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Abstract

The Calcium-Sensing Receptor (CaSR) is a multifunctional G-protein coupled
receptor. It can be activated by various ligands, leading to different cellular
responses (ligand-biased signaling). The role of the CaSR in intestinal
inflammation is still unclear. Recent studies in our group suggested a pro-
inflammatory effect of CaSR agonists (calcimimetics). In my master thesis, |
wanted to prove the CaSR as point of origin for this inflammatory response and
to elucidate whether the pro-inflammatory prostaglandin E2 (PGEZ2) pathway is
affected through the CaSR.

| treated colon cancer cells with CaSR-specific and -unspecific enantiomers of a
calcimimetic and a calcilytic (negative CaSR-modulator). Only the CaSR-
selective binding enantiomer of the calcimimetic increased expression of
inflammatory markers and of certain PGE2 pathway member genes, confirming
the CaSR as the point of origin for this inflammatory response. Cyclooxygenase
2 (COX-2) was found to be a major target of the CaSR induced pro-inflammatory

response.

Further, | found that among all tested ligands only spermine increased the
inflammatory gene expression, underlining the ligand-biased characteristic of the
CaSR.

Finally, | transfected CaSR mutants in HT29 cells, an in vitro model which can
be used to study the influence of CaSR-mutants on the gene response in the

future.

In summary, | found that the pro-inflammatory effect induced by calcimimetics in
colon cancer cells is mediated via the CaSR and influences the PGE2 pathway.
The findings of my master thesis thus provide further important clues for our
understanding of the pro-inflammatory role of the CaSR in colon cancer cells and

beyond.






Zusammenfassung

Der Calcium-Sensing Receptor (CaSR) ist ein multifunktionaler G-Protein
gekoppelter Rezeptor. Er kann durch viele verschiedene Liganden aktiviert
werden und zu pleiotropen zellularen Antworten flihren (Liganden-abhangige
Signaltransduktion). Die Rolle des CaSR in intestinalen Entzindungen ist immer
noch unklar. Ergebnisse einer kurzlich publizierten Studie unserer Arbeitsgruppe
postulieren einen pro-inflammatorischen Effekt von CaSR Agonisten
(Calcimimetics). Im Rahmen meiner Masterarbeit wollte ich nun nachweisen,
dass diese Entzundungsreaktion tatsachlich tber den CaSR vermittelt wird und
zudem testen, ob der pro-inflammatorische Prostaglandin E2 (PGE2) Signalweg

von der CaSR-Aktivierung beeinflusst ist.

Ich behandelte die Kolonkrebszellen mit spezifischen- und unspezifischen
Enantiomeren eines Calcimimetic und Calcilytic (negativer CaSR-Modulator).
Nur das CaSR-spezifisch bindende Enantiomer des Calcimimetics erhdhte die
Expression von inflammatorischen Markern und von gewissen Genen des
PGEZ2-Signalwegs. Dies bestatigt, dass der CaSR an der Entzindungsmediation
ursachlich beteiligt ist. Cyclooxygenase 2 (COX-2 scheint hauptsachlich an der

CaSR-induzierte inflammatorischen Antwort beeinflusst zu sein.

Des Weiteren wollte ich untersuchen, ob unterschiedliche Liganden des CaSR
die inflammatorische Genexpression in HT29 Zellen unterschiedlich
beeinflussen. Nur Spermin erhdhte die inflammatorische Genexpression — ein
Ergebnis, das die Liganden-abhangige Signalweiterleitung des CaSR weiter
bekraftigt.

Zudem habe ich HT29 Zellen erfolgreich mit CaSR-Mutanten transfiziert. Damit
wurde ein in vitro Modell flr weitere Untersuchungen von CaSR-Mutanten auf

die Genexpression etabliert.

In meiner Arbeit konnte ich also bestatigen, dass die pro-inflammatorischen
Effekte von Calcimimetics auf Kolonkrebszellen durch den CaSR mediiert sind
und dass diese den PGE2 Signalweg beeinflussen. Die Ergebnisse meiner
Masterarbeit liefern weitere wichtige Erkenntnisse flr das Verstandnis der pro-

inflammatorischen Rolle in Kolonkrebszellen und dartber hinaus.
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1 Introduction

1.1 Calcium

Calcium is one of the most versatile and universal signaling agents in the human
body and critical for human health [1]. Most of the body’s calcium is stored in the
skeleton in bound form as hydroxyapatite, making up the bone structure but there
is also free and hydrated calcium (“ionized calcium”, Ca?*) which is a mediator of
metabolic and regulatory processes [2]. Ca?* in the plasma has a key function in
cellular metabolism, vascular activities, wound healing, nerve impulse
transmission, and muscle contraction [1]. lonized calcium is abundant in the
extracellular fluid [2]. The normal range for Ca?* in the blood of adults is 2.1-
2.6 mmol/l total Ca?*, of which around half (1.1-1.3 mmol/l) is free or “unbound”,
while the other half is bound to plasma proteins. Levels greater than 2.6 mmol/l
are defined as hypercalcemia and levels lower than 2.1 mmol/l as hypocalcemia
[3, 4].

1.2 The Calcium-Sensing Receptor

The Calcium-Sensing Receptor (CaSR) was first discovered by Brown et al. in
1993 [5]. It is a class C guanine nucleotide-binding protein (G protein)-coupled
receptor (GPRC). Class C GPCR are composed of a seven-transmembrane
spanning protein and a large extracellular domain (ECD), with a Venus Flytrap
domain (VTFD). The VFTD is connected via a cysteine-rich region (CRD) to a
heptahelical domain (HD) (Figure 1) [6].

Venus Flytrap a:; 3

3, Agonists and

Module (VFTM) %f
dt

Comp. antagonists

Cys—ln'ch Allosteric
Region (CRD) regulators
A
Heptahelical ¢ &gt
Domain (HD) {
Yo
/’j’_, “_ wmp G-prot

Figure 1: Schematic general structure of a class C G-protein coupled receptors.

A class C G-protein coupled receptor with venus flytrap module, cys-rich region and heptahelical domain [6].
Image used under the license from John Wiley and Sons.



The human CaSR is encoded by a single copy gene located on the long arm of
chromosome 3 (3g21-g24) [7], it spans ~130 kb and has eight exons [8]. The
human CaSR protein consists of 1078 amino acids. The CaSR, as a bona fide C
GPCR, has a bilobed, large extracellular domain of 612 amino acids consisting
of the VFTD and a CRD [9, 10] (Figure 2). It also has a hydrophobic 7-
transmembrane spanning domain (250 amino acids), and finally a long carboxyl
terminal intracellular tail, formed of 216 amino acids [11]. After translation, the
CaSR is glycosylated on multiple sites with high mannose carbohydrates in the
endoplasmic reticulum. In the Golgi apparatus, the CaSR is further modified with
complex carbohydrates. The core-glycosylated CaSR is retained intracellularly
in the endoplasmic reticulum or in pre-plasma membrane compartments [12]. If
required, the CaSR is transported to the plasma membrane where it can function
either as homo- or heterodimer and it signals via G-proteins (see chapter CaSR

signaling) [13, 14].

extracellular

|

intracellular

Figure 2: Scheme of the Calcium-Sensing Receptor (CaSR) expressed in the cell membrane.
The venus flytrap domain is depicted in blue, “catching” extracellular Ca?*.The seven transmembrane
domain is indicated in green.



The main and best characterized function of the CaSR is regulating calcium
homeostasis in the body, by modulating the secretion of parathyroid hormone
(PTH). The CaSR is expressed in tissues regulating Ca?* homeostasis, so called
“calcitropic’, tissues, such as parathyroid glands, kidneys, and bones. For many
physiological processes, like nerve impulse transmission and muscle
contraction, a steady calcium serum concentration is of great importance.
Therefore, the CaSR regulates extracellular Ca?* within a tight range of 1.1-
1.3 mmol/l free ionized Ca?* in the blood via modulating intracellular pathways
that alter PTH and calcitonin secretion or renal cation handling, as described
below [15]. Other GPCRs (e.g. B-adrenergic receptors) are rapidly deactivated
after ligand binding [16], but as the CaSR is exposed to a constant level of
extracellular Ca?* it needs a resistance to desensitization. A unique feature,
termed agonist-driven insertional signaling (ADIS), allows the CaSR to regulate
its own trafficking to the plasma membrane upon activation [17]. In the Golgi
apparatus, a pool of maturate, glycosylated CaSRs is stored that is poised for

rapid insertion into the plasma membrane [17].

In addition to its pivotal role in maintaining serum Ca?* homeostasis, the CaSR
is also expressed in non-calcitropic tissues where it regulates various other
fundamental processes including smooth muscle contraction, gene expression,
ion channel activity, and cell fate [18]. In blood vessels, the CaSR affects
cardiovascular function. It is expressed in human vascular smooth muscle cells
(VSMCs) and endothelial cells [19, 20]. The CaSR was shown to have an effect
on VSMC proliferation and apoptosis [21]. Studies in a mouse model with a
VSMC-specific ablation of the CaSR showed a decrease in in the contractility of
the aorta and mesenteric arteries, leading to a decrease of diastolic and mean
arterial blood pressure [22].

The CaSR is further expressed in human and mouse airway smooth muscle and
bronchial epithelium [23]. CaSR expression is increased in the airways of
patients with asthma and allergen-sensitized mice [23] (refer to chapter “CaSR

in inflammation”).

In epidermal cells the activation of the CaSR triggers keratinocyte differentiation,

survival and adhesion [24] and has a key function for maintaining an intact

3



epidermal barrier [25]. In epidermis-specific CaSR-null mice, the barrier function
of the skin has been shown to be defective due to impaired keratinocyte
differentiation [26].

Altered CaSR expression or mutations in the CaSR gene that lead to a
dysfunctional receptor have also been associated with several pathological
conditions including inflammation in the lung and adipose tissue, vascular
calcification and certain cancers [18]. Further mutations in the CaSR gene lead
to calcitropic-disorders such as hyper-/hypocalcemia and hyper-

/hypoparathyroidism (refer to chapter “mutations of the CaSR”).

1.3 Regulation of calcium homeostasis via parathyroid hormone

As Ca?* plays a crucial role in the human body, its concentration has to be tightly
controlled. For short-term control, the serum proteins (albumin) can help to
maintain calcium homeostasis. Any transient drop of free ionized calcium can be
compensated by the release of bound calcium from the binding sites on an
albumin molecule. The albumin-calcium complex works as a calcium buffer

system [2].

Long-term calcium homeostasis is mainly maintained by PTH and by 1,25-
dihydroxyvitamin D3z (1,25(OH)2Ds) [27, 28]. The interaction of PTH and
1,25(0OH)2Ds is displayed in Figure 3. PTH is secreted by the chief cells of the
parathyroid glands and is suppressed in response to high blood Ca?* levels. The
secretion of PTH is suppressed by the CaSR, which is expressed on the surface
of parathyroid cells and constantly senses the extracellular Ca?* levels. If the free
Ca?* levels drop, the CaSR-mediated PTH suppression is released, leading to
higher PTH levels. PTH then directly stimulates osteoclast activity leading to
resorption of Ca?* of the bones. In the kidney, PTH stimulates the Ca?*
reabsorption from renal tubular fluid while increasing the excretion of phosphate
in the urine. PTH further activates 25-hydroxyvitamin D3 1a-hydroxylase in the
kidney which converts 25-hydroxyvitamin Ds (25(0OH)Ds) to its most active
metabolite 1,25(0OH)2Ds. 1,25(0OH)2Ds facilitates the absorption of Ca?* and
phosphorus from the intestine. Rising Ca?* concentrations lead to a negative
feedback loop, activating the CaSR and inhibiting PTH excretion [28]. A short
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peak production of PTH, where the Ca?*-needs of the body can be immediately
satisfied via Ca?* resorption from the intestine, leads to a short time increased
Ca?* concentration in the blood serum and the surplus Ca?* is stored in the
bones. If there is a Ca?* deficiency in the intestine due to malnutrition, the
activation of the CaSR increases PTH but no Ca?* can be absorbed from the
intestine. The PTH levels stay elevated and lead to bone resorption to balance
the Ca?* and in the long term to bone demineralization, i.e. osteopenia, or in case
of kidney failure, the clinical symptoms of chronic kidney disease mineral bone
disorder due to insufficient renal production of 1,25(OH)2D3 in response to PTH
[29].

25-Hydroxylase
» — e
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2500H)D

1 a-Hydroxylase F . |
Ca and 3 L
phosphorus Ca reabsorption g -
resorption A (" 1250H,D )
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F
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-~ - A
R p—
HEE SR Ca and phosphorus
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Figure 3: Schematic diagram of calcium homeostasis signaling.

Dropping Ca?* levels are sensed by the calcium-sensing receptor (CaSR; not shown here) in the parathyroid
glands which leads to a reduced suppression of parathyroid hormone (PTH) production and thus an increase
in PTH levels. PTH leads to Ca®* reabsorption in the bones and in the kidney. Vitamin D3 (Vit D) is converted
via 25-hydroxlyase to 25-hydroxyvitamin D3 (25(OH)D) and then, catalyzed by PTH, converted into 1,25-
dihydroxyvitamin D3 (1,25(0OH)2D). 1,25(0OH)2D leads to Ca?* absorption in the intestine. Solid lines indicate
stimulatory interaction, dashes line negative feedback [28]. Image used under the license from Elsevier.



1.4 Calcium-Sensing Receptor ligands

Ca?* is the main physiological ligand of the CaSR, but there is a plethora of other
agonists. Calcimimetics are agonists / positive modulators of the CaSR and are
classified as either type 1 or type 2 calcimimetics. Type 1 calcimimetics are the
naturally occurring ligands and bind orthosterically to the VFTD of the receptor
and activate the receptor directly [30]. These can be di- and trivalent cations,
polyamines, polypeptides, or aminoglycoside antibiotics [31], like neomycin [32].
An example for such a polyamine is spermine, which is found in eukaryotic cells
and involved in many cellular processes such as cellular metabolism,
transcription and translation [33]. Due to their positive charge at physiological
pH, polyamines are known to support nucleic acid structure and stability [34]. In
1977, the polyamines spermine and spermidine were already reported as
immune-regulators [35], as spermine downregulates macrophage activation [36].
Aromatic amino acids, such as L-phenylalanine and L-tryptophan can act either
as type-1 or as type-2 ligands and have a higher affinity for the receptor than
aliphatic and polar L-amino acids [37]. Structures of these compounds are shown

in (Figure 4).

H,3C
NH
OH
OH H
N B
N
@{NHW

GSK-3004774 ©

NH,

/\/\ /\/\/NH\/\/NHZ
H,N NH

X OH
2 HO o
Spermine

1) “%—O0H
0 (0]
HoN
9 OH
) NH,
\H on NH, HO OH
HoN
L-tryptophan L-phenylalanine Neomycin

Figure 4: Chemical structures of CaSR ligands.
GSK-3004744, spermine, the aromatic acids L-tryptophan and L-phenylalanine, and the antibiotic
neomyecin.



Pure type 2 calcimimetics bind allosterically within the seven-transmembrane
region of the CaSR [30]. Type 2 calcimimetics can occur naturally, such as L-
amino acids, or they can also be synthetic compounds which increase the
sensitivity of the CaSR to extracellular Ca?*[43]. They increase the sensitivity of
the CaSR for its type 1 agonists which can be seen e.g. as shift of the half
maximal effective concentration (EC.) for Ca?* to lower concentrations. As a
result, the CaSR already inhibits PTH release at lower Ca?* concentrations [38].
This leads to a decrease in PTH plasma levels that is followed by a decrease of

plasma Ca?* levels [39].

Synthetic type-2 calcimimetics are used as targeted therapies for parathyroid
disorders but also for treating symptomatic hypercalcemia [40]. In a drug
discovery program in the 1990s, NPS R-568, one of the first calcimimetics, was
synthesized and entered the clinic in 1994 [41] but failed in clinical trials and is
since used as the main research calcimimetic. NPS R-568 is a phenylalkylamine
(Figure 5) derived from Ca?*-channel blockers like verapamil and acts like a type
2 calcimimetic [42]. NPS R-568 selectively activates the CaSR on parathyroid
cells, resulting in inhibition of PTH secretion in parathyroid cells both in vitro and
in vivo [38]. Based on NPS R-568, cinacalcet (Figure 5) was the first calcimimetic
approved in the clinic as a therapy for secondary hyperparathyroidism in chronic
kidney disease and it is also used for “off-label” applications to treat
hypercalcemia in some forms of primary hyperparathyroidism [39]. Besides
cinacalcet there is now another calcimimetic, etelcalcetide, which is an approved
drug for the treatment of secondary hyperparathyroidism administered
intravenously in combination with hemodialysis [43]. The calcimimetic
velcalcetide (AMG 416) is currently under regulatory reviews and could be also
a potential drug for the treatment of secondary hyperparathyroidism [43]. In 2017,
GSK-3004774, a small molecule compound, was published [44]. It is a chemical

non-absorbable, gastrointestinally-restricted calcimimetic [44].

Calcilytics act as negative allosteric modulators of the CaSR, binding in the
transmembrane domain. They decrease the sensitivity of the CaSR to
extracellular Ca?* and increase the ECso of the CaSR for extracellular Ca?".

Calcilytics cause an increase in plasma levels of PTH, followed by an increase



in plasma levels of Ca?* [45]. Calcilytics are used as targeted therapies for
parathyroid disorders but also for treating symptomatic hypocalcemia [40] The
calcilytic NPS 2143 is an amino-alcohol compound (Figure 5) and negatively
modulates the CaSR, which leads to an increased secretion of PTH [46].

CH, Cl
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Figure 5: Chemical structure of NPS 568, Cinacalcet and NPS 2143.
The structures are displayed in a non-stereo defined way.

Because of this rise in PTH secretion, NPS 2143 was developed for the treatment
of osteoporosis, taking advantage of the induced anabolic effects on bone mass
[46]. As already described above, only short-term peaks of PTH leads to an
increase in blood serum Ca?* and to the storage of surplus Ca?* in the bones. As
a results, the peak expression counteracts the symptoms of osteoporosis [29]. In
rat in vivo experiments, a rapid and sustained increase of plasma PTH was
observed after injection of NPS 2143 [47] but no alteration in bone mineral
density (BMD) [47]. This lack of bone anabolic effect is probably due to a large
volume of distribution (Vb) of NPS 2143 [48]. The Vb represents the degree to
which a drug is distributed in body tissue rather than the plasma. The large Vb
leading to long-term systemic exposure and sustained elevations of PTH plasma
concentrations [48] and thus, rather to bone resorption. In phase 2 clinical trials,
also other calcilytics with improved pharmacokinetics compared to NPS 2143
and a lower Vb, such as ronacaleret and JTT-305/MK-5442 have proven to be

ineffective for treating osteoporosis [49, 50].



1.5 Calcium-Sensing Receptor-mediated signaling

Ca?* signaling functions over a varied time range. Starting from signals in
microseconds, for example at synaptic junctions during Ca?*-triggered
exocytosis, to minutes and hours, when events such as gene transcription and
cell proliferation are mediated [51]. As a GPCR, the CaSR regulates various
downstream signaling pathways by the activation of the heterotrimeric G protein
subunits. The CaSR-mediated signaling pathway is illustrated in Figure 6.
Extracellular Ca?* binds on the VFTD, which initiates a conformational change
and allows the CRDs to interact [10]. The conformational changes reorientate
the seven-transmembrane domain, leading to the activation of the G-proteins,
which in turn leads to signal transduction [10]. A recent study of Gao et al.
showed by cryo-electron microscopy that the activated configuration of the CaSR
is stabilized by calcimimetics, whereas the binding of calcilytics lock the CaSR in
its inactive configuration [52]. The CaSR signals through three main groups of G
proteins, Gq/11, Gio and Giz/13. In certain cell contexts, it may also activate Gs.
The predominant signaling occurs via the Gg11 pathway. Activation leads to the
suppression of cyclic adenosine monophosphate (cCAMP) and activation of
mitogen-activated protein kinase (MAPK) cascades [53]. Through activation of
Gq/11, the phospholipase C (PLC) pathway is activated [54]. PLC hydrolyses the
membrane phospholipid PIP2 to 1,4,5-triphosphate (IP3) and diacylglycerol
(DAG). IP3 binds to the IPs receptor (IP3R), located on the endoplasmic reticulum
(ER) or, as shown in Figure 6, on the sarcoplasmic reticulum (SR). Activation of
the IP3R leads to Ca?* release from the lumen of the ER/SR and intracellular

Ca?* signaling via a variety of effector molecules like protein kinase C (PKC) [55].

The G protein subunit Ga12/12 activates the Rho guanine nucleotide exchange
factor (RhoGEFs). RhoGEFs converts the inactive protein Ras homolog family
member A (RhoA) to the active form [56]. The RhoA/RhoA-activated kinase
pathway amplifies the Ca?*-induced contractile force of smooth muscle cells, a
process called Ca?* sensitization [57]. Regulating the contraction of smooth
muscles is of importance for critical physiological functions, such as the
maintenance of proper blood pressure within the vasculature [57]. In other cell

types the RhoA/RhoA-activated kinase pathway is involved in actin organization



[58] and tissue polarity [59], cell development [60], transcription control [61], and

in cell cycle maintenance [58].

v cAMP

PKA PKA v

(inactive) > (active)

RhoA
(inactive) (active)

Figure 6: CaSR mediated signaling via the three main groups of G-proteins.

Extracellular Ca?* binds to the venus flytrap domain (VFTD) and leads to conformational changes of the
receptor. The seven-transmembrane is reorientated and the different G-proteins can be activated. The Gio
pathway leads to the suppression of adenylyl cyclase (AC) and with that to a downregulation of cyclic
adenosine monophosphate (cCAMP). cAMP suppresses the activation of cCAMP-dependent protein kinase
(PKA). Furthermore, the mitogen-activated protein kinase (MAPK) cascades are enhanced. The Gg11
subunit activates phospholipase C (PLC), which generates inositol 1,4,5-triphosphate (IP3) and
diacylglycerol (DAG). IP3 binds to the IP3 receptor (IP3R) on the sarcoplasmic reticulum (SR) which leads
to an increase of the cytosolic Ca®* concentration ([Ca?*]Jcyt) via influx from the SR stores. G12/13 activates
Rho guanine nucleotide exchange factor (RhoGEFs) leading to an activation of protein Ras homolog family
member A (RhoA) [62]., CC-BY 4.0.

1.6 Biased signaling of the Calcium-Sensing Receptor

Seven-transmembrane GPCRs can have various physiological conformations,
depending on the binding ligand. Different ligands lead to different forms of cell
signaling, a phenomenon termed ligand bias. The different ligands might stabilize
these unique receptor conformations [63]. Biased signaling raises the possibility
of cell- or tissue-specific signaling profiles that vary in a ligand-specific manner.
As described previously, the CaSR has various ligands, resulting in different
cellular responses, depending on the tissue where the CaSR is expressed, and

which ligand is activating the receptor [64].

10



1.7 Enantio-selective receptor activation

Enantiomers are stereoisomers that are mirror images of each other. A single
chiral atom leads to the non-superposable characteristic. For example, an
asymmetric carbon is bound to four different atoms or groups. Depending on their
order, the molecule has the prefix S (lat. sinister) or R (lat. recte) (Figure 7) [65].
Enantiomers can be distinguished by their ability to rotate plane-polarized light
in opposite directions. This characteristic is termed optically active. The prefix (+)
indicates that the molecule rotates light in a clockwise direction, and (-) in a
counter-clockwise direction. Importantly, an S-enantiomer does not have to be a

(-)-enantiomer or vice versa, as these properties are independent.

CHj,

Hy
HO OH

(S)-Lactic acid (R)-Lactic acid

Figure 7: Representative example for enantiomers.

On the left side, the R-enantiomer of lactic acid is shown, the hydroxy group is drawn out of the plane. On
the right side, the S-enantiomer of lactic acid, the hydroxy group is drawn into the plane.

Enantiomers of a pharmacological compound can be used to test whether the
compound binds selectively to a target. The differently configured side chain of
the chiral atom prevents the “inactive” or non-selective enantiomer from binding.
This dependence of the ligand / target interaction on the stereo-configuration of

the ligand is called “enantioselectivity”.

Many chiral compounds display enantioselectivity in their biological effects.
Enantioselectivity is an important aspect of receptor-mediated biological activity.
A very prominent and tragic example is thalidomide (trade name Contergan),
known through the thalidomide scandal in the late 1950s and early 1960s. Being
traded as a medication for anxiety and morning sickness, thalidomide became
quite popular as a sedative for pregnant women, but without proper clinical trials

[66]. While the (+)-(R)-enantiomer has the sedative effect, the (-)-(S)-enantiomer
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is teratogenic [67]. The individual enantiomers can racemize (i.e. be metabolized
into each other in vivo) [67, 68]. Thalidomide can nowadays be used for different

cancer treatments by exploiting its anti-angiogenic effect.

For the calcimimetic cinacalcet, only the R-enantiomer is used in the clinic, as
the S-enantiomer does not bind specifically to the CaSR and therefore has no
therapeutic effect. The R-enantiomer of NPS 568 was shown to be 10-fold more
potent at the CaSR than the S-enantiomer [69].

The CaSR shows this enantioselectivity also for the calcilytic NPS 2143. The R-
enantiomer is many times more potent since the stereochemistry of the hydroxy

group is critical for the binding to the receptor [70].

1.8 Mutations of the Calcium-Sensing Receptor

Mutations in the CaSR gene are linked with altered signaling output by the
receptor and reduced cell surface expression, leading to Ca?* homeostasis-
related diseases. Heterozygous inactivating mutations lead to familial
hypocalciuric hypercalcemia (FHH1), usually transmitted as an autosomal
dominant trait and leading to a moderate hypercalcemia and a normal or high
plasma PTH value. Homozygous inactivating mutations lead to neonatal severe
hyperparathyroidism (NSHPT), with a clinical presentation of a marked
hypercalcemia and increased PTH serum levels and resulting in a severe life-
threatening disorder. Autosomal dominant hypocalcemia (ADH1) is caused by
heterozygous activating mutations of the CaSR and causes hypocalcemia with
normal or low PTH levels (reviewed in [71]).

There are also several known polymorphisms of the CaSR, which might have an
impact on receptor function and Ca?*-regulated PTH secretion. The definition of
genetic polymorphisms by Cavalli and Bodmer from 1971 is still used: “Genetic
polymorphism is the occurrence in the same population of two or more alleles at
one locus, each with appreciable frequency" [72]. Genetic variants that occur
with an allele frequency below 1% are termed mutations rather than
polymorphisms, a widely accepted concept to differentiate between mutations

and polymorphisms.
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Missense polymorphisms are leading to amino acid changes [73]. The
heterozygous variant of the missense polymorphism Q1001E leads to higher
serum calcium and PTH levels compared to the WT-variant [74]. The effect of
the polymorphism A986S is controversial. On the one hand, A986S has been
associated with higher serum Ca?* levels and an increased risk of developing
primary hyperparathyroidism (PHPT) [75, 76]. On the other hand, studies have
shown that A986S does not correlate with serum Ca?* levels and does not play

a relevant role in the pathogenesis of PHPT [74, 77].

R185Q leads to a dominant negative loss-of-function of the CaSR [78, 79]. Amino
acid 185 is located within a subdomain of the extracellular VFTD, containing
putative Ca?*-binding sites [80]. The R185Q mutant retains normal maturation
and membrane trafficking in human embryonic kidney cells (HEK-293). However,
it is known that the R185Q mutant leads to defective cell signaling and clinically
to a higher risk of hypercalcemia and hyperparathyroidism [79, 81]. F612S is a
gain of function mutation of the CaSR, causing hypocalcemia and
hypoparathyroidism by increasing receptor sensitivity to extracellular Ca?* and

maximal signal transduction capacity [82].

1.9 The Calcium-Sensing Receptor in inflammatory processes

Hypocalcemia is a known issue in critically ill patients with a history of sepsis and
major burn injury. One crucial factor leading to hypocalcemia was identified to be
decreased secretion of PTH and/or kidney and bone resistance to PTH [83].
There is evidence that increased circulating levels of proinflammatory cytokines
could be the reason for systemic calcium dyshomeostasis [84, 85]. Increasing
levels of interleukin (IL)-18 and IL-6 are inversely related to serum calcium
concentration [86]. Neilsen et al. demonstrated that IL-18 suppresses PTH
secretion. In addition, they observed an upregulation of CaSR messenger-
(m)RNA levels in bovine parathyroid tissue slices [87]. Neilsen et al. proposed a
model in which inflammatory processes lead to a higher abundance of cytokines,
which suppress PTH secretion but enhance CaSR mRNA expression. Both,
decreasing PTH secretion and increasing CaSR expression, led to reduced Ca?*

levels and with that to hypocalcemia.
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The CaSR is not only activated by divalent cations but also by polycations, known
to play a role in inflammatory processes, such as spermine, spermidine, and
eosinophil-derived cationic proteins [23, 88]. In the lung, the CaSR, expressed in
airway smooth muscle cells and epithelial cells, was shown to be activated by
inflammatory cationic proteins known to correlate with asthma severity [23]. As
asthma-relevant cytokines can further increase CaSR expression in airway
smooth muscle cells, this would generate a positive feedback loop. Calcilytics
can prevent this effect and may be effective asthma therapeutics [23]. These
findings suggest that the CaSR is directly involved in mechanisms in

inflammatory cell recruitment and activation [23].

In a follow-up study from 2021, various calcilytics were tested for the treatment
of airway hyperresponsiveness (AHR) and for the inhibition of airway
inflammation [89]. Inhaled calcilytics had no side effects, but reduced airway
inflammation and abolished AHR [89]. These findings are giving evidence that

calcilytics are indeed a potential therapy for asthma control and prophylaxis.

The CaSR is expressed also in human adipose cells. Activation with the
calcimimetic cinacalcet in adipose tissue and in in vitro cultured adipose cells led
to an elevation in the expression of the proinflammatory cytokines IL6, IL1- and
CC-chemokine ligand 20 (CCL20). This suggests a role of the CaSR in the
pathophysiology of obesity-induced adipose tissue dysfunction [90] and further
strengthens the link of the CaSR to inflammatory processes in general.

The dextran sulfate sodium (DSS)-induced inflammation is a well-established
model for chemically induced acute colitis. Amino acids and glutamyl dipeptides
are known agonists of the CaSR and were linked to a CaSR-dependent inhibition
of pro-inflammatory cytokines release [91, 92]. y-glutamyl dipeptides reduced the
production of inflammatory cytokines and chemokines including IL-8, IL-6 and
IL1-B in colon cancer cells [92]. In vivo, y-glutamyl dipeptides ameliorated clinical
signs in a mouse DSS-model [92]. The anti-inflammatory effects of amino acids
and glutamyl dipeptides were also shown in other in vivo DSS-studies, where the
ameliorating effect was reduced by the intravenous administration of NPS 2143
[91, 92].
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In a study from 2014, Cheng et al used an intestinal epithelial cell-specific CaSR
knockout mouse model to examine the role of the CaSR in the intestine [93].
Deletion of the CaSR induced inflammatory responses and increased expression
of inflammatory cytokines. CaSR-knockout mice were more prone to DSS-
induced intestinal inflammation. These results link the CaSR to intestinal
inflammation. However, in contrast to the previously mentioned findings in the
lung and adipose tissue, the research suggested an anti-inflammatory effect of
the CaSR in the intestine.

As these findings suggest that the CaSR could function as potential target for
treatments in intestinal inflammation, our group tested the effect of highly
selective pharmacological CaSR ligands in a DSS mouse model. Furthermore,
they administered orally the calcimimetic to activate the CaSR. Contrary to the
expectations, the treatment with cinacalcet had a pro-inflammatory effect in this
DSS-mouse model. Inhibiting the CaSR with NPS 2143 improved the clinical
symptoms of colitis. These findings suggested a pro-inflammatory effect of the
CaSR also in the intestines [94].

To examine further these contradictory results, our group wanted to study the
impact of the CaSR in an in vitro experiment. As described previously, during
carcinogenesis the CaSR is downregulated. Because of this, the colon cancer
cell line HT29 was stably transfected with the CaSR, using the lentiviral system
[95]. The cells were transfected with a plasmid vector containing the CaSR
labelled with green fluorescence protein (GFP) (HT29CFP-CaSR) - Ag control cells,
HT29 cells were transfected with a vector lacking the CaSR and only coding for
GFP (HT29CFP). This study has shown that NPS R-568 increased the expression
of inflammatory markers such as IL-8, CCL20 and COX-2 [95].

To conclude, the CaSR was shown to play a pro-inflammatory role in several
tissues, including the lung, adipose tissue and recently also the colon. It seems
to be directly involved in promoting inflammatory mechanisms.
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1.10 Chronic intestinal inflammation

Inflammatory bowel diseases (IBD) include Crohn’s disease (CD) and ulcerative
colitis (UC), and are characterized by chronic inflammation of the gastrointestinal
(Gl) tract. CD can affect any part of the Gl tract, even though it most often affects
the small intestine. In UC, mucosal inflammation is limited to the large intestine
and the rectum. The molecular mechanisms of the development of CD and UC
are not completely understood. Studies suggest that CD and UC result from an
inappropriate inflammatory response to intestinal microbes and that the host-
microbe interactions lead to the pathogenesis of these diseases. Further causes
can also be autoimmune reactions of the body [96]. IBD is a polygenic, complex
disorder with different genetic risk factors [97].Pathogenesis is highly linked with
genetics. Familial clustering of cases and twin studies have underlined the role
for genetic factors. The inheritable component seems to be stronger in CD [98]
than in UC. Several environmental factors such as age, lifestyle and especially
the gut microbiota seem to play a role in IBD pathogenesis [99]. One of the main
inflammatory pathways in the intestine is the prostaglandin pathway and is

explained in the following paragraph.

1.11 Prostaglandin pathway

Prostaglandins are a subfamily of the eicosanoids, a group of physiologically
active lipid compounds. They are synthesized from arachidonic acid (AA), which
is found in the lipid bilayer of the cell-membrane. AA is released from the plasma
membrane by the enzyme phospholipase A2 (PLA2) and then processed in the
prostaglandin pathway. The prostaglandin E2 (PGE2) pathway is shown in
Figure 8. In the first step, COX-1/-2 catalyzes the conversion of AA to
prostaglandin G2 (PGG2) via its cyclooxygenase activity. In the second step,
PGG2 is reduced to the intermediate product prostaglandin H2 (PGH2) via the
peroxidase activity of prostaglandin synthase (PGES). PGH2 is further
processed into PGE2 [100]. The AA release by PLA2 and the cyclooxygenases
are the key rate-limiting steps for prostaglandin biosynthesis. Nonsteroidal anti-
inflammatory drugs (NSAIDs) inhibit cyclooxygenase activity by blocking the AA
binding to COX-binding sites [101].
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PGH2 can now be further processed by specialized prostaglandin synthases to
several structurally related prostaglandins [102]. In the PGE2 pathway, PGH2 is
converted to PGE2 via the prostaglandin synthases [103]. The synthesized
PGE2 is immediately transported outside the cell after its synthesis where it
interacts with specific cell-surface G-protein-coupled receptors termed EP1-4
and induces autocrine or paracrine signaling [104]. Alternatively, PGE2 can be
degraded by 15-hydroxy PG dehydrogenase (15-PGDH) (not indicated in Figure
8) [105]. 15-PGDH catalyzes the NAD*-dependent oxidation of the 15(S)-
hydroxyl-group of prostaglandins, which results in a greatly reduced biological

activity of the prostaglandins [105]
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Figure 8: The Prostaglandin synthase pathway.

Arachidonic acid (AA) is metabolized into prostaglandin H2 (PGH2), catalyzed by cyclooxygenase 1/2
(COX-1/2). COX-1/-2 can be inhibited by nonsteroidal anti-inflammatory drugs (NSAIDs). PGH2 is an
intermediate product and is further processed by prostaglandin synthase (PGES) to prostaglandin E2
(PGE2). PGEZ2 bind to the receptors EP1-4 and leads to different cellular responses. PLC: phospholipase
C, AC: adenylate cyclase, cAMP: cyclic adenosine monophosphate, PI3K: phosphoinositide 3-kinase;
AKT: protein kinase B [103]. Image was modified and used under the license of the American Society of
Nephrology.

Prostaglandins are found in almost every tissue in humans and play a key role in
the generation of the inflammatory response. COX-1 and COX-2 are the two main
isoforms of COX, they are 60% homologous but are encoded by separate genes
[106]. COX-1 is found in almost every tissue and is termed as “housekeeping
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enzyme”, maintaining basal prostaglandin levels important for tissue homeostasis
[102]. It is especially important for the production of natural mucus lining, which

protects the inner stomach [107].

In contrast, COX-2 expression is normally not detectable in tissues, but it is
inducible and is expressed in most inflammatory states. Indeed, COX-2 is the
primary isoform involved in inflammation. The pro-inflammatory role of specific
prostaglandins is well established and the aberrant expression of COX-2 in the
majority of colorectal tumors is thought to play a crucial role in CRC
carcinogenesis [108, 109]. Both COX-2 and PGE2 seem to affect most hallmarks
of cancer [102]. Several studies have revealed that pharmacological inhibition of
COX-2 leads to a decrease in adenoma size and number in murine models of

intestinal tumorigenesis [110].

PGE2 is the most important member of the PGE2 pathway, and it is generated
in high levels by colon tumor cells. Increased expression of COX-2 in colorectal
cancer cells [111-114], and the production of PGE2, leads to the promotion of
growth and development of the tumor as well as invasion, metastasis and
angiogenesis [115]. Furthermore, high PGE2-levels increased the resistance to
apoptosis [115]. Research suggests a positive feedback loop in colon cancer
cells between COX-2 and PGE2, in which COX-2 induces the generation of
PGE2 while the upregulation of PGE2 increases the expression of COX-2 [115].

Targeting the COX-2/PGE2/EP-receptors is therefore a promising treatment

especially for the prevention of CRC and inflammation-associated CRC.
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1.12 The prostaglandin pathway in the intestine

PGEZ2 is responsible for normal physiological functions of the Gl tract including
gastric mucosal protection, wound healing and motility. But it is also considered
to be one of the main inflammatory mediators in the intestine and implicated in
the genesis of IBD [116] and CRC [111]. This diversity in cellular responses can
be explained through the four different subtypes of EP receptors (EP1-4) that
lead to different signals with alternating intracellular Ca%* or cAMP levels [117].

As mentioned earlier, NSAIDs inhibit cyclooxygenase activity by preventing AA
from binding to COX-binding sites [101] and thus inhibiting PGE2 synthesis.
Early studies from 1980 [118] and 1981 [119] suggested that NSAIDs like
acetylsalicylic acid (aspirin) have a chemopreventive effect against intestinal
cancer in animal models. Studies by Thun et al in 1991 and 1993 further
investigated the relationship between aspirin use and colon cancers in humans.
They showed not only a protective effect from aspirin tablets for the relative risk
of colon cancer but also that aspirin use reduced deaths from esophageal, gastric

and rectal cancer [120, 121].

1.13 Colorectal cancer

Colorectal cancer (CRC) is one of the most common cancers in industrialized
societies. It is the second most common cause of cancer in both men and
women, in 2018 1.8 million new cases were reported worldwide [122]. The
incidence of CRC increases significantly from the age of 50 and is often
considered as elderly people’s disease [123]. There are some genetic risk
factors for CRC, but it is presumed that most CRCs are caused by lifestyle
factors, such as unhealthy nutrition, smoking, obesity, and lack of physical
activity [124]. About 65 % of all new cases occur in high-income countries [123].
The most common genetic cause for colorectal cancer is hereditary nonpolyposis
CRC (Lynch syndrome), which still represents only 3 % of patients with CRC
[125]. Lynch syndrome is an autosomal dominant genetic condition. Other
genetic causes can be Gardner syndrome and familial adenomatous polyposis.
Both of these syndromes are inherited in an autosomal dominant way as well
[126]. The classical model of sporadic CRC pathogenesis is the adenoma to
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cancer progression sequence (Figure 9). An adenoma is the abnormal growth
of tissue leading over benign tumors to the transition into CRC over many years
[127].
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Figure 9: Polyp to cancer progression sequence.
The crypt develops into an adenoma and further into an adenocarcinoma.

1.14 Colitis-associated colorectal cancer

One of the most severe consequences of IBD is the development of colitis
associated CRC (CA-CRC). Studies have shown that patients with a history of
IBD have a higher risk in developing CRC compared to patients with no history
of IBD (sporadic development of CRC) [128-130]. The risk for colon cancer
increases with the duration and anatomic extent of colitis. Meta-analyses have
been shown that patients with UC have a cumulative risk for CRC from 2% after
10 years of disease to 18% after 30 years of disease [130]. This is also seen in
patients with CD, where the risk for CRC increases from 2.9% at 10 years to
8.3% after 30 years of disease [131].

CA-CRC differs from the normal “mucosa-adenoma-dysplasia-carcinoma”
sequence. CA-CRC arises in the inflamed mucosa and develops through an
“‘inflammation-dysplasia-carcinoma” sequence, with the characteristic

clinicopathological features of CRC [132].

In the genetic profile of CA-CRC mutations, microsatellite instability and DNA
hypermethylation are found. The genetic characteristics of CA-CRC are quite
different compared with those found in sporadic CRC. In CA-CRC, mutations in
the cell cycle control gene p53 occur early in the adenoma-carcinoma sequence
and adenomatous-polyposis-coli-protein (APC) mutations in the late phase. In
contrast, in sporadic CRC APC aberrations occur early in their pathogenesis and

p53 mutations occur in the late phase [133, 134].
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There is accumulating evidence that control of long-term background
inflammation and mucosal damage is vital and that chronic ulcerative colitis
therapies could be an important strategy for reducing CRC risk in UC patients
[135].

1.15 The role of the Calcium Sensing Receptor in cancer

The CaSR influences cell fate-regulating processes including proliferation,
differentiation, and apoptosis, suggesting a substantial impact in cancer
development [31, 136]. The CaSR seems to play a paradoxical role in the
development of cancer. Depending on the tissue involved. It can prevent or
promote tumor growth. In prostate and breast tumors, the CaSR functions as an
oncogene and its expression in the tumor is increased, promoting proliferation,

and inhibiting apoptosis.

In contrast, studies have shown that in parathyroid or colon, the increased
expression of the CaSR inhibits proliferation and induces differentiation of cells,
acting as a tumor suppressor [137]. The CaSR is expressed in normal colonic
mucosa and in early adenomas, but it becomes lost in late-stage undifferentiated
adenomas, due to promoter hypermethylation and histone deacetylation [138].
This tumor suppressing action was postulated in several studies in vivo and
in vitro [139-141].

1.16 Aims and research questions

The CaSR is still subject to intensive research. The cellular response mediated
by the CaSR is both tissue and ligand dependent. This promiscuity makes the
CaSR a challenging research target. As it was shown to have a “Ying Yang” role
in tumorigenesis [31], also its role in inflammation is controversial. While previous
studies have shown a rather anti-inflammatory effect of the CaSR in the intestine,
recent results of our group provided evidence that the CaSR has a rather pro-
inflammatory effect in the intestine, similar to the effects seen in the lung or
adipose tissue.
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After stably transfecting the CaSR in HT29 cancer cells, an increase in
inflammatory genes, such as IL-8, COX-2 and CCL-20 has been observed by our
group. This effect was further enhanced through the activation of the CaSR with
calcimimetics (explained in detail in the introduction) [95]. However, it was still
not clear whether the observed effects were indeed mediated via the CaSR. And
even if it is confirmed, it is still unknown over which pathway the inflammatory

response is mediated.

In my research of my master thesis, my first aim was to confirm via enantio-
selective activation whether the inflammatory response is really mediated via the
CaSR and if genes of the inflammatory PGE2 pathway are affected by CaSR

activation.

For my second aim | wanted to see whether different ligands of the CaSR lead
to a different inflammatory cellular response in HT29CaSR-GFP gnd HT29CFP cells.

For the first two experiments, preliminary experiments were performed by two

bachelor students in our group, Gitta Frisch and Marta Sladczyk.

As mutations in the CaSR gene are known to lead to clinical symptoms, such as
hyper- and hypocalcemia, another aim of my master thesis was to test the effect
of different CaSR mutations on colorectal cancer cells and if they affect the
CaSR-mediated inflammatory gene response.

My study is thus guided by the following research questions:

1) Is the inflammatory response in transfected HT29¢2SR-GFP mediated by the
CaSR? (To be confirmed using enantioselective activation of the CaSR).

2) Do different ligands of the CaSR have different effects on the inflammatory
gene expression in HT29 colon cancer cells?

3) Do mutations or polymorphisms of the CaSR have an effect on the general
gene expression and the inflammatory gene response in HT29 colon

cancer cells?
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2 Methods

2.1 Cell culture

HT29 cells were stored at in liquid N2. For thawing, | quickly placed the cells in a
37°C water bath and then added slowly cell medium, to a final volume of 10 ml.
The suspension was then centrifuged for 10 minutes at 1.000 x g, afterwards |
removed the medium and resuspended the cells in 1 ml new medium. |
transferred the cell suspension in a 25 cm? flask. The cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 % fetal calf
serum (FCS), 1 % 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer, 1 % L-glutamine (Table 1) at 37 °C in a humid atmosphere containing 5 %
CO2. HT29CaSRGFP gnd HT29%FP were cultured in the same supplemented
medium with the addition of puromycin (5 ug/ml) to select for stably transfected

cells. | used the cells until passage 18.

Table 1: Components used for cell medium.

Component Amount Concentration Catalog Company
number

DMEM 500 ml 4.5 g/I D-Glucose  41965-039

HEPES Buffer 5 ml 1M 15140-122

L-Glutamine 5ml 200 mM 25030-024 Gibco™

PenStrep 5ml 10.000 Units/ml 15630-056 USA
penicillin +
streptomycin

Heat-inactivated 50 ml 100 % serum 10270-106

FCS

Medium was changed three times per week. Cells were passaged every 7 days,
when they reached at least 80% confluence. For cell dissociation from flasks, the
cells were first washed with 1x phosphate-buffered saline (PBS), and then
treated with Trypsin (Trypsin-EDTA 0.05 % phenol red, Gibco™, USA). Cells
were kept in the incubator until all the cells were detached from the bottom. 4 mi
of cell medium were added to the detached cells to inhibit the Trypsin. The

supernatant was centrifuged for 5 minutes at 1.000 x g and subsequently
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removed. The cells were resuspended in 1 ml medium and counted with an
automated cell counter (TC20 Automated Cell Counter, BioRad™, Hercules,
USA) and the appropriate number of cells (Table 2) was transferred into a new
culture flask or to cell plates for upcoming treatments.

Table 2: Number of HT29CFP-CaSR and HT29CFF cells, which were seeded for cell culture flask or 6-well plate.

HT29GFP-CaSR HT29GFP
25 cm? cell culture flask 200.000 100.000
6-well plate (per well) 90.000 40.000

2.2 Cell treatment

HT29CaSR-GFP and HT29CFP cells were used for the treatments with the different
compounds. | seeded cells on 6-well plates with medium containing puromycin
for selection. Cells were treated at a confluency of around 80 %. The day before
treatment, the medium was changed to a medium without puromycin. | treated
the cells with different compounds for 4 hours. The rationale for the different
treatments with the enantiomers of NPS 2143 and NPS 568, as well as with the
different ligands are explained in the introduction. The stock solutions and the
final concentration in the treatments are listed in Table 3. For the enantiomer-
treatment, 0.1 % DMSO was used as a control, as NPS 2143 and NPS 568 were
dissolved in DMSO. The concentrations for the treatments with the modulators

and ligands were taken from the literature.

The enantiomers of NPS 2143 and NPS 568 [64] were used at 1 yM. 5 mM Ca?*
were used as positive control GSK-3004774 was used at 10 uM [44]. 0.1 %
DMSO was used as vehicle control for the calcimimetics. Spermine was used at
5 mM [142]), neomycin at 300 uM [143], and the amino acids at 1 mM [144]). For
these compounds, 100 ul H20 was used as vehicle control (Table 4, Table 5).
After 4 hours, the medium was removed, cells were washed with ice-cold PBS,
and Trizol (TRIzol™, Invitrogen™, Carlsbad, USA) was added for RNA isolation
(1 ml per well). The plates were either stored at -80 °C or RNA isolation was

performed right away.
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Table 3: Stock solutions and the final concentration used for the treatments of the different compounds.

Compound

DMSO

NPS R-568
NPS R-2143
NPS S-2143
NPS S-568
Spermine
Neomycin
L-phenylalanine
L-tryptophan
GSK-3004774
Ca2+

Stock solution

100 % solution
100 mM

100 mM

4.45 mg/100 pl
3.4 mg//100 pl
100 mM

300 mM

100 mM

20 mM

100 mM

250 mM

Concentration for the
treatment
0.1 %

1 uM

1 uM

1 uM

1 uM
5mM

300 uM

1 mM

1 mM

10 uM
5mM

Table 4: Plate scheme for the treatment conditions with R-/ S- enantiomers of NPS 568 and NPS 2143. 6-
well plates were used, and the treatment was performed for 4 hours. DMSO 0.1% was used as control, Ca?*

as a positive control.

DMSO 0.1 %

NPS R-568 1 uM

NPS S-568 1 uM

NPS R-2143 1 uM

NPS S-2143 1 uM

NPS S-568 1 uM +
NSP S-2143 1 uM

NPS R-568 1 uM +
NPS R-2143 1 uM

NPS R-568 1 uM +
NPS S-2143 1 uM

Caz*5 mM

25



Table 5: Plate scheme for the treatment conditions for experiment 2 (test of different ligands). 6-well plates
were used, and the treatment was performed for 4 hours. DMSO 0.1% and H20 were used as a control.

DMSO 0.1 % 100 pl H20 NPS R-2143 1 uM +

Spermine 5 mM

Spermine 5 mM Neomycin 300 uM L-phenylalanine 1 mM

L-tryptophan 1 mM GSK- 3004774 10 pM | NPS R-568 1 uM

2.3 RNA isolation

After Trizol was added, cells were lysed by vigorously pipetting up and down.
Cell lysates were transferred into new tubes, containing 20 ul chloroform, mixed
by vortexing and incubated for 2-3 minutes. The samples were centrifuged for 15
minutes at 12.000 x g at 4 °C. The mixture separated into three different phases;
the upper, aqueous phase contained the RNA. This upper phase was transferred
into a new tube containing 500 ul isopropanol. The samples were incubated at -
20 °C over-night. The next day, samples were centrifuged for 10 minutes at
12.000 x g at 4 °C to precipitate the RNA. The supernatant was discarded, and
the pellet was resuspended in 1 ml 75 % ethanol to wash the RNA. Samples
were centrifuged at 7.500 x g at 4 °C and the washing step was repeated. After
completely removing the ethanol, the pellet was dried on a heat-block for 2-3
minutes at 55 °C. The open tubes were left on room temperature for another 10
minutes to ensure complete ethanol evaporation. In the next step, the pellet was
resuspended in 20-40 pyl RNase-free water (depending on the size of the pellet)
and incubated for another 12 minutes on 55 °C after which the samples were
immediately put on ice. To test the integrity of the isolated RNA, 1 ul of each
sample, + 4 yl RNAse free water + 1 pl loading buffer (DNA Gel Loading Dye
(6X), Thermo Scientific, Waltham, USA) were loaded on a 1% agarose-gel to see
if the specific RNA bands (ribosomal 28S, 18S und 5S RNAs) were present. The

absence of these distinct bands would indicate degraded RNA.
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2.4 Agarose gel electrophoresis

1 g agarose powder (Biozym LE Agarose, Biozym™, Oldendorf, Germany) was
added to 100 ml 1x tris(hydroxymethyl)aminomethane-borat- ethylenediamine-
tetraacetic acid buffer (TBE) and boiled in a microwave to prepare a 1 % agarose
gel. TBE was prepared as a 10x stock (Table 6) and then further diluted 1:10

with distilled water to receive a 1x TBE solution.

Table 6: Preparation of 1-liter 10x TBE stock solution.

Component Amount Catalog number | Company
Tris base 108 g T 1503-1KG

Boric acid 55 ¢ AMO0932865616 Merck,
Double-distilled water 900 ml Darmstadt,
0.5 M EDTA solution (pH 8.0) 40 ml K13468718 Germany
Adjust volume to 1-liter

The solution was cooled down to 50-60 °C and 5 ul gel staining (pegGreen
DNA/RNA Dye, Peglab™, Hong Kong, China) were added for subsequent
visualization of RNA/DNA bands and mixed. | poured the gel to a thickness of
~10 mm and left to it to set at room temperature. Then, | transferred the gel to
the electrophoresis chamber filled up with 1x TBE until the marked line. Samples
were mixed with 6x DNA loading dye (6x MassRuler DNA loading Dye,
Fermentas™, Waltham, USA). All gels were run at 100 V (PowerPac Basic
Power Supply, BioRad™, Hercules, USA).

2.5 Reverse transcription

Reverse transcription (RT) was performed using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems™, Waltham, USA). | measured
the RNA concentration from each sample with a spectrophotometer (DS-11 FX+,
DeNovix™, Wilmington, USA). The 260/230 and 260/280 ratio of the wavelength
were used as a measure of purity of the RNA samples. A ratio of ~2.0 is
considered “pure” RNA. Abnormally low 260/230 ratios can be caused by a

problem with the sample, or with the extraction procedure, or ethanol
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contamination [145]. Low 260/280 values indicate that the sample
contaminated by protein or a reagent like phenol [145]. For all my extracted RNA

samples, the 260/230 and 260/280 ratios were in the acceptable range of 1.6-

2.0.

For each reaction, | used 1 ug RNA, and the amount of ingredients were used as
described in the manufacturer’s protocol (Table 7). The reaction was performed

in a thermo cycler (MyCycler, BioRad™, Hercules, USA) with the program shown

in Table 8.

Table 7: Composition of ingredients for the reverse transcription reaction.

For 1 sample [pl]

Master Mix

RT buffer 2

dNTPs 0.8

Random primers 2

Reverse transcriptase 1

RNase free water 4.2

Total master mix volume 10

RNA As needed for 1000 ng
RNase free water Fill up to 10 pl

Total reaction volume 20 pl

Table 8: Temperature and the duration of reverse transcription cycles.

Temperature [°C] Time [min]
Primer annealing 25 10:00
DNA polymerization 37 120:00
Enzyme deactivation 85 05:00
4 oo
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2.6 Quantitative real-time PCR

Using qPCR, the amount of template was measured. The qPCR machine
measures in real-time the amplification of the PCR-product. For that it combines
the function of a thermal cycler and a fluorimeter. The thermal cycler changes
and holds the temperature suitable for efficient DNA-amplification and the
fluorimeter measures intensity and wavelength of the PCR product bound to the
reporter dye SYBR green [146]. SYBR Green is a fluorophore, which binds the
newly synthesized double stranded PCR products. Thus, with increasing
amounts of the PCR product the fluorescence is increasing too, and this is
detected by the fluorimeter. The cycle threshold (CT) value is the number of
cycles of a given sample that is required for the fluorescent signal to cross a
predefined fluorescence signal threshold [146]. The lower the CT-value, the more
cDNA of the target (and thus mRNA) was initially present in the sample, as fewer

cycles are required to reach the threshold.

Biogen 96-well plates and SYBR Green Master Mix (Power SYBR Green PCR
Master Mix, Applied Biosystems™, Foster City, USA) were used. 5 mM stocks
of mixed forward and reverse primer were made and then used for preparing the
PCR solution. PCR master mix solution was prepared in about 10 % excess
depending on the number of samples. The samples were processed in a clean

environment and pipetted as shown in Table 9.

Table 9: Pipetting scheme for quantitative real-time PCR for one sample in pl.

For 1 sample [pl]
SYBR Green MasterMix 6.5
Primer (5M stock) 0.5
water 4
cDNA (1:10 diluted in H20)
Total volume 13
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The PCR was performed in the QuantStudio™ 12K Flex Real-Time PCR System
(Applied Biosystems™, Foster City, USA) and QuantStudio™ 5 Real-Time PCR
System (Applied Biosystems™, Foster City, USA) using the default program
(Table 10).

Table 10: The q-PCR program, used for the experiments.

Temperature [°C] Time [min]
Primer annealing 25 10:00
DNA polymerization 37 120:00
Enzyme deactivation 85 05:00
4 o0

| used the primers listed in Table 11. As a reference for the total amount of cDNA
in the reaction, “housekeeping genes” were used and measured in technical
triplicates. | used as housekeeping (HK) genes RPLPO and hB2m. Technical
duplicates were used for the other genes. To standardize the results between
individual PCR experiments, a human total RNA calibrator (QPCR Human
Reference Total RNA, Takara, Kusatsu, Japan) was used. The measured results
are given in CT values. First, the mean value of the CTs for all technical triplicates
and duplicates was calculated. Then, the mean value of both individual CT mean
values for the two housekeeping genes was calculated. Relative gene
expression (fold change of gene expression vs. calibrator) was then calculated

according to the AACT method as shown below.

For calibrator and samples vs. housekeeping genes (HK):
ACT vs. HK = mean CT (target gene) — mean CT (HK)
Then, for samples vs. calibrator:

AACT vs. calibrator = ACT vs. HK (sample) — ACT vs. HK (calibrator)

fold change vs. calibrator = 2744¢T
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Table 11: List of primers that were used. All primers were received from Sigma Aldrich, St. Louis, USA, if
not stated otherwise.

hRPLPO forward 5 -TGGTCATCCAGCAGGTGTTCGA-3~
hRPLPO reverse 5 -GCAGCAGCTGGCACCTTATTG-3~
hIL8 forward 5 -CTTGGCAGCCTTCCTGATTT-3"
hIL8 reverse 5 -TTCTTTAGCACTCCTTGGCAAAA-3~
hCaSR Ex 5-6 forward 5~ -GCCAAGAAGGGAGAAAGAC-3~
hCaSR Ex 5-6 reverse 5" -CACACTCAAAGCAGCAGG-3~
hPTGES forward 5 -GCTGGTCATCAAGATGTACG-3"
hPTGES reverse 5 -GTCGCTCCTGCAATACTG-3"
hCox2 forward 5 "-CAAGACAGATCATAAGCGAGGG-3~
hCox2 reverse 5 -GTCTAGCCAGAGTTTCACCG-3~
hCox1 forward 5 -TTGAATGAGTACCGCAAGAGG-3~
hCox1 reverse 5 "-GAAGCAGTCCAGGGTAGAAC-3~
hEP1 forward 5 -GGCCAGCTTGTCGGT-3~

hEP1 reverse 5 -GCCACCAACACCAGC-3~

hEP4 forward 5 -TGCTCATCTGCTCCATGG-3~
hEP4 reverse 5 -TTACTGACTTCTCGCTCCA-3~
hB2m Ex 2-4 forward 5 -GATGAGTATGCCTGCCGTGTG-3 "
hB2m EX 2-4 reverse 5 -CAATCCAAATGCGGCATCT-3"
hPGDH forward 5 -TGCTTCAAAGCATGGCATG-3~
hPGDH reverse 5 "-AACAAGCCTGGACAAATGG-3~
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As a quality control, | checked the melting curves for the targets in each RT-
gPCR experiment. The melting curve is shown as the first derivative of the
fluorescence intensity when heating the finished PCR products (after 40 cycles
of amplification) slowly from 60 to 95 °C. When the DNA double-strands are
denaturing (according to their denaturing temperature which is determined by the
PCR product’s size), the fluorescence intensity decreases. The temperature at
the steepest drop is the melting temperature where most amplicons denature at
the same time and thus lose their bound SYBR-green. The melting curve
confirms that the reaction was specific and that the same target was amplified in

all samples if only one steep peak is visible for all samples.

The melting curves for all RT-qPCR experiments were correct; three examples

are shown below (Figure 10-12).

Melt Curve Plot

Diesriwakive Fisporter [—RnY)

Figure 10: Melting curve of a representative RT-qPCR experiment with the target gene CaSR.

Melt curve was created by the QuantStudio™ 12K Flex Real-Time PCR Software, Applied Biosystems
(Waltham, USA). The specific melting curve for the CaSR gene is shown in (red arrow, meting temperature
~ 84.5 °C), the unspecific curves (green arrows, curves with multiple peaks) are from the HT29%F cells,
which have undetectable levels of CaSR. The blue line on the bottom is the negative control.
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Melt Curve Plot
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Figure 11: Melting curve of a representative RT-qPCR experiment with the target gene IL-8.

Melt curve was created by the QuantStudio™ 12K Flex Real-Time PCR Software, Applied Biosystems
(Waltham, USA). The blue line on the bottom is the negative control.

Melt Curve Plot

4.0

3.5

3.0

25

2.0

Derivative Reporter {-Rn’)

0.5

Figure 12: Melting curve of a representative RT-qPCR experiment with the target gene COX-2.

Melt curve was created by the QuantStudio™ 12K Flex Real-Time PCR Software, Applied Biosystems
(Waltham, USA). The blue line on the bottom is the negative control.
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2.7 ELISA experiments
| performed two enzyme-linked immunosorbent assay (ELISA) experiments with

the supernatants of the treated cells.

The bottom of the microplate for the IL-8 ELISA (Human IL-8 Uncoated ELISA,
Invitrogen, Waltham, USA) was coated with the target-specific “capture”
antibody. The samples are added and bound to this “capture” antibody. In the
next step, a detector antibody was added, which binds to IL-8 on a different
epitope, forming a so called “sandwich” (Figure 13). The second antibody is
bound to an Avidin-horseradish peroxidase detection-enzyme that catalyzes the
conversion of tetramethylbenzidine to a colored product. The resulting color
signal is thus directly proportional to the concentration of the target present in the

samples.

Detection
<4 antibody

\

Target
antigen

\

Capture
antibody

Figure 13: Scheme of an ELISA-“Sandwich”.

The capture antibody binds the target antigen. The detection antibody binds in the next step, forming a
sandwich.

| used a forward sequential competitive binding ELISA (Parameter PGE2 ELISA,
R&D systems, Minneapolis, USA) for PGE2 detection. The PGE2 that is present
in the sample competes with horseradish peroxidase (HRP)-labeled PGE2 for a
limited number of binding sites on a mouse monoclonal antibody. In the first

incubation step, the sample was added and the PGE2 found in the sample binds
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to the antibody. In the second incubation step, HRP-labeled PGE2 is added and
binds to the remaining antibody sites. HRP then catalyzes again a color reaction.
The intensity of the measured color is inversely proportional to the concentration
of PGEZ2 in the sample.

2.8 Preparation of LB-Medium

For the preparation of 1 liter of liquid Lysogeny Broth (LB) Medium, 10 g peptone,
5 g yeast extract (Sigma Aldrich, St. Louis, USA) and 5 g sodium chloride (Merck,
Darmstadt, Germany) were dissolved in double distilled water. When the medium
had cooled down after autoclaving to around 60 °C, ampicillin (Invitrogen™,

Carlsbad, USA) was added for an end concentration of 50 pg/ml.

2.9 Preparation of LB-Agar plates
LB agar plates with ampicillin were prepared for the antibiotic selection of

Escherichia Coli (E.Coli) after the heat-shock transformation.

For 15-20 plates, | dissolved 8.14 g premixed Luria Bertani (LB) agar powder
(Sigma Life Science, St. Louis, USA) in 220 ml sterile water. The solution was
autoclaved at 121 °C and 20 psi for 30 minutes. After the bottle had cooled down
to 40-60 °C, ampicillin (Invitrogen™, Carlsbad, USA) was added for an end
concentration of 50 pg/ml. | poured the agar on the plates under sterile conditions
and left to set for around 30 minutes. The plates were stored at 4°C and covered

with parafilm to avoid contamination.
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2.10 Plasmid elution from filter

Plasmids were received on a filter paper (kindly provided by Prof. A. Conigrave,
University of Sydney, Australia). Different substitution mutations of the CaSR
were cloned in a pcDNA3.1(+) vector (Table 12), possessing an ampicillin

resistance.

Table 12: Variants of substitution-mutations which were cloned into pcDNA3.1(+) vector.

Mutation Effect on the CaSR

R185Q Dominant negative loss-of-function

F612S Gain of function

A986S Common polymorphism

Q1011ME  Common polymorphism

All cell and bacterial work were performed in a clean environment; scissor and
tweezer were sterilized in advance under UV light for 30 minutes. The marked
regions, containing the plasmid DNA, were cut out, placed in a tube, and
incubated with 10 yl  Tris(hydroxymethyl)aminomethane-ethylenediamine-
tetraacetic acid (TE) buffer (Invitrogen™, Carlsbad, USA) for 10 minutes at room
temperature and for another 10-15 minutes on 37 °C. The tubes were centrifuged
for 1 minute, the plasmid DNA was eluted in TE buffer and placed on the bottom
of the tube. To ensure an accurate elution from the filter paper, | cut the thin end
of a 200 pl pipette tip and placed it between tube bottom and filter paper. After
centrifugation, the filter paper was removed. In the next step the concentration of

eluted plasmid DNA was measured via spectrophotometry (see below).
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2.11 Bacterial transformation

Bacterial transformation is used to multiply the eluted plasmids. For this,
competent E.Coli (One Shot™ TOP10 Chemically Competent E. coli,
Invitrogen™, Carlsbad, USA) were used. 50 pl aliquots of E.Coli were thawed on
ice, then 20 ng/ul plasmid DNA was added and incubated for 30 minutes on ice.
The mixture was heat-shocked at 42 °C for 45 seconds and immediately put back
on ice afterwards. For recovery, 200 ul of Super-Optimal-Broth medium
(Invitrogen™, Carlsbad, USA), which had room temperature was added and
incubated for 60 minutes at 37 °C on a shaker set to 500 rpm. After this
incubation time, | spread 100 ul of the liquid with a Drigalski-spatula on agar-
plates containing ampicillin (see above) and incubated upside down, overnight
at 37 °C. A single colony was then picked and transferred into a sterile tube with
5 ml LB-medium (see above) and was incubated over-night at 37 °C, vigorously
shaking with 170 rpm. After the colony has multiplied, plasmids were extracted

the next day

2.12 Plasmid extraction (miniprep)

The PureLink™ Quick Plasmid Miniprep Kit (Invitrogen™, Carlsbad, USA) was
used for the extraction of the plasmid from the bacteria. The manufacturer’s
instructions were followed but modified as followed: Instead of eluting with 75 pl
TE buffer at once, it was first eluted with 35 pl and a second time with 40 pl.

2.13 Enzymatic digestion

To control that only the preferred plasmid construct was extracted, an enzymatic
digestion was performed and later the sample was run on an agarose gel to
compare the bands. For my plasmid of interest, the restriction enzyme Sal1
(Sal1, 10 U/ul), Thermo Scientific™, Waltham, USA) was used. The restriction
sites of Sal1 are shown in Figure 14. Depending on the efficiency of the
extraction, an amount between 0.5-1 ug DNA was used and digested with 1 pl
Sal1. To DNA and restriction enzyme, | added 7 ul of water as well as 2 pl
buffer O, provided with the restriction enzyme (Sal1, 10 U/ul), Thermo
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Scientific™, Waltham, USA). The samples were incubated for 45 minutes at
37 °C. 1 yl digested DNA were mixed with 1 ul loading dye (Orange DNA, R0631,
Thermo Scientific™, Waltham, USA) and 4 pl H20. The total amount of 6 ul was

added on the gel and run as described above for 30 minutes.

5'...GVTCGAC...3’
3'...CAGCTVG...5’

Figure 14: Restriction site of Sal1.
The restriction enzyme Sal1 is used for the enzymatic digestion of the isolated plasmids.

2.14 Transfection with Lipofectamine

For transfections, Lipofectamine (Lipofectamine™ LTX Reagent with PLUS™
Reagent, Invitrogen™, Carlsbad, USA) was used. | seeded HT29 cells in a 24-
well plate, 2.0 x10° cells per well in 1 ml medium. After 24 hours a confluence of
70-80 % was reached. 2 ul Lipofectamine were diluted in 50 ul OPTIMEM-
Medium (Invitrogen™, Carlsbad, USA) and 5ng plasmid DNA and 5 pl
Lipofectamine-Plus-Reagent were diluted in 250 yl OPTIMEM-Medium. 50 ul of
the diluted plasmid DNA and Lipofectamine-Plus-Reagent mix were then added
to the diluted lipofectamine. | added 50 pl of this combined mixture to each 24-
well plate. Next day, the medium was changed to remove remaining plasmids
and lipofectamine. The exact treatment conditions with controls are described in
the results section. On the second day, transfected cells were treated for 4 hours
with different compounds, then washed with ice-cold PBS, afterwards Trizol was

added for RNA isolation (see above).

2.15 Statistical analysis
Statistical analysis was performed using GraphPad Prism version 7.0
(GraphPad, LaJolla, USA). The applied statistical tests are indicated in the

legends of each figure.
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3 Results

3.1 Enantioselective activation of the CaSR

To test whether upregulation of inflammatory genes is mediated via the CaSR, |
treated cultured HT29CaSR-GFP gnd HT29CFP cells with NPS 568 and NPS 2143
enantiomers. If only the selective forms modulated the expression of
inflammatory cytokines, the CaSR could be confirmed as mediator of these pro-
inflammatory processes.

The cells were treated for 4 hours with the different enantiomers (Table 4), and
the RNA was isolated. The isolated RNA samples were run on a gel
electrophoresis to confirm that the RNAs were intact. The representative gel
(Figure 15) shows the three ribosomal subunits, 28S rRNA, 18S rRNA and 5S
rRNA of the isolated RNA.

285 rRNA
185 rRMNA

ES rENA

Figure 15: Representative gel picture of the isolated RNA samples.

A gel electrophoresis was run with the extracted RNA samples. The 28S rRNA, 18S rRNA and 5S rRNA
subunits are visible. The fluorescence intensity correlates with the amount of RNA in the sample.

After converting the RNA samples into cDNA via reverse transcription, | used the

samples for RT-gPCR experiments. The primers | used are listed in the methods
section (Table 11).
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First, | looked at the expression of inflammatory genes, IL-8 and CCL-20 being
among the most prominent ones according to lamartino et al, 2020 [95]. NPS R-
568 significantly increased IL-8 (p<0.001) and CCL-20 (p<0.001) expression,
while none of the unspecific enantiomers had any effect (Figure 16 A+B, left
panel). The combination of the specific calcimimetic NPS R-568 with the
unspecific enantiomer of the calcilytic, NPS S-2143, led to significantly higher IL-
8 (p<0.001) and CCL-20 (p<0.01) expression than when combining NPS R-568
with the specific enantiomer NPS R-2143 (Figure 16 A+B, right panel). This

indicates CaSR-specific inhibition of the calcimimetic-induced IL-8 expression.
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Figure 16: Relative gene expression results from HT29CFP-CaSR cells treated with CaSR-modulators.
RT-qPCR results from the HT296FP-CaSR cells with the targets IL-8 (A) and CCL-20 (B). For the treatments
0.1 % DMSO, 1 uM NPS R-568, 1 uM NPS S-568, 1 uM NPS R-2143, 1 uM NPS S-2143 were used. Control
treatment was 5 mM Ca?*. Data are shown as a mean + SD, N=6-7. Statistical analysis was performed
using ordinary one-way ANOVA with multiple comparison to DMSO with Dunnett post-test or unpaired t-test
for the two combinations in the right graphs.

40



In the next step, | wanted to see if the genes of the prostaglandin E2 pathway
were influenced by the enantio-selective activation of the CaSR. NPS R-568
increased COX-2 expression (p<0.01) (Figure 17, left panel). The combination
of NPS R-568 with NPS S-2143 appeared to increase COX-2 expression, but
this did not reach statistical significance (p=0.0612) compared to the combination
treatment of NPS R-568 + NPS R-2143 (Figure 17, right panel).
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Figure 17: Relative gene expression results from HT29¢FP-CaSR cells treated with CaSR-modulators.

RT-gPCR results from the HT29CFP-CaSR cells with the targets COX-2. For the treatments 0.1 % DMSO,
1 uM NPS R-568, 1 uM NPS S-568, 1 uM NPS R-2143, 1 uM NPS S-2143 were used. Control treatment
was 5 mM Ca?*. Data are shown as a mean = SD, N=6-7. Statistical analysis was performed using ordinary
one-way ANOVA with multiple comparison to DMSO with Dunnett post-test or unpaired t-test for the two
combinations in the right graphs.
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The results of the treatments on the expression of other genes of the PGE2
pathway are shown in Figure 18 (COX-1 (A), PTGES (B), 15-PGDH (C)) and
Figure 19 (EP-1 (A), EP-4 (B)). None of the treatments affected any of them.
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Figure 18: Relative gene expression results from HT29CFP-CaSR cells treated with CaSR-modulators.
RT-qPCR results from the HT29C¢FP-CaSR cells with the targets COX-1 (A), PTGES (B), 15-PGDH (C). For
the treatments 0.1 % DMSO, 1 uM NPS R-568, 1 uM NPS S-568, 1 uM NPS R-2143, 1 uM NPS S-2143
were used. Control treatment was 5 mM Ca?*. Data are shown as a mean + SD, N=6-7. Statistical analysis
was performed using ordinary one-way ANOVA with multiple comparison to DMSO with Dunnett post-test
or unpaired t-test for the two combinations in the right graphs.
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Figure 19: Relative gene expression results from HT29CFP-CaSR cells treated with CaSR-modulators.
RT-gPCR results from the HT296FP-CaSR cells with the targets EP-1 (A) and EP-4 (B). For the treatments
0.1 % DMSO, 1 uM NPS R-568, 1 uM NPS S-568, 1 uM NPS R-2143, 1 uM NPS S-2143 were used. Control
treatment was 5 mM Ca?*. Data are shown as a mean + SD, N=4-7. Statistical analysis was performed
using ordinary one-way ANOVA with multiple comparison to DMSO with Dunnett post-test or unpaired t-test
for the two combinations in the right graphs.

43



As described in the introduction, the CaSR has the feature of agonist-driven
insertional signaling (ADIS). | was interested whether the expression of the CaSR
gene itself would be enhanced by the enantio-selective receptor activation.
Indeed, NPS R-568 increased CaSR expression (p<0.001), none of the other
enantiomers had an effect. Ca?*, the main Type 1 agonist, which was used in my
experiments as the positive control of receptor activation, also increased CaSR
expression (p<0.01) (Figure 20). The treatment with NPS R-568 + NPS R-2143
increased the expression of CaSR (p<0.01) compared with the treatment where
NPS R-568 is combined with NPS R-2143.
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Figure 20: Relative gene expression results from HT29CFP-CaSR cells treated with CaSR-modulators.
RT-gPCR results from the HT29C6FP-CaSR cells with the targets CaSR. For the treatments 0.1 % DMSO, 1 uM
NPS R-568, 1 uM NPS S-568, 1 uM NPS R-2143, 1 uM NPS S-2143 were used. Control treatment was 5
mM Ca?*. Data are shown as a mean + SD, N=6-7. Statistical analysis was performed using ordinary one-
way ANOVA with multiple comparison to DMSO with Dunnett post-test or unpaired t-test for the two
combinations in the right graphs.
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None of the treatments affected the expression of the analyzed genes in the

HT29CFP cells, lacking the CaSR (Figure 21).
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Figure 21: Relative gene expression results from HT29%F cells treated with CaSR modulators.
RT-qPCR results from the HT29CFF cells for the targets IL-8 (A), CaSR (B), COX-2 (C), CCL-20 (D), COX-
1 (E), PTGES (F), 15-PGDH (G), EP-1 (H), and EP-4 (I). For the treatments 0.1 % DMSO, 1 uM NPS R-
568, 1 uM NPS S-568, 1 uM NPS R-2143, 1 uM NPS S-2143 were used. Control treatment was 5 mM Ca?".
Data are shown as a mean + SD, N=6-7. Statistical analysis was performed using ordinary one-way ANOVA
with multiple comparison to DMSO with Dunnett post-test or unpaired t-test for the two combinations in the
right graphs.
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To see whether the treatments with the enantiomers affected protein/product
expression in a similar fashion as gene expression, | measured secreted IL-8
and PGE2 levels from the culture medium using ELISA. For the analysis | used
the standard curve shown in Figure 22 with an R2=0.9564.
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Figure 22: Standard curve of IL-8 ELISA.

The IL-8 protein concentration [pg/ml] is plotted against the optical density measured with A450 from which
the correction optical density at 570 nm was subtracted (arbitrary units, AU). Linear regression, as
recommended in the manufacturer’s instructions. Dotted lines: 95% confidence interval.
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NPS R-568 increased IL-8 protein expression (p<0.01) compared to DMSO
(Figure 23 A, left panel). Similar to the RT-qPCR results, the combined
treatment with NPS R-568 + NPS R-2143 did not increase IL-8 expression, but
when cells were treated with NPS R-568 + NPS S-2143, IL-8 expression was
significantly increased (p<0.01) (Figure 23 A, right panel). None of the
treatments had an effect on the IL-8 protein expression in HT29¢FP cells (Figure
23 B).
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Figure 23: Effect of the treatments with CaSR modulators on IL-8 protein secretion.

HT29GFP-CaSR cells (A) and HT29CFF cells (B) were treated for 4 hours, and the supernatants were used for
the ELISA experiment to determine IL-8 protein levels. For the treatments 0.1 % DMSO, 1 uM NPS R-568,
1 uM NPS S-568, 1 uM NPS R-2143, 1 uM NPS S-2143 were used. Control treatment was 5 mM Ca?*.
Data are represented as a mean + SD, N=2-4. Statistical analysis was performed using ordinary one-way
ANOVA with multiple comparison to DMSO with Dunnett post-test and to analyze the combined treatments

an unpaired t-test. Note that the results for Ca?* were not included in the analysis as only two measurements
were available.
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To measure the secreted amount of PGE2, | treated HT29%FP-CaSR gnd HT296FP
cells for 4 and 48 hours with vehicle, 1 yM NPS R-568 alone, or in combination
with 1 yM NPS R-2143 to assess whether the cells respond differently when they
are treated for different durations. In this ELISA, | obtained the standard curve
shown in Figure 24 with an R?=0.9863.
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Figure 24: Standard curve of PGE2 ELISA.

PGE2 concentration [pg/ml] is plotted against the optical density measured at 450 nm from which the
correction optical density at 570 nm was subtracted (arbitrary units; AU). 4 parameter non-linear fit, as
recommended in the manufacturer’s instructions. Dotted lines: 95% confidence interval.

48



NPS R-568 increased PGE2 levels after 4 hours (2,000-fold compared to vehicle
control) (Figure 25 A) and after 48 hours treatment (2,000-fold compared to
vehicle control) (Figure 25 B). Combining NPS R-2143 with NPS R-568

effectively inhibited the NPS R-568-induced PGE2 expression, as observed for
IL-8 (Figure 25 A+B).
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Figure 25: Effect of the treatments with CaSR modulators on PGE2 secretion.

HT29CFP-CaSR were treated with CaSR-modulators for 4 hours (A) and 48 hours (B). The supernatants were
used for the ELISA experiment to determine PGE2 levels. For the treatments 0.1 % DMSO, 1 uM NPS R-
568 and 1 uM NPS R-2143 were used. Data are represented as a mean + SD, N=4. Statistical analysis was
performed using ordinary one-way ANOVA with multiple comparison to DMSO with Dunnett post-test.

In the HT29¢FP cells, NPS R-568 had no effect on PGE2 (Figure 26).
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Figure 26: Effect of the treatments with CaSR modulators on PGE2 secretion.

HT29CFP were treated with CaSR-modulators for 4 hours (A) and 48 hours (B). The supernatants were used
for the ELISA experiment to determine PGE?2 levels. For the treatments 0.1 % DMSO, 1 uM NPS R-568
and 1 uM NPS R-2143 were used. Data are represented as a mean + SD, N=4. Statistical analysis was
performed using ordinary one-way ANOVA with multiple comparison to DMSO with Dunnett post-test.
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3.2 Dose-response-curve for IL-1 on HT29 cells.

IL-18 is a cytokine produced by activated macrophages. It is an important
mediator of inflammatory response. IL-1p3 triggers the release of other cytokines,
such as IL-8 and leads trough the induction of COX-2 to a higher production of
PGE2 [147]

To lay the foundation for these upcoming experiments, | prepared a dose-
response-curve on HT29CGFP-CaSR gnd HT29CGFP cells to determine the EC50 for
IL-18 induced inflammatory responses in these cells. The EC50 could then be
used as a starting point for future experiments to assess whether exogenous
induction of inflammation via IL-1 can be inhibited by blocking the CaSR. For
this, | treated the cells with 0.1 ng/ul, 0.3 ng/ul, 1 ng/ul, 10 ng/ul and 25 ng/ul IL-
18 for 4 hours and calculated the EC50 from the non-linear sigmoidal regression
of the induced IL-8 gene expression. In the HT29GFP-CaSR ¢glls, | found a strong
IL-1B8 dose-dependent increase of IL-8 gene expression even though there was
a rather high variability in the responses as indicated by the medium goodness-
of fit of the curve (R?=0.6452) (Figure 27 A). The calculated EC50 for IL-1B was
2.49 ng/ul (£1.268). In the HT29CFP cells, IL-1B had no observable effect on IL-8

expression (Figure 27 B).
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Figure 27: Relative gene expression results for the dose-response-curve with IL1-8.

RT-gPCR results from the HT29CP-CaSR cells (A) and HT29SFF cells (B) with the target IL-8. The EC50 for
HT29CFP-CaSR cells js 2.49 (+ 1.268). 3 parameter sigmoidal non-linear regression.
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On the protein level, the same dose-response-relationship between IL-1B
concentration and IL-8 secretion was seen in HT29CGFP-CaSR cells (Figure 28 A).
There was no alteration in IL-8 protein expression independent of IL-1B
concentration in HT29%FP cells (Figure 28 B). In further experiments, our group
plans to treat HT29GFP-CaSR gnd HT29CFP cells with IL-1B and NPS R-2143, to see

whether the exogenously induced inflammation can be inhibited via the CaSR.
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Figure 28: ELISA results for the protein IL-8.

HT29CFP-CaSR (A) and HT29CFP cells were treated with 0.1 ng/ul, 0.3 ng/ul, 1 ng/ul, 10 ng/ul and 25 ng/ul IL-
18. With the supernatants of the cells an IL-8 ELISA was performed. The EC50 for HT29%FP-CaSR cells is
2.49 (+ 1.268). The point 0 on the x-axis is manually inserted for the vehicle control as a true 0 is not possible
in a logarithmic scale.
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3.3 Testing the effect of different CaSR ligands on the inflammatory gene
response

| have shown that the inflammatory response is indeed mediated via the CaSR

through enantio-selective CaSR activation. Next, | wanted to test whether the

CaSR ligands spermine, L-phenylalanine, L-tryptophan, neomycin and the

calcimimetic GSk-3004774, would also induce inflammatory gene response.

HT29GFP-CaSR gnd HT29CFP cells were cultured and treated with potential ligands
of the CaSR, as explained in the methods (Table 5). Gel electrophoresis

confirmed isolation of intact RNA as exemplified in (Figure 29).

285 rRNA
185 rRNA

55 rRNA

Figure 29: Representative gel picture of the isolated RNA samples.

A gel electrophoresis was run with the extracted RNA samples. The 28S rRNA, 18S rRNA and 5S rRNA
subunits are visible.
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For the following RT-qPCR experiments, NPS R-568 was used as a positive
control, as it was shown to reliably activate the CaSR and lead to an inflammatory

response.

| first tested the gene expression of the inflammatory cytokine IL-8. Treatment
with spermine increased expression of IL-8 (p<0.001), but neither the treatment
with neomycin, L-phenylalanine nor L-tryptophan altered the expression of IL-8

(Figure 30, left panel).

NPS R-568 increased the expression of IL-8, but the calcimimetic GSK-3004774
did not alter IL-8 expression. Combining NPS R-2143 with spermine lowered the
effect of spermine, indicating that the effect of spermine was probably through
activation of the CaSR (Figure 30, right panel). Of note, the spermine + NPS
R-2143 experiment was deemed a pilot experiment and only performed twice. A

statistical analysis was thus not possible.
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Figure 30: Relative gene expression results of treated HT296FP-CaSR cg||s,

RT-qPCR results for the gene target IL-8. For the treatments 2 ul H20, 5 mM spermine, 300 uM neomycin,
1 mM L-phenylalanine and 1 mM L-tryptophan were used. Control treatment was 1 uM NPS R-568. Data
are represented as a mean + SD, N=2-5. Statistical analysis was performed using ordinary one-way ANOVA
with multiple comparison to DMSO or H20 with Dunnett post-test test (Spermine + NPS R-2143 was not
included in the analysis, as only two replicates were performed).
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Testing for the genes of the PGE2 pathway, spermine significantly increased
expression of COX-2 (p<0.001) and PTGES (p<0.001). Neither neomycin nor L-
phenylalanine or L-tryptophan influenced the gene expression (Figure 31 A+B,
left panel). NPS R-568 increased COX-2 (p<0.001) and PTGES (p<0.001)
expression but GSK-3004774 had no effect. NPS R-2143 lowered the effect of

spermine for these two targets as well (Figure 31 A + B, right panel).
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Figure 31: Relative gene expression results of treated HT29¢FP-CaSR cells,

RT-qPCR results for the gene targets COX-2 (A) and PTGES (B). For the treatments 2 ul H20, 5 mM
spermine, 300 uM neomycin, 1 mM L-phenylalanine and 1 mM L-tryptophan were used. Control treatment
was 1 uM NPS R-568. Data are represented as a mean + SD, N=3. Statistical analysis was performed using
ordinary one-way ANOVA with multiple comparison to DMSO or H20 with Dunnett post-test (Spermine +
NPS R-2143 was not included in the analysis, as only two replicates were performed).

For the other tested genes of the PGE2 pathway, NPS R-568 increased EP1
expression (p<0.01) (Figure 32 B, right panel). The other tested genes COX-1,
15-PGDH, and EP-4 were not significantly affected by the treatments (Figure
32).
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Figure 32: Relative gene expression results of treated HT29¢FP-CaSR cells,

RT-qPCR results for the gene targets COX-1 (A), PTGES (B), 15-PGDH (C), and EP-4 (D). For the
treatments 2 ul H20, 5 mM spermine, 300 uM neomycin, 1 mM L-phenylalanine and 1 mM L-tryptophan
were used. Control treatment was 1 uM NPS R-568. Data are represented as a mean + SD, N=2-5.
Statistical analysis was performed using ordinary one-way ANOVA with multiple comparison to DMSO or
H20 with Dunnett post-test test (Spermine + NPS R-2143 was not included in the analysis, as only two
replicates were performed).
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Finally, | also investigated whether CaSR expression was affected by the
different ligands, as observed in the previous experiment using the allosteric
modulators. CaSR gene expression was indeed increased by spermine
(p<0.001) and NPS R-568 (p<0.01), following the trend of the previous results.
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Figure 33: Relative gene expression results of treated HT29¢FF-CaSR cells,

RT-qPCR results for the gene target CaSR. For the treatments 2 ul H20, 5 mM spermine, 300 uM neomycin,
1 mM L-phenylalanine and 1 mM L-tryptophan were used. Control treatment was 1 uM NPS R-568. Data
are represented as a mean + SD, N=2-5. Statistical analysis was performed using ordinary one-way ANOVA
with multiple comparison to DMSO or H20 with Dunnett post-test (Spermine + NPS R-2143 was not included
in the analysis, as only two replicates were performed).

For HT29CFP cells (lacking the CaSR) none of the treatments had any effect. The
RT-qPCR results from the HT29C"P cells are summarized in Figure 34 (IL-8 (A),
CaSR (B), COX-2 (C), COX-1 (D)) and Figure 35 (PTGES (A), 15-PGDH (B),
EP-1 (C) and EP-4 (D)).
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Figure 34: Relative gene expression results of treated HT29%F cells.

RT-qPCR results for the gene targets IL-8 (A), CaSR (B), COX-2 (C), and COX-1 (D). For the treatments 2
ul H20, 5 mM spermine, 300 uM neomycin, 1 mM L-phenylalanine and 1 mM L-tryptophan were used.
Control treatment was 1 uM NPS R-568. Data are represented as a mean + SD, N=2-5. Statistical analysis
was performed using ordinary one-way ANOVA with multiple comparison to DMSO or H20 with Dunnett
post-test (Spermine + NPS R-2143 was not included in the analysis, as only two replicates were performed).
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Figure 35: Relative gene expression results of treated HT29%F cells.

RT-qPCR results for the gene targets PTGES (A), 15-PGDH (B), EP-1 (C), and EP-4 (D). For the treatments
2 ul H20, 5 mM spermine, 300 uM neomycin, 1 mM L-phenylalanine and 1 mM L-tryptophan were used.
Control treatment was 1 uM NPS R-568. Data are represented as a mean + SD, N=2-5. Statistical analysis
was performed using ordinary one-way ANOVA with multiple comparison to DMSO or H20 with Dunnett
post-test (Spermine + NPS R-2143 was not included in the analysis, as only two replicates were performed).
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3.4 Establishment of lipofectamine transfection of CaSR-mutants in HT29
cells

| established the transfection of HT29 cells with CaSR mutant plasmids. To this
end, | transformed chemically competent E. Coli with the CaSR-plasmids
vectors. | extracted the multiplied plasmids from the bacteria by performing a
MiniPrep. A small aliquot of the plasmids was digested via the restriction enzyme
Sal1 to assure that the extracted plasmid contained the right product (CaSR).
The vector plasmid pcDNAS3.1 with the inserted CaSR gene (3.234 bp) has 8.662
bp (Figure 36). As Sal1 cuts at 3.241 bp and 5.426 bp, | am expecting after the
restriction digest two fragments of the size 2.185 bp and 6.477 bp.

CaSR gene (3.234 bp)

pcDNA3.1 + CaSR insert (8.662 bp)

Figure 36: Scheme of the pcDNA3.1 vector with the inserted CaSR gene.

The CaSR gene (3.234 bp) was inserted into the pcDNA3.1 vector with a total of 8.662 bp. The scissors
indicate where the restriction enzyme Sal1 is cutting the plasmid into two fragments.
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After performing the restriction digestion, the two plasmid-bands with the

expected sizes of around 6.500 bp and 2.200 bp were visible (Figure 37).

10.000 bp

3.000 bp

2.000 bp
1.500 bp

Figure 37: Picture of gel electrophoresis with the digested WT plasmid.

The plasmid was digested with the restriction enzyme Sall, which cuts the plasmid into two fragments of the
size 7000 bp and 2200 bp.

To optimize the transfection conditions, | seeded different numbers of cells in a
24-well plate. After seeding 2x10° cells, the cells were 70-80% confluent the next

day as it was proposed by the manufacture’s protocol (Figure 38).

Figure 38: Microscopic picture of HT29 cells.

Different amounts of HT29 cells were seeded in 24-well plates to compare confluency the next day. On the
left side (A), 1x 10° cells were seeded, cells were barely confluent the next day. On the right side (B), 2x
10° cells were seeded reached confluency of 70-80% after 24 hours.
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For the transfection, | varied the amount of lipofectamine and plasmid DNA
(Table 13). The best results were obtained by using 2 pl lipofectamine and 5 ng
plasmid DNA. This was evaluated by transfecting an empty vector labelled with
green fluorescence protein (GFP) and with the subsequent evaluation of cellular
fluorescence with a fluorescence microscope. Representative pictures of the

cells after transfection are shown in Figure 39.

Table 13: Overview for the transfection conditions.

To establish the best transfection conditions, the right amount of cells was evaluated to reach a confluency
of 70-80% the next day. Further, different lipofectamine and plasmid DNA amounts were tested.

Cells seeded Lipofectamine [pl] Plasmid DNA [ug]
0.5x10° 2 3

1x 10° 3 5

1.4x 10° 4 7

2x 10° 5

Figure 39: Fluorescence picture of transfected HT29 cells.

HT29 cells were transfected with an empty vector labelled with GFP. (A): | seeded 0.5x10° cells and used
2 ul Lipofectamine + 3 ug plasmid DNA. (B): | seeded 2x10° cells and used 2 ul Lipofectamine + 5 ug
plasmid DNA. The red arrows indicate specific fluorescent cells. The picture was cropped and contrast was
nonlinearly adjusted for the purpose of visualization. Scale bar: 100 um.
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Two days after transfection, | isolated the RNA and measured CaSR mRNA
expression. If the plasmids were transfected efficiently, there should be CaSR
gene expression in the samples. | performed two controls, for the first control |
added only the CaSR WT plasmid, the lipofectamine plus reagent and the
OPTIMEM medium but no lipofectamine. | expected no CaSR gene expression
in those cells, as the “vehicle” is missing to transport the plasmids into the cells.
For the second control, | only added OPTIMEM medium but none of the other
components. CaSR expression was observed for all plasmid constructs (Figure
40). The most efficient transfection was seen for the WT construct and the A986S
construct. The Q1011E construct was not transfected efficiently. No CaSR gene

expression was measured in the two controls.
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Figure 40: Relative gene expression results of transfected HT29 cells.

RT-qPCR results for the transfected HT29 cells with the different CaSR-mutant plasmids. Target gene is
CaSR, and the gene expression is given in fold change vs calibrator. Cells treated with the WT plasmid but
without Lipofectamine and cells treated only with OPTIMEM medium are used as a control.
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4 Discussion

In the course of my work, | was able to answer the questions of my master thesis:

1) The inflammatory response observed after treatment of HT29¢FP-CaSR cells
with NPS R-568 and Ca?* was indeed mediated via the CaSR; this was
proven using enantioselective modulators of the CaSR. HT29CFP-CaSR ce|s

show a strong IL-1B dose-dependent increase in IL-8 expression.

2) This pro-inflammatory effect of the CaSR is ligand dependent. Of the
tested agonists, only 5 mM spermine had an effect on the inflammatory

response in HT29CGFP-CaSR cg||s,

3) | have successfully established the transfection of CaSR mutant plasmids
in HT29 cells. Due to time constraints, | could not test whether these
transfected mutants had an effect on general gene expression or the
inflammatory gene response. This will be the task for further

investigations.

These in vitro findings substantiate our knowledge about the pro-inflammatory
role of the CaSR in colorectal cancer cells and the pro-inflammatory role of the

CaSR in the intestine in general.

4.1 Calcium-Sensing Receptor-mediated inflammatory response is ligand
dependent
In my experiments, | have proven that the previously observed induction of
inflammatory gene expression (by calcimimetics) in HT29GFP-CaSR cells [95] is
indeed mediated by the CaSR and that this effect is ligand-dependent. The
activation of the CaSR by NPS R-568 and spermine increased the expression of
the inflammatory markers IL-8 and CCL-20, as well as of certain members of the
PGE2 pathway (discussed below). This effect was not seen for the unspecific-
binding enantiomer NPS S-568. Neither NPS R-2143 nor NPS S-2143 had an
effect on inflammatory gene expression. On the protein / product level | observed
the same effect, as only NPS R-568 increased the expression of IL-8 and the
level of PGE2. The treatment combinations NPS R-568 + NPS R-2143 inhibited
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the expression of the inflammatory genes compared to the treatment with NPS
R-568 + NPS S-2143, which gives evidence that the inhibition of the CaSR can
counteract the inflammatory effect. These findings support the results of a
previous work in our group [95], where an increase of inflammatory gene
expression was observed after treatment with NPS R-568. They further showed
by gene ontology enrichment analysis that the treatment with NPS R-568
upregulated genes belonging to pathways of the immune response [95]. To
investigate the role of the CaSR in the expression of inflammatory markers in
vivo, mice were injected with HT29CFP-CaSR cells to generate xenograft tumors.
The mice were orally treated with cinacalcet to assess the effect of CaSR
modulation on tumor growth. Contrary to the in vitro results, two previous
students of our group, Katharina Gall and Michael Schwarzkopf, found that the
calcimimetic cinacalcet did not lead to an increase of inflammatory markers or
inflammatory cells in CaSR overexpressing xenograft tumors from H29CaSR-GFP
cells [148, 149].

A possible explanation could lie in the different setting of the in vivo and in vitro
situation. If the immune system is responsible for mediated inflammatory effects
via the CaSR in vivo, as suggested by the observation of increased immune cell
infiltration of cinacalcet treated mice with chemically induced colitis [94], the lack
of an immune system in my in vitro experiment could explain this discrepancies.
However, the exact reason for this discrepancy cannot be determined at this time
and will require further investigation, e.g. using mouse models of different tumors

or studies with intact human tissue.

In a previous study of our group a mouse-colitis model was used to examine the
effect of the calcimimetics cinacalcet and GSK-3004774 in an inflammatory
environment [94]. Colitis was induced via DSS, and the mice were treated orally
with NPS R-2143, cinacalcet or GSK-3004774. The treatment with cinacalcet but
not with GSK-3004774 had a pro-inflammatory effect [94]. The pro-inflammatory
effect of cinacalcet was most prominently shown by a reduction in mucin levels
and in an increase in pro-inflammatory cytokines in the plasma. Treating the mice
with NPS R-2143 improved the clinical symptoms of colitis, leading to a lower

clinical score and reduced infiltration of immune cells [94]. The latter finding is
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especially interesting as two of my investigated target genes for CaSR-induced
inflammation were CCL-20 (see below) and IL-8, chemokines related to attract
and activate immune cells [150]. IL-8 is known to be strongly upregulated in the
intestinal mucosa and immune system in patients with IBD [151]. This could
indicate that one of the main modalities through which the CaSR influences

inflammation in vivo could be immune cell activation and attraction.

Michael Schwarzkopf compared the inflammatory gene expression in the colons
of these mice [148]. He found that cinacalcet increased both PGE2 pathway
member genes PGES and EP3, while the treatment with GSK-3004774
increased PGES in inflamed colons, while NPS R-2143 had no effect on the
expression of any of the investigated genes. Of note, no combination of NPS R-
568 and NPS R-2143 was administered. Treatment with high doses of CaSR
modulators also did not affect PGE2 pathway genes in healthy mice. These
findings suggested a pro-inflammatory effect of the allosteric CaSR-modulation

only in an inflamed environment in vivo, which is in line with my findings in vitro.

The effects of GSK-3004774 are rather inconsistent. While the gut-restricted
compound had no effect on the inflammatory gene expression in my
experiments, or on the clinical score of the induced colitis [94], it did increase
PGES expression in the colons of inflamed mice. It might be argued that GSK-
3004774 is not very active at all — however, the batch of the compound | (and the
previous study) used had indeed shown to be biologically active in enhancing
CaSR sensitivity to extracellular Ca?* in HEK-293 cells stably transfected with
the human CaSR (Martin Schepelmann, personal communication and [94]).
GSK-3004774 was first described in a paper from 2017 [44]. Even though it was
a promising approach to develop a non-absorbable calcimimetic to treat
hyperparathyroidism no further studies were published since the first publication
in 2017. This could be due to the lack of in vivo effects and highlights the

importance of publishing so called “negative” results.

In addition, | found that the activation of the CaSR by NPS R-568 and spermine
increased the expression of the CaSR gene itself. This can be explained by the
unique feature of the CaSR, ADIS, which ensures that changes in Ca?* levels will

be rapidly sensed by newly maturated and inserted receptors [17] which

65



apparently also influences gene expression and thus probably induction of de

novo receptor transcription.

Not only activation, but already the presence of the CaSR seems to potentiate
the inflammatory response. The basal expression of all inflammatory markers
was higher in HT29CGFP-CaSR cells than in HT29CFP cells. This effect was also seen
by lamartino et al, where the over-expression of the CaSR in HT29 cells alone
already changed the expression of several genes involved in inflammatory
pathways, compared to the control cells. This effect was further enhanced by the
activation of the CaSR through NPS R-568 [95]. These results show a pro-
inflammatory effect of the expression and even more of the activation of the
CaSR in colon cancer cells. This would suggest that drugs, such as
calcimimetics, which are used to treat diseases like hyperparathyroidism could
hold the risk of an inflammatory effect in certain tissues. For the calcimimetic
cinacalcet an FDA warning was published in 2017 [152], where patients with risk
factors for upper Gl bleeding were mentioned to be at increased risk. Pro-
inflammatory effects of the CaSR were also shown in other tissues such as in
adipose tissue [90] and in the lung [23], which fits with our results There,
calcimimetics could possibly also lead to inflammatory responses and serious
side effects, but to my knowledge, no such effects have been reported yet. As
calcimimetics are only used in small collective of patients with putatively many
comorbidities (chronic kidney disease), it is unclear whether such effects would

be attributed to the drug or would be masked by the underlying disease.

As the CaSR itself is upregulated with increased presence of ligands (ADIS), it
suggests a positive feedback loop, i.e. a vicious circle, in which the CaSR is
increasingly expressed upon activation and potentiates the inflammatory gene
response even more. If the abundance of the CaSR correlates with the severity
of inflammation, the CaSR could possibly be a potential diagnostic marker for the
severity of inflammatory processes in the intestine. Studies on human samples

from patients suffering from IBD will be needed to confirm this hypothesis.

Treatments with different concentrations of IL-1B affected IL-8 expression in a
strong dose-dependent manner, while the cells lacking the CaSR, HT29¢FP, did
(almost) not respond to IL-1 treatment. IL-1 is an inflammatory cytokine, known
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to induce acute and chronic inflammation [153] and to be key mediator of
carcinogenesis [154, 155]. IL-1B8 levels were correlated with the severity of
inflammation in patients suffering of IBD [156-158]. In addition, IL-1 in the tumor
microenvironment accelerates production of DNA damaging molecules, leading
to mutations in the colon epithelium and thus to promotion of cancer development
[159]. In vivo studies also showed evidence for a link between inflammatory
cytokines and the CaSR, as intraperitoneal injection of IL-13 and IL-6 reduced
1,25(0OH)2D3 and PTH levels, which led to a decreased serum Ca?* [160, 161].
Taken together with my results, the activation of the CaSR thus seems to
increase the inflammatory response and further potentiate the inflammatory
effect of IL1-B. This suggests an amplification loop in which IL-13 and the CaSR
potentiate each other’s inflammatory response, as already discussed above.
Whether this result is limited to inflammation induced by IL-1B or holds true for
other pro-inflammatory cytokines like TNFa is unclear and will need to be

investigated further.

| have demonstrated that CaSR activation itself leads to heightened inflammatory
responses, among them the PGE2 pathway and IL-8 as well as CCL20
production, indicating a wide variety of CaSR mediated inflammatory target
genes, which was also seen in the RNASeq experiments performed by our group
[95]. Furthermore, as the exogenously induced inflammation through IL-13 was
that much stronger in CaSR expressing cells, it would now be highly relevant to
investigate whether this exogenously and apparently CaSR-potentiated
inflammatory response could be suppressed by inhibiting the CaSR itself and

experiments to this effect will be performed in the near future.

The activation of the CaSR through NPS R-568 affected certain genes of the
PGE2 pathway, an effect which | did not observe for the unspecific-binding
enantiomers. This provides evidence that the PGE2 pathway is involved in the
inflammatory response mediated via the CaSR. The treatment with NPS R-568
significantly increased the expression of COX-2, the key enzyme of the PGE2
pathway. This effect on the inflammatory gene response was also seen for the
treatment with spermine but for none of the other ligands, which is probably due

to the ligand biased signaling of the CaSR. Spermine increased the expression
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of IL-8 and of the PGE2 pathway member genes COX-2, PTGES and EP1. The
other PGE2 pathway genes | tested, COX-1, PTGES, 15-PGDH, EP-1, and EP-
4, were affected in a similar fashion, but did not reach statistical significance. The
pre-treatment with NPS R-2143 inhibited the inflammatory effect of spermine and
gives evidence that NPS R-2143, binding allosterically to the receptor, decreased
the receptor’'s sensitivity for the orthosterically-binding spermine. Spermine is
released by damaged or dead cells and reduces inflammation by suppressing
macrophage cytokine synthesis and preventing excessive macrophage-
mediated tissue damage [162]. It is interesting that my results suggest a pro-
inflammatory role of spermine by the activation of the CaSR. The effect of
spermine should be tested in other cell types expressing the CaSR to see
whether the same effect is observed.

Michael Schwarzkopf already showed an impact of CaSR-modulation on the
PGE2 pathway in vivo, which is now supported by my in vitro results. However,
in contrast to my findings with the genetically modified colon cancer cells, he
observed an upregulation of PGES2 and EP3 in the colons of cinacalcet treated
colitis mice while COX2 and EP-1 were not affected. This may be due to species
differences or the more artificial situation of my in vitro experiments. Interestingly,
the same upregulations were not detected in HT29CaSR-GFP xenograft tumors in
immuno-deficient mice [148, 149], as indeed the tumors were not affected by
CaSR directed treatments in any way. Whether this is due to the drugs not
reaching the tumors or the malignant microenvironment prevent an effect of the

drugs is unknown.

The members of the PGE2 pathway are known to be involved in tumorigenesis.
COX-2 is known to be upregulated in malignant colorectal tissue [109]. Its pro-
tumorigenic effect is linked to its role in producing PGE2 [163, 164]. Increased
levels of PGE2 have been reported in human colorectal adenomas and
carcinomas, promoting cell proliferation and survival [165]. PTGES is responsible
for the conversion of PGH2 to PGEZ2 and was shown to be highly upregulated in
inflammatory tissues and tumors [166]. Specifically, PGEZ2 is markedly increased
in colon, lung, and breast cancer [167-169]. Studies in hepatocellular carcinoma

cells revealed that PGE2 regulates through the EP1 receptor the expression of
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the anti-apoptotic protein survivin [170]. Interestingly, in the experiment where |
tested the effect of different CaSR ligands, NPS R-568 increased EP1
expression (Figure 32). This was not seen in the experiment for the enantio-
selective activation of the CaSR (Figure 18). These results currently cannot be
explained, however, a small, albeit non-significant increase from baseline can be
seen (p=0.24 for NPS R-568 vs. DMSO), so it is possible that the lack of a
statistically significant effect is due to low statistical power. It thus needs further
confirmation whether EP1 is indeed influenced by CaSR-activation.

The amino acids | tested, L-phenylalanine and L-tryptophan, as well as the
antibiotic neomycin had no effect on the inflammatory gene expression. Mine et
al showed a CaSR-mediated anti-inflammatory effect of L-amino acids in colon
cells [144] and also in an in vivo mouse-model [91]. In their study, 5 mM L-
tryptophan highly reduced IL-8 expression in HT29 and Caco-2. This strong anti-
inflammatory effect cannot be seen in my data. This could be due to the lower
concentration of L-phenylalanine and L-tryptophan (1 mM) | used for my
experiments. In further studies a higher concentration of the amino acids could
be used to assess whether the cells respond differently. However, their results
are surprising as especially HT29 cells do not express the CaSR in any
meaningful quantity (see results) which is why | used the CaSR transfected cells.
It is possible that the amino acid elicited its effect through other receptors rather
than the CaSR in their study. This is even more plausible as the authors of that
study observed an anti-inflammatory effect through L-tryptophan, which would
indicate a complete reversal of the CaSR’s role based on the ligand. While CaSR
signaling is ligand biased, this opposite effect seems unlikely, especially as both
an orthosteric (Ca?*) and allosteric (NPS R-568) modulator, which already signal
differently through the CaSR both increased the inflammatory response of the
cells.

This was the first study which systemically tested the enantiomers of NPS-568
and NPS 2143. In pharmacology research it is generally of great importance to
determine stereospecificity of a compound and thus that the effects of both
enantiomers are tested. Even though NPS S-568 and NPS S-2143 had no effect

on the inflammatory gene response, the CaSR-unspecific calcilytics are not
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biologically inert molecules. For example, the S (CaSR-unspecific forms) of
amino alcohol calcilytics have a much higher affinity for -adrenergic receptors
[70] than the R-forms. Whether other cellular functions are influenced by the
CaSR-unspecific enantiomers remains to be investigated, but the pro-
inflammatory responses are clearly not affected. These experiments are of
course limited by the fact that the transfected cell line HT29GFP-CaSR s g
genetically modified cell line, which was established to study the effect of the
CaSR in vitro. Colorectal cancer cells lose their expression of the CaSR due to
their dedifferentiation [150], which makes the use of this rather artificial surrogate
necessary. Furthermore, in the course of my project, | only tested the effect of
the different enantiomers on one colon cancer cell line. In a next step, it would
be important to test the same treatment on another cell cline (e.g. the also
established Caco-2CaSR-CFP cgll line [95]). Of course, an in vitro study cannot
answer questions about the situations in whole organisms. My results point out
the necessity of further in vivo studies, to investigate the role of the CaSR in the

intestine.

As already mentioned above, | only used one concentration from each ligand for
the treatments. For the concentrations, | referred to the current literature, using
concentrations from the high-end of standard concentrations normally used in
CaSR related experiments (see methods) but nevertheless also other
concentrations of the different ligands may have to be tested. In addition, the
genes of other inflammatory pathways should be examined. | showed in my
results that NPS R-568 increased the expression of CCL-20, a chemokine that
binds to the chemokine receptor 6 (CCR6). Both, CCL-20 and CCR6 are
upregulated in CRC [171-173] and lead to the activation of extracellular signal-
regulated (ER)-mitogen-activated protein (MAP) kinase and Akt pathways [174].
It would be of interest if CaSR-modulation in colon cancer cells also upregulates
CCRG6 or members of ERK-MAP kinase and Akt pathways.

The fact that only the R-form of the calcilytic was able to suppress the NPS R-
568 induced inflammatory response and that neither R- nor S-form of the
calcilytic, nor the unspecific NPS S-568 induced any inflammatory response

themselves, strongly indicates a strong specificity of the elicited inflammation
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response to CaSR modulation. The pro-inflammatory influence of the CaSR in
HT29 cells seems to be ligand dependent and affects the PGE2 pathway. These
findings give further evidence for the crucial role of the CaSR in intestinal
inflammation and may help to understand the molecular mechanisms of intestinal
inflammation. The accumulating evidence for the pro-inflammatory effect of the
CaSR in the intestine strongly suggest the CaSR as a therapeutic target for

intestinal inflammation in the clinic.

5 Summary and conclusion

Within this project, | confirmed the pro-inflammatory role of CaSR, which was
previously reported in CaSR-modulated HT29CGFP-CaSR cells [95]. | showed that
the inflammatory response in HT29¢FP-CaSR cells is ligand-dependent and that the
activation of the CaSR by allosteric modulators and spermine influences the pro-
inflammatory PGE2 pathway. Furthermore, | established the transfection of
CaSR-mutants into HT29 cells. This in vitro model gives the opportunity to study

the effect of CaSR mutants on the inflammatory gene response in the near future.

My findings give further evidence for the role of the CaSR in intestinal
inflammation and may help to understand the molecular mechanisms of intestinal
inflammation. The accumulating evidence for the pro-inflammatory effect of the
CaSR in the intestine suggest the CaSR as a potential therapeutic target for

intestinal inflammation in the clinic.

6 Outlook

For further experiments, it is necessary to compare my results to different
colorectal cancer cell lines, such as the already established Caco2¢P-CaSR gnd
Caco2CFP cell lines and with cells expressing the CaSR endogenously. Also other
genes of the PGE2 pathway should be tested, e.g. other prostaglandin synthase
enzymes or prostaglandin transporters. Furthermore, it may be useful to test
different concentrations of the L-amino acids to see whether higher

concentrations would lead to an alteration of the inflammatory response.
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The results of my master thesis give rise to a variety of further questions. Most
importantly, it remains unclear, why cinacalcet had different effects in in vitro [95]
[results of my thesis] and in vivo [148, 149] studies. Here, further studies are
necessary. In general, the roles of other inflammatory pathways and
mechanisms such as e.g. NF-kB signaling and cell attraction need to be

investigated.
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