

the different genotypes are shown. Wt= wildtype; flox= flanked by loxP sites, A= delta, tg= transgene.

Primer Sequence 5" - 37 Expected fragments [bp]
CerS2 A CAGCACCAAGACTCATCACC CerS2 Wt: 276
CerS2 B AAGCCACAACTACAGGTAGG CerS2 flox: 567
CerS2C ATCTCCTGCCTTGATCTTCC CerS2A: 371

Cre A GGGCAGAGAGGAGGTACTTTG Wt 618

CreB TTTTTGGTGCTTATTCAAAAGTT tg:. 410

Cre C GCAAACGGACAGAAGCATTT

PCR reaction was set up as mastermix and pipetted in a microreaction tube as depicted in
Tab.2.

Table 2: Mastermix composition for genotyping PCR of mouse biopsies. Volume is calculated for one reaction.

2x GoTaq G2 Hotstart Green Mastermix was purchased from Promega (M7423).

Component Volume [pl]
2x GoTaq G2 Hotstart Green Mastermix 5
Primer A (10 uM) 0.5
Primer B (10 uM) 0.5
Primer C (10 uM) 0.5
Template DNA (lysate) 1
ddH20 2.5
Final volume 10

Reactions were run on a Biometra Trio Thermocycler (Analytik Jena) using the programs
depicted in Tab.3 and Tab.4.

Table 3: PCR program for the detection of CerS2 floxed and CerS2A alleles.

Step Temperature [°C] Time [sec] Cycle number
Initial denaturation 95 480 1
Denaturation 95 30
Annealing 60 30 35
Extension 72 60
Final Extension 72 120 1
Hold 4 0 1
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Table 4: PCR program for the detection of Ins71-Cre transgene.

Step Temperature [°C] Time [sec] Cycle number
Initial denaturation 95 320 1
Denaturation 95 60
Annealing 58 60 35
Extension 72 90
Final Extension 72 180 1
Hold 4 0 1

3.1.3.4. Analysis of PCR products on agarose gels

PCR products were analyzed on a 1-2% agarose (VWR, 732-2789DE) gel in 1x TAE buffer
(AppliChem, A4686) containing peqGREEN dye (VWR, 732-2960) depending on the expected
size of products. Samples were loaded on agarose gels and run for 20-30 min at 120 V in a
Sub-Cell GT system (Bio-Rad). As marker, Generuler DNA ladder mix (Thermo Fisher
Scientific, SM0332) was loaded. Bands were visualized by a Chemidoc™ XRS imaging system
(Bio-Rad).

3.1.4. Determination of blood glucose levels and collection of plasma samples

Tail tips were scratched carefully with a small scissor and blood glucose levels were
determined with a drop of blood using a glucometer (Contour®XT, Bayer AG). For collecting
plasma, microvette CB 300 LH (Sarstedt, 16.443), which are coated with lithium-heparin were
used. After centrifugation for 6 min at 2,000x g, supernatant was frozen at -80°C. Blood
collection from control and CerS2*8X° mice was performed side by side in the morning or after

a specific fasting period to avoid intra-group deviations caused by circadian variations.

3.1.5. Glucose tolerance test

For glucose tolerance test (GTT), mice were fasted for 16 h over night. Body weight of mice
was determined and 1 g/kg or 2 g/kg glucose was injected intraperitoneal (i.p.) depending of
the cohorte and diet. This corresponds to 5 pul/g or respectively 10 pl/g mouse from the 20%
glucose solution (Glucosteril® 20%, Fresenius Kabi). Mice, which did not increase blood
glucose levels above 100 mg/dl after glucose injection were excluded from the analysis. Blood
glucose levels were determined after 0, 20, 40, 60, 80, 100 and 120 min and plasma was
collected at 0, 20 and 120 min.

3.1.6. Insulin tolerance test

For insulin tolerance test (ITT), mice were fasted for 4 h. Body weight was measured and a
0.75 U/kg (male mice on ND) or 0.25 U/kg (female mice on ND) insulin (Insuman Rapid 40

I.U./ml, Sanofi-Aventis) was injected i.p. into mice depending on the cohorte and diet. Stock
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solution was prediluted in PBS in such a concentration that 10 pl/g mouse was injected. Blood

glucose levels were determined after 0, 20, 40, 60, 80, 100 and 120 min.

3.1.7. Acid-ethanol extraction of pancreatic proteins

Pancreata were excised carefully from mice and weight was measured for normalization.
Pancreata were homogenized in 5 ml of ice-cold acid-ethanol (1.5% HCI in 75% EtOH) using
an Ultra-Turrax homogenizer (IKA). After each pancreas, Ultra-Turrax was cleaned
sequentially using 5% SDS, 70% EtOH and ddH.O. Samples were incubated over night
at -20°C. On the next day, samples were centrifuged for 5 min at maximum speed and
supernatant was transferred to a new falcon tube and stored at -20°C until use in Enzyme-

linked Immunosorbent Assay (ELISA).

3.1.8. Extraction of RNA from mouse organs

Pieces of brain, liver, skeletal muscle from musculus gastrocnemius and adipose tissue from
gonadal fat were excised and subsequently transferred into tubes containing ceramic beads
with the size 0f 1.4 mm (VWR, 432-0356) on dry ice. 1 ml of Trizol (PeqGold Trifast, VWR, 30-
2020) was pipetted on organs and tissues were homogenized by Precellys Evolution
homogenizer (Bertin Instruments, PO00062-PEVOO0-A) using the soft protocol (15 sec shaking
at 5,800 rpm, waiting 30 sec, 15 sec shaking at 5,800 rpm). Mouse islets were isolated as
described in chapter 3.2.1. On the next day, 50 islets were picked, washed with PBS and 1 ml

of Trizol was pipetted on islets.

3.2. Ex vivo studies of pancreatic mouse islets

3.2.1. Isolation and cultivation of pancreatic mouse islets

To isolate pancreatic islets from control and CerS2*8%°© mice, mice were sacrificed and
pancreata were perfused with 2 ml of 2.3 Wiinsch Units/ml Liberase™ TL Research Grade
(Merck, 5401020001) in RPMI without additives (Gibco by Life Technologies, 11835105).
Perfused pancreata were shaken in a waterbath (GFL, 1083) by approximately 100 U/min for
16 min at 37°C. After addition of 50 ml RPMI containing 10% FCS (Gibco by Life Technologies,
10270106), falcons were shaken manually for 30 sec and centrifuged for 3 min at 189x g.
Afterwards the pellet was resuspended in 10 ml RPMI medium and transferred through a
strainer with a pore size of 420 ym (Sigma-Aldrich, CD1-1KT) into a new falcon tube. The
samples were filled up to 50 ml with RPMI and centrifuged for 3 min at 189x g. For segregation
of the islets from other tissues, a density gradient was generated using Histopaque with
different densities. The pellet was resuspended in 3 ml Histopaque 1119 (Sigma Aldrich,
11191), afterwards 3 ml of Histopaque 1083 (Sigma-Aldrich, 10831), Histopaque 1077 (Sigma-
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Aldrich, 10771) and finally RPMI was carefully added. After centrifugation for 20 min at 935x g
with ACC and DCC set to 1 (Thermo Fisher Scientific, Heraeus Megafuge 40), islets were
collected between the highest two phases and transferred to a new falcon tube. The islets were
washed with RPMI medium containing FCS and centrifuged for 5 min at 336x g. Afterwards
medium was discarded and cultured in petridishes (LABSOLUTE, TH.Geyer, 7696400) in
DMEM media (Gibco by Life Technologies, 31885049) containing 5 mM D-Glucose, 1 mM Na-
Pyruvate, 2 mM Glutamax, 0.18 mM 2-mercaptoethanol, 11 mM HEPES, 10% FCS and
1% Pen/Strep (all Gibco by Life Technologies). The islets were incubated at 5% CO; at 37°C

and were hand-picked on the next day for analysis of pancreatic islets.

3.2.2. Pharmacological treatment of mouse islets

To study protein degradation of PC1, isolated pancreatic mouse islets were treated with
100 nM of the translational inhibitor cycloheximide (CHX) (Sigma-Aldrich, 239765) in full media
for different periods of time (0, 0.5, 1, 2.5 and 5 h).

3.2.3. Insulin secretion assay with mouse islets

For functional analysis of pancreatic islets an glucose stimulated insulin secretion assay
(GSIS) was performed. From each mouse, 7 islets with similar size were picked in 100 pl media
and transferred into a U-shaped 96 well plate (VWR, 734-0955) as triplicates. The islets were
washed 3 times with 80 yl KRH buffer (129 mM NaCl, 4.8 mM KCI, 5 mM NaHCOs;, 1.2 mM
CaClz, 1.2 mM KH2PO4, 1.2 mM MgS0O4, 10 mM HEPES and 0.1% BSA in ddH2O, pH was
adjusted to 7.4 with 5 mM NaOH) containing 2 mM glucose and subsequently starved for 1 h
at 37°C in 100 ul of the same buffer. Afterwards, islets were stimulated sequentially first with
100 ul low glucose KRH buffer (2 mM glucose) follwed by stimulation with 100 ul high glucose
KRH buffer (20 mM glucose) for 1 h at 37°C. 80 pl of low glucose and high glucose
supernatants were collected, centrifuged at 4°C and 900x g for 5 min and 50 pl of the
supernatant was transferred into new reaction tubes. Islets were dissolved in 250 pl RIPA
Buffer (Abcam, ab156034) containing PhosSTOP™ (Sigma-Aldrich, 4906837001) and
cOmplete Protease Inhibitor Cocktail (Sigma-Aldrich, 4693132001) and placed on a cell
disruptor (Scientific Industries, Digital Disruptor Genie, SI-DD38) for 10 min and 2,500 rpm at
4°C. Cell debris was removed by centrifugation in a tabletop centrifuge (Thermo Fisher
Scientific) at 4°C for 10 min at max speed and 100 ul of supernatant was transferred into new

reaction tubes. All samples were stored at -20°C until they were used in ELISA.
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3.3. In vitro studies in INS1E cells

3.3.1. Cultivation of INS1E cells

The rat beta cell line INS1E 2° was cultivated in RPMI media (Gibco by Life Technologies,
11835105) containing 11 mM Glucose, 1 mM Na-Pyruvate, 2 mM Glutamax, 0.18 mM
2-mercaptoethanol, 11 mM HEPES, 10% FCS and 1% Pen/Strep (all Gibco by Life
Technologies) in an incubator with 5% CO. and 37°C. For passaging, INS1E cells were
washed with PBS, trypsinized with 0.05% Trypsin for 3 min. Trypsin was neutralized by adding
fresh RPMI media. After centrifugation for 3 min at 190x g, cells were resuspended in RPMI
media, cell numbers were determined using a Neubauer counting chamber and respective

number of INS1E cells was seeded on tissue culture treated plates.

3.3.2. Pharmacological treatment of INS1E cells

To analyze protein degradation of PC1 in INS1E cells, cells were treated with 100 nM
cycloheximide (CHX) for different time periods (0, 1, 3, 5, 7 and 9 h).

3.3.3. siRNA mediated knockdown in INS1E cells

To analyze the role of specific genes in INS1E cells, knockdown experiments were performed
using specific siRNA that target concrete rat mMRNAs. As control, non-targeting siRNA (Ambion,

4390844) was used. Sequences are shown in Tab.5.

Table 5: Used siRNA sequences for knockdown experiments in INS1E cells.

siRNA Company siRNA ID Sequence 5’ - 3’
Tpst1 Ambion 143642 GAAGUGGGUUGGGAAGAUA tt
Tpst2 Ambion s143734 GCUAUGAUCCGUACGCAAA it
Pcsk1 Ambion 129182 CGAAUAUUCUCGUAGAGGA tt

siRNA was transfected with a final concentration of 50 nM in INS1E cells using Lipofectamine
RNAIMAX reagent (Thermo Fisher Scientific, 13778150). Thus, for double knockdown cells
were transfected with 25 nM of each siRNA. For the double knockdown of Tpst? and Tpst2
Opti-MEM (Gibco by Life Technologies, 31985047) was mixed with Lipofectamine RNAIMAX
in one reaction tube, while Opti-MEM and the siRNA mix were combined in a second reaction
tube. Both tubes were combined in a 1:1 ratio, incubated for 5 min at room temperature (RT)
and respective volumes were carefully dropped onto INS1E cells. The pipetting sheme is

shown in Tab.6.
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Table 6: Transfection protocol for knockdown in INS1E cells. Volume is calculated for one reaction.

. Volume [pl]

Reaction Supplement 6 well 24 well

1 Opti-MEM 250 62.5

Lipofectamine RNAIMAX 6 1.5

5 Opti-MEM 250 62.5
Ctrl siRNA (50 pM) 2.5 0.625

Opti-MEM 250 62.5
3 siRNA1 (50 uM) 1.25 0.3125
siRNA2 (50 uM) 1.25 0.3125

Mix in a 1:1 ratio, incubate 5 min at RT
RPMI volume [ul] 2000 500
Transfection volume [ul] 500 125

48 h after transfection cells were harvested for respective analysis.

3.3.4. Plasmid transfection in INS1E cells

To analyze the specificity of PC1 antibody, overexpression experiments of PC1 (Origene,
MR225451) were performed in INS1E cells using Lipofectamine 2000 (Thermo Fisher
Scientific, 10270106). Therefore, Opti-MEM was mixed with Lipofectamine 2000 in one
reaction tube, while Opti-MEM and PC1 plasmid were combined in a second reaction tube.
Both tubes were combined in a 1:1 ratio, incubated for 5 min at RT and 500 ul of transfection

mixture was carefully dropped onto INS1E cells. The pipetting sheme is shown in Tab.7

Table 7: Transfection protocol for protein overexpression in INS1E cells. The volume is calculated for one
reaction. X represents the volume, which is required for 2 pug plasmid.

Reaction Supplement Volume [ul] for 6 well

1 Opti-MEM 250
Lipofectamine 2000 6

5 Opti-MEM 250
Plasmid (2 pg) X

Mix in a 1:1 ratio, incubate 5 min at RT
RPMI volume [ul] 2000
Transfection volume [ul] 500

To reduce lipotoxic effects, medium was changed 6 h after the transfection and cells were

incubated for 48 h at 37°C until harvesting proteins.

3.3.5. Determination of insulin content in INS1E cells

To ascertain the insulin content in INS1E cells in vitro, 200,000 control and CerS22NS'E cells

were seeded as triplicates on a 24 well plate. On the next day, cells were washed 3 times with
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300 pl of 2 mM glucose containing KRH buffer and starved for 30 min in the same buffer at
37°C. Afterwards, cells were exposed for 1 h at 37°C to low glucose KRH buffer (2 mM glucose)
or high glucose KRH buffer (25 mM glucose). The supernatant was discarded and 100 pl RIPA
was added to each 24 well dish. INS1E cells were lyzed for 10 min at RT, collected into a
reaction tube and disrupted for 10 min at 2,500 rpm in a cell disruptor at 4°C. Cell debris was
removed by centrifugation for 10 min at max speed and 4°C and supernatant was transferred

into a new reaction. Samples were stored at -20°C until they were used in insulin ELISA.

3.3.6. Celltiter-Glo Assay
ATP levels in INS1E cells were measured by using Celltiter-Glo 2.0 (Promega, G7571). INS1E

cells were cultured for 48 h in a 96 well plate. One volume of Celltiter-Glo 2.0 Reagent was
added to each wells and plates were shaken for 2 min on a horizontal shaker to induce cell
lysis. ATP leads to the oxygenation of luciferin (included in Celltiter-Glo 2.0 mix) to oxyluciferin
and release of a luminescent signal, which was measured after 10 min of incubation at RT in

a GloMax® Discover Microplate Reader (Promega) using the preset program.

3.3.7. EdU staining

To investigate proliferation in INS1E cells, Click-iT™ Plus EdU Alexa Fluor™ 488 Flow
Cytometry Assay Kit (Thermo Fisher Scientific, C10425) was used. INS1E cells were grown in
a 6 well dish and treated with 5 uM EdU in full media for 1 h. Following this, staining was
performed according to the manufacturer’s protocol. EAU incorporation was determined in
10,000 cells with the FACSCalibur Flow Cytometer (BD Biosciences) by measuring fluorescent

488 signal with an 530/30 nm emissionfilter and using following parameters:

Table 8: Parameters for the detection of EdU positive cells by flow cytometry.

Detector Voltage Amp Gain Mode
FSC E-1 5.0 Lin.
SSC 350 1.0 Lin.
FLA1 450 1.0 Log.

Quantification was performed with FlowJo software (Version 10).

3.3.8. Generation of monoclonal knockout cells using the CRISPR/Cas9 system

The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR associated
9 (Cas9) system is a relatively new, cheap and fast genome editing tool for the generation of
genetically modified organisms. In brief, a guide RNA (gRNA) containing a 20 nt targeting
sequence specifically binds to a designated DNA sequence. The Cas9 enzyme binds to a

protospacer adjacent motif (PAM) sequence, which is directly next to the targeting site, and
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cuts the DNA in this region. Due to error-prone repair mechanism of the cell by non-
homologous end joining (NHEJ), small insertions and deletions (Indels) can emerge leading to
frameshifts and/or premature stop codons and hence loss of protein in a subset of cells.

In this study, a two-sided cutting strategy was used as described from Bauer and
colleagues 2. Two individual gRNAs were designed that specifically target two different
sequences in the gene of interest and result in two double strand breaks. In a subset of
transfected cells, reparation of the double strand breaks by NHEJ leads to the loss of the whole
DNA sequence between both cutting sites. With this strategy knockout cells can be easily
identified by genotyping PCR. A schematic overview of the targeting strategy for CerS2 is
shown in Fig.17A.

3.3.8.1. Transfection of CRISPR/Cas9 plasmids in INS1E cells

For the generation of homozygous CerS2 and Pcsk1 INS1E knockout cells (designated as
CerS2*NS'E or respectively Pcsk14NSTE) two different gRNA containing pSpCas9 plasmids with
a total amount of 3 ug were cotransfected into INS1E cells using Lipofectamine 2000.
CerS2°NSE cells were generated by cotransfection of plasmids that contain gRNAs targeting
exon 2 and exon 11, which is the same locus deleted in CerS2*8%° mice (see Fig.8A and
Fig.17A). For the generation of Pcsk14NS'E cells, gRNA containg plasmids were transfected
that target intron 3-4 and intron 5-6. The design and preparation of pSpCas9 plasmids are
described from chapter 3.4.2 onwards. Control cells were generated by the transfection with
respective non-targeting pSpCas9-control plasmids. Controls of CerS2*NS'E cells were
transfected with 3 ug of the plasmid pSpCas9(BB)-2A-Puro(PX459) (Addgene, 62988), while
controls of Pcsk14NS'E cells were cotransfected with 1.5 ug of each plasmid, pSpCas9(BB)-
2A-GFP(PX458) (Addgene, 48138) and pSpCas9(BB)-2A-mcherry(PX458) (kindly provided by
Dr. S. Hoffmann from the Institute for Physical Biology at the Heinrich Heine University
Dusseldorf, Germany). The transfection was performed as described in chapter 3.3.4 and
medium was changed after 6 h to normal cultivation media. Cells were incubated for 48 h at
37°C.

3.3.8.2. Generation of monoclonal INS1E cells

While CerS2 gRNAs were cloned into plasmids for puromycin selection, Pcsk1 gRNAs were
inserted into plasmids that contain either GFP or mcherry for selection. Therefore, the
procedure to generate monoclonal INS1E knockout cell lines slightly differed.

For the generation of CerS2*NS'E cells and respective control cells, INS1E cells were treated
48 h after the transfection with 2 pg/ml puromycin (Sigma-Aldrich, P8833) for 7 days. Surviving
cells, have taken up the gRNA containing plasmids, transcribed CerS2 gRNA and the Cas9

enzyme, which potentially leads to double strand breaks in the CerS2 locus and the generation
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of CerS2°NSTE cells. The medium was exchanged every day or every two days with fresh media
containing puromycin. After seven days, medium was changed back to normal cultivation
media and cells were cultured until reaching a cell confluency of approximately 70-80%. To
obtain monoclonal control and CerS2*NS'E cells, cells were trypsinized and seeded in a very
low density of 6,000 cells on a p10 dish. Monoclonal cells were cultured for approximately one
week until the formation of round colonies, which can be hand-picked under a microscope
using a pipette and transferred onto a 96 well plate.

Monoclonal control and Pcsk14NSE cells were generated 48 h after transfection. Cells were
simultaniously selected and singularized by fluorescence activated cell sorting (FACS) in
collaboration with Prof. Dr. Haussinger and Dr. Wammers from the Department of
Gastroenterology, Hepatology and Infectious Diseases at the University Hospital in Disseldorf,
Germany. GFP and mcherry double positive cells were directly sorted as single cells into a
96 well plate.

Independent of the selection and separation procedure, monoclonal cells were grown to a
monolayer and splitted on two 96 well plates, one of those for further culturing and one for the

identification of control and knockout cells by genotyping.

3.3.8.3. Isolation of genomic DNA from INS1E cells

Control and potential knockout INS1E cells in the 96 well plate were washed with PBS and
dissolved in 20 pl of QuickExtract DNA Extraction Solution (Epicentre, QE09050). Cell lysis
was performed for 6 min at 65°C. Subsequently proteinase activity was inactivated for 2 min
at 95°C.

3.3.8.4. Genotyping of monoclonal INS1E cells

DNA of monoclonal cell lines was diluted 1:2 and used in PCR for the identification of wildtype
and mutated CerS2 or respectively Pcsk1 alleles. Therefore, two different PCR reactions were
set up, one for the detection of the knockout allele and one for the detection of the wildtype
allele. In both PCRs, the detection of beta actin was used as internal control. Primers used and

expected PCR fragment size of CerS2*NS'E and control cells are shown in Tab.9.
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Table 9: Genotyping primers used for the detction of CerS2 Wt and KO alleles in INS1E cells.

Primer Direction Sequence 5 - 3’ Expected fragments [bp]
CerS2 A For | TGGCCTTACTTTTCCCTTCC
(intron 1-2)
CerS2B CerS2 Wt: 563
(intron 2-3) Rev GCCCTCCTAACCCTAGATGG CerS2A: ~301
CerS2 C Rev | AGCCAAGCCTCCTTTCTACC
(exon 11)
Actb A For TAGCCCTCTTTTGTGCCTTG Control band: 802
Actb B Rev CAGGGGCTCCATTTAGACCT ’

PCR primers and size of expected fragments for the identification of Pcsk14NS1E and control

cells are displayed in Tab.10.

Table 10: Genotyping primers used for the detction of Pcsk1 Wt and KO alleles in INS1E cells.

Primer Direction Sequence 5 - 3’ Expected fragments [bp]
Peskl A For | GCTGGTGTAAGTGCAGAGGA
(intron 3-4)

Pcsk1 B Pcsk1 \Wt: 381
(intron 3-4) Rev CTATTCCCAGCAGCAAGTCC Pesk1A: ~501
Peskl C Rev | CATCTGAAAGGAGAAGCCAAG
(intron 5-6)

Actb A For TAGCCCTCTTTTGTGCCTTG Control band: 802

Actb B Rev CAGGGGCTCCATTTAGACCT '

PCR reactions were set up as depicted in Tab.11.

Table 11: Pipetting scheme for genotyping of CerS2 as well as Pcsk1 Wt and KO alleles in INS1E cells. The
volume is calculated for one reaction.

Detection of Wt allele | Detection of KO allele vV
olume [pl]
Component
2x GoTaq G2 Hotstart Green 2x GoTaq G2 Hotstart Green 5
Mastermix Mastermix

Primer A (10 uM) Primer A (10 uM) 0.5
Primer B (10 uM) Primer C (10 uM) 0.5
Actb A (10 pM) Actb A (10 uM) 0.5
Actb B (10 pM) Actb B (10 uM) 0.5

Template DNA (lysate) Template DNA (lysate) 1
ddH>0 ddH>0 2.5

Final volume [pl] 10

Following PCR program was used to identify control and CerS2*NS'E cells, as well as control

and Pcsk12NS'E cells.
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Table 12: Genotyping PCR program for the detection of CerS2 as well as Pcsk1 Wt and KO alleles in INS1E
cells.

Step Temperature [°C] Time [sec] Cycle number
Initial denaturation 95 180 1
Denaturation 95 30
Annealing 58 15 35
Extension 72 50
Final Extension 72 300 1
Hold 4 0 1

PCR products were analyzed on agarose gels as described in chapter 3.1.3.4.

3.3.8.5. Functional analysis of CerS2*NS1E and Pcsk12NS1E cells

Positively identified control and CerS2*NS'E clones were cultured seperately and for
experiments the same numbers of cells from four different control and CerS2*NS'E clones were
pooled at the time of seeding into the final dish.

The generation procedure of Pcsk12NS'E cells created only one homozygous mutant clone.
Therefore, a pool of three different control clones, two different heterozygous Pcsk1 (Pcsk1*")
clones and the one Pcsk12NSE clone were used with the same cell number in experiments to

identify specificity of the used PC1 antibody.

3.4. Molecular biology

3.4.1. Quantification of nucleic acids

DNA and RNA concentrations were determined by measuring the absorption of samples at

260 nm and 280 nm with a Nanophotometer N60 (Implen).

3.4.2. Generation of CRISPR/Cas9 plasmids

The pSpCas9 plasmids encodes for nearly all needed elements, which are required for
sufficient CRISPR/Cas9 dependent induction of double strand breaks, except of the specific
gRNA targeting sequence. Therefore, gRNA sequences have to be inserted into the plasmids.
Different kinds of pSpCas9 plasmids were used in this thesis for the generation of CerS24NS1E
and Pcsk12NSTE cells. CerS2*NS'E and control cells were generated by puromycin selection,
using the commercially available pSpCas9(BB)-2A-Puro(PX459) V2.0 vector (Addgene,
62988). To distinguish between correct inserted gRNA sequences or undigested and religated
plasmid during the cloning procedure, an approximately 100 nt insert (sequence is shown in
Tab.13). was integrated into the Bbsl restriction site from the original pSpCas9(BB)-2A-
Puro(PX459) vector.
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Table 13: Inserted sequence into pSpCas9(BB)-2A-Puro(PX459) plasmid. To discriminate between undigested
or religated plasmid and correctly inserted gRNA sequence during the cloning procedure an approximately 100 nt
sequence was inserted into the pSpCas9(BB)-2A-Puro(PX459) plasmid. The cloning procedure was performed
similar as described in the following chapters. In brief, oligonucleotides were annealed, phosphorylated and ligated
into the Bbsl restiction site of pSpCas9(BB)-2A-Puro(PX459).

Direction Sequence 5’- 3’
GACGTCCACCGGGTCTTCGCGGCCGCGATATCGCTAGCGC
For GATCGCGGCGCGCCGTTTAAACGGATCCTGTACAGAATTC
GAAGACCTCTCGAGGAGCT
AGCTCCTCGAGAGGTCTTCGAATTCTGTACAGGATCCGTTT
Rev AAACGGCGCGCCGCGATCGCGCTAGCGATATCGCGGCCG
CGAAGACCCGGTGGACGTC

Bbsl insert

Cloning procedure was performed similar to the process described below and the plasmid is
designated as pSpCas9-2A-Puro-Bbsl-insert. Pcsk12NS'E and control cells were generated
with another strategy using the expression of fluorescent marker proteins for selection.
Therefore, one gRNA was cloned into the commercially available pSpCas9(BB)-2A-
GFP(PX458) plasmid (Addgene, 48138) and the second gRNA was cloned into a modified
version of this plasmid containing mcherry instead of GFP. This plasmid is termed
pSpCas9(BB)-2A-mcherry(PX458) and was kindly provided by Dr. S. Hoffmann from the

Institute for Physical Biology at the Heinrich Heine University Disseldorf, Germany.

3.4.2.1. gRNA design

gRNA sequences specifically targeting CerS2 and Pcsk1 were designed using the web
application E-CRISP 28" or the CRISPR design tool from IDT (Alt-R® Custom Cas9 crRNA
Design  Tool, IDT, Coralville, lowa, USA. Accessed 25 May, 2020.
https://eu.idtdna.com/pages/tools). For the gRNA integration into the designated plasmids,
overhangs were attached to the 5’ end of gRNA sequences as described by the Zhang lab 2%,
Tab.14 shows oligonucleotide sequences, which were ordered from Eurogentec and used for

the generation of double stranded gRNA fragments.

Table 14: Designed oligonucleotides for the generation of double stranded gRNA targeting CerS2 and

Pcsk1in INS1E cells. Underlined sequences designate overhangs for cloning into the pSpCas9 backbone vectors.

gRNA Target Direction Sequence 5" - 37

1 CerS2 exon 2 For CACCG TCAGCCCAGGTTAAGTTCAC
Rev AAAC GTGAACTTAACCTGGGCTGA C

5 CerS2 exon 11 For CACCG TCTTAGGATGGTTGTTATTG
Rev AAAC CAATAACAACCATCCTAAGA C

1 Pesk intron 3-4 For CACC GGTATTTACAAGGTCTTGAC
Rev AAAC GTCAAGACCTTGTAAATACC

5 Peskd intron 5-6 For CACC TTTACCCGAAGAGGACGTGT
Rev AAAC ACACGTCCTCTTCGGGTAAA
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3.4.2.2. Annealing and phosphorylation of gRNA oligos

For the generation of double stranded gRNA fragments, complementary oligonucleotides,
which contain the gRNA target site information as well as overhangs for the cloning procedure
were mixed together for a phosphorylation and annealing reaction according to the following
Tab.15.

Table 15: Pipetting scheme for phosphorylation and annealing of gRNA oligonucleotides. The volume is

calculated for one reaction.

Component Volume [ul]
Oligonucleotide 1 (100 uM) 1
Oligonucleotide 2 (100 pM) 1
10x T4 Ligation Buffer (Thermo Fisher Scientific) 1
ddH:20 6.5
T4 PNK (NEB) 0.5
Final volume [pl] 10

Phosphorylation of oligonucleotides was performed for 30 min at 37°C on a heating block.
Afterwards, the annealing reaction was performed on a heating block. Oligonucleotides were
denaturated for 5 min at 95°C, followed by switching off the heating block and cooling down

the samples to RT.

3.4.2.3. Digestion and dephosphorylation of pSpCas9 plasmids

The vector pSpCas9-2A-Puro-Bbsl-insert, as well as pSpCas9(BB)-2A-GFP(PX458) and
pSpCas9(BB)-2A-mcherry(PX458) were digested using the restriction enzyme Bbsl (Thermo
Fisher Scientific, FD1014). In addition, to inhibit religation of the plasmid in later performed
ligation reaction, digested plasmid was dephosphorylated in the same reaction setup by Fast
Alkaline Phosphatase (FastAP) (Thermo Fisher Scientific, EF0654). The reaction setup is

shown in Tab.16.

Table 16: Pipetting scheme for the digestion and dephosporylation of pSpCas9 plasmids. The volume is
calculated for one reaction. X represents the volume, which is required for 1 ug plasmid, while Y is the amount of

ddH20 to fill up the reaction to the final volume.

Component Volume [ul]
pSpCas9 plasmid (1 ug) X
FastDigest Bbsl 1
FastAP 1
10x FastDigest Buffer 2
ddH>0 Y
Final volume [pl] 20
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The reaction was incubated for 30 min at 37°C and digested plasmid was purified using the
Monarch PCR&DNA Cleanup Kit (NEB, T1030L).

3.4.2.4. Ligation of gRNA into the pSpCas9 vector

Double stranded gRNA was ligated into the digested pSpCas9-2A-Puro-Bbsl-insert vector
using the Quick Ligation Kit (NEB, M2200S) and the follwing pipetting scheme in Tab.17.

Table 17: Pipetting scheme for ligation of gRNA oligonucleotide into the backbone vector. Double stranded
CerS2 gRNA1 and CerS2 gRNA2 were both inserted into the pSpCas9-2A-Puro-Bbsl-insert vector. Double
stranded Pcsk1 gRNA1 was ligated in the pSpCas9(BB)-2A-GFP plasmid, while Pcsk1 gRNA2 was cloned into the
pSpCas9(BB)-2A-mcherry plasmid. The volume is calculated for one reaction. X represents the volume, which is

required for 50 ng plasmid, while Y is the amount of ddHz0 to fill up the reaction to the subtotal volume.

Component Volume [ul]

Bbsl dig. pSpCas9 plasmid (50 ng) X
Phosphorylated and annealed oligo duplex (1:100) 1
2x Quick Ligase Reaction Buffer 5

ddH:20 Y

Subtotal 10

Quick ligase 1

Final volume [pl] 11

The reaction was incubated for 10 min at RT. Ligation was stopped by transferring samples

onto ice.

3.4.2.5. Transformation of competent E.coli DH5a cells

For amplification of plasmids, 2 ul of ligation mix was pipetted to 50 ul of competent E.coli
DH5a cells (Thermo Fisher Scientific, 18265017). After a 30 min incubation on ice, a heatshock
was performed for 30 sec at 42°C. Competent cells were incubated on a horizontal shaker for
1 h at 37°C in 1 ml fresh LB medium (AppliChem, A7459,0500G) containing no antibiotics.
Afterwards the cells were centrifuged at 100x g for 1 min, supernatant was discarded and
resuspended cells were spread in a small volume of LB on LB plates containing 100 ug/ml

ampicilin (Sigma-Aldrich, A0166). LB plates were incubated over night at 37°C.

3.4.2.6. Colony PCR

To check if gRNAs were correctly incorporated into plasmids and amplified in E.coli cells, a
colony PCR was performed. Therefore, one colony was transferred with a pipette tip from the
LB plate to 50 ul LB medium. 1 pl of this suspension was used for PCR with specific primers

targeting the vector DNA. Primers are shown in Tab.18.

38



Material and methods

Table 18: Primers for the colony PCR of E.coli cells transfected with pSpCas9 plasmids.

Primer Direction Sequence 5" - 37
SpCasy For TTTCTTGGGTAGTTTGCAGTTT
PSP Rev CACGCGCTAAAAACGGACTA

PCR reaction was set up according to the follwing table.

Table 19: Mastermix composition for colony PCR. Volume is calculated for one reaction.

Component Volume [ul]
2x GoTaq G2 Hotstart Green Mastermix 10

Primer A (10 uM) 1
Primer B (10 pM) 1
Template DNA (colony) 1
ddH20 7
Final volume 20

Reactions were run in a Thermocycler (Biometra) using the following protocol.

Table 20: Colony PCR program.

Step Temperature [°C] Time [sec] Cycle number
Initial denaturation 95 480 1
Denaturation 95 15
Annealing 58 15 35
Extension 72 30
Final Extension 72 300 1
Hold 4 0 1

PCR products were analyzed on agarose gels as described in chapter 3.1.3.4. CerS2 gRNA
was inserted in the pSpCas9-2A-Bbsl-insert plasmid. Therefore, it could be distuinguished
between colonies that have taken up undigested plasmid or ligated plasmid containing the
gRNA. Due to the cut generated by Bbsl, ligation of the gRNA is only possible in the correct
direction. Colonies with the correct inserted plasmid generate a PCR product size of
approximately 275 nt, while undigested plasmids would generate a PCR fragment of
approximately 375 nt. Pcsk1 gRNA was inserted in pSpCas9(BB)-2A-GFP(PX458) or
pSpCas9(BB)-2A-mcherry(PX458), which were not modified by additional insertion of a longer
fragment between Bbsl cutting sites. Therefore, undigested and ligated plasmid had the same
PCR product size of approximately 275 nt. Minipreps of three different colonies of each gRNA
construct were inoculated in 3 ml LB medium containing 100 ug/ml ampicillin over night in a
bacterial shaker (Thermo Fisher Scientific MaxQ™ 4450) at 200 rpm and 37°C.
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3.4.2.7. Extraction of plasmid DNA
Plasmid DNA was isolated from Minipreps using the NucleoSpin Plasmid Miniprep Kit

(Macherey-Nagel) according to the manufacturer’s protocol. Afterwards, DNA concentrations
were measured on a Nanophotometer (Implen) and were send to GATC for Sanger
sequencing. Plasmid DNA was checked for correct sequence using A Plasmid Editor (ApE,

V2.0.55; University of Utah; Salt Lake City, https://jorgensen.biology.utah.edu/wayned/ape/).

3.4.3. RNA isolation, cDNA synthesis and qPCR

INS1E cells and mouse islets were washed once with PBS and RNA was extracted using Trizol
(Peglab) following the manufacturer’s protocol. 200-1000 ng of RNA was transcribed into
cDNA using the High-Capacity Reverse Transcription Kit (Thermo Fisher Scientific, 4368813).
For the detection of gene expression levels, a quantitative realtime PCR was performed.
Therefore, PerfeCTa SYBR Green Fastmix low ROX (Quantabio, 95073-05K) was mixed with
cDNA, which was prediluted 1:10 in ddH-O and specific primers as shown in Tab.21.

Table 21: Pipetting scheme for qPCR plate.

Supplement Volume [pl]
cDNA 4
Primer mix (each 4 uM) 1
SYBR Green Fastmix low ROX (Quantabio) 5
Final volume [pl] 10

Specific primers for mouse and rat target genes are depicted Tab.22.

Table 22: Specific forward and reverse primers for gPCR analysis of gene expression levels.

Gene Species Direction Sequence 5’ - 3’
Rat For CGTGATGCCCAGGGAAGACA
36b4 Rev CCACATTGTCTGCTCCCACA
Mouse For GCCGTGATGCCCAGGGAAGACA
Rev CATCTGCTTGGAGCCCACGTTG
Rat For GCCAATGAGCCTGTCTCTTC
Gusb Rev TTGCTCACAAAGGTCACAGG
Mouse For GCATCAGAAGCCGATTATCC
Rev CAGCCTTCTGGTACTCCTCA
CerS1 Rat For TCCTCCTGGTCATGAACATCT
Rev GCGCTTCCAGACTGTCGTAT
Rat For CTATGCCAAAGCCTCAGACC
CerS2 Rev GCAGTCGGGTTTTCTCCTTA
Mouse For GCTAGAAGTGGGAAACGGAGT
Rev ACAGGCAGCCATAGTCGTTC
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Gene Species Direction Sequence 5’ - 3’
CerS4 Mouse For ACACGCGCCTCATATTCTTC
Rev TCTGTAGCATCACCAAGAGCA
Rat For TTTTGTATCTTCTGCTACGGAGTC
CerS5 Rev CTGATATGGATAGTTGTACCAGCA
Mouse For AACCCAATGACACCCTTGAG
Rev AACCAGCATTGGATTTTTCG
Rat For CATCCTGGAGCTGTCGTTTT
CerS6 Rev GAAAATGGTTGCAAGGTGGT
Mouse For GTATTTAGCTACGGAGTCCGGT
Rev GGATGTAATAGTAGTGAAGGTCAGC
Rat For GCAAGCAGGTCATTGTTCCA
Ins1 Rev GGTGCTGTTTGACAAAAGCC
Mouse For AGACCATCAGCAAGCAGGTC
Rev CTCCCAGAGGGCAAGCAG
Rat For CGAAGTGGAGGACCCACA
Ins2 Rev CCAGTGCCAAGGTCTGAAG
Mouse For GGAGCGTGGCTTCTTCTACA
Rev CAGTGCCAAGGTCTGAAGGT
Rat For CAGCCGCGTTCATCTCCCTT
Pax1 Rev TTCTCCTCCGGTTCTGCTGC
Mouse For CCTTTCCCGTGGATGAAAT
Rev TGTAGGCAGTACGGGTCCTC
Rat For TCAGGTCAAGGTCTGGTTCC
Nkx6.1 Rev TCAGTCTCCGAGTCCTGCTT
Mouse For TCAGGTCAAGGTCTGGTTCC
Rev CGATTTGTGCTTTTTCAGCA
Rat For CCCCCAGAAGGTAATTGAGG
Sic2a1 Rev CCAGAGTGTGGTGAGTGTGG
Mouse For CCCCAGAAGGTTATTGAGGA
Rev AGAGAGACCAAAGCGTGGTG
Rat For AATGGTCGCCTCGTTCTTTG
Slc2a2 Rev CATCAAGAGGGCTCCAGTCA
Mouse For TCTGTGTCCAGCTTTGCAGT
Rev GAGGGCTCCAGTCAATGAGA
Rat For TTCAAGGATAAGGGCGACAG
Foxo1 Rev CCAAGAACTTTTCCCAGTTCC
Mouse For GTACGCCGACCTCATCACCA
Rev TGCTGTCGCCCTTATCCTTG
Rat For AGCCCACCGTAACAATCAAG
Grp78 Rev CAGGAGGGATTCCAGTCAGA
Mouse For AAGGAGACTGCTGAGGCGTA
Rev CCAGCAATAGTGCCAGCAT
Rat For CGTCGATCATACCATGTTGAA
Chop Rev AAAGGCGAAAGGCAGAGACT
Mouse For TTGAGCCTAACACGTCGATT

Rev

TCAGGTGTGGTGGTGTATGAA
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Gene Species Direction Sequence 5’ - 3’
Rat For GGGCTCATGCTAGTCGAGTT
Pdia3 Rev TGGTTGCTGCAGCTTCATAC
Mouse For TATGAAGCTGCAGCAACCAG
Rev GGTAGCCACTGACCCCATAC
Rat For GCTGACCCAAGAGGAAACAC
Grp94 Rev TGGGAAAGTTGATGAACTGAGA
Mouse For AATTGCTGACCCAAGAGGAA
Rev TCCAATTCAAGGTAATCAGATGC
Rat For GTAAAATTTGGTGCGGATGC
Hsp60 Rev GGGACTTCCCCAACTCTGTT
Mouse For CTGTTACAATGGGGCCAAAG
Rev AACAGTGACCCCATCTTTTGTT
Rat For TGCTCCTCTCTGCTCCTCAT
Erp29 Rev TGTCGAACTTCACCAAGACG
Mouse For CCCTTCCCTTGGACACAGT
Rev CATAGGGGTACTGGGTGTCG
Rat For AGAGCTGCTATGTCGCTGTG
Hsp70 Rev GCTGCTCCAACTGAACGATT
Mouse For TGGTGCTGACGAAGATGAAG
Rev AGGTCGAAGATGAGCACGTT
Rat For TGACCTACCAAACGGTGAAG
Grp170 Rev GAGCTTAGCCAGGTGCTCTC
Mouse For GACTAAGGAGGCTGGGATGC
Rev TAGCCAGGTGTTCTCGAAGC
Rat For CCCCGATGCGAATATCTATG
Calr Rev GCATAGGCCTCATCATTGGT
Mouse For TCCCCCGATGCAAATATCTA
Rev TCAAAGATTGTCCCGGACTT
Rat For GAGATACATGGAGGGCCAGA
Peskd Rev CGGGATCTTCGAGGATGATT
Mouse For TCAAACACAAAAGCCATCCTC
Rev TCCAATGCTGAGTCTTTTTGAA
Rat For TTTGATGCAAATCAGGATGC
Anxa6 Rev AGATCTCCTGCCTCTGCTTG
Mouse For GAGGCTCTGTCCACGACTTC
Rev CTGGCAGATCTCCTGCCTCT
Rat For ACGCCAATCCCCCTAACTAC
Tpst1 Rev TCAGGTAGCTGAAACTCTCCTTT
Mouse For CCATACGCCAATCCTCCTAA
Rev TCAGGGAGCTGAAATTCTCC
Rat For GCAAATCCACCCAACTATGG
Tpst2 Rev CAGATTGGCTGGCGTTTTAT
Mouse For CTTGGCTATGACCCGTATGC
Rev CAGATTGGCTGGCGTTTTAT
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gPCR was performed on a QuantStudio 7 Flex System (Thermo Fisher Scientific) using the

following program:

Table 23: gPCR program for the detection of mRNA expression levels.

Step Temperature [°C] Time [sec] Cycle number
Thermal activation 95 125 1
Denaturation 95 10
Annealing 60 30 40
Extension 95 15
Dissociation 60 60 1
Melting curve 95 15 1

Relative expression levels of genes were normalized to the housekeeping gene 36b4 and/or
Gusb.

3.5. Biochemistry

3.5.1. Protein expression analysis

3.5.1.1. Protein extraction of INS1E cells

To harvest the proteins from INS1E cells, cells and supernatant were collected after
trypsinization in a 15 ml falcon tube and centrifuged for 5 min at 336x g at 4°C. The cell pellets
were washed once with PBS, centrifuged and cell pellets were resuspended in 30 ul Bioplex
Cell Lysis Buffer (Bio-Rad, 171304011) containing one tablet of cOmplete Protease Inhibitor
Cocktail. To allow sufficient cell lysis, tubes were shaken subsequently on a cell disruptor for
10 min at 2,500 rpm and 4°C. Samples were stored afterwards at -80°C or directly used for

determination of protein concentrations.

3.5.1.2. Protein extraction of mouse islets

An equal amount of mouse islets (50-100) with similar size were picked from wildtype and
knockout mice and washed once with PBS containing 0.1% BSA in a 1.5 ml reagent tube.
Supernatant was discarded and islets were resuspended in 30 pl of Bioplex Cell Lysis Buffer.
For sufficient cell lysis samples were shaken on a cell disruptor for 10 min at 10,000 rpm and
4°C followed by sonication for 6 cycles (30 sec sonication, 30 sec on ice) in an ultrasonic
cleaning bath (Elma, Elmasonic P 30 H, 1013737) at 4°C. Islet samples were subsequently
boiled for 5 min at 95°C in Laemmli Sample Buffer (Bio-Rad, 1610747) containing 200 yM DTT
(AppliChem, A2948).
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3.5.1.3. Bicinchoninic acid assay

For the determination of protein concentrations in samples, a bicinchoninic acid (BCA) assay
was performed. To generate a standard curve, a BSA standard (Sigma Aldrich, P0914) was
diluted in the appropriate lysis buffer with following concentrations: 1000 pg/pl, 500 ug/pul,
250 ug/ul, 125 ug/ul, 62.5 pg/ul, 31.25 ug/ul, 15.625 ug/pl and 0 pg/ul. INS1E lysates from 6
well plates were diluted 1:20, while lysates from 24 well plates were diluted 1:2.5 in respective
lysis buffer and 20 ul of each sample, as well as the standard was pipetted in duplicates on a
clear 96 well plate. In the next step solution A and B of the BCA Kit (Sigma-Aldrich, BCA1-
1KT) were mixed in a 1:50 ratio and 200 ul of this solution was pipetted on samples. After 30
min of incubation at 37°C, absorbance was measured at 562 nm on GloMax Discover
Microplate Reader (Promega). Protein concentrations were calculated by the standard curve.
Samples of the same experiment were adjusted to equal amounts of protein in Laemmli

Sample Buffer containing 200 uM DTT and boiled for 5 min at 95°C on a heating block.

3.5.1.4. SDS-PAGE, western blotting and immunoblot imaging

For the detection of proteins, 3-20 ug of protein and 5 pl of PAGERuler Prestained Protein
Ladder (Thermo Fisher Scientific, 26617) was loaded on 4-15% Mini-PROTEAN TGX Stain-
Free Precast gels (Bio-Rad, 4568096). Gels were run for approximately 60-90 min at 120 V in
Mini-PROTEAN Tetra Vertical Electrophoresis Cell (Bio-Rad) containing 1x Tris/glycine/SDS
Running buffer (Bio-Rad, 1610772). Stainfree was activated in gels using Chemidoc XRS
imaging system (Bio-Rad). Subsequently proteins were transferred to Immun-Blot Low
Fluorescence PVDF membranes (Bio-Rad, 1704274) using the Transblot Turbo Transfer
System (Bio-Rad, 1704150) with the mixed molecular weight program (1.3 A, up to 25 V for
7 min). Stainfree was detected on membranes in the Chemidoc XRS imaging system for
subseequent protein normalization. Membranes were cut at the level of relevant marker bands
and blocked for 1 h at RT in 5% BSA or 5% milk in TBST (for 1 | TBST dilute 2.4 g Tris base,
8.8 g NaCl and 1 ml Tween-20 in ddH>O) depending on the dilution buffer of the primary
antibody (see Tab. 24). Afterwards membranes were incubated over night at 4°C with primary

antibody.
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Table 24: Primary antibodies used on immunoblot.

Material and methods

Antibody Catalogue number Supplier Dilution
CERS2 HPAO027262 Sigma Aldrich 1:1,000 in BSA
PC1 11914 Cell Signaling 1:1,000 in milk
PC2 14013 Cell Signaling 1:1,000 in BSA
ANXAG6 ab199422 Abcam 1:1,000 in milk
CGA ab254322 Abcam 1:1,000 in milk
RCAS1 12290 Cell Signaling 1:1,000 in milk
PDI ab2792 Abcam 1:1,000 in BSA

On the next day, membranes were washed 3 times with TBST followed by incubation for 1 h

at RT with the respective secondary antibodies (Tab. 25).

Table 25: Secondary antibodies used on immunoblot.

Antibody Catalogue number Supplier Dilution
Anti-mouse HRP conjugate IgG (H+L) 401253 Calbiochem 1:1,000
Anti-rabbit HRP conjugate 1gG (H+L) 401393 Calbiochem 1:1,000

After washing the membranes three times with TBST, membranes were developed on a
Chemidoc XRS imaging system (BioRad) using Clarity Western ECL substrate (BioRad,
1705061).

3.5.2. Enzyme-linked immunosorbent assay

3.5.2.1. Insulin ELISA

Insulin was measured using a commercial Rat Insulin ELISA Kit (CrystalChem, 90062)

according to the manufacturer’s instructions. Dilutions are shown in Tab.26.

Table 26: Dilutions of samples for insulin ELISA. All dilutions were made in provided Sample Diluent (G).

Origin Condition Dilution
Supernatant low glucose -
Mouse islets Supernatant high glucose 1:5
Lysis 1:400
Mouse plasma - -
Mouse pancreata - 1:2,000
INS1E Lysis 1:20

For pancreatic samples, total insulin content was normalized to total protein concentration as
well as pancreas weight. Secreted insulin and content was normalized to total protein content
in INS1E cells.

45



Material and methods

3.5.2.2. Proinsulin ELISA

Proinsulin was measured using a commercial Rat/Mouse Proinsulin ELISA (Mercodia, 10-
1232-01) according to the manufacturer’s protocol. As recommended, lysates from mouse
islets were diluted 1:500 in Diabetes Sample Buffer (Mercodia, 10-1195-01).

3.5.2.3. Glucagon ELISA

Glucagon was measured using a commercial Glucagon ELISA (Mercodia, 10-1281-01)

according to the manufacturer’s protocol. Dilutions are shown in Tab.27.

Table 27: Dilutions of samples for glucagon ELISA. Appropriate dilutions were previous tested using different
buffers and the Calibrator 0 standard. Dilution of mouse islets were made with PBS, while lysates from pancreata
were diluted in provided Calibrator 0.

Origin Condition Dilution
Mouse islets Lysis 1:200
Mouse pancreata - 1:2,000

For pancreatic samples, total glucagon content was normalized to total protein concentration

as well as pancreas weight.

3.6. Untargeted lipidomics of pancreatic mouse islets and INS1E cells

To analyze the sphingolipidome in db/db islets, CerS2°8K0 islets, as well as in CerS2*NS'E cells
and their respective controls, untargeted lipidomics were performed in collaboration with Prof.
Thorsten Hornemann and Gergely Karsai from the Institute of Clinical Chemistry at the
University Hospital in Zurich. Therefore, 100 islets from four control and four CerS2*8%© animals
or respectively db/db animals were pooled, washed with PBS, centrifuged for 5 min at 400x g
and supernatant was completely discarded. Islet pellets were stored at -80°C and send to the
University Hospital Zurich. 6,000,000 control and CerS2*NS'E cells were seeded on a p10 dish.
On the next day, cells were washed with PBS, scraped off in 1 ml PBS and transferred in a
reaction tube. After centrifugation for 5 min at 400x g, supernatant was completely discarded
and pellet weights were determined for subsequent normalization. Samples were stored
at -80°C and were send to the Institute for Clinical Chemistry from the University Hospital in

Zurich for analysis.

Lipid extraction was performed as described previously 2%. Shortly, 0.5-5 million cells or
100 islets were suspended in 20 yl PBS, 1 ml of a mixture of methanol: MTBE: chloroform
(MMC) 4:3:3 (v/vlv) was added. The MMC mix was fortified with 100 mg/L Butylated
hydroxytoluene, 100 pmol/ml of the internal standards (Avanti Polar Lipids): d7-sphinganine
(d18:0), d7-sphingosine (d18:1), dihydroceramide (d18:0:12:0), 1-deoxydihydroceramide
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(m18:0/12:0), ceramide (d18:1/12:0), 1-deoxyceramide (m18:1/12:0), glucosylceramide
(d18:1/8:0), sphingomyelin (18:1/12:0) and 50 pmol/ml d7-sphingosine-1-phosphate, and
2.5 pl/ml of the SPLASH® LIPIDOMIX® Mass Spec Standard (Avanti Polar Lipids). After brief
vortexing, the samples were continuously mixed (1,400 rpm) in a thermomixer (Eppendorf) for
20 min at 37°C. Protein precipitation was obtained after centrifugation for 5 min, 16,000x g,
25°C. The single-phase supernatant was collected, dried under liquid nitrogen and stored
at -20°C until analysis. Before analysis, the dried lipids were dissolved (40 min at 25°C) in 80 pl
MetOH.

Liquid chromatography was done according to ?*° with some modifications. The lipids were
separated wusing a C30 Accucore LC column (Thermo Fisher Scientific,
150 mm * 2.1 mm * 2.6 ym) using the following mobile phases; A) Acetonitrile:Water (6:4) with
10 mM ammonium acetate and 0.1% formic acid, B) Isopropanol: Acetonitrile (9:1) with 10 mM
ammonium acetate and 0.1% formic acid at a flow rate of 0.26 ml/min. The following gradient

was applied:

0.0-0.5 min (isocratic 70% A, 30% B and 10% C),
0.5-2.0 min (ramp 70-57% A, 30-43% B),
2.0-2.10 min (ramp 57-45% A, 43-55% B),
2.1-12.0 min (ramp 45-35% A, 55-65% B),
12.0-18.0 min (ramp 35-15% A, 65-85% B),
18.0-20.0 min (ramp 15-0% A, 85-100% B),
20.0-25.0 min (isocratic 0% A, 100% B),
25.0-25.5 min (ramp 0-70% A, 100-30% B),
25.5-29.5 min (isocratic 70% A, 30% B).

© © N o gk w0 N =

The liquid chromatography was coupled to a hybrid quadrupole-orbitrap mass spectrometer
Q-Exactive (Thermo Fisher Scientific, Reinach, BL, Switzerland), samples were analyzed in
positive and negative mode using a heated electrospray ionization (HESI) interface. The
following parameters were used: spray voltage 3.5 kV, vaporizer temperature of 300°C, sheath
gas pressure 20 AU, aux gas 8 AU and capillary temperature of 320°C. The detector was set
to an MS2 method using a data dependent acquisition with top10 approach with stepped
collision energy between 25 and 30. A full scan from 220 to 3,000 m/z at a resolution of 70,000
was used, while the resolution for MS2 was 17,500. A dynamic exclusion filter was applied
which will excludes fragmentation of the same ions for 20 sec.

Identification criteria were:
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1. Resolution with an accuracy of 5 ppm from the predicted mass at a resolving power
of 140,000 at 200 m/z.
Isotopic pattern fitting to expected isotopic distribution.
Matching retention time to synthetic standards (if available) and to the in-house
database.

4. Fragmentation pattern matching the in-house validated fragmentation database

Quantification of sphingolipids were achieved by comparison to the respective internal
standard using a one point calibration. Pooled samples in four concentration were used as
quality controls. Mass spectrometric data analysis was performed in Tracefinder software 4.1
(Thermo Fisher Scientific) for peak picking, annotation and matching to the in-house

fragmentation database.

3.7. Proteomics

3.7.1. Sample preparation

For investigation of the underlying mechanism of insufficient insulin availability in CerS228K°
islets, the proteome was analyzed in CerS2*NS'E cells. Therefore, 6,000,000 control and
CerS2°NSE cells were seeded on a p10 dish and collected one day later in parallele to the
lipidomic samples (see chapter 3.6.1). Samples were stored at -80°C and pellets were
delivered to the Proteome Analysis Unit from the German Diabetes Center in Dusseldorf,

Germany.

3.7.2. Cell lysis

Dry cell pellets were lyzed in denaturing SDS buffer (4% SDS, 100 mM Tris pH8.0, 100 mM
DTT, Complete™ and phosphatase inhibitors 2&3 (Sigma Aldrich); 1:5 (w/v)), by 10 strokes
through an insulin syringe (needle 26 gauge) followed by sonification (3 times 70%-Pulse
0.09sec_10sec). After centrifugation at 75.000x g for 30 min at 4°C, supernatants were
transferred to fresh reaction tubes and protein concentration was determined by direct

photometric measurements (nanodrop, Thermo Fisher Scientific).

3.7.3. Protease digest

To purify and concentrate the sample, a protein equivalent of 10 ug was loaded onto a short
SDS-PAGE (10% polyacrylamide, 0.5 cm separation distance as previously described 2°').
Subsequently, Coomassie blue stained protein bands were excised and subjected to in-gel
protease digestion. Therefore, gel slices were alternated washed twice with 25 mM ammonium

bicarbonate and 25 mM ammonium bicarbonate and 50% acetonitrile (v/v). Protein reduction
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was performed in 65 mM DTT for 15min, shaking at 350 rpm and 50°C. Subsequent alkylation
was done in 216 mM lodacetamide for 15 min in the dark at RT. After washing (25 mM
ammonium bicarbonate and 25 mM ammonium bicarbonate and 50% ACN (v/v)), gel slices
were shrinked in 100% Acetonitrile. Protein digestion was performed with 400 ng LysC/Trypsin
mix (Promega) in 25 mM ammonium bicarbonate and 2% ACN (v/v) over night at 37°C.
Resulting peptides were eluted with 1% TFA (v/v) followed by a second elution with 0.1%

TFA/90% Acetonitrile (v/v). Peptides were lyophilized and subjected to MS analysis.

3.7.4. Mass spectrometry

Lyophilized peptides were reconstituted in 1% TFA (v/v) supplemented with iRT peptides
(Biognosys) and separated by liquid chromatography (Ultimate 3000, Thermo Fisher Scientific)
using an EASYspray ion source equipped to an Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific). Peptides were trapped and desalted on an Acclaim PepMap
C18-LC-column (ID: 75 pm, 2 cm length; Thermo Fisher Scientific) and subsequently
separated via EASYspray C18 column (ES803; ID: 50 cm x 75 pm inner diameter; Thermo
Fisher Scientific) using a 100 min linear gradient from buffer A (0.1% formic acid) to 4-34%
buffer B (80% Acetonitrile, 0.1% formic acid) at a flow rate of 300 nl/min followed by a 20 min
linear gradient increasing buffer B to 50% and a 1min linear gradient increasing buffer B to
90%. Column temperature was set to 40°C.

MS data for spectral libraries were acquired in DDA (data dependent acquisition) mode. MS
spectra were obtained at 120,000 resolution (3 s cycle time), m/z range of 350-1600 and a
target value of 4e5 ions, with maximum injection time of 50 ms. For fragmentation precursor
selection filter were set to charge state between 2 and 7, dynamic exclusion of 30 s and
intensity threshold of 2.5e4. Fragmentation of precursors was done with an isolation window
(m/z) 1.2, HCD energy of 32%, Orbitrap resolution of 15,000 and an ion target value of 1.0e5
with maximum injection time of 50 ms.

MS data for label free quantification were acquired in a DIA (data independent acquisition)
mode. Full scan MS spectra were obtained at 120,000 resolution, m/z range of 400-1200, and
an AGC target value of 5e5 and maximum injection time of 50 ms. Fragmentation was
performed with HCD energy of 32% in 28 windows covering the range from 400-1200 (m/z)
with a segment width of 29.6 (m/z), Orbitrap resolution of 30,000, AGC target of 1.0e6, scan

range from 200-2000 (m/z) and maximal injection time was 60 ms.

3.7.5. Analysis of mass spectrometry data

To calculate protein quantities, single shot DIA runs were processed in Spectronaut Pulsar

(Version 13.12.200217, Biognosys) based on MS2 level using factory settings. Spectra were
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matched against a project specific spectral library composed out of 44 DDA runs from
analogous sample material.

Spectral library was generated in Spectronaut Pulsar (Version 12.0.20491.5) from a Proteome
Discoverer result file (Version 2.2.0.388; Thermo Fisher Scientific). Used HTSequest search
settings were: enzyme trypsin (full), max missed cleavages 2, peptide length
6-144 modifications: carbamidomethyl (C) (fixed); oxidation (M), acetyl (protein N-term)
(dynamic) and FASTA files (Rattus norvegicus TaxID 10116 SwissProt TaxID=10116 (with
subtaxonomies, v2017-10-25) and TrEMBL (v2017-10-25)).

For label free quantitative analysis by Spectronaut, identification was done with a g-value cutoff
of 0.01, matching against the project specific spectral library (95.235 Precursors) and utilizing
FASTA file (reviewed SwissProt and TrEMBL database, rat TaxID 10116 canonical and
isoforms, both downloaded from UniProt 07-2018) for Pulsar search. Quantitation was done
on MS2 level, area type and global cross run normalization were performed on median.
Student’s t-test was performed on precursor ion level and protein candidates for regulation
were filtered by average log?2 ratio greater than or equal to 0.5 and g-value less than or equal
to 0.05.

3.8. Electron microscopic analysis of mouse islets

Control and CerS2°BKO islets were isolated as described in chapter 3.2.1. On the next day
50 islets were hand-picked, washed thoroughly 3 times with PBS to remove BSA from media
and fixed for 1 h at RT by immersion in 2.5% glutaraldehyde in KRH buffer at pH 7.4, postfixed
in 2% osmium tetroxide in 0.19 M sodium cacodylate buffer, pH 7.4, for 30 min, and
subsequently stained with 2% uranyl acetate in maleate buffer, pH 4.7. The specimens were
dehydrated in graded ethanols and embedded in epoxy resin 2?2, Ultrathin sections were picked
up onto Formvarcarbon-coated grids, stained with lead citrate, and viewed in a transmission
electron microscope (TEM 910; Zeiss Elektronenmikroskopie, Oberkochen, Germany).
Morphometric evaluation of insulin containing vesicles in beta cells was manually done using
Fiji processing program (Imaged 1.51w). For quantification, the number of granules was

normalized to the beta cell area.

3.9. Computational analysis

3.9.1. Densitometrical analysis

Intensity of western blot bands was measured using Image lab 6.0 software (Bio-Rad). Each
band was normalized to total protein amount of the sample detected by stainfree. Stainfree
gels contain a proprietary trihalo compound that covalently binds to tryptophan residues in

proteins after exposure to UV light and allows for the detection of proteins on the membrane.
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3.9.2. Statistical methods

Data was analyzed by unpaired two-tailed t-test, paired two-tailed t-test, multiple t-test or two-

way ANOVA using GraphPad Prism (Version 7.05) as described for each figure in the result

chapter.

3.10. Personal contributions

The following packages describe the personal contribution for the different methods used in

this thesis.

K. Griel3 designed and performed most of the experiments. K. Griel3 was supervised by Dr.
B.-F. Belgardt (Group leader, Research Group Beta Cell Defects) as well as Prof. Dr.

Eckhard Lammert (Institute Director, Institute for Vascular and Islet Cell Biology).

K. Grie3 and C. Schlegel (Research Group Beta Cell Defects) build up the lab and
established the maijority of the fundamental methods in the Research Group Beta Cell

Defects at the German Diabetes Center in Disseldorf, Germany.

K. GrieRl established the generation of various knockout cell lines, including CerS2*NS'E
cells, using the CRISPR/Cas9 system.

Dr. M. Rieck (Research Group Beta Cell Defects) generated control and Pcsk12NS'E cells
and performed immunoblot experiments. K. Griell designed gRNA sequences and
genotyping primers for the generation and identification of Pcsk12NS'E cells. FACS sorting
was performed in collaboration with Prof. Dr. D. Haussinger and Dr. M. Wammers from the
Department of Gastroenterology, Hepatology and Infectious Diseases at the University

Hospital in Dusseldorf, Germany.

K. Grie3, C. Schlegel and S. Cames (Oskar-Minkowski Laboratory) performed in vivo
experiments with control and CerS2*8K° mice. K. GrieR planned the experiments and

supervised C. Schlegel and S. Cames.

J. Kuboth (Research Group Beta Cell Defects) extracted pancreata of female control and
CerS2"BK0 mice and conducted the insulin ELISA for the determination of pancreatic insulin

content. K. Griel3 supervised J. Kuboth and performed the analysis.

C. Schlegel and Dr. B.-F. Belgardt conducted the perfusion of islets from control and db/db
mice. Dr. M. Rieck and K. Griel} isolated islets from control and db/db mice and prepared

samples for untargeted lipidomics.
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C. Schlegel and Dr. B.-F. Belgardt conducted the perfusion of islets from CerS2°B° mice
and their respective controls. Dr. M. Rieck and K. Grief3 performed CHX experiments with

islets from control and CerS2BKO mice.

J. Jablonskyj (Research Group Beta Cell Defects) performed the gPCR of CerS2*NS'E cells

on ER stress marker during her Master thesis and was supervised by K. Griel3.

J. Kuboth and C. Schlegel were supervised by K. Grie and performed the Tpst7 and Tpst2

double knockdown experiments.

Untargeted lipidomics of CerS2*NS'E cells, CerS2°BKC islets, as well as db/db islets and their
controls were performed in collaboration with Prof. T. Hornemann and Dr. G. Karsai from
the Institute of Clinical Chemistry at the University Hospital in Zurich, Switzerland. Dr. G.
Karsai performed the MS measurement, analyzed the raw data and wrote the method part
in chapter 3.6 of this thesis. Statistical analysis of the lipidomic data was performed in
collaboration with Prof. Dr. O. Kuf from the Institute for Biometrics and Epidemiology at the

German Diabetes Center in Disseldorf, Germany.

Proteomics were performed in collaboration with Dr. S. Hartwig, Dr. S. Lehr and Prof. Dr.
H. Al-Hasani from the Proteome Analysis Unit of the Institute for Clinical Biochemistry and
Pathobiochemistry at the German Diabetes Center in Dusseldorf, Germany. S.Hartwig
planned and performed proteomics and wrote the method part in chapter 3.7.2 - 3.7.5 of

this thesis.

Electron microscopic analysis of control and CerS2*8X° islets was executed in collaboration
with the Dr. J. Weil}, K. Jeruschke and Prof. Dr. H. Al-Hasani from the Cellular Morphology
Unit of the Institute for Clinical Biochemistry and Pathobiochemistry at the German Diabetes
Center in DUsseldorf, Germany. K. Grie analyzed and quantified images. J. Weil3 wrote

the method part in chapter 3.8 of this thesis.

K. Griel} created the illustrations in this work, if not denoted otherwise. Chemical structures

were created with BKchem program (Version 0.13.0).
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4. Results

41. Long and very long chain ceramides accumulate in islets of db/db mice

To identify sphingolipid species in pancreatic islets that are regulated in beta cell dysfunction
and development of T2D, 6 and 12 week old male BKS.Cg-Dock7™ +/+ Lepr®™/® (further
denoted as db/db) and BKS.Cg-Dock7™ +/+ Lepr®/J (further denoted as control) mice were
used in this study. db/db mice carry a mutation in the gene encoding the leptin receptor and
mice with a homozygous deficiency on the BKS background exhibit features of T2D, like
hyperphagia, extreme obesity, chronic hyperglycemia and relative hypoinsulinemia 282, db/db
mice at an age of 6 weeks had increased body weights, but exhibited no significantly altered
blood glucose levels and reflected a prediabetic state, while mice at an age of 12 weeks were
morbidly obese with highly elevated body weight and blood glucose levels and reflected the
diabetic state (S.Fig.1A and S.Fig1B).

Untargeted lipidomics of control and db/db islets was performed in collaboration with Prof. Dr.
Thorsten Hornemann and and Dr. Gergely Karsai from the Institute of Clinical Chemistry in
Zurich, Switzerland 289293 Statistical analyses of lipidomic data was conducted without
correction for multiple testing in agreement with Prof. Dr. Oliver Ku® from the Institute for
Biometrics and Epidemiology at the German Diabetes Center in Disseldorf and is in line with
several published studies '®:1%  Untargeted lipidomics revealed that long chain C16:0
(~135%), C18:0 (~90%) and C20:0 (6 weeks: ~110%; 12 weeks: ~140%) ceramides, as well
as very long chain C22:0 (6 weeks: ~150%; 12 weeks: ~110%), C24:0 (6 weeks: ~190%;
12 weeks: ~135%) and C24:1 (6 weeks: ~150%) ceramide species were significantly elevated
in islets of db/db mice compared to heterozygous controls (Fig.7A). Thus, total amounts of all
ceramide species were increased about 100-150% in islets of 6 and 12 week old db/db mice
(Fig.7B).

As ceramide serves as precursor for the generation of more complex sphingolipids, we further
investigated sphingomyelins and hexosylceramides, which are directly generated from
ceramide, in islets of control and db/db mice. In this thesis, the two simplest glycosphingolipids,
galactosylceramides and glucosylceramides are designated as hexosylceramides. As
observed for ceramides, C16:0 sphingomyelin and hexosylceramide species were increased
in islets from 6 and 12 week old db/db mice compared to control (6 weeks: ~50-60%, 12 weeks:
~35-40%) (Fig.7D and Fig.7G). In contrast, C24:1 sphingomyelins and hexosylceramides were
decreased about 50% in islets of 12 week old db/db mice (Fig.7D and Fig.7G). Due to elevated
long chain C16:0 species, but decreased very long chain C24:1 species in islets of db/db mice
at an age of 12 weeks, total amounts of sphingomyelins and hexosylceramides were equal in

islets of db/db mice and controls (Fig.7E and Fig.7H). This suggests that an imbalance
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between long and very long chain sphingolipids might contribute to beta cell failure upon the
development of diabetes.

To determine if previously described plasma ceramide ratios (C16:0/24:0, C18:0/C24:0,
C24:1/C24:0 and C18:0/C16:0) that are reported to positively correlate with increased
cardiovascular and other risks, can also be used as marker for beta cell dysfunction in islets,
ratios were calculated for ceramides, sphingomyelins and hexosylceramides. However,
previously described ratios were not increased, but sometimes even decreased in islets of
prediabetic and diabetic mice (S.Fig.2). Due to specifically decreased C24:1 sphingolipid
species, ratios of long chain C16:0 to very long chain C24:1 sphingolipid species were
additionally calculated in islets of control and db/db mice. The ratio of C16:0/C24:1 ceramides,
sphingomyelins as well as hexosylceramides was increased in islets of 12 week old diabetic
db/db mice compared to controls (Fig.7C, Fig.7F and Fig.71). Consequently, this might be an
indicator for islet beta cell dysfunction.

To visualize all differentially expressed sphingolipid species in islets of 12 week old diabetic
db/db mice compared to controls, the log2 fold change (log2 FC) was calculated for all
measured sphingolipids and plotted against their -log10 p-values in a volcano plot. Importantly,
very long chain C24:1 sphingolipids are mainly downregulated, while predominantly ceramides
with different acyl chain lengths were upregulated in islets of 12 week old db/db mice (Fig.7J).
In addition, many of those upregulated species had incorporated the sphingoid base
sphingadiene (18:2) as backbone, which comprises two double bonds and results in a bent
structure, which might influence membrane structure and lipid microdomain formation 2. All
differentially expressed sphingolipids of the volcano plot in db/db islets of 12 week old mice
are displayed in S.Tab.1.

These changes in sphingolipid species led to an increase in total sphingolipids about 40% in
6 week old db/db islets compared to control, while no significant difference was detected in

12 week old db/db mice compared to control (Fig.7K).
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Figure 7: Long and very long chain ceramides are highly elevated, while very long chain C24:1 species of
complex sphingolipids are reduced in islets of db/db mice. A) Ceramide, D) sphingomyelin and
G) hexosylceramide species with various acyl chain lengths in islets of 6 and 12 week old control and db/db mice
were determined by untargeted lipidomics. B) Sum of all ceramide, E) sphingomyelin and H) hexosylceramide
species were calculated in islets from control and db/db mice at an age of 6 and 12 weeks. C) Ratio of C16:0 to
C24:1 ceramides, F) sphingomyelins and I) hexosylceramides in control and db/db islets of 6 and 12 week old mice.
J) Volcano plot shows sphingolipid species which are decreased (blue) or increased (red) in db/db islets. K) Sum
of all measured sphingolipids in islets of 6 and 12 week old control and db/db mice. n= 4 for control, n= 4 for db/db
with pooled islets of 7-8 mice. Shown are means + SEM and significant p-values. Significance was determined by
two-way ANOVA (A-K). SL= sphingolipid, Cer= ceramide, SM= sphingomyelin, HexCer= hexosylceramide,
doxCer= deoxyceramide, m= monohydroxylated backbone; d= dihydroxylated backbone, 18:0= sphingoid
backbone without double bond (e.g. dihydro-ceramide, -sphingomyelin), 18:1= sphingoid backbone with one double
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bond (e.g. ceramide, sphingomyelin), 18:2= sphingoid backbone with two double bonds (sphingadiene), FC= fold
change.

4.2. Beta cell specific ablation of CerS2 does not alter beta cell identity in
mice

To analyze the role of CERS2 and its influence on the sphingolipidome in pancreatic beta cells,
CerS2 was specifically ablated in pancreatic beta cells by crossbreeding of two mouse lines:
the conditional CerS2 KO mouse (kindly provided by Prof. Dr. Jens C. Briining from the Max-
Planck-Institute for Metabolism Research in Cologne, Germany) and the /ns7-Cre mouse 2%,
In the conditional CerS2 KO mouse, two loxP sites have been inserted in front of exon 2 and
behind exon 11 (Fig.8A). Furthermore, the overlapping UTR sequence between CerS2 and
another gene next to the CerS2 locus (SET domain bifurcated histone lysine
methyltransferase 1, Setdb1) was duplicated to avoid unspecific effects of 3" UTR deletion
(Fig.8A, conditional CerS2 KO locus). After crossbreeding those mice with heterozygous Ins1-
Cre mice, the sequence between both loxP sites is deleted in the offspring as early as insulin
expression starts in pancreatic beta cells. Mice possessing the genotype Ins7-Cre'9*; CerS2"M
were used in experiments and are further designated as CerS2*8° mice. For the generation
of control mice, CerS2 Wt littermates were crossed with heterozygous /ns7-Cre and offspring
mice possessing the genotype Ins1-Cre'9*; CerS2** were used in experiments and designated
as control. If not mentioned otherwise, adult male mice at an age of 12-30 weeks were used
in experiments.

First, we tested specificity of CerS2 deletion in pancreatic beta cells. Therefore, DNA from
different organs was extracted from CerS2*8° mice and the presence of the Ins7-Cre
transgene and the deleted locus of CerS2 (loss of exons 2-11) were detected via PCR.
Genotyping of the different organs revealed that CerS2 ablation (CerS2A) was only present in
pancreatic islets of CerS2*8K° mice, while the floxed CerS2 locus (CerS2 flox) and the
heterozygous Ins1-Cre transgene (Cre tg) was detected in all organs (Fig.8B). In addition,
CerS2 mRNA expression was exclusively reduced by approximately 80% in pancreatic islets
of CerS2*8%° mice compared to controls (Fig.8C). Next, we investigated, if other CerS were
coregulated after CerS2 deletion in CerS2*8X° islets. Therefore, mRNA expression of CerS2,
CerS4, CerS5 and CerS6, which are the most abundant CerS in pancreatic islets, were
determined by gPCR in control and CerS2*8K° islets. CerS1 is known to be mainly expressed
in brain, skeletal muscle and testis, while CerS3 is only present in the skin and testis '*'. qPCR
revealed specific downregulation of CerS2 by approximately 80%), while other CerS were not
regulated on mRNA level in pancreatic islets of CerS2°6° mice (Fig.8D). On protein level,
CERS2 was strongly reduced by approximately 70-80% in pancreatic islets from CerS2°BK0
islets as shown by immunoblot analysis (Fig.8E and Fig.8F). Residual 20-30% of CerS2 mRNA

and CERS2 protein signal most likely originated from other cell types in pancreatic islets, like
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alpha cells. To address if CerS2 deletion alters beta cell function and identity, mRNA
expression levels of several beta cell markers (Ins1, Ins2, Pdx1, Nkx6.1, Sic2a1, Slc2a2 and
Foxo1) were examined in control and CerS2°BK° islets, but no significant differences were
detected (Fig.8G). Due to implication of ER stress on beta cell function during the development
of T2D, we additionally analyzed mRNA expression of several ER stress markers (Pdia3,
Grp78, Grp94, Grp170, Chop, Hsp60, Hsp70, Erp29, Calr) and observed no significant
differences in control and CerS2*8%C islets (Fig.8H). In addtition, mRNA expression of Setdb?

was unaltered after CerS2 deletion (data not shown).
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Figure 8: Generation of beta cell specific CerS2 knockout mice. A) Overview of CerS2 targeting strategy
(modified from Taconic Biosciences documentation sheet). The image illustrates a scheme of the CerS2 Wt,
conditional CerS2 KO and constitutive CerS2 KO locus in mice. Conditional CerS2 mice were generated by insertion
of loxP sites in front of exon 2 and behind exon 11. Constitutive CerS2 KO locus emerged in pancreatic beta cells
by breading of conditional CerS2 mice with the Ins7-Cre driver line leading to the deletion of the locus between
exon 2 and exon 11. loxP= recognition sequence for Cre recombinase, F3= recognition sequence for Flippase (Flp)

recombinase, FRT= recognition s

equence for Flp recombinase. B) Representative Ins7-Cre and CerS2A

genotyping PCR in various mouse organs from CerS2°8K0 mice. M= marker, B= brain, K= kidney, H= heart, L= liver,
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Ad= adrenal gland, S= skeletal muscle, Lu= lung, AT= adipose tissue, |= pancreatic islets, -= H20. C) qPCR of
CerS2 in various organs from control and CerS2°8XC animals. n= 4-5 for control, n= 5 for CerS228X° mice.
D) Expression of CerS in control and CerS228KO jslets detected by gPCR. n= 5 for control, n= 4 for CerS228K0 mice.
E) Representative immunoblot of CERS2 in pancreatic islets of control and CerS228X° mice. F) Quantification of all
performed immunoblots n= 8 experiments. G) gPCR of beta cell markers in control and CerS228K0 jslets. n= 5 for
control, n= 4 for CerS2*8%° mice. H) gPCR of ER stress markers in control and CerS228KO jslets. n= 4 for control,
n= 3 for CerS2*8X0 mice. All graphs show mean + SEM and significant p-values. Significance was determined by
multiple t-test corrected with Holm-Sidak method (C-D, G-H) or Student’s unpaired two-tailed t-test (F).

4.3. Very long chain sphingolipids are strongly reduced in CerS2°8KO jslets

Next, we asked if beta cell specific ablation of CerS2 is sufficient to alter the generation of very
long chain sphingolipids. Therefore, islets of control and CerS2°8X° islets were analyzed by
untargeted lipidomics. Very long chain ceramides with length of C20-C24 were significantly
reduced (C20:0 = ~-40%, C22:0 = ~-75%, C24:0 = ~-70%, C24:1 = ~-90%), while shorter
species with a chain length from C14-C18 were not significantly changed in islets of CerS2-8%0
mice compared to control (Fig.9A). Consequently, the sum of all measured ceramide species
in CerS2“BKO islets was significantly reduced by 50% (Fig.9B). In addition, the ratio of
C16:0/C24:1 ceramides was strongly upregulated by approximately 12 fold in CerS228KO islets
compared to control (Fig.9C). We noticed that not only ceramides, but also other sphingolipid
species like sphingomyelins and hexosylceramides were altered in pancreatic beta cells after
CerS2 deletion. Very long sphingomyelin species from C20-C26 were significantly reduced
(C20:0 = ~-40%, C22:0 = ~-80%, C24:0 = ~-85%, C24:1 = ~-90%, C26:0 = ~-80%) in
CerS2*8X0 slets, while shorter sphingomyelin species from C14-C18 were not different in
comparison to control islets (Fig.9D). However, total amounts of all sphingomyelins only
tended to be reduced (p=0.071), probably due to much higher concentrations of C16
sphingomyelins in comparison to other sphingomyelin species (Fig.9E). Changes in the
sphingolipid species resulted in an increased ratio of C16:0/C24:1 sphingomyelin by
approximately 10 fold in CerS2°BK° islets (Fig.9F). Moreover, very long chain C22-C26
hexosylceramides were significantly reduced (C22:0 = ~-80%, C24:0 = ~-90%, C24:1 = ~-95%,
C26:0 = ~-80%) in CerS22BKO islets compared to control. Interestingly, long chain C16:0
hexosylceramides were compensatorily increased about two fold in CerS2°8K0 jslets (Fig.9G).
Thus, the ratio of C16:0 to C24:1 hexosylceramides was increased by approximately 40 fold
in CerS2*BXO jslets, while total amount of hexosylceramides was unaltered (Fig.9H and Fig.9l).
When comparing all measured sphingolipid species in islets of control and CerS2°8° mice,
specifically very long chain sphingolipid species, not only ceramides but also sphingomyelins,
deoxyceramides and hexosylceramides, were decreased in CerS2°8KC islets (Fig.9J).
Furthermore, CerS2 ablation led to a compensatory upregulation of long chain C16:0
hexosylceramides, as well as C16:0 and C20:0 dihydrodeoxyceramides (Fig.9J). Those
changes significantly decreased the sum of all measured sphingolipids by approximately 30%
in CerS2°BKO jslets compared to control (Fig.9K). All differentially expressed sphingolipids of

CerS22BKO jslets are shown in S.Tab.2.
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Figure 9: CerS228KO jslets display an altered sphingolipidome with a reduction in very long sphingolipid
species. A) Ceramide, D) sphingomyelin and G) hexosylceramide species with various acyl chain length in control
and CerS2°BKO jslets determined by untargeted lipidomics. B) Sum of all ceramide, E) sphingomyelin and
H) hexosylceramide species were calculated in control and CerS228X0 jslets. C) Ratio of C16:0 to C24:0 ceramides,
F) sphingomyelins and 1) hexosylceramides in control and CerS28X0 islets. J) Volcano plot shows sphingolipid
species which are decreased (blue) or increased (red) in CerS22BKO islets compared to control. K) Sum of all
measured sphingolipids in control and CerS228X0 islets. Shown are means + SEM and significant p-values. n= 4
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independent experiments with pooled islets of 4 mice. Significance was determined by Student’s unpaired two-
tailed t-test (A-K). SL= sphingolipids, Cer= ceramide, SM= sphingomyelin, HexCer= hexosylceramide
doxCer= deoxyceramide, m= monohydroxylated backbone; d= dihydroxylated backbone, 18:0= sphingoid
backbone without double bond (e.g. dihydro-ceramide, -sphingomyelin), 18:1= sphingoid backbone with one double
bond (e.g. ceramide, sphingomyelin), 18:2= sphingoid backbone with two double bonds (sphingadiene), FC= fold
change.

4.4. Impaired glucose tolerance in CerS2*BX° mice

To analyze if CerS2 ablation affects beta cell function, in vivo experiments with male and
female control and CerS2°8° mice fed with a normal diet (ND) were performed from 4 weeks
to 20 weeks of age.

Body weight of male control and CerS2*8%° mice was measured weekly and was comparable
during 16 weeks of experimental period with an increase about 90% of initial body weight
(Fig.10A). In addition, non-fasted blood glucose levels were determined weekly in control and
CerS2*8%0 mice. Blood glucose levels of CerS2*8K° mice were similar to control mice and
values remained stable around 150 mg/dl over the whole experimental period (Fig.10B).
Notably, glucose tolerance tests (GTT) in week 12 and week 16 of age showed impaired
glucose tolerance of CerS2*8° mice compared to control mice (Fig.10C and Fig.10F) with
significantly increased area under the curve (AUC) by approximately 45% in CerS2*8%° mice
(Fig.10D and Fig.10G). Plasma insulin concentrations of 12 week old control and CerS2°BK°
mice were determined during GTT and revealed a significant reduction in plasma insulin
concentrations by approximately 70% 20 min after glucose injections in CerS2*8%° mice
(Fig.10E). Furthermore, insulin sensitivity was comparable during an insulin tolerance test
(ITT) in CerS2*8K° and control mice (Fig.10H). This indicates that impaired glucose tolerance
of CerS2*8X° mice results from insufficient insulin secretion after glucose injection. Impaired
glucose tolerance, as well as reduced plasma insulin levels were specifically observed in
CerS2°BX0 mice. This does not occur in CerS5'8%0 and CerS6°8X° mice, which lack the
enzymes generating long chain C16 ceramides (personal communication Dr. Michael Rieck,
DDZ).
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Figure 10: Male CerS2°BX0 mice manifest impaired glucose tolerance on normal diet. A) Body weight and
B) non-fasted blood glucose levels were measured weekly in control and CerS2°BKO mice receiving normal diet
(ND). n= 16 for control, n= 16 for CerS2°BK0 mice. C) In week 12 and F) week 16 of age an intraperitoneal glucose
tolerance test (GTT) was performed by injection of 2g/kg glucose and D) and G) area under the curve was
calculated. n= 12-16 for control, n= 12-14 for CerS2*80 mice. E) Plasma insulin concentrations were determined
by an insulin ELISA after 0, 20 and 120 min of glucose injection in 12 week old control and CerS2°80 mice. n= 13
for control, n= 13 for CerS2°8K° mice. H) Insulin tolerance test (ITT) was performed by intraperitoneal injection of
0.75 U/kg insulin in week 18 of age in control and CerS228KO mice. n= 16 for control, n= 16 for CerS228K0 mice.
Shown are means + SD (A-C, F, H) or means + SEM (D, E, G) and significant p-values. Significance was determined
by two-way ANOVA corrected with Sidak method (A-C, E, F, H) or by Student’s unpaired two-tailed t-test (D, G).

We further investigated if impaired glucose tolerance was also present in female mice after
CerS2 ablation. In general, due to higher insulin sensitivity and improved glucose homeostasis,
at least partially mediated by higher estrogen levels, female individuals exhibit a reduced
incidence to develop T2D in comparison to male subjects 2%. As observed in male mice, body
weight and non-fasted blood glucose levels were similar between female control and
CerS2*8%0 mice (Fig.11A and Fig.11B). Female CerS2*8X° mice exhibited no major impairment
of glucose tolerance during the performed GTT in week 12 and 16, but showed a tendentially

decreased glucose tolerance compared to control (Fig.11C and Fig.11E). Blood glucose levels
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were slightly increased 20 min after glucose injection (p= 0.053), but the calculated AUC was
not significantly altered in 12 week old CerS2*8%° mice compared to control (Fig.11C and
Fig.11D). Furthermore, 16 week old CerS2*%%°© mice showed a slightly impaired glucose
tolerance with tendentially increased glucose levels 20 min after glucose injection (p= 0.092)
and significantly increased levels 40 min after glucose injection (Fig.11E). However, AUC was
not significantly increased (Fig.11F). In addition, insulin tolerance in 18 week old control and

CerS2°8K° mice was comparable (Fig.11G).
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Figure 11: Female CerS2°BK0 mice exhibit only a slightly impaired glucose tolerance on normal diet. A) Body
weight and B) non-fasted blood glucose levels were measured weekly in control and CerS248X0 mice receiving a
normal diet (ND). n= 17 for control, n= 17 for CerS2280 mice. C) In week 12 and E) week 16 of age an
intraperitoneal glucose tolerance test (GTT) was performed by injection of 2g/kg glucose and D) and F) area under
the curve was calculated. n= 15 for control, n= 15-17 for CerS2°BK° mice. G) Insulin tolerance test (ITT) was
performed by intraperitoneal injection of 0.25 U/kg insulin in week 18 of age in control and CerS228X0 mice. n= 17
for control, n= 17 for CerS2*8K0 mice. Shown are means + SD (A-C, E, G) or means + SEM (D, F) and significant
p-values. Significance was determined by two-way ANOVA corrected with Sidak method (A-C, E, G) or by Student’s
unpaired two-tailed t-test (D, F).
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To address, if ablation of CerS2 would aggravate impaired glucose tolerance under
obesogenic conditions with chronically elevated insulin levels, mice were fed a high fat diet
upon 4 weeks of age. Body weight of male control and CerS2*8K° mice were comparable during
experimental period and mice doubled their weight after 8 weeks (Fig.12A). Body weight of
mice on HFD was approximately 20-25% increased in comparison to normal diet fed mice at
the same age (compare Fig.10A and Fig.12A). Blood glucose levels of control and CerS28%°
mice remained comparable around 170 mg/dl (Fig.12B). As seen with ND, glucose tolerance
was impaired in 12 week old CerS2*8° mice compared to control (Fig.12C) and calculated
AUC was significantly increased by approximately 30% in CerS2*®%° mice (Fig.12D).
Consistently, insulin concentrations in plasma of 12 week old CerS2*8“° mice were reduced

by 50% 20 min after glucose injections in comparison to control mice (Fig.12E).
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Figure 12: Male CerS28K° mice demonstrate impaired glucose tolerance on high fat diet. A) Body weight
and B) non-fasted blood glucose levels were measured weekly in control and CerS228X0 mice receiving a high fat
diet (HFD) upon week 4 of age. n= 33 for control, n= 30 for CerS280 mice. C) In week 12 of age an intraperitoneal
glucose tolerance test (GTT) was performed by injection of 1g/kg glucose and D) area under the curve was
calculated. n= 30 for control, n= 27 for CerS28X0 mice. E) Plasma insulin concentrations were determined by an
insulin ELISA after 0, 20 and 120 min of glucose injection in 12 week old control and CerS2*8¥0 mice. n= 11 for
control, n= 10 for CerS2*BKO mice. Shown are means + SD (A-C) or means + SEM (D, E) and significant p-values.
Significance was determined by two-way ANOVA corrected with Sidak method (A-C, E) or by Student’s unpaired
two-tailed t-test (D).

Female control and CerS2*®%° mice exhibited similar body weight and non-fasted blood
glucose levels during experimental period on HFD (Fig.13A and Fig.13B). Body weight of
control and CerS2°8KC mice increased about 90% during 8 weeks of HFD, which correspond

to 20-25% increased weight as compared to females of the same age receiving a ND (compare
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Fig.11A and Fig.13A). As observed in ND fed mice, female HFD fed CerS2*8%° mice at an age
of 12 weeks tended to be more glucose intolerant compared to controls (p= 0.053 at 40 min
after glucose injection), which was also detected in the AUC (p=0.094) (Fig.13C and Fig.13D).
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Figure 13: Female CerS2°8K° mice displayed no major impairment of glucose tolerance on high fat diet.
A) Body weight and B) non-fasted blood glucose levels were measured weekly in control and CerS228XC mice
receiving high fat diet (HFD) upon week 4 of age. n= 16 for control, n= 17 for CerS228K0 mice. C) In week 12 an
intraperitoneal glucose tolerance test (GTT) was performed by injection of 2g/kg glucose and D) area under the
curve was calculated. n= 16 for control, n= 16 for CerS28X° mice. Shown are means + SD (A-C) or means + SEM
(D). Significance was determined by two-way ANOVA corrected with Sidak method (A-C) or by Student’s unpaired
two-tailed t-test (D).

Taken together, the data from ND and HFD fed control and CerS2*8%° mice showed that
ablation of CerS2 impaired glucose tolerance due to decreased plasma insulin levels

independent of diet and especially in male mice.
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4.5. Reduced insulin content in CerS2"BXO jslets and pancreata

To further investigate why insulin levels in plasma of CerS28%° mice were reduced, islets from
adult control and CerS2*8K° mice were isolated to perform a glucose stimulated insulin
secretion assay (GSIS) (Fig.14A). To this end, seven islets of similar size were consecutively
treated for one hour with low glucose concentrations (2 mM), followed by one hour treatment
with high glucose concentrations (20 mM). Insulin secretion of control and CerS228K° jslets at
low glucose concentration was similar, while after high glucose stimulation CerS2*8%° islets
secreted approximately 50% less insulin compared to controls (Fig.14B). This could either be
explained by a reduction in insulin content, the inability to secrete sufficient amounts of insulin
or a combination of both. Considering total insulin content in control and CerS2*8X° islets,
significantly less insulin (~-35%) was detected in CerS2°BKO islets (Fig.14C). In line with this,
islets of CerS2*8%° mice seemed to be brighter in comparison to control islets, indicating less
insulin content (Fig.14A). However, when secreted insulin was normalized to insulin content,
insulin secretion of control and Cer2"8XC islets was comparable (Fig.14D). Therefore, the
primary defect is the decreased insulin content rather than insulin secretion after CerS2
ablation. Next, we investigated if CerS2 deletion impairs insulin processing in pancreatic islets.
Insulin is synthesized by cleavage of the precursor hormone proinsulin into insulin and C-
peptide in the secretory granules of beta cells '''. Proinsulin content was not significantly
changed in CerS2°BKO islets compared to controls (Fig.14E). Nevertheless, the calculated ratio
of insulin to proinsulin content in CerS2°8K° islets was significantly decreased, showing that in
CerS2°BKO jslets more proinsulin is present relative to insulin (Fig.14F). These data indicate
that insulin maturation is impaired in CerS2*8K° islets. In contrast to insulin, glucagon content

in control and CerS2°8K0 jslets was similar (Fig.14G).
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Figure 14: CerS2BKO jslets contain reduced amounts of insulin. A) Representative image of islets from control
and CerS2"BKO mice. Scale bar= 500 um. B-D) Glucose stimulated insulin secretion (GSIS) was performed with
seven control and CerS228KO jslets using 2 mM (low) and 20 mM (high) glucose concentrations. Insulin quantity
was determined by insulin ELISA. B) Secreted insulin after low and high glucose stimulation, C) insulin content and
D) insulin secretion normalized to insulin content was determined in control and CerS2°BKO islets. E) Proinsulin
amount of control and CerS22BKO islets was detected in lysates by proinsulin ELISA and F) ratio of insulin to
proinsulin was calculated. G) Glucagon content in islet lysates was measured via glucagon ELISA. Shown are
means + SEM and significant p-values. Significance was determined by two-way ANOVA corrected with Sidak
method (B, D) or by Student’s unpaired two-tailed t-test (C, E-G). n= 17 for control, n= 16 for CerS228K0 mjce from
4 independent experiments.

Since we observed the reduction of insulin content in islets of CerS2*8%© mice, we further
analyzed insulin content in whole pancreata of control and CerS2*8%° mice. Pancreata from
adult male and female control and CerS2°8K° mice had a similar weight (Fig.15A and Fig.15D).
Insulin content in pancreas extracts from male and female control and CerS2*®X° mice was
determined by insulin ELISA and normalized to protein amount. Pancreata of CerS28%° mice
exhibited significantly less insulin (~-40-45%) compared to controls (Fig.15B and Fig.15E).
Normalization of insulin content to pancreas weight revealed similar results (data not shown).
As shown before in islets, glucagon content from male control and CerS28%° pancreata was
unchanged (Fig.15C).
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Figure 15: Insulin content is reduced in whole pancreata from CerS2°BX0 mice. A) Pancreatic weight of male
and D) female mice was measured at the age of 20 weeks. n= 16-17 for control, n= 16-17 for CerS2°8K0 mice.
B) Insulin content was determined in male and E) female pancreas extracts from control and CerS28X° mice using
an insulin ELISA and normalized to total protein content. n= 9 for control, n= 8 for CerS28° mice. C) Glucagon
content was examined in pancreata from male control and CerS2*8XC mice by glucagon ELISA and normalized to
total protein content. n= 6 for control, n= 5 for CerS228KO mice. Shown are means + SEM and significant p-values.
Significance was determined by Student’s unpaired two-tailed t-test (A-E).

Taken together, we found that pancreata as well as islets of CerS2*8X° mice contain less insulin
compared to controls. This could explain the decreased insulin secretion after high glucose
stimulation from islets ex vivo as well as decreased plasma insulin levels in vivo leading to

impaired glucose tolerance in CerS2*8%° mice.

4.6. Reduction in mature insulin granules in beta cells of CerS2°8X0° mice

To verify the reduction of insulin content in beta cells of CerS2*8%° mice, we isolated islets from
control and CerS2°8K° mice and quantified insulin granules by transmission electron
microscopy in collaboration with Dr. Jirgen Weill and Kay Jeruschke from the Cellular
Morphology Unit at the German Diabetes Center in Disseldorf. Representative images of beta
cells of control and CerS2*8K° mice are shown in Fig.16A and Fig.16B and white box indicates
magnified area in Fig.16A’and Fig.16B’. Mature, immature and empty insulin granules were
counted in consultation with Dr. Jirgen Weil} and representative images are shown in Fig.16C.
For quantification, the number of mature, immature, empty and total granules were normalized
to beta cell area (black line in Fig.16A and Fig.16B). In beta cells of CerS2*8° mice, the
number of mature insulin granules was decreased by approximately 20%. Importantly, the
amount of immature, as well as empty granules were unaltered in CerS2°8XC beta cells, leading

to a 20% reduction in total granule number (Fig.16D).
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Figure 16: Beta cells of CerS22BK0 mice posses less mature insulin granules. A) Representative electron
microscopic images of control and B) CerS28XO jglets. Black lines surround beta cell and nuclei for the
determination of beta cell area. White boxes display the area which is shown with higher magnification in A’) and
B’). Scale bars= 2 ym. C) Representative images of different kinds of granules within the beta cell. D) Quantification
of granule number in a beta cell from control and CerS2*8X° mice normalized to total beta cell area. n= 29 for
control, n= 29 for CerS2"BKC beta cells in islets from a pool of 4 mice. Shown are means + SEM and significant p-
values. Significance was determined by two-way ANOVA corrected with Sidak method (D).

Taken together, pancreatic beta cells of CerS2*8%° mice contain less mature insulin granules
compared to controls, which is in line with detected insulin and proinsulin content of islets. The
reduction in mature insulin granules leads to less mature insulin content in the pancreatic islets
as well as whole pancreata and thus most likely participate in reduced insulin secretion into

the plasma, which eventually cause glucose intolerance in CerS2*8%° mice.
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4.7. Generation of CerS2 knockout INS1E cells using the CRISPR/Cas9
system

For mechanistic analyses, we generated a CerS2 knockout INS1E cell line using the
CRISPR/Cas9 system with a two-sided cutting strategy as described by Bauer and
colleagues 2%. Thus, almost all exons of CerS2 were ablated by targeting exon 2 and exon 11
(same exons as in CerS2°BX0 mice) with specific gRNAs. Monoclonal knockout cells were
identified by PCR using specific primers for the CerS2 wildtype (Wt) and knockout (KO) locus
(Fig.17A). As controls, INS1E cells were transfected with the same plasmid containing no
gRNA (Addgene, 62988). Four separately cultured monoclonal cell lines were pooled for
experiments and CerS2 knockout cells are further described as CerS2*NS'E while CerS2
wildtype cells are designated as control. CerS2 knockout was validated in CerS2*NS'E cells on
mRNA level by gPCR. mRNA expression of CerS2 was efficiently ablated in CerS22NS'E cells,
while other CerS were not regulated (Fig.17B). Moreover, CERS2 protein levels were
undetectable in immunoblots of CerS2*™NS'E cells (Fig.17C and Fig.17D). In contrast to
CerS2°BKO jslets, mMRNA expression of Ins2 was significantly upregulated by approximately
50% on mRNA level, while Nkx6.1 (~-35%), Pdx1 (~-5%), Foxo1 (~-10%) and Sic2a2 (~-25%)
were significantliy downregulated (compare Fig.8G and Fig.17E). Next, we analyzed, if CerS2
ablation in INS1E cells induces beta cell stress by detecting several chaperones as ER stress
markers (Pdia3, Grp78, Grp94, Grp170, Chop, Hsp60, Hsp70, Erp29 and Calr) via qPCR.
Seven of nine ER stress markers were unchanged, but Chop (~20%) and Hsp60 (~30%) were
significantly increased in CerS2*NS'E cells compared to controls (compare Fig.8H and
Fig.17F). To investigate if CerS2*NS'E cells possess a defect in insulin biosynthesis, as
observed in CerS2'8KO islets, CerS2*NS'E cells were either treated with low (2 mM) or
high (25 mM) glucose concentrations and insulin content was determined by insulin ELISA.
Insulin content was slightly, but significantly decreased by 15-20% after low and high glucose
stimulation in CerS2°NS'E cells compared to control (Fig.17G). However, Ins2 expression was
upregulated in CerS2*NSTE cells, but not in CerS2°BKO islets, indicating that INS1E cells might
partially compensate for decreased insulin content (compare Fig.8G and Fig.17E).
Furthermore, CerS2*NS'E cells showed comparable proliferation and ATP content compared
to controls (Fig.17H and Fig.171).

70



Results

A

CerS2 Wt locus

\ 4 \ 4 [ Exons
2 3 4 5 6 7 8 9 10 1" Setdb1
n / ] Untranslated
8
/i e [C] overlapping UTR
V¥V gRNA target site
PP — Primer Wt allele
er. ocus '
(after Crispr/Cas9 editing) 1 2 N Setdb1 —+ Primer KO allele
-
a7
_’ ‘_
B C ¢« & « D
SIS T CERS2
5% 2097 =3 Control E= CerS2"NS'E & ":;% < & ‘b'i\ S 0.03-
o N N N °
88 15 & T F §8 | <0001
88 <0.0001 1.0 0.03 0.75 0.02 0.8 0.02 o ‘_g
5 T 1 Q.s
< 8101 CERS2| e s= == 3o
8o &3
E 5§ " _ T S8
° s 2 = = = . ol
<= 0.0- Stainfree ; = ég = = E
==E2==2= 2

A Y ) o
c;‘”‘6 o°‘% o“‘g o“"‘6

E Beta cell marker F ER stress marker
c 20' 5 g 20' o [e]
2 I 0.0038 ? e 0.0004
9% 154 o ¢ 2151 o 00002 o
2o <0.0001 g8
gs 0.0062 —— 0.0173 0.0015 X 4]
Q¢ 1.0 <N
54 ¥
% € 0.5- E £ 057
o - C
= & 0 =
O = - 0.0- T T T
= 0.0-
D Q Q 9 Q o XS
A A NN NN @ A A o o A v 2
RN Q°+ ‘:i-% Qo,“o \&o \&fo Qb 0& O‘Q O‘Q o \ng ‘\g‘? Q}Q (¢
N ) )
G Insulin content H Proliferation | ATP
T 0.5- = ControlINs1E 7 50- 4107 content
£ %8 044 00180 00000 == Cers2* 28 40 2 0o
85 °B o % 3x107{ o4 g
$003{ >0 o~ 2 £ 304 Q@ 8
e 23 £ 5 2x107-
£ 8 0.2 2 8 204 £8
s 53 3£ 1x107
£ E 0.1 2.5 104 O £ 1x107+
f= ° ] £
] w ° =1
£ 0.0 = 0- = 0-

2 mM Glu 25 mM Glu

Figure 17: CerS2°NS1E cells display a reduction in very long chain ceramide species. A) Schematic overview
of CerS2 deletion in INS1E cells by the CRISPR/Cas9 system. Shown is the CerS2 Wt locus with overlapping 3'UTR
of Setdb1 gene and the CerS2 KO locus generated by double strand breaks in exon 2 and 11 (red arrowheads),
leading to the deletion of the same locus as in CerS2*8XC mice. Genotyping PCR can be performed to identify the
Wt locus (green arrows) and KO locus (red arrows). B) Relative mRNA expression of different CerS in control and
CerS28NS1E cells. n= 3 independent experiments. C) Representative immunoblot for CERS2 in control and
CerS22NS1E cells. Numbers display quantified intensity of bands and the first control band was set to 1.0. Stainfree
was used for normalization of bands to total protein. D) Quantification of all performed immunoblots. n= 8
independent experiments. E) Relative mMRNA expression of different beta cell markers in control and CerS22NS1E
cells. n= 3 independent experiments. F) Relative mRNA expression of different ER stress markers in control and
CerS24NS1E cells. n= 3-4 independent experiments. G) Insulin content was determined in lysates of control and
CerS28NS1E cells after incubation with low glucose (2mM) or high glucose (25 mM) KRH buffer. Lines connect
measurements of control and CerS28NS'E cells of the same experiment. n= 5 independent experiments. H)
Proliferation of control and CerS22NS'E cells after 1 hour incubation with 5 uM EdU. n= 4 independent experiments.
1) Relative ATP content in control and CerS28NS1E cells determined by Celltiter-Glo® 2.0 Viability assay. n= 18
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independent experiments. Shown are means + SEM and significant p-values. Significance was determined by
multiple t-test corrected with Holm-Sidak method (B, E, F), by two-way ANOVA corrected with Sidak method (G) or
by Student’s unpaired two-tailed t-test (H, I).

4.8. CerS2"NSiE cells phenocopy changes in sphingolipidome of CerS228KO
islets

Next, we analyzed, if the knockout in CerS2*NSE cells was sufficient to alter the
sphingolipidome in INS1E cells. CerS2*NS'E cells displayed strongly decreased levels of very
long chain C22:0, C24:0, C24:1, and C26:0 ceramides (~-95-100%) compared to control
(Fig.18A). In contrast to CerS2°8KO° jslets, C20:0 ceramides were unaltered and long chain
ceramide species with a length of C16:0 (~130%) and C18:0 (~160%) were compensatorily
increased in CerS2*NS'E cells (compare Fig.10A and Fig.18A). Although long chain C16:0 and
C18:0 ceramides were increased, the dramatic loss of very long chain ceramides resulted in
significantly reduction about 60% in overall ceramide levels in CerS2NS'E cells (Fig.18B).
These changes in the ceramidome led to 230 fold increase in the ratio of C16:0/C24:1
ceramides in CerS2*NS'E cells compared to control (Fig.18C). Then, we analyzed the effect of
CerS2 ablation on more complex sphingolipid species in INS1E cells. Very long C22:0, C24:0.
C24:1 and C26:0 sphingomyelins and hexosylceramides were almost completely lost
(~-95-100%) in CerS2*NS'E cells (Fig.18D and Fig.18G). In addition, long chain C16:0, C18:0
and C20:0 hexosylceramides were compensatorily increased (~2.4-5.9 fold) in CerS2*NS1E
cells (Fig.18G). However, the sum of all sphingomyelin species was not significantly altered,
but tended to be reduced in CerS2*™S'E cells (p= 0.059), while total hexosylceramides levels
were significantly decreased about 50% (Fig.18E and Fig.18H). Nevertheless, an extreme
imbalance of long chain to very long chain sphingomyelins and hexosylceramides was
observed by a strong increase in C16:0/C24:1 ratios by approximately 70 fold for
sphingomyelins and 1015 fold for hexosylceramides (Fig.18F and Fig.18l). To visualize
differentially expressed sphingolipid species in CerS2*NS'E  cells, the log2 fold
changes (log2 FC) of all measured sphingolipids were plotted against their -log10 p-values in
a volcano plot. The graph shows specific reductions in several very long chain C22-C26
sphingolipid species such as ceramides, sphingomyelins and hexosylceramides, while
primarily long chain C16 and C18 ceramides and hexosylceramides were increased in
CerS2°NSTE cells compared to control (Fig.18J). Consequently, deletion of CerS2 in INS1E
cells decreased the total amount of all measured sphingolipids by approximately
40% (Fig.18K). All differentially expressed sphingolipids of CerS2*NS'E cells are shown in
S.Tab.3.

Taken together, CerS2 ablation in INS1E cells significantly decreased the amount of very long

chain sphingolipids species (including ceramides) similar to the phenotype in CerS228° jslets.
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Figure 18: CerS2"NS'E cells display an altered sphingolipidome with a reduction in very long sphingolipid
species. A) Ceramide, D) sphingomyelin and G) hexosylceramide species with various acyl chain length in control
and CerS2°INS'E cells were determined by untargeted lipidomics. B) Sum of all ceramide, E) sphingomyelin and
H) hexosylceramide species were calculated in control and CerS22NS'E cells. C) Ratio of C16:0 to C24:0 ceramides,
F) sphingomyelins and 1) hexosylceramides in control and CerS22NS'E cells. J) Volcano plot displays sphingolipid
species which were decreased (blue) or increased (red) in CerS2NS'E cells compared to control. K) Sum of all
measured sphingolipids in control and CerS24NS'E cells. Shown are means + SEM and significant p-values.
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n= 3 independent experiments. Significance was determined by Student’s unpaired two-tailed t-test (A-K). $= the
ratio of C16:0 to C24:1 hexosylceramides could be calculated in only two samples of CerS28NS'E cells due to
undetectable C24:1 hexosylceramides in one sample of CerS24NS'E cells. SL= sphingolipids, Cer= ceramide,
SM-= sphingomyelin, HexCer= hexosylceramide doxCer= deoxyceramide, m= monohydroxylated backbone;
d= dihydroxylated backbone, 18:0= sphingoid backbone without double bond (e.g. dihydro-
ceramide, -sphingomyelin), 18:1= sphingoid backbone with one double bond (e.g. ceramide, sphingomyelin),
18:2= sphingoid backbone with two double bonds (sphingadiene), FC= fold change.

4.9. Proteome analysis reveals reduced levels of prohormone convertase 1
in CerS2°INS1E cells

To identify proteins which are differentially expressed in CerS2NS'E cells, cell pellets of control
and CerS2*NS'E were collected and analyzed by mass spectrometry in collaboration with Dr.
Stefan Lehr and Dr. Sonja Hartwig from the Proteome Analysis Unit of the Institute for Clinical
Biochemistry and Pathobiochemistry at the German Diabetes Center. 39 of 5,896 proteins
were identified to be differentially expressed, with a g-value < 0.05 and log2 fold
change (log2 FC) < -0.5 or > 0.5, in CerS2*NS'E cells compared to control (Fig.19A). A
complete list of differentially expressed proteins in CerS2*NS'E cells are shown in S.Tab.5. The
volcano plot shows all measured proteins in CerS2*NSE cells, with significantly downregulated
(blue) or upregulated (red) candidate proteins in CerS2*NS'E cells (Fig.19B). Interestingly, we
identified prohormone convertase 1 (PC1, also known as PC1/3 or PCSK1, encoded by the
gene Pcsk1), which is the rate limiting enzyme for the conversion of proinsulin into insulin, to
be downregulated by approximately 35%. Proinsulin is sequentially processed by PC1, PC2
and CPE . In humans, several single nucleotide polymorphisms in Pcsk1 were identified,
which are positively correlated with the development of obesity, increased plasma proinsulin
levels and glucose intolerance 2%. Importantly, T2D is characterized by elevated plasma
proinsulin levels and an increased proinsulin to insulin ratio 2%, Proinsulin into insulin
conversion was shown to be almost completely absent in Pcsk1 null mice, leading to elevated
proinsulin levels as well as proinsulin to insulin ratios in the pancreas and plasma "'°. PC2 was
shown to be responsible for only one-third of proinsulin processing '%2%, CPE removes the C-
terminal arginine residues of proinsulin and null mice display 50-100% higher proinsulin
plasma levels 2.

PC1 itself is translated as an inactive precursor protein in the ER where the signal peptide is
directly cleaved off followed by autocatalytic prodomain cleavage, which forms Pro-PC1 with
a size of 94 kDa. The prodomain still binds non-covalently to the protein and inhibits its
activity 12939 After protein folding processes and N-glycosylation of Pro-PC1, it is transferred
to the Golgi apparatus. At mildly acidic conditions in the trans-Golgi network (pH < 6.4), the
prodomain is thought to dissociate from Pro-PC1 leading to the formation of active PC1 with a
size of 87 kDa 30301 Moreover, PC1 is posttranslationally modified by complex glycosylation
and sulfation in the Golgi . Afterwards, 87 kDa PC1 is packed together with proinsulin and

other prohormones into immature secretory granules ''8. During the maturation process of
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granules, the pH inside the granule is lowered to 5.5 by ATP-dependent proton pumps, which
leads to autocatalytic cleavage of the C-terminal domain and formation of a truncated, fully
activated 66 and 74 kDa PC1. In comparison to the 87 kDa PC1 protein, the truncated form is
more active but less stable 3%°. A scheme of the maturation process of PC1 is shown in Fig.19C.
To validate the PC1 antibody (Cell signaling, 11914) used in our study to detect the different
maturation forms of PC1 in INS1E cells, knockout, knockdown and overexpression
experiments were analyzed by immunoblotting. Pcsk1 knockout cells were generated in
collaboration with Dr. Michael Rieck by deletion of exon 4 to exon 6 using the CRISPR/Cas9
system. Pcsk1 wildtype (control), heterozygous (Pcsk1*) and homozygous knockout
(Pcsk14NSTE) cells were used for analysis. While the mature, 66 kDa form of PC1 disappeared
in immunoblot, detection of the Pro-PC1 form with a size of 94 kDa was reduced in Pcsk1*",
Pcsk14NS1E and Pcsk1 knockdown cells, but the signal did not completely disappear (Fig.19D-
Fig.19F). Thus, the used antibody specifically detected the mature 66 kDa form of PC1,
whereas residual detection of the upper band in Pcsk14NS'E cells might indicate detection of
Pro-PC1 and a non specific band (Fig.19D-Fig.19F). Usage of lower percentage SDS gels
could not clearly seperate the unspecific band from the potential Pro-PC1 band (data not
shown). Therefore, in further analyses only the mature form of PC1 was quantified in this

thesis.
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Figure 19: Proteome analysis of control and CerS2*NS'E cells reveals a reduction in PC1 expression. A)
Control and CerS22NS1E cells were collected from a p10 dish and proteins were analyzed on an Orbitrap (image
taken from Thermo Fisher Scientific homepage). Data evaluation on spectronaut discovered 39 differentially
expressed proteins with a g-value < 0.05 and log2FC < -0.5 and > 0.5. Some candidate proteins are labeled with
the respective gene name. B) Volcano plot shows gene names of identified candidate proteins which are
downregulated (blue) or upregulated (red) in CerS22NS1E cells. FC= fold change. C) Model of PC1 maturation in the
regulated secretory pathway. S= signal peptide, Pro= pro-domain, Cat= catabolic domain, P= P-domain,
Ct= C-terminal domain, TGN= frans-Golgi network, SG= secretory granule. Scheme is modified from Stijnen and
coworkers 3%, D) Immunoblot of PC1 after knockout, knockdown and overexpression of Pcsk1. Stainfree was used
for normalization of bands to total protein. E) Quantification of PC1 and F) Pro-PC1 for validation of PC1 antibody
(Cell signaling, 11914) in immunoblot.
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4.10. Mature PC1 is specifically reduced in CerS2"BKO jslets and CerS2~NS1E
cells

To validate the findings from the proteome analysis, we further investigated PC1 and
annexin A6 (ANXAB) in CerS2NSE cells and CerS22BX© islets. ANXA6 was upregulated in the
proteome analysis and previous studies reported that ANXAG6 binds to phospholipids in
membranes, where it acts as a scaffold protein and is implicated in organization of membrane
microdomains, membrane transport and signaling processes 3923% |n CerS2:NS'E cells,
MRNA expression of Pcsk1 and Anxa6 was detected by qPCR. Pcsk1 was significantly
downregulated by 40%, while Anxa6 was upregulated about 60% in CerS2*NS'E cells
compared to control (Fig.20A). In addition, ANXAG protein was significantly increased around
60% in CerS2*NSTE cells (Fig.20B and Fig.20C). In turn, PC1 protein levels were decreased by
approximately 60% in CerS2*NSE cells compared to controls (Fig.20D and Fig.20E).
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Figure 20: Verification of proteomics by immunoblot reveals decreased PC1 and increased ANXA6 protein
in CerS2°NS1E cells. A) Relative mRNA expression of Pcsk? and Anxa6 in control and CerS2:NS'E cells. n= 4
independent experiments. B) Representative immunoblot of ANXA6 in control and CerS2ANS1E cells.
C) Quantification of ANXA6 in control and CerS28NS'E cells. n= 8 independent experiments. D) Representative
immunoblot of PC1 in control and CerS2:NS'E cells. E) Quantification of PC1 in control and CerS22NS'E cells. n= 5
independent experiments. Shown are means and significant p-values. Lines connect quantified data from control
and CerS24NS1E cells of the same experiment. Numbers display quantified intensity of bands and first control band
was set to 1.0. Stainfree was used for normalization of band intensity to total protein. Significance was determined
by by multiple t-test corrected with Holm-Sidak method (A) or Student’s paired two-tailed t-test (C, E).

77



Results

We next asked, if PC1 and ANXAG protein levels are also changed in control and CerS28X°
islets. First, mMRNA expression levels of Pcsk1 and Anxa6 were investigated by gPCR, but no
difference was detected in control and CerS2*8© islets (Fig.21A). Then, protein levels of PC1
and ANXA6 were determined by immunoblot. In contrast to CerS2*NS'E cells, ANXAG protein
was not increased in CerS28XC islets compared to control (Fig.21B and Fig.21C). However, in
line with CerS2*NS'E cells, mature PC1 protein was significantly reduced by approximately 40%
in CerS28X0 islets compared to control (Fig.21D and Fig.21E).
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Figure 21: PC1 protein is reduced in CerS2°BKO jslets. A) Relative mRNA expression of Pcsk?1 and Anxa6 in
control and CerS2°8K0 jslets. n= 5 independent experiments. B) Representative immunoblot of ANXA6 in control
and CerS22BK0 jslets. C) Quantification of ANXAG in control and CerS248KO slets. n= 6 independent experiments.
D) Representative immunoblot of CERS2 and PC1 in control and CerS28X0 islets. E) Quantification of PC1protein
in control and CerS228KO jslets. n= 8 independent experiments. Shown are means and significant p-values. Lines
connect quantified data from control and CerS2°BKO jglets of the same experiment. Numbers in immunoblot display
quantified intensity of bands. Stainfree was used for normalization of band intensity to total protein. Significance
was determined by by multiple t-test corrected with Holm-Sidak method (A) or Student’s paired two-tailed
t-test (C, E).

Since PC1 and PC2 consecutively cleave insulin in secretory granules and PC2 maturation
occurs in a similar manner as PC1 by autocatalytic cleavage processes, PC2 protein levels
were analyzed in CerS2*NSE cells and CerS2°BKO jslets on immunoblot (Fig.22A and Fig.22C).

In contrast to PC1, PC2 was not significantly altered in CerS2*NSE cells as well as in CerS24BK°
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islets compared to controls (Fig.22B and Fig.22D). CPE was not analyzed in this thesis due to

unavailability of specific antibodies.
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Figure 22: PC2 protein is unaltered in CerS2*NS'E cells and CerS2*BKO islets. A) Representative immunoblot
of PC2 in control and CerS24NS1E cells. B) Quantification of PC2 in control and CerS22NS'E cells. n= 5 independent
experiments. C) Representative immunoblot of CERS2 and PC2 in control and CerS28X0 jslets. D) Quantification
of PC2 in control and CerS2°8X0 islets. n= 4 independent experiments. Shown are means and significant p-values.
Lines connect quantified data from control and CerS24NS'E cells or respectively CerS2°BKO jslets of the same
experiment. Numbers in imunoblot display quantified intensity of bands normalized to total protein detected by
Stainfree. For INS1E experiments, the first control band was set to 1.0. Significance was determined by Student’s
paired two-tailed t-test (B, D).

Taken together, we confirmed specific reduction of PC1, but not PC2 protein in CerS2*NS1E
cells and CerS28%0 islets compared to controls. This potentially leads to decreased insulin
content in pancreatic islets as well as whole pancreata, causing an impaired glucose tolerance

due to lower plasma insulin concentrations in CerS2*8° mice.

4.11. Unaltered degradation of PC1 in CerS2*NS'E cells and CerS22BKO jslets

To investigate why mature PC1 protein is decreased after CerS2 ablation, degradation of PC1
was analyzed in CerS2*NS'E cells and CerS28X0 islets by inhibiting the translation of proteins
using 100 nM cycloheximide (CHX). INS1E cells and islets were treated with CHX and PC1
degradation was monitored for several hours by immunoblot analysis (Fig.23A-Fig.23D). As
mature PC1 protein is decreased after CerS2 deletion in INS1E cells and islets, time point zero
was set to one. Quantifications of immunoblots showed comparable PC1 degradation kinetics
in CerS2°NS'E cells as well as CerS2*BX° jslets compared to control (Fig.23B and Fig.23D).
Consequently, PC1 reduction after CerS2 ablation is not caused by increased PC1
degradation. Therefore, reduced PC1 protein levels could arise from maturation defects of PC1
due to mislocalization or malfunctions in posttranslational processing of the protein. Another
possibility would be that more PC1 is secreted from beta cells. However, this is unlikely due to
unchanged secretory capacities of CerS2°8X0 islets (see Fig.14D). Lastly, translation of PC1

could be dysfunctional after CerS2 ablation.
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Figure 23: PC1 degradation is unaltered in CerS2*NS1E cells and CerS2°BKO jslets. A) Representative
immunoblot of CERS2 and PC1 in control and CerS22NS'E cells treated with 100 nM cycloheximide (CHX) for
several hours. B) Quantification of PC1 in control and CerS22NS'E cells. n= 4 independent experiments.
C) Representative immunoblot of CERS2 and PC1 in control and CerS228XC islets treated with 100 nM
cycloheximide (CHX) for several hours. D) Quantification of PC1 in control and CerS28X0 islets. n= 3 independent
experiments. Shown are means + SEM. Significance was determined by two-way ANOVA corrected by Sidak
meththod (B, D).

412. CerS2 deletion does not affect protein expression of different organelle
markers

To investigate if cellular architecture is altered after CerS2 deletion and thus potentially change
PC1 localization and maturation, we examined different marker proteins for Golgi, ER and
secretory vesicles by immunoblot in control and CerS2*NSE cells and CerS2°BKO jslets.

We used protein disulfide isomerase (PDI, also known as P4HB) as a marker protein for the
ER, receptor binding cancer antigen expressed on SiSo cells (RCAS1) as a marker protein for
the Golgi and chromogranin A (CGA) as a marker protein for secretory granules.

PDI resides in the ER, where it interacts with proinsulin and supports sufficient folding and
formation of three native disulfide bonds in proinsulin 3%%3% RCAS1 is a transmembrane
protein, predominantly expressed in the Golgi and shuttles between the ER-Golgi compartment
and cis-Golgi 307:3%_ |n addition RCAS1 was shown to negatively regulate vesicle trafficking
from ER to Golgi *%®. CGA is present in secretory granules and is suggested to be involved in

granule biogenesis and cargo sorting to the secretory pathway 118309310,
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Immunoblots showed no significant differences in expression of CGA (Fig.24A-Fig.24D) and
RCAS1 (Fig.24E-Fig.24H) in CerS22NS'E cells as well as CerS28X0 islets compared to controls
In addition, PDI protein levels were unaltered in CerS24NS'E cells (Fig.241-Fig.24J). This
indicates that organelle markers are unchanged after CerS2 deletion. Furthermore, PDI protein
is increased during ER stress 3''-33, Unchanged expression of PDI protein at basal conditions,
as well as unchanged mRNA expression of seven of nine ER stress markers depicted in Fig.8H
for CerS2"8X0 islets and Fig.17F for CerS2*NS'E cells, indicate normal ER homeostasis after
CerS2 deletion. In addition, equal levels of RCAS1, CGA and PC2 protein suggest that

specifically PC1 reduction is involved in impaired insulin processing and secretion.
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Figure 24: Ablation of CerS2 does not affect protein expression of different organelle marker.
A) Representative immunoblot of secretory granule marker CGA in control and CerS22NS'E cells or C) control and
CerS2°BKO jslets. B) Quantification of CGA in control and CerS2*NS1E cells or D) control and CerS228KO jslets. n= 5
independent experiments. E) Representative immunoblot of Golgi marker RCAS1 in control and CerS22NS1E cells
or G) control and CerS28X0 islets. F) Quantification of RCAS1 in control and CerS2*NS'E cells or H) control and
CerS248K0 jslets. n= 4-5 independent experiments. ) Representative immunoblot of ER marker PDI in control and
CerS24INS1E cells. J) Quantification of PDI in control and CerS24NS'E cells. n= 3 independent experiments. Shown
are means and significant p-values. Lines connect quantified data from control and CerS22NS'E cells or respectively
control and CerS22BKO jslets of the same experiment. Numbers in imunoblot display quantified intensity of bands
normalized to total protein detected by Stainfree. For INS1E experiments first control band was set to 1.0.
Significance was determined by Student’s paired two-tailed t-test (B, D, F, H, J).
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4.13. Inhibition of sulfation by knockdown of Tpst1 and Tpst2 increases
mature PC1 protein levels

During maturation, Pro-PC1 is N-glycosylated and sulfated, which is supposed to affect the
maturation process of PC1 and thus its activity 300314315, Tyrosine sulfations are very common
posttranslational modifications and are responsible for protein-protein interactions, protein
stability, intracellular trafficking and proteolytical processing of secreted proteins 36317,
Tyrosine sulfation of Pro-PC1 occurs in the trans-Golgi complex and is predicted at Tyr701
due to undetectable sulfation after C-terminal cleavage of PC1 in secretory granules 3'43'8,
However, the role of posttranslational Pro-PC1 sulfation is unknown.

In order to analyze, if inhibition of posttranslational sulfation alters PC1 protein expression or
maturation, we simultaneously knocked down the two tyrosylprotein sulfotransferase (Tpst)
isoforms Tpst1 and Tpst2 in INS1E cells. These are the only known enzymes that transfer
sulfate to tyrosine residues *'°. qPCR revealed efficient knockdown of Tpst? and Tpst2 by
approximately 80% (Fig.25A). Notably, inhibition of sulfation by Tpst? and Tpst2 double
knockdown was able to enhance mature PC1 protein by approximately 55% (Fig.25B and
Fig.25C). To investigate, if Tpst1 and Tpst2 expression is altered after ablation of CerS2, gPCR
was performed. However, no difference in expression of Tpst1 and Tpst2 was detected in
CerS2°NS1E cells and CerS2+8XC islets compared to controls (Fig.25D and Fig.25E), indicating
that altered tyrosine sulfation is probably not the cause for reduced PC1 levels in CERS2
deficient beta cells. Nonetheless, further analysis of TPST protein levels in CerS2*NS'E cells

and CerS2°8KO islets will clarify the contribution of tyrosine sulfation after CerS2 ablation.
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Figure 25: Inhibition of posttranslational sulfation of proteins by downregulation of Tpst? and Tpst2
increases mature PC1 protein levels. A) Relative mRNA expression of genes after double knockdown of Tpst1
and Tpst2 (each 25 nM) for 48 hours. n= 3 independent experiments. B) Representative immunoblot of PC1 after
Tpst1 and Tpst2 double knockdown (each 25 nM) for 48 hours. C) Quantification of PC1 protein after double
knockdown of Tpst1 and Tpst2 (each 25 nM) for 48 hours. n= 4 independent experiments. D) Relative mRNA
expression of Tpst? and Tpst2 in control and CerS24NS'E cells. n= 3 independent experiments. E) Relative mRNA
expression of Tpst1 and Tpst2 in control and CerS2°NS'E cells. n= 4 independent experiments. Shown are means
+ SEM and significant p-values. Significance was determined by multiple t-test corrected with Holm-Sidak method
(A, D-E) or by Student’s paired two-tailed t-test (C).
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5. Discussion

Sphingolipids are an important and diverse class of lipids that are structural components of cell
membranes and act as signaling molecules '*3. Due to their implication in several cellular
processes and diseases, sphingolipids are in focus of many studies and beneficial or harmful
properties have been attributed to specific sphingolipid species '*4. Sphingolipid biosynthesis
starts in the ER by de novo generation of ceramides, which are the central metabolite for
production of complex sphingolipids. Importantly, six different enzymes, CERS1-6, specifically
generate ceramide species with varying fatty acid chain length ranging between 14 and 36
carbon atoms (C16-C36) '®. Especially long C16 ceramides, generated by CERS5 and
CERS®G, are associated with harmful effects on cellular function and physiology, such as
apoptosis and development of insulin resistance, while very long C24 ceramides, generated
by CERS2, are proposed to have cell protective effects 197:198.236.237.320  However, the role of
different CERS and long and very long chain ceramides as well as sphingolipid species in
pancreatic beta cells are largely unknown. Therefore, we analyzed in this thesis which
sphingolipid species are altered in islets of diabetic db/db mice and further investigated the
role of very long chain ceramide and sphingolipid species in beta cells by beta cell specific

ablation of CerS2 in mice, as well as in the rat beta cell line INS1E.

5.1. Accumulation of ceramides and sphingadiene containing sphingolipids
might contribute to beta cell dysfunction during the development of T2D

Alterations in sphingolipids are associated with several diseases, such as diabetes, and
contribute to cellular dysfunctions 2'7:2%8321  Previous studies have mainly analyzed
sphingolipids in plasma and distinct organs, such as the liver, skeletal muscle and adipose
tissue, in humans or mice. However, alterations in sphingolipids during the development of
obesity and T2D in pancreatic islets and thus their potential involvement in beta cell dysfunction
have not been investigated so far. Therefore, db/db mice were used in this study. These mice
develop obesity, insulin resistance, relative hyperinsulinemia and marked hyperglycemia,
closely resembling the progression of T2D in humans 282322323 Jsing 6 week old, prediabetic
(obese, but normoglycemic) and 12 week old diabetic (obese and hyperglycemic) db/db mice,
we identified that long and very long chain ceramides (d18:1) as well as sphingadiene
containing ceramides and sphingomyelins (d18:2) accumulate in islets during development of
T2D (Fig.7J and S.Tab.1).

To date, only a small number of publications exist that investigated sphingolipids with a specific
chain length in beta cells or pancreatic islets. Former studies have mainly analyzed a limited
number of sphingolipid species in vitro in pancreatic beta cell lines or ex vivo in mouse and
human islets, which were treated with palmitate to study lipotoxicity. Although there were some

differences between distinct studies, palmitate treatment leads to the accumulation of several
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ceramide species in mouse islets, INS1 and MING cells. Most experiments demonstrated that
palmitate treatment increased C18:0 and 20:0 ceramides in mouse islets, INS-1 and MING
cells, while in some other in vitro studies C16:0, C22:0, C24:0 or C24:1 ceramide species were
additionally increased 22265324 However, ceramides were not significantly altered in human
islets treated with palmitate for three or seven days 3%. Ceramides are the best studied
sphingolipids and were shown to contribute to beta cell dysfunction and apoptosis. In vitro and
ex vivo studies in beta cell lines as well as in human and rodent islets demonstrated that
ceramide accumulation induced by e.g. palmitate or ceramide treatment leads to reduced
insulin gene expression, impaired insulin biosynthesis, decreased insulin content, impaired
insulin secretion and increased apoptosis 2°8-260.262270,272,326-328  Fyrthermore, inhibition of
ceramide de novo synthesis by myriocin, fumonisin B1 or L-cycloserine partially rescues
lipotoxicity induced apoptosis in vitro, ex vivo and in vivo 259:260.262,265,268,269,329,330

While the effects of ceramides on cellular physiology were extensively studied, the function
and relevance of sphingadienes and sphingadiene containing sphingolipids are largely
unknown and often not analyzed 2°3%' Sphingadienes are the second most abundant
sphingoid backbone in human plasma and contain an additional cis double bond, which leads
to a bent structure 2%33%', As other sphingoid backbones, sphingadienes can be used in the
sphingolipid metabolism to generate sphingadiene containing ceramides with almost the same
efficiency 2°*. However, metabolization of sphingadiene containing ceramides into other
sphingolipids was shown to be slower than ceramide 3*'. Furthermore, sphingadiene-1-
phosphate is less susceptible to degradation by S1P lyase 2°. In pancreatic islets
sphingadiene containing sphingolipids (d18:2) were much less present in comparison to
sphingolipids which have a sphingosine backbone (d18:1). Very recently, two independent
research groups identified the fatty acid desaturase 3 (FADS3), which is localized in the ER
and predicted to also localize in mitochondria, to be responsible for inserting the second double
bond into the sphingoid backbone 2°32%4332  The introduced kink is proposed to reduce the
packing density of membranes 3*'. FADS3 deficient mice displayed no major abnormalities and
have normal survival, growth and fertility rate 33°. However, glucose tolerance, insulin
sensitivity and insulin secretion under normal and obesogenic conditions were not analyzed in
those mice so far. Previous studies showed that sphingadienes inhibit translocation of AKT
from the cytosol to the plasma membrane, leading to increased apoptosis and autophagy in
neuroblastoma and Hela cells 33*33%, Thus, we suggest that accumulation of sphingadiene
containing ceramides and sphingomyelins contribute to beta cell dysfunction and apoptosis,
but further anaylses are required to analyze the role of FADS3 and resulting sphingadiene
species in beta cells.

Furthermore, we detected that specifically C24:1 sphingomyelins and hexosylceramides were

decreased in islets of db/db mice at an age of 12 weeks, leading to an increased ratio of
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C16:0/C24:1 and an imbalance of long and very long chain sphingolipids during the
development of hyperglycemia (Fig.7). Palmitate treated MIN6 cells were found to have
elevated levels of C18:0 sphingomyelins, but decreased levels of C24:0 and C24:1
sphingomyelins in one study and unchaged levels in another study 3243%. In contrast, several
glucosylceramides, including C16:0, C18:0, C20:0, C22:0, C24:0 and C24:1, were increased
after palmitate treatment in MING6 cells, while no alterations were detected in mouse
islets 324330 |n addition, contradictory data was observed for sphingomyelins. Moreover,
palmitate treatment of human islets led to significantly increased C24:1 sphingomyelin, while
no difference in sphingomyelin species was present in mouse islets after palmitate
treatment 324325, However, palmitate treatment in vitro and ex vivo cannot fully reflect the
complexicity of diabetes development in vivo, which involves the crosstalk between different
organs as well as their interaction with exogenous factors. In this study, islets of db/db mice
were collected six hours after islet isolation for lipidome analysis without culturing them for
several days in media, which might better represent the physiological state. Previous studies
have shown that distinct ceramide ratios (e.g. C16:0/C24:0 and C18:0/C16:0) can be used to
predict the development of cardiovascular complications or T2D 3%, Based on previously
described plasma ceramide ratios, we calculated distinct ratios of different sphingolipids for
pancreatic islets. Our analysis suggests that increased C16:0/C24:1 ratios might be an
indicator for diabetes-associated beta cell dysfunction at least in mouse islets. It would be
interesting to see if this ratio is also altered in other tissues of different diabetic mouse models

as well as in human biopsies and associates with diabetes.

5.2. Beta cell specific CerS2 knockout mice and CerS2 knockout INS1E cells
are viable

Previous studies using CERS deficient mice revealed that ceramides and sphingolipids with
varying acyl chain length have diverse and tissue specific roles in several biological processes,
such as cerebellar development, glucose metabolism, hair follicle cycling and maintenance of
skin barrier function 8. However, the role of distinct CERS and sphingolipids with varying
chain length in pancreatic beta cell physiology are almost completely unknown. The
conventional knockout of CerS2 in mice almost ablates C22-C24 sphingolipids and leads to
myelin sheath defects, cerebellar degeneration and hepatic defects, such as
hepatocarcinomas 8189232 Since we aimed to analyze the role of CerS2 specifically in beta
cells, conditional CerS2 knockout mice were used in this study. Regarding the Cre-loxP system
in beta cells, several disadvantages have been reported for distinct beta cell specific Cre driver
lines. The previously described Ins2-Cre lines, also known as rat insulin promoter (RIP)-Cre
lines, were shown to additionally express the Cre recombinase in the brain *37-340_ Furthermore,

heterozygous Cre recombinase expression per se altered glucose tolerance, pancreatic islet
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mass and islet size in Ins2-Cre animals when compared to wildtype mice 3*'**2. Moreover,
inducible mouse insulin promoter (MIP)-CrefR"T mice were shown to express human growth
hormone (hGH) from the mini-gene, which is commonly used as polyadenylation sequence in
many transgenic constructs 43234, Therefore, MIP-CrefRT expressing mice exhibited increased
pancreatic insulin content as well as beta cell mass and were protected from hyperglycemia
induced by high fat diet and STZ treatment 343344, In the inducible Ins7-CrefR™2 mice, Cre-loxP
recombination took place in 60-70% of beta cells only 2%4. Hence, in this thesis, conditional
CerS2 mice were crossbred with the Ins1-Cre driver line, which expresses the Cre
recombinase specifically in beta cells as shown on DNA as well as on RNA level in at least five
different tissues (Fig.8B and Fig.8C) #*. While no differences in weight gain and glucose
tolerance between wildtype and heterozygous /ns7-Cre mice were reported in the original
study 2%, control and CerS2"%° mice used in this study were all heterozygous for the Ins7-Cre
allele. No littermates could be used in experimental cohorts, due to the fact that only every 8™
animal would have the correct genotype (male Ins71-Cre'9* knock-in, CerS2"" or male Ins1-
Cre'9* knock-in, CerS2*"*, respectively). Thus, wildtype breedings and mutant breedings were
set up individually. To exclude genetic drift between wildtype and mutant breedings, all
breedings were set up from one pool of mice generated by crossbreeding of heterozygous
animals of the same generation.

A previous study reported that conditional deletion of the homeodomain or mutation of the
catalytic domain in CerS2 in mice on a C57BL6/J background reduced the number of born
homozygous transgenic offspring from an expected Mendelian ratio of 25% to 17%, which
might result from premature death during late embryonic development or more likely
immediately after birth 3*. In contrast, conventional CerS2 null mice on a mixed background
of 129S4/SvJae and C57BL/6 were born with normal Mendelian ratios '®°, suggesting that the
genetic background was responsible for the observed discrepancy. Moreover, on a C57BL6/J
background less than 10% of born offspring from heterozygous breedings were CerS2 null
mice (personal communication with Dr. Michael Rieck, DDZ). However, the exact reason of
premature death and the impact of genetic background remain unclear. Furthermore, whole
body CerS2 knockout mice exhibited significantly reduced body weight and size, independent
of the used background 89320345 Herein, we report that beta cell specific CerS2 knockout mice
are viable and possess similar body weights as controls.

In addition, we successfully generated monoclonal CerS2 knockout INS1E cells, which are a
suitable model for analyzing beta cell physiology in vitro, by deleting the same exons as in our
mouse model using the CRISPR/Cas9 system (Fig.17). Multiple clones of CerS2*NSE cells
were viable and possessed similar proliferation rates and ATP content as control cells (Fig.17).
Furthermore, CerS2 ablation did not induce significant levels of apoptosis in CerS2:NS'E cells

as well as CerS2"8X0 jslets, at least at unstressed conditions (data not shown). This differs
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from previous observations in livers from conventional CerS2 null mice, in which proliferation,
but also apoptosis was increased in 30 days old mice 2*2. On the other hand, CerS2 knockdown
in vitro in SMS-KCNR neuroblastoma cells decreased cell growth due to cell cycle arrest,
without affecting apoptosis 3#€. This might indicate that CERS2 or very long chain sphingolipids
differentially regulate proliferation and apoptosis in distinct tissues. To further clarify the role of
CERS?2 in proliferation in usually rarely dividing adult primary pancreatic beta cells, beta cell
proliferation can be studied by treating CerS2°8KC islets with the small molecule harmine or the
insulin receptor antagonist S961 229:347-349,

In CerS2°8KO jslets, 20-30% of residual CerS2 mRNA or CERS2 protein could be detected,
which likely derives from non-beta cells in the islets (Fig.8C-Fig.8F). Indeed, CerS2 is the
highest expressed CerS in alpha, beta, delta, epsilon and PP cells in humans 3.

CERS are regulated by various mechanisms, such as at epigenetic, transcriptional,
posttranscriptional and posttranslational level *'. In this thesis, we demonstrated that
specifically CerS2 mRNA expression was strongly reduced in islets of CerS2°8K° mice, as well
as in CerS2*NS'E cells, without changing the expression of other CerS (Fig.8D and Fig.17B).
In contrast, previous studies have shown, that knockdown or knockout of CerS2 in vitro and in
vivo leads to compensatory upregulation of CerS5 and/or CerS6, for example in the
liver 189:237:346:352.353 '|ndeed, counterregulation of CerS seems to be organ and cell type specific.
While no coregulation of other CerS was observed in adipose tissue, CerS4 expression was
exclusively downregulated in skeletal muscle of conventional CerS2 knockout mice 3%2. In
addition, CerS expression was shown to be regulated by various stressors in vitro 3*'. However,
in INS1E cells or pancreatic mouse islets, treatment with distinct diabetogenic stress types,
such as lipotoxicity (palmitate), glucotoxicity (high glucose), ER stress (tunicamycin), oxidative
stress (DetaNO) or DNA damage (STZ) did not or only mildly altered CerS mRNA expression
(data not shown). This indicates that CERS are rather regulated at posttranslational level than
on transcriptional level in pancreatic beta cells. Moreover, several studies reported that mMRNA
expression of CerS did not always correlate with CERS protein levels, CERS activity or
corresponding ceramide acyl chain lengths 17234635435~ CERS activity and stability is
influenced by posttranslational modifications, such as glycosylations and phosphorylations,
and interactions with other proteins and lipids, which might promote rapid alterations in CERS
activity after several stress stimuli %'3% |t was shown that CERS form hetero- and
homodimers with each other, which influence their activity 3%'. For example, CERS2 forms
heterodimers with CERS4, CERS5 or CERS6, which leads to increased activity of
CERS2 %1:3%4.3% |n the liver of CerS2 null mice CERS activity towards C18-C24 fatty acyl-
CoAs was shown to be significantly decreased indicating reduced CERS4 activity '8, In
contrast, CERS activity towards very long C22-C24 fatty acyl-CoAs was specifically reduced

in the brain of CerS2 null mice ', This argues for organ specific differences of fatty acyl usage
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or activity of various CERS. However, how the lack of CERS2 influences the activity of other
CERS is largely unknown and sphingolipidome analyses are necessary to determine the final

outcome.

5.3. CERS?2 is required for maintaining the balance between long and very
long chain sphingolipids in beta cells

In this study, we demonstrated that CERS2 is essential for the generation of very long chain
sphingolipids with an acyl chain length of C22-C26 in islets from CerS2°8K° mice, as well as
CerS2°NSTE cells (Fig.9 and Fig.18). This is in line with previous studies, which have analyzed
the sphingolipidome in the liver, brain and kidney of heterozygous and homozygous CerS2
knockout mice 88189232 |n addition, C20:0 ceramides and sphingomyelins were decreased in
CerS2°BKO jslets. This demonstrates that CERS2 either may be able to generate C20:0
ceramides as well, or that the lack of CERS2 decreases CERS4 protein levels or activity in
CerS2*8X0 jslets, since CerS4 mRNA expression was not altered in CerS2*8° islets (Fig.8D).
Unaltered CerS4 mRNA expression was also observed in the liver of CerS2 null mice '®. In
contrast, CerS4 mRNA expression was undetectable using two different primer pairs by gPCR
analysis in INS1E cells (own observations). More importantly, we showed that long chain C16:0
sphingolipids, except for hexosylceramides and dihydrodeoxyceramides, were not significantly
altered in CerS2°8K° islets (Fig.9 and S.Tab.2). However, remaining CerS2 expression in non-
beta cells might partially conceal the total increase of C16:0 ceramides in pancreatic beta cells
of CerS2°BKO jslets. In contrast, C16:0 and C18:0 sphingolipids were increased in CerS2*NS1E
cells compared to control (Fig.18 and S.Tab.3). Previous studies demonstrated that C16:0
ceramides were strongly increased in the liver, brain and kidney after deletion of CerS2 in mice
or in several cell lines after knockdown of CerS2 188.189.191.232346.353 Moreover, heterozygous
CerS2 knockout mice exhibited increased C16:0 ceramide levels in the liver when fed with a
HFD 237:2%_ |nhibition of ceramide de novo synthesis using the SPT inhibitor myriocin prevented
triglyceride accumulation and liver steatosis in heterozygous CerS2 knockout mice, leading to
the assumption that mainly the increase in C16:0 ceramides, not the decrease in very long
chain ceramides is responsible for the pathology 2%’.

The strong reduction in very long chain sphingolipids in CerS28%° islets and CerS2NS'E cells
decreased the total amount of several sphingolipid classes, as well as total amount of all
measured sphingolipids (Fig.9 and Fig.18), raising the question if cellular fatty acid uptake is
altered, or if not, where the residual long chain fatty acids not used for sphingolipid synthesis
are utilized in the cell. Several studies reported that the sphingoid base sphinganine strikingly
accumulates in the liver of heterozygous and homozygous CerS2 knockout mice 89232237 \Ne
observed significantly elevated sphinganine levels in CerS2*NS'E cells, but no difference was

detected in CerS2*%° islets (S.Tab.2 and S.Tab.3). However, the increase in
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sphinganine (~3.6 fold) in CerS2*NS'E cells was quite low when compared to the 50 fold
increase in liver of CerS2 null mice 8232237 Furthermore, not all sphingolipids, e.g. very
complex glycosphingolipids or S1P, could be detected in this thesis for technical reasons and
might be increased in CERS2 deficient islets or INS1E cells. In addition, ablation of CerS2
might decrease SPT activity or increase S1P lyase activity through secondary effects.
However, alterations in SPT and S1P lyase activity after CerS2 ablation have not been
examined in this or other studies. Moreover, sphingolipid metabolism is closely linked to
glycerolipid and sterol metabolism and sphingolipids can be eventually processed into complex
lipids, such as TAG, DAG, cholesteryl ester and phospholipids 2°. However, some
glycerophospholipid species, like lysophosphatidylcholine, phosphatidylcholine and
phosphatidylethanolamine, are actually decreased in CerS2*8%° islets compared to
controls (S.Fig.3A and S.Tab.4). In addition, the sum of all measured phosphatidylglycerols
was decreased, while total amounts of all measured lipids were not significantly altered in islets
from CerS2*BX° mice compared to controls (S.Fig.3B and S.Fig.3C). A previous study showed
that total amounts of glycerophospholipids were unaltered in the liver of 30 day old CerS2 null
mice 8. Therefore, the uptake of fatty acyl-CoAs may be decreased or fatty acyl-CoAs
potentially not used for sphingolipid biosynthesis have to be metabolized by another pathway
in CerS2°8X0 jslets. Fatty acyl-CoAs can additionally be catabolized for energy production by
mitochondrial fatty acid beta oxidation, which is the major pathway for fatty acid
degradation 3". However, we did not detect any changes in ATP levels in CerS2*S'E cells
under unstressed conditions (Fig.171) and thus impaired fatty acid degradation by B-oxidation
is unlikely. Previous studies demonstrated that elevated C16 ceramide levels in the liver of
homozygous CerS2 knockout mice or HFD fed heterozygous CerS2 knockout mice impair
mitochondrial fatty acid oxidation in the liver by inhibiting complex Il and complex IV of the
electron transport chain in mitochondria '°"2%". This in turn promote accumulation of
triglycerides in the liver of HFD fed heterozygous CerS2 knockout and leads to
hepatosteatosis #*’. Due to non-significantly altered C16:0 ceramides and triglyceride levels in
CerS2°BKO islets, we assume that beta oxidation is not impaired, at least at unstressed
conditions. Nevertheless, further experiments are necessary to verify the role of CERS2 and

very long chain sphingolids in mitochondrial function of pancreatic beta cells.

5.4. CerS2 ablation does not induce overall beta cell dedifferentiation or UPR
stress activation

Several mechanisms are thought to contribute to beta cell demise in T2D. One major proposed
mechanism for the loss of functional beta cell mass is that beta cells lose their identity and
dedifferentiate and/or transdifferentiate into progenitor-like cells or non-beta cells 4338, In T2D,
beta cell markers, such as PDX1, NKX6.1, GLUT2, FOXO1 and INS were shown to be reduced
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in human pancreatic islets, although others do not find evidence for significant beta cell
dedifferentiation 6717235 |n this study, we demonstrated that CerS2 ablation did not alter beta
cell identity in CerS28%C islets (Fig.8G). However, CerS2*NSE cells show partially reduced
MRNA expression of beta cell identity markers, such as Nkx6.7 and Sic2a2 (Fig.17E). NKX6.1
was shown to be important for maintaining beta cell function and regulates insulin biosynthesis,
insulin secretion and beta cell proliferation 3. In addition, NKX6.1 acts as transcriptional
regulator of several genes invoved in beta cell processes, including Sic2a2, which was shown
to be downregulated in pancreatic islets of Nkx6.7 knockout mice 3°. Sic2a2 encodes for the
glucose transporter GLUT2, and knockout of S/c2a2 led to impaired glucose stimulated insulin
secretion, insulin biosynthesis and hyperglycemia %33 Thus, decreased mRNA levels of
Slc2a2 might be dependent on decreased Nkx6.7 mRNA expression. In addition, a previous
study demonstrated that palmitate induced ceramide synthesis inhibits insulin gene expression
at transcriptional level by decreasing insulin promoter activity after glucose stimulation 27°.
Although Nkx6.1 and Sic2a2 were downregulated in CerS2*NS'E cells, Ins2 mRNA expression
was significantly upregulated (Fig.17E), indicating that INS1E cells can partially compensate
for the loss of CERS2 by an unknown mechanism. However, it has to be considered that INS1E
cells are an immortalized cell line originating from radiation-induced rat insulinoma 285364 which
can partially behave different from primary beta cells. For example, INS1E cells exhibit high
proliferation rates, while primary pancreatic beta cells rarely proliferate 5% Moreover, INS1E
cells contain only 20% of native insulin content from pancreatic islets *4. Therefore, results
from primary pancreatic islets of CerS2*8%° mice better reflect the situation in vivo, suggesting
that CERS2 rather does not play an important role in beta cell identity.

In addition, ER stress is thought to contribute to beta cell dysfunction and apoptosis in T2D.
Chronically elevated blood glucose levels leads to upregulation of insulin biosynthesis, which
presumably exceed the ER folding capacity. Furthermore, FFA, such as palmitate are
suggested to deplete calcium levels in the ER and inhibit ER to Golgi transport 36
Consequently misfolded and unfolded proteins accumulate in the ER resulting in ER stress
and activation of the UPR, which aims to restore ER homeostasis by several mechanisms,
including the upregulation of chaperones and protein processing enzymes 7. Unresolved ER
stress further induce beta cell apoptosis by activation of c-Jun N-terminal kinase (JNK) or
C/EBP homology protein (CHOP) ¢ In addition, palmitate treatment leads to the
accumulation of ceramides in the ER, which is usually present in low concentrations, leading
to cellular dysfunction 146324,

We demonstrated that ablation of CerS2 does not induce ER stress in beta cells. In CerS2*8%°
islets, mRNA expression of nine ER stress markers were unchanged, while in CerS2:NS'E cells
two of them (Chop and Hsp60) were increased by 1.2 to 1.3 fold (Fig.8H and Fig.17F). In

comparison, chemical ER stress induction in INS1E cells by thapsigargin and tunicamycin
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leads to an upregulation of Chop by approximately 10 fold after 6 hours and thus to the
activation of the UPR (own experience, unpublished data). This demonstrates that no major
ER stress is present in CerS2°NS'E cells. Indeed, the UPR is even decreased in CerS22NS1E
cells compared to controls after thapsigargin treatment (unpublished data). However, we
cannot exclude that UPR activation is dysfunctional in CerS2*™S'E cells due to the contribution
of sphingolipids in membrane composition, which may modify protein interactions at those
sites.

In contrast, previous studies have shown that downregulation of CerS2 in Hep3B, MCF-7 and
SMS-KCNR cell lines induces ER stress indicated by upregulation of the UPR including
pEIF2A, pPERK, GRP78 and CHOP 2346 Furthermore, heterozygous deletion of CerS2leads
to a stronger ER stress response in the liver when fed with a HFD 238, Conversely, CERS2
overexpression in primary mouse hepatocytes or Hep3B cells strongly decreased UPR
activation 238:368,

The discrepancy of ER stress induction after CerS2 ablation in our and other studies might be
partially explained by a strong increase in C16:0 ceramides in conventional CerS2 knockout
mice, which was not observed in our study using conditional CerS2 knockout mice (Fig.9A).
C16:0 ceramides are thought to be pro-apoptotic and treatment with C16:0 ceramides, as well
as CERSG6 overexpression, but not CERS5 overexpression, leads to increased activation of
UPR proteins after palmitate treatment in Hep3B cells 2%. Interestingy, a recent study
demonstrated that specifically CERS6 derived C16:0 sphingolipids, but not CERS5 derived
C16:0 sphingolipids are able to bind GRP78 (also known as BIP), which is the master regulator
of the UPR 196:369,

To further analyze the role of CERS2 in pancreatic beta cells during ER stress, the Akita mouse
model could be bred with CerS228X° mice. The Akita mouse possesses a mutation in the Ins2
gene, which leads to the accumulation of misfolded proinsulin in the ER and subsequent ER
stress. As a result, Akita mice progressively lose beta cell mass due to apoptosis and develop

overt diabetes 81322,

5.5. CERS?2 is necessary for proinsulin processing

The present study showed that CERS2 deficiency decreased the amount of secretory granules
in pancreatic beta cells of CerS28%° mice, whereby specifically the numbers of mature insulin
granules, but not immature and empty granules, were reduced (Fig.16). This was confirmed in
lysates of CerS2°BKO jslets by insulin and proinsulin ELISA (Fig.14C and Fig.14E) and is in line
with a previous study, which reported that mature insulin granules were decreased, while
immature insulin granules were unaltered in pancreatic beta cells of T2D patients compared
to non-diabetic individuals 3’°. Due to unaltered glucagon levels in islets and pancreata of

CerS2*¥%° mice (Fig.14G and Fig.15C), as well as similar efficiencies of pancreatic islet
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isolations, we suggest that CerS2°8° mice possess a similar number of islets in the pancreas
with a similar composition of alpha and beta cells. However, immunohistological analyses of
pancreatic islets will be necessary to determine islet number, composition and size in
pancreata of CerS2*8“° mice. A reduction of insulin content by 35%, but similar glucagon levels
were also detected in human pancreata of T2D patients compared to non-diabetic
individuals 3"'. Insulin depletion in T2D has been speculated to originate from several
mechanisms, including impaired insulin transcription, decreased insulin mRNA stability,
increased insulin degradation, decreased insulin granule biogenesis, basal hypersecretion of
insulin, impaired proinsulin processing and sorting 3727374, In this study we demonstrated that
transcription of Ins1 and /ns2 was not decreased after CerS2 ablation (Fig.8G and Fig.17E).
Moreover, increased endoplasmic-reticulum-associated degradation (ERAD) activated by the
UPR is unlikely due to non-existent ER stress in CERS2 deficient islets and INS1E cells
(Fig.8H and Fig.17F). However, other degradation mechanisms like proteosomal degradation
or lysosomal degradation of insulin cannot be excluded and could be further investigated by
the detection of insulin after inhibiting translation with cycloheximid. Furthermore, basal insulin
secretion was unaltered in CerS2°8KO islets (Fig.14B) as well as in glucose tolerance tests of
CerS2°BK0 mice (Fig.10E and Fig.12E). Importantly, the present study demonstrated for the
first time that CERS2 is essential to process proinsulin into insulin in pancreatic beta cells,
which takes place in secretory granules by sequential cleavage of proinsulin by PC1, PC2 and
CPE ", We observed decreased ratios of insulin to proinsulin in CerS2*8%° islets (Fig.14F),
which is a hallmark of T2D ''® and points towards impaired processing of proinsulin into insulin.
Furthermore, we identified prohormone convertase 1 (PC1, encoded by Pcsk1), which is the
major enzyme for processing proinsulin into insulin, as significantly reduced in CerS2*8° islets
and CerS2*S'E cells (Fig.19B, S.Tab.3, Fig.20D-E and Fig.21D-E).

The loss of either Pcsk1 or Pcsk2 results in impaired prohormone processing and insulin
synthesis with elevations in plasma proinsulin levels ''92%375 However, studies with Pcsk1
and Pcsk2 null mice have demonstrated a more important role of PC1 in proinsulin processing
compared to PC2 "92%_ While combined action of PC1 and PC2 in insulin synthesis was
extensively investigated in mice, a very recent study demonstrated that PC1, but not PC2 is
present in healthy human pancreatic beta cells and is responsible for insulin biosynthesis '2°.
This study underlines the importance of PC1 in proinsulin processing in pancreatic beta cells.
Although PC1 and PC2 are generated by similar processes, no reduction in mature PC2 was
observed in CerS2*NS'E cells and CerS2°BKO islets (Fig.22). Therefore, CerS2 ablation seems
to specifically impair the generation of mature PC1.

In humans, homozygous or combined heterozygous mutations in Pcsk1 that lead to PC1
deficiency are rare disorders 3. Dependent on the pathogenic variant, imbalanced

prohormone processing results in an array of metabolic dysfunctions, including early onset of
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obesity, several enteroendocrine malfunctions and impaired glucose homeostasis, due to
increased circulating proinsulin levels, elevated proinsulin to insulin ratios and impaired
glucose tolerance 22300376 |n patients with PC1 deficiency, diabetes mellitus is usually not an
early clinical manifestation, but can arise later, at least partially due to beta cell exhaustion 3%.
In addition, several SNPs have been identified in the Pcsk1 gene that are linked to obesity,
elevated proinsulin levels, increased proinsulin to insulin ratios, postprandial hypoglycemia and
impaired glucose tolerance '13:300.377-381,

The present study demonstrated that Pcsk1 transcription (Fig.21A) and PC1 degradation
(Fig.23C-D) were unaltered in CerS28KC islets and thus not responsible for reduced PC1
protein levels. These experiments point to dysfunctional PC1 translation or maturation.
Maturation of PC1 takes place in the ER, Golgi and finally in secretory granules. Several
calcium and pH dependent processes are involved in maturation and activation of PC1 protein,
such as autocatalytical cleavage, posttranslational modification by glycosylation as well as
sulfation and protein trafficking 2%63%, In this study, we analyzed tyrosyl sulfations as one
potential mechanism for PC1 maturation. Sulfation of Pro-PC1 takes place in the trans-Golgi
network and is predicted at Tyr701 34318 However, the role of Pro-PC1 sulfation is still
unknown. In general, tyrosine sulfations are very common posttranslational modifications of
many secretory or plasma membrane proteins that are thought to be important for protein-
protein interactions, intracellular trafficking, stability and proteolytic processing of secreted
proteins 3'%317 The two tyrosyl sulfotransferases (TPST), TPST1 and TPST2, are integral
membrane glycoproteins that are localized in the trans-Golgi network and are the only
enzymes, which are able to transfer sulfate from the sulfate donor 3'-phosphoadenosine-5’-
phosphosulfate (PAPS) to tyrosine residues of target proteins 3'7:319365 |n this study, we
surprisingly observed that sulfation of PC1 might inhibit its maturation or trafficking to secretory
granules, as indicated by increased PC1 levels after double knockdown of Tpst1 and Tpst2 in
INS1E cells (Fig.25B-C). Since insulin secretion was not analyzed after Tpst7 and Tpst2
double knockdown in INS1E cells, accumulation of PC1 due to impaired insulin secretion ability
cannot be excluded. In addition, many other proteins might exist, which can be sulfated by
TPST1 and TPST2 %% and might influence Pro-PC1 processing. Furthermore, mRNA
expression of Tpst1, as well as Tpst2 were neither upregulated in CerS2*NS'E cells nor in
CerS2'8X0 islets (Fig.25D-E). Therefore, altered sulfation of PC1 seems not to be the cause
for reduced PC1 protein levels after CerS2 ablation. Further analyses of TPST1 and TPST2
protein levels in CERS2 deficient islets and INS1E cells will reveal a potential impact of
sulfations on PC1 maturation. Moreover, additional experiments have to be performed to show
direct sulfation of Pro-PC1 in control and CERS2 deficient cells.

In addition, PC1 is glycosylated in the ER and the Golgi, which affects folding, autocatalytic

cleavage, trafficking as well as stability and thus activation of PC1 3143'°_ Previous studies have
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shown that PC1 in mice contains three potential glycosylation sites at Asn173, Asn401 and
Asn645, whereby only glycosylation of Asn173 is important for autocatalytic cleavage of
Pro-PC1 and ER exit 390315382 This site was shown to be glycosylated in humans as well 38,
Further experiments have to be performed to identify if glycosylations in PC1 are altered after
CerS2 ablation, which may lead to less mature PC1 and ultimately insulin processing.

Beside posttranslational modifications, calcium levels as well as proper pH in distinct
organelles are important for PC1 activation. However, unaltered processing of mature PC2 in
CerS2*NS'E cells and CerS2°BKO jslets suggest no striking changes in calcium levels or pH after
CerS2 deletion, but further analysis of organelle specific calcium or pH levels might be useful.
Previous studies reported that several SNPs in Pcsk? leads to decreased secretion of PC1
and intracellular mislocalization 381383-38 Fyrthermore, some SNPs in Pcsk1 result in ER
retention of PC1, which is associated with increased ER stress 3':384-38_Although ER stress
is not present in CerS2°NS'E cells and CerS2°8K0 islets, biophysical properties of membranes
might be altered after CerS2 deletion, which influence localization of PC1. Park and colleagues
observed suppressed insulin receptor and AKT phosphorylation in the liver of CerS2 null mice
and showed that translocation of the insulin receptor was impaired in CerS2 knockout mice
indicated by the inability of translocation into detergent resistant membranes. They
hypothesized that depletion of very long chain sphingolipids alters biophysical properties of
membranes, which prevents translocation of the insulin receptor into lipid rafts 3%2. This shows
that trafficking of proteins or hormones might be affected after CerS2 ablation. Moreover, PC1
interacts with membrane lipids at the trans-Golgi network, which sorts PC1 to secretory
granules %731 Indeed, it is controversely discussed, if PC1 is a transmembrane protein,
although it does not possess a predicted transmembrane amino acid sequence 389:390.392:393,
Since PC1 is also secreted from cells, the existence of a transmembrane domain is highly
unlikely, as it can detach from membranes as peripheral membrane protein 3'8394-3%
Concerning the localization of PC1, the AG Belgardt is currently analyzing PC1 localization by
immunohistological analyses with different organelle markers for ER, Golgi and secretory
granules. This experiment will determine whether PC1 is mislocalized in the ER or Golgi after
ablation of CerS2. In addition, PC1 secretion has to be analyzed in CERS2 deficient islets to
exclude that decreased levels of PC1 results from increased PC1 secretion.

Heterozygous Pcsk1 mice possess elevated proinsulin levels, but also increased levels of
insulin in pancreatic extracts ''°. This is in contrast to our study. Although PC1 protein is
decreased by approximately 40% in CerS2°BKC islets, specifically mature insulin granules
seemed to be reduced after CerS2 deletion, without significant alterations in immature or empty
granules (Fig.16 and Fig.21D-E). Unaltered amounts of immature insulin granules in beta cells
of CerS2*8%° mice compared to PC1 deficient mice might originate either from increased

secretion of immature granules or decreased biogenesis of secretory granules. Based on

96



Discussion

similar proinsulin levels in pancreatic islets (Fig.14E) and plasma of CerS2*8X° mice (S.Fig.4),
similar insulin secretion ability of CerS2°8KC islets (Fig.14D), as well as the inability to
sufficiently increase plasma insulin levels during GTT (Fig.10E and Fig.12E), increased
secretion of immature and mature insulin granules of CerS2*8° islets is highly unlikely.
However, elevated secretion of empty granules, which might arise from dysfunctional sorting
to secretory granules, cannot be excluded with the performed experiments in this study.
Furthermore, Pcsk1 null mice appear to be able to generate significant amounts of immature
secretory granules ''°. For this reason, it is unlikely that decreased levels of PC1 in CerS2°BK0
islets are responsible for the reduction in secretory granules. Since PC1 maturation is
dependent on secretory granules, we conclude that residual PC1 in pancreatic islets of
CerS2°BKO mice is at least partially able to synthesize mature insulin in present secretory
granules, but is additionally restricted by the reduced number of insulin granules in beta cells
of CerS2"80 mice. Therefore, it is possible that Cers2 ablation alters biophysical membrane
properties, which impairs granule biogenesis at the frans-Golgi network, leading to insufficient
PC1 maturation, as well as proinsulin processing and insulin synthesis. However, the
regulation of insulin granule formation at the frans-Golgi network is not completely understood.
A recent study demonstrated an essential role for the protein Vgf nerve growth factor inducible
(VGF) in granule biogenesis *73. Beta cell specific deletion of Vgfin mice strongly reduces the
size and amount of secretory granules, which further decreases insulin content in pancreatic
islets and leads to glucose intolerance due to insufficient insulin secretion 373. This
demonstrates the importance of functional insulin granule formation and replenishment of
granules stores in glucose homeostasis and development of diabetes. However, immunoblot
analyses of different organelle markers, such as RCAS1 for Golgi, CGA for secretory granules
and PDI for ER, as well as mature PC2 protein were unchanged after CerS2 deletion (Fig.22
and Fig.24), suggesting that organelles itself might be not affected from CerS2 ablation.
Furthermore, EM images of CerS2"8KC islets do not suggest gross abnormalities in organelle
structure, but further analyses have to be performed to exclude organelle dysfunctions as a
consequence of potential alterations in membrane microarchitecture, turnover or curvature.
Moreover, since non-fasted blood glucose levels are similar in CerS2*8X° mice, there is not a
massive defect in beta cell function under unstressed conditions.

Herein, we demonstrated that deficient proinsulin processing leads to decreased mature
insulin in pancreatic beta cells (Fig.16) as well as insulin content in islets (Fig.14C) and
pancreata in CerS2°8K° mice (Fig.15B and Fig.15E). This further results in strongly decreased
glucose stimulated insulin secretion of pancreatic islets (Fig.14B) and lower plasma insulin
levels after glucose injections (Fig.10E and Fig.12E), which is responsible for impaired glucose
tolerance in CerS2*%° mice, independent of diet and sex (Fig.10-Fig.13). However, the

phenotype in male CerS2*X° mice was much stronger than in female CerS2*8%° mice
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(compare Fig.10 with Fig.11 and Fig.12 with Fig.13). It is well known and accepted that sex
affects the pathogenesis of metabolic disorders, including diabetes. Previous studies have
shown that estrogen signaling protects beta cells from apoptosis and increases insulin
biosynthesis as well as insulin secretion in female mice 3", Thus, to observe a stronger
glucose intolerance in female mice, insulin signaling needs to be further disturbed for example
by crossing CerS2*8K° mice with insulin resistant ob/ob mice or treating CerS2*8%° mice with
the insulin receptor antagonist S961.

While glucose intolerance in CerS28K° mice was not associated with insulin resistance
(Fig.10H and Fig.11G), previous studies using conventional heterozygous or homozygous
CerS2 knockout mice demonstrated that glucose intolerance derived from insulin resistance in
the liver 237238352 CerS2 ablation was shown to specifically impair insulin signaling in the liver,
while no significant changes were observed in serum insulin levels after glucose injection, as
well as insulin secretion from pancreatic beta cells after high glucose stimulation 3°2.
Nonetheless, the authors did not measure pancreatic insulin content. Moreover, CerS2 null
mice lack CERS2 in all cells during embryogenesis and display hypoglycemia, decreased body
weights and remarkable defects in the liver and brain 88189232352 Moreover, these mice were
studied on a mixed background. These differences impede the comparability of the two mouse
models and might explain the divergent findings from our study using beta cell specific
knockout mice.

Importantly, a common missense mutation in more than 20% of Europeans exist in the CerS2
gene (rs267738), which leads to the substitution of glutamine to alanine at position 115 and is
associated with indicators for insulin resistance and glucose intolerance, such as
HbA1c 237492403 However, functional studies of this polymorphism are missing and its
relevance for the development of diabetes is unknown. Therefore, it might be interesting to
analyze the impact of this gene variant on pancreatic beta cell physiology.

Furthermore, a previous study reported that mice with BALB/c background were partially
protected from glucose intolerance and insulin resistance after receiving HFD feeding in
comparison to four other glucose intolerant and insulin resistant mouse strains 4%, This is
correlated with enhanced CERS2 protein levels, higher CERS2 activity and elevated very long
chain C24 sphingolipids in the liver of BALB/c mice compared to other mouse strains 3. In
accordance, CERS2 overexpression in primary mouse hepatocytes improves insulin signaling,
which indicates a protective role of very long chain sphingolipids in glucose tolerance and
insulin resistance in the liver %8, Thus, it would be interesting to study, if overexpression of
CERS?2 in pancreatic beta cells leads to increased mature PC1 protein levels and/or numbers

of secretory granules and thereby additionally improves glucose tolerance.

98



Discussion

5.6. Inhibition of global ceramide synthesis as diabetes therapy might impair
proinsulin processing and insulin secretion in pancreatic beta cells
Accumulation of ceramides in distinct tissues are associated with increased lipotoxicity and
cellular dysfunctions and might contribute to the development of diabetes. Previous studies
demonstrated that inhibition of ceramide de novo synthesis by chemical inhibition of SPT using
myriocin prevents the development of glucose intolerance and insulin resistance in vivo in
obese mice and rats 203225227 Thjs is accompanied by improved insulin signaling in the liver,
adipose tissue and skeletal muscle, reduced body weight gain, enhanced energy expenditure
and oxygen consumption 203225-227 Moreover, inducible ablation of Degs? protected from
glucose intolerance, insulin resistance and hepatic steatosis in adult ob/ob and HFD fed
mice 22°. Therefore, it is suggested that global inhibition of ceramide synthesis might be a
potential therapy to treat metabolic disorders, such as diabetes and obesity 227-?2°, However,
there are concerns about potential adverse side effects that could appear from global ceramide
inhibition in distinct tissues. In mice, homozygous ablation of either Sptlc1 or Sptic2 is
embryonic lethal 22230231 Furthermore, homozygous knockout of Degs? leads to partially
embryonic lethality and surviving litters are growth retarded and die within the first two
weeks ??’. In humans, a homozygous Degs? variant was identified, which leads to DES1
deficiency and is responsible for hypomyelination and degeneration of the nervous system 28°
Moreover, ablation of CerS71 was shown to cause cerebellar neurodegeneration 4%, CerS2
deletion is associated with hepatocarcinomas, myelin sheath defects and cerebellar
degeneration '®® and ablation of CerS3 leads to lethal skin barrier dysfunction '%2. In addition,
our study provides novel insights in the essential role of CERS2 and very long chain
sphingolipids in generating mature insulin granules. Thus, global inhibition of ceramide de novo
synthesis as diabetes treatment might cause unwanted consequences on beta cell function as
well. For this reason, targeting sphingolipids with a specific chain length for example by
manipulating CerS6, which generates harmful C16:0 sphingolipids, might be a better
therapeutic strategy. The role of CERS5 and CERS6 and the impact of C16 sphingolipid
depletion on pancreatic beta cell physiology, which has not been examined so far, is currently
under investigation in the AG Belgardt. This study might be an important contribution for the
individualized treatment of T2D, which has recently been classified in several subgroups by

two different research groups '°%'9' underscoring the need for personalized therapies.

5.7. Conclusion

The results of this thesis demonstrate an important role of sphingolipids with different chain
lengths in pancreatic beta cell physiology. We provide new insights in alterations of the
sphingolipidome in pancreatic islets of db/db mice during the development of T2D and show

that increased levels of long and very long chain ceramides, as well as sphingadiene
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containing ceramides and sphingomyelins, might contribute to beta cell dysfunction during T2D
development. Furthermore, we demonstrate that previously reported ratios of plasma
ceramides are not suitable as marker for pancreatic beta cell dysfunction during diabetes;
instead we nominate the C16:0/C24:1 ratio as possible indicator for diabetes-associated
dysfunctions in islet tissue.

We further analyzed the role of CERS2 and very long chain sphingolipids in beta cell function
and physiology by beta cell specific ablation of CerS2 in mice and INS1E cells. The present
study demonstrates an essential role for CERS2 and very long chain sphingolipids in
prohormone processing in pancreatic beta cells. Ablation of CerS2 and concomitant reduction
in very long chain sphingolipids lowered the amount of insulin secretory granules and
decreased mature PC1 protein in pancreatic beta cells. Consequently, reduced proinsulin
processing decreases glucose stimulated insulin secretion and impairs glucose tolerance in
CERS2 deficient mice.

Wildtype CerS2'Bx0
— —
CERS5/6 £ CERS2
A A
secretory PC1 secretory PC1
granules maturation granules l ’ maturation ‘
Proinsulin — Insulin + C-Peptide Proinsulin — Insulin + C-Peptide
lGIucose lGIucose
Insulin secretion Insulin secretion‘
Glucose tolerance Glucose intolerance

Figure 26: Proposed mechanism of beta cell dysfunction after ablation of CerS2. Beta cell specific deletion of
CerS2 strongly decrease very long C22 and C24 sphingolipid species. The imbalance of long C16 and very long
C22/24 sphingolipids leads to a reduction in secretory insulin granules and mature PC1 protein. Maturation of PC1
takes place in secretory granules and therefore is dependent on granule biogenesis. Decreased amounts of
secretory granules and mature PC1 further result in reduced conversion of proinsulin into insulin and C-peptide.
Consequently, pancreatic beta cells contain less mature insulin granules and secrete less insulin after glucose
stimulation, which leads to glucose intolerance in CerS248X° mice.
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6. Outlook

This study provided new insights into the role of CERS2 and CERS2 derived very long chain
sphingolipids in pancreatic beta cells. CERS2 was identified to be implicated in glucose
homeostasis and glucose tolerance by regulating the formation of mature insulin in secretory
granules. In CerS2*8KO islets, PC1 protein was shown to be specifically decreased without
changing Pcsk1 mRNA levels. Therefore, decreased mature PC1 generation likely emerges
from a defect between translation and maturation of PC1 protein in secretory granules.
However, an open question is how very long chain sphingolipids can regulate the maturation
of PC1 protein, which might be relevant during the development of diabetes. Do very long
chain sphingolipids directly interact with PC1 and support autocatalytical cleavage and
maturation of PC1 or are they important for PC1 trafficking? Another open question is, if
reduced mature PC1 protein levels are a primary defect or rather a secondary result of
defective granule biogenesis after depletion of very long chain sphingolipids.

While previous studies demonstrated a beneficial effect of reduced C16:0 ceramide levels in
several tissues, the impact of C16:0 ceramide depletion by ablation of CerS5, CerS6 or
CerS5/CerS6 in pancreatic beta cells is still unknown. Furthermore, global inhibition of
ceramide de novo synthesis is proposed as novel diabetes treatment, but it remain unclear,
how deletion of all of the prominent CerS (CerS2/CerS5/CerS6) would influence pancreatic
beta cell physiology. Analyzing the function of distinct CERS and concomitantly sphingolipids
with varying chain length in pancreatic beta cells will verify, if those approaches might be useful
as novel diabetes therapy. Furthermore, the relevance of CERS in human pancreatic islets
has to be clarified via adenoviral mediated knockdown of CerS and overexpression of CERS.
Another open question is, how distinct CERS derived sphingolipids can differentially impact
beta cell function and physiology. Which are the sphingolipid interacting proteins that mediate
distinct cellular destinies? Analyzing specific sphingolipid interaction partners by
photoactivatable and clickable sphingosine (PACS) '964% will elucidate underlying
mechanisms and might indicate sphingolipid specific localizations that contribute to cellular

dysfunctions.
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List of abbreviations

Symbols and numbers

A

delta

3 three prime end of DNA sequences
36b4 Acidic ribosomal phosphoprotein p 0
3-KdhSph 3-keto-dihydrosphingosine

5’ five prime end of DNA sequences
A

A adenosine

alkCDase acid ceramidase

ACN acetonitrile

Actb beta actin

ADP adenosine diphosphate

AGC automatic gain control

AKT proteinkinase B

alkCDase (ACER1-3)
alkSMase

alkaline ceramidase 1-3

alkaline sphingomyelinase

ANOVA analysis of variance

Anxab annexin A6

aSMase acid sphingomyelinase

ATP adenosine triphosphate

A.U. arbitrary unit

AUC area under the curve

B

BCA bicinchoninic acid

bp base pair

BSA bovine serum albumin V

Cc

C cytosine

C14-36 acyl chain length with 14-36 carbon atoms
C1P ceramide-1-phosphate

Ca? calcium ion

CaCl calcium chloride

Calr calreticulin

Cas9 CRISPR associated protein 9
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CD cluster of differentiation

CDase ceramidase

cDNA complementary DNA

CE cholesteryl ester

Cer ceramide

CERK ceramide kinase

CerS1-6 ceramide synthase 1-6

CERT ceramide transporter

CGA chromogranin A

CGB chromogranin B

CGT ceramide galactosyltransferase

Chop C/EBP homology protein

CHX cycloheximide

CoA coenzyme A

CO; carbon dioxide

CPE carboxy peptidase E

CPTP ceramide-1-phosphate transfer protein

Cre causes recombination (site specific recombinase from phage P1)
CRISPR clustered regularly interspaced short palindromic repeats
CST cerebroside sulfotransferase

D

d18:0 sphinganine, sphingoid backbone without double bond
d18:1 sphingosine, sphingoid backbone with one double bond
d18:2 sphingadiene, sphingoid backbone with two double bond
DAG diacylglycerol

DDA data dependent aquisition

ddH20 double distilled water

DDZ German Diabetes Center

Degs1 dihydroceramide desaturase 1 (encodes for DES1)
DES1 dihydroceramide desaturase 1 (encoded by Degs1)
DetaNO diethylenetriamine nitric oxide

DH5a competent E.coli cells

DhCer dihydroceramide

DhSph dihydrosphingosine, also known as sphinganine

DIA data independent acquisition

DMEM dulbeccos modified eagle medium

DNA desoxyribonucleic acid
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doxCer deoxyceramide

DPP-4 dipeptidyl peptidase-4

DTT Dithiothreitol

E

E.coli escherichia coli

e.g. exempli gratia

ECL enhanced chemiluminescence

EDTA ethylendiamine tetraacetate

EdU 5-ethynyl-2’-deoxyuridine

EIF2A eukaryotic translation initiation factor 2A
ELISA enzyme-linked immunosorbent assay
ER endoplasmic reticulum

ERAD endoplasmic-reticulum-associated degradation
Erp29 endoplasmic reticulum protein 29
EtOH ethanol

F

FACS fluorescence activated cell sorting
FADH, flavin adenin dinucleotide

FADS3 fatty acid desaturase 3

FAPP2 four-phosphate adaptor protein 2
FastAP fast alkaline phosphatase

FC fold change

FCS fetal calf serum

FFA free fatty acids (also known as NEFA)
Fig. figure

Floxed/fl loxP flanked

For forward

Foxo1 forkhead-O transcription factor 1

FSC forward side scatter

G

G guanine

GABA y-aminobutyric acid

GAD glutamic acid decarboxylase

GalCer galactosylceramide

GCase glucocerebrosidase

GCK glucokinase
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GCS glucosylceramide synthase

GDM gestational diabetes

GFP green fluorescent protein

GLP-1 glucagon-like peptide 1

GluCer glucosylceramide

GLUT1-4 glucose transporter 1-4

gRNA guide RNA

Grp78 glucose-regulated protein 78 kDa

Grp94 heat shock protein 90 kDa beta member 1
Grp170 glucose-regulated protein 170

GSIS glucose stimulated insulin secretion

GSL glycosphingolipids

GTT glucose tolerance test

Gusb glucoronidase beta

GWAS genome wide association studies

H

H202 hydrogen peroxide

H+L heavy and light chain

HbA1c glycated hemoglobin

HCD higher-energy collisional dissociation
HCI hydrochloric acid

HelLa Henrietta Lacks (human epithelial cell line)
Hep3B human hepatocellular carcinoma cell line
HEPES N-2-hydroxyethylpiperazine-N’-2-ethansulforic acid
HESI heated electrospray ionization

HexCer hexosylceramide

HFD high fat diet

hGH human growth hormone

HLA human leukocyte antigen

HNF1A hepatocyte nuclear factor 1-alpha
HNF4A hepatocyte nuclear factor 1-alpha
HNF1B hepatocyte nuclear factor 1-beta

HRP horseradish peroxidase

Hsp60 heat shock 60 kDa protein 1

Hsp70 heat shock 70 kDa protein 4
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IA-2 insulinoma associated antigen
IAPP amylin

IGF2 insulin-like growth factor 2

lgG Immunoglobulin G

IL-1B interleukin-1beta

IL-6 interleukin-6

Indel insertion or deletion

iINOS inducible nitric oxide synthase
Ins1-2 insulin 1-2

INS-1/INS1E rat pancreatic beta cell line

i.p. intraperitoneal

IRS1 insulin receptor substrate 1

iRT indexed retention time

ITT insulin tolerance test

I.U. international unit

J

JNK Jun N-terminal kinase

K

K* potassium ion

Katp ATP-dependent potassium channels
KCI potassium chloride

kDa kilodalton

KDSR 3-keto sphinganine reductase
KH2PO,4 potassium dihydrogenphosphate
KO knockout

KRH krebs-ringer HEPES

L

LASS1-6 longevity assurance 1-6

LB lysogeny broth

loxP locus of cross over in phage P1 (recognition sequence for Cre)
LPC lysophosphatidylcholine

M

MARD mild age-related diabetes

MCF-7 Michigan cancer foundation-7 (human epithelial cell line)
MCP1 monocyte chemoattractant protein 1
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MetOH methanol

MgSOs4 magnesium sulfate

MING mouse pancreatic cell line

MIP mouse insulin promoter

MMC methanol:MTBE:chloroform

MOD mild obesity-related diabetes

MODY maturity-onset diabetes of the young

MOM mitochondrial outer membrane

mRNA messenger RNA

MS mass spectrometry

MS2 second stage of mass spectrometry

MTBE methyl-tert-butylether

m/z mass-to-charge-ratio

N

NaCl sodium chloride

NADH nicotinamide adenine dinucleotide

NaHCO3 sodium bicarbonate

NaOH sodium hydroxide

nCDase neutral ceramidase

NEFA non-esterified fatty acids (also known as FFA)

ND normal diet

NHEJ non-homologous end-joining

Nkx6.1 NK6 homeobox 1

NO nitric oxide

nSMase neutral sphingomyelinase

nt nucleotide

NVJ2P lipid-binding ER protein, enriched at nucleus-vacuolar
junctions (NVJ)

o

02~ radical oxide

OE overexpression

OH* hydroxyl radical

P

PACS photoactivatable and clickable sphingosine

PAGE polyacrylamide gel electrophoresis

PAM protospacer adjacent motif

107



List of abbreviations

PAPS 3'-phosphoadenosine-5-phosphosulfate

PBS phosphate buffered saline

PC phosphatidylcholine

PC1 prohormone convertase 1 (encoded by Pcsk1)
PC2 prohormone convertase 2

PCR polymerase chain reaction

Pcsk1 prohormone convertase 1 (encodes for PC1)
PDI protein disulfid isomerase

Pdia3 protein disulfide isomerase family A member 3
PDX1 pancreatic and duodenal homeobox 1

PE phosphatidylethanolamine

Pen/Strep Penicillin/Streptomycin

PERK PRK-like ER kinase

PG phosphatidylglycerol

Pl phosphatidylinositol

PP pancreatic polypeptide

ppm parts per million

PS phosphatidylserine

Pyr pyruvate

PVDF polyvinylidene fluoride

Q

gPCR quantitative realtime PCR

R

RCAS1 receptor binding cancer antigen expressed on SiSo cells
Rev reverse

RIP rat insulin promoter

RIPA radio immunoprecipitation assay buffer

RNA ribonucleic acid

ROS reactive oxygen species

RRP readily releasable pool

rpm revolutions per minute

RPMI Roswell park memorial institute cell culture medium
RT room temperature

S

S1P sphingosine-1-phosphate

S1PP sphingosine-1-phosphate phosphatases
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S1PR sphingosine-1-phosphate receptor

SAID severe autoimmune diabetes

SD standard deviation

SDS sodiumdodecylsulfate

SEM standard error of the mean

Setdb1 SET domain bifurcated histone lysine methyltransferase 1
S.Fig. supplementary figure

SG secretory granule

SGLT2 sodium-glucose cotransporter 2

Sgms1-2 sphingomyelin synthase 1-2 (encodes for SMS1-2)
SIDD severe insulin-deficient diabetes

SIRD severe insulin-resistant diabetes

siRNA small interfering RNA

SK1-2 sphingosine kinase 1-2

SL sphingolipids

Slc2a1-3 solute carrier family 2 member 1-3 (coding for GLUT1-3)
SM sphingomyelin

SMase sphingomyelinase

SMS1-2 sphingomyelin synthase 1-2

SMS-KCNR human neuroblastoma cell line

SNP single nucleotide polymorphism

Sph sphingosine

SPT serine palmitoyltransferase

Sptlc1-2 serine Palmitoyltransferase Long Chain Base Subunit 1-2
St3gal5 ST3 Beta-Galactoside Alpha-2,3-Sialyltransferase 5
S.Tab. supplementary table

STZ streptozotocin

T

T tyrosine

T1D type 1 diabetes mellitus

T2D type 2 diabetes mellitus

Tab. table

TAE tris-acetic acid EDTA buffer

TAG triacylglycerol

TaxID taxonomic identifier

TBST tris buffered saline with tween

TCA tricarboxylic acid cycle
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TEM transmission electron microscope
TFA trifluoroacetic acid

tg transgene

TGN trans-Golgi network

TLC domain Tram/Lag/CLN8 domain

TNFa tumor necrosis factor alpha
TPST1-2 tyrosylprotein sulfotransferase 1-2
TrEMBL translated EMBL nucleotide sequence data library
Tris 2-amino-2-(hydroxymethyl-)1,3-propandiole
TSPAN-7 tetraspanin-7

U

U unit

UPR unfolded protein response

usD U.S. dollar

UTR untranslated region

uv ultraviolet

Vv

VDCC voltage-dependent calcium channels
Vgf Vgf nerve growth factor inducible

viv volume per volume

viviv volume per volume per volume

w

wiv weight per volume

Wit wildtype

X

Xg times gravity

V4

Zn?* zinc ion

ZNT8 zinc transporter 8
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11.

Supplement

Supplement

11.1.

Supplementary tables

11.1.1. Differentially expressed sphingolipids

S.Table 1 to Figure 7: Differentially expressed sphingolipids in pancreatic islets from 12 week old db/db
mice compared to controls. Shown are differentially expressed sphingolipids of the volcano plot with
p value < 0.05 and log2 FC < -0.05 or > 0.05. p-value was calculated from all measured sphingolipids by two-way

ANOVA.
i +

Sphingolipid Con(c::g:::ztllon [pmol] (Ncljetszb_ SD) p-value Change [%]
Cer(d18:0/24:0) 0.058 + 0.023 0.105 £ 0.035 3.35E-02 81.25
Cer(d18:1/14:0) 0.078 £ 0.012 0.203 £ 0.015 3.38E-04 159.19
Cer(d18:1/16:0) 12.769 + 0.756 29.983 + 1.403 1.22E-07 134.81
Cer(d18:1/18:0) 2.183 + 0.147 4,119 £ 0.322 4.88E-06 88.72
Cer(d18:1/20:0) 1.302 £ 0.121 3.092 + 0.321 1.91E-07 137.53
Cer(d18:1/22:0) 3.938 + 0.433 8.274 + 0.593 1.03E-06 110.13
Cer(d18:1/23:0) 0.757 £ 0.053 1.865+0.178 9.95E-09 146.52
Cer(d18:1/24:0) 4.671 £ 0.398 10.973 £ 0.866 1.64E-06 134.90
Cer(d18:1/26:0) 0.136 + 0.060 0.285 + 0.041 2.44E-03 109.92
Cer(d18:2/16:0) 0.205 +0.033 2.219+0.176 7.31E-11 984.46
Cer(d18:2/18:0) 0.057 £ 0.038 0.655 + 0.061 1.03E-10 1042.03
Cer(d18:2/20:0) 0.095 + 0.011 0.654 + 0.069 3.33E-10 591.70
Cer(d18:2/22:0) 0.238 £ 0.018 2.660 £ 0.117 3.06E-11 1019.11
Cer(d18:2/23:0) 0.036 + 0.006 0.395 + 0.041 3.06E-11 1003.11
Cer(d18:2/24:0) 0.281 +£0.014 2.010 £ 0.168 6.59E-10 615.37
Cer(d18:2/24:1) 3.205 +0.272 6.132 £ 0.380 2.61E-05 91.36
doxCer(m18:0/24:1) 0.012 £ 0.002 0.004 + 0.001 2.41E-06 -66.23
HexCer(d18:0/16:0) 0.222 £ 0.044 0.059 + 0.035 4.28E-05 -73.64
HexCer(d18:0/20:0) 0.018 £+ 0.014 0 2.55E-03 -100.00
HexCer(d18:0/22:0) 0.079 + 0.007 0.033 £ 0.006 1.06E-08 -58.07
HexCer(d18:0/24:1) 0.526 £ 0.034 1.226 £ 0.174 2.02E-06 133.18
HexCer(d18:1/24:1) 14.376 + 1.051 6.706 £ 0.502 4.35E-06 -53.35
HexCer(d18:2/24:0) 0.024 £ 0.016 0.190 £ 0.035 2.61E-06 695.26
HexCer(d18:2/24:1) 1.953 £ 0.145 1.347 £ 0.206 7.82E-03 -31.04
SM(d18:0/14:0) 0.012 £ 0.003 0.006 + 0.004 4.38E-02 -46.04
SM(d18:0/23:0) 0.067 £ 0.006 0.118 £ 0.021 8.37E-05 75.63
SM(d18:0/24:0) 0.184 + 0.011 0.360 £ 0.065 3.30E-05 95.21
SM(d18:1/24:1) 168.498 + 12.856 81.680 £ 8.594 6.19E-08 -51.53
SM(d18:2/16:0) 3.141 £ 0.493 9.231 £ 1.046 3.55E-07 193.88
SM(d18:2/18:0) 1.619+0.134 2.625 +0.240 2.87E-05 62.15
SM(d18:2/20:0) 0.880 + 0.093 2.079 £ 0.103 1.82E-09 136.21
SM(d18:2/22:0) 1.601 £ 0.087 4174 £ 0.463 2.07E-08 160.71
SM(d18:2/23:0) 0.331 £0.040 0.985 + 0.175 4.34E-07 197.57
SM(d18:2/24:0) 5.273 + 0.302 9.403 £ 0.742 4.68E-06 78.34
SM(d18:2/24:1) 39.416 + 4.197 23.253 + 3.960 3.75E-05 -41.01
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S.Table 2 to Figure 9: Differentially expressed sphingolipids in CerS2-BKO jslets compared to control.
Shown are differentially expressed sphingolipids of the volcano plot with p-value < 0.05 and log2 FC < -0.05 or
> (0.05. p-value was calculated from all measured sphingolipids by Student’s unpaired two-tailed t-test.

Sphingolipid Concentration [pmol/mg] (Mean % SD) o-value Change
Control CerS2\BKo [%]
Cer(d18:0/24:1) 0.0089 + 0.0021 0.0025 + 0.0012 | 2.12E-03 -71.82
Cer(d18:1/20:0) 0.1093 £ 0.0089 0.0649 + 0.0158 | 2.71E-03 -40.61
Cer(d18:1/22:0) 0.3976 + 0.0347 0.1010 £ 0.0322 | 1.58E-05 -74.61
Cer(d18:1/23:0) 0.1080 £ 0.0148 0.0375 + 0.0269 | 3.69E-03 -65.29
Cer(d18:1/24:0) 0.7287 £ 0.1072 0.2112+0.1232 | 7.24E-04 -71.02
Cer(d18:1/24:1) 1.1356 + 0.1456 0.1241 £ 0.0317 | 9.90E-06 -89.07
Cer(d18:2/24:0) 0.0345 + 0.0179 0.0083 + 0.0060 | 3.19E-02 -75.94
doxCer(m18:0/16:0) | 0.0028 + 0.0010 0.0084 + 0.0034 | 2.01E-02 200.75
doxCer(m18:0/20:0) | 0.0018 + 0.0006 0.0033 + 0.0010 | 4.69E-02 80.74
doxCer(m18:0/24:1) | 0.0028 + 0.0009 0.0008 + 0.0002 | 4.83E-03 -69.74
doxCer(m18:1/24:1) | 0.0074 + 0.0021 0.0007 + 0.0002 | 7.09E-04 -90.57
HexCer(d18:1/16:0) 1.7812 £ 0.8933 3.6609 + 0.7175 | 1.68E-02 105.53
HexCer(d18:1/22:0) 1.0128 £ 0.3135 0.1889 + 0.0572 | 2.07E-03 -81.35
HexCer(d18:1/23:0) 0.1348 + 0.0381 0.0174 + 0.0045 | 8.65E-04 -87.08
HexCer(d18:1/24:0) 1.1538 + 0.3534 0.1400 + 0.0344 | 1.25E-03 -87.87
HexCer(d18:1/24:1) 0.8320 + 0.2237 0.0453 £ 0.0141 | 4.17E-04 -94.55
HexCer(d18:1/26:0) 0.0548 + 0.0147 0.0101 £ 0.0022 | 9.43E-04 -81.56
SM(d18:0/20:0) 0.0214 + 0.0020 0.0115+ 0.0048 | 8.80E-03 -46.23
SM(d18:0/22:0) 0.0741 £ 0.0230 0.0129 £ 0.0071 | 2.26E-03 -82.61
SM(d18:0/23:0) 0.0058 + 0.0017 0.0017 £ 0.0004 | 3.03E-03 -71.74
SM(d18:0/24:0) 0.0206 + 0.0039 0.0066 + 0.0017 | 6.14E-04 -68.21
SM(d18:0/24:1) 0.0729 £ 0.0100 0.0120 £ 0.0067 | 5.53E-05 -83.53
SM(d18:1/20:0) 2.9727 £ 0.5122 1.7200 £ 0.3819 | 7.79E-03 -42.14
SM(d18:1/22:0) 6.7742 £ 1.0401 1.3861 £ 0.3449 | 6.37E-05 -79.54
SM(d18:1/23:0) 1.4439 + 0.2818 0.2634 + 0.0700 | 1.86E-04 -81.76
SM(d18:1/24:0) 6.4202 + 1.1081 1.0076 £ 0.2839 | 7.93E-05 -84.31
SM(d18:1/24:1) 15.9950 + 2.6470 1.8147 £ 0.4830 | 4.29E-05 -88.65
SM(d18:1/26:0) 0.0594 + 0.0084 0.0118 £ 0.0042 | 5.37E-05 -80.16
SM(d18:2/20:0) 0.1277 £ 0.0428 0.0518 £ 0.0327 | 3.06E-02 -59.39
SM(d18:2/22:0) 0.3264 + 0.1566 0.0822 + 0.0600 | 2.69E-02 -74.81
SM(d18:2/23:0) 0.0888 + 0.0336 0.0210 £ 0.0145 | 1.01E-02 -76.29
SM(d18:2/24:0) 0.4740 £ 0.2400 0.0948 + 0.0723 | 2.32E-02 -80.00
SM(d18:2/24:1) 5.0699 + 2.4607 0.3081 £ 0.2771 | 8.50E-03 -93.92
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S.Table 3 to Figure 18: Differentially expressed sphingolipids in CerS22NSE cells compared to control.
Shown are differentially expressed sphingolipids of the volcano plot with p-value < 0.05 and log2 FC < -0.05 or
> 0.05. p-value was calculated by Student’s unpaired two-tailed t-test.

) .. Concentration [pmol/mg] (Mean * SD) Change
Sphingolipid Control CorS2NSTE p-value [%]
Cer(d18:0/18:0) 4.272 £ 1.823 9.474 + 1.554 1.98E-02 121.77
Cer(d18:0/22:0) 2.343 £ 0.912 0.106 + 0.026 1.32E-02 -95.49
Cer(d18:0/23:0) 0.252 + 0.056 0.040 £ 0.019 3.48E-03 -84.30
Cer(d18:0/24:0) 6.147 + 1.306 0.115+ 0.033 1.32E-03 -98.12
Cer(d18:0/24:1) 4.935 + 2.244 0.039 + 0.006 1.95E-02 -99.21
Cer(d18:0/26:0) 0.353 + 0.082 0.124 + 0.050 1.46E-02 -64.88
Cer(d18:1/16:0) 6.456 £ 0.217 14.748 £ 1.613 9.09E-04 128.44
Cer(d18:1/18:0) 12.438 £ 0.439 32.597 + 2.714 2.21E-04 162.08
Cer(d18:1/22:0) 10.623 + 0.846 0.187 + 0.030 2.84E-05 -98.24
Cer(d18:1/23:0) 3.719 £ 0.627 0.081 + 0.026 5.54E-04 -97.81
Cer(d18:1/24:0) 60.127 + 3.380 0.342 + 0.057 6.77E-06 -99.43
Cer(d18:1/24:1) 28.621 + 1.541 0.293 + 0.043 5.81E-06 -98.98
Cer(d18:1/26:0) 3.056 + 0.328 0.093 + 0.053 1.02E-04 -96.97
Cer(d18:2/18:0) 1.728 + 0.047 2.793 £ 0.066 2.25E-05 61.58
Cer(d18:2/22:0) 1.928 + 0.243 0.086 + 0.011 1.95E-04 -95.54
Cer(d18:2/23:0) 0.520 + 0.118 0.017 £ 0.005 1.78E-03 -96.74
Cer(d18:2/24:0) 12.759 £ 2.108 0.070 £ 0.012 4.78E-04 -99.45
Cer(d18:2/24:1) 4.590 £ 0.443 0.124 + 0.009 6.29E-05 -97.29
doxCer(m18:0/20:0) 0.019 £ 0.005 0.038 + 0.003 4.08E-03 102.72
doxCer(m18:0/22:0) 0.139 + 0.029 0.044 + 0.016 8.03E-03 -68.25
doxCer(m18:0/23:0) 0.034 £ 0.007 0.017 £ 0.007 3.89E-02 -49.89
doxCer(m18:0/24:0) 0.532 £ 0.115 0.060 + 0.022 2.22E-03 -88.81
doxCer(m18:0/24:1) 0.145 + 0.040 0.026 + 0.012 7.90E-03 -81.76
doxSB(m18:0) 0.274 £ 0.088 0.969 + 0.358 3.10E-02 | 253.07
HexCer(d18:0/16:0) 61.997 + 24.539 361.596 + 60.050 1.32E-03 | 483.24
HexCer(d18:0/18:0) 40.133 + 16.833 252.459 + 64.302 | 5.21E-03 529.05
HexCer(d18:0/22:0) 69.717 + 39.677 0.190 + 0.329 3.86E-02 -99.73
HexCer(d18:0/24:0) | 203.064 + 58.559 0.192 £ 0.333 3.88E-03 -99.91
HexCer(d18:0/24:1) | 335.945 + 94.137 0 3.48E-03 | -100.00
HexCer(d18:1/16:0) | 142.195 + 12.467 837.202 £ 87.922 1.71E-04 | 488.77
HexCer(d18:1/18:0) | 311.661 £ 10.365 | 1678.656 £ 181.975 | 2.03E-04 | 438.62
HexCer(d18:1/20:0) 17.660 £ 10.720 42.735 £ 6.392 2.54E-02 141.99
HexCer(d18:1/22:0) | 457.090 £ 55.514 9.127 + 2.230 1.52E-04 -98.00
HexCer(d18:1/23:0) | 122.946 + 10.201 3.717 £ 0.868 3.57E-05 -96.98
HexCer(d18:1/24:0) | 3305.826 + 75.257 16.713 £ 3.592 1.83E-07 -99.49
HexCer(d18:1/24:1) | 438.638 £ 64.601 1.748 £ 1.706 3.04E-04 -99.60
HexCer(d18:1/26:0) 134.759 + 9.679 2.357 + 1.482 1.97E-05 -98.25
HexCer(d18:2/16:0) | 166.948 + 28.549 254718 + 34.505 | 2.74E-02 52.57
HexCer(d18:2/18:0) 27.809 + 1.873 119.833 + 1.630 3.53E-07 330.92
HexCer(d18:2/22:0) 31.327 + 3.668 0 1.22E-04 | -100.00
HexCer(d18:2/24:0) | 342.087 £ 63.601 1.748 £ 1.706 7.55E-04 -99.49
HexCer(d18:2/24:1) 71.372 + 10.082 0.155 + 0.269 2.57E-04 -99.78
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Concentration [pmol/mg] (Mean = SD
Sphingolipid Control = gclttirSZA'Ns1E ) p-value Cl}f/:‘]ge
SB(d18:0) 0.626 £ 0.218 2.230+0.812 2.98E-02 256.41
SM(d18:0/14:0) 1.013 £ 0.141 1.695 £ 0.132 3.59E-03 67.39
SM(d18:0/16:0) 51.262 + 12.077 109.019 + 15.295 6.82E-03 112.67
SM(d18:0/18:0) 65.978 + 14.598 137.497 + 18.071 5.96E-03 108.40
SM(d18:0/22:0) 22.324 + 6.623 0.260 £ 0.066 4.48E-03 -98.83
SM(d18:0/23:0) 1.619 £ 0.387 0.091 £ 0.007 2.39E-03 -94.39
SM(d18:0/24:0) 38.248 £ 5.098 0.065 £ 0.010 2.04E-04 -99.83
SM(d18:0/24:1) 30.857 £6.190 0.348 £ 0.091 1.03E-03 -98.87
SM(d18:0/26:0) 0.773 £ 0.165 0 1.25E-03 | -100.00
SM(d18:1/16:0) 145.079 + 24.394 302.639 £ 67.170 1.88E-02 108.60
SM(d18:1/18:0) 72.808 £ 8.403 188.428 + 33.526 | 4.41E-03 158.80
SM(d18:1/22:0) 84.883 £ 15.335 2.910£0.832 7.61E-04 -96.57
SM(d18:1/23:0) 19.454 + 5.767 0.584 £ 0.178 4.79E-03 -97.00
SM(d18:1/24:0) 305.447 £ 70.034 2.754 + 0.862 1.70E-03 -99.10
SM(d18:1/24:1) 147.886 + 23.729 4,438 + 1.280 4.73E-04 -97.00
SM(d18:1/26:0) 9.102 + 2.197 0.014 £ 0.010 2.01E-03 -99.85
SM(d18:2/18:0) 5.901 £ 0.429 9.263 £ 0.340 4.42E-04 56.97
SM(d18:2/22:0) 5.906 + 1.022 0.642 £ 0.115 8.93E-04 -89.12
SM(d18:2/23:0) 1.283 £ 0.345 0.113 £ 0.038 4.31E-03 -91.18
SM(d18:2/24:0) 33.792 + 11.289 0.854 + 0.248 7.22E-03 -97.47
SM(d18:2/24:1) 9.879 £ 1.350 0.562 £+ 0.087 2.83E-04 -94.31
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S.Table 4: Differentially expressed glycerolipids in CerS2°8X0 jslets compared to control. Shown are
differentially expressed glycerolipids of the volcano plot with p-value < 0.05 and log2 FC < -0.05 or > 0.05. p-value
was calculated from all measured sphingolipids by Student’s unpaired two-tailed t-test.

.. Concentration [pmol/mg] (Mean * SD) Change
Lipid Control CerS2™®0 prvalte | o)
LPC(18:3) 0.413 £ 0.057 0.251 + 0.082 1.79E-02 -39.22
LPC(20:0) 0.059 £ 0.012 0.039 + 0.008 3.79E-02 -33.50
LPC(20:3) 0.499 + 0.108 0.249 + 0.069 7.98E-03 -49.98
LPC(22:4) 0.013 £ 0.004 0.007 + 0.002 4.07E-02 -43.26
PC(31:0) 0.967 + 0.271 0.591 £ 0.108 4.23E-02 -38.82
PC(32:0) 12.457 + 3.848 7.630 £ 0.814 4 95E-02 -38.75
PC(33:0) 0.671 £ 0.156 0.350 + 0.064 8.80E-03 -47.84
PC(34:0) 3.941 £ 0.674 2112+ 0.335 2.82E-03 -46.40
PC(36:0) 0.162 + 0.028 0.087 £ 0.013 3.00E-03 -46.07
PC(37:4) 1.574 £ 0.376 1.012 £ 0.175 3.52E-02 -35.70
PC(38:6) 4.336 1+ 0.902 2.735+0.384 1.71E-02 -36.92
PC(39:4) 0.229 + 0.050 0.124 £ 0.024 9.06E-03 -45.81
PC(39:6) 0.122 + 0.020 0.079 £ 0.011 8.99E-03 -35.39
PC(40:8) 0.304 +£ 0.043 0.210 £ 0.049 2.75E-02 -30.91
PC(41:6) 0.018 £ 0.004 0.010 £ 0.001 6.19E-03 -47.09
PE(34:1) 3.128 + 0.827 2.038 £ 0.295 4.76E-02 -34.83
PE(36:1) 4.515 + 0.687 2.230 £ 0.432 1.34E-03 -50.60
PE(38:3) 2.048 £ 0.355 1.264 £ 0.218 9.37E-03 -38.28
PE(40:6) 4.986 + 1.226 2.639 £ 0.583 1.35E-02 -47.08
PE(40:8) 0.194 + 0.121 0.041 £ 0.030 2.78E-02 -37.55
PG(36:1) 1.683 + 0.294 0.933+0.214 6.19E-03 -44.57
TAG(44:2) 0.164 £ 0.061 0.071 £ 0.046 4 95E-02 -57.00
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11.1.2. Differentially expressed proteins

S.Table 5 to Figure 19: Differentially expressed proteins in CerS2°NS1E cells compared to control. Shown
are gene names, protein IDs from UniProt, change in percent and g-value of all significantly regulated proteins in
CerS2°8NS1E cells with log2 FC< -0.5 or > 0.5 and g-value < 0.05.

Gene UniProt ID q-value Change [%)]
Irak1 B2RYH5 3.32E-02 | -93.99
Mirrf Q5RKI9 4.67E-03 | -63.99
Nipsnap2 | Q5RK08 2.64E-05 | -47.14
Eps8 F1M3L7 1.42E-02 | -42.70
Dpysi3 Q62952; Q62952-2 3.37E-06 | -42.60
Pygl P09811 4.67E-05 | -41.25
Gyg1 AOA0G2JXP1; FBWFR6; O08730 3.83E-02 | -39.98
Casr P48442; Q80ZA8 3.06E-04 | -39.88
S100a4 P05942 5.63E-03 | -37.43
Fam174b | AOAO96MJTS8; D4A4W1 4.80E-02 | -37.27
Ptov1 Q5U2W6 9.52E-03 | -36.17
Pcsk1 AOA0G2JX54; P28840 1.35E-06 | -35.92
Syngr2 MOR446; 054980 5.41E-03 | -34.30
Slc2a2 AOA0G2K1J9; P12336; Q68FZ1 1.28E-10 | -32.86
Nipbl AOA0G2K0J4 2.64E-02 | -32.85
Bad 035147 3.65E-02 | -31.97
Lgmn Q5PPG2; Q9R0J8 2.50E-02 |43.24
Krt42 Q6IFU7 3.13E-03 | 44.45
Krt18 Q5BJY9 3.68E-13 | 46.12
Dbn1 AOAOH2UHLY9; C6L8EOD; Q07266; Q07266-2 3.32E-09 | 46.30
Grn F1LMP7; G3V8V1; P23785; Q6IN42 3.77E-02 | 47.35
Vars2 AOAOH2UHY0;Q6MG21 1.08E-02 | 48.47
Kemf1 B2RZ97 1.73E-02 | 48.68
Pon2 Q6AXMS8 1.66E-08 | 51.34
Anxa6 P48037; Q6IMZ3 2.19E-03 | 51.58
Slc26a2 070531 1.61E-03 | 51.63
Pde1c AOAO0G2KAI1 1.73E-12 | 51.92
Atp9b Q5XFX3 3.15E-02 | 52.14
Mis12 F223S0; Q7TQ72 217E-02 | 55.07
Creld2 Q4G063 1.46E-02 | 55.76
Mff AOA0G2K2M2; AOAOG2KAL9; AOAOH2UHMS; 3.82E-03 | 59.70
Q4KM98

Dhfr BOBMVS; Q920D2 1.73E-12 | 61.89
Marcksl1 | AOA0OG2K613; Q9EPH2 1.29E-02 | 62.57
Tpm4 P09495 3.66E-09 | 62.81
Carhsp1 Q9WU49 8.89E-03 | 66.34
Gstp1 B6DYQ7; P04906 5.72E-17 | 76.86
Dennd1a | F1IM241 3.15E-02 | 133.78
Geg G3V6P5; P06883 4.83E-10 | 144.90
Uap1i1 B5DEH4 1.58E-05 | 828.80
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11.2. Supplementary figures

11.2.1. Additional data for mouse studies

A Body weight B Blood glucose
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S.Figure 1 to Figure 7: db/db mice are obese and diabetic at an age of 12 weeks. A) Body weight and B) non-
fasted blood glucose levels of control and db/db mice were measured in week 6 and 12. The red dot highlights the
blood glucose level of one db/db mice, which was excluded for the lipidome analysis due to non-elevated blood
glucose levels. n= 8 for control, n= 8 for db/db mice. Shown are means + SEM and significant p-values. Significance
was determined by two-way ANOVA (A and B).
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S.Figure 2 to Figure 7: Distinct sphingolipid ratios in islets of control and db/db mice at an age of 6 and 12
weeks. A) Ratio of C16:0/C24:0 ceramide, E) sphingomyelin and 1) hexosylceramide in islets of 6 and 12 week old
control and db/db mice. B) Ratio of C18:0/C24:0 ceramide, F) sphingomyelin and J) hexosylceramide in islets of
control and db/db mice at an age of 6 and 12 weeks. C) Ratio of C24:1/C24:0 ceramide, G) sphingomyelin and K)

137



Supplement

hexosylceramide in islets of control and db/db mice at an age of 6 and 12 weeks. D) Ratio of C18:0/C16:0 ceramide,
H) sphingomyelin and L) hexosylceramide in islets of 6 and 12 week old control and db/db mice. n= 4 for control,
n= 4 for db/db islets. Shown are means + SEM and significant p-values. Significance was determined by two-way
ANOVA (A-L).
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S.Figure 3: Some glycerolipid species are reduced in CerS2°BKO jslets. A) Volcano plot of all measured
glycerolipids and sterols in CerS2°8K0 jslets compared to control. B) Sum of distinct lipid species in control and
CerS228K0 glets. C) Sum of all measured glycerolipids and sterols in control and CerS228KO islets. Shown are
means + SEM and significant p-values. n= 4 for control, n= 4 for CerS28X0 islets. Significance was determined by
Student's unpaired two-tailed t-test (A-C). CE= cholesteryl ester, LPC= lysophosphatidylcholine, PC=
phosphatidylcholine, PE= phosphatidylethanolamine, PG= phosphatidylglycerol, Pl= phosphatidylinositol, PS=
phosphatidylserine, DAG= diacylglycerol, TAG= triacylglycerol.
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S.Figure 4: Plasma proinsulin levels are unaltered in CerS2°8X° mice. A) Fasted plasma proinsulin levels of
control and CerS228KO mice fed with a ND at the age of 20 weeks. n= 16 for control, n= 16 for CerS28X° mice.
Shown is the mean + SEM. Significance was determined by Student’s unpaired two-tailed t-test.

138



Supplement

11.2.2. Unedited western blots

Shown are unedited western blot images with overlying protein marker images, which were
used as representative immunoblots in this thesis.
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S.Figure 5 to Figure 8: Overlay of CERS2 immunoblot with protein marker image and Stainfree image, which was

used for normalization to total protein. The molecular weight is shown in kDa and red boxes display regions of
representative immunoblot images used in this thesis.
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S.Figure 6 to Figure 17: Overlay of CERS2 immunoblot with protein marker image and Stainfree image, which

was used for normalization to total protein. The molecular weight is shown in kDa and red boxes display regions of
representative immunoblot images used in this thesis.
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S.Figure 7 to Figure 19: Overlay of PC1 immunoblot with protein marker image and Stainfree image, which was
used for normalization to total protein. The molecular weight is shown in kDa and red boxes display regions of
representative immunoblot images used in this thesis. A) Immunoblot image with short exposure time.
B) Immunoblot image with covered PC1 overexpression (OE) and long exposure time. C) Immunoblot image with
covered PC1 OE as well as lower PC1 band and long exposure time.
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S.Figure 8 to Figure 20: A) Overlay of ANXA6 and B) PC1 immunoblot with protein marker image and Stainfree
image, which was used for normalization to total protein. The molecular weight is shown in kDa and red boxes
display regions of representative immunoblot images used in this thesis.

140



Supplement

A B °
o) N
K\ Q
L3 N
N S
£ Sof
kDa ® Qq} kDa [C¢;
128 2z 180 —2 .. -
130 — - 1
100 — - - 100 — o
L AREE LIET E"ANXAG 0= Et-—‘Pm
50 — - 50 — - L
kDa kDa
e =
- T 130 —
100 — ¥ . 100— | B9 i .
Stainfree o - Stainfree
el T S=—THETRE"
40— 40— |
35— 3B— | =
25— 25—
15— | B Rt 188

S.Figure 9 to Figure 21: A) Overlay of ANXA6 and B) PC1 immunoblot with protein marker image and Stainfree
image, which was used for normalization to total protein. The molecular weight is shown in kDa and red boxes
display regions of representative immunoblot images used in this thesis.
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S.Figure 10 to Figure 22: A and B) Overlay of PC2 and C) CERS2 immunoblot with protein marker image and
Stainfree image, which was used for normalization to total protein. The molecular weight is shown in kDa and red
boxes display regions of representative immunoblot images used in this thesis.
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S.Figure 11 to Figure 23: A and B) Overlay of CERS2 and PC1 immunoblot with protein marker image and
Stainfree image, which was used for normalization to total protein. The molecular weight is shown in kDa and red
boxes display regions of representative immunoblot images used in this thesis.
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S.Figure 12 to Figure 24: A and D) Overlay of CGA, B and E) RCAS1 and C) PDI immunoblot with protein marker
image and Stainfree image, which was used for normalization to total protein. The molecular weight is shown in
kDa and red boxes display regions of representative immunoblot images used in this thesis.
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S.Figure 13 to Figure 25: Overlay of PC1 immunoblot with protein marker image and Stainfree image, which was
used for normalization to total protein. The molecular weight is shown in kDa and red boxes display regions of
representative immunoblot images used in this thesis.
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