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2 Abbreviations

AP Acute Pancreatitis
AP1 Activator Protein 1
AP2 Activator Protein 2
BSA Bovine Serum Albumin
CD Circular Dichroism
C/EBPs CCAAT-Enhancer-Binding-Proteins
CEL Carboxyl Ester Lipase
CELP Carboxyl Ester Lipase Pseudogene
CP Chronic Pancreatitis
EV Empty Vector
fs femtoseconds
h3R-DAN-U human CEL-3R-DAN Unmodified
h3R-DAN-G human CEL-3R-DAN O-glycosylated
HMR Hydrogen Mass Repartitioning
IDP Intrinsically Disordered Protein
IDR Intrinsically Disordered Region
kDa Kilodaltons
MD Molecular Dynamics
MIDD Maternally Inherited Diabetes and Deafness
MODY Maturity Onset Diabetes of the Young
MOPS 3-(N-MOrpholino)PropaneSulfonic acid
MS Mass Spectrometry
MSA Multiple Sequence Alignment
MYA Million Years Ago
NMR Nuclear Magnetic Resonance
OD Optical Density
PC Pancreatic Cancer
PCR Polymerase Chain Reaction
PDAC Pancreatic Ductal AdenoCarcinoma
PEST sequence rich in Pro, Glu, Ser and Thr
PP Pancreatic Polypeptide
PTM Post-Translational Modification
PVDF PolyVinylidene DiFluoride
SAXS Small-Angle X-ray Scattering
SDS-PAGE Sodium Dodecyl-Sulphate PolyacrylAmide Gel Electrophoresis
RMSD Root Mean Square Deviation
RoG Radius of Gyration
RT Room Temperature
T1D Type 1 Diabetes
T2D Type 2 Diabetes
T3cD Type 3c Diabetes
VNTR Variable Number of Tandem Repeats
YFP Yellow Fluorescent Protein
Å Ångstrøm (= 0.1 nm)
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3 Abstract

English

Carboxyl ester lipase (CEL) is a digestive enzyme which is secreted by acinar cells in the

pancreas and released into the intestines. In addition to the globular domain responsible for lipase

activity, CEL contains a C-terminal region encoded by a Variable Number of Tandem Repeats

(VNTR) sequence. Each repeat consists of 11 amino acid residues. The function of the VNTR

region is enigmatic, but we know that it is disordered, becomes O-glycosylated and is necessary for

proper secretion of CEL. The CEL VNTR is also highly polymorphic and at least two variants are

confirmed to be pathogenic: CEL-MODY and CEL-HYB. These variants are associated with cellular

aggregation and pancreatic disease. A third variant with only three VNTR repeats, CEL-3R, has

been discovered in a Danish family, in which it co-segregates with diabetes. However, we do not

know if CEL-3R is pathogenic.

In this study, we attempted to investigate the properties of the CEL VNTR with a special

emphasis on the Danish CEL-3R variant. To examine if CEL-3R is pathogenic, we expressed it in

HEK293 cells and compared its cellular localisation and secretion to the normal CEL protein and to

the pathogenic CEL-HYB variant. Further, to better understand the role of the VNTR in general, we

examined its evolution and characteristics in vertebrate species by performing a phylogenetic

analysis. Finally, we predicted the conformations of the CEL-3R VNTR by molecular simulations.

We found that the CEL-3R variants exhibited levels of aggregation in HEK293 cells comparable

to the pathological CEL-HYB variant. Still, CEL-3R displayed increased secretion compared to

CEL-HYB. Moreover, we found that the CEL VNTR was present only in mammalian species. The

mammalian VNTR sequences were relatively conserved, but exhibited a diverse number of repeats.

A short post-VNTR sequence was also well conserved among mammals of the clade Eutheria. We

were not able to correlate the number of VNTR repeats with any specific traits of the investigated

mammalian species. The molecular simulations of the VNTR region of CEL-3R predicted that it

forms unstructured coils and temporary turns, b-bridges and b-sheets. The O-glycosylated VNTR

structure displayed a similar pattern.

In conclusion, although more transfection experiments are needed, we found that the Danish

CEL-3R variant may show signs of pathological aggregation. We also confirmed that the CEL VNTR

probably evolved sometime between the origin of Synapsida and the formation of Eutheria and

Metatheria. Finally, the typical ’EATPVPPTGDS’ repeats in the VNTR may be important for the

formation of secondary structures that induce the VNTR to become compact, but still disordered.
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Norsk

Karboksylester-lipase (CEL) er eit fordøyingsenzym som vert skilt ut i tarmen frå acinærcellene i

bukspyttkjertelen. I tillegg til det globulære domenet som er ansvarleg for lipase-aktiviteten, inneheld

CEL ein C-terminal region koda av ein sekvens med eit variabelt tal av tandemrepetisjonar, ein

såkalla VNTR region. Kvar repetisjon kodar for 11 aminosyrer. Funksjonen til VNTR-regionen er

ikkje kjent, men me veit at han er uordna, blir O-glykosylert og er naudsynt for effektiv utskiljing av

CEL. VNTR-regionen er også særs variabel (polymorf) og minst to variantar er stadfesta å vera

patogene: CEL-MODY og CEL-HYB. Desse variantane er knytt til cellulær aggregering og sjukdom i

bukspyttkjertelen. Ein tredje variant med berre tre repetisjonar, CEL-3R, har vorte oppdaga i ein

dansk familie der han finst hjå dei medlemmane som har diabetes. Likevel veit me ikkje om CEL-3R

er patogen.

I denne studia utforska me eigenskapane til VNTR-regionen til CEL, med særleg merksemd på

den danske CEL-3R-varianten. For å undersøkja om CEL-3R er patogen, uttrykte me han i

HEK293-celler og samanlikna distribusjon og utskiljing mot det normale CEL-proteinet i tillegg til den

patogene CEL-HYB-varianten. Deretter, for å forstå rolla til VNTR-regionen, undersøkte me korleis

han kunne vorte utvikla gjennom evolusjonen. Til slutt prøvde me ved å nytte simulasjonar å seie

noko om kva konformasjonar VNTR-regionen til CEL-3R kan ha.

Me fann at CEL-3R-variantar viste eit nivå av aggregering i HEK293-celler som kunne minna om

den patologiske CEL-HYB-varianten. Likevel hadde CEL-3R auka utskiljing samanlikna med

CEL-HYB. Vidare fann me at VNTR-regionen berre var til stades i pattedyrartar. VNTR-sekvensane

var konserverte i pattedyr, men talet på repetisjonar varierte sterkt. Ein kort post-VNTR-sekvens var

godt konservert i kladen Eutheria (placentale pattedyr). Me fann ingen samanheng mellom talet på

repetisjonar i VNTR-regionen og eigenskapar til dyra som vart undersøkte. Dei molekylære

simulasjonane av VNTR-regionen til CEL-3R predikerte at han kan danna ustrukturerte kveilar og

kortvarige vendingar, b-bruer og b-flak.

Me konkluderte med at den danske CEL-3R-varianten viser teikn på patologisk aggregering,

men at me må gjera fleire eksperiment for å få stadfesta dette. Me fann også at VNTR-regionen til

CEL sannsynlegvis vart utvikla ein gong mellom fyrste førekomst av kladen Synapsida

(pattedyrliknande krypdyr) og forgreininga til Eutheria og Metatheria (pungdyr). Til slutt fann me at

den typiske ’EATPVPPTGDS’-repetisjonen i VNTR-regionen kan vera viktig for danninga av

sekundære strukturar. Desse strukturane fører til at regionen vert kompakt, men likevel uordna.
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4 Introduction

4.1 The Pancreas

4.1.1 Organ structure and function

The pancreas is an organ located behind the lower end of the stomach and along the duodenum

(Walkowska et al., 2022). The organ has an angled head, an elongated body and a tail

(Figure 4.1A). The branching pancreatic duct transports pancreatic juice to the duodenum via the

duodenal papilla. Before opening into the duodenum, the pancreatic duct merges with the common

bile duct, mixing the pancreatic juice with bile (Walkowska et al., 2022).

B C D

Common bile duct

HEAD
BODY

TAIL

Pancreatic duct Intralobular ducts

Duodenum

Duodenal 
papilla

Islets of
Langerhans

Acinus

Intercalated
duct

Acinar cell

Centroacinar cell

ER

Nucleus

Golgi
Zymogen
granules

Delta cellCapillary Beta cell

PP cell

Alpha cell

Intralobular duct

Islet of
Langerhans

A

Figure 4.1: Schematic illustration of the pancreas and its exocrine and endocrine tissues. A.
The pancreas and its position next to the duodenum. B. The pancreatic duct branches into intralobular ducts
which branch into acini. Islets of Langerhans are dispersed within the acinar tissue. C. The acinar cells produce
zymogens and secrete them into the ductal system. D. Islets of Langerhans are composed of various endocrine
cells that secrete hormones into nearby capillaries. The two most common types are alpha and beta cells,
producing glucagon and insulin, respectively. (Own illustration)

The pancreas is both an exocrine and an endocrine organ (Walkowska et al., 2022). The

exocrine part consists of the ducts, as well as the acinar cells that secrete pancreatic enzymes
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(Figure 4.1B). The enzymes are cotranslationally inserted into the rough endoplasmic reticulum (ER)

and subsequently transported to, and processed, in the Golgi complex (Williams, 2006). The

inactivated enzymes (denoted zymogens) are then stored in vacuoles called zymogen granules,

from which they are secreted by exocytosis when needed for digestion (A-Kader and Ghishan,

2012). Secreted zymogens mix with an alkaline bicarbonate solution produced by the ductal cells to

become pancreatic juice with pH �8.0. The low pH in the duodenum aids in turning the zymogens

into active digestive enzymes. Proteases also aid in activating some zymogens by cleaving off

specific parts of the polypeptide chain. Bile contributes to emulsification of fat while the pancreatic

enzymes break down lipids, proteins, nucleic acids and starch (Walkowska et al., 2022).

The endocrine pancreas consists of Islets of Langerhans which are dispersed within the exocrine

tissue (Walkowska et al., 2022). An islet consists of a variety of endocrine cells, where the two most

abundant cells are alpha cells and beta cells (Figure 4.1D). Alpha and beta cells regulate blood sugar

by releasing the hormones glucagon and insulin, respectively. Delta cells secrete the growth hormone-

inhibiting hormone somatostatin. PP (Pancreatic Polypeptide) cells secrete pancreatic polypeptide,

which regulates a variety of endocrine and exocrine pancreatic functions (Walkowska et al., 2022).

4.2 Diseases of the pancreas

4.2.1 Pancreatitis

Pancreatitis is a condition of inflammation in the pancreas, either acute or chronic (Ashraf et al.,

2021). Acute pancreatitis (AP) is a temporary inflammation from which the pancreas can return to

normal. Gallstones are the most common cause of AP, followed by alcohol abuse. Other causes are

infection, genetic factors, mechanical trauma, medication, tumors, etc. Genetic mutations involving

the pancreatic enzymes are particularly infamous for causing premature enzymatic activation and

digestion of the pancreatic tissue. Many people with either type of pancreatitis suffer from

abdominal pain attacks. (Ashraf et al., 2021). The prevalence of AP increases with age and is

similar between men and women (A-Kader and Ghishan, 2012).

Chronic pancreatitis (CP) is characterised by long-lasting, irreversible inflammation and can be

caused by recurrent AP, alcohol abuse, genetic factors, autoimmune disease, duct blockage by

tumor, etc. (Luchini et al., 2020). CP leads to permanent damage to the pancreas’ structure or

function with morphological changes such as fibrosis, acinar atrophy and fatty replacement. The

loss of pancreatic function may affect exocrine enzyme output, leading to incomplete digestion.

Decreased pancreatic function could also affect endocrine blood sugar regulation, leading to

diabetes (Luchini et al., 2020).
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4.2.2 Pancreatic cancer

Pancreatic cancer (PC) is one of the deadliest types of cancer. The prevalence of PC is higher in

men than women, and it increases with age (Ilic and Ilic, 2016). Risk factors for PC include alcohol

abuse, smoking, obesity, CP, genetic factors, etc. The ABO blood group has also been implicated

as a risk factor. Compared to subjects of blood group O, the subjects with blood groups A, B or AB

have an odds ratio of developing PC between 1.3 and 2.4. About 65% of patients with cystic

neoplasms in the pancreas develop PC. Moreover, development of PC may induce symptoms of

new-onset diabetes in patients, due to endocrine dysfunction (Yadav and Lowenfels, 2013).

Pancreatic adenocarcinomas account for about 85-90% of pancreatic cancer cases, while

pancreatic endocrine tumours account for about 5% of cases (Yadav and Lowenfels, 2013; Hidalgo

et al., 2015).

The most lethal type of PC is pancreatic ductal adenocarcinoma (PDAC) which makes up around

90% of PC cases (Halbrook et al., 2023). PDAC has a 5-year survival rate of 12%. These low rates

are due to few recognizable symptoms in the early stages which leads to late discovery and

diagnosis. Pancreatic lesions are the origin of about 90% of PDAC cases (Halbrook et al., 2023)

4.2.3 Diabetes mellitus

Diabetes mellitus is a group of diseases with a shared symptom of elevated blood sugar, also

called hyperglycemia (Cole and Florez, 2020). The symptom is caused by impaired insulin secretion

from the beta cells or reduced insulin sensitivity. The most common forms are Type 1 (T1D) and

Type 2 (T2D) Diabetes. T1D is an autoimmune disease where the beta cells (Figure 4.1D) are

attacked and destroyed by the patient’s own immune system. The patient can not produce insulin

and becomes unable to lower their blood sugar. Diabetes T1 is caused by both polygenic and

environmental factors and usually appears during childhood or adolescence. T2D is a condition

where glucose-storing cells become desensitised to the insulin produced by the beta cells. T2D is

also partially caused by genetic and environmental factors, but is more dependent on lifestyle

factors than T1D. Indeed, T2D usually appears in late adulthood (Cole and Florez, 2020).

Other forms of diabetes are monogenic and gestational diabetes (Schwitzgebel, 2014).

Monogenic diabetes is a term for the 2-5% of diabetes cases which are caused by a single defective

gene. The disease manifests either as reduced number of beta cells, or reduced beta cell
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functionality, which may lead to similar symptoms as T1 or T2. These similarities often lead to

monogenic diabetes being misdiagnosed as T1 or T2. In contrast to T1 and T2, the inheritance

pattern of monogenic diabetes is Mendelian and usually dominant. A subgroup of monogenic

diabetes is Maturity Onset of the Young (MODY), which is defined as beta cell defects leading to

diabetes by the age of 25 years (Schwitzgebel, 2014).

Examples of monogenic diabetes are neonatal diabetes and Maternally Inherited Diabetes and

Deafness (MIDD) (Bonnefond et al., 2023). Neonatal diabetes is a rare form of diabetes which

arises in newborns within their first 6 months of life, but usually passes in infancy. MIDD is a type of

diabetes which is inherited through the mitochondria of the mother and is often accompanied with

various symptoms such as hearing loss, seizures, and muscle weakness. (Bonnefond et al., 2023).

In contrast to T1D and T2D, some forms of diabetes do not directly affect the beta cells or insulin

sensitivity (Hart et al., 2016). Rather, inflammation and disease in the exocrine pancreas may

indirectly harm nearby beta cells. As mentioned, exocrine and endocrine pancreatic tissues are

highly interspersed (Figure 4.1B). Such diseases are labelled Type 3c Diabetes (T3cD), also

sometimes called secondary diabetes of the exocrine pancreas or pancreatic diabetes (Hart et al.,

2016; Wynne et al., 2018). Patients with T3cD may exhibit both increased and reduced insulin

sensitivity (Hart et al., 2016).

4.3 The pancreatic enzyme CEL

Carboxyl ester lipase (CEL) is a lipase found in pancreatic juice (Lombardo et al., 1978;

Blackberg et al., 1980). CEL hydrolyses cholesteryl esters and esters of fat-soluble vitamins (such

as vitamins A, D and E) (Lombardo and Guy, 1980). The enzyme specificity is broad, as CEL may

also hydrolyze amide bonds in lipid-like substrates (Hui et al., 1993) and ceramides (Nyberg et al.,

1998). The catalytic activity of CEL is stimulated by bile salts (Figure 11.8) (Bläckberg and Hernell,

1983). Bile salts are comprised of planar, steroid backbones which are hydroxylated and conjugated

to usually taurine or the amino acid Gly. Bile salts have one hydrophobic face and one hydrophilic

face, resulting in the amphiphilic property which makes bile salts into emulsifiers

(Maldonado-Valderrama et al., 2011).

In the literature, the CEL protein has been given different names, such as bile salt-activated

lipase (BSAL), bile salt-stimulated lipase (BSSL), bile salt-dependent lipase (BSDL), carboxyl ester

hydrolase (CEH) and cholesterol esterase. In this thesis, the gene will be referred to as CEL and the

protein will be denoted CEL.
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