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Abstract

Over the |l ast 40 year s, numer otuesr mitruadli esf
proopi omel #rOMEC9 r tiinn a(dN en al ster hiodvegemdadies i
known about the <cell s Uderftifgirgy ehis reeepter pvitl loelp tot h a t
understand the pathophysiology of certain adrenal disqrslech ad a mi | i al gl ucoc:
deficiency (FDG) aRecentdadarfrenmthd Bicknellrlab identifiedatise
orphan G protektoupled receptor 19 (GPR19) ap@ssible NPOMC receptoi n adr enal
c e |PreBminary data showed that overexpression of GPR19 ledgldsaocumulation of the
protein inside the cellso we proposed that it might require the-espression of the

melanocortin 2 receptor accessory protein (MRAP) to be translocated to the plasma membrane.

I n this study, we generated t-2928e Shabfy
overexpresses GPR19, tamed stehceo ntdh ierxdp roevsesreesx pMF

MRAP. The gene expression of GPPRCLRvhahsdt MRWA®

protein expression was confirmed by i mmunocy
showed that in the cell |l ine that expresses
on the plasma membrane i n motmpeax|CGimaygesofot .t he

cells expressing GPR19/MRAP revealed that both are localised on the cell membrane and
inside the cellsCo-IP results Bowed that GPR19 and MRAP precipitate together, and-an
POMG-2s antibody could precipitate the GPR19 crisked to NPOMG;-2s. Moreover, cells
treated with NPOMGC;.2g, either unlabelled or labelled with Alexduor 488 or biotin, showed
asignificant increase in signal intensity in the cell lines that overexpress GPR19 and/or MRAP
in comparison to the wiltlype. In competitive binding assays, theP@MC fragments -49

and 177 were shown to compete withiROMGC;.2s. In addition, NPOMG.2sactivates GPRY,

and that leads to the reduction of cAMP levels in the cells, the increase of ERK1/2

phosphorylation and the activation of the downstream transcription facidngh

iv



consequently stimulate cell proliferation. These results support the hypothesis that GPR19 is
the receptor for NNOMC, and MRAP is required for full functionality. The identification of a
receptor for NPOMC is significant and might be a potential target in adrenocortical

carcinomas.
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Chapter 1: Introduction

1.1. Pro-opiomelanocortin (POMC)

The preopiomelanocortin (POMC) gene and the peptides it encodes were first
investigated in the pituitary gland of mammals. It is produced mainly by corticotroph cells in
the anterior pituitary gland. Further studies reported that the POMC gene is expresseral
other tissues, including the hypothalamus, skin, testis, thyroid, placenta, pancreas, gut, kidney,
adrenal and liver (Bicknell, 2008; Smith & Funder, 1988). POMC peptides in the circulation
are derived mainly from the pituitary, and thus, fleptides produced in these other tissues
have either an autocrine or paracrine action. The terroimmelanocortin was first presented
by Chrétien et al. (1979) to describe a precursor molecule that encodes the peptides
adrenocorticotrophic hormone (AC)H,-e rod o r pLhRi H1) (afelashocdotin stimulating
h or moM8H) aniol to reflect the fact that they are derived from the same precursor
molecule even though they have different biological function, which was suggested earlier by
Lowry et al. (1977).

The 267 amino acids sequence of human POMC preproprotein undergoes extensive,
tissuespecific, postranslational processing by many different enzymes. The POMC
processing ispeciesspecificas there is some variation in the length of some of the POMC
peptides even though the gene structure is well conserved among species. The prohormone
convertases (PCs) cleave POMC at spebjfime-argininesites and are distributed in a tissue
specific manner in the pituitary and in the brain (Cawley et al., 201@oH al., 2018; Zhou
et al., 1993). There are eight potential dibasic cleavage sites within the POMC preproprotein
structure and, depending on the type of PCs that are expressed in that tissue and-the three

dimensional structure of POM@GIlow easier access to the active site of the convertase.



The postiranslational modification after cleavage by the R@sducesbiologically
active peptides that exert multiple physiological functions. Those modifications are catalysed
by different enzymessuch as the carboxypeptidase E (CRtgt remove the basic amino acid
(Lys and/or Arg) residues from the smaller POMC fragments. While the pegtidyy c4 ne U
amidatingmonooxygenase (PAM) enzyme amidathd Gterminal after the removal of the
basic amino acid residues by CPE. ThéeNninal amino acid resiés of some peptides are
acetylated by the enzyme-&tetyltransferase @AT). This step is important to protect these
peptides from degradation and for their biological activity (Harno et al., 2018; Zhou et al.,
1993).

1.1.1. Processing of the Human POMC
1.1.1.1.  Anterior Pituitary

In the anterior lobe of the human pituitary, the 267 amino acids sequence POMC (Fig.
1.1) is initially cleaved by prthormone convertase 1/3 (PC1/3) at théefninal side of the
dibasic lysinearginine site of the @erminal of ACTH and the Nerminal ofb-LPH to yield
proACTH alRH. THe second cleavage, at another lysirggnine site, occurs between
the Gterminal ofthejoining peptide (JP) and the-tdrminal of ACTH that releases ACTH and
an Nterminal peptide. The latter will be processed furthethe same enzyme to release-pro
2-MSH, also known as NPOMC.7sand JP (Cawley et al., 2016; Harno et al., 2018). The
processing of POMC in the anterior pituitary leads to the release of those four POMC peptides:
N-POMC, JP, ALPH. Bossadretdal. (980) reported the presence of a 26 amino
acid signal sequendmfore the NPOMC sequence, which is suggested to be cleaved rapidly

after or even during translation.



POMC Processing in the Human Anterior Pituitary

] PC1/3
; }
SP Proopiomelanocortin (POMC)
PC1/3 PC1/3

| |
Pro-ACTH . pLPH

N-POMC, 1 P ~ ACTH

Fig. 1.1.Processing of the human POMC preproprotein in the anterior pituitary. The PC1/3 cleaved POMC at dibasic amino acidesites (lys
arginine) to produce pr& CT H aLRHI Thie preACTH cleaved further by PC1/3 to producddiminal fragment NNOMG..76, joining
peptide (JP) and ACTH. The first 26 amino aciti® sequence beforeeROMC..76, is asignalling peptide (SP) that is suggested to be

cleaved rapidly after or during translation.



1.1.1.2. Hypothalamus and Pars Intermedia
In the hypothalamus and pars intermedia of the pituitary, there is extensive processing
of POMC in comparison to the anterior pituitary. As in the anterior pituitary, PC1/3 cleaves
POMC to the four peptides mentioned earlier. This is followed by furtbawvayes by PC2 to

produce smaller peptides (Fig.1.2).

1.1.1.2.1. Pro-2-MSH Processing

Pro-o-MSH or NPOMCwas first known as the 16 fagment in accordance with its
apparent molecular weight on an electrophoresis gel (Eipper & Mains, 1980). The amino acid
sequence of NP OMC is highly conserved among various mammalian anergrbmalian
species (Denef & Van Bael, 1998yhere only the extreme-términal end differs, mainly
because of one or more amino acid deletions. Rod&®MC consists of 74 residueghereas
the human NPOMC consists of 76 residues and bovin®@®MC of 77 residues. ROMC
contains two disulphide bridges at itst&tminal end, Cys2 paired to Cys24 and Cys8 paired
to Cys20, inducing a hairpin tertiary structure (Seger & Bennett, 1986; Seidah & Chrétien,
1981). It has been reported that this disulphide bridge is essential for sorting POMC to the
regulated secretory pathw@RSP) of the cell (Cool et al., 1995; Cool & Loh, 1994). It also
has an Ainked glycosylation site at threonine (T45) andiiked glycosylation at asparagine
(N65) (Seger & Bennett, 1986; Seidah, Rochemont, Hamelin, Lis, et al., 1981) which is

suggestd to increase the hadliffe circulation of this peptide.

Human NPOMGC.76 has a cleavage site of dibasic argidiysne, which would be
cleaved by PC2 to produce two fragmentsP@MGCi.49 and Lyso-3-MSH (residues 506)
(Zhou et al., 1993). Lys-3-MSH i s al s-8-M3Hmaeitwashaught tlmat PC2 would
cleave the peptide after the lysine residue, but later stadie® w -B-MSHtstarts with the
lysine residue, and it is crucial for tHell biological activity of this peptide (Harmer &
Bicknell, 2005). The Ly®-3-MSH has an argininarginine dibasi@amino acid cleavage site

4



that wil|l under go f ustSHHe r wphr cde swvsa il i g bteo mprdo d

MSH (Harno et al., 2018).

1.1.1.2.2. Joining Peptide Processing

Joining peptide (JP) was the last POMC fragment to be characterised. It was first
described as a 31 amino acid missing POMC sequence identified from the human genomic
DNA studies. Seidah and his group reported the isolation and seduinamaeterisatioof this
peptide from human pituitary extrac@nd since then, it has been callegiaing peptide
(Seidah et al., 1981). They found that this peptide is 30 amino acid residues long and not 31
amino acid residuess in the DNA sequence. They proposed that hissing @erminal
glycineis cleaved during processing and themlergoes amidation at itst€minal glutamic
acid residue. It is secreted from the anterior pituitary as a homodimer (Bertagna et al., 1988),
where the single cysteine residue that is only present in the human peptide structure allows
dimerisationvia the thiol groups, which makes it a unique POMC product. The biological role
of the JP is unclear as its sequence shows a wide species difference (Bertagna et al., 1988;
Jahnke et al., 1983nd whether thelimerisationof any physiological importance as the

cysteine residue is only present in the human JP sequence (Bertagna et al., 1988).

1.1.1.2.3. ACTH Processing
ACTH consists of 39 residues is cleaved by PC2 to a shorter AGTahd
corticotrophinlike intermediate lobe peptide (CLIP), whidpresentthe ACTH fragment 18
39 (Fig. 1.2). Then, the shorter ACTHunder goes three enzymatic
MSH (Harno et al., 2018). First, the enzyme CPE removes {teen@inal amino acids from
ACTHzi.17 to generate ACTH:3, then amidation of the @rminal of ACTH.13 by PAM to
give desa ¢ e tMSH. This is then acetylated at thetdminal by NAT to genera e-MSH.

The biological significance of CLIP is not well understood.

r



1.1.1.2.4. b-LPH Processing

b-LPH i s al so pr oceMSHHd afendorghih @ig. 1.2).dnitiglly, o d u c e
the dibasic site lysirarginine between the-C e r mi nlail p ootf rLBHp) iamd thé N
t er mi preanld oorfphbi n 1 s cl eaved by-LAHG2henpfoeessedey et
atalysLys site by t he sMSHdé&ometsGermral Thislyd ys site ase b
is humanspecificand is not present in the rat or mouse POMC sequence (Harno et al., 2018).
Therefor e, I|-MSHdees hoherisi agsdeparate fpeptitle ifrodents. It is reported
t hat shor t e-endofphira(i3i,e-n6tarsd 12y aire dso presentihepituitary and

brain (Akil et al., 1985).



POMUC Processing in the Human Hypothalamus and Pars Intermedia of the Pituitary
PC1/3

SpP Proopiomelanocortin (POMC)

l

PC1/3 PC1/3 PC2

| l
Pro-ACTH gm0

rC2 1
PC2 PC2 l

l l v-LPH B-endorphin
N-POMC, 74 ap . ACTH |
Loy i !

N-POMC, 4 Lys-y-3-MSH ACTH, 5 CLIP

Fig. 1.2.Processing of the human POMC preproprotein in the human hypothalamus and pars intermedia of the pituitary. In the hy@ottialamu
pars intermedia, PC1/3 cleaves POM® four peptides: NNOMCr.7e, J P, A GLPHH Thee humanfNPOMGC.76 is thought to be
cleaved by PC2 to produceOMGC;.49 and Lyso-3-MSH. Moreover, Lyso-3-MSH can be c¢cl eaveISHHACTRHRC2 t o
39 IS cleaved by PC2 to produce ACTH, whichwi | | be processeMSHUaDH eltPH brdergpes difterent e U
cleavages by PC2 to produce two other active peptiled® H aenrdd dbr fLHPiHN .wi d | be cl eavMSH. further



1.1.2. The Melanocortin Receptors

The POMGderived peptides perform their biological activity through the
melanocortin receptors (MCRs) and opioid receptors. The MCRs family consists of five
members (MC1RMC5R) that share high sequence homology batbng to class A of
G-protein coupled recepto&GPCRs) that act primarily through cAMP as a second
messenger. The MC1R, MC3R, MC4R, and MC5R were found to be activated by
different MSH peptides and ACTkvhile MC2R had an absolute specificity for ACTH.
MSH peptides and ACTH contain a centrdtdapeptide core HistidinPhenylalanine
Arginine-Tryptophan (HFRW), which is essential for receptor binding and activation
(Dores et al., 2016).

MC1R detected ithes k i n , brai n, and i mmune- syste
MS H, and it can b aiSdc tainsld. tdEIR isbnyolved GTihd , b
regulation of pigmentation in the skin and in hair follicles. MG2Rletected in the
adrenal gland, adipose tissue, and skin and shows a specific affinity to ACTH (that will
be discussed in detail below). The MC3R is expressed in the hypothalamic region of the
brain and has a role in energy homeostasis. It is also expressed in the gletigdwers
stomach, duodenum, paeas, heart, testis, ovary, skeletal muscle, and kidney. The
pept i deMSHANd ACTHbindt o M C-BISH showed a high binding affinity
for MC3R among the other MCRs (Dores et al., 2016; Gantz et al., 1993; Slominski et
al., 2000). The MC4R is expressed in the brain and has a role in food intake and energy
homeostasis. MC4R has an equal affigi  fM&H andJACTH (Gantz et al., 1993). The
MCS5R is widely expressed in peripheral tissues such as adipose tissue, muscles, thymus,
prostate, and skin. Thhysiological role of this receptor is not well understood. In mice,
it was found that expression of MC5R is essential for normal thermoregulation and

involved in the regulation of exocrine glasdcretion (Chen et al., 1997). The primary



| i gand ofMSWC5 Rb u ts-MBICar rHdMSHbalso have binding affinity to
this receptor (Gantz et al., 1993).

b-endorphin does not have the HFRW sequence tedefore, does not signal
through the MCRs; instead, it binds with high affinity to tfhepioid receptor. The 41
opioid receptors are expressed in the central brain regionkiding the cortex,
hippocampus, hypothalamus, and brain stem, and are widely expressed in peripheral
tissues, includingtheancr eas, t est i-endorppbilhasarnmpleinenargy ki dn
homeostasis arféeding behaviour and acts as a local pain modulator (Harno et al., 2018;
Slominski et al., 2000).

1.2. Adrenal Gland: Anatomy, Physiology and Growth

Adrenal glands are an important organ for vibeling and survival where early
studies found that animals could not survive bilateral adrenalectomy (Freed et al., 1931;
Fukuda, 1952; Gaunt, 1933). They are a key component difyfi@halamiepituitaryi
adrenal (HPAJaxis that plays a crucial role e body to adapt to stress. They are
endocrine tissues that produce active steroid hormones (glucocorticoids and
mineralocorticoids), catecholamines and neuropeptides. The adrenals are located on top
of the uppeipole of the kidneys (Fig. 1.3and the normal human adrenal is less than 1
cm in width and less than 4 cm in length. They are asymmetrical, with the right adrenal
being pyramidal in shape and the larger left adrenal gland lbegsgenshaped The
adult adrenal gland is enclosed within a capsule of fibroblasts and myofibroblasts and is
composed of two combined endocrine tissues, the adrenal cortex and the medulla, each

having different embryological origins (Yates et al., 2013).



1.2.1. Adrenal Gland Anatomy
1.2.1.1.  Adrenal Cortex
The adrenal cortex surrounds the medulla on all sadesis composed of three
distinct zones: zona glomerulosa (ZG), zona fasciculata é£¥)zona reticularis (ZR).
The adrenal cortex differentiates fully into those three zones by 3 years ofrage the
ZG and ZF are present at birth, but the ZR develops later (Yates et al., 2013). These zones

vary in their morphological features atite steroid hormones they produce.

The zona glomerulosa (ZG) is the outer zone of the cortex, and it is composed of
a thin region of columnar cells arranged in round clusters. It serves as the unique source
of the mineralocorticoid steroid hormone aldosterone as it is the only tissueptiesses
aldosterone synthase (CYP11B2) (Yabu et al., 1991). Aldosterone production is mainly
regulated by theenin-angiotensin system (RAS), but the HPA also causes circadian
variation of aldosterone. This zone is essential for life as aldostesgasponsible for
controlling blood volume and salater balanceand loss of this zone or the failure to

secrete aldosterone may result in death (Gao et al., 2021).

The zona fasciculata (ZF) is the thickest zone of the cortex, as it makes up more
than 70% of the cortex, and it is composed of polygonal epithelial cells that have many
intracellular lipid droplets and arranged in radial columns separated by fenestrated
capillaries. The ZF is the source of the glucocorticoid hormone, corticosterone in rats and
mice and cortisol in humans, of which both have influential effects on metabolism, the

cardiovascular system, and the immune system (Gao et al., 2021; Yate2Gt3)l.,

The zona reticularis (ZR) is the innermost layer of the cortex adjacent to the
adrenal medulla. The ZR is composed of polyhedral cells arranged in alikeesh

structure. It is responsible for the biosynthesis of androgens such as

10



dehydroepiandrostenedione (DHEA), DHEA sulphate (DHEAS) and a low amount of
androstenedionayhichis primarily secreted in humans and higher primates (Gao et al.,

2021). Recent studies have provided evidence that the ZR produces other androgens
called 1loxygenated androgens that include derivatives of androstenedione and

t est ost er o n-bydroyandgpstenediong,1 Al et oandr ost enedi on
hydroxytestosterone and -kétotestosterone (Barnard et al., 2021; Rege et al., 2019).
Those androgens can bsed as a biomarker in disorders and diseases associated with
androgen excessuch as congenital adrenal hyperplasia, castragisistant prostate

cancer and polycystic ovary syndrome (Barnard et al., 2021).

1.2.1.2.  Adrenal Medulla

The adrenal medulles the inner core of the adrenal gland and consists almost
entirely of modified neuronal cells derived from the sympathetic nervous system (Yates
et al.,, 2013). The medullary secretory cells are called chromaffin cells. The main
secretory products are catmlaminesadrenaline and noradrenalivghich are secreted
into the blood in response to activation by acetylcholine and calcium ions. The fact that
the cortical cells and the chromaffin cells contact each other dirasttiiere isninimal,
if any, connective tissue between thetamonstratethe possible paracrine interactions
between the two endocrine systems (EhrBantnstein et al., 1998; Yates et al., 2013).
In addition to the catecholamines, chromaffin cells produce, store, and release an array
of neuropeptides wheresome of which exert a stimulatory effect aortical

steroidogenesis while others are inhibitory (EhHBantnstein et al., 1998).
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capsule
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© 2010 Encyclopaedia Britannica, Inc.

Fig. 1.3. Adrenal gland cross section demonstrating the adrenal zones. A thin fibrous
capsule surrounds the adrenal cortex. The adrenal cortex consists of three zones,
the zona glomerulosa (ZG), zona fasciculata (ZF), and zona reticularis (ZR). The
ZG is the thinnst zone of the cortex. The ZF is the thickest zone of the cortex
and is composed of columns of cortical cells. The cells of the ZR are smaller and
less vacuolated compared to the ZF. The central region is the adrenal medulla
composed primarily of chromaff cells (Obtained from Encyclopaedia

Britannica).
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1.2.2. Adrenal Steroidogenesis

Steroid hormones arsynthesisedn the adrenal glands, the gonads, &he
placenta. The adrenal steroids aymthesisedrom cholesterol, the principal substrate
for all steroid hormones, through a series of enzymatic reactions that take place in the
inner membrane of mitochondria and in the smooth endoplasmic reticulum (Ghayee &
Auchus, 2007; Yates et al., 2013). There taree mechanisms to acquire cholesterol for
adrenal steroidogenesis: uptake of circulating lipoprdteumd cholesterol, hydrolysis
of lipid dropletstored cholesterol esters, and de novo synthesis of cholesterol from
acetylCoA (Payne & Hales, 2004). The steroidogenic enzymes are grouped into two
major classes: cytochrome P48@pendent enzymes and hydroxysteroid dehydrogenases
(HSD). The expression of those enzymes in the adrenal cortex determinssndie
specific steroid hormone that it will produce and provides functional separation of the

three zones.

1.2.2.1. Cytochrome P450dependent Enzymes

Cytochrome P450 refers to a large group of enzymes which have approx. 500
amino acids and a single heme group, with a charactealsdimrption peakt 450 nm in
their reduced states in the presence of carbon monoxide (Payne & Hales, 2004). The
recommended nomenclature for the cytochrome P450 genes is CYP for the human genes.
CYP genes are located on chromosome 1528 Cytochrome P45@ependent
chdesterol sidechain cleavage (P450scc) genes are expressed in all the primary
steroidogenic tissues, the adak cortex and gonads, and mdassic steroidogenic
tissues such as the brain. There are two biochemical classes of P450 enzymes. Type |
enzymes are expressed in mitochondria (e.g., P45@satjype Il enzymes alecalised
in the endoplasmic reticulum (e.g., cytochrome P45dh\&iroxylase also known as

CYP21A2) (Ghayee & Auchus, 2007).
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The conversion of cholesterol to pregnenolone is catalysed by a P450scc also
known as CYP11A1, which is the initial and ritaiting step of steroidogenesis (Fig.
1.4). This step is preceded by a key step which is the movement of cholesterol from the
oute to the inner mitochondrial membrane via steroidogenic acute regulatory protein
(StAR) where the P450scc enzyme is localised (Elustondo et al., 2017). Pregnenolone
then leaves the mitochondrion and undergoes further transformation tostehmd

intermeadiatesin the endoplasmic reticulum.

Two key enzymes in the adrenal catalyse the terminal reactions in steroid
bi osynthesis, and their expr es shydoorylases | i mi
(CYP11B1) and aldosterone synthase (CYP11B2) (Payne & Hales, 2004). Those
enzymes are in the inner mitochondrial membrane, and #uuepal steroidogenesis
requireshe participation and coordination of both the mitochondria andrtieplasmic

reticulum.

Aldosterone synthase appears to be expressed exclusively in adrenal ZG cells
(Payne & Hales, 2004). It catalyses the synthesis of aldosterone frem 11
deoxycorticosterone t hr o u g-hydroxylatiore ef 13 e qu e n 1
deoxycorticosterone, hydkglation of carbon 18, followed by oxidation of the hydroxyl
group at carboii8 to yield the carbeft8 aldehyde group, resulting in the formation of

aldosterone.

The major site of CYP11B1 expression is in the adrenal ZF anavaiist it is
not expressed in the ZG (Payne & Hales, 2004). It can perform the first two catalytic
reactions of CYP11B2however the 18methyl oxidation generating aldosterone is

uni que to the type 2 | S 0 z-lyydnexylatiol€ ¥fPL1 1 B 1 C
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deoxycorticosterone and -Hkoxycortisol to form corticosterone and cortisol,

respectively, in the inner mitochondrial membrane.

Il n humans, the ZF almnydroxyaRe (QYIPL/AL), putx pr e s
in the ZG, which can be described as the gatekeeper towards glucocorticoids and sex
steroid biosynthediysddraxgsecemme tde sl ewmiytdlnr o3 fe |
substrate (Rame & Hales, 2004). This enzyme is not expressed in mouse or rat adrenal

glands leading to the production of corticosterone rather than cortisol.
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Fig. 1.4.Schematic representation of human adrenal steroidogenesis pathway in the three cortical zones. StAR: steroidogeniatacyte regu
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1.2.2.2.  Hydroxysteroid Dehydrogenases (HSDs)

An array of hydroxysteroid dehydrogenases (HSDs) are involved in the reduction
and oxidation of steroid hormones. Thatilise nicotinamide adenine dinucleotide
(NAD+) and nicotinamide adenine dinucleotide phosphate (NADP+) as hydrogen
acceptors and NADH/NADPH as donors of reducing equivalents (Payne & Hales, 2004).
One of the major differences between P4B5@ymes and HSDs isaheachP450
enzymes is a product of a single gene, whereas each HSD is expressed in several
isoforms,and each isoform is a prochwof a distinct gene. The number of isoforms varies
in different species, tissue distributions, catalytic activity (as a dehydrogenase or

reductase), substrate and cofactor specificity, and subcdtuakdrsation

Both the ZG and ZF express highbdoundmount
enzyme and ifocalisedin both mitochondrial and microsomal membranes, depending
on the type of cells in which it is expressed (Payne & Hales, 2004; Turcu et al., 2014). In
the ZG,whi ch does not express CYP17A1, HSD:
progesteroneyhich is the substrate for Zlydroxylase (CYP21A2). This step is crucial
and determine the fate of the precursor to enter the aldosterone synthesis pathway. In the
ZF, as both $D3b2 and CYP17A1 ar e expressed

hydroxyprogesterone is produced and directed to enter the cortisol synthesis pathway.

Most of the adrenal androgens are secreted from the ZR in the form of DHEA and
DHEAS for two reasons: firsthe enzyme CYP17A1 has a Hdd substrate preference
to -Aydroxy pregnenol tydexyprogedteroret sedorfdatne 1 7 U
conversion of DHEA to androstenedione i s
expression in the ZR (Turcu et al., 2014). Aldoste and cortisol leave the adrenal
cortex as end produgtsrhile DHEA and DHEAS require further conversion to active
steroid hormones.g., testagrone and oestrogens, in the gonads and other peripheral
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tissues (Turcu et al., 2014). Rege et al. (2019) reported that adrenal androgen production
is controlled by ACTH and no other hormonal factor has been identified until twow

stimulate adrenal androgen synthesis.

1.2.3. Biological Role of Adrenal Secreted Hormones
1.2.3.1.  Aldosterone
Aldosterone is the primary mineralocorticoid produced by the ZG of the adrenal
cortex. It stimulates renal salt and water reabsorption, as well as increased potassium and
proton secretion and hence maintains blood volume and pressure. It also has reffects o
the cardiovascular system and can cause cardiac fibrosis (Yates et al., 2013). Its secretion
is induced by ACTH and by elevated serum potassium levels. In response to low blood
pressure, the kidney will release the hormone renin into the Jbhdadh will convert
angiotensinogen, secreted from the liver and continuously circulating in the plasma, to
angiotensin I, which is physiologically inactive. Angiotensimdonverted to angiotensin
Il by an enzyme called angiotensionverting enzyme (ACE), whidk found primarily
in the vascular endothelium of the lungs and kidneys (Brewster & Perazella, 2004; Yates

et al., 2013).

Angiotensin Il exerts many effects on different tissues by binding to angiotensin
Il receptor type | or 1. On the ZG, Angiotensin Il stimulates the release of aldosterone,
which will cause an increase in sodium reabsorption and potassium excretiodisiiathe
tubule and collecting duct of the nephron. The effect of angiotensilddkterone on
blood pressure magke hours to appeawhile the effect of angiotensin Il on other tissues
to maintain blood pressure is a faster effect. When angiotensinds bo its receptor in
the systemic arteriolest causes vasoconstriction, while in the kidney, it leads to
increasedsodium reabsorption (Ames et al., 2019). In the hypothalatihedinding of
angiotensin |l to its receptor leads to an increase in thirst sensation, which @auses
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increase in water intake and stimulates-dntretic hormone (ADH) release that will
increase water reabsorption in the kidney (Coble et al., 2015). The net of those actions

leads tancreasedlood pressure.

1.2.3.2.  Cortisol

Cortisolhasa crucial role in the glucose, protein, and fat metabolism of the body.
Moreover, it has effects on the function of the cardiovascular system, the immune system,
and the brain (Yates et al., 2013). The release of cortisol is in a diurnahriwtare its
level increases in the early morning and decreases throughout the rest of the day, and
finally reaching its lowest levels between midnight and 4 Bath acute and chronic
stress leads to an increasecaortisol levels andconsequentlyin dysregulation of this
diurnal rhythm (Ortiz et al., 2022). Toxic stress that is associated with the dysregulation
of cortisol leveldn the long term, especially in childhood, leads to an increase in the risk
of developing cardiometabolic diseases that incld@ddetes, obesity, dyslipidaemia,

hypertension, and cardiovascular disease (Ortiz et al., 2022).

1.2.3.3.  Androgens

The human androgens are synthesised mainly in the ZR of the adrenal cortex and
the gonads. Because adult rat and mouse adrenal glands do not express the enzyme
CYP17A1, they do nosynthesiseadrenal androgens. The adrenal androgens, such as
DHEA, DHEAS, androstenedione ( Ad4) ,
hydroxyandrostenedione (110HA), are produced from the adrenal glands in response to
ACTH and provide a circulating pool to produce more potent cairs, such as
testosterone and oestrogens, in the gonad (Yatds 2013). The biological function of
androgens is linked to reproduction, the development of sexual characteristics and energy
homeostasis. The size of ZR starts to expand around 4 to 5 years of age and continues to
grow throughout the first two decaxdef life, which leads to an increase in the circulating
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DHEAS. This process is called adrenarche, which is the transition period from prepuberty
to adult life ands characterised by the appearance of pubic and axillary hair (Dumontet
& Martinez, 2021; Turcu et al., 2014). As DHEA and DHEAS are mainly produced by

adrenals, they are used as biomarkers for diseases caused by excess androgen of adrenal

origin.
1.2.3.4.  Catecholamines
Catecholamines include dopamine, noradrenaline, and adrenaline. The adrenal
medull a secretes catecholamines that ar e

response, and they are released into the bloodstream as circulating hormones (Yates et
al., 2aL3). Besides the adrenal medulla, catecholamines are also synthesised in the
sympathetic nervous system and the braamd they act as neurotransmitters
(Motiejunaite et al., 2021). In the medullary chromaffin celldyiosineis converted to

L-dopa and lien to dopamine by the action of tyrosine hydroxylase and DOPA
decarboxylaserespectively. Dopamine will be converted to noradrenaline, and this is
converted to adrenaline by the enzymes dopaifihgdroxylase and
phenylethanolamine dhethyltransferase (PNMTjgespectively (Yates et al., 2013). In
humans, a large majority of the catecholamine that is secreted by the medulla is
adrenaline as most of the chromaffin cells express PNMT. The secreted catecholamines
acti vat e-adienesgic ceteptors irfehcardiovascular systeand causeapid

effects including vasoconstriction, increased heart rate, and increase in systemic blood
pressure that ia | | part of the Afight or flighto r

et al., 2013).
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1.2.4. Adrenal Development and Growth
From the late nineteenth century, the time swntistsstarted to be interested
in studying the adrenal glands, there are numerous studies that have been published
regarding embryonic adrenal development, adult adrenal growth maintenance and
adrenal cortex zonation. The adrenal gland originates from twaaigtimbryological
organs the intermediate mesoderm, which gives rise to the adrenal cortex and the

neurectodermyhich forms the adrenal medulla.

1.2.4.1.  Embryonic Development of Adrenal Gland

Both the adrenal cortex and the gonads are generated from adrenogonadal
primordium (AGP) which is derived from aspecialisedegion of celomic epithelium
known as the urogenital ridge, which also gives rise to the kidney. As the AGP grows,
cells express transcription factor genes such as Wilms tumour supgre@att),
GATA-binding protein 4 (Gata4), and steroidogenic fadtd6fl). As development
proceeds, groups of cells separate from the coelomic epithelium and invade the
mesenchymal layer in the imteediate mesoderm. The precursors next to the
mesonephros migrate dorsolaterally to form the gonadal primordium and maintain
expression of Sf1, Wtl, and Gata4 transcription factors. The medial cells that upregulate
expression of Sf1 and downregulate expi@s of Wtl and Gata4 migrate dorsomedially
and converge to establish the adrenal primordium at the cranial pole of the mesonephros.
Thereafter, the adrenal precursor cells combine witleuraicrestderived
sympathoblasts, the precursors of chromaffinscellthe medulla, to form the adrenal

anlagen (Kempna & Flick, 2008; Pihlajoki et al., 2015).

During this stage, the human foetal adrenal cortex consists of a small outer
definitive zone (DZ), an inner foetal zone (FZ) and a transitional zone (TZ) that exists
between those two zones. The FZ appears in the inner cortex and resembles the adult ZF
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with high expression levels of steroidogenic enzymes such as CYP17A1 and CYP11A
and produces large amounts of DHEA and DHEAS. These steroids serve as sources for
the synthesis of placenta oestrogens that are essential for maintaining pregnancy
(Kempné& & Flick, 2008; Pihlajoki et al., 2015). The DZ in the outer cortex expresses
relatively low levels of steroidogenenzymes and emerges with FZ enlargement. In the
prenat al stage, the TZ produces <cortisol
cortisol from the TZ is required for the development of various organ systems in utero
The negative regulation of the foetal HPA axis by this early cortisol synthesis plays a role

in protecting normal female sexual development by inhibiting the production of adrenal

androgens at 8 to 9 weeks poenception (Goto et al., 2006).

The cortisol derived from the cortex also induces the expression of the adrenaline
synthesizing enzyme PNMT in chromaffin cells of the medulla and transcriptionally
regulates the expression of chromaffin sgécific genes and neurgpecific genes.
After birth, the medullary islands consist of chromaffin cells within the cortex that

coalesce to form a contiguous medulla (Hammer et al., 2005; Pihlajoki et al., 2015).

After birth, the large FZ of the foetal adrenal regresses and disappears by 6 months
of age, which causes a reduction of adrenal androgen secretion. The ZR starts to develop
only after 4 years of age and gradually begirsytdhesis@androgens again from around
age 6 to 8, a period known as adrenarche in humans and may not be fully differentiated
before the age of 15 years. The DZ, possibly together with the TZ, develops into the fully
differentiated ZG and ZF by the age of 3 yeararfither et al., 2005; Kepna & Flick,

2008). The complex regulation underlying human adrenal gland zonation and

development is still poorly understood.
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1.2.4.2.  Factors Involved in Adrenal Development and Growth
There are several factors and developmental signalling pathways involved in
the regulatory mechanisms of foetal adrenal development, continuous adrenal cortex
maintenance throughout lifbomeostasis, and repair after injury. The development
factors SF1, WT1 and DAX1 (dosagensitive sex reversal, adrenal hypoplasia critical
region, on chromosome X, gene 1) and the signalling pathways Sonic Hedgehog (Shh)
and winglesg y p echtenib (Wnt/ b-catenin) were found to mediate adrenal

development and adult adrenal homeostasis.

SF1 is a nuclear receptor transcription factor that is a master regulator of AGP
formation and plays a pivotal role in the regulation of adrenal and gonadal
development, function, and maintenafeanley et al., 1999; Val et al., 2007; Lala et
al., 1992; reviewed in Kim & Choi, 2020 and Relav et al., 2028jnplete deletion of
the Sflgene in mice leads to adrenal and gonadal agenesis and postnatal lethality due
to adrenocortical insufficiency (Luo et al., 1994). On the other hand, overexpression of
SF1 ircreases proliferation in human adrenocortical cells, and triggers adrenal tumour
formation in mice and leads to a selective steroidogenic enzyme modulation (Doghman

et al., 2007).

WT1 is a Zn finger transcription factor that is expressed very early in the
developing AGP and the early expression of SF1 in the AGP is under the control of
Wtl (Bandiera et al.,, 2013Wtlgene i s specifically inacti
paediatric kidney tumour, which supports its function as a tumour suppressor gene.
Mutations in theWtl gene in humans have been shown to cause defects in adrenal,

gonad and kidney development (Bandiera et al., 2015; Haber & Housman, 1992).
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DAX1 is an orphan nuclear receptor with unclear biological function. In
humans, DAX1 expression occurs in the developing urogenital ridge, in the AGP as
well as in the foetal and adult adrenal cortex. Besides the adrenal gland, DAX1
expression is restriateto the hypothalamus, pituitary, and testis (reviewd¢eimpna

& Fluck, 2008 andrates et al., 2013).

Studies have shown that knockdown &fax1l results in premature
differentiation of adrenocortical progenitors in mice, further supporting the role of
DAX1 in the maintenance of the stem cell population in the adrenal cortex. DAX1 was
found to act as a eeepressor ofSfl expression, which is crucial for foetal cortex
regression and normal adrenal development and function. Both SF1 and DAX1 were
found to be expressed in all zones of the foetal adrenal as early as 4 weeks of gestation
and maintained throughoptegnancy. The interaction between SF1 and DAX1 and
their role in AGP development is still not fully understood. It is reported that
overexpression of SF1 wtpgulates, among other transcription factors, the expression
of DAX1, which could represent a ntemism to limit the consequences of excessive
SF1 stimulation(Doghman et al., 2007; Suntharalingham et al., 2015; reviewed in

Relav et al., 2023)

Sonic Hedgehog (Shh) is the only Hedgehog ligand that is expressed in mouse
and human adrenal glan(lduang et al., 2010)The expression of Sonic Hedgehog
(Shh) is localised to a population of cortical subcapsular cells where tracing
experiments have shown that Shdsitive cells contribute to the formation of the
definitive cortex and centripetally displace older céisg et al., 2009)Ching and
Vilain (2009) showed that Shh and its downstream effectors, glassaciated
oncogenes (Glil, Gli2, and B), are expressed in the adrenal cortex throughout
development and that Shh is required for normal adrenal organogenesis. They found
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that the inactivation of Shh in the adrenal cortex resulted in severe hypoplasia and

disorganisation of the adrenal cortex.

Various studies have demonstrated that the ZG is a heterogeneous progenitor
cel l compartment t hat -cateninsgignallimgreviewednd by a
Little et al.,, 2021 Hammer & Basham, 2021} .ineage tracing experiments have
identified Glil positive and Shh positive cells as two populations that contain
adrenocortical progenitor¥ing et al., 2009)and reciprocal signalling between the
Shh positive and Glil positive cells coordinates the hedgehog and Wnt signalling
during adrenal homeostasiad regeneratio(Finco et al., 2018)Finco et al. (2018)
proposed that the Shh secreted by the -W¥sponsive progenitor cells in the ZG
activates Shh signalling in th&lil-positive capsular cells. This leads to the
differentiation of Glilpositive cellsvhich are nossteroidogeni¢Sfl negative cells)
to steroidogenic Sfl positive cells and subsequently contribute to all steroidogenic
lineages(King et al., 2009) In addition, Glil activation results in an increased
expression of upstream Wnt ligandg.e Rspondin 3 (Rspo3) in the capsule which
amplifies ligandd e pendent Wn t S i g-catedinl actinity that wilik 1 n d u
signal to the Wntesponsive progenitor cells in the ZG and serve astienmy retained
progenitors that repopulate the adrecaidtex (reviewed byKim & Choi, 2020and

Mateska, 2024)

1.2.5. Adrenal Diseases and Disorders
1.2.5.1. Adrenal Insufficiency
Adrenal glands play a critical role in the endocrine system by regulating and
maintaining mineral balance, glucose metabolism, and early sexual differentiation.
Defects in adrenal development or genetic mutatieadto adrenal insufficiency that
causes severe consequences and diseases. Adrenal insufficiencies are divided into
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primary, secondary, or tertiary depending on the tissue that causes the coedtiem
adrenal, pituitary or hypothalamusespectively. The most common form of primary
adrenal insufficiency is congenital adrenal hyperplasia (CAH). It is an inherited genetic
disease where more than 95% of the cases are causethiation in the CYP21A2
gene (Husebye et al., 2021). That gene codes for the enzyme stehyidr@sylase that
catalyses a key enzymatic reaction in adrenal steroidogenesis, which leadsi¢oaef

in cortisol and aldosterone biosynthesis. This will lead to the disruption of cortisol
feedback inhibition of the HPAxis and result in excessive POM@ptidesecretion

from the anterior pituitary. Excess POMC peptide levialsurn, leado enlargement of

the adrenal gland and excess of androgens secretion.

Familial glucocorticoid deficiecy (FGD) is another type of primary adrenal
insufficiencycharacterised by the failure of the adrenal cortex to produce glucocorticoids.
Mutations in the genes of the ACTH receptor, melanocortin 2 receptor (MC2R), or its
accessory protein MRAP (melanocortin receptor accessory protein) are responsible for

25% and20% of the FGD caseggspectively (Metherell et al., 2005).

1.252. Cushingbdés Syndr ome

Cushingbs syndrome was described in 19
the chronic exposure of the adrenals to excessive circulating levels of glucocarticoids
causing endogenous hypercortisolism. It is divided into two forms: AG@dpéndent and
ACTH-independent. The ACTidependent, also known as pituitatgpendent
Cushing's diseasés characterisethy excessive ACTH production anaccordingly,an
increase in the levels of the other POMC peptides because of corticattepbmas of
the pituitary.These high POMC peptide levels stimulate the adrenal cortex and result in
increasing levels of circulating glucocorticoids, bilateral adrenocortical hyperplasia, and
hypertrophy of thadrenal gland. ACTHnhdependent is caused by a heterogeneous group
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of diseasegsharacterisedby low levels of plasma ACTH and could occur because of

adrenal adenoma or carcinoma (Lacroix et al., 2013e&n et al., 2018).

1.2.5.3.  Hyperaldosteronism

Hyperaldosteronism, which is the excessive release of aldosterone from the ZG,
can be dividedhto primary or secondary. The primary type is caused bgnign tumour
of the adrenal glandand now this type isecognisedas the most common cause of
secondary hypertension (Bioletto et al., 2022). This type leads not only to hypertension
and electrolyte imbalance but is also associated with cardiometabolic complications
(Gallo-Payet, 2016). It can be treated by either terkl adrenalectomy or
mineralocortcoid antagonist therapy (Almeida et al, 2020). Secondary
hyperaldosteronism is caused by a diverse group of dispregys renirproducing
tumour or renal artery stenosis, that increase the activation of thevitd@®, leads to

excess aldosterone production (Galasko, 2015).

1.3. Role of ACTH and N-POMC in Adrenal Steroidogenesis and Growth
1.3.1. ACTH

The synthesis and secretion of ACTH, a 39 amino acid peptide, from the anterior
lobe of the pituitary gland is tightly controlled by the hypothalamus. During stress, the
hypothalamic paraventricular neurons release corticotreqg@asing hormone (CRH)
ard arginine vasopressin (Fig. 1.5). These two peptides stimulate the release of ACTH
from the anterior pituitary that subsequently stimulates the ZF of the adrenal cortex to
produce glucocorticoid hormones, corticosterone in rodents and cortisol in hamdns,
ZR to release androgens. Cortisol has a negative feedback inhibition effect on the

hypothalamus and pituitary to suppress the release of CRH and A€Jpectively.
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ACTH
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Glucocorticoids

Fig. 1.5. Hypothalamiepituitary-adrenal axis (HPAxis). During stress, the
hypothalamus releasesrticotrophinreleasinghormone (CRH) that stimulates
the release of ACTH from the anterior pituitary. ACTH subsequently stimulates
the adrenal cortex to produce glucocorticoid hormones, which have a negative
feedback inhibition effect on both the anterior pituitary and hypathas$ to
inhibit the release of ACTH and CRFespectively.
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1.3.1.1. ACTH Receptor
ACTH acts by binding to the cell surface MC2R, the smallest member of the
MCRs family, in the adrenal cortex. It is reported that MC2R is expressed mainly in the
adrenal cortex and in other tissues such as bone, adipose tissue, ovaries, testes, skin, and
the pituitary (Methereldl et al ., Zayéts) . MC

2016) and mediates normal and stnedated ACTH responses.

It has been found that for the MC2R to be translocated from the endoplasmic
reticulum to the plasma membrang requires an accessory protein termed the
melanocortin receptor accessory protein (MRAP) (Metherell et al., 2005). MRAP is
highly expressed in the adrenal gland, adipose tissue, testis, breast tissues and to a lesser
extentin other tissues (Malik et al., 2015; Metherell et al., 2005; Zhang et al., 2018) and
is expressed in two isoforms in the human genome: MRAP1 (Metherell et al., 2005) and
MRAP2 (Chan et al., 2009). MRAP1 and MRAP2 are small transmembrane proteins that
are orientated in a unique structure across the cell membrane to forparatiel
homodimers or heterodimers (Chan et al., 2009; Sebag & Hinkle, 2007). The
MC2R/MRAP1 complex exsis primarily in the ZF of the adrenal cortex (Gorrigan et al.,
2011), where glucocorticoids are produced. Zhang et al. (2018) reported that MRAP has
an essential role in the regulation of ACTidluced adipose lipolysis and whdiedy
energy balance. Fughmore, mutations in either MC2R or MRARdad to familial
glucocorticoid deyciency (Clark et al ., 2
Novoselova et al., 2018) since MRAP1 is not only required for MC2R trafficking to the
cell surface but also for ACTH binding to the receptor. Babischkial. (2016) found
that high levels of oestrogen suppress the interaction between MC2R and MRAP and

ACTH binding to MC2R.
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1.3.1.2.  Effect of ACTH on Adrenal Steroidogenesis

ACTH has a short halffe in the circulation and exerts an acute or chronic
stimulation effect on the adrenocortical cells. In the acute effect, the increase in
glucocorticoid secretion appears around 5 to 10 minutes after ACTH stimulation and
reaches agak after 15 to 30 minutes (Chung et al., 2011). ACTH binds to its receptor
(MC2R), causing the activation of the adenylate cyclase that converts ATP to cCAMP.
CcAMP is a second messenger that will activate the downstream signalling pathways,
including the AMP-dependent protein kinase A (PKA). PKA phosphorylates and
activates cholesteryl ester hydrolases and StAR, which will increase the amount of
cholesterol delivered to the inner mitochondrial membrane (Aumo et al., 2010). This
causes an increase in thesfiand the ratémiting step of steroidogenesis, which is the
conversion of chol esterol to pregnenol one
activity that directs the precursor molecules to glucocorticoid synthesis. It was also found
that this immediatesteroidogenic response would depend on the expression levels of
MRAP and MC2R at the cell membrarend proteins can be readily trafficked to the

plasma membrane (Chan et al., 2009).

Acute ACTH stimulation is characterised by an immediate release of the
glucocorticoids after synthesiBrolonged ACTH stimulation, hours to days, enhances
adrenal expression of the enzymes and proteins of the steroidogenic machinery. In
parallel, the blood flow within the adrenal gland will increase amtlice adrenal
hyperplasia (Ulrick_ai et al., 2006). Essentially, the HRis system is tightly regulated
by the negative feedback of circulating glucocorticoids. The steroids inhibit the pituitary

secreibn of ACTH, ultimately turning oftheadrenal production of steroid hormones.
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1.3.1.3.  Effect of ACTH on Adrenal Growth and Development

It is long known that removal or destruction of the anterior pituitary results in
adrenal cortex atrophy with almost complete suppression of its secretory activity.
Inversely, exogenous administration of ACTH can regenerate the adrenal cortex to its
original size and activity (Geller, 1964). Since then, several repas beempublished
regarding the role of ACTH in adrenal growth and development. It has been found that
ACTH is required to maintain pregnancy through its actions on steroidogenesis rather
than its effects on adrenal growth d&c2r null mice (Chida et al.,, 2007) have
macroscopically detectable adrenal glands with markedly atrophied ZF at birth. However,
ACTH has an indirect effect on the development of the human foetal adrenal gland. After
15 weeks of gestatiopl\CTH upregulates the expression of other growth factors, such as
insulinl i ke growth factor 2 (1 GF2) and fibrob
found to be a potent mitogenic factmr foetal adrenal cellén vitro (Mesianoet al.,

1993).

ACTH and other POMC peptides are required for postnatal proliferation and
maintenance of adrenal structures and for adrenal steroid hoprmhection (Chida et
al., 2007; Karpac et al., 2009 vivo studies showed that chronic ACTH administration
increases rat adrenal weight and stefmdmoneproduction (Legros & Lehoux, 1983;
Ulrich-Lai et al., 2006). Moreover, chronic ACTH administration in rats causes
hyperplasia in the outer ZF and hypertrophy inner ZF and medulla (‘Waickt al.,
2006). While low levels of ACTH, such as those seen in animals treated with
dexamethasone, resutt adrenal atrophy (Geller, 1964; Thomas et al., 2004; Wright et

al., 1974).

In contrast,in vitro studies have shown that ACTH inhibits the growth of Y1

mouse adrenocortical tumour cells as well as normal adrenocortical cells in culture
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(Hornsby, 1984; Masui & Garren, 197This suggests that ACTH acts as an indirect
mitogen for the adrenal cortex in intact animals. It is reported that the mitogenic effect of
ACTH is mediated via the induction offas and gun gene expression and weak
activation of the ERK pathwaimura & Armelin, 1990; Kimura et al., 1993; Rocha et
al., 2003) The antimitogenic activity is mediated via cCAMP and protein kinase A (PKA)
and involves deactivation of the Akt pathwayMgc degradation, and increased
expression of p27KipXLepique et al., 2004; Lotfi et al., 1997; Rocha et al., 2003)

and Schimmer (200howed that stimulation of tt'AMP-resistanimutant Y1 cells by
ACTH led to the activation of the ERK pathway, indicating that PKA did not mediate the

mitogenic action of ACTH.

1.3.2. Pro-2-MSH (N-POMC)
N-POMC is cesecreted with ACTH from the anterior pituitary during the stress
response. Early studies found thatP®MC could be involved in the physiological

control of adrenal growth and steroidogenesis.

1.3.2.1. Role of NPOMC in Adrenal Growth and Development

It has been found that POMC peptides are required to maintain adrenal
development during pregnancgs Pomc knockout mice showed defective adrenal
development (Karpac et al., 2005; Yaswen et al., 1999). This defect in adrenal
development is linked to the role of the shorteP@MC peptideswhere the levels of
those peptides increased in the circulation of foetal sheep during late gestation, which is
a period characterised by rapid adrenal growth (Saphier et al., 1993). Moreover, it has
been reported thahé¢ intrafoetal infusion of NPOMGC;.77resulted in stimulated foetal
adrenal growth and resulted in a specific increase in ad@&¥RlL7Algene expression
in late gestation, which suggests the role eP@MGC.77 in adrenal growth and
steroidogenesis that occurs before birth (Ross et al., 2000).
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In contrast, evidence from tiomcknockout mice showed that adrenal glands
were present in the animal, although they were significantly smaller than those found in
wild-type animals. Moreover, they had a distinct cortex and medulla with disrupted
cortical architecture, as the ZF was nletacly distinguishable from the Z&oll et al.,

2004) They reported that injection 8fomcnull mice for a period of 10 days with high
ACTH doses (30 pgiwice daily didresult in an increase in adrenal size and restored
corticosterone but not aldosterone levels. However, examination of the adrenals showed
that the increase in size was a result of cellular hypertrophy with no evidence of any
hyperplasia. Moreover, subcutous treatment d?Pomcknockout mice with synthetic
N-POMGCi.28 (10 pg twice daily and for 10 dayBpd no impact on adrenal cortical
morphology and plasma corticosterone ley€lsll et al., 2006) Treatment of th®omc
knockout mice with both NPOMGCi.2sand ACTHi.24 together resulted in upregulation of
steroidogenic enzymes, an increase of corticosterone levels, hypertrophy of the ZF and
regression of the X zone, which is identical to the mice that were treated with:ACTH
alone. The results of these experiments could be viewed as evidence against the role of
the NPOMC peptides in adrenal growth. However, these results should be interpreted
with some caution. As discussed Bycknell (2016),the use of very high (300X
physiological levels) pharmaceuticabses of the peptides should be questioned. The
large doses of the peptides, either alone or in combination, could mask a much more
subtle effect. Moreover, in loAgrm experiments, the stability of the disulphide bridge

in concentrated solutions coulé bisrupted and affect the peptide's biological activity.

Early studies have shown that ACTH shares the mitogenic effect on adrenal
glands with other peptides, which causes the compensatory growth response seen after
unilateral adrenalectomy (Dallman et al., 1p80 has been found that 24 hours after

unilateral adrenalectomy, i.e. the surgical removal of one adrenal gland, the weight, RNA,
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and DNA contents in the remaining glascedramatically increased. This phenomenon
Is called compensatory adrenal growth, and this mechanism has been used to investigate

the mechanisms underlying adrenal growth (Dallman et al., 1980).

Estivariz et al. (1982) reported that treatment of rat adrenal cells WWOMGC,.-
7ealone or in combination with ACTH did not affect DNA synthesis, while when they
used smaller fragments oFROMGCi-76, N-POMCi2sand NPOMG.s9, they found that
the DNA synthesis increased in dose dependant manner ¥WAMBMIC 59 being the more
potent of the N°POMC peptides used. The idea that the mitogenic activity of POMC is in
the extreme N terminal was further reported by Lowry et al. (1983). They treated female
Wistar rats with various aiPOMC antisera 2 hours before unilateral adrenalectomy
and after 24 hourshe weight, DNA, and RNA content of the remaining adrenal gland
were determined. They found that compared to control animals treated with rabbit serum,
rats treated with arACTH antiserunshowed no effect in the increase in adrenal weight
and DNA synthesisput the increase in RNA content and plasma corticosterone
concentration was inhibited significantly. On the other hand, treatment wtR@MI(C:.-

76 and ati-POMGCi.2g antisera inhibited DNA synthesisuggesting a decrease in
hyperplasia. Interestingly, when they used an-ariISH (N-POMGso74) antibody

they found that the increase in the adrenal weight, RNA, and DNA was completely
inhibited. Furthermore, they found thatPOMGC;.4gia9could stimulate DNA synthesis

and mitogenesis. However, since the human anterior pituitary secr&€M{;.7¢iNto

the circulation, this raises the question as to the potential source of these smaller

fragments.

Lowry et al. (1983) proposed thatROMGC,.76is @ mitogenic precursor that must
be cleaved before it can express its mitogenic activity. After 20 years, Bicknell and co
workersprovided evidence for this hypothesis by identifying an adrenal serine protease

34



enzyme that is responsible for the cleavage obpvtSH and named #drenal secretory

protease (AsP) (Bicknell, 2003; Bicknell et al., 2001). They also reported that the AsP
enzyme bound to the cell surface and cleaves the circulating-j&H to give N

POMGC.s2, which has been concluded to be the adrenal mitogenic factor (Bicknell, 2003;
Bicknell et al., 2001). The idea that longePMOMCf r agment s -M8Huact | ncl u
as an adrenal mi togenic factor is-M&8H so pr
based on the finding that the antdVISH inhibited the increase of adrenal weight RNA

and DNA -MSHB (NPOMCi61) is the Nt er mi nal | yMSid xwithe n d e d
phenylalanyi’- amide at its @erminal. This idea is supported by the fih@tN-POMGC-

s9 extracted from human pituitary glands (McLean et al., 1981) has been shown to be the
most potent adrenal mitogenic factors among the othBONC fragments studied by
Estivariz et al. (1982). D vMSHtared NBQMCuU c t ur al
59, It iS possible that the extracted fraction contanketerogeneousiixture of both

peptides.

N-POMGCi2gis a short peptide that represents the first 28 amino acids sequence
of the preo-MSH and is an extraction artefact generated from proteolytic cleavage of the
pro-o-MSH duringthe largescale extraction process of growth hormones from human
pituitaries (Lowry, 2016; McLean et al.,, 1981). Further studies have shown that a
synthetic NPOMGCi2s with the disulphide bridges in the correct position between
cysteine residues 24 and 820 can stimulate the growth of adrenocortical tumour cells
(Fassnach et al., 2003) while modified OMGCi.2g8 without disulphide bridges
prevented atrophy of the adrenal cortex induced by depletion of circulating POMC
peptides, suggesting that the disulphide bridges might be important but are not essential

for N-POMGC..2s to act as a mitogenic factor (Torres et al., 2010).
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N-POMGC.2g elicits its mitogenic effect by activating the mitogactivated
kinase/extracellular signaégulated kinase (MEK) pathway with downstream signalling
via extracellular signalegulated kinases (ERK): ERK1 and ERK2 (de Mendonca et al.,
2013; Fassnacht et.@2003; Mattos et al., 2011; Pepper & Bicknell, 2009) (Fig. 1.6).
Generally, the ERK pathway responds to growth factor signals by phosphorylation of
ERK1/2 that will be translocated to the nucleus and directly phosphorylate transcription
factas (TF) and upregulate the expressainc-Fos and/or €un (Yang et al., 2013).
Moreover, administration of ROMGC..2gto dexamethasone (a synthetic glucocorticoid
to suppress POMC peptide secretion) treated rats induces synthesis phase (S phase) entry
in all zones of the adrenal cortex (Torres et al., 2010) through the upregulation of cyclins
D2, D3, and E that regulatled cell cycle progression from the gap 1 (G1) to the S phase

(de Mendonca et al., 2013; Mendonca & Lotfi, 2011).
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Fig. 1.6.The sgnalling modelproposed by de Mendonca et al. (2013) ePAMGCi-28in
rat adrenal glands during the transition from G1 to S phases. ERK 1/2:
extracellular signatelated kinases 1 and 2, ZG: zona glomerulosa, ZF: zona
fasciculata, ZR: zona reticularis, cell cycle phases Gap 0 (G0), Gap 1 (G1), and

synthesis (S).
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1.3.2.2. Role of NPOMC in Adrenal Steroidogenesis

The role of the different POMC peptides on adrenal steroidogenesis has been
studied extensively. Interestingly, early studies found thatogvM®&H is indirectly
involved in adrenal steroidogenesis by activating the enzyme horsemiséive lipase
(HSL), the enzyme responsible for converting cholesterol ester to free cholesterol and
increasinghe cholesterol pool for steroid hormorgsthesisediuring stress (Pedersen
& Brownie, 1979; Pedersen et al., 1980). Consequently, it has been found that cortisol
ard aldosterone output is increased in rat and human adrenal cells if treated with both
ACTH and prea-MSH in comparison to the samples treated with ACTH only[¥Ajaili
et al., 1981). In contrasthe following studies reported that the ppeMSH has a
suppression effect on adrenal steroidogenesis (Coulter et al., 2000; Fassnacht et al.,

2003).

1.3.2.3. N-POMC Receptor

The precise role of OMC on adrenal steroidogenesis and mitogenesis could
be elucidated by identifying the receptor it acts through. Pedro de Montonca;- a post
doctoral researcher in the Bicknell LabtheUniversity of Reading, started a study to
identify the adrenal NNOMC receptor. They used cloning techniques together with a
magnetic cell separation assay and lighimtling assay to isolaen N-POMC receptor.
Successively, they identified the G protewupled receptor 19 (GPR19), among other
38 orplan G proteircoupled receptors (GPCRS) that are expressed in rat adrenal gland,

to be a possible receptor forDMG.2gin adrenal cells (unpublished data).

1.4. G protein-coupled Receptors (GPCR)
The superfamily G proteinoupled receptors (GPCRs), which are characterised
by s eheleabtratbmembrarstructuresare the largest family among the signalling
receptors in eukaryotes with more than 800 GPCRs in humans (Roux & Cottrell, 2014).
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The GPCRs transduce the extracellular signals across the plasma membrane and into the
cell cytosol in response to activation by a ligand. As a result, a broad range of downstream
intracellular signalss activated, leading to both shoerm effects (e.g., changes in
intracellular cAMP or Ca+ levels) and lotgrm effects (e.g., transcription ospecific

gene(s)) (Bohme & Beekickinger, 2009).

The GPCR downstream effects on a cell signal are mediated through the
heterotrimeric GU, Gb, and Go subunits th
GDP-boundstate. When a ligand occupies its GPCR binding pocket, conformational
changes in the receptor occur that promote the exchange of the tightly bound GDP for
GTP.Thent he act-GVRtedbGWit di ssociates from t
the intracellular effects of ligand binding (van Biesen et al., 1996). Betlactivated
GUGT P a n subu@itb interacivith downstream effectors such as adenylyl cyclase
and phospholipases to modulate different signalling pathways (Smrcka et al., 2008).
There are at | eastsuduotur Gds f f@Uiend, t P@ sa md
G U mcreasentracellular cAMP levels by activating the enzyme adenylyl cyclase that
wi | | activate the reaction of conversion
described as inhibitory as it decreases ad
asa stimulator of phospholipase C that will activate protein kinase C (PKGhamdse
intracellular Ca levels (Liu et al., 2021). The G12/13 proteins act as activators of the
small GTP Ra$thomology A (RhoA) that is regulated by a group of Rho guanine
nucleotide exchange factors (RhoGEFs) that promote the exchange of GDP to GTP

(Worzfeld et al., 2008).

The role of GUs as an oncogene has be
activation of adenylyl cyclase enzyme that will convert ATP into cAMP or by activating
the soluble adenylyl cyclase (SAC) independent epr@eins by high levels of
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bicarbonate and calcium ions (Zhang et al., 2020). Where the increastsacellular

cAMP levels lead to protein kinase A (PKA) activation that subsequently leads to the
activation of the cAMP response element binding protein (CREB). CREB is an important
transcription factor that regulates the expression of several,gealesling oncogenes

c-Jun and cyclin D1 (Steven et al., 2020; Zhang et al., 2020). The tRK¥ CREB
pathway has been identified to play a tumprtomoting role in different tumour type
making it a target for human cancer therapy. In contrast, it has been reported that
phosphodiesterases (PDEs) are responsible for the degradation of cAMP. Where
intracellular cAMP concentrations depend on the relative balance between adenylyl

cyclase anghhosphodiesterasetivities (Zhang et al., 2020).

It has been reported that activation of several GRG#&sare coupled to different
types of |&Us tsausynergistic csosstalk interaction between the activated
signalling pathways. This crosstalk has been foundetw to the amplifying of
intracellular signalling within parallel but separate pathways (Selbie & Hill, 1998). It is
necessary when studying the interaction of a GPCR to its ligand to consider the basal
state of the cellular model that is used and the simedtas pathways that coulse
activated as many agonists may be considered inactive in some cellular models and
active in others. This could explain the conflict between the published reports regarding

a specific GPCR agonist and the signalling pathway(s) it activates.

The activated GPCR undergaissensitisatioandinternalisatiorto endosomes,
which is a protective measure that is tightly regulated by the cell to control
overstimulation and to sustain normal physiology (Rajagopal & Shenoy, 2018). The
downstream signalling pathway of a GPCR is activated when an agonist bindsdo it
peaks within seconds to minutedepending on the type of the GPCR. Moreover,
stimulation of a GPCR over minutes results indésensitisationvhere the response is
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decreased in comparison to the initial respoDssensitisatioms regulated by two major
protein classeghe first class is the kinases that phosphorylate the receptdr,as G
protein receptor kinases (GRKs), PKA and PKC (Rajagopal & Shenoy, 2018). The
second pr ot e i-arrestmg vehils arei resportsible for brecognising the
phosphorylated receptto initiate theinternalisationprocess. Prolonged stimulation of
GPCRs causes receptimternalisationinto vesicles ands targeted to lysosome®r
degradation. This is followed by the downregulation of receptor expression by decreasing

MRNA levels (Smith & Pack, 2021).

The two major mechanisms that are implicated in Gir@#&Rnalisatiorfrom cell
membrane to early endosomes are clathradiated endocytosis (CME) and caveelae
mediated endocytosis. The CME is a complex process that inwblregquestration of
the agonistctivated GPCR into the endocytic machinery that is bound tb-#neestin
protein (Hinze & Boucrot, 2018). Caveolaeediated endocytosis involves flaskaped
cholesterol and sphingolipidch invaginations of the plasma membrane that is known as
cavedae, with a core component of caveolin proteins that are used to concentrate the
signalling molecules. It has been reported that each mechanism involves the trafficking

of the activated GPCR to fuse with early endosomal membranes (Kiss & Botos, 2009).

1.4.1. GPR19

The human gene of GPR19 has been cloned and sequenced by O'Dowd et al.
(1996) and found that it contained an intron less open reading frame of 1245 nucleotides,
which encodes a 415 amino acid protein that is widely distributed in the brain and
peripheralissues. Since its cloning, few studies/ebeen published regarding the ligand
of GPR19 and its biological function and signalling pathway. Hoffmeldlierich et al.
(2004) studied the expression of GPR19 in mouse development and in adult tissues by
northern blot aalysis. They found that GPR19 is predominantly expresstteibrain
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and testis and, to a lesser exteamthe liver, heart, and kidney. GPR19 mRNA expression

Is upregulated in different breast carcinomas when compared to the paired normal tissues
(Rao & Herr, 2017). Kastner et al. (2012) found that GPR19 mRNA was differentially
expressed during the celldg with a peak in $hase and knockdown of GPR19 mRNA

depressed cell proliferation.

It has been reported that GPR19 could be the potential receptor of adropin (Stein
et al., 2016)Adropin is a43-residuepeptide hormone that wdisst isolated in 2008 by
Kumar and his group from liver and brain tissues (Kumar et al., 2008). It has high
expression in lung and breast cancer cells (Kastner et al., 2012; Rao & Herr, 2017). It is
encoded by the enerdgnpmeostasiassociated gene (Enhajd it has a role in metabolic
homeostasis. Recent studies show that adropin can reduce insulin resistdnce a
hepatosteatosis in mice subject to letuced obesity (Ganesh Kumar et al., 2012) and
inhibit water deprivatioanduced drinking (Stein et al., 2016). Stein et al. (2016) noticed
that the GPR19 siRNAyretreated rats consumed significantly more wditdiowing
intracerebroventricular adropin administration than ratstne@ed with the control

SiRNA.

That raises the question if it is possible that both adropiritenddPOMC could
activate the same receptor by binding to the same binding site. However, the study that
reported adropin as the possible endogenous ligand of GPR19 did not have any direct
evidence in the form of ligankinding assay data showing that adropin binds to T9PR
(Kastner et al., 2012; Rao & Herr, 2017; Stein et al., 2016). Interestingly, by comparing
the structure of adropin with-ROMG..2 (Fig. 1.7), we found that both have a #gan
number of polar and ngpolar amino acids and have disulphide bridges that bring the
peptide into a si mi)|tkereforépOssibletmat bbtladouldobindh s h a |
to the same receptor. Furthermore, the activated GPR19 receptor by adropin signals by
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decreasing cAMP accumulation (Rao & Herr, 2017) and significantly increased the
phosphorylation of ERK1/2 (Rao & Herr, 2017; Thapa et al., 2018), the same signalling
pathway that N°NOMC activates in the adrenal gland (Fassnacht et al., 2003; Mattos et

al., 2011; Pepper & Bicknell, 2009).

This studyaims to extend these initial studies. GPR19 is a membrane protein that
must reach its site of action, the cell surface, to perform its function. Regamblished
work in Bicknell 6s {exphessed onihuman emhbrgobic kidfeyr 1 9
293 (HEK-293) cells remains inside the cell and does not localise to the cell membrane.
This raises the possibility that, like the MC2R, GPR19 might need ansacggsotein

to correctly traffic to the cell surface.

MRAP is expressed ithe human adrenal gland, and it is required for normal
foetal adrenal differentiation and proliferation (Gorrigan et al., 2011), and mutations in
MRAP werereported to cause FGD type 2 (Novoselova et al., 20A@)eover, theMrap
null mice showed disrupteatirenadevelopment with no apparent zonation in the adrenal
cortex (Novoselova et al., 2018). In addition, studies showedPtratnull mice have
obesity, adrenal atrophy and altered pigmentation (Karpac et al., 2005; Yaswen et al.,
1999). This reflects the role of POMC peptidespecifically NPOMC, in adrenal
development. The similarities in the phenotygi@racteristics of the MRARull mice
and Pomc null mice trigger the idea of expres$MigAP in the HEK293 cell, which
does not express MRARR¢y et al., P07), and study if it is required for GPR19

translocation to the cell membrane.
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Fig. 1.7. The pedicted shape of the mature protein of adropifR@OMGCi.49 and N
POMGCi2s. The shape of the three peptides is almost similar. The sequence of

adropin and NPOMC was drawn based adhe NCBI Reference Sequence
NP_940975.2 and CAG46625respectively.
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1.5. Hypothesis

GPRA19 is the receptor fo-ROMC, and it possibly requires MRAP to perform

a role in adrenal growth.

1.6. Study Aims

To determine whether GPR19 is the receptor fOMC and to determine if it
requires MRAP for its localisation to the cell membrane and #QWC binding to its

receptor.

1.7. Objectives

Using the human embryonic kidney 293 (HR2KB3) cell line as a cellular model to

investigate the following:

1) To confirm if the genes of GPR19 and MRAP are expressed in the selected wild
type (WT) andstably transfected cell lines with GPR19 and/or MRAPRT-
PCR.

2) To study the protein expression of GPR19 and MRAP in those cell lines by
fluorescent staining (Immunocytochemistry, ICC) and quantified by western
blotting.

3) To determine whether GPR19 and MRA®mM a complex by studying their
cellular colocalisation by ICC technique and reciprocaliconunoprecipitation.

4) To quantify the binding ability of NOMG.2geither unlabelled, Alexa Fluat88
labelled, or biotin labelled in the WT cell line and compare it with the amount
measured for the stably transfected cell lines with GPR19 and/or MRAP using
ICC and ELISA assay.

5) To identify if the longer N°OMC fragments, NNOMGi.49,and NPOMG,.77, and

adropin could compete with the binding offOMGC;-2s.
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6)

7

To quantify the binding ability dbiotin-labelledadropin to the WT cell line and
compare it to the binding capacity of the stably transfected cells with GPR19
and/or MRAP. Then, identify if the binding ability of thetin-labelledadropin
could be competed with theeROMC fragments: -8, 149, and 177.

To investigate the signalling pathway activated after the bindingPONMGC;.28

to GPR19 using phosphorylation of ERK1/2, the cellular cAMP levels,
recr ui t-anestin, and if it cBn induce cell proliferation using the SRE

SEAP vector model.
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Chapter 2: General Methods

Unless stated otherwise, all materials and reagents were purchased from Sigma
Aldrich (Gillingham, UK), Thermo Fisher Scientific (Loughborough, UK), and Melford

(Ipswich, UK) Nucleicacid purification kits were purchased from Qiagen (Crawley,

UK).

2.1. PCR Amplification Protocol

In a 0.5 ml microcentrifuge tupe a 25 ¢l PCR reaction mi
foll ows: 1 ¢l of 10 €M forward and revers

PCR master mix (Thermo Scientific, K1081)
ng/ul) or nucleasdree water if preparing negative controe nd 9. 5 ¢dreeof nuc
water.

The PCR amplification reaction was conducted using Eppendorf MasterCycler®
Nexus Gradient using the appropri®€R conditions (as detailed separately) to amplify
the target gene. The PCR products were then profiled by agarose gel electrophoresis.

2.2. Agarose Gel Electrophoresis

Agarose gel was prepared by dissolving 1% (w/v) agarose in 1X Tris Acetate
EDTA (1X TAE) bufferand the solution was then heated until the agarose completely
melted.SYBR Safe DNA Gel Stain (Invitroger§33102) was then added to the agarose
solution with 1:10,000 dilutiorand the gel was then left to set at room temperature (RT).
The gel electrophoresis apparatus was filled with 1X TAE buffer until the gel was
completely submerged\pproximately 1 pg of the sample was loagdddequired 6X
DNA loading dy (Thermo Scientific, R0611) was added to the sample with 1X final
dilution before loading into the gel, and 10 ul of GeneRuler 1 kb Plus DNA Ladder

(Thermo Scientific, SM1333) was added to a separate lane. Electrophoresis was
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conducted for 30 40 min at 75 V. The products were visualised and imaged using a UV
transilluminator (Syngene U: Genius 3).
2.3. Purification of DNA from Agarose Gel Slice

The QIAquick Gel Extraction Kit 250 (cat 28706, Qiagen) was used to purify
DNA from agarose gel slices. The agarose gel was placed @ark Reader
transilluminator (Clara Chemical Research), andoiwed of interest was excised from
the gel using a scalpel blade and transferred to a 1.5 ml microcentrifuge tube. To the gel
slice, 450 pl of Buffer QGvasadded and incubated at 50°C until it was completely
dissolved. After that, 150 pl isopropanol was added to the sample and mixed. The mixture
was then transferred into a QIAquick spin column with a 2 ml collection tube. The sample
was centrifuged at 16,2@pfor 1 min. Then the flow through was discardad 750 pl
of PE buffer was added to the QIAquick spin column and centrifuged again for 1 min. To
get rid of excess ethanol before extracting the DNA, the collection tube was replaced with
a fresh one and centrifuged again. The DNA was eluted by pldwn@IAquick spin
column into a 1.5 ml microcentrifuge tybe a nd 3 0 -pugel water fwas waddédr a
directly above the QIAquick membrane, incubated at RT for 5 thén centrifuged at
16,200 g for 1 min. Samples were storee?a® C.

2.4. Restriction Enzyme Digestion

In this step both the vector (plasmid) and the insert (purified DNA from
procedure 2.3) werdigested using restriction endonucleases. The endonucleases: 2 pl
were added to 0.5 phicrocentrifuge tubgfollowed by the addition of 2 pl of the 10X
Fast Digest green buffer (B72, Thermo Scientific) to haveX final dilution of the
digestion buffer. Around 1 pg of the plasmid or the ingexs then added to the tube, and

the volume was increased to 20 pl with RN&sewater. The tube was incubated for 15
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min at 37°C in a water bath. The samples then underwent agarose gel electrophoresis and
were purified following the procedure in 2.2. and 2.3.; respectively.
2.5. Ligation

Digested plasmid and DNA insert were ligated using the Rapid DNA Ligation Kit
(K1422, Thermo Fisher). First, the T4 DNA Ligase buffer was added @b pl
microcentrifuge tube at a final concentratairi X. Then, the plasmid and the DNA insert
were added to the tube wi#h1:3 molar ratiofollowed by the addition of 5 units of T4
DNA ligase and the volume made up to 20 pl with RNfaee water. The reaction
mixture was mixed, centrifuged, and incubated at RT for 15 min. The mixture was then
stored at20°C and used for transformation to competent cells.

2.6. Competent E. coli Preparation

The I noue method for o6Ultra Competent 6
published by Sambrook and Russell (2006 s used to prepare DH5L
(E. coli). Around 2 pl of DHSUcompetent cell (EC0112, Thermo Fisher) was inoculated
into 10 ml of LuriaBertani (LB) medium (Appendix A.1). The tube was incubated for 6
hrs at 37°C with vigorous shaking. After incubation, the starter cultureuses to
inoculate threel-litre flasks, each containing 250 ml of LB medium. The first flask
received b ml, the second received 1,mind the third received 2 ml of the starter
culture. All three flasks were incubated overnight a228C with shaking. The next
morning the OD600 of the three cultures was measured and continued to be monitored
every 45 min until an OD600 of 0.55 was awtdd. The flask that achieved an OD600 of
0.55 was then chilled in an iweater bath for 10 minuteand the other two flasks were
discarded. Therthe bacterial culture was dividdadto four 50 ml centrifuge tubeand
the cells were harvested by centgétion at 2500 g for 10 min at 4°C. The media was

discarded, and the centrifuge tubes were stapstiedown on a stack of paper towels
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for 2 minutes to dry. The cell pellet of each tube was then resuspended in 20 ml of ice
cold Inoue transformation buffer (Appendix A.3) by swirlirgond then the tubes were
centrifuged at 2500g for 10 min at 4°C. Again, the media was discarded, and the
centrifuge tubes were storagsidedown on a stack of paper towels for 2 minutes to dry.
One pellet was rsuspended in 20 ml of igmld Inoue transformation buffer then the 20
ml buffer was transferred to the second cell pellet containing tube and sceesuspend
and combine all pellets. After that, 1.5 ml of dimethylsulfoxide (DMSO) was added to
the bacterial suspension, mixed by swirling, followed by incubation on ice for 10 min.
Working quickly, 200 pl aliquots of the cell suspension were dispemted chilled,
sterile 1.5 ml microcentrifuge tube. The competent cells Wasé-frozenimmediately
in liquid nitrogen and then stored on dry ice. Finally, the tubes were sto#&@l %t.
2.7. Transformation

An aliquot of the competent celgasobtained in 2.6. wathawed on ice. To a
pre-chilled 1.5 ml microcentrifuge tube, 50 pl of the competent cell and 10 pul of the
ligation mixture (obtained in 2.5)ere added. Two controlsa positive control using
empty plasmid (had no insert) and a negative control using waes, also prepared to
provide a measure of the efficiency of the transformation procedure. The tubes were then
incubated for 30 minutes on ice. The cells were thendreatked at 42 °C for 45@nds
and then cooled on ice for 1 min. Under aseptic conditions, 250 pl of LB was added to
the cells and incubated at 37°C for 1 hr with shaking. After incubation, 300 pl of the LB
culture was spread on an agar plate containing the appropriate an{iooptendix A.4).
The plates were then inverted and incubated overnight at 37°C.

2.8. Plasmid Amplification and Extraction
The amplified plasmid was extracted from the bacterial culture using either the

Qiagen QIAprep Spin Miniprep kit (2.8.1) treHiSpeed Plasmid Midi kit (2.8.2). The
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buffers of each kit were prepared and stor

before their use.
2.8.1. QIAprep Spin Miniprep Kit

Aseptically, one bacterial colony from the LB agar plates prepared in 2.7 was
transferred t@10 ml LB medium containing 0.1 mg/ml ampicillin (or another antibiotic).
The medium is incubated at 37°C overnight with shaking. The next day, 1 ml of the
bacterial culture was transferred td.& ml microcentrifuge tube and centrifuged for 1
min at 16,200 g. The supernatant was discarded, and the process was repeated a further
two times to combine a pellet of 3 ml bacterial cultliee cell pellet was rsuspeded
in 250 pl of buffer Plfollowed by the addition of 250 pl of buffer P2. The mixture was
mixed by inverting the tube gentlyBitimes and incubated for 1 min at RT. Subsequently,
350 ul of buffer N3 was addednd the microcentrifuge tube was once again inverted 4
6 times and then centrifuged for 10 mins at 16,200 g. The supernatant was then transferred
to a QIAprep Spin column, centrifuged for 1 min at 16,208ngl the flowthrough was
discarded. This step was followed by two washing steps, first with 500 pl of buffer PB
then 750 pl buffer PE and in each step, the tube was centrifuged for 1 min at 16,200 g,
and the flowthrough was discarded. The QIAprep Spin column was then centrifuged at
full speed for 1 mi to remove residual wash buffer. The QIAprep Spin column was then
transferred to a fresh 1.5 ml microcentrifuge tub@ pl of ultrapure water was added
directly above the column membram@d the column was left to incubate for 5 min at
RT. The plasmid was then eluted by centrifugation of the column for 1 min at 16,200 g.
To confirm that the prepared plasmid contains the gene of interest, restriction site
digestion was performed as in 2dAd run on an agarose gel electrophoresis as described

in 2.2. If the gel shows that the plasmid contains the gene of interest, a 15 pl at a
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concentration of 50 ng/pl sample of the eluted plasmid was sent to Eurofins Genomics
for sequencing.
2.8.2. HiSpeed Plasmid Midi Kit

Aseptically, 20 pl of the bacterial culture tiveds prepared in 2.7 was transferred
to @100 ml LBmedium containing the appropriate antibiotic (Appendix A.4). The culture
was incubated at 37°C overnight with shaking. The following day, the 100 ml bacterial
culture was ceanifuged at 6,000 g for 15 min at 4°C. The supernatant was discarded, and
the pelletwasre-suspended in 6 ml of buffer P1. To the resuspended bacterial pellet, 6
ml of buffer P2 was added, mixed by inverting the tube and then inculig®ddfar 5
min. Subsequently, 6 ml of pehilled buffer P3 was added, and the cell lysate was once
again mixed by inversion until it became colourless. The cell lysate was then transferred
to a QIAfilter cartridge (provided with the kit) and left to eduiate at RT for 10 min.
During the incubation, a HiSpeed Tip was equilibrated with 4 ml of buffer QBT. After
that, the cell lysate was filtered in the QIAfilter cartridtigough the equilibrated
HiSpeed Tipand then the HiSpeed Tip was washed with 2@fhiuffer QC. The DNA
was eluted by adding 5 ml of buffer QF to the HiSpeeddnpl then 3.5 ml of isopropanol
was added to the eluted DN#d]lowed by incubation at RT for 5 min. The eluted DNA
isopropanol mixture was filtered througfine QIlAprecipitator module antthen washed
with 2 ml 70% ethanol. To dry the sample from excess ethanol, air is forced through the
module. Finally, the DNA was eluted by pushing 1 ml nucldéeese water through the
module and to increase the DNA yield of the eluted DNKe same 1 ml water was-e
filtered through the module agai®NA concentration was subsequently measured using

a Nanodrop (2000).
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2.9. General Cell Culture Procedure

Cell cultures were established by thawing frozen cell aliquots at 37°C using a
water bath. The aliquot was transferred to a 15 ml centrifuge tube and centrifuged with 4
mi Hanksd Balanced Salt Solution (HBSS)
resuspensionf the pellet in 4 ml seruroontaining growth media (as determined by the
cell line). Cells were inoculated into a 75%tissue culture flaskand the growth media
was increased to 25 ml. The cells were grown to confluence in an incubator at 37°C and
5% (v/v) COp.

For passaging, firsthe media was discarded, and the cells wexghed gently
with 5 ml of HBSS. This process was repeated twice. This was followed with the addition
of 1 ml trypsin and the cells were left to incubate at 37 °C and 5% fGO5 minutes.
The cells were then detached from the flask by gentle tapping, and detachasent
confirmed by microscopy. The cells were then seeded in a new?tssue culture flask
at a 1:10 dilution with prevarmed serum containing growth media to 37 °C. Cells were
passaged in this manner ever 3lays for maintenance or alternately when specific
experiments were being performed.

2.10. Long-Term Cell Preservation

Cells for preservation were grown to confluence. For a 75flask, the cells
were washed twice with 5 ml HBSS and then detached from the flask by adding 1 ml
trypsin. The cell suspension was then transferreal 1& ml centrifuge tube, and 4 ml
HBSS wasadded to it and centrifuged for five minutes at 200 g. The supernatant was
then discarded, and the ceNgreresuspended in 2.7 rof foetal bovine serum (FBS).
0.3 ml of DMSO was then added dropwise, and the cell suspension was slowly mixed.
The cell supension was aliquoted into 1 ml into cryovials and transferred to a Mr

Frosty® (Thermo Scientific, Epson, Surrey, UK). The cells were then frozen overnight
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at-80 °C and in the next day, the vials were transferred to liquid nitrogen dewar for
permanent storage.
2.11. Total RNA Extraction

Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen), following the
manufactureros instructions. Briefly, cell
ml trypsin (TrypLE, Gibco) per well (< 5x10cells). After a 5 min incubation at 37 °C
and 5% (v/v) CQ the aliquot was transferred to RMasefree microcentrifuge tube and
centrifuged at 100 g for 5 min. The supernatant was discarded, and the pellet was washed
with 1 ml HBSS and centrifuged at 100 g for 5 min. The pellet wasispendedvith
350 pl RLT Plus buffer. The cell lysate was then transferred to a gDNA Eliminator spin
columnto eliminate DNA from the RNA sample by placing the column in a 2 ml
collection tube and centrifuging for 30 secomtl®,600 g. To the flovthrough, 350 ul
of 70% (v/v) ethanol was added, mixed by pipetting, and transferred to the RNeasy spin
column in a 2 ml collection tube. The tube was centrifuged for 15 s at 9,600 g, flow
through discardedand 700 pl of RW1 buffer was added to the RNeasy spin column,
which was centrifuged again for 15 s at 9,600 g. RPE buffer (500 ul) was then added, and
the tubewascentrifuged for 30 s at 9,600 g. A further 500 ul RPE buffer was added to
the RNeasy spin column and centrifuged for 2 min at 9,600 g. The RNA was eluted by
adding 30 ul RNasé&ree water directly to the spin column membrane and centrifuge for
1 min at 9,60 g. RNA concentration and purity were subsequently assessed using a
Nanodrop (2000). RNA samples were storeeBat°C.

2.12. cDNA Synthesis (RFPCR)

cDNA was synthesised using the RevertAid First Strand cDNA Synthesis Kit

(Thermo Scientific). An aliquot of 1 e€g of

e | oligo (dT) 18ndthevolmewan@d @0 uPMXt o 12- ¢l Wi
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free water. The following reagents were added subsequently to make the reaction volume
up to 20 Ol : 4 1 of 5 X reaction buffer
(20 U/ 0Ol), 2 el of 10 mMMdAINRPROMU/ML).Bhed 1 Ol
reaction was incubated at 42°C for one hour and terminated by heating at 70°C for 5
minutes.Finally, the samples were stored-20 °C.
2.13. Immunocytochemistry (ICC)

Cells were cultured in 12 well plates containing 10 pg/ml foelyrnithine
(Millipore, USA) coated coverslips. After 24 hours (hrs) of incubation, cells were washed
with HBSS and yxed with 4% (w/v) parafor m:
and then vashed in 1X PB®hosphate buffered saline). Cells wpermeabilisedvith
0.2% (v/v) Tweer0 for 5 min and washed with 1X PBSon-permeabiliseaells were
alternatively incubated with 1X PBS. Cells were blocked with 10% (v/v) goat serum in
1X PBS for 45min at RT and then incubated overnight at 4°C with primary antibodies
in 1% (v/v) goat serum in 1X PBS. Coverslips were then incubated with secondary
antibodies conjugated to Alexa Fluor dyes in 1% (v/v) goat serum in 1X PBS for 2 hrs at
RT, then washed 8mes with 1X PBS. Coverslips were mountedarfluorescent
mounting medium with or without DAPI (Vector Laboratories, Inc, UK), whichsed
for nuclearvisualisation Cells were imaged usinthe ZeissAx i ol mager buor €
Microscope and/othe Nikon ALR ConfocaMicroscope.

2.14. Preparation of Total Cell Lysate

The cells were grown to 880% confluence in 6 well plates. T&avell plate was
placed on ice, then the cell media was discarded, and the cells were washed twice with
ice-cold 1X PBS. The cells were then scraped in 0.5 ml/well 1X PBS, followed by
combining two wells as one sample and transferred to aoidel.5 ml microentrifuge

tube. The samples were centrifuged at 100 g for 5 min at 4 °C. The pellet was resuspended
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in 100 pl of 1:100 mixture of Halt Protease and Phosphatase inhibitor Cocktail (Thermo
Scientific, USA) and RIPA buffer (Thermo Scientific, USA) and incubated in ice for 30
min. The samples were then centrifuged for 15 min at 16,000 and dntCthe
supernatant was transferred to a prechilled 1.5 ml microcentrifuge tube. The samples
were stored ai80 °C.
2.15. Sample Preparation for Western Blotting

Protein content in the total cell lysate, prepared as in 2.14, was detected using the
Pierce BCA protein assay kit (Therr8gientific, USA). The samples were prepared as 1
pg/ul in 2X sample buffer (Appendix A.8 or A.9), heated at 95 °C for 10 min and brought
to RT. The samples were either loaded onto FA&E (sodium dodecyl sulphate
polyacrylamide gel electrophoresis) gel directly or store@d&t e C unt i | anal ys

2.16. Western Blotting
2.16.1. SDSPAGE Gel Electrophoresis

A 20 ug of protein sample was separated by a BioRad Mini Pr8t&pstem
using a 10% (v/v) resolving gel (Appendix A.11) atfib (v/v) stacking gel (Appendix
A.12). The Chameleon dual pstained protein laddet(-COR, 92860000 was loaded,
5 ul, to monitor the apparent sizes of proteins detected. The proteins were separated by
Laemmli discontinuous SDBAGE at 60 V for 15 mimntil the bands passémm the
bottom of the wells, then at 120 V for 90 min at RT using 1X running buffer (Appendix
A.14).

2.16.2. Electrophoretic Transfer Protocol

As the SDSPAGE was completed, the separated proteins on the resolving gel
were transferred to a nitrocellulose transfer membrane (0.45 um, Amersham Protran) by
assembling the following blotting sandwich (from anode to cathode): sponge pad, filter

paper,transfer membrane, gel, filter paper, sponge pad. Any trapped air bubbles were
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removed from each step by rolling over with a plastic tube. The sandwich was placed into
the transblotting apparatus (Mini Trans blot cell BioRad), and thewaskilled with
the transfer buffer (Appendix A.16). The transfer was run for 1 hr at 60 V and RT, the
transfer tank contained an ice pack and a stirrer to keep the buffer circulating and to avoid
build-up of heat or gas bubbles on the electrode.
2.16.3. Immunodetection of Blotted Proteins

After transferring the proteins to the nitrocellulose membrane, the nitrocellulose
membrane was washed for 5 min with 1X IBigffered Saline (1X TBS, Appendix A.18)
andthen blocked with 5% (w/v) dry skimmed milk dissolved in 1X TBS for 1 hr at RT
with agitation. The membrane was then incubated thigprimary antibody in 5% (w/v)
dry skimmed milk dissolved in 1X TrBuffered Saline TweeB0 (1X TBST, Appendix
A.19) overnight at 4 °C. The following day, the membrane was incubated awith
secondary antibgdin 5% (w/v) dry skimmed milk in 1X TBST for 2 hrs at RT. Finally,
BioRad ECL reagent was used for protein band detection (as pee manuf act ur
guideline), and thenembrane was imaged usingCOR Odyssey.

2.17. Statistical Analysis

All statistical data analysis was carried out using GraphPad Prism 8.3.1 software
unless otherwise statetihe data presented asn@an and standard error of the mean of
three independent experiments unless otherwise statedv@nANOVA and tweway
ANOVA statistical tests were used to compare multiple groups of oedading the
appropriate comparisons test. Contrpissitive and/or negative, were used for almost all
experiments and for each experimental conditibe,data quoted was in relation t@th

relevant control. Data was considered statistically significant if teye was < 0.05.
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Chapter 3: Development of a Cellular Model thatExpressesGPR19

and MRAP

3.1. Introduction
3.1.1. Cellular Model
The reason for choosing one cellulrstem includes various reasp@asnong
them the physiological nature of the cell line, the growth and transfection efficiency, as
well as therelevance of the model to address the hypothesis. Nowadays, different
mammalian stable expression ciatle systems are available commercially that easily
allow the integration and expression of the gene of interest. The Flp Recombinase

Mediated Integration techniqegstem(FIp-Inl) is one of the systems that is widely used

to generate stable cdilhesthat expresthe gene or genes of interestthg integration of
the gene of interestt a specifigenomic location of FnE host cell line. This system
is developed using the Saccharomyces cerevigaged DNA recombination system.
This DNA recombination system involves the insertion of a recombinase (Flp) and site
specific recombination callethe FIp Recombination Target (FRT) site into the host
mammalian cell line genome and the expression vector that carries the gene of interest.
This FRT will facilitate thentegration of the gene of interest into the specific site in the
genome of the host cells. This system has naawantages where the generation of Flp
Inl™ stable cell line is rapid, efficient and generates isogenic stable cell lines (Invitrogen.,
2010).

Three different vectors are used in the-Fipystem to generate isogenic stable
mammalian cell lines that express the gene of interest (Invitrogen., Z&d€).the

pFRTlacZeo target site vector (Fig. 3.1.) is used to generate-mFlpost cell line. This

vector containsl) alacZ-Zeocid fusion gene where expression is controlled by the
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SV40 early promoter that allows efficient and hlghel expression of thiacZ-Zeocin
E fusion gene in mammalian cells. The transfected host cell line is then selected for

Zeocir resistance. 2) An FRT site that is inserted just downstream of the ATG initiation
codon of thdacZ-Zeocid fusion gene. The FRT site serves as the binding and cleavage
site for the Flp recombinase. The Zedemasistant clones are then screened to identify
those containing a single integrated FRT site so the resultingnFlpost cell line

contains an integrated FRT site and expressda¢deZeocin fusion gene.

Fig. 3.1.The FlpInE pFRTlacZeo target site plasmid map. This plasmid contties
lacZ-ZeocirE fusion genewhose expression is controlled by the SV40 early
promoter that allows efficient and higgwvel expression of thiacZ-Zeocin E
fusion gene in mammalian cells, FRT site that is inserted downstream of the ATG

initiation codon of thdacZ-Zeocid™ fusion gene that serves as the binding and

cleavage site for the Flp recombinase. (Obtained from Invitrogen. (2010))

Second, the pcDNES/FRT expression vector (Fig. 3.2Wwhere the gene of

interest will be cloned. This vector contains the following elements: 1) human
cytomegalovirus (CMV) immediatearly enhancer/promoter that has the advantage of
high-level constitutive expression of the gene of interest in a wide range of mammalian

cells. 2) hygromycin resistance gethat is important for the selection of the stable cell
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line, and it lacks a promoter and the ATG initiation codon. 3) multiple cloning sites to
facilitate cloning the gene of interest. 4) a FRT site for Flp recombimaskated

integration of the vector into the FIpE host cell line.

pUC ori

Fig. 3.2.The FlpInE pcDNAIS/FRT expression plasmid map. This plasmid contains

human cytomegalovirus (CMV)immediateearly enhancer/promoter site,
hygromycin resistance gene for the selection of stable cell line, multiple cloning
sites to facilitate cloning the gene of interest and FRT site for Flp recombinase
mediated integration of the vector into fip-InE host cell line. (Obtained from
Invitrogen. (2010)).

The third vector is the pOG44 plasmid (Fig. 3.@&hich constitutively expresses
the FIp recombinase under the control of the human CMV promoter. This vector does not
contain an antibiotic resistance marker to allow stable selection in mammalian cells.
After the insertion of the gene of interest into the pcDBI&RT vector, it is co
transfected with pOG44 plasmid into the Hiffp host cell line (Fig. 3.4.). Upon €o

transfection, the Flp recombinase expressed from pOG44 catalyses a homologous
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recombination reaction between the FRT sites that is integrated -dnHhost cell line
and on pcDNAS/FRT. This leads to the insertion of the pcOMAFRT construct into
the FlpInl host cell line genome at the integrated FRT site. This brings the hygromycin

resistance gene downstream the SV40 promoter and the ATG initiation codon (from

pFRTlacZeo) and inactivates thiacZ-ZeocirE fusion gene. Thus, stable Hipl

expression cell lines can be selected for hygromycin resistance.

Fig. 3.3. The plasmid map of F}YnE pOG44. This plasmid expresses the Flp
recombinase under the control of the human cytomegalovirus (CMV) promoter.
(Obtained from Invitrogen. (2010)).
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Fig. 3.4.lllustration of the Flpinl" recombinasenediated integration system. (Obtained

from Invitrogen. (2010)).
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3.1.1.1.  Flp-InE -293 as a Cellular Model

The FlpInE -293 was chosen as the cellular model to perform the experimental
evidence to support the hypothesis. HE®3 is a humamembryonic kidney cell line.

Since its development, this cell lifas been widely used in cell biological research
because of itsease of growth and transfection. HR2R3 cells can be used for
heterologous expression, both transient and stable expression, of various proteins of
interest.It was developed by the&cientistsAlex Van der Eb and Frank Graham in 1973

at the University of Leiden, Netherlands. This cell line was made by transforming human
embryonic kidney cells with adenovirus type 5 DN#hichresulted in the incorporation

of approximately 4.5 kilobases from the viral genome into human chromosome 19 of the
HEK cells (Thomas & Smart, 2005). The number 293 came from Graham's habit of
numbering his experiments, where the original HE3 cell clone was from his 293rd
experiment. It has been published that HEX3 expresses statistically significant levels

of GPR®B mRNA ( Atwood et al ., 2011) . However
MRAPb (Roy et al ., 2007). It is critical t
a receptor as it should express all the proteins and enzymes required for the post
translation modifications of this receptor as well as all tHewnstreammediated

signalling machinery.

In our lab, two stably transfected HE293 cells were prepared by Dr. Elizabeth
Lander usingthe Flp Recombinasd&lediated Integration technique to introduce a
plasmid that carries rat GPR19 gene (rGPR19, Appendix B.1) intdnElg293 to
generate a HEKR93/GPR19 transformed cell line. The second stable cell line is
transformed with a different plasmid that carries rtGPR19 and mouse MRAP (MMRAP,
Appendix B.2) genes to have the transformed cell line 2BB/GPR19/MRAP. A third

stably transfected HEK293 cell Ine is transfected by a plasmid that carries only the
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MMRAP genedhat was prepared by me, whiefll be discussed later in the results section
3.4.

It is important to mention that the rGPR19 gene is amplified from rat cDNA by
Pedro de Mendonca (a previous pdsttoral researcher in the Bicknell lab) and inserted
in a plasmid containing the intera@bosomal entry site (IRES) sequence followed by
the coding sequence of the fluorescence protein mCherry (Fig. 3.5 A). This plasmid
allows the expression of both proteins separateig the expression of the rGPR19 is
traced by checking the expression of the mCherry protein. This is followeatieby
preparéion of two different pcDNA5S plasmids by Dr. Elizabeth Lander. Where the
rGPR19 gene is amplified from the IREBE8Cherry plasmid using primers that had
restriction site cleavage at BamHI and HindlIl (Table 3.1) and then inserted in pcDNA5
plasmid that is djested by BamHI and Hindlll digestive enzymes (Fig. 3.5 B) and is used

for the generation of the cell line that overexpressed GPR19.

A EcoRI -
EcoRl WESSSSSSSS BamHI s 5;(
rGPR19 L RES.m. = 5 mRESm
Amplified BamHI 7 Chery Cherry
from rat cDNA :
B
HindIll Hind[[L o
a N a?(
g ( RES-m- Bagpy = PEDNAS =) | pcDNAS
BamHI " Cherry +

Fig. 3.5. The rat GPR19 (rGPR19) gemas amplified from rat cONA by Pedro de
Mendonca and inserted in IRESCherry plasmid (A)Then it was cut using
BamHI and Hindlll digestion enzyme and inserted in pcDNA5 plasmid (B) to be

used for the generation of anerexpressed GPR19 cell line.
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Table. 3.1. Designed primers used for the amplification dhe rGPR19 gene from
IRES-mCherry plasmid that is carrying the rtGPR19 gene.

Primer Type Primer Sequence (5-3")
GPR19FHindlll TAAGCAAAGCTTATTATGGGTTTTGATCACAGA
GPR19RBamHI TGCTTAGGATCCTTAGAAATTAGACAAAAGTGT

The mMMRAP gene was amplified from pcDNA3.1 plasmid donate®by.i
Chan (William Harvey Research Institute, London) and inserted in pIRESP
(enhanced green fluorescent protein) plasmid using BstX1 and Notl digestive enzymes
(Fig. 3.6 A) with the EGFP gene to be lost during this digestion step, fffeerGPR19
gene is amplified from the pcDNA5 plasmid and inserted in the same plasmid using
EcoRI and BamHI digestive enzymes (Fig. 3.6 B). Both the mMRAP and the rGPR19
genes are cut from this plasmid ushgtl and Nhell digestive enzymes and inserted into
the pcDNA5 plasmid (Fig. 3.6 C) to be used for the generation of the cell line that
overexpresses GPR19 and express MRAP with IRES directing the expression of both

proteins separately.
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Fig. 3.6.The mMRAP gene is amplified from pcDNA3.1 plasmaichich is a donation
from Dr. Li Chan (William Harvey Research Institute, London) and inserted in
pPIRESEGFP plasmid using BstX1 and Notl digestive enzymes (A) where the
EGFP is removed from the plasmid and MRAP gene is inserted., Then
rGPR19 gene (for more information, see Fig@rB) is insertedn the same
plasmid using EcoRI and BamHI digestive enzymes (B). Both the mMRAP and
the rGPR19 genes are cut from the IRESFP plasmid using Notl dnNhell
digestive enzymes and inserted into pcDNA5 plasmid to be used for the

generation of GPR19/MRAP overexpressing cell line (C).
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3.2. Aims

1)

2)

3)

To develop a stably transfectedll line thatexpresses the mMMRAP gene
beside the two cell lines that are oespressed rGPR19 and over
expressedGPR19 and mMRAP.

To confirm the endogenous gene expression of hGPR19 and the lack of
hMRAP expression in the selected wilge cell line and the expression

of rtGPR19 and MMRAP inserted genes in the generated stably transfected
cell lines by RTPCR.

To study the localisation of GPR19 and MRAP in those cell lines by
fluorescent staining (ICC) and to quantify their total protein expression by

western blotting.
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3.3. Methods
3.3.1. mMRAP Gene Plasmid Construction
The mMRAP gene that is used for the MRAP stable expression cell line
preparation was amplified from the GPR19/MRAP pcDNAS plasmid (Fig. 3.7) and then
introduced alone into the FIpE -293 cells using the Flp Recombinddediated

Integration technique.

HindIIT
~

HindIll

s/ &y

= B = _
BamHI+  pcDNAS + papy™  PCDNAS — pcDNAS

2, \
e’ffa

Fig. 3.7. The Mouse MRAP (mMMRAP) gene containing plasmid is prepared by
amplifying the mMRAP gene from the GPR19/MRAP plasmid using primers in
Table 3.2 and both the amplified gene and pcDNA5 plasmid are digested by

BamHI and Hindlll digestive enzymes and then ligated together.

3.3.2. PCR Amplification Protocol

The PCR reaction mixture was prepared as discussed in section 2.1. The forward
and reverse GPR19 and MRAP primers (Table 3.2 and 3.3) were designed using
PrimerBlast (https://www.ncbi.nim.nih.gov/tools/prirdgast/) and were purchased
from Sigma.

The PCR amplification reaction was conducted using Eppendorf MasterCycler®
Nexus Gradient as follows:

1) The PCR conditions used to amplify a target frantDNA sample were as

follows: initial denaturation at 94°C for 90 sec, followed by 35 cycles of three
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step cycles: denaturation at 94°C for 20 sec, primer annealing at 62°C for 20 sec,
andextension at 68°C for 90 sec.

2) The PCR conditions used to amplify a target from a plasmid, e.g., the GPR19 and
MRAP gene, were as follows: 5 cyclesthe threestep cycle: denaturation at
94°C for 20 sec, primer annealing at 55°C for 20 sec, then extension at 68°C for
90 sec. These 5 cycles were followed by 35 cycles of astem cycle:
denaturation at 94°C for 20 sec, annealary] extension at 68°C for 90 sec.

The PCR products were then profiled by agarose gel electrophoresis (section 2.2).

Table 3.2. Designed primers used for amplification of the mMMRAP gene from the
GPR19/MRAP plasmid

Primer Type Primer Sequence(5™--3") Product size

MRAPFHindlll TAAGCAAAGCTTATGGCCAACGGGACCGACGC
319 bp

MRAPRBamHI| TGCTTAGGATCCTCAAGCGTAGTCTGGGACGT
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Table 3.3. Designed primers used for amplification of target genes in different cell

lines.
_ Product
NCBI Reference | Primer _ R _
Gene Start | Stop Primer (5--3") Size
Sequence Type
(bp)
Forward| 559 | 581 | CAAGGTCATCCATGACAACTTTG
GAPDH | NM_002046.7 496
Reverse| 1054 | 1033| GTCCACCACCCTGTTGCTGTAG
Forward| 266 | 285 | GCAAGGGCTATTCCTGACCA 1434
Reverse| 1699 | 1679| TCCCTTGGAAAGTTGAGTGAA
hGPR19* | NM_006143.3
Forward| 432 | 451 | CTGCACTGAAACAGCCACAC 1069
Reverse| 1500 | 1481 | AGTTTTGGCCATGGAAGGGA
Forward| 189 | 208 | CCCTGTGGTTACTGCTACCC
rGPR19 | NM_080579.1 1067
Reverse| 1255|1236 TGGCCATCCTTGAACTGGTC
NM_206898.1 178 | 197
NM_178817.4 178 | 197
Forward TGCCACAGACATGGCCAACG
XM_006724028.3 108 | 127
XM_017028407.1 104 | 124
hMRAP** 213
NM_206898.1 371 | 390
NM_178817.4 371 | 390
Reverse ATCTGCGGGGAGGCGGACCA
XM_006724028.3 301 | 320
XM_017028407.1 297 | 316
Forward| 422 | 442 | ACCTCATTCCTGTGGACGAGA
MMRAP | NM_029844.4 287
Reverse| 708 | 689 | AGAAGGACTCTGCTGCGTTA

* The two hGPR19 primer paifsave been designed where the first pair detects the full

length gene, and the second pair detactsddle sequence of the gene.

** The hMRAP gene has 5 different variangad it was difficult to design one pair of

primers to detect all the variants. One forward primer is designed to bind to four different

variants.
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3.3.3. Restriction Site Digestion and Ligation
The mMMRAP amplified gene was purified from the agarose gel following the
purification protocol in section 2.3. Thewoth the FlpinE pcDNAE 5/FRT expression
plasmid and the purified gene were digested using the restrataionucleases Hindlll
(FD0O504, Thermo Scientific) and BamHI (FD0054, Thermo Scientific) folloviirey
protocol in section 2.4. The digested pcDNAS plasmid and the purified genes are ligated
following the ligation protocol in section 2.5.
3.3.4. Transformation, Plasmid Amplification and Extraction
The | igation mixture was obtained 1in
Escherichia coli (E. coli) competent cells following the protocol in section 2.7. The LB
culture was spread on an ampicHtontaining agar plate (Appendix A.4Qolonies were
picked and plasmid wasxtracted using a QIAprep Spin Miniprep kit following the
protocol in section 2.8.1. Around 15 pl at a concentration of 50 ng/ul of the extracted
plasmid was sent to Eurofins Genomics for sequencing. If the sequence of the GPR19
and MRAP genes was correct and complete, a greater quantiinamgfectiorgrade
plasmid was prepared using the HiSpeed Plasmid Midi Kit following the protocol in
section 2.8.2.
3.3.5. Flp-InE -293 Stable Cell Line Generation
Flp-InE -293 host cell line (Invitrogen, supplied through Thermo Scientific,
Epson, Surrey, UK) was grown in 25 ml of seraontaining DMEM (Gibco) growth
media (Table 3.4). Subsequently, the cells were seeded onto each welvetlpkte.
Once the cells hackached a density of 50%, the media was removed, and the cells were
transfected with the transfection mixture. The transfection mixture was prepared as

follows: for a single well 3 00 ¢ Hree®WMEMswas added to a sterile 1.5 ml

microcentrifige t ube together with 9 ¢l Tur bofect

71



l ncubated at RT for 5 min. Then, 2.7 ug o
plasmid that was prepared in section 3.&ere added to the solution, vortexed and

i ncubated for 20 minutes at RT. The 300
dropwise to a single well and incubated fe6 Brs. The transfection mixture was then
removed by aspiratigrand a fresh 2 ml of serugontaining media was added to the

cells. After 24 hrs, each transfected well was washed with 3 ml HBSS awmigt¢he cells
weredetached by adding 1 ml of trypsin and transferred into two 60 mm dishes or two

wells ofa 6-well plate. 5.5 ml oberumc ont ai ni ng DMEM medi a con:
hygromycin B to select only the cells that were transfected with the pc5DNA plasmid

was then added to each welhd the cells were incubated at 37°C and 5%. E®ery 3

to 4 days the medium was removed, and the cells washed with 3 ml HBSS, followed by
replacement of the medium to remove the dead cells. After 14 they<xells were
trypsinisedand transferred to a 25 éiftask for expansion of the new cell line. Cells were
passaged in this manner every 3 to 4 days for maintenance following the general cell

culture procedure section 2.9.
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Table 3.4. DMEM (Gibco) growth media for thewild -type and transfected cell lines

WT cells Transfected cells
Reagents added to 50(
) Serum Serum Serum Serum
ml DMEM, Gibco _ _
Media Free Media Free
foetal bovine serun
_ 10% (viv) - 10% (viv) -
(FBS, Gibco)
glutamine (GlutaMAX,
) 1% (viv) 1% (viv) 1% (viv) 1% (viv)
Gibco)
streptomycin an¢ 100 €| 100 €| 100 €| 100 ¢
penicillin ~ (PenStrep| and 100 and 100 and 100 and 100
Gibco) u/ml u/ml U/ml U/ml
Hygromycin B
yoromy - - 100 €| 100 ¢
(H750201, Melford)

3.3.6. GPR19 and MRAP mRNA Expression

To study the expression of the GPR19 and MRAP genes in theypidand
transformed cells, total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen) as
described in sectioB.11. Thenthe cDNA was synthesised usingRTR, as described
in section 2.12. The GPR19 and MRAP genes were amplified from the cDNA sample
using the PCR protocol in section 3.3.2. The specific primers used for the amplification
of hGPR19, rGPR19, hMRAP, and mMRARe listed in Tabl&.2.

3.3.7. GPR19 and MRAP Protein Expression in the Cell Lines

To investigate the protein expression of GPR19 and MRAP in thetyyiland

transformed cell lines ICC and western blotting were used. It is important to note that the

MRAP gene is tagged witan HA-Tag so for ICC and western blottinthe antiHA-

Tag was used to detect its expression.
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3.3.7.1.

Immunocytochemistry (ICC)

The ICC technique was performed as described in section 2.13. The cells were

incubated with 3 pg/ml of the primary antibodies that are listeGaiole 3.5 and then

incubated with theecondary antibodies conjugateditexa Fluor dyes: Alexa Fluor 488

goat antimouse 1gG (A11001, Invitrogen) and Alexa Fluor 546 goat aabbit IgG (A

11010, Invitrogen), at 1:200 in 1% (v/v%) goat serum in 1X PBSc&hewere mounted

in afluorescent mounting medium without DAPI (Vector Laboratories, Inc, UK). DAPI

is adye that is used for nuclewmisualisation It has a broad spectrum that witerfere

with the Alexa488 dye,which will develop a false positive result. Cells were imaged

usinga Nikon A1R Confocal Microscope and 460 lens.

Table 3.5. Primary antibodies used for ICC technique.

_ Immunogen and
No. | Antibody Catalogue Number .
Epitope
. Peptide conjugated wit
Mouse Monoclonal anti _ .
1 [1B5] ab167140, abcar an epitope in the N
GPCR GPR19 _ .
terminal portion.
5 Rabbit Polyclonal artHA | ChIP grade ab9110 YPYDVPDYA
tag abcam conjugated to KLH

74




3.3.7.2.

Sample Preparation and Western Blotting

The cell lysate of the four cell lines was prepared following the procedure in

sections2.14 and 2.15. The western blotting was performeehasection 2.16. The

primary antibodies that are used to detect GPR19, MRAP protein and the loading control

antibody (antiactin) are listed in table 3.6 with the dilution factor that was used. The rec

protein Gperoxidase conjugate (1223, Thermo Fisherjvas used as secondary

antibody with 1:4000 dilution in 1X TBST containing 5% (w/v) skimmed milk.

Table 3.6. The primary antibodies that

western blotting.

are used to detect GPR19 and MRAP in

. Catalogue . Dilution  Factor
No. | Antibody Immunogen and Epitope
Number for WB
1:1000 5% (w/v)
Mouse monoclona A85278, | YPYDVPDYA . o
1 . o _ skimmed milk in
antrHA-Tag antibodies | conjugated to KLH
1X TBST
. Synthetic peptide derive| 1:2000 5% (w/V)
Rabbit Polyclonal A97504, . o
2 . o from human GPR19 (ai skimmed milk in
ant-rGPR19 antibodies
361-410) 1X TBST
a  synthetic peptid{ 1:1000 5% (w/v)
3 Rabbit Monoclonal #4970, cell corresponding to residug¢ skimmed milk in
anti-b-actin signalling | near the aminderminus| 1X TBST

of h u-acénprotdin.
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3.4. Results
3.4.1. Generation of Stable FIpInE -293 that Express mMMRAP Gene
To generate this cell line, firgshe MMRAP gene was amplified by PCR from the

GPR19/MRAP pcDNA5 plasmidsing the primers ifable 3.2. to produce a 319 bp
product that was subsequently separated using agarose gel electrophoresis (Fig. 3.8).
Then, the PCR product was purified from the agarose gel and both the=FijpcDNA
I'5/FRT expression plasmid and the purified mMRAP gene were digested using the
Hindlll and BamHI endonucleases and analysed by agarose gel electrophoresis (Fig. 3.9).

The restriction site digested plasmid and the gene warified from the gel and then

ligated together using the Rapid DNA Ligation Kit.

Ladder mMRAP

1500 ==

500 — 319bp

Fig. 3.8.Agarose gel electrophoresis of amplified mMMRAP gene using PCR. The band
match the expected size of the mMMRAP gene of 319wpch confirmsthe

amplification of the correct gene.
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Ladder mMRAP plasmid

Fig. 3.9. Agarose gel electrophoresis of Hindlll and BamHI endonucleases digested
MRAP gene and FKnE pcDNAE 5/FRT expression plasmid. The band match
the expected size of both the MRAP gene at 319 bp and the plasmid at 5070 bp.

This plasmid was then transformado DH5U ¢ o mp e t tereetcolonies! | s ,
were picked and grown, and the plasmid was isolated using the QIAprep Spin Miniprep
kit. The isolated plasmid was subject to restriction site digestion using the Hindlll and
BamHI endonucleases to confirm the presence of the MRAP gene jtadmeid (Fig
3.10).From this analysis, it was identified that the plasmid contained the desired insert
and confirmed that it contained the complete MRAP gene sequence. A sample of the
extractel plasmid was sent to Eurofins Genomics for sequencing. After confirming that
the pcDNAS/FRT plasmid contains the correct and complete sequence of the mMMRAP
gene,a greater quantity of transfection grade was prepared usirtdiSpeed Plasmid
Midi kit to be used for FIgnE -293 transfection.

After the cells were transfected with thEeDNAS/FRT plasmid carrying
MMRAP, the cells were grown with DMEM media containing selection hygromycin B

concentration (200 pg/ml) for 14 days. This concentratvaschosen after growing the
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cells in different hygromycin Boncentrations, and it has been found that the 200 pg/ml
hygromycin B concentration was the appropriate concentration to kill theunsfected
cells and to grow the transfected ceféter 14 daysthe cells were transferred to a larger

flask to allow expansion of the new stable cell line.

A Ladder B
—_C -
m:héiz%%%%:;;;
5000= [S— plasmid | §.§.§fé§££ﬁ£§§%l§ |
1500 T I T

mMRAP

500 =
mMRAP

Fig. 3.10.A) Agarose gel electrophoresis showing-Fig pcDNAE 5/FRT expression
plasmid in which mMMRAP gene has been inserted. The plasmid has been digested
with Hindlll and BamHI endonucleases to confirm the presence of the insert at
319 bp. B) Map of the pcDNA5/FRT plasmid multiple cloning sites. The point of
inserion of the mMMRAP sequence into the pcDRA/FRT plasmid is irthe

correct orientation with respect to the CMV promoter.

3.4.2. GPR19 and MRAP mRNA Expression in WildType and
Transformed Cell Lines
Thenext aim of this project was to investigate the gene expression of GPR19 and
MRAP in the wildtype cell line, HEK293, and the transformed cell lines, GPR19,
MRAP and GPR19/MRAP. This aim was achieved usingAR. First, the purity and
integrity of the eracted RNA sample were confirmed before the synthesis offiatd
cDNA of GPR19 and MRAPas poorquality RNA can give a falseegative result.
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Nucleic acids (DNA and RNA) have absorbance maxima at 260winbe protein
absorbsat 280 nm. Therefore, the 260/280 ratio is used as a good estimate of the level of
protein contamination in the RNA sample. Pure RNA has a 260/280 absorbance ratio of
2. However, values between 1.8 &h@ are considered acceptable as pure RNA samples.
The integrity of the extracted RNA sample was confirmed by running the RNA sample
on a 1% (w/v) agarose gel electrophoresis to detect the two ribosomal RNA subunits. The
upperribosomal band (28S) should be about twice the intensity of the lower band (18S)
(Fig. 3.11). If they were of the same intensity, this suggests that some degradation had

occurred.

Ribosomal 28S and 18S RNA
subunits bands

GPR1Y/
Ladder WT MRAP GPR19 MRAP

28S

18S

Fig. 3.11.Agarose gel electrophoresis of the isolated RNA sample from the four cell
lines. The ribosomal 28S and 18S RM@bunit bands are indicated, which
confirms the integrity of the isolated RNA sample; therefdrean be used for
cDNA synthesis of GPR19 and MRAP genes in those cell lines.
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Moreover, to assess that the fisstand cDNA was efficientlgynthesisedRT-
PCR was performed for the housekeeping geghiceraldehyde -phosphate
dehydrogenase (GAPDH). The GAPDH produadsand of approximately 500 bp (Fig.
3.12), which means the cDNA was successful; therefore, any negative result obtained

from the RTPCR of a gene of interestdsie to the usexpression of that gene.

GAPDH

GPR19/
Ladder W MRAP GPR19 MRAP

- .lll

Fig. 3.12.Agarose gel electrophoresis of the cDNA samples from the four cell lines. The

GAPDH band is indicated in the four cell lineghich means that the cDNA
synthesis was successful and can be used for the synthesis of GPR19 and MRAP
genes in those cell lines. Negative contumhs side by side with the samples

(images are not shown).

The presence of human mRNA transcripts encoding hGPRhE HEK-293 cell
line was verified using the primer listed in TaBl&, with the correct product size being
obtained at approx. 1400 bp and 1000 bp in primer pairs 1,aesp2ctively (Fig. 3.13).
The RTPCR results for hNMRAP agree with the finding of Roy et al. (2007) as neither
MRAP isoforms are not expressed in HR2E3 (Fig. 3.14 A). The efficiency of the

designed hMRAP primers was checked using the cDNthefhuman breast, testis and
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adrenal as it has been published that MRAF
(Metherell et al. (2005). The RPCR gave a positive result for the primer pairs in all

three tissues (Fig. 3.14 Bjhe expression of the inserted rGPR19 in the transformed cell

lines, GPR19 and GPR19/MRA#as confirmedas shown in Fig. 3.15. The expression

of the inserted MMRAP in the MRAP and GPR19/MRAP transformed cell lines was also
confirmed by using primers designed for mouse MRAP (Fig. 3.15 B and Fig. 3.16

resgectively).

WT

hGPR19
Primer 1 Primer 2
+ - -+ -

Fig. 3.13. Agarose gel electrophoresis of HEX3 cell line for hGPR19 gene. The
expression of the endogenous hGPR1&WeHEK-293 cell line is confirmed as
the first pair of primers that amplifies the fidéihgth hGPR19 gene gave a PCR
product of 1400 bp, while the second pair of primers that amplifies the hGPR19
geneproduce 1000 bp cDNA product.
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B
Human cDNA
Breast Testis  Adrenal
1500bp —
S00 bp —

Fig. 3.14.Agarose gel electrophoresis of HE23 cell line for hMRAP gene. A: The
RT-PCR of the endogenous hMRAP produce negative results as ex@ethd
MRAP gene is not expressed in tHEK-293 cell line. B: The RIPCR results of
human breast, testis and adrenal cDNA using hMRAP designed pdordisn
that the designed primers can detect the hMRAP gene and the negative results
that the WT cell line produces adeie to no expression of MRAP. The three

tissues produce a positive result gmdduce a band with size ofapprox. 200

bp.
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A | GPR19

rGPR19 hMRAP
+ - o+ -

1500bp =—

500bp =—

B | GPR19/MRAP

rGPR19 mMRAP
+ -+ -

1500bp —

500 bp —

Fig. 3.15.Agarose gel electrophoresis of the transformed GPR19 and GPR19/MRAP cell
lines for both rGPR19, hMRAP and mMRAP genes. A: The expression of the
inserted rGPR19 gene in the transformed cell line stably produces the
rGPR19 gene is confirmed as a band of approx.1000 bp is produced. ‘HEeRRT
of the hMRAP in this cell lineproduces negative resultas expected. The
hGPR19 expression in this cell line has been confirmed (images not shown). B:
The expression of both inserted rGPR19 and mMRAReiGPR19/MRAP cell
line is confirmed. The designed primer pair floerGPR19 gene gave a product
of approx. 1000 bp. Also, the expression of MMRAP is confirmed as a band of
300 bp is identified. The expression of the hGPR19 and the lack of the hMRAP

expression in this cell linkavebeen confirmed (images are not shown).
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MRAP

hGPR19
+

mMRAP

1500 bp —

500 bp —

Fig. 3.16.Agarose gel electrophoresis thie transformed cell line with mMRAP gene.
The expression of the endogenous hGPR19 in this cell line is confirmed as the
first pair of primerswhich covers the full length of the hGPR19 gene, gave a
cDNA product of 1400 bp, while the second pair of primers, which cpastof
the hGPR19 gene, produce 1000 bp cDNA product. Also, the expression of the
inserted MMRAP gene is confirmed as a band of approx. 300 bp is identified. The
lack of the hMRAP expression in ghcell line has been confirmed (images are
not shown).
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3.4.3. GPR19 and MRAP Protein Expression in the WildType and
Transformed Cell Lines

Immunocytochemistry and western blot were used to study GPR19 and MRAP
protein localisation and expression levels in the different cell ,lirespectively. The
immunofluorescence images using confocal microscopy revealat¢@®R19 protein
is detected in the wiltlype cell line and the threéeansfected cell lines.

The GPR19 protein expression in the wiyge cell line HEK293 and the cells
stably transfected with GPR19, MRAP and GPR19/MRAP were analysed usingdCC
shown in Fig 3.17. In theermeabilise@ondition, which detects total GPR19 expression,
the transformed cell lines expressing the rGPR19 gene showed higher signal intensity in
comparison to the wiltlype cell line and to the transformed cell line witle MMRAP
gene (Fig 3.17 A). On the other hand, the-permeabilsed condition, whictdetects
GPR19 epression on the cell surface, shows that the cell lines that overexpress mMRAP
or overexpress both MRAP and GPR19 had higher GPR19 signal intensity on the cell
surface in comparison to the cell lines tainot express MRAP, i.e., the wilgipe and
GPR19 cell lines.

To confirm thesdindingsstatistically, the GPR19 protein expression in those four
cell lines was calculated as the corrected total cell fluorescence (CTCF). CTCF was
calculated in 5 cells from 3 independent images ulsirageJ, and that was followed by
statistical analysis of the data usingtwa y ANOVA and G2d&k's mul i
tests The data represented in Fig 3.17 B confirms the overexpression of GPR19 in the
cell lines that were transfected with rGPR19 in comparison to the WT cell line.
Interestingly, the expression of MRAP alone does not increase the total expression of

GPR19 inside the cellbut it increasethe localisation of GPR19 to the cell membrane.
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That finding confirms that GPR19 requires MRAP to be translocated to the cell
membrane.

Interestingly, the inserted MMRAP gene gave a bright red stain in both MRAP
and MRAP/GPR19 cell lines. Fig. 3.18 shows the total expressiometimeabilised
condition images, and the cell surface expression, thepeoneabilsed condition
images, of the inserted mMMRAP in the MRAP and GPR19/MRAP cell lines. Tha¢lA
is inserted in the @erminal of the MMRAP gene. The HPag antibody is used in the
wild type and the GPR19 cell lines to demonstrate that it is specific andatifive
falsepositive reslts when it is used to detect the inserted MMRAP in the MRAP and

GPR19/MRAP cell line.
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Fig. 3.17.A) Distribution of GPR19 protein in the wiliype cell line HEK293 and the stabliransfected cells with GPR19, MRAP and
GPR19/MRAP using ICC. GPR19 is stained with Al&88, where the nepermeabilised condition shows its distribution in the cell
membrane, while the permeabilised condition with 0.2% (v/v) Tva&eshows its total digbution. Images taken with a Nikon Al
Plus confocal microscope using NIS Elements software. Scale bars = 20 um.

B) The corrected total cell fluorescence (CTCF) that represents the GPR19 protein expression in the four cell lines veais calculat
in 5 cells from 3 independent images. Statistical analysis was performed usimggtwo ANOVA and G2 d8§k' s mul
test. Data are expressed as mean + SEM of three independent experiments. Results were considered statistically signficant if t

value was < 0.05.
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GPR19/MRAP

Alexa-568 Alexa-568 Alexa-568 Alexa-568

Non-permeabilised

Alexa-568 Alexa-568 Alexa-568 Alexa-568

Permeabilised

Fig. 3.18. Distribution of MRAP protein in the wildype cell line HEK293 and the stably transfected cells with GPR19, MRAP and
GPR19/MRAP using immunocytochemistry. MRAP is stained with Ale4@, where the nepermeabilised condition shows its
distribution in the cell membrane, while the permeabilised condition with 0.2% (v/v) T2@eshows its total cellular distribution.
Images confirm the expression of MRAP protein in the transformed cell lines MRAP an®®GHFAP but not in the WT and the

transformed cell lie GPR19. Images taken with a Nikon Al Plus confocal microscope using NIS Elements software. Scale bars =
20 pm.
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To study GPR19 protein expression in more detal useda western blot. The
blot shows two bands of ~90 kDa and ~50 kDa (Fig. 3.19 A). The smallest band (50 kDa)
corresponds to the predicted molecular weight of human and transfected GR&h8
other high molecular weight band (90 kDa) may result fobmerisation The GPR19
protein content isormalised o-actin protein content (Fig. 3.19 Bjnd fold above wild
type GPR19 protein content is calculatdten 2way ANOVA with Tukey's multiple
comparsons test was applied. The GPR19 protein content of ~90 kDa band is
significantly higher in the three stably transfected cell lines: the MRAP, GPR19 and
GPR19/MRAP, in comparison to the wilgpe cell line (Fig. 3.19 C)The ~50 kDa
GPR19 band protein content is only significant in the cell lines that are transfected with
the GPR19 gene, the GPR19 and GPR19/MRAP loeds. These results showed only
the increase in the higher molecular weight GPR19 band (90 kDa) in the cell line that is
expressing the acssory protein MRAPwhich could be explained as this band includes
the biologically functional GPR19 receptor that is dimerised with another cell receptor.
As expected, the protein expression and detection of thaéabgigded MRAP is only

detected in the MRAP and GPR19/MRAP cell lines (Fig. 3.20).
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Fig. 3.19.Western blot analysis of GPR19 protein content in the-typa cell line HEK293 and the transfected cells with GPR19, MRAP and
GPR19/MRAP. A) The four cells lysate are treated with rabbit polyclonalGEPR19 (A97504, antibodies) and two bands of ~B8,k
and ~ 50 kDa are detected. B) Rabbit monoclonaifaatc t i n (# 4970, Cell Signalling). -C) The
actin protein content, and fold above wild type GPR19 protein content is calctitaedtatistically ignificant is evaluated using\2ay
ANOVA with Tukey's multiple comparisons test. The 90 kDa GPR19 protein band is significantly increased in the three édnsfbrm
lines in comparison to the wild type, while the 50 kDa GPR19 band increased in tiveesethat are transformed with GPR19 gene but
not the cell line that is transformed with MRAP gene. Data represents three independent experiments and is shown asinResutiSE
were considered statistically significant if theglue was < 0.05.ne0t si gni ficant, **** p  0.0001.
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Fig. 3.20.The four cell lysates are treated with mouse monoclonaHsiiag (A85278,
antibodies). The HAagged MRAR as expected, is only detected in the cell line
that carriesthe MRAP pcDNA5 plasmid, the MRAP and GPR19/MRAP cell

lines.
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3.5. Discussion

The use of the Flp B system inthe HEK-293 cell line allowed the generation
of stable cell lines that express the gene(s) of interest efficiently and in a short period of
time. The HEK293 cell line was chosen since it expresses several types of GPCR
receptors, including GPR19, that beldaglifferent familieswhich makes it an attractive
environment to express any GPCR (Atwood et al.,, 2011; Thomas & Smart, 2005),
especially if postranslation modifications are critical for GPCR function (Markovic &
Challiss, 2009). Moreover, various types of GPCR signaltelgted gene products such
as the G proteins U, b, and o ,aswalldstheheir
proteins that regulate GPCR signallirege expressed in this cell line (Atwood et al.,
2011). Furthermore, HER93 is suitable for both transient transfection and stable cell
line selection. For those features, the HEK293 was chosen as the cellular model to express
the receptor GPR19 and deténe if N-POMC is its natural ligand and study its down
stream signalling.

Successfully, three cellular models that overexpress rGPR19, mMRAP and
rGPR19/mMRAP genesere developedyhich provided tools to investigate and confirm
our hypothesis. Atwood et al. (2011) reported that HER expresses statistically
significant levels of GPR19 mRNAnNd Roy et al. (2007) reported that this cell line does
not express thRAP gene. The mRNA expression of the GPR19 and MRAP in the
HEK-293 has been studied here using-lRIR. The reported results here concur with
thesefindings as we succshully amplified the hGPR19 gene in HE293 cells using
RT-PCR, and the lack of theMRAP gene was confirmed. Furthermore, the gene
expression of the inserted rGPR19 and mMRAP in the three cell lines was also confirmed

by RT-PCR. Therefore, any changes in the response of those cell lines in comparison to
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the wild-type cell line in the subsequent experiments will be linked to the overexpression
of the GPR19 and/or the expression of MRAP.

The subcellular distribution patterns have become an essential component of
GPCRcharacterisatioas these might have multiple regulatory consequences. For signal
transduction to be initiated by a GPCR, it must be present at the cell surface. This
prerequisite provides a mechanism for regulation. Indeed, dysregulation of this process
of control means if a GPCR does not reachablké surface and/or is dowrgulated
incorrectly,this can lead to aberrant cell signalling and potentially lead to disorders and
diseases such as familial glucocorticoid deficiency (FGD). FGD is a disorder that causes
ACTH resistance and severe glucocorticoid deficiency that is reported to be caused by
either mutation of the ACTH receptor, the melanocortin receptor 2 (MC2R), and/or
mutations in the accessory protein MRAP that is required for ACTH signalling (Sebag &
Hinkle, 2007).

In this study, to confirm that the inserted rGPR19 and mMRAP genes are
translated to protein and that protein is localised in its expected cellular compartments
which is the cell membrane, the GPR19 and MRAP protein distribution in the four cell
lines was detected by ICC using rRpermeabilised and permeabilised conditions. The
cell membrane localisation of GPR19 has been reported in different cell lines bicBresn
et al. (2003), Roy et al. (2011) and Stelcer et al. (2020). The immunofluorescence staining
images of the wildype cell line revealed that GPR19 protein is mainly accumulated
inside the cell with little staining detected on the cell membrane. The same is observed
in the cell line that oveexpresses GPR19, where the images show intense stairirey
GPR19 inside the cells, which confirms the eggpression of the receptor inside the
cell, but much of it does not localise to the cedimbrane. Metherell et al. (2005) reported

similar results when they studied the expression of the MC2R recépiey found that
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expression of the MC2R receptor in CHQ cells leads to its accumulation inside the
cells while expression in thé6 cell line leads to its localisation to the plasma membrane
(Metherell et al., 2005). Thethey found that the expression of MRAP increased the co
localisation of both MC2R and MRAP in the plasma membrand,it is inactive when

it is expressed in cells thizick MRAP (Sebag & Hinkle, 2007). This finding highlighted

that it is important to study the cellular distribution of the recepter akpressing it in

a cellular modelas failure in receptor translocation to the cell surface due to the lack of
the accessory protein or the translocation machinery in the used cellular model may
generate a misleading result.

It has been reported by Sebag and Hinkle (2007) that MRAP is a transmembrane
protein with an antiparallel dimeric structure. The ICC imagedirm that the inserted
MMRAP gene is expressed and translocated correctly to its expected cellular
compartment. Interestingly, when the MRAP is expressed in the-283Kcell line we
notice ahigher GPR19 staining signal on the cell surface. This increase in GPR19
translocation to the cell membrane suggested that Mité&y3a role in this process. The
process of GPCRafficking from the endoplasmic reticulum to the cell membrane is a
complicated process that involves hundreds of proteins and enzymgesiuch more to
be discovered (Achour et al., 2008; Magalhaes et al., 2012; Milligan, 2009; Thompson et
al., 2014).

The western blot shows that GPR19 migrates as two bands of ~90 kDa and ~50
kDa. Where the smallest band corresponds to the predicted molecular weight of human
and transfected rGPR19, while the high molecular weight band may result from
dimerisationof either homodimer and/or heterodimer with other GPCR or with other
protein that is responsible for GPR19 translocation to the cell membrane. Although it is

difficult to study the cellular distribution of those two bands separately, it might be
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possible that the higher molecular weight form of the GPR19 (~90 kDa) is the form that
trafficked to the cell membrane using translocation machinery that is available in the
HEK-293 cell line which is an interesting research area to be investigated.

While the smaller size GPR19, the 50 kDa form, is accumulated inside the cell.
This translocation machinery can support the translocation of the low 90 kDa GPR19
level in the WT cell line, but it is insufficient to support the translocation of the high lev
of the 90 kDa GPR19 in the overpressed GPR19 cell line. The significant increase of
the 90 kDa bands in the cell line that cegpressed GPR19 could explain the increase
of the signal intensity of the GPR19 detection in the cell membrane in comptoithe
WT cell line using the ICC technique in this cell lidoreover,we can notice that the
cell lines that express MRAP show an increase in the GPR19 high molecular weight band
but not the smaller one. This can be explained as MRAP does not increase the expression
of the GPR19 protein in the cells, but it plays a roleaneasing the form of GPR19 that
can be translocated to the cell surface. This finding is in accordance with the ICC results
where the GPR19 staining in the cell membrane incdeiasthis cell line in comparison
to the WT cell linewhile the GPR19 staining inside the cells did not increase.

Several studieBaverecognised that GPCRs interact with other proteins that have
roles in receptor biosynthesis, cellular distribution, trafficking, signalling,
desensitisationinternalisation and degradation. These include other GPCRs, GPCR
kinases (GRKS), arrestins, receptor activity modifying proteins (RAMRS)G protein
coupledreceptorassociatedorting protein (GPRASP) (Bohme & Be&kckinger, 2009;
Brady & Limbird, 2002). Moreover, it has been reported that GPCR can exist as a
monomer, a dimerof the same receptor (homodimer) or widmother receptor
(heterodimer) or even in a higherderoligomer (Gurevich & Gurevich, 2018; Milligan,

2001; Milligan et al., 2019). Class A GPCRs were believed to functionoa®mers
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Recent data published by Kasai et al. (2018) and Tabor et al. (2016) suggestiee that
dopamine D2 receptor, a class A GPCR, exists in a dynamic equilibrium between
monomer and homodimer near the physiological receptor expression levels and agonist
addition increased the dimer fraction of the receptor. Singgests that the homodimer's
formation of the GPCR may play some important roles in recéigond binding,
signalling and receptor trafficking.
A recent study performed by Li et al. (202&ported that GPR19 dimerised with
MC3R that is not expressed in the HRRS3 cell line (Atwood et al., 2011). It is possible
that GPR19 is traffic as a dimer with another GRB& is expressed in the HEXO3
cell line, as it has been hypothesised that GPCR dimer might protheteranslocation
(Achour et al., 2008). This requires further investigation beyond the scope of this study.
Furthermore, it has been reported that the protein sequence of GPR19 had significant
sequence similarity with both the dopamine D2 receptorlyaamd the neuropeptide Y
receptors (O'Dowd et al., 1996)here the movement of those receptors from the
cytoplasm to the plasma membrane can be regulated by agonist activation (Achour et al.,
2008). Holtback et al. (1999) reported that treatment of wéfls neuropeptide Y leads
to theincreased r a n s | o ¢ addieremic redeptorstioghe tkll membrane. GPR19
translocation to the cell membrane is often likely to be regulated by such a mechanism.
A key question isvhether MRAP and GPR19 form a complex. This question will
be answered in the next chapter, where th#calisation and immunoprecipitation of
those two proteins will be studied by ICC andimmonunoprecipitation. This will add to

our understanding dfow GPR19 and MRAP interact together.
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Chapter 4: Characterisation of MRAP as a GPR19 Accessory Protein

4.1. Introduction

4.1.1. Detection of ProteinProtein Interactions

Understanding Proteiprotein interaction is one of the major objectives of cell
biology. Proteins dynamically interact with other cellular components to fulfil their
diverse cellular roles (Berggard et al., 2007; Liddington, 2004). The function of unknown
proteinscan be predicted based on their interaction with other protein(s) of known
function (Liddington, 2004). Moreoveidentifying a proteinprotein complex is an
important step in identifying the signal transduction pathway of this complex (Rap et al
2014). Over the years, various methods have been developed tgoebiginprotein
interactions and among the widely used methods are the study of the cellular co
localisation of the proteins of interest and whether they form a complex with other

proteins by cammunoprecipitation (CoP) (Berggard et al., 2007; Rao et al., 2014).
4.1.2. The Receptor GPR19

GPR19 is a membrane receptor that features a hydrophobic core of 7
transmembrans p a n n-helicgs, wWhich is a characteristic of all G protegupled
receptors (GPCRs). The GPR19 receptor is classified, based on sequence alignments of
the transmembran®re, as a member of the GPCR family A that includes the rhodopsin,
adrenergic and dopaminergic receptors, and receptors for other small organic ligands
(HoffmeisterUllerich et al., 2004). GPCRs activate intracellular transducer G proteins
that allow theansduction of signal information to classes of ion channels and enzymes
that alter the rate of synthesis or degradation of intracellular second messengers (that will

be discussed i€hapter6).
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Furthermore, a range other proteinssuch as RAMPs and MRAP (Achour et
al., 2008),have been identified to interact with GPC®sdetermine their cellular
distribution and to regulate the trafficking of GPOR#hin the cell. It hasalso been
recognised that GPCRs can exist as hoancheteredimersor as oligomers (Bouvier,
2001; Milligan, 2009; Sleno & Hébert, 2018; Terrillon & Bouvier, 2004). For signal
transduction to be initiated by a GPCR, it must be present atethesurface This
prerequisite povides a mechanism for regulation. Indeed, dysregulation of the process
that controls if a GPCR reaches ttedl surfaceand if it internalises or is dowregulated
properly can lead to abnormal cell signalling and potentially lead to disorders and
diseases such as adrenal insufficiency and congemyabthyroidism caused by
mutations in the MC2R and thyrotropin receptor genes; respectively {Stano,

2023; UlloaAguirre et al., 2022).

The study of both the expression pattern and the cellular distribution of a given
receptor can be helpful in assigning its specific functionidentifying its endogenous
ligand. The expression pattern of GPR19 has been studied on the mRNA level and shows
that it is predominantly expressed in human and mouse brain and testis and to a lesser
extent in liver, adrenal, heart, and kidney (Hoffmeittéerich et al., 2004; O'Dowd et

al., 1996).

The cell membrane localisation of the GPR19 receptor in the-KIQkuman
breast tumour cell line) and MDMB-231 (breast cancer cell line) cell lines had been
confirmed after transfection of the cells with GPRA®plasmid (Rao & Herr, 2017). To
our knowlalge, the published reports with the aim to identify the natural ligand of GPR19
and its signalling pathway(s) (Hossain et al., 2016; Kastner et al., 2012; Martin et al.,

2015; Rao & Herr, 2017), the cellular trafficking of GPR19 to the cell membrane after
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over-expression in the cellular model used and whether if it requires an accessory protein

to be translocated to the cell membrane has not been studied before.

4.1.3. The Accessory Protein MRAP

GPCR trafficking from the endoplasmic reticulum to the cell membrane is tightly
regulated by a variety of interacting proteiaisd many studies have reported the different
mechanisms that GPCRs use for traffickiSBgme receptors can form a dimer, either a
homodimer or heterodimer an oligomer with other receptors and proteins throughout
the trafficking process to the cell surface (Kunselman et al., 2021; Sleno & Hébert, 2018;
Weinberg & Puthenveedu, 2019). Whi#eme GPCRs require a specific accessory
protein for their trafficking and receptor response to its ligasdin the case of the ACTH

receptor (MC2R).

Metherell et al. (2005) found that expression of the MC2R gene inKHCells
leads to the accumulation of the protein within the caligl it is not translocated to the
plasma membrane. In contrast, expression in the Y6 cell line demonstrated localisation
into the plasma membrane afaming a functional signaransducingreceptor. This
finding suggests that there is a factor that is expressed in the Y6 cells but not in the CHO
K1 cells that is responsibléor the translocation of MC2R from the endoplasmic
reticulum to the cell membrane. They found that MRAP, a small transmembrane protein,
is that factoyand it is required not only féne trafficking of MC2R to the cell membrane
but alsdfor signal transduction. Furthermore, mutations in either MC2R or MRAP result
in the autosomal recessive disorder familial glucocorticoid deficiency type 2 (Metherell
et al., 2005). This study highlighted that cestpression of a GPCR in a cellular model
Is not always enough to study its ligand binding or signalling pathway without taking into

consideration studying its cellular distribution as failure in receptor translocation to the
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cell surface due to the lack of trafficking proteins in the cellular model may generate a

misleading result.

MRAP is expressed as two homologues, MRAP1 and MRAP2, where MRAP2
has 39% amino acid identity to MRAP1 in thediminal and transmembrane domains
(Chan et al., 2009). The human MRAP1 gene consists of six exons where either exon 5
or exon 6 is alternativgispliced to encode the isoforms MRAP1 or MRAPJlac k s on
et al., 2015). MRAP2 iprimarily expressed ithe human brain and the adrenal gland
(Chan et al., 2009), whereas MRAPL1 is expressed in more varied tissues such as the
adrenal cortextestis, brast, thyroid, lymph node, ovary, and fat (Metherell et al., 2005).
MRAP has a unique topology in the cell membrane as it forms an antiparallel dimer
(Sebag & Hinkle, 2007). Chan et al. (2009) found that both MRAP homologues can
modulate the signalling oflla5 melanocortin receptors (MCRs) and can form a
homodimer, e.g., MRAP/MRAP or MRAP2/MRAP2, and a heterodimer, e.g.,

MRAP/MRAP2.

As mentioned inChapter3, we found that GPR19 ovexpressed in HEXR93
cells remains inside the cell and does not localise to the cell membrane. In contrast, we
noticed an increase of GPR19 staining in the cell membrane in the cell lines that are
expressing MRAP. This raiselet possibility that GPR19ike the MC2R,might need
the accessory protein MRAP to correctly traffic to the cell surface. In this chapter, we
will study the celocalisation of GPR19 with MRAP using the ICC technique. Moreover,
we will study if GPR19 and MRAP form a complex using reciprocal co

immunoprecipitation.
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4.2. Aims

1) To study if GPR19 and MRAP docalise in the cell membrane and inside
the cell using confocal microscopy.
2) To identify if GPR19 and MRAP form a complex using reciprocal co

Immunoprecipitation.
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4.3. Methods

4.3.1. Co-localisation of GPR19 and MRAP Using ICC

The same slides that were preparedChmapter3, section 3.3.7,1to study the
cellular distribution of GPR19 and MRAP were used to studyidbalisation between
GPR19 and MRAP in the transfected cell lines that express it. The slides were imaged
using a Nikon A1R Confocal Microscope with an X60 lens, thedmages were merged
to investigate the etocalisation.

4.3.2. Reciprocal ColP

The GPR19/MRAP cell line was used to confirm if these two proteins form a
complex while the WT cell line was used asiegative control. The cells were grown to
80-90% confluence in 6 well plates. Then different samples were prepared as follows
(Fig. 4.1.):

a) The 6-well plate was placed on ice, and the cells were washed
twice with icecold 1X PBS and then scraped into 0.5 ml/well 1 XPBS; two
wells were combined as one sample and transferred to amwlgtel.5 ml
microcentrifuge tube. The samples were centrifuged at 100 g for 5 min at 4°C.
The pellet was resuspended in either 300 pl of 1:100 mixture of Halt Protease
and Phosphatase inhibit@ocktail and RIPA buffer or 1% (i) n-dodecyt
b- -maltoside (#89902, Thermo Scientific) prepared in 1X PBS and incubated
in ice for 30 min.

b) The cells were prepared as Apeated or treated with 1 nM-
POMGC2sfor 10 min in the 5% (v/v) C&and 37°C incubator. After 10 min,
the cells were washed twice with 1X PBSen 400 pl ofdisuccinimidyl
tartrate DST) crosslinker (#20589, Thermo Fisher) was added to each well
with a final concentration of 5 mM and incubated for 30 min at RT. The
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crosslinking reaction was quenched by adding Tris (pH 7.5) with a final
concentration of 20 mM and incubated in RT for 15 min. The cells were
scraped and transferred to an-améd 1.5 ml microcentrifuge tuberhere two
wells werecombined as one sample. The samples were centrifuged at 100 g
for 5 min at 4°C. The pellet was washed twice with 1 ml 1XPBS and then
resuspended in 300 pl of 1:100 mixture of Halt Protease and Phosphatase
inhibitor Cocktail and RIPA buffer and incubated ice for 30 min.

c) The cells were treated with 1 nNFPOMGC..2sfor 10 min in the
5% (v/v) CQ and 37°C incubator. After 10 mithe cells were washed twice
with 1X PBS then 400 pl of DST crosslinker (#20589, Thermo Fisher) was
added to each well with a final concentration of 5 mM and incubated for 30
min at RT. The crosslinking reaction was quenched by adding Tris (pH 7.5)
with a final concentration of 20 mM and incubdiat RT for 15 min. The cells
were scraped off the dish and transferred to anade 1.5 ml microcentrifige
tube where two wells wereombined as one sample. The samples were
centrifuged at 100 g for 5 min at 4°C. The pellet was washed twice with 1 m|
1X PBS and then resuspended in 300 pl of 1:100 mixture of Halt Protease and
Phosphatase inhibitor Cocktail and RIPA buffer and incubateck for 30

min.

The samples prepared were then centrifuged for 15 min at 16,000 g and 4°C. The

supernatant was transferred to a clean 1.5 ml microcentrifuge tube. To supernatants that

were prepared by the protocol in steps a and ¢, 5 pug of primary antibody (Table 4.1) was

added and kept at 4°C on a rotary wheel overnight. On the next day, 50 ul of protein G

agarose resin (P7700, Sigma) was prepared as described by the manufacturer and was

added to the supernatant and kept at 4°C on the rotary wheel for 2 hrs. The sarples w
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then centrifuged at 2000 g for 1 min at 4°C. The supernatant was discarded while the
pellet was washed three times with the lysis buffer and labellededstadIP pellet. To

the eluted IP pellet and the samples prepared in step b, 5tahoéduced Appendix

A.8) or reduced 2X SDS sample buffer (Appendix A.9) were added. The samples were
analysed by western blotting following the protoitoChapter2, section 2.16. The rec
protein Gperoxidase conjugate (1223, Thermo Fisher) was used aseconday

antibody with 1:4000 dilution in 5% (w/v) skimmed milk in 1X TBST.
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Grow cells to 80-90% confluence m 6 well plates

4

|
Treat the cells with 1nM N-
POMC,_,5 for 10 min

4

Scrap the cells into an Add 5 mM of DST
ice-cold PBS crosslinker

M [

Centrifuged at 100 g - -
for 5 min at 4°C Quench the reaction by adding 20 mM

" Tris (pH 7.5)

Resuspend the pellet in lysis
buffer

4

Incubate on ice for 30 min

4

Centrifuge and collect
supernatant

|~ - T T~ - * One of the primary antibodies used for
Add 5pg of primary antibody* | IPs; anti-NPOMC, . or anti-HATag or
and keep at 4°C on a rotary | anti-GPR19, and the other two antibodies

| wheel overnight | are used for western blotting.

Add 50 pl of protein G-agarose
resin and keep at 4°C on a
rotary wheel for 2hrs

4

Centrifuge and collect the pellet
as eluted-IP pellet

2 — Anti-NPOMC,
Wash the pellet 3X with lysis _
buffer and add 50ul 2X sample B@p  Western Blotting with [~  Anti-HATag

frii ——  Anti-GPR19

Fig. 4.1.Reciprocal cammunoprecipitation (CdP) sample preparation protocol.
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Table 4.1. Primary antibodiesare used for IPs and western blotting techniques.

Antibodies used for IP and WB
_ Catalogue | Immunogen and Dilution Factor
No. | Antibody _
Number Epitope for WB
1:1000
L Mouse monoclonall A85278, | YPYDVPDYA
0 .
antrHA-Tag antibodies | conjugated to KLH 5% (wiv) skimmed
milk in 1X TBST
_ Synthetic peptide 1:2000
5 Rabbit Polyclonal A97504, derived f H
erived from human i
anttGPR19 antibodies 5% (wiv) skimmed
GPR19 (38361-410) milk in 1X TBST
Antibody was raised by
immunising rabbits
with purified bovine N 1:1000
3 Rabbit antN- Prepared in| POMC.49 and
POMGC28 our lab | antibodies to N 5% (wiv) skimmed
POMGC.2swere affinity milkin 1X TBST
purified using solid
phase 128
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4.4. Results
4.4.1. Co-localisation of GPR19 and MRAP

As shown in the previous chapter, the protein expression of both GPR19 and
MRAP in the cell lines that were transfected with MRAP and GPR19/MRAP genes was
confirmed. Moreover, the ICC results of thd-type and the oveexpressed GPR19
cell lines showed that most of the GPR19 protein was retained within the cell, while the
images of the cell lines that express MRAP show more GPR19 protein staining localised
to the cell membrane. This raised the goesof whether those two proteins-tacalise
in the cel membrane or inside the cells.

The ICC images show that both GPR19 and MRARocalised in the cell
membrane (Fig. 4.2.) in the n@ermeabilised cells. Moreover, the images show that
both proteins are also docalised inside the cells (Fig. 4.3.) in the permeabilised cells
with 0.2%(v/v) Tween20. Because GPR19 and MRAP-logalised, we tested whether
they form a complex by reciprocal-emmunoprecipitation.

4.4.2. Reciprocal ColP

As shownin Chapter 3, GPR19 migrates as two bands of 90 kDa and 50 kDa,
while HA-Tagged MRAP migrates as one band of 15 kDa when resolved by?80&.
The reciprocal ceammunoprecipitation experiment was performed using:

1) Two lysis buffers: RIPA or 1% (w/v)-dodecytb- -maltoside, as the lysis
buffer may lead to the dissociation of the complex during sample preparation.

2) 2) Antibodies to detect GPR19, MRAP, anePMGC..2s. One antibody
is used for the immunoprecipitation stgmd the other two are used for detection
with western blotting.

3) With and without crosfinker DST.
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4) Two cell lineswere used: the GPR19/MRAP cell line was used to
investigate the binding complex between GPR19 and MRAiRe the WT cell line

was used as a negative control.
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Merged

A) MRAP

Merged

B) MRAP/GPR19

Fig. 4.2.Co-localisation of GPR19 with MRAProteins in the noipermeabilsed stable cell lines that express MRAP (A) and GPR19/MRAP
(B). GPR19 was stained with Alex&8 and MRAP was stained with Alex&16. Images reveal that GPR19 and MRAP proteins
were colocalised in the cell membranadicating that those two proteins form a complex that may have potential biological activity.

Images taken with a Nikon Al Plus confocal microscope using NIS Elements software. Scale bar = 20 um.
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Merged

A) MRAP

Merged

B) GPR19/MRAP

Fig. 4.3.Co-localisation of GPR19 with MRAP proteins rermeabilisedtable cell lines that express MRAP (A) and GPR19/MRAP (B)
with 0.2% (v/v) Tweer20. GPR19 was stained with AleX88 and MRAP was stained with Alex&6. Images reveal that GPR19
and MRAP proteins were docalised inside the cellfdicating that two proteins form a complex that may have potential biological

activity. Images taken with a Nikon Al Plus confocal microscope using NIS Elements software. Scale bar = 20 um.
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The first reciprocal ceammunoprecipitation experiment was performed with the
total cell lysate prepared by RIPA lysis buffer. Then, the mouseH#niiag antibody
(to target HAtagged MRAP) was added to the cell lysaaed the complex was
precipitated by protein @garose resin, eluted, and detected using rabbHGHTR19
antibody. We found that GPR19 did not precipitate (Fig.4.4aA)l a band at 30 kDa
was developed. We tested whether this bandcwessreactivity of the protein Gagarose
resin withthe antibody used, so a small amount of the protesig&ose resin was run in
SDSPAGE after adding appropriate amounts of 2X SDS sample buffer alongside total
cell lysate of the GPR19/MRAP cell line and detected using rabbHGH19 and
mouse antHA Tag antibodies. We found that the proteira@arose resin can interact
with both antibodies (Fig. 4.4 B and,@here it gives a distinctive band at ~30 kDa
which is in between the GPR19 band (50 kDa) andTd8ged MRAP band (15 kDa)
Using the secondaryn#body alone showed no binding (data not shown). We
hypothesised that RIPA buffer might disrupt the association between GPR19 and MRAP
and using a milder lysis buffer, 1% (wh\Jdodecytb- -maltoside prepared in 1X PBS,
could give different resultsput the results were identicalFi§.4.4. D. The
immunoprecipitation alone does not show any complex between GPR19 and, BHRIAP
this could be because the lysis buffer leads to the dissociation of MRAP from GPR19.

After that we decided to use the DST crdisser before lysing the cells. DST is
a homohbifunctional crosslinker with a short spacer arm (4 A in length). It contains
aminereactive Nhydroxysuccinimide (NHS) ester groups and is lipophilisich makes
it useful for intracellular and intramembrane protein conjugation. The -Enb&sg
reaction occurs as NHS esters react with primary amino greNp)(present on the

side chain of lysine (K) residues and thedximinus of the polypeptides.
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Here, twosets of experiments were conducted: cells that were treated with the
DST crosslinker and cells that were treated first withROMGC;2gfor 10 min,then the
crosslinker DST was added to the cells. After that, the cells were lysed with RIPA buffer
and prepared with nereducing and reducing 2X sample buffer. The samples were
analysed by western blotting using an #BR19 antibody, antiA-TAG to deect
MRAP and anant-N-POMGi.2g antibody. The results of the nareated cells are like
thoseof the treated celjstherefore,the images will not be shown here. The blotting
reveat that two GPR19 bands (Fig. 4.5 A) can be detected in theedoced and
reduced sample buffer. In both conditions, the 15 kDaTtldgged MRAP were detected
(Fig. 4.5 B, while no bandvas detected after using the aNtPOMC antibody (Fig. 4.5
C). We expect to detect a band the western blot that was different from the GPR19
and MRAP bands, includintipe receptor, the accessory protein, and the ligand. So, we
decided to use both the DST crdis&er, cacimmunoprecipitation, and western blot after
treatng the cells with NPOMG.2s.

The cells were treated with-ROMGC..2s, DST crosdinker and lysed with RIPA
buffer and then immunoprecipitation was performed using one of the three antibodies
separately and followed by preparation of the sample with eitheratiuted or reduced
2X sample buffer and the eluted proteins waegected with the other two antibodies.
First, the samples were analysed using only the secondary antibogyoteio G
peroxidase conjugate, to confirm that there wasrassreactivitybetween the secondary
antibody and the antibody used for immunoprecipitation. The blotting (Fig. 4@&v&gls
a black band between the 70 and 50 kDa ladder bands with tHeRRfi9 and arN-
POMCGCi.2gantibodies in the nereduced samples only, which suggestsss reactivity.

The ceimmunoprecipitation with arHA-Tag and antN-POMG,;-2s antibodies

specifically ceprecipitated the two GPR19 bands size in the reduced condition and the
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~90 kDa in the nomeduced condition (Fig. 4.6 B). In the reciprocal immunoprecipitation
experiment with amGPR19 and antN-POMGCi.2s, the MRAP band (15 kDa) €o
precipitates with the anGPR19 in both the reduced and reduced samples (Fig. 4.6
C). Interestingly, a ~50 kDa band-peecipitated in the reduced sample with both the
anttGPR19 and amiN-POMG..2g; this band was probably the GPR19 baiftie cells
were treated with 1 nM f*OMGC...g beforethe crosslinking step, and the HA'ag and
GPR19 cammunoprecipitated samples with ahtiPOMGCi.2g antibody underwena
western blot. Interestingly, the ~50 kDa band can be detected in both reduced samples,
which stronglysuggestst to be the GPR19 band (Fig. 4.6 Dhesefindings strongly
indicatedthat GPR19 (the receptor), MRAP (the accessory protein of GPR19)-and N
POMG.2g(the ligand) are forming a complex.

The WT cell line was used as a negative control to confirm the above filagding
this cell line expresses GPR19 but not MRAP. Thénmmunoprecipitation with ami
HA-Tag did not precipitate any band with aB#PR19 and arfN-POMGi.2s(Fig. 4.7 A
and C) and the reciprocal immunoprecipitation also gave no results (Fig. 4.7 B)
confirming the specificity of the HA'ag antibody. The eonmunoprecipitation with
anti-N-POMGC.2s specifically ceprecipitated the 50 kDa GPR19 band in the reduced
samples (Fig. 4.7 A Interestingly, the same band wasprecipitated in the reciprocal
immunoprecipitation with amGPR19 (Fig. 4.7 C). This finding confirms that N
POMCGC.2sbinds to 50 kDa GPR19. The difference here is that the 90 kDa band was not
co-precipitated with the antl-POMGC..og as in the cell line that expresses MRAP (Fig
4.6 B). That findingsuggestghat NPOMGC.2s will not be able to bind to the higher
molecular weight (90 kDa) form of GPR19 if MRAP is not expressed in the cell but is

still able to bind to te smaller molecular weight (50 kDa) GPR19.
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Fig. 4.4. Co-immunoprecipitation of GPR19 and MRAP in the stably transfected cell line with GPR19/MRAP.The total
GPR19/MRAP cell lysate was prepared by RIPA buffer. (A) After 30 min incubation with the lysis buffer, the samples were
centrifuged and to the supernatabtpyg of mousearti A t ag anti body (A85278, antibodies)
The next day, protein @garose resin was added to the supernatdnth was kept at 4°C for 2 hrs. The samples were then
centrifuged,andt he pel |l et was coll ected and resuspended in a- prope
mercaptoethanol. B and C) 50 pl of the resin was mixed aitlequal amount of the reduced 2X SDS sample buffer arsidan
by-side with total cell lysatef the GPR19/MRAP cell line and detected using the-@RIR19 (B) and antiA-Tagged (C)
antibodies. The resin gives a distinctive band at ~3Q wbeh is in between the GPR19 band (50 kDa) thedHA-Tagged MRAP
band (15 kDa). D) The total GPR19/MRAP cell lysate was prepared with 1% (wil»latyib- -maltoside prepared in 1X PBS

following the sample y@paration protocol as in A.
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A: GPR19 antibody B: HA-Tag antibody C: N-POMC, ,5 Antibody

kDa NR R kDa NR R kDa NR R
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90 125 e
—_— e <— 90 kDa 90 A —
70 2o - 70
I —
50 €—50KkDa " 50
30 —
30 30—
25 25 25
15 15 m— i —  €— 15kDa 15

Fig. 4.5.Western blot of crosslinked GPR19 and MRAP in the stably transfected cell line with GPR19/MRAPThe GPR19/MRAP
cells were treated with 1 nM-NOMGC;2gfor 10 min in the 5% (v/v) C®and 37°C incubator. After 10 min, the cells were treated
with disuccinimidyl tartrate (DST) crosslinker (#20589, Thermo Fisher) at a final concentration of 5 mM and incubatedifor 30
at RT. The crosslinking reaction was quenched by adding Tris (phvittba final concentration of 20 mM and incubated at RT for
15 min. The cells were scraped and transferred to aroidel.5 ml microcentrifuge tube and centrifuged at 100 g for 5 min at 4°C.
The pellet was resuspended in 300 pl of 1:100 mixture of Pfaltease and Phosphatase inhibitor Cocktail and RIPA buffer and
incubated on ice for 30 min. The samples were then centrifuged for 15 min at 16,000 g and 4°C. To the supemibtdmton
reduced (NR) or reduced (R) 2X SDS sample buffer was added. The samples were analysed by western blotting uSiiRiRAPanti
antibody, B) antHA-TAG to detect MRAP or C) antl-POMG;-2s antibody.
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Fig. 4.6. Co-immunoprecipitation of GPR19 and MRAP in the stably transfected cell line with GPR19/MRAPThe GPR19/MRAP
cells were treated with 1 nM-ROMGCi.2gfor 10 min in the 5% (v/v) C®and 37°C incubator. After 10 min, the cells were treated
with disuccinimidyl tartrate (DST) crosslinker (#20589, Thermo Fisher) at a final concentration of 5 mM and incubatedifior 30
at RT. The crosslinking reaction was quenched by adding Tris (pkvittba final concentration of 20 mM and incubated at RT for
15 min. The cells were scraped and transferred to aroidel.5 ml microcentrifuge tube and centrifuged@® g for 5 min at 4°C.
The pellet was washed in 1X PBS and then resuspended in 300 ul of 1:100 mixture of Halt Protease and Phosphatase inhibitor
Cocktail and RIPA buffer and incubated on ice for 30 min. The samples were then centrifuged for 15 mid0ag) B8d 4°C. To
the supernatant, 50 pl of neaduced or reduced 2X SDS sample buffer was added. A) The samples were analysed using only the
secondary antibody, rgmotein Gperoxidase conjugate (2223, Thermo Fisher), to confirm that there was rassreactivity
between the secondary antibody and the antibody that was used for immunoprecipitation that would give a false posifikie result
blotting reveals a black band between the 70 and 50 kDa ladder bands with-tBPRh8 and arfN-POMG..s antibodies in the
nonreduced samples only. B) The samples were analysed usir@RIRi9. C) The samples were analysed usingH&tTAG to

detect MRAP. D) The samples were analysed usinghNaOMGC;.2s.
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Fig. 4.7. Ceimmunoprecipitation of WT cell line. The WT cells were treated with 1 nMROMC..2gfor 10 min in the 5% (v/v) C&and
37°C incubator. After 10 min, the cells were washed with 1X PBS, then disuccinimidyl tartrate (DST) crosslinker (#20589, Ther
Fisher) was added with a final concentration of 5 mM and incubated for 30 min at RT. The crosslinking reaction was lopienched
adding Tris (pH 7.5) with a final concentration of 20 mM and incubated in RT for 15 min. The cells were scraped anedrémsferr
an icecold 1.5 ml microcentrifuge tube and centrifuged at 100 g for 5 min at 4°C. The pellet was washed 1X PBS and then
resuspended in 300 pl of 1:100 mixture of Halt Protease and Phosphatase inhibitor Cocktail and RIPA buffer and incabated on i
for 30 min. The samples were then centrifuged for 15 min at 16,000 g and 4°C. To the supernatant, 5Gnagldoicedror reduck
2X SDS sample buffer was added. A) The samples were analysed usi@GP&itd. B) The samples were analysed usingtfti
TAG to detect MRAP. C) The samples were analysed usindNaR®OMG,.2s.
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4.5. Discussion

The data shown in this chapter indicate that GPR19 and MRAP form a complex,
as both are ctocalised in the cell membrane and inside the cell. Moreover, the co
immunoprecipitation results show thtte anttGPR19 antibody can precipitate the
MRAP band, while in the reciprocal experiment, we found that theHs{Tagged
MRAP canprecipitate the two GPR19 bands.

MRAP was initially identified as an essential accessory protein for the
translocation of the MC2R to the cell membrane and to increase the binding affinity of
ACTH to MC2R (Metherell et al., 2005). The following studies reported that MRAP is
expressed inwo variants, MRAP1 and MRAP2, ansl widely expressed in different
human tissues (Fagerberg et al., 2014; Metherell et al., 2005) and in other species,
including micerats,and zebrafish (Asai et al., 2013; Gorrigan et al., 2011; Sebag et al.,
2013). Morever, it is reported that MRAP is not specific to the MC2R and regulates both
the expression and the response of the other melanocortin recepioiely MC1R,
MC3R, MC4R and MC5R (Chan et al., 2009). In addition, MRAP2 was found to regulate
the signalling of other nemelanocortin GPCRs such as orexin receptor (OX1R),
prokineticin receptor 1 (PKR) (Chaly et al., 2016; Rouault et al., 2017) anowgh
hormone secretagogue receplar(GHSR1a) (Srisai et al., 2017). Interestingly, MRAP
does not always aets a positive regulator of those receptors where it is reported that
expression of MRAP downregulates the surface expression of MC1R, MC4R, MC5R
(Chan et al., 2009; Sebag et al., 2013), OX1R (Rouault et al., 2017), and F&ly
et al., 2016).

In the previous chaptewe showed that GPR19 staining in the cell membrane
increased in the HEXR93 cell line that was stably transfected with MRAP. In this

chapter, we tested whether it is likely that MRAP partners with GPR19 and whether
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MRAP expressionincreased GPR19 expression in the cell membrane using co
localisation imaging and reciprocal-comunoprecipitation.

Co-localisation may indicate that the two proteins in a cell are occupying the same
structure, while irdigital imaging,it means that two proteins signal within the same pixel
in the image (Zinchuk et al., 2007). In confocal microscopy, thRecaisation of two
fluorescent dyes in a sample is represented in the image by pixels containing both colour
contributions. We wated to test théypothesis that MRAP could form a complex with
GPR19 and act as a potential accesgoogein to facilitate its translationto the cell
membrane in a similar mechanism as MRAP trafficking MC2R to the cell surface (Webb
et al., 2009; Webb & Clark, 2010).

We investigated the subcellular localisation of MRAP using FIOR cells stably
transfected with the mMMRAP gene with a HAg at the C terminus or with rGPR19 and
the same mMMRAP gene with a HAag at the C terminus. To prevent the nonspecific
signal bleed throughwhich will complicate the interpretation of the acquired image and
can lead to false resultgarticularly in the studies of docalisation and fluorescence
guantification, the secondary antibodies used were labelled by fluorophores that had
distinct fluorescence spectra. Theecondary antibodysedto detect GPR19 was
conjugated to Alexa Fluet88 which has an excitation max at 495 nm and an emission
max of 519 nmand the antibody to detect HFagged MRAP was conjugated to Alexa
Fluor-546, which has arxcitation max at 556 nm and emission max at 573 nm.
Moreover, DAPI has a broad emission curve that may overlap and bleed into other
channels e.g., FITC (fluorescein isothiocyanate) and Alexa H88&1(Swaim, 2010). In
addition, there are reports abobetphotoconversion of DAPI to form green and red
fluorescent products (Jeg et al ., 201 3; R C

the fluorescence emissiar the other fluorescence dyes used and cause a false positive
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result. For those reasons, we decidettouse DAPI in the slides that were prepared to
study the cdocalisation of GRP19 and MRAP.

The colocalisation images revealed that both GPR19 and MRAP proteins co
localised in the cell membrane (Fig 4.2) and inside the cell (Fig. 4.3). From this finding,
the increase in the GPR19 cell surface expression in the cell line that expresses MRAP
canbe explained as MRAP being the required factor, not expressed in th 8Eéell
line, needed to translocate GPR19 to the cell mempherwise,it will accumulate
inside the cell as in the case of the cell line that overexpresses GPR19 alone.slitisse re
provide sufficient evidence to suggest that GPR19 and MRAP are working together to
perform cellular function and such findingswill help to predict their trafficking
mechanism and their interaction with other signalling pathways that will alter the levels
of the cellular second messengers such as cAMP ah(RGax & Cottrell, 2014).

Furthermore, to confirm that GPR19 and MRAP form a complexused the
reciprocal cemmunoprecipitation (CoP) technique. This technique involves the
detection of the protein complex by using one antibody for immunoprecipitation of the
complex and a second antibody for immunoblot analysis of Hpeempitateccomplex.

CoIP is used in many studies to confirm the formation of a complex between two
proteins, either a receptor and its accessory protein such as MC2R and MRAP (Metherell
et al., 2005; Seba§ Hinkle, 2007), and the melanocortin receptors (MC1R, MC3R,
MC4R and MC5R) and MRAP (Chan et al., 2009), or two receptors such as the receptors
MC3R and MC4R with other GPCRs (Li et al., 2021).

In this report, we used this technique to provide direct evidence that GPR19 can
form a complex with MRAP when both are-erpressed in the GPR19/MRAP cell line.
Previously, we showed i@hapter3 that GPR19 migrates as two bands of 90 kDa and 50

kDa. The smaller band is expected to be the functional form of the GPR19 receptor, and
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the higher band could be a di mer with ot he
Tagged MRAP mi gr ates as one band of 1
I mmunoprecipitation alone is not enough toc
|l ysis bumikderor!| tdhies Jdotdebesynlal wog¢wde) ( Ri g.
Mor eover, t hel iunskeerofDSThealcornoessi s not enoug
(Fig. 4. 5) . Whi | el i makheern [DbSTt handiet hcer o5 BIML
techni ques wewee aldeaaubtéechae ithteraction between those proteins

as shown in Fig. 4.6 where the two GPR19 bands precipitated with théfailiag and

the HATag MRAP band precipitated with the a®PR19 antibody. These findings
stronglysuggesthat GPR19 and MRAP are forming a complex.

Interestingly, the cammunoprecipitation results of the WT cell line that naturally
expresses GPR19 but not MRAd¥ealthe precipitation of a 50 kDa GPR19 band in both
experiments with arPR19 and theeciprocal experiment with aAN-POMG;.2s.
From this findingwe can propose that MRAP is not required feP@MC;-2sto bind to
GPR19. Moreover, in the previous chapige reported that the expression of MRAP in
the HEK-293 cell line leads to an increase in the concentration of the higher molecular
weight GPR19 (90 kDa) form, whiclwve thought to be a hetef@PR19 dimer, in
comparison to the WT cell line. This form of GPR19 can be precipitated by both anti
HA-Tag andanttN-POMGCi.2g in the GPR19/MRAP cell line but not in the WT cell line.
This finding could be explained asMOMGC-2g could bind to the GPR19 if it is expressed
alone at the cell surfacenhile if it is in a dimer with other protein(s), it requires MRAP
to facilitate the binding of NPOMCi2sto GPR19 in the same wayMC2R requires
MRAP for ACTH binding (Metherell et al., 2005).

To our knowledge, the only report that mentions GPR19 dimerising with another

receptor is the study published by Li et al. (2021). The aim of this study was to identify
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the GPCR that heterodimerised with MC3R and MC4R in the mouse hypothalamus. They
reported that GPR19, among another 23 GPCRs, heterodimerised with MC3R but not

with MC4R, and the surface expression of GPR19 increased as the expression ratio of
MC3R increased in the cells. While the surface expression of MC3R decreased as the
GPR19 expression increased in the cells. Moreover, they transfected cells with a fixed
amount of MGBR and differentatios of GPR19 and followed the cAMP accumulation
inside the cells as MC3R is a tholapllofed GUs
cAMP inside the cells increases. They found that dimerisation between MC3R and
GPR19 slightly enhandecAMP accumulation.

This finding is of interest as Gantz et al. (1993) reported that MC3R is expressed
in the human brain, specifically the cortex, thalamus, hippocampus, and hypothalamus,
and in the placenta but not expressed in the adrenal tissue. It is known that MC3R is
activated byPOMCd er i ved pap tliMBHpeptidesals we MSH as U
(RoselltRehfuss et al., 1993). It is reported that both MRAP and MRAP2 interact with
MC3R, and the expression of MRAP and MRAP?2 either alone or in combination does
not alter he celtsurface expression of MC3R (Chan et al., 2009). In the same study, they
found that expression of MRAP2 alone or in combination with MRAP in a cell line that
is expressing MC3R and then treated with the ligand fdPRaMSH ([Nle4, D-Phe7]
alphamelanocytestimulating hormone) leads to a significant reduction in cAMP
generation in comparison to the cell line that expressing MC3R alone.

GPR19 is expressed during mouse embryonic developmentisamighly
expressed in the adult brain, particularly in thactory bulb, the hippocampus,
hypothalamic nuclei, and the cerebellum (Hoffmeittéerich et al., 2004). GPR19 is
one of the genes that is downregulated in the brain by water deprivation (Tang et al.,

2011). Moreover, Stein et al. (2018Jemonstratedn vivo that reduction in GPR19
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MRNA levels inthe medial basal hypothalamus of male rats resulted in the loss of the
inhibitory effect of adropin, the peptide proposed as a ligand for GPR19, on water
deprivationinduced thirst. Moreover, Mushala et al. (2023) reported that GPR19 plays a
role in energy homostasis as they noticed an increase in total energy expenditure in
GPR19 knockout micen comparison to control micélence, both MC3R and GPR19

are expressed in the braand all three, MC3R (Cone, 2006), GPR19 (Mushala et al.,
2023)and adropin (Kumar et al., 200@)Jay a role in energy homeostasis. The study of
GPR19/MC3R dimerisation and the involvement of MRAP in the formation of this dimer
may yield important i nsight into the phy:
response to POMd@erived peptides andot adropin, which requires further
characterisation

The data in this chapter shows that the two forms of GPR19 candredpitated
by the antiN-POMG:..gantibody but cannot precipitate the HAag MRAP band, which
indicates that NNOMGC;.2g binds to GPR19 but not MRAP. Moreover, it shows that N
POMC can bind to GPR19 if it is a monomer or a complex with other proteins. In contrast,
anti-N-POMGC2santibody can cgrecipitate a ~50 kDa band when western blotted with
the HATag MRAP, which suggests that this is the GPR19 form that both MRAP-and N
POMG.2s bind to.

MRAP has previously been shown to potentiate MC2R signalling to promote
adrenal steroidogenesis (Metherell et al., 2005; Roy et al., 2007). As discussed earlier,
MRAP is not specific to MC2R and can bind to other GPGRduding GPR19which
is confirmed in this study. Stelcer et al. (2020) linked the high GPR19 expression in
tumourderivedadrenocortical cells and the inhibitory effect of adropin to the secretion
of adrenal hormones. Interestingly, Fassnacht et al. (2003) reported that the treatment of

the human adrenocortical cancer cell line (M2B5) with NPOMGCi2s led to a

127



concentratiordependent reduction of steroid hormone production. In addition, they
reported that treatment of the cells witPDMGC;.2shad no effect on the steroidogenesis
regulatory enzymes and transcription factors StAR, P450scd, &kd DAX1. In
contrast, Stelcer et al. (2020) reported that adropin decreases the gene and the protein
expression of StAR and CYP11A1, the sd®in cleaage enzyme that catalyses the
first and the ratéimiting step of steroidogenesis. The inhibitory effect of botROMGC..
2gand adropin in adrenocortical steroidogenesis through the activation of GPR19 and
whether it performs that effect as a monomer or as a dimer with other GPCR and the role
of MRAP in this process remains an open question.

Before answering that question, we need to confirm thyast the orphan GPR19
protein acts as the membrane receptor f6tMMGCi-2g and adropin. In the next chapter,
we will establish a link between the overexpression of GPR19 and the expression of
MRAP and the response of the cells teP®MGCi.2s using ICC and ELISA assays.
Moreover, NPOMGC.2s binding specificity to GPR19 will be assessed through a
competitivebinding assay. Here, the amount ofPOMGCi.2s bound to GPR19 is
measured in the presence of otpatative ligands,.g., NPOMC peptides: NPNOMG.
49 and NPOMGC,.77 or adropin. Ifthe receptor is indeed specific forPOMGC.2¢, and if
the binding of NPOMGC:.28 bound to theeceptor can be competed off with other ligands.
In this experiment, we can predict if MRAP plays a role in dviitg GPR19 to a N
POMG.-2s specific receptor by comparing the binding specificity eP@MC;-2gin the
cell line that expresses GPR19 alone and the cell lineettpaessedoth GPR19 and
MRAP. Moreover, the binding specificity of the othetPMOMC peptides, NPOMG;.4g,

N-POMC:1.77, and adropin to GPR19 will be investigated.
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Chapter 5: Identification of N-POMC as a GPR19 Ligand

5.1. Introduction

5.1.1. ReceptorLigand Interaction

The interaction between a receptor and its ligand is a complex process that
involves conformational changes and multiple noncovalent bameiations Receptor
ligand binding assays provide a quantitative measure of receptor expression and receptor
affinity for almost any ligand. Binding assays are essential for studying GPCR
biochemistry and for the development and characterisation of new drugs in the

pharmacological industry.

The law of mass action is used to describe ligand binding and pharmacodynamic
models. Where the binding between the ligand and the receptor occurs due to diffusion
the correct orientation and sufficient energy (Dong et al., 2015; Finlay et al., 2020). The
equilibrium is reached when the rate at which new ligawgptor complex equals the
rate at which they dissociate. Ligareteptor complexes are characterisednigny
properties such as specificity, affinity, saturation, and biological response. Resepto
often bind to one preferred natural ligand which means it is specific to that ligand. This
is not always the case, as it has been found that some natural ligands andtckirzs

Ubungarotoxincan bind to different receptors (Attie & Raines, 1995).

Ligand specificity can be assessed by compethineing assays where the
amount of ligand bound to a receptor is measured in the presence of another putative
ligand. If the receptor is indeed specific for the original ligand, the amount of ligand
bound & not affected by the presence of the other ligands (Motulsky & Neubig, 2010).

The binding of the ligand to other sites, other than the recaptoslled nonspecific
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binding. The nonspecific binding can occur due to the binding of the ligand to other
cellular molecules or to the plates, tubes, or other materials used to perform the
experiment. Usually, nespecific binding increases in a linear relationship with the
ligand concentration. It can be measured by usingunlabelled ligand at a high
concentration, e.g., 100 times the used concentration of the labelled ligand. This will
block all the specific binding siteand the labelled ligand only binds nspecifically.
Ideally, nonspecific binding is only 10% to 20% of the total ligand bindifmgghwis the

sum of specific and nonspecific binding (Flanagan, 2016; Motulsky & Neubig, 2010).

Moreover,receptotligand interactions are distinguished from other nonspecific
interactions by their high affinity}Vhere affinity is he strength of the binding of a ligand
to its receptor. It is known that a receptor has a limited numbleinding sites and js
thereforesaturated at high ligand concentrations. The saturation experiment is performed
by using an increasing series of concentrations of the ljgardithen the equilibrium
constants are measured. The equilibrium dissociation con&@ns (@ measure of the
strength othe interaction of a ligand to its receptand it is used to describe the ligand
affinity. TheKq value is the concentration of the ligand that occupies half of the receptors
at equilibrium (Dong et al., 201%inlay et al., 2020). Th&q valuealso measurethe

equilibrium between the liganceptor complex and the dissociated components:

d
[R] + [L] —=—> [RL]
[R] [L]
Kd=—
[RL]

Where [R] is the free receptor concentration, [L] is the free ligand concentratidn,

[RL] is the receptotigand complex.
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The Ki valug which is the dissociation constamepresents the binding of an
inhibitor to the receptor, and it depends on the kinetic mechanism of inhilsttber
competitive, norcompetitive, uncompetitive, or mixed inhibition. In competitive
inhibition, the inhibitor binds only tahe free receptobut not to the receptdigand
complex. In uncompetitive inhibition, the inhibitor binds only to the recemand
complex. Mixed inhibition involves inhibitor binding to both free receptor and receptor
ligand complex with different binding constantsi nornrcompetitive inhibition, the
inhibitor binding has no effect on ligand binding as it binds thfferent site than the

active site where the ligand binds (Hulme & Trevethick, 2010).

The maximum density of receptoBy) provides arestimatedneasure of the
total number of receptors that can bind to a ligand (Hulme & Trevethick, 2010). It is
usually expressed in terms of ligand bound per milligram of protein. It is estimated by
plotting a hyperbolic curve of the specific binding against tp@nd concentrations that

are high enough to approach full receptor occupancy.

The receptofligand interaction leads to a physiological response. This will be
discussed in detail in the following chapter, awith its cellular internalisation.
Internalisation of the receptor after ligand activation could affect the results of the ligand
binding assay. This can be reduced or prevented by using one of the following
approaches. First, perform the experiment atloemp er at ur es, e. g. ,
been reported that the internalisation process is slower in low temper&ecesl, use
of reagents that prevent or stop the internalisation prpsesk as Pitstop2 (von Kleist
et al., 2011). Third, the use of the cell membrane extnaattser than a whole cell which
preventdnternalisationis not always a good choice as the receptor 3D structure may be

affected during the extraction process (Oliver & Jamur, 2010).
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5.1.2. Ligand Binding Assays

Radioactive ligand binding assays were widely used to define receptor function
at the molecular level. This technique remains the most sensitive quantitative technique
to determine receptor expression levels in both intact cells and membrane extracted
sampes. It is also used for many pharmacological anajysekiding thedetermination
of binding kinetics. It im powerful technique that is used for the identification of ligands
for the orphan GPCRs. These receptors are artificially expressed in cebhiddinked
to a reporter system to identify when a ligand binds to the receptor (Attie & Raines, 1995;
Civel li et al., 2013). This Areverse phart
de-orphanizingand identifying the cognate ligand of many GPC&sh as dopamine
receptors (D1, D2, D3, D4 and D5) and melanocortin receptors (MC1R, MC2R, MC3R,

MC4R and MC5R) (Civelli et al., 2013).

In recent years, alternatitechniques such as nomadioactive ligand binding
assays, have been developed to reduce the use of radioactive isotopes due to the danger
to human health and tleevironment and the expensive cost of its waste disposal (B6hme
& Beck-Sickinger, 2009). Commonly used noadioactive labelling reagents for the
creation of ligand conjugates are biotin and fluorescent reagents. Those reagents are
available commerciallysaindividualligand-binding reagents or as kits. The choice of a
reagent to conjugate to @#éind depends upon the functional groups that are available for

modification and on the application to be undertaken.

Cell-enzymelinked immunosorbent assay (GEILISA) is a simple, rapid,
inexpensive, and highly sensitive quantitative technique that is used to quantify the
expression of proteins or receptas the cell surface (Lourenco & RogBarreira,

2010). The assay is performed directly in a cell culture plate to obtain information about
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the relative abundance of an antigen in a cell population. This is followed by the direct

labelling of cells with a primary antibody and then vatsecondary antibody conjugated

to a detection enzyme like horseradish peroxidase (HRP). The optical density of the HRP
reaction is measurednd it is proportional to the amount of antigen expressiothe

cell surface. Moreover, tan be used to study changes in receptor total and cell surface

expression selectively using permeabilised and -pemeabilised a@nditions

respectively.
5.1.3. Proteins and Peptides Labelling Technique

Bioconjugation is a powerful technique that involves the attachment of two
molecules together, usually through a covalent bond, to create a complex. Bioconjugation
is used to modify, label, or crosslink biomolecules where the resulting conjugate will
have a characteristic not normally found among the naturally occurring molecules
(Hermanson & ebrary, 2013). Nowadays, mosthaf activities in biological research
cannot be done without the use of one or more bioconjugated reagemissic
understanding ohie reactions of bioconjugationgssential to understand how to form a
successful conjugate for a particular application. Where the key step is the selection of
the proper crosslinking reagent thet turn, contains the appropriate reactive group(s),
which will couple with the functional group(s) available on the molecule to be linked

together.

N-hydroxysuccinimide ester (NHS ester), either labelled with fluorescent
molecules or biotin, is the mossed amineeactivecrosslinker. It is used to label the
primary amines (RNH>) of proteins, aminenodified oligonucleotides, and other amine
containing molecules (Hermanson & ebrary, 2013). The reaction of a carboxylate group

of the NHS ester with the amine group of the molecule to be labelled leads to the
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formation of a stable amide labelled molecule and NHS leaving gfeigp §.1. In
peptides and protein molecules, NHS ester crosslinking reagents couple principally with
primary amines at the-érminals and the secondary amines of lysine side chain, forming

stable amide and imide linkages, respectively.

Alexa FluoE fluorescent dyes witlexcitationsuited for a specific wavelength
are used for stable signal generation and imagsngg flow cytometry and fluorescence
microscopy respectively. The NHS ester labelled with Alexa Fkids widely used for
covalently conjugating the fluorescent dye to a protein or antjholgre the resulting
Alexa FIuoE conjugate will be used to assay or track its interaction with other

biomolecules (Hermanson & ebrary, 2013).

NHS Ester Derivative
Amide Bond

o) o)
R—< o l
0—N + R—NH, —> )J\ g + HO—N
R -
o

N
H
Reactive Amine 0

NHS Leaving Group

Fig. 5.1.General Nhydroxysuccinimide ester (NHS ester) reaction with primary amine
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The strong noftovalent binding of avidin to biotin has made it a useful tool to be
used in diverse applications in immunology, histochemistrysitu hybridisations
affinity chromatography, and many other techniques. In this assay, a biotinylated
molecule either an antibody or a proteis,first applied to the sample and then detected
by using labelled avidin. A variety of avidins labelledth detection conjugates
including fluorescent, enzyme, iodine, ferritin, or gold conjugate® available
comnercially. Avidin is a positively charged glycoprotein found in @ggtes that is
made up of four identical subunits where each has one binding site for biotin (Hermanson
& ebrary, 2013). This interaction gives the advantage of enhancing the signatyménsi
the immunoassay. Moreover, aviebiotin strong norcovalent interaction is resistant to
breakdown and to denaturation under extreme conditions which makes it useful in
bioconjugation applications. The only disadvantage of using avidin is its roifispe
binding to other nobiotin molecules due to its high isoelectric point (pl) and
carbohydrate content. Streptavidin is the bacterial counterpart of avidinalhos
glycosylated protein that also binds to four biotin equivalents per molecule with high
affinity and low reversibility. As streptavidin has no carbohydrate content and has lower
pl in comparison to avidin, this overcomes the disadvantage of the nonspecific binding
of avidin. Streptavidirbiotin binding therefore, has advantages overdawvbiotin

binding as it shows wer signalto-noise ratio (Hermanson & ebrary, 2013).

5.1.3.1. Labelling of N-POMC1.28

N-POMGCi2gis a short peptide that represents the first 28 amino acids sequence
of the NPOMC. NPOMGi.-2gis not a natural product of POMC processing where it had
been extracted from proteolytic cleavage of the-pMSH during the largescale
extraction process of growth hormones from human pituitaries (Lowry, 2016; McLean et
al., 1981). The sequence ofPMOMCis stabilised by two disulphide bridges, Cys2 paired
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to Cys24 and Cys8 paired to Cys20, inducing a hairpin tertiary structure (Bennett et al.
(1986), Fig. 5.2). The disulphide bridges are essential for targeting POMC to the
regulated secretory compartment of the cell (Cool & Loh, 1994). FTRONIC amino

acid sequence is extremely well conserved among various mammalian and sub
mammalian species where only the extremti@inal end differs because of one or
more amino acid deletions e.g., ratPDMC consists of 74 residues, human of 76
residues and bovine o fesidues (Denef & Van Bael, 1998)prly studies reported the
role of NPOMC, either the full length or the smaller fragments, in adrenal growth and
mitogenesis (Estivariz, Cariret al., 1988; Estivariz et al., 1982; Estivariz, Morano, et
al., 1988; Lowry et al., 1983). It has been proposed thab&H secreted fronthe
pituitary undergoes a pasecretion cleavage where the cleavage occurs after the arginine
residue,resulting in the generation of-ROMC.49 and Lyso 3VISH (residues 506)

(Bicknell, 2016; Seger & Bennett, 1986).

The receptor of NPOMC remains unknowrowever it has been found that the
C-terminal fragment of NP OMC, -MS# 3 is the physiological ligand of the
melanocortin receptor MC3R (Lorsignol et al., 1999; Ro$t&dinfuss et al., 1993). In this
project, receptaligand binding assays amgerformed to confirm that GPR19 is the
receptor of NPOMC as it is identified among other orphan GPCRs expresstx in
adrenal cortex to be IROMC receptor (Bicknell, unpublished data). To perform those
assays, the fOMC..og will be labelled using an NHS ester either conjugated with a
fluorescent dye or biotjthen the cells are treated with this labelled form é?QMGC..

28, and the celbinding capacity is determined. Labelling of M ODMG;.2s with NHS ester

could lead to the labelling at thetdrminal amino acid and/or at the lysine (K) side chain

group.
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W C|LIE S s Q C Q D L T - Nonpolar aliphatic R group

Aromatic R group
E Polar uncharged R group
Positively charged R group

Negatively Charged

Fig. 5.2.N-POMGCi.2s amino acids sequence. It contains two disulphide bridges, Cys2
paired to Cys24 and Cys8 paired to Cys20 (shown in orange), inducing a hairpin
tertiary structure (Bennett et al., 1986). The NHS ester labelling occurs at the N
terminal amino acid tryptophgfV) and the side chain of the amino acid lysine

(K).

5.1.3.2.  Labelling of Adropin

The full adropin peptide is made up of 76 amino acids @natoded by the
Energy Homeostasis Associated (Enho) geitnéch is 100% conserved humansmice,
andrats(Ali et al., 2022). The first 33 amino acids are described as a signal peptide while
thesequence from 34 to 76 amino adgldescribed as the bioactive sequence (Fig. 5.3).
It contains one disulphide bridge whé&hs34 paired to Cys56 inducing a hairpin tertiary
structure (Kumar et al., 2008) like tegucture of the NNOMGCi-2s. It has been reported
that adropin is secreted by human tissues, taghrain, heart, and liver (Thapa et al.,
2018; Thapa, Xie, Manning, et al., 2019; Thapa, Xie, Zhang.,e2@l19), and by cell
lines, e.g., HEK293 (Kumar et al., 2011). In contrast, a study by Wong et al. (2014)
showed that adropin was a membriioeind peptide rather than a secreted peptide. Since
its discovery, research into adropin has concentrated qhysological role. Several
studies and reports indicated the involvement of adropin in lipid and carbohydrate
metabolism, insulin resistance, functioning of the cardiovascular system and

inflammation (Ali et al., 2022). Moreover, Lovren et al. (2010) reggmb the ability of
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adropin to stimulate the proliferation and differentiation of the human umbilical vein

endothelial cells.

Adropin has been stated as a putative endogenous ligand for GPR19 (Stein et al.
(2016), Jasaszwili et al. (2019); Rao and Herr (2017), Stelcer et al. (2020)). However,
there is no evidence for the peptide binding to GRRt@uding a deorphangation study
by Foster et al. (2019) and no published recejggand binding studies. To explore
whether adropin is a GPR19 ligand, adropin was labelled using an NHS ester conjugated
with biotin, which could lead to the labelling at theddminal amino ad and/orat one
or the two lysine (K) side chain residues. This labelled adropin will be used to perform

receptofligand binding ELISA assay and a competitive assay agairBtOMC

fragments.
C H s R S A D V| D S L
- Nonpolar aliphatic R group
Aromatic R group
A K E P C P G P S S N P S S E Polar uncharged R group
p Positively charged R group

Negatively Charged

Fig. 5.3.Human adropin 346 amino acids sequence. It contang disulphide bridge,
Cys34 paired to Cys56 (shown in orange), inducing a hairpin tertiary structure
(Kumar et al., 2008). The NHS ester labelling occurs at tteridinal amino acid
cystine (C) and the side chain of the tiysineresiduegK).
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1)

2)

3)

4)

5.2. Aims

To measure the binding ability of the florescent labellddMGC-2sto the wild

type HEK-293 cell line and compare it to the cells transfected with GPR19,
MRAP, and GPR19/MRAP using the ICC technique.

To quantify the binding ability of unlabelledROMGC,.2sand adropin to the witd

type HEK-293 cell line and compare it to the binding capacity of the transfected
cells with GPR19, MRAP, and GPR19/MRAP using an ELISA assay.

To determine the binding capacity of biotin labelle?®MGC:.-2sto the wildtype
HEK-293 cell line and compare it to the binding capacity of the transfected cells
with GPR19, MRAP, and GPR19/MRAP using an ELISA assay. Then compete
the binding of biotin labelledN-POMGC:.2s with unlabelled NPOMGCi.2s, N-
POMG:.49, N-POMGC,.77andadropin.

To quantify the binding ability dbiotin-labelledadropinto the wildtype HEK-

293 cell line and compare it to the transfected cells with GPR19, MRAP, and
GPR19/MRAP using ELISA assay. Thethe biotinlabelled adropin was

competedvith unlabelled NPOMGi.28, N-POMGC..49, and NPOMGC.77.
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5.3. Methods

5.3.1. N-POMC .28 Labelling with Alexa Fluor-488

Synthetic NPOMGCy.2s peptide was custom synthesised from Bachem
(Merseyside, UK) and labelled with Alexa Fle488 NHS Ester by mixing a 3:1 molar
ratio of the peptide with Alexa Fluat88 NHS Ester. First, 1.2 mg of-ROMGCi.2g
peptide was dissolved in 500 pul of freshly prepared 0.1 M sodium bicarbonate buffer (pH
8.3),and 400 ug of Alexa Flue488 NHS Ester (Succinimidyl Ester, A20000, Invitrogen)
was dissolved in 50 yl DMSO. The two solutions were mixed well and incubated at RT
for an hour. After that, 1 ml of peptide extiao buffer (Appendix C.1) was added to the
N-POMGC-Alexa Fluor488 mixture. The labelletf®N-POMG;.2s peptide was purified
using a Segpak C18 cartridge (Waters, USA). Brieflg 1 ml column was wetted using
methanol before equilibrating with 5 ml of 0.1% (vivifluoroacetic acid TFA). The
mixture was applied, and the colummswashed with 5 ml of 0.1% (v/v) TFA. The
column was eluted in a stepwise fashion uginglution buffer containing 0.1% (v/v)
TFA and increasing percentages of acetonitrile starting from 10% to 80%. The labelled
488-POMG 23 was eluted with the 0.1% (v/v) TFA containing 40% (v/v) acetonitrile
elution buffer. Helium gas was used to evaporate the atd®from the fraction that
contains thé®N-POMGC..2s, andthen that fraction was neutralised by adding 0.5 ml of
0.1 M sodium bicarbonate solution (pH 8.3). The concentration off¥#NePOMG;.25

was calculated using the following equation:

Concentration of the peptide (M}=——— 06 O

The principle of this equation depends on the fact that the amino acid tryptophan
that is present in the-ROMGC..2gpeptide can absorb light at the wavelength 280 nm, and

Alexa Fluor488 dye has an excitation maximum at wavelength 495 nm. IP@MC..
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2shas one tryptopharesidue which has an extinction coefficieng)(of 5050 cmtM ™.
The correction factoiGF) of the Alexa Fluo#88 dye at 280 nm (Ao free dye/Anaxfree

dye) is provided as 0.11.

5.3.2. Biotinylating of N-POMC 1..gand Adropin

5.3.2.1.  Labelling of Peptides

Synthetic NPOMG.2s was labelled with EZinkE NHS-biotin  (N-
Hydroxysuccinimidobiotin) by mixing more than -1@d molar excess of biotin to
peptide. First, 135 pug of IROMGC.-2speptide was dissolved in 650 pl of freshly prepared
0.1 M sodium bicarbonate buffer (pH 8.8hd 122 pg of EZinkE NHS-biotin (#20217,
Thermo Scientific) was dissolved in 100 pl DMSO. Subsequebdyul of the biotin
solution was mixed well with theIROMGC..2s peptide solution and incubated at RT for

an hour; theube was mixed every 10 min.

The adropinsynthetic peptide was purchased from Cambridge Research
Biochemicals and labelled with HihkE NHS-biotin by mixing more than 1fld
molar excess of biotin tthe peptide. First, 110 pg of adropgeptide was dissolved in
500 pl of freshly prepared 0.1 M sodium bicarbonate buffer (pH &c@) 341 pg of EZ
linkE NHS-biotin was dissolved in 100 pl DMSO. Thet00 pl of the biotin solution
was mixed well with the adroppeptide solution and incubated at RT for 2 larsd the

tube was mixed evgrl0 min.
5.3.2.2.  Elution of the Labelled Peptides

To thebiotin-labelledpeptides, 100 ul of peptide extraction buffer was added and
then purified using higiperformance liquid chromatography (HPLC, Spectra Series
P200 and UV100, Spectighysics) that is connected to 4.6 mm x 250 mm C18 column

(Thermo Fisher). The biotinylateN-POMG.2g eluted with a linear gradient of 0.5
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ml/min flow rate of the mobile phasehich ismade up of two eluents: eluent A is 0.1%
(v/v) TFA in acetonitrile and eluent B is 100% acetonitrile. The biotinylated adropin
eluted with a linear gradient of 1.5 ml/min flow rate of the mobile phak&eh ismade

up of 90% eluent A (0.1% (v/v) TFA in water) and 10% eluent B (0.1% (v/v) TFA in
acetonitrile).The detectiorof peptides waslone by measuringbsorbance at 280 nm.
The eluted fractionwerecollected after 35 mins at 40% eluent A and 60% eluent B, and

the acetonitrile was evaporated from the eluted fractions using Helium gas.
5.3.2.3.  Determine the Concentration of the Eluted Peptides

The absorbance at 284 nm of the biotinylated peptademeasured against 0.1%
(v/v) TFA. The BeeiLambert equatiorwas used to calculate the concentration of

biotinylated peptide:

Concentration of the peptide (M) =——

WhereA284 is the absorbance at 284 nm, e is the extinction coefficient, and | is

the optical path length.

The principle of this equation depends on the fact that the amino acids tryptophan
and tyrosine can absorb light at the wavelength 280 which has an extinction
coefficient (e) of 5050 csiM-1 and 1440 criM-1, respectively. NOMGCi.2shas one

tryptophan residue in its sequenadiile adropin has one tyrosine residue.

5.3.2.4. ELISA Assay for Biotin and the Peptide in the Eluted

Fractions

In a96-well plate, 2 pul of each fraction was added to 98 pl of freshly prepared in
0.1 M NaHCQ mixed well and incubateat RT for 3 hrs. The plate was then blocked by

adding 200 pl of 0.1% (w/v) BSA in 0.1 M NaHG@nd incubated at RT for 2 hrs. The
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wells were washed 3 times with 200 pl 1X TBST for each wash. To check if the eluted
fraction contains biotin, 200 pl of the Ultra streptavitHRP (N504, Thermo Scientific)

at 1:500in 0.1% (w/v) BSA in 1X TBST was added, and the plate incubated for 1 hr at
RT. Then, the plate was washed 3 times with 1X TBST, 200 pl for each wash. To confirm
that the eluted fraction also contained the peptide, 200 pl of the rabbBN-R@MC,-2g
antibody was raised by immunising rabbits with purified bovin®®MGC.49 and
antibodies to NPOMGC.2g were affinity purified using soligphase 128, which is N
POMG..gcovalently linked to cyanogen bromide activated Sepharose pesipafed by

Andrew Bickne), or rabbit antiadropin (PA572781, Invitrogen) primary antibody at

1:500 dilution prepared in 0.1% (w/v) BSA in 1X TBST was added, and the plate was
incubated for 1 hr at RT. The wells were then washed 3 times with 1X TBST, 200 pl for
each wash, and 20Ql 1:1000 diluted goat antabbit IgG horseradish peroxidase
(ab97051abcam) secondary antibody that was prepared in 0.1% (w/v) BSA in 1X TBST
was added per well and incubated for 2 hrs at RT. The plate was then washed 3 times
with 1X TBST, 200 pl for each wash. The ELISA reaction was started by adding 200 pl
of Tetramethybenzidine (TMB) solution (Appendix C.2) that contained 0.05% (v/v)
H20.. The reaction was stopped oreélue colour had developed (approxt®mins)

before the addition of 100 ul of 0.5 M HCI, which stopped the reaction and titrned
yellow. The absorbare at 450 nm was subsequently read using a plate reader (Molecular

Devices).
5.3.3. Detection of Labelled*®N-POMC .25 by ICC

Cells were cultured in 12 well plates containiti§ pg/ml poly-L-ornithine
(Millipore, USA) coated coverslipsAfter 24 hrs of serunstarvation the cells were
incubated for 6 min with 200 pl of 30 uM Pitstop2 solution (ab120687, abcam),
prepared as recommended by the manufacturer. The piEstspRition was discarded
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and then the cells were induced with 1 #f#iN-POMGCi.2sfor 10 min in the 5% (v/v) C©
and 37°C incubator. After 10 min, the coverslips were washed twice witoidel X
PBS, and the cellgerefixed with 4% (w/v) PFA for 5 min at 4°GCoverslips were
mounted ina fluorescent mounting medium without DAPI (Vector Laboratories, Inc,

UK). Cells were imaged at 40X lens usthgZeissA x i ol ma g e r Miggoscope.e s c e n t
5.3.4. Fixed-Cell ELISA

This assay was performed following a protocol described by Jones et al. (2007)
with modifications. Briefly, cells were cultured in 6 well plates for 48 hrs. After 24 hrs
of serumstarvation the cells were incubated for76min with 300 pl of 30 uM Pitstop
2E solution (ab120687, abcam), prepared as recommended by the manufacturer. The
pitstopZE solution was discardednd then the cellwere incubated with a #ld serial
dilution of N-POMG,.2gstarting from JpM to 1 nM for10 min in a 5% (v/v) C@at 37°C
incubator. After 10 min, the cells were washed twice witkcmle 1XPBSandthen fixed
with 4% (w/v) PFA for 5 min at 4°C. The cells were washed twice witltadd 1X PBS
then scraped into 0.5 ml/well 1X PBS and transferred to a 1.5 ml microcentrifuge tube.
The tubes were centrifuged at 400 g and 4°C for 5 min. After discarding the supernatant,
the cells were blocked at RT for 1 hr with 0.5 ml 10% (v/v) goat serum prepated
PBS. To the blocking buffe0.5 ul rabbit antiN-POMGC.-2g primaryantibody was added
to a final 1:1000 dilution factor and incubated overnight at 4°C. The next day, the
microcentrifuge tubes were centrifuged at 100 g for 5 = the cells wereashed 3
times with 1X PBS. The cells were incubated with the goatrahbit IgG horseradish
peroxidase (ab97051, abcam) secondary antibody at 1:5000 10% (v/v) goat serum for 2
hrs at RT and then washed 3 times with 1X PBS, 0.5 ml for each wasb6-medl plate,
10 pl of each sample was used to perform the ELISA reactianrddction was started
by adding 200 pl of Tetramethylbenzidine (TMB) solut{@ppendix C.2)that contains
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0.05% (v/v) HO.. The reaction was stopped after 15 nadaring this time, the reaction
mixture turned bludy adding 100 ul of 0.5 M HClandthen the absorbance at 450 nm
was read using a plate reader (Molecular Devices). For standardisation, the absorbance

at 540 nm was determined in 10 pl of each sample @sB©QA protein kit assay.

5.3.5. Non-Radioactive Ligand Binding Assay Using Biotinylated

Peptide

Cells were cultured in 96 well plates containih@ pg/ml poly-L-ornithine
(Millipore, USA). After 48 hrs of incubationthe cells were blocked with DMEM
containing 1% (w/v) BSA for 30 min in a 5% (v/v) @@t 37°C incubator. The Pitstop
2E solution was added to the blocking buffer directly with 30 uM final dilution and
incubated for & min. The solution was discarded, and then the cells were treated with
serial dilutions of biotinylategeptidefor 10 min in a 5% (v/v) C@at 37°C incubator.

To find the norspecific binding, the cells were treated with unlabelled pepO0X fold

the concentration of biotinylated peptidencentrationskor the competitive assay, the
cells were treated witafixed concentration of biotinylatgueptideequal to théq value

and serial dilutions of unlabelled-ROMG;.2s, N-POMGC;.49, pro-o-N-POMC (both N
POMGCi.49 and NPOMGC..77 were purified from bovine pituitary tissue, purified by
Andrew Bicknell) or adropinAfter 10 min, the cells were washed twiwégh 200 pl 1X
PBS followed with the addition of Ultra streptaviefRP (N504, Thermo Scientific) at
1:500 1% (w/v) BSA in 1X PBS for 1 hr at RT and then washed 3 times with 1X PBS,
200 pl for each wash. The reaction was started by adding 200 pl of TMiBoso
containing 0.05% (v/v) kD-. The reaction was stopped after 15 ndaring this time,
the reaction mixture turned blue,dadg 100 pl of 0.5 M HCI, and then the absorbance at

450 nm wasead using a plate reader (Molecular Devices).
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5.4. Results

In this chapter we investigated whether-ROMC can bind to the GPR19
receptor. In these experiments, th&ernalisation of plasma membrane receptors was
inhibited by incubating the cells with 30 pM Pitstof 2for 7 min. Pitstop E
competitively inhibits the clathrin terminal domain to selectively inhibit CME, winidh
prevent the GPCR internalisation after ligand binding

5.4.1. Labelled Peptides

The biotin-labelled peptides are eluted as more than one peak, as was expected
due to the different combinations of the labelling sites that are available in each peptide
with the preference to be labelled at the lysine side chain thdrethe Nterminal. Since
N-POMGC.2scould be labelled at either thetlrminal amino acid and/or at the lysine (K)
side chain group, three possible labellamgnbinations werexpected to form during the
labelling step. The HPLC elution profile of the biotinylatedP®MGCi.28(Fig. 5.4) shows
4 peakswith the third peak beinpe dominant one. The presence of both tHeOMGC..
sgpeptide and biotin in each fraction was studied by ELISA assay. The results revealed
that peak 3whichwas collected as fraction 3, has the highest peptide and biotin signal
intensity (data not shown). The concentration 6POMC.2s in this fraction was
determinedand it is used to perform the noadioactive ligand binding assay to study
the binding ability of the cells to this peptide and & tonger fragment,-49 and 177,
or adropin could compefer this peptide.

The adropin peptide has two lysine (K) amino acttisrefore,one of them or
both could be biotinylated in addition to theté&minal. This could develop up to six
possible labelling combinations. Surprisingly, the HPLC elution profile of the
biotinylated adropinFig. 5.5) shows 9 overlapping peaks that were collected as 9

fractions. The ELISA assay results showed that all the fractions contain adropin peptide
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and biotin with fractions 4, 5, 6, 7 and 8 having the highest signal (data not shown), so
100 pl of each fraction was combinathd the final concentration was measured. The

combined fractions were used to detect if the ahitavedany adropin binding ability.

Fig. 5.4.The eluted biotin labelled ROMGC.2s using HPLC (Spectra Series P200 and
UV100, SpectrPhysics). It was eluted as 4 peaks collected separately as 4
fractions. Peak 3, the peak withie highest intensitywas found to contain the

highest concentration of biotinylatedRDMGC;-2s.
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Fig. 5.5. The elutedbiotin-labelled adropin using HPLC (Spectra Series P200 and
UV100, SpectrdPhysics). It was eluted as 9 overlapping peaks that were collected

as 9 fractions.

5.4.2. Binding of Labelled “8N-POMC .25 to GPR19

The WT cell line and the three stably transfected cells with GPR19, MRAP and

GPR19/MRAP were treated with 1 f#N-POMCi2s. At first, the fluo

media containing DAPI was used, and we no
wavelength, so fluorescent mounting medi a
cel l fluorescence (CTCdm 3waisn cead erud eartte di m:

slide of three i,ndaenpde AnvdhegnntA NeDXeAe minme Tuk ey '
compari somspltieessd. wreir gu PRI-PGMChHs sigralantessitytinh a t

the cell line expressing GPR19, MRAP and MRAP/GPR19 wasighificant level in

comparison to the&/T cell line. Moreover, the signal intensity in the cell lines thqiress

MRAP and GPR19/ MRAP was significantly hig

overexpressed GPR19 only. Interestingly, the cell line that was expressing MRAP
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without overexpression of GPREhowed asignificantly higher*®N-POMG:.2s signal

in comparison to the cell line that was overexpressing GPR19. This finding reflects the
availability of the NPOMCreceptor in the cell membrane where the cells that express
more GPR19 receptor signal with mé#N-POMG;.2s.

We tried to label the cells with a lower and higher concentration than the 1 nM
48N-POMG-28, but it was unsuccessful. In the lower concentrations, it was difficult to
have a good imagespeciallyn theWT cell line.In the higher concentrations, the image
had a high background, which maddifficult to identify the cells from the background.
That leads us to use a different technique to study the binding ability of those cell lines

to different NPOMGC;-2s concentrations.
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Fig. 5.6. Binding of AlexaFluor 488 labelled NPOMGCi.2s to the WT HEK-293 in
comparison to stably transfected cells with GPR19, MRAP and GPR19/MRAP.
Cells were imaged at 40X lens usirtge Zeiss Axi ol mager buor €
Microscope, scale bar 100 um. The corrected total cell fluorescence (CTCF) is
calculated in 5 cells from 3 independent images of one slide. Statistical analysis
was performed using orgay ANOVA and Tukey's multiple comparisons test.
Data are expressed agan = SEM of three independent expemts. Results

were considered statistically significant if thergdue was < 0.05.

5.4.3. Binding Ability of N -POMC .25 to Its Receptor

This work aimed to investigate whether overexpression of just GPR19 could
increase N°POMC bindingo the HEK293 cell membrane or if there is a requirement for
MRAP. The four cellines were treated with increasing concentrations of unlabeled N
POMCGC..2g starting from 1pM to 1 nM. Many standardisation steps were performed to
reach the final protocol that was used in this study. We found that uStagekh plate to
culture the cells was better than using awk plate, as more cells are required to
perform both the ELISA and the protein content assays in the cell samples. Moreover,

the assay was performed at concentrations lower thpdh d&nd higher than 1 nM of N
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POMC. The signal at the lower concentrations was very low @andd not be
distinguished from the backgroundhile the signal at higher concentrations showed
saturation especially in the wildype cell line. The blocking step was found to reduce
the nonspecific binding of the primary and secondanyibodies The best dilution factor

that should be used for both the primary and secoraf@ilgodies was also tested using
thetitration method (data not shown). It was difficult to have the same numbelif ce
per sample as the HERO3 cells are easily detached from the plate, so to standardise the
results the same amount of protein was used to perform the ELISA assay.

The results weretsat i sti call y-wanpalANO&BRummaeinty' s2
mul ti pl e caqgap as h Bigume S.v. The edults show that overexpression
of GPR19 alone was not enough to give a significant differenceROMGC:.-2s binding
to the cell membrane in comparison to the wylde cell line. In contrast, overexpression
of GPR19 with MRAPresults in a significant difference infROMGC.-2g binding to the
HEK-293 cell membranayith as low as 1@M of N-POMG...s. Interestingly,a stably
transformed cell line that expresses MRAP shows a significant binding ability response
to N-POMGC..2g, like the transformed cell line with GPR19 and MRAP. This finding
highlights that MRAP plays a role in facilitating the binding ePR®MCto its receptor

GPR19.
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5.4.4. Binding Ability of the N-POMC fragments (1-49 and 177) and
Adropin to GPR19
N-POMGCi.2gis not a natural peptide hormone but is described as an extraction

artefact (Lowry, 2016¥ince it had been identified during growth hormone purification
from human pituitaries. In this section, we will investigate which othd?QWMC
fragmentsN-POMG;.49 and prea-MSH (bovine NPOMGC..77), can bind to GPR19 h e
nomadi oactive | igand binding assay was use
l i nes to BPICOMGenryd atedcd®Nnfirm tkellirEdirBA
assay. The specific bindi-m@Md®svas hdetcelt inisn e
by treating the cells wi-ROMBendiad cdil cut o
as the total tihepedomfi cThendi ng was det er mi
wi t h unl-208MCEEEOONd mane t he bi-ROM@y | at ed
concentrati aregp.r etBheep t tsegs @¢.¢8 fniocn and speci f

bi oti nylOMCegddh N he four aelelcilfimed. nOThegn e

-

esponse with increasedPCMOxrMntirass onisamf -

t he tot,alwhbiicnhdiinng oadpt ¢d ddhegepecific bi

type cell l ine and the <cell ' i ne that oVe
saturated curve with increBOMfBg CLoncentra
the cell l ines that are ehk@mes nicmegaMRAR (|
t hat does not reach a plateau. From the

saturation i f asbBiegheDueonoenthreatiomntati ol

and extraction pelbgyedweessereaenhott mamd e to
concentrations to perform such an assay.
The data were statway i AMOVA/ aannda | Dyusnende t ut s

comparisons test and represented in Fig. 5
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ti mekKeyveaehee ot ypkbecwildline. This finding |
MRAP, al one or with overexpression of GPR1
t o-POMGCs
Comparison of the curves of specific binding clearly indicates that the GPR19
(Bmax = 0.7511,Fig. 5.9 B) and GPR19/MRAP (Bx = 0.9140, Fig. 5.9 D) cell lines
contained a significant amount of GPR®8eptor in comparison to the witdpe cell
line (Bmax = 0.3682,Fig. 5.9 A). Interestingly, the cell line that transformed vitik
MRAP gene showed a similar amount of GPR19 receptor in the cell membrane (B
0.835, Fig. 5.9 C) as the cells that overexpressed GPR19, and the cell line that

overexpressed GFL9 and MRAP.
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In the present study, we searched for othé&®MC fragments that could bind to
GPR19 using the competitive binding assay against biotinylate@MGC.»s. For the
competitive assay, the cells were treated with 15 nM biotinylat&DNIC,.2g and a
serial dilution of unlabelled N’POMGC;.28 or N-POMGCi.49 or N-POMGC..77. The optical
density (OD) is normalised to the OD of the cells that are treated with 15 nM biotinylated
N-POMGC.2g alone which is normalised td00%. Then, the nelinear regression ore
site fit Ki equation is applied to calculate the effect of the addition of unlabeled N
POMG:.28, N-POMG:.-49, andN-POMGCi.77 on the binding percentage. This model fits the
Ki of the unlabelled ligand directly by entering the concentration of biotinylated N
POMG.2gand the K value for each cell line as constants, and GraphPad Prism directly
fits the Ki of the competitor compound. In general, the results of the four cell lines showed
dosedependent depletion of-ROMGC..2s after the addition of either IROMGC..49 Or N-
POMG:.77(Fig. 5.10).

The four cell lines responded to the inhibition differenthhere the wiletype
cell line showed around two times more binding affinity (Ki value) tBOGMGC-s90r N-
POMG.77, respectively, in comparison to ROMGCi2g(Fig. 5.10 A). This result indicates
that both NPOMGCi.49 and NPOMGC,.77 bind to the same binding site asROMGC.2s.
Moreover, the binding affinity for POMGC.49 and NPOMG..77 increased to 25 and 10
respectively, times more in the cell line timbverexpressing GPR19 (Fig. 5.10 B) in
comparison to the affinity of the same cell line taPOMGC.-2s. Interestingly, the affinity
for N-POMGCi.49 peptide increased dramatically to 29 and 36 times more in the cell lines
thatare expressing MRAP (Fig. 5.10 C) and GPR19/MRAP (Fig. 5.10eBpectively,
in comparison to the Ki value of-ROMGC..2g in the same cell line. Furthermore, the
affinity to N-POMGC..77 in the cell line that expressed MRAP increased to up to 13 times

morethanthe affinity to NPOMG,;-2s.
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To determine whether adropin, as published by Stein et al. (2016), Jasaszwili et
al. (2019), Rao and Herr (2017) and Stelcer et al. (2020) is a possible agonist for GPR19,
the cells were treated with serial dilutions of unlabelled adropin to determinkewitet
could compete with biotinylated-NOMG..2g. Surprisingly, the results (Fig. 5.18how
that adropin did not compete with the biotinylate@8MGC.-2speptide in any of the four
cell lines. This finding could be explained as either adropin bindgliffesent receptor
other than the NPOMC receptor or it binds to GPR19addlifferent site that NNOMG.-
2g does not bind tdf both bind to the same binding siteseems that POMGCi.2gis a
stronger GPR19 agonist and cannot be competed by adropin.

To our knowledgeno published data have studied the binding ability of adropin
to its possible receptor, GPR19. Since HEX3 cells produce adropin (Ganesh Kumar
et al., 2012), treating the cells with unlabelled adropin and then determining the binding
ability of this pepide to the cells using aanttadropin antibody is impractical as it
produces a high background in the control samples (data not shown).

Thus, adropin was labelled with biotiand the biotinylated adropin was used to
study its binding ability in the four cell lines using the same protodbkdsinding ability
of the biotinylated N° OMGCi-2s. The results (Fig 5.11 A, B, C, D) demonstragddhear
specific binding response and not saturable curve as expected, with increasing
biotinylated adropirtoncentrations in all the cell lines. As the calculatioKofndBmax
values required a saturation curve (Hulme & Trevethick, 2@L@h a statistical analysis
cannot be performed with this data. The interesting finding of this assay was that the cell
line that was overexpressing GPR19 showed a significantdigmendent response to the
biotinylatedadropin in comparison to the witgtpe cell line (Fig 5.11 E) after applying
2-way ANOVA and Dunnett's multiple comparisaests This finding indicates that the

binding ability of adropin increases significantly as the GPR19 expression is increased.
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Moreover, it seems that expression of MRAP in the cells prevents the binding of adropin
to its receptarwhetherit is GPR19 or another receptor, as it givesoasignificant
response with the increased adropin concentrations, that could be explained as MRAP

converting the GPR19 to be moreROMC specific receptor.
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if the pvalue was < 0.05.
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This was followed by studying the competitive ability of th @MC fragments
to biotinylated adropin binding to the cells. The cells were treated with 10 nM
biotinylated adropimnd a serial dilution of unlabelled-ROMGC;.28, N-POMGC;.49, Or N-
POMG.77. This was followed by the same detection assay and statistical analysis as the
competitive assay of the biotinylated™OMGC;2s. As can be seen in Fig. 5.12, all the N
POMC peptides competedth adropin binding from the cells, especiallyDMGCi.zs.
The biotnylated adropin binding percentagras reduced by more than 80% with 10 nM
of unlabelled NPOMGC..2gin all four cell lines.Meanwhile, NPOMGC..49required up to
100 nM, and NPOMG:.77 required up to 500 nM to reduce the biotinylated adropin
binding percentage by 80%.

It has been shown previoushat adropin cannot compete withPOMGC;.2g (Fig.
5.10), while NPOMC fragments can compete wattiropin (Fig. 5.12) in all the cell lines
that were used to perform these experiments. In addition, adropin only showed a
significant dosedependent response in the cell line that was overexpressing GPR19 and
not in the cell lines thaivere expressing MRAP. These results suggest that MRAP
converts GPR19 to kenN-POMC receptor rather than adropin. On the other hand, the
results cannot confirm if adropin is tli&PR19 cognate agonist. Further experiments
such as using a cell line that does not express GRIRUR] be used to confirm if GPR19

is acting as an adropin receptor, which is not the aim of this study.
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5.5. Discussion
In this chapter, a link between the overexpression of GPR19, the expression of

MRAP and the binding of NPOMC to the HEK293 cell line has been established.
Unpublished datdrom the Bicknell group had identified the receptor GPR19 to be a
possible receptor for ROMGCi.2g in adrenal cells. In the previous chapter, the ICC
images showed that GPR19 and MRAP proteins afleaadised in the cell membrane

and inside the cells. Moreover, the-Bs results showed GPR19 and MRAP forming a
complex and the GPR19dnds could be precipitated using an-&#POMGC,..gantibody

after treating the cells withdROMG..2s and using the crosslinker DST.

It has been reported that GPR19 is expressed in numerous distinct regions of the
adult and foetal brain (Hoffmeistétllerich et al., 2004)specifically in the pituitary and
the hypothalamusyhere the POMC peptides are processed and secreted. It is also found
that GPR19 is expressed in different peripheral tissues (O'Dowd et al., 1996). According
to GEPIA (Gene Expression Profiling Interactive Analysis) web server for cancer and
normal gene x@ression profiling based on RN#eq data, expression of GPRI® i
normal human adrenal gland is relatively low in comparison to the brain tissue, 0.37 TPM
(transcripts per million) vs 3.79 TPM; respectively, and to adrenal carcinoma, 9.69 TPM.
While MRAPL1 is strongly expressed in the adrenal gland with 232.78 TPM in comparison
to 1.09 TPM for MRAP2. The expression pattern changes dramatically in adrenal
carcinoma cellswhere the expression of MRAP1 decreased to 12.59 TMP while the
expression of MRAP2 increased to 52.08 TPM. The expression pattern of GPR19 and its
accesory protein MRAP is of clinical significandge identifying normal adrenal cortex

from the adrenocortical carcinoma tissues.

Previous studies have shown thd?®@MC fragments-P8 and 254 to be potent
adrenal mitogens (Estivariz, Carino, et al., 1988; Estivariz et al., 1982; Fassnacht et al.,
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2003; Lowry et al., 1983). Because the pituitary secretes-pM8H alongside ACTH
during the stress response and the gregudmoting activity appears to reside in the N
terminal sequence, a hypothesis was proposed that adrenal growth and mitogenesis were
controlled by a postecretion cleavage of pmMSH. Bicknell et al. (2001) identified

AsP with its expression being limited to the adrenal cortex, mainly in the capsule and
zona glomerulosawhich is involved in adrenal growth. They performed several
experiments using mouse Y1 adrenal cells to show that the growth of these cells after
treating them with pr@-MSH is dependent on the expression of this protease. Moreover,
they found that AsP cleaves pseMSH between the amiraxid valine 52 and methionine

53 to release the adrenal mitogenic fragme@MC..s,. It is also suggested that the
cleavage mawpccur after the arginine 49 and result in the generatiorlPONGC,; s9and

Lys-o 9VISH (50 76 residues in ratgHarmer & Bicknell, 2005).

It has been reported that the steroidogenesis that takes place in the adrenal gland
requires the coordination of several POMC peptides and has been extensively studied
since the 1950s. Pedersen et al. (1980) reportedésadesACTH, proo-MSH could
activate the HSL enzyme that hydrolyses cholesterol ester to free cholesterol to enter the
steroidogenic pathway. Interestingly, they found that administration of the ttypaied
pro-o>-MSH to hypophysectomised rats was found to result in an increasesimeHISL
activity and increased steroid hormone secretion in response to ACTH to 130% of the
control animals (Pedersen & Brownie, 1980):DAljaili et al. (1981) reported a similar
effect where they found that-ROMGC..77 could increase the release of both cortisol and
aldosterone in rat and human adrenal cells. Torres et al. (2010) showed that
administration of modified synthetic-ROMGC;.2gthat lacked the disulphide bridges to

dexamethasoneatedrats induces phase entry in all zones of the adrenaltexar
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Meanwhile the synthetic N°NOMGC2gwith disulphide bridge has a mitogenic effect only

in the ZG and ZR, but not ZF, of the adrenal cortex (Mendonca & Lotfi, 2011).

Several studies have been performedharacteris¢he receptors through which
the different POMC peptides act in adrenal growth and steroidogenesis. It has been found
that ACTH and MSH peptidesyhich are produced from the precursor POMC, are
selectively binding to a family of G protegoupled receptorsnown as the melanocortin
receptors (MCRs). ACTH binds specifically to MC2R, and it requires the accessory
protein MRAP for full functionality (Metherell et al., 2005; Roy et al., 2007). The
melanocortinpeptidesUMS H ,-MSHH , -MS H, -MS B  a nMSH tha&e been
reported to have different bindiraffinities to the MCRs (Denef & Van Bael, 1998).
Interestingly, it has been found that theég@minal fragment of the pro-MSH that is
known aso3-MSH, residue 50174 inrats, acts through the MC3R receptor (Gantz et al.,
1993),and it is the only member of the MCRs that have significant affinity for this peptide
in rat adrenal. In addition, they found that ACTBHMSH andb-MSH show an agonist
activity onthe MC3R receptor. Unlike those peptidesPOMC does not seem to be an
agonist of MC3R (Harmer & Bicknell, 2004; Tilemans et al., 1997). Tilemans et a
(1997) reported the role of-ROMC..74as a paracrine growth factor in the development
of lactotrophsand its action cannot be mediatedoByMSH. This data suggested that N
POMC does not act simply as an extende@hinal form 063-MSH and that a specific

receptor for NPOMC may exist.

In contrast, a binding study performed by Pedersen and Brownie (1983) reported
that NP OMC ¢ o mpMSH dod an adsenal receptor binding sitehich suggests
that both peptides occupy the same receptor. Interestingly, in the sametesséyund
that the smaller bovine-ROMC fragment (336 r esi dues) does- not
MSH. Thus, thataises the possibility that each of the three peptides, thiefhgth N
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POMC, the Nterminal (residues-49) and the @erminal (residues 5I4 in rat), have

physiological roles and atitrough different receptors.

A study that is performed by Vassilatis et al. (2003) grouped GPR19 with other
receptors thadrepredicted to be activated by peptides. Our data strengthened this finding
by successfully demonstrating that the wige and the three transformed cell lines
showedthe binding capacity to POMC128 either if it is unlabelled, fluorescently
labelled or biotin labelled. In these experimeritse internalisation of the plasma
membrane receptors was inhibited by incubating the cells with 30 uM PistopBich
will competitively inhibit the clathrin terminal domain to selectively inhibit CME. The
cells that were treated with 1 nM Alexa Fled88 labelled N°NOMGC..2g revealed that the
binding capacity of the cell lines that overexpressed GPR19, MRAP and GPR19/MRAP
to N-POMGC.2gis statistically significantly greater in comparison to the WT cell line (Fig.
5.6). Moreover, the cells that overexpressed GPR19/MRAP showed a significant binding
capacity in comparison to the other two transformed cell lines with only GRR1
MRAP. Moreover, the fixedell ELISA assay results showed a significant dose
dependent response of the MRAP and GPR19/MRAP cell lines to the unlabelled N
POMGC.2s in comparison to the wilthype and overexpressing GPR19 cell lines.
Interestingly, similar results have been found when using biotin labeHe@®MC;-2s.
Thesefindings suggested that GPR19 is the associated receptePGMNC;-2s, and the
expression of MRAP increases the binding 6PAMGC.2s to GPR19. The effect of

MRAP on the binding affitty of a ligandto its receptor will be discussed below.

As mentioned earlier, OMGCi.2gis an extractiorartefact; thereforehe ability
of the longer N°POMC fragments,-#19 and 177, to bind to GPR19 was investigated. In
the competitive binding assay, the cells were treated with 15 nM of biotinylated N
POMG.2s andthen competed with serial dilutions of unlabelleePRMCi.490 and N
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POMCGC.77. Generally, both N°POMGCi.49 and NPOMGC..77 competed with NPOMGC .28
with the peptidebds or der -POMC4p>ONPONM@. %> at GP|
N-POMGCi.2s. Thus, this data concludes that natural and syntheB®©ONIC fragments

perform their biological function through GPR19.

The role of MRAP (MRAP1 and MRAP2n modulating the melanocortin
receptors’ ligand affinity, signalling, and dimerisation baen reported in different
species. Chan et al. (2009) reported that both MRAP1 and 2 interacted with all five of the
MCRs and the expression of this accessory protein ledstgraficant reduction in the
cell surface expression of MC4R and MC5R but did not alter the cell surface expression
of MC1R or MC3R. Moreover, they noticed a significant reduction in CAMP responses
to the Igand NDPMSH in the cells that cexpress the receptor MC4R or MC5R with
MRAP1 or MRAP2 or both. Gexpression of both MRAP isoforms with the receptor
MC1R or MC3Ralso leads to a significant decrease in CAMP responses to the same

ligand in those cells, and -@xpressed of MRAP2 with MC3R showsiailar response.

By contrast, Sebag et al. (2013) reported that the cell surface expression of
zebrafish MC4R at the plasma membrane of transfected-2EH cells was not
changed by zebrafish MRAP2a expressiout it caused up to an 80% decreasé&tin
MSH binding to MC4R. Expression of MRAP2a did not significantly change the affinity
of MC 4 R-MSH o whichUsuggested that MRAP2a reduces ligand binding by
decreasing the number of the binding sites but not by altering affinity. In agreement, Asai
et al.(2013) found that:MSH increased PKA activity-fold abovethebasal level in the
CHO cells that cexpress MRAP2 and MC4RMoreover, the presence of MRAP2
i ncreased signal |l i iM§H doses. Maregver, the@fEe® of MRAPh i g h

expression on MC2R activity is addressed by Metherell et al. (2005) and by Malik et al.
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(2015). They reported that expression of MRAP is required to bind to MC2R in a correct

orientation to be active and to increase cAMP levels after ACTH stimulation.

Recently, MRAPs were also found to regulate the trafficking and activity of other
nonmelanocortin GPCRsuch as the prokineticin receptors (PKR1 and PKR2) and the
Somatostatin receptors (SSTR$STR5). PKRs are expressed in several tissues
including the hypothalamusand it is reported that these GPCRs are involved in
regulating food intake. Chaly et al. (2016) reported that MRAP2 inhibits PKR1 and PKR2
trafficking and signallingin vitro. The SSTRs are GPCRs that are activated by the
hypothalamic neureelocrine hormone somatostatin. The SS$Roupled to G and
reduces cAMP levels in cells during activatias,in GPR19. Wang et al. (2022) found
that mouse SSTR2 could form heterodimers with SSTR3 and SSAR5MRAP1
selectively interacts with SSTR3 and SSTR5 but not SSTR2. Interestingly, they found
that expression of MRAP1 inhibited thdimerisation of SSTR2/3 and SSTR2/5.
Moreover, the phosphorylation of ERK and the inhibition of cell proliferati@mne
enhanced in the presence of MRAPL. It is clear from those studies that MRAP (1 and/or

2) can regulate multiple GPCRs trafficking and signalling other than MCRs.

Multiple studies have reported that adropin is a proposed agonist of the receptor
GPR19 even though a direct interaction could not be confirmed in-arpleansation
study by Foster et al. (2019). In the a@dioactive ligand binding assay, no saturable
binding of biotinylated adropin was detecteahd this could be explained as the HEK
293 cell linesecreting adropinand that could compete with the added biotinylated
adropin over the binding site. On the other hand, this could be explained as GRR19
being an adropin receptor and adropin bindagnother receptor that exists in the HEK
293 cell line. The low significant doskependent increasayhich is linear and not
saturable as in the case with increased concentratiorR®MGCi-2s, in adropin binding
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capacity in the cell line that is overexpressing GPR19 could be related to the role of
GPR19 in increasing the binding affinity of adropin to its receptor, that may form a dimer
with GPR19, and that is suppressed by MRAP binding to GPR19. Moreover, adropin
shows no ability to compete with-ROMG.2sfor the GPR19 receptor binding sivehile
N-POMC fragments -8, 149 and 177 could compete with biotinylated adropin. In
fact, this finding is interesting and could be explained as GPR19 acting as a reteptor
both the NPOMC fragments and the adropin due to the similar 3D structure of those
peptides and this is only in the cells that express GPR19 alone whiéxgession of
MRAP convert GPR19 to be anlROMC specific receptor. Moreover, thdsedings
suggest that NPOMC is a strong GPR19 agonist, and that could explain why adropin
could not compete with the binding ofINOMGCi.2swhile the NPOMC fragments could

compete withadropin.

On the other hand, GPR19 could be the orHP®MC receptgrand adropin
could bind to another receptor that exists in the cell line.(dd&d adropin receptor might
form a dimer with GPR1%nd ceexpression of MRARuppressethis dimer formation
like the effect of MRAP expression on SSTR2 that has been reported by Wang et al.
(2022). They found that expression of MRAP inhibits the dimerisation of SSTR2 with
SSTR3 and SSTR5. The data suggest that MRAP expression may inhibit the dimer
formation betveen GIR19 (N-POMC receptor) and adropin receptsubsequently, the
cell surface expression of tltegropin receptor is reduced. This effect is shown as a
reduction inthe binding capacity of adropin to its receps&pecifically in the cell lines
that express MRAP. This idea is supported by the results of Fig 5.11, as the cell lines that
express MRAP show less adropin binding capacity than the WT cell line in most of the
adropin concentrations that were used. It dllrecommended to perform an experiment

usinga cell line thatloesnot express GPR18lentify the binding ability of the NNOMC

172



fragments and adropin to this cell line, and confirm wheddeopin is binding to GPR19

or not.

Overall, the results reported herein strongly suggest that GPR19 is a peptide
receptor and NPOMC is potentially the endogenous ligand for GPR19. Both adropin
and NPOMC shared sequence similarities and had a similar hairpin tertiary structure at
their N-terminal sequence. Their similar 3D structures mean these peptides bind to the

bindingsite of GPR19, with NNOMC having a higher affinity fa6PR19 than adropin.
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Chapter 6: Interactions Between NPOMC-GPR19 and Signal

Transduction

6.1. Introduction
6.1.1. GPR19 Signalling Pathway

The GPR19 gene located on human chromosome 12p12.3 region is frequently
rearranged irvarious malignancies (Montpetit & Sinnett, 1999). The gene contains an
intron-less open reading frame of 1245 nucleotides, which encode a 415 amino acid
protein that has structural similarities to the D2 dopamine receptor and the neuropeptide
Y receptor (CDowd et al., 1996). It has significant expression during mouse embryonic
development, in the central nervous system, and in various peripheral tissues
(HoffmeisterUllerich et al., 2004; O'Dowd et al., 1996). The hydrophobic analysis of the
receptor amin@cid sequence revealed that the GPR19 receptor contains three putative
glycosylation sites, which is a consensus sequence for phosphorylation by protein kinase
C (PKC) in the intracellular loops (O'Dowd et al., 1996).

It has been reported that GPR19 receptor signals by increasing the
phosphorylation of protein kinase B (Akt) and the extracellular sigerallated kinases
1 and 2 (ERK1/2) that are involved in cell cycle progression and cell proliferation
(Hossain et al.2016). The authors identified GPR19 along witbtderorphan GPCRs
to mediate the Akt and ERK1/2 phosphorylation induced by the glycerophospholipids
plasmalogens (PIs) to prevent neuronal cell death. This finding has been confirmed by
theknockdown of tle GPR19 gene and then treating the cells with Pls, which leads to no
effect on the levels of phosphorylated ERK in the neuronal cells. Interestingly, they found

that overexpression of GPR19 and the other 4 GPCRs increased ERK and Akt
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phosphorylation in neuronal and nnauronal (e.g., HER93T) cells compared with the
mock group and the signal was enhanced after treating the cells with Pls.

Moreover, Bresnick et al. (2003) reported that the GPR19 receptor signals by
decreasing cAMP accumulation. They used the fluorescence resonance energy transfer
(FRET) technique to test the signalling mechanism of different orphan GPCR receptors
in a calcium-sensitive CHGreporter cell line and a cAMBensitive HEKreporter cell
line. They found that GPR19 did not give a response in either cell line, suggesting that
t his recept eouplediregeptor. Moreover, theittansfected th&PR19
expresing cell line with a plasmid that encodég chimeric G protein, Gqi5, into the
calciumresponsive CHO reportéine. They determined a strong signal in this cell line,
which suggests that the GPR19 receptor is linked to inhibiting adenylate cyclase.

Overstimulation of a GPCR due to repeated or continuous stimulation with its
agonist leads to its desensitisation as a protective meadere overstimulation results
in cellular toxicity or uncontrolled cellular growth (Magalhaes et al., 2012). Acute or
shortterm desensitisation occurs over minutes of stimulation and involves
phosphorylation of the receptor by GPCR k
arrestins to the receptor and prevents the G proteins interaction with the GPCR and hence
reducereceptor signalling. Lon¢erm desensitisation, also known as downregulation,
occurs over ten minutes to ho-amedinsart GPCR
responsible for both shemrm and longerm desensitisation Once a GRK
phosphorylates a receptor-afsestins bind to the receptor with high affinityhich
promotes receptoiinternalisation into clathrincoated vesicles, its trafficking and
degradation in lysosomes and decreased receptor mRNA levels (Rajagopal & Shenoy,

2018; Scott & Laporte, 2019). A studby Southern et al. (2013) observed constitutive
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recr ui t-amestnto ®PR1ahbd all other studied orphan GPCRs and suggested
that this is a common feature of most GPCRs.
6.1.1.1.  Adropin Stimulate GPR19 Signalling Pathway

A recent study by Rao and Herr (2017) reported that GPR19 can phosphorylate
ERK (1/2) in breast cancelerived cell lines. They indicated adropin, a peptide hormone
expressed ithebrain and liver, as the cognate ligand of GPR19. They found that adropin
decreases the cAMP accumulation ilcsedependent manner and leads to a significant
increase in ERK1/2 phosphorylation in the GPR19 overexpressing cell line cortgpared
the control cellsMoreover, it has been reported that knockdown of GPR19 led to a
significant decrease in the phosphorylation of ERK1/2, along with its downstream target
p90 ribosomal S6 kinase (p90RSK) after 72 hrs (Thapa et al., 2018). In the same study,
they stimulated H9c2 cells, a cardiac cell line derived from rat atrial tissud) . wigty/ml
adropin and found that it significantigcreasedERK1/2 and p90RSK phosphorylation
after 24 hrs. The adropin phosphorylation of both the ERK1/2 and p90RSK was
completely blocked when the cellgere pre-treated with the ERK1/2 kinase inhibitor:
U0126.

Similar data has been reported by Stelcer et al. (2088)ead, they used the
adrenocortical carcinoma cell line (HAC15), which exprebséis the adropin precursor
gene (ENHO) and GPR19, to study the effect of adropin on adrenal steroidogenesis. They
found that the cell proliferation via ERK1/2 and Akt pathway was completely inhibited
when the HAC15 treated with adropin in the presendeBfK 1/ 2 and phosphoi
3 kinase PI 3K/ Akt inhibitors, U0126 and LY
thatincubation of the cells for 24 hrs in"1® adropin, 16 M ACTH or 25 pM forskolin
did not affect the expression of the ENHO and GPR19 receptor genes. In addition, they

found that treatment of HAC15 cells with"1® adropin for 24 hrs caused a significant
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decrease in forskolistimulated aldosterone and cortisol secretion in relation to untreated
cells. They reported that adropin reduces the secretion of the steroidogenic hormones by
decreasing the expression of BAR the protein that facilitates cholesterol translocation
into the inner mitochondrial membrane, and the expression of thelsde cleavage
enzyme complex QYP11A)}, that catalyses the transformation of cholesterol to
pregnenolone, where both are essential for the first and thdinm#éteg step of
steroidogenesis; respectivelg.addition, they found that the proliferation rate of HAC15
cells incubated with adropin increased significantly after 48 hrs of incubation using flow
cytometry involving cell labelling with BrdU and after 50 hrs of incubation using the
xCelligence methadn those studies, adropin is considered a possible ligand for GPR19
while the coupling between adropin and GPR19 remains controversial (Foster et al.,
2019; Southern et al., 2013).
6.1.2. N-POMC Signalling Pathway

Interestingly, more than forty years ago, studies found that thREQWMC is
indirectly involved in adrenal steroidogenesis by activating horrssensitiveipase, the
enzyme responsible for converting cholesterol ester to free cholesterol and increasing the
cholesterol pool for steroid hormorsgnthesisediuring stress (Pedersen & Brownie,
1979; Pedersen et al., 1980). Consequently, it has been found that the cortisol and
aldosterone output is increased in rat and human adrenal cells if treated with béth ACT
and prea-MSH together in comparison to the samples treated with ACTH onbly (Al
Duijaili et al., 1981). Theollowing studieshave shown that N°OMG..2s, with the
disulphide bridges in the correct position between cysteine residddsafdsi 20, can
stimulate the growth of adrenocortical tumour cells (Fassnacht et al., 2003) while the
modified NPOMGC.2gwithout disulphide bridges prevented atrophy of the adrenal cortex

induced by depletion of circulating POMC peptides suggesting that the disulphide bridges
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might be important but are not essential for tiPOMGC;.2g to act as a mitogenic factor
(Torres et al., 2010).

Many studies reported thatROMGC,.2s elicits its mitogenic effect by activating
the mitogeractivated protein kinase (MAPK) cascade: the FRA&-MEK-ERK signal
transduction pathway (de Mendonca et al., 2013; Fassnacht et al., 2003; Mattos et al.,
2011; Pepper & Bicknell, 2009) which is thenge signalling pathway previously reported
that the activated GPR19 receptor may signal through. Moreover, administratien of N
POMGC.2gto dexamethasorieeated rats induces synthesis phase (S phase) entry in all
zonesof the adrenal cortex (Torres et al., 2010) through the upregulation of cyclins D2,
D3, and E that regulate the cell cycle progression from the G1 to S phase (de Mendonca
et al., 2013; Mendonca & Lotfi, 2011).

6.1.3. Reporter Gene Assay

The signalling mechanisms following the activation of the receptor GPR19 are
not completely understood. The reporter gene system has been widely used to
characterise GPCRs to identify their natural ligand-digghangation), intracellular
signalling pathways and the transcription factors that it down oeguydatesActivation
of a GPCR with a specific ligaradtersthe levels of the second messengers, e.g., CAMP,
IP3, C&*, RhoA, and ERK1/2whichin turn activate certain transcription factors. The
reporer gene system has a specific response elemetstggnome in which the stimulus
binds to andictivates theeporter gene, rather than a cellular gene, that their product can
be quantified (Azimzadeh et al., 2017).

The SEAP Reporte8ystem(Clontech Laboratoriesnc. is TakaraBio Company,
Japan)wvas used in this study to quantify the transcriptional activity of GPR19 after N
POMGC.2g activation. The profiling vector pSREEAP (Fig. 6.1) is designgd monitor

the induction of the MAPK signal transduction pathway, which is widely used in research
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to follow cell proliferation and cell cycle differentiation. This vector is designed to
provide a direct measurementtbéactivation of this pathway. As mentioned earltbg
activation of GPR19 leads to ERK1$R)nalling pathway activation that can be assayed
using this vector after POMGC.2g treatment of the cells. This vector contains three
tandem copies of the SRE (serum response element) consensus sequence fused to a
TATA-like promoter (PaL) region from the Herpes simplex virus thymidine kinase
(HSV-TK) promoter. Afterthe transcription factor binds to the SRE, transcription is
induced, and the reporter gene SEAP (secreted placental alkaline phosphatase) is
activated.

The SEAP reporter gene encodes a truncated form of the placental enzyme that
lacks the membrane anchoring domain, thereby allowing the protein to be efficiently
secreted from transfected cells into cell culture medig Hretefore,provides many
advantages. It allowfsr the determination of reporter activity without disturbing the cells
as it does not require the preparation of cell lysedey single set of cultures can be used
both for the SEAP assay and for further investigations such as RNA anith iy sis.
Moreover, it can be used for kinetic studies by repeatedly collecting culture medium from
the same sample (Kain, 1997). SEAP has the unusual properties of being extremely heat
stable and thereforehe endogenous alkaline phosphatase activity can be eliminated by
heating the samples at 65°C. SEAP activity can be detected via chemiluminescent or
fluorescence detection assand the choiceetween them depends on the fact that the
assay should provide a convenient and highly sensitive methdabdeauantitation of
transcriptional activity (Alam & Cook, 2003; Cullen, 2000).

Upstream the SEAP genthere is aTATA-like promoter (PaL) region that is
essential to provide optimal induction of the reporter gene. The SEAP coding sequence

is followed by the SV40 late polyadenylation signal to ensure proper, efficient processing

179



of the SEAP transcript in eukaryotic cells. Moreover, a synthetic transcription blocker
(TB) region is located upstream of SREomposedf adjacent polyadenylation and
transcription pause siteshich is important to reduce the transcription background of the
SEAP gene (Groskreutz & Schenborn, 1997). The vector backbone also contains an

ampicillin resistance gene for propagation and selection in E. coli.

Hind Il (243)

pSRE-SEAP
amp’  49Kkb

Sac ll (1232)

Svao
poly A
pucC ’ Xbal

ori (1791)

TB=Transcription Blocker

SRE f Bow | SEAP
Response Element Promoter Reporter Gene

Fig. 6.1.The pSRESEAP profiling vector map. This vector contains three tandem copies
of the SRE consensus sequemepresentinghe response element fused to a
TATA-like promoter (FaL) region followedby the reporter SEAP gene. The
SEAP coding sequence is followed by the SV40 late polyadenylation signal to
ensure efficient processing of the SEAP transcript in eukaryotic Aedimthetic
transcription blocker (TB) region is located upstream of the SRE region, shich
important to reduce the transcription backgrd. It contains an ampicillin
resistance gene for propagation and selection in E. coli. Reproduced from
Clontech Laboratories (1999).
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It is important to include the proper controls for the transfection and the detection
methods before the beginning of the reporter gene experinaant# is important to use
a highefficiency transfection reagent that is compatible with the cell line being
transfected. Moreover, it is critical to perform the experiment in triplicate and
subsequentlpassayedo minimisethe variability among experimental groups. It is highly
recommended to include an internal transfection control that-isansfected wi the
SEAP vector and expresses an activity that can be clearly differentiated from SEAP
activity and can be easily assayed. It is used to monitor the transfection efficiency and to
ensure that the transfection has worked by measuring its protein leaeivaty in the
cell s. T hgalactesidasy ismamorfig the most widely used repgeteesas an
internal control tanormalisethe transfection and activity of other reporter genes.

It is also important to include a negative control to determine the uninduced
background levels of the reporter gene actj\wty., SEAP. The pSEARRasic (Fig. 6.2)
is a negative control vector that contains the SEAP gene without a promoter or enhancer.
It is also acceptable to use the-tuansfected cells as a negative control (Kain, 1997).
Where the culture medium from thellsethat were urtransfected or transfected with
pSEAP2Basic vector is assayednd the values obtained from such control shaeld

subtracted from the treated cells results.
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Fig. 6.2.The pSEAPZBasic negative control vector map. It lacks eukaryotic promoter
and enhancer sequences. The multiple cloning site (MCS) allows promoter DNA
fragments to be inserted upstream of the SEAP gene. Enhancers can be cloned
into either the MCS or unigudownstream sites. The transcription blocker (TB)
sequence upstream of the MCS reduces the potentiatheadyh of upstream
promoters which are part of the backbone. Reproduced from Clontech
Laboratories (2005).

The positive control vector can be used as a transfection positive control where
the positive result confirms that the vector transfection is successful. Moreover, it can be
used to optimise the detection method (Kain, 1997). The pSEAP2 (Fig. 6.3) is\a&epos
control vector thaexpresses SEAP in most cell typegich provides an important
positive control in most experiments. SEAP is under the control of the SV40 early
promoter and the SV40 enhancer. As in the pSIERAP vector, the pSEAP2 contains

the S/40 late polyadenylation signal, a synthetic TB, and an ampicillin resistance gene.

182



BamHI
(481)

pSEAP2-Control
Amp" 5‘1 kb

Asel Xbal
(3623) puC enhancer (1794)
on
BamH|
TB = Transcription blocker Sall (2302)
(2308)
SV40 SEAP SV40 ‘
(T [==ii] - | —
Promoter Reporter Gene Enhancer |

Fig. 6.3.The pSEAP2 control vector map. A positive control vector expressing SEAP
under the control ciin SV40 early promoter was inserted upstream of the SEAP
gene, and the SV40 enhancer waserted downstream. The SEAP coding
sequence is followed by the SV40 late polyadenylation signal to ensure efficient
processing of the SEAP transcript in eukaryotic cells. A synthetic transcription
blocker (TB), composed of adjacent polyadenylation aadstrription pause
sites,is located upstream of the multiple cloningegiMCS) to reduce background
transcription. It contains an ampicillin resistance gene for propagation and

selection in E. coli. Reproduced from Clontech Laboratories (2005).
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2)

3)

4)

6.2. Aims
To determine the dosgependent effect of IROMCi.2s and NPOMGCi-49 0N
ERK1/2 phosphorylation in the wiype cell line. Then, identify if the
overexpression of GPR19 and/or expression of MRAP could alter the cell
response to those peptides. Moreover, to investigate thelgépendent effect of
N-POMGCi.28 on ERK1/2 phosphorylation.
To investigate whetherdROMGC.2gcould induce ERK1/2 phosphorylation using
the SRESEAP vector in the WT cell line and then study if the overexpression of
GPR19 and/or expression of MRAP coaltker the cell response.
To investigate the effect of treating the cells with 1 nMPEMCi.2s or 1 nM
adropin on the cellular cAMP level.
To identify NPOMGC...¢/ GPR19 pairing based on potential signalling through the

b-arrestin pathway.
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6.3. Methods
6.3.1. Detection of Total and PhosphotERK1/2
6.3.1.1.  Preparation of Cell Lysates

The cells were grown to confluence in@ll platesand serum starved for 24 hrs.
The first set of cellsvas treated with different concentrations offOMGC;.2s or N-
POMGC..49 prepared in 0.1% (w/v) BSA DMEM media, starting froqpM to 1 nM with
10X dilution factor difference betwedhem. For the time&ependent experiment, the
cells were treated with 18M of N-POMG..2g at different time intervals: 30 sec, 5, 10,
20, 30,and60 min. As a control, cells were treated with 0.1% (w/v) BSA DMEM media
aloneand incubated for the same period to continat any effect was due to the addition
of the NPOMC peptides. After the IROMC induction of the cells for the appropriate
time, the solution was discarded, and the plate was incubated on ice. The cells were
washed twice with iceold 1X PBS then scraped into 0.5 ml/well of 12XPBS with two
wells combined as one sample and tramstéto an icecold 1.5 ml microcentrifuge tube.
The samples were centrifuged for 5 min at 10@&rgl 4°C. Then, the pellet was
resuspended in 100 ul of 1:100 mixture of Halt Protease and Phosphatase inhibitor
Cocktail (Thermo Scientific, USA) and RIPA buffer (Thermo Scientific, USA) and
incubated in ice for 30 min and then centrifuged for 15 min at 06¢0h 4°C. The
supernatant was collected, and the protein content was determinea B#g protein
kit assay (Thermo Scientifit)SA). To each sample, amgpriate volumes of reduced 2X
SDS sample bufferAppendix A.9 and 1X PBS were added to give a final protein
concentration of 1 eg/¢l. The sampl es wer
on ice for at least 5 minutes and either loaded on the SR&E gel directly following

the protocol infChapter 2, sections 2.16dr,storedat2 0 e C unt i | anal ysi s.
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6.3.1.2.  Western Blotting

The proteins were transferred to nitrocellulose membrane (0.45um, Amersham
Protran) followingthe protocol irChapter 2section 2.16.2 and membrari@scked with
5% (w/v) dry skimmed milk, dissolved in 1X TBS for 1 hr at RT with agitation. The
membrane was washed three times with 1X TBS for 5 minutes at RT and then incubated
with primary antibody (Table 6.1 A) in 5% (w/v) BSA in 1X TBST overnight°&.4The
following day, the membrane was washed in 1X TBS three times and incubatea with
secondary antibgd(Table 6.1 B) in 5% (w/v) dry skimmed milk in 1X TBST for 2 hrs
at RT. Finally, the membrane was washed in 1X TBS three times, 10 minutes each, and
the BioRad ECL reagent was used for protein band detection according to the

manuf act ur er desmembrand wasiimmaged osngCOR Odyssey.

Table 6.1: The primary and secondaaytibodiesused for western blotting

Antibody Dilution Factor

A: Primary Antibodies
Rabbit antip44/42 MAPK (ERK1/2) (#9102, Ce 1:1,000
Signalling)
Rabbit monoclonal anphosphep44/42 MAPK 1:2,000
(ERK1/2) (Thr202/Tyr204) (#4370, Cell Signalling)
B: Secondary Antibody

Recprotein Gperoxidase conjugate (4223, Thermg 1:4,000
Fisher)
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6.3.1.3.  Statistical Analysis
The protein band intensity was measured using Image J software. All statistical
data analysis was carried out using GraphPad Prismsbh8viare. Data is presented as
mean £ SEM of three independent experiments. For thedigsendent experimerthe
two-way ANOVA followed by Tukey's multiple comparisons test was used to compare
the cell responses to-ROMC fragments. In the tirgependent experiment, multipie
testswereused to compairthe results of one cell line and the tway ANOVA, followed
by Tukey's multiple comparisons test to compidue results of the four different cell
lines. Data was considered statistically significarntéf pvalue was <0.05.
6.3.2. Reporter Gene Assays
6.3.2.1.  Transfection of Cells with Plasmids
The cells were cultured in 12 well plates for 24 hrsearumcontainingDMEM
(Gibco) growth media to achieve-60%confluency. After 24 hrs, th@erumcontaining
media was discarded, and 200 pl/well of transfection mixture was gently pipeiied
the cells and incubated in the incubator at 5% (v/v) @@d 37°C for 5 hrs. The

transfectiommixture was prepared as follows: for a single weeld d 2 Oserunefree o f

DMEM into a sterile 1.5 ml -thgalactosdase vettari f uge

(E1081, Promega, Fig 6.4¢i t h 1 &g of t he -SpAPJGai Nloi n g
631901, Clontech Laboratories, Inc.) or 1 ug of the positive control pSEAP2 (Cat No.
631717, Clontech Laboratories, Inc.) and vortex. THepl Turbofect® (transfection
reagent) was added, vortexed and incubated at RT for at least 16attintransfected

wi t h 1 -+H-galactdsidaseS/&ttor alonergused as a negative control to measure
the background signal associated with the cell culture media. The transfection reagent
was then removed by aspiratji@and 1 ml of fresh serumontaining media was added to

the cells. After 24 hrs from the start of the transfection step, the cells were serum starved
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for 16-18 hrs by discarding theerumcontaining media and adding 1 ml of sertree

media.

SV40 Promoter
and Enhancer

EcoR 16815

pSV-B-Galactosidase
Vector
(6820bp)

r
Qg EcoR | 3701

BamH | 4151
Sall 4163
Pst| 4173

Fig. 6.4.pSV-b-Galactosidase Vector Map usedadsansfection control vector.

6.3.2.2.  Cells Treatment with N-POMC1.28

The media was discarded, and the cells were treated with 200 ul of 1-nM N
POMGCi.2gprepared in 0.1% (w/v) BSA DMEM and incubated in the 5% (v/v) @l
37°C incubator for 24 hrs. The control samples were incubated with 200 ul 0.1% (w/v)
BSA DMEM. After 24 hrs, 75 pl of the media was collegtadd the samples were frozen
at-20°C. Those samples were used to measure the alkaline phosphatase (SEAP) activity
as described in section 6.3.2.3. To the cells, 200 ul of HBSS was atktie cells
were then scragd and transferred to a prechilled 1.5 ml microcentrifuge tube. The
samples were frozen #&20°C and willbeu s e d t o mgatastasidase attiitg in b

the cell samples as in section 6.3.2.4.
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6.3.2.3.  Alkaline Phosphatase (SEAP) Assay

The media samples were thawed at&ifithen centrifuged at 100 g for 5 min.
25 pl of the supernatant was transferrec th.5 ml microcentrifuge tubend 25 pl of
alkaline phosphatase (ALP) buffer (Appendix D.1) was added to each sample and mixed
thoroughly. The samples were incubated for 30 min at 65°C (asirgting block). The
samples were then cooled to RT by placing them on ice-Bomih, equilibrated to RT,
and then 50 ul samples were transferred to-av@bplate. The 9évell plate was kept in
the spectrophotometer for 10 min at 37 °C. Then, 100 pl of 0.03 mM 4
methylumbelliferyl phosphate (MUP, M6491, Invitrogen) diluted in ALP buffer was
added to all the samples. The excitation/ emission (EX/EM) at 355/460 nm was read
every 5 min for 60 minta87 °C.

6.3.2.4. b-galactosidase Assay

The frozen cell samples were thawed on ice and then centrifuged at 100 g for 5
min at 4 °C. The supernatant was discarded, and the pellet was resuspended in 70 pl of
1:100 mixture of Halt Protease and Phosphatase inhibitor Cocktail (Thermo Scientific,
USA) and RIPA buffer (Thermo Scientific, USA) and incubated on ice for 30 min. The
samples were then centrifuged for 15 min at 16,000 g at arf€€the supernatant was
transferred to a prechilled 1.5 ml microcentrifuge tube. lw8b plate, the samples were
diluted as 10 pl sample and 40 pl dgM Then, 110 pl of the freshly prepared buffer A
(Appendix D.2) was added to all the samples and mixed by pipetting. The plate was
covered and kept at 37 °C for 10 min. Then, 50 pl of 4 mg/mitrophenyib-D-
galactopyranoside (ONPG, #34055, Thermo Sifiehprepared in 100 mM NaiPQy
buffer (pH 7.5) was added to each sample and the absorbance at 420 nm was read every

10 min for 60 min using a plate reader (Molecular Devices).
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6.3.3. CAMP Assay
The cells were cultured in 6 well plates for 48 hrsemumcontainingDMEM

(Gibco) growth media. After 48 hrs, the cells were serum starved for Zdhénstireated
with 300 pl of 0.5 mM 3sobutytl-methylxanthine (IBMX) and 5 pM forskolin
prepared in 0.1% (w/v) BSA DMEM and incubated for 20 min. After, tiihet solution
was discardedand the cellsveretreated with 300 pl of 1 nM NPOMGCi2s0r 1 nM
adropin prepared in 0.1% (w/v) BSA DMEM and incubated for 10 min. The control
samples were incubated with 300 pl of 0.1% (w/v) BSA DMEM. Immediately after 10
min, the solutionwas discardedand 282 ul of 0.1 M HCI was added, followed by
incubation at RT for 20 min. The cells were scrafredn the plate, transferred to a
microcentrifuge tube, and centrifuged for 15 min at 16,000 g at 4°C. The supernatant was
transferred to a prechilled 1.5 ml microcentrifuge tube, flash frozen in liquid nitrogen and
then stored at80 °C freezer until analysis. The cAMP content of the dasnas
guantified using a cAMP Assay Kit (Competitive ELISA, ab65355, abcam) per the
manufactureis instrucions.
6.3.4. Db-arrestin Assay Using FixedCell ICC

Cells were cultured in 12 well plates containing 10 pg/ml felyrnithine
(Millipore, USA) coated coverslips. After 24 hrs, the media was discarded, and the cells
were transfected with theansfection mixture. The transfection mixture was prepared as
follows: for asingle well 2 00 ¢ Hree®DMEMswag addad into a sterile 1.5 ml
microcentrifuge tube with 1 pug GHbetaarrestin and vortexed. Subsequently, 4 pl
Turbofect® (transfection reagent) was added, vortexed and incubated at RT for at least
15 min. Theserumcontaining media was discarded, and 200 pl/well was gently pipetted
onto the cellsfollowed by incubation for 5 hrs. The transfection reagent was then
removed by aspiratigand 1 ml of serurfree media was added to the cells. After 24 hrs

of serum starving, the cells were treated with 200fpdl nM N-POMG;.-2s prepared in
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0.1% (w/v) BSA DMEM and incubated for 10 min with 5% (v/v) £42 37 °C. Control
samples were incubated with 200 pl of 0.1% (w/v) BSA DMEM. After 10 min of

i ncubation, the cells were washed with 1XI
A.6) for 5 min and then washed twice with 0.5 ml 1X PBS. Cells \pereneabilised

with 0.5 ml of 0.2% (v/v) Tweei20 for 5 min and washed twice with 0.5 ml 1X PBS.
Cells were blocked with 10% (v/v) goat serum in 1XPBS for 60 min at RT and then
incubated overnight at 4°C wit300 pl mouse arttEAL primary antibody (# 610457,

BD Transduction Laboratorigs) at 1:200 in 1% (v/v) goat serum in 1X PBS. Coverslips
were incubated witB00 pl of goatantrmouse secondary antibody conjugated to Alexa
Fluor-555 (A-21422, Invitrogen) prepared in 1% (v/v) goat serum in 1X PBS for 2 hrs at
RT. Then, the cells were washed 3 times with 1X PBS, and the coverslips were mounted
in afluorescent mounting medium without DAPI (Vector Laboratories, Inc, UK). Cells

were imaged using Nikon A1R Coiffocal Microscope.
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6.4. Results
6.4.1. Effect of N-POMCii2sin ERK1/2 Phosphorylation
6.4.1.1. Following ERK1/2 Phosphorylation by Western
Blotting

Since NPOMG;i28 and NPOMGC..49 have been shown in previous studies to
increase ERK1/2 phosphorylation (Fassnacht et al., 2003; Pepper & Bicknell, 2009) and
the receptor GPR19 signals through the same pathway (Hossain et al., 2016; Rao & Herr,
2017; Stelcer et al., 2020; Thapa et al1&@0we were interestad identifying if those
peptides could also activate this signalling pathway in the B&Kcell line. Moreover,
we were interesteith investigatinghe effect of overexpression of GPR19 and/or MRAP
onthe phosphorylation of ERK1/2. To standardise the western blotting detection method,
the p44/42 MAPK (ERK1/2) control cell extra¢#9194, Cell Signalling) were used as
a positive control for the detection of the total (ypfrosphorylated) p44/42 MAPK
(ERK1/2) and as a negative control for the detection of phosphorylated p44/42 MAPK
(ERK1/2). Figure 6.5 (A) confirms that the used aatbbit p44/42 MAPK (#9102, Cell
Signalling) antibody can detect both rRpnosphorylated and phosphorylated ERK1/2
andtheantirabbit phosphg44/42 MAPK (Thr 202/Tyr204, #4370, Cell Signalling) can
specifically detect the phosphorylated ERK1/2 (Fig. 6.5 B). This is also used to confirm
the size of the detected bandsmd any othedetected bandsould be explained as

nonspecific binding.
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A: rabbit anti-p44/42 MAPK B: rabbit anti-phospho-p44/42 MAPK
p44/42 Ppad/42 p44/42 Pp44/42
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Fig. 6.5.Western blot analysis of ngghosphorylated p44/42 MAPK (ERK1/2) control
cell extract to serve as negative control (p44/42) and phosphorylated p44/42
MAPK control cell extract to serve as positive control (Pp44/42) (#9194, Cell
Signalling), treated withA) rabbit antip44/42 MAPK (#9102, Cell Signalling)
and (B) rabbit antphosphep44/42 MAPK (Thr 202/Tyr204, #4370, Cell
Signalling). Reeprotein Gperoxidase conjugate (223, Thermo Fisher) is

used ashesecondary antibody.

Cells were treated with a serial dilution ofMODMC fragments for 10 min as
Fassnacht et al. (2003and Pepper and Bicknell (2009) reported that the maximum
phosphorylation of ERK1/2 after-ROMC fragments, either28 or 149, treatment was
detected between 10 to 20 min. Then, the ERK1/2 band density was measured using
Image J and the phosphorylatedkeiR2 density was divided by the total ERK1/2 density
andthennormalisedto the control where cells were treated by the same media used to
dilute the NPOMC fragment, to reveal any stress effect that was caused by the media.
Moreover, normalising the results to the control samples of the same cshlidiwedhe
effect of overexpression of GPR19 on ERK1/2 phosphorylatiichhas been reported
by Hossain et al. (2016). The authors reported that overexpression of GR&R1Sur

other GPCRsin neuronal and HEK93T cells led to an increase in ERK1/2
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phosphorylation in comparison to the cells that did not overexpress this gene. For
standardisation, the cells were serum starved for 24 hraitonise the levels of
endogenous phosphorylated ERK1/2 present in these cells and to make the population of
proliferating cells more homogenous before being stimulated wRIONIC peptide.

The results were statistically analysed using-wag ANOVA, and Dunnett's
multiple comparisons test was applied to compare the findihtse three independent
experiments of the same cell line. The wijge cell line showed a nesignificant
increase in the ERK1/2 phosphorylation over the differef®@MC..2g concentrations
that were used (Fig.6.6 A). This finding could be explained as the serum starving period
(24 hrs), which was used to reduce the basal cellular activity, was not enough. In the
repored results by Fassnacht et al. (2003) and Pepper and Bicknell (2009) they serum
starved the cells for 36 hrs and 48, mespectively, and they used different cell lines,
NCI-h295 and mouse Y1 cell linggspectively. Itis reported that each cell line responds
to serum starving differentlyand prolonged serum starving causes environmental stress
that triggers phosphorylation of ERK1/2 (Pirkmajer & Chibalin, 2011), so for the-HEK
293, it is preferred not timcrease the serum starving period to more g¥ahrs.

Alternatively, these results could not be related to the serum starving,rchbd
theycould reflect the levels of the-ROMC receptor (GPR19) that is present in the cells.
Low levels of NPOMC receptor (GPR19) produced a weak and quick response that
begarand ended before the 10 min, which gave asignificant result. Probably the last
explanation is more reasonable as the cell line that overexpresses GPR19 showed a
significant response with-AROMGC...g concentrations @M and 10pM (Fig. 6.6. B) while
the transfected cell line with MRAP (Fig. 6.6. C) and the GPR19/MRAP cell line (Fig.

6.6. D) that both have high GPR19 expression in the cell membrane in comparison to the
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WT cell line as shown inChapter 3 showed a significant increase in ERK1/2

phosphorylation with pM, 10 pM and 100pM N-POMGC.2gconcentrations.
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A: rabbit anti-p44/42 MAPK B: rabbit anti-phospho-p44/42 MAPK
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Fig. 6.6.Western blot analysis of total ERK1/2 and phosphorylated ERK1/2 using rabipldm MAPK and rabbit anphosphep44/42
MAPK, respectively, in HEK293 (wild-type) and transformed cells with MRAP, GPR19 and GPR19/MRAP. The cells are treated

for 10 min with serial dilutions of NNOMG..g starting from 1pM to 1 nM with 10X dilution factors. The control cells are treated

with 1% BSA DMEM media. Ongvay ANOVA, followed by Dunnett's multiple comparisons téstised to compare thHmdings

within the same cell line. Data are expressed as mean + SEM of three independent experiments. Results were consaied statist

significant ifthe pvalue was < 0.05. ns: not significant, vpa | u e
0.0001.
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The twoway ANOVA followed by Dunnett's multiple comparisons test was
applied to compare the responses of the four cell lines to the differ®@NNC.-28
concentrations. Interestingly, the three transfected cells with GPR19, MRAP and
GPR19/MRAP showed a significant increase in ERK1/2 phosphorylation in comparison
to the WT cell line when the cells were treated wiftMLN-POMGC..2s (Fig. 6.7). At 10
pM and 100 pM of N-POMGCy.2s treatment, cells transfected with MRAP and
GPR19/MRAP showed a significant respens comparison to the WT cell line. This
finding strongly suggests that GPR19 is the receptor-BOWMC as overexpression of
this receptor increased the cell response #8MMGC.2s, and MRAP plays a role in

increasing the sensitivity of the cells teMOMC.
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Fig. 6.7.Comparing the dosdependent treated cells withINDMG;-2g within the four
cell lines using tweway ANOVA followed by Dunnett's multiple comparisons
tests Results were considered statistically significant if theljpe was < 0.05. *
pval ue  -v0a.lOu3e,  * *Ov.p0lQu2e, * *0*.-vOpOlOu2e, * *0*.*0 Opf
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As mentioned earlieiPepper and Bicknell (2008) reported that th@ QMGC;-49
peptide could also activate this pathway in mouse Y1 adrenocortical cell line, and they
noticed that the cells show slightly slower response-&6WGCi; 49 than that observed
for N-POMGi28. We were interestenh investigatingif the WT cell linewould show a
similar response and if the overexpression of GPR19 and/or MRAP could alter this
response. The cells were serum starved for 24ardthen treated with serial - ROMG.-

49 coneentrations for 10 min. NPOMGC.49 was found to stimulate ERK1/2
phosphorylation in the WT cell line significantly when the cells were treated with 1, 10
and 100pM (Fig. 6.8 A) for 10 minwhile this effect was not observed when the WT
cells were treated with serial NNOMG;i28 concentrations for 10 min (Fig. 6.6 A).
Interestingly, the cells thaiverexpressed GPR19 (Fig. 6.8 B) showed a significant dose
dependent response when treated wHRGMG;.49, like the WT cell line.

In contrast, the two cell lines that express MRAP (Fig. 6.8 C and D) show a
significant increase in ERK1/2 phosphorylation only at the lowedPQWGCi49
concentration M. When treated with NNOMG.2s, there was aignificant increase in
ERK1/2 phosphorylation at 1, 18nd 10QM. It seems that the cells that express MRAP
are more sensitive to-ROMGC..2s than to NPOMGC..49. The results of the four cell lines
were compared using twway ANOVA followed by Dunnett's multiple comparisons
tests(Fig. 6.9) and it shows that the cells overexpressing GPR19 gave a significant
increase in ERK1/2 phosphorylation after treatment wipMlin comparison to the WT
cell line. The other two cell lines show either no significantaolower ERK1/2

phosphorylation in comparison to the wilgpe cell line.
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A: rabbit anti-p44/42 MAPK B: rabbit anti-phospho-p44/42 MAPK
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Fig.6.8Western bl ot analysis of total ERKA4 2/ a2dMARK sphod spdlah € &k
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The timedependent effect of IROMGC,.ostreatment on ERK1/2 phosphorylation
was then investigated. The cells were treated witbML of N-POMG.2s, as this
concentration shows a significant increase in the ERK1/2 phosphorylation in the three
transfected cellines in comparison to the wiype cell line in a dosdependent
experiment (Fig. 6.7), for 30 sec, 5, 10, 20, 30 and 60 min. The fold above control of the
treated cells with NPOMGC.2s for a specific periodwas compared using multiple
unpaired itestsof three independent experiments. The resiltke WT cell line show a
significant increase in the ERK1/2 phosphorylation within 5 min of treatmenphdf -
POMCGCi.2gand returned to thkasal level within 10 min (Fig. 6.10). This could explain
the nonsignificant response in the dedependent experiment as the signal is ended
before 10 min. Moreover, this finding indicates that the HEI8 responded in a different

manner to N° OMGCiogthan the Y1 cell line (Pepper & Bicknell, 2009).
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Interestingly, the cells that overexpress GPR19 showed a longer respopié to 1
N-POMGC;.2gin comparison to the WT cell line. The sigmeds ata maximum at the 30
sec time and reduced over time to reachasal level after 60 min of ROMGC.28
induction (Fig. 6.11). The cells that expressed MRAP gfttanlonger response to the 1
pM N-POMCGC.2s compared to the cells that overexpress GPR19 but with a different
pattern of response over time. ERK1/2 phosphorylation was significantly increased from
30 sec timeo reach a maximum at 20 min, after which the signal decreased over time,
but it wasstill significant in comparison to the control cells (Fig. 6.12). The cell line that
overexpresses GPR19 and MRAP showed a similar response pattern to the cells that
expressed MRAPwith the response slightly faster as the ERK1/2 phosphorylation
increased from the 30 sec time and reached a maximum after 10 min, not 20 min as in
the MRAP expressing cell line, then start to decrease over time (Fig. 6.13). This result
showsthat the expression of GPR19 and MRAP changes the response of the cells to N
POMG.2s.

Comparing the tim&lependent results within the four cell knasing tweway
ANOVA followed by Tukey's multiple comparisons test revealed that the cells that
express MRAP showed a longer phosphorylation period of ERK1/2 in comparison to the
cells that do not express MRAP (Fig. 6.14). This difference in responsé®@N\C;-2s
between the cells that express MRAP and the cells that are not expressing it gives strong
evidence that MRAP plays a role in the binding and response of the ceHB @M.

28.
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Fig. 6.10.Western blot analysis of total ERK1/2 and phosphorylated ERK1/2 using eaiibit44/42 MAPK and rabbit anphosphe
p44/42 MAPK respectively, in HEK293. The cells were treated withpM N-POMGC..¢ for 0.5, 5, 10, 20, 3Cand60 min. The
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Fig. 6.11.Western blot analysis of total ERK1/2 and phosphorylated ERK1/2 using rabbt4dim2 MAPK and rabbit anphosphe
p44/42 MAPK respectively, in HEK9O3/GPR19. The cells were treated witpM N-POMG.2s for 0.5, 5, 10, 20, 3Ggnd60 min.
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Fig. 6.12.Western blot analysis of total ERK1/2 and phosphorylated ERK1/2 using rabbt4dim2 MAPK and rabbit anphosphe
p44/42 MAPK respectively, in HEK293/MRAP. The cells were treated wittp1 N-POMG,..g for 0.5, 5, 10, 20, 3Gnd60 min.
The control cells were treated with 0.1% BSA DMEM media and incubated for the same period as the treated samples. The fold
above control of the treated cells with-ROMGC...g was compared using multiple unpaire@sts. Data are expressed as mean + SEM
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Fig. 6.13.Western blot analysis of total ERK1/2 and phosphorylated ERK1/2 using rabbit4dim2 MAPK and rabbit anphosphe
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6.4.1.2.  Determination of Downstream ERK1/2
Phosphorylation Using pSRESEAP

In this assay, the reporter vector pSREAP is used to study the induction of the
SRE through the MAPK signal transduction pathwatichis also known athe Ras
RaFMEK-ERK signal transduction cascade (Roskoski, 2012). This cascade is
responsibldor the regulation, i.e., activation or inhibition, of various transcription factors
and enzymes that are involved in cell adhesion, cell cycle progression, migration,
survival, differentiation, metabolism, proliferation, and transcription. In the previous
section, it has been confirmed thatMDMGi.2s can induce the phosphorylation of the

ERK1/2 in the WT cell line and the transfected cells with GPR19, MRAP and
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GPR19/MRAP. The activated ERK1/2 will be translocated to the nyciehbsre it
phosphorylates and activates transcription faciaduding Elk1. The phosphorylated
Elk1 will then form a complex with a dimer of serum response factor (SRF) to generate
a ternary complex. The ternary EWSRF complex binds to SRE, which had been
identified as an essential regulatory element of thesproteoncogene promoter, and
thusactivatesthe SREcontrolledc-FOSgene that is involved in cell proliferation and
division (Thiel et al., 2021; Treisman, 1992; Yang et al., 2013). Therefore, we were
interestedin investigatingif treatment of the cells with f#FOMGC..2s will lead to the
activation of this pathway by following the activity of the reporter gene SEAP that is
linked to the response element SRE. Activation of the SRE will activate the synthesis of
the SEAP protein that will be subsequently secreted intodtheulture media.

At first, preliminary experiments were performed to standardise the transfection
and the detection methods of the SEAP expressing vectors (pSEAP2 anGR3RE
and tghlactosiffase expressing vector (p&Yalactosidase). The WT and
GPR19/MRAP cell lies were transfected with the SEAP expressing vectors, one vector
at a time, and then doansfected with the pS¥-galactosidase to monitor transfection
efficiencies of the SEAP vectors for 24 hrs followed with1B6hrs of serum starvation
to reduce theseruminduced activation of the SRE torminimum. Cells thatwere
transfected with the pS¥-galactosidase vector alone were used as a negative control to
monitor the background SEAP activity in the cell culture media. The cells were then
treated with 0.1% (w/v) BSA DMEMand50 pl of the culture mediaerecollected at
different time intervals to measure the minimum and the maximum level of SEAP activity
that can be detected by the used chemiluminescsses .

In the Great EscARe SEAP User Manual (Clontech Laboratories, 20055

mentioned that the SEAP activity is detectable in the cell culture medium after 12 to 18
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hrs of transfection and reaches a maximum level after 48 to 72 hrs of transfection. This
means the zero time where the experiment started, after 40 to 42 hrs of transfection, there
iIs SEAP secreted in the culture medium. Therefore, the culture mediassasidgand

fresh 0.1% (w/v) BSA DMEM was added to the cells. The zero time was started from
this point and the samples were collected afterwafd® measured SEAP activity was
nor mal i s-gathctasidasetattigty @nd to the protein level of #lkscThe results

(Fig. 6.15) showed that the SEAP activity reached saturation after 24 hrs of sample
collection, which equals 64 to 66 tpgsttransfectionand plateaus after that. Therefore,

24 hrs after treatmemtas chosen as the time point for studying the effect-BOMG.-

2g induction on the celllSEAP activity. The cells that were transfected with the two
vectors pSRESEAP and pS¥b-galactosidase and the cells that were transfected with the
pSV-b-galactosidase alone showed very low SEAP activity in the culture medium as
expected. This means theckground activity of alkaline phosphatase present in the
culture media can be easily differentiated from the effect-BIMC.-2gsinduced SEAP
activity by having control cells run sidg/-side to the treated cells with-ROMG;.2s.

The SEAP activity of theontrol cells was subtracted from the SEAP activity of the

treated cells.
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Fig. 6.15. SEAP activity in the WT cell line (HEX®93) and the GPR19/MRAP
transfected cell line using the pSEAP2 (Cat No. 631717, Clontech Laboratories,
Inc.) as a positive SEAP secreting vector and the profiling vector {SH P
(Cat No. 631901, Clontech Laboratsj Inc.) that are ewansfected with the
pSV-b-galactosidase vector (E1081, Promega). The cells were transfected with
the vectors for 24 hrs, then serum starved fet8&rs. The media was discarded,
and the cellsveremaintained in 0.1% BSA DMEM mediand then 50 pl of the
media was collected at different time intervals and for 48 hrs. The cells that were
transfected withthe pSEAP2 vector showed high SEAP activity in the media and
reached saturation after 24 hrs of sample collection. The cells that were
transfected with the pSREEAP and the pS¥-galactosidase vector alone,
which was used as a negative control, showed very low |leV&&AP activity

over time.

The transfection parameters and the detection assays havepieeised,and
then the cells were transfected with the pSFEAP and the pS¥-galactosidase
vectors. After serum starving for 16 to 18 hrs, the cells were treated for 24 hrs with 1 nM
N-POMGi.2g, the control samples maintained in 0.1% (w/v) BSA DMEM that was used
to prepare the NPOMGC.2g solution, and then the samples collected and analysed. As

shown in Fig 6.16, the SEAP activity was significantly increased in all four cell lines
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above the control samples of the same cell lines. This finding confirms the previous data
that NPOMGC.2s activates the ERK pathwawyhich leads to the activation of the
transcription factors, which in turn activates tB&Edependent pathway that will
increase cell proliferation and differentiation.

To investigate if the overexpression of GPR19 or MRAP and the overexpression
of GPR19 and MRAP together could exhibit an effect on the response of the cells to the
N-POMGC.2g, the results were compared by Twoay A NOVA and f ol |l owec
multiple comparisons test. The results revealed that the cell lines that overexpressed
GPR19 (GPR19 and GPR19/MRAP) showed a significant increase in SEAP activity in
comparison to the WT #dine. This finding indicates that overexpression of GPR19
increases the semsity of the cells to NPOMG.2s, whichmay lead to an increase in cell
proliferation. Surprisingly, the cell line that expressed MRAP showed &igaificant
response in comparison to the WT cell line. This cell line showed a significant time
dependent increase in ERK1/2 phosphorylation (€if}4), and it was predicted that the
effect of the phosphorylated ERK1/2 that built up inside the cells would increase the

stimulation of the downstream transcription factors.
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Fig. 6.16. N-POMGC..s induced SEAP expression of pSIIEAP vector transiently
transfected in WT cell line (HEXR93), GPR19 overexpressing cell line, MRAP

expressing cell line and GPR19/MRAP expressing cell line. The cells transfected
with pSRESEAP (Cat No. 631901, Clontechlaratories, Inc.) vector and pSV

b-galactosidase vector (E1081, Promegajk as a transfection control vector.
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6.4.2. Effect of N-POMC and Adropin Treatment on cCAMP Levels

GPR19 is Ilinked to the i,nuponladtvatony GU
suppress adenylyl cyclase activity, resulting in decreasidcellular cAMP levels
(Bresnick et al., 2003; Hossain et al., 2016; Rao & 1264r7). In this study, the cellular
CAMP levels were analysed once after treating the cells witONMC,..gsand adropin to
assess their effect on cCAMP levels via GPR19. First, the cellular level of cCAMP was
increased by treating the cells with forskolin and IBMX. Forskolin is a direct activator of
adenylyl cyclase that will increase cAMP accumulation insidecétie (Seamon et al.,
1981) prior to the treatment of the cellstiwithe GPR19 activators. IBMX is a
nonselective inhibitor of cAMP and cGMP phosphodiesterases (PRMBg)h are the
enzymes responsibler cAMP degradation inside the cells (Beavo et al., 1970). The
cAMP levels of the control cells treated with media only were attribiotd@0% cAMP
levels, and the reduction in cAMP induced by treatment with eithd?MGC;.2s or
adropin, compared to this.

The results demonstrated that stimulation of the cells WitlOWIG,-25 (Fig. 6.
17) leads to a dos#ependent andme-dependentlecrease in the cAMP accumulation
in all the cell lines that are used to perform this experiment. In all the cell lines, the cAMP
levels reduced between 10864d20% after 1 min of treatment with 0.1 nMROMGC.-
28. In the WT cell line, around 40% reduction of cCAMP levels was measured after treating
the cells with 10 nM NPOMGC.-2sfor 3 min(Fig. 6.17 A) and this is the lowest pergstage
that is determined for this cell line over the differerPNMGC.28 concentrations and
times. The cAMP levels in the cell line overexpressing GPR19 (Fig. 6. 17 B) reduced to
more than 50% after 1 min of treating the cells with 10 fROMGC;.2g in comparison
to the control cells and continued to reduce to 70% after 5 min of treatment with the same

N-POMGC.2g concentration.The cAMP levels in the MRAP (Fig. 6. 17 C) and
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GPR19/MRAP (Fig. 6. 17 D) cell linagerereduced from 10% to 40% after treating the
cells with serial N°POMGCi-28 concentrations for 1 min and continued decreaseo
around 50% to 60% that of the control over the time.

Interestingly, adropin showed a similar effect on cCAMP levels #0WCi.2s,
where the cAMP levelsrerereduced in a dosgependent and tirngependent manner
(Fig. 6.18 A). In the WT cells, adropin seemed to have a larger effect in reducing cAMP
levels comparedo N-POMGC.2s treated cells. Fig. 6.18 A shows that adropin reduced
CAMP levels to 40%f the control cells after treating the cells with 10 nM adropin for 1
min, whereadN-POMGi.-2s reduced it to 20%. Adropin continues its effectlawering
cAMP lewels to 70% less than the control samples after 3 min of treatment. The cAMP
levels in the GPR19 overexpressing cell lines (Fig. 6.1&&}¥greduced to more than
50% after treating the cells for 1 min with 10 nM adropind this is the lowest reading
recorded for this cell line. From Fig. 6 18\Be noticed that treatment of the cells for 1
min with different adropin concentrations leadsaaeduction in cAMP levelsin
contrastafter 3 min it seems that the cAMP levels have increased again, and thdt co
be explained by the continuous effect of IBMX on the cells as it continues to increase
cAMP levels inside the cells (Beavo et al., 1970; Klotz et al., 1977) while the peptide is
reducing it. In the two cell lines thekpress MRAP (Fig. 6 18 C and D), the cCAMP levels
reduced between 20% and 40% owere with different adropin concentrations. It seems
that expression of MRAP slows the response of the cells to adropin as the cAMP levels
in the WT cell lines reduced to 70% after treating the cells withM.@dropin for 3 min

(Fig. 6.18 A).
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Fig. 6.18.cAMP% of the cells treated with adropin. The cells were treated with 0.5 mM IBMX and 5 uM forskolin to increase cAMP levels
inside the cells for 20 min. Then, the cells were treated with 0.1, 1, and 10 nM adrop;jr8 for & min. The control cells were
incubated with 0.1% BSA DMEM media for the same time as the treated samples. The results of the control samples were assumed
to be 100% cAMPand based on that, the effect of the different adropin concentrations on cAMP reductiimewas calculated.

This experiment was only performed once.
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6.4.3. GP R 1 @rrebtin-dependent Signalling

Il 't has be e narrestng are receuited trthvataGPRIL9(Southern et
al.,, 2013).The <c| as s i c aifrestihsusnte lind tora phodphorfylated GPCR
which either leads talesensitisatiorof the receptor due to hindered interaction with
heterotrimeric G proteins or results in receptoternalisation Once a GPCR is
internalised it either recycles back to the plasma membrane or is sorted for degradation
via the endosomey sosome pathway (Smith &arrésénc k 20
regulates agonigiromoted GPR19 degradation, the cells were transiently transfected
with GFRt a g garéstinbThe early endosome antige(EEA-1), whichis exclusively
localised in the early endosome (Wilson et al., 2000), was used to assess the co
| ocal i ssati exnt iof ibn t he early endeamgastnes t 0
in GPR19 degradation due tePOMGC;2gactivation. Fig. 6.19 shows the localisation of
the GFRt a g gardstinfand EEAL in the control and 1 nM{ROMGC.zstreated HK -
293 cell line. Unexpectedly, the images of the control cells (Fig. 6.19 A) showed high
levels of EEAL colocalised with the GRP a g g-ardstinb To evaluate if treating the
cells with NPOMG..2g could change the elocalisation of those two proteins, the cells
were treated with 1 nM fOMGC2gfor 10 min then the ctocalisation between the two
proteins was determined.

The same results were detected (Fig. 6.13B)ch led to thenodification of the
sample preparation protocol. Serum starving influenced the cell signalling patlanwdys
therefore, the serum starving period was reduced to 6 hrs rather than 24 hrs or no serum
starving, but this produced similar results (images not shown). The experiment was
performed on a different cell line, the GPR19/MRAP cell line, with 0 hrs, 6 hrs, and 24
hrs serum starving. Similar results were detected in all the conditions. Thesiroa

serumstarvedGPR19/MRAP cells for 24 hrs are shown in Fig. 6.20. It revealed that both
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the GFPt a g garestinfand the EEA were cdocalised in both the control and treated
cells. The retention of the inserted GFRa g g-ardstinfon early endosorsaggest#ts

role in the endocytosis or degradation of other receptors.
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Fig. 6.19.Co-localisation of GFR a g g-a&rdstinband EEA in the WT (HEK293) cell line. The cells were transiently transfected with
GFPbetaarrestin and then serum starved for 24 hrs. The cells were treated with 1-B8INNC;-2s prepared in 0.1% BSA DMEM
and incubatedfor10m@and t he control cells were incubated with 0. 1% BS
5 min andpermeabilisedvith 0.2% (v/v) TweerR0 for 5 min. Cells were blocked with 10% (v/v) goat serum in 1X PBS for 60 min
at RT and then incubated overnight at 4°C with mouseEdE#i1 primary antibody (cat. 610457, BD Transduction Laboratér)es
at 1:200 in 1% (v/v) goat saruin 1X PBS.The nextday, the coverslips were incubated with 300 pl of goatmotise secondary
antibody conjugated to Alexa FIuéb5 (A-21422, Invitrogen) prepared in 1% (v/v) goat serum in 1X PBS for 2 hrs at RT. Then, the
cells were mounted iafluorescent mounting medium without DAPI (Vector Laboratories, Inc, UK). Images taken with a Nikon Al

Plus confocal microscope using NIS Elements software. Scale bar = 20 pum.
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Fig. 6.20.Co-localisation of GFR a g g-ardstinband EEAL in the GPR19/MRAP cell line. The cells were transiently transfected with
GFPbetaarrestin and then serum starved for 24 hrs. The cells were treated with 1-B8INNC;-2s prepared in 0.1% BSA DMEM
and incubatedfor10m@and t he control cells were incubated with 0. 1% BS
5 min andpermeabilisedvith 0.2% (v/v) TweerR0 for 5 min. Cells were blocked with 10% (v/v) goat serum in 1X PBS for 60 min
atRT and then incubated overnight at 4°C with mouseBEA1 primary antibody (cat. 610457, BD Transduction Laboratér)es
at 1:200 in 1% (v/v) goat serum in 1X PBBhe nextday, the coverslips were incubated with 300 pl of goatmotise secondary
antibody conjugated to Alexa FIuéb5 (A-21422, Invitrogen) prepared in 1% (v/v) goat serum in 1X PBS for 2 hrs at RT. Then, the
cells were mounted iafluorescent mounting medium without DAPI (Vector Laboratories, Inc, UK). Images taken with a Nikon Al

Plusconfocal microscope using NIS Elements software. Scale bar = 20 pm.
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6.5. Discussion

The proliferative effect of NNOMC peptideswhich are cesecreted with ACTH
from the anterior pituitary, on the adrenal glands has been reported since the beginning
of the 1980s. Estivariz et al. (1982) reported that treatment of rat adrenal cells with the
smaller fragments of OMGCi.76: N-POMGCi.2s and NPOMG.s9 increased DNA
synthesis ira dosedepen@nt mannerwhile treatment with the intact-ROMGC.76 had
no effect. The mitogenic activity of the smallerAROMC fragmentswas further
confirmed by Lowry et al. (1983), Estivariz, Cariebal. (1988) and Estivariz, Morano,
et al. (1988). In the study that was conducted by Lowry et al. (1983), they found that
treatment of rats with arRROMGC..76 and aniPOMG.2g antisera 2 hrs before unilateral
adrenalectomy inhibited DNA synthessuggesting aecrease in hyperplasiahich
explains the compensatory adrenal growth, i.e., increase in adrenal weight, seen after
unilateral adrenalectomy. Moreover, they found thaP®MGC.ss49 could stimulate
DNA synthesis and mitogenesis in rat adrenal following unilateral adrenalectomy. The
results of Estivariz and coworkers demonstrated that injection-BONIC..s, after
removing the pituitaries, increased the mitotic index in rat adrenals. Moreover, they
investigated whether{ROMC peptides were involved inghegeneration of the adrenal
cortex after bilateral adrenal enucleation. Interestingly, they found that administration of
purified human NPOMGCi.2gin ratspartially reversedhe adrenal growth regression that
occurs after hypophysectomy in enucleated rats (Estivariz, Carino, et al., 1988; Estivariz

et al., 1982; Estivariz, Morano, et al., 1988).

Further studies have shown thatPOMGC.2g elicits its mitogenic effect by
activatingthe MAPK: ERK1/2. MAPK cascades consist of three kinab®sPK kinase
kinases (MAPKKKs), MAPK kinases (MAPKKs) and MAPKs. The MAPKs are

activated bythe sequential phosphorylation process of the upstream kinases (Roskoski,
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2012). The most widely studied MAPK pathways are ERKIreN terminal kinase
(INK), and p38 pathways. The ERK1/2 pathway is mainly activated by mitogenic stimuli
such as growth factors, serum and hormones, while JNK and p38 are predominantly
activatedby stress stimuli (Yang et al., 2013). The activated MAPKs catalyse the
phosphorylation of several protejnacluding transcription factors, protein kinases and
phosphatases that contribute to the regulation of diverse cellular procadselng cell

cycle progression, migration, survival, differentiation, proliferation, and transcription.
Moreover, it has been reported that those pathways are upregula@ibuscancers

and MAPK inhibitors work as a promising actncer target (Pereira, Monteiro, Costa,
Ferreiraet al., 2019; Roskoski, 2012). Activation of ERK1/2 is regulated by the signalling
cascade RARRAF-MEK transduction pathway that phosphorylates ERK at specific

threonine and tyrosine amino acid residues.

The first report that studied how-ROMC stimulates adrenal proliferation at the
molecular level was published by Fassnacht et al. (2003). First, they confirmed the
findingsof the previous studies by following the proliferation effect eP@MC peptides
on three different cell lines. They found that treatment of the human adrenocortical cancer
cell line NCHFh295with N-POMG..2g significantly increasedaell proliferation anccell
number in a dosdependent mannerhey reported a similar effect when usthg mouse
Y-1 adrenocortical cancer cells and fmoplastic bovine adrenocortical cells.
Moreover, the larger POMC fragmentsl-48 and 174, increased NGh295 cells and
mouse ¥1 cells' proliferation significantly compared to untreated cells. Then, they
studied the signalling pathway thattOMC activated to increase cell proliferation. As
mentioned earlier the activation of MAPK pathways leads to cell proliferation.
Therefore, they followed activation of the MAPK pathways ERK1/2, JNK and p38 by

incubating the adrenocortical tumour cell lines that were serum starved for 36 hrs, with
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1000 nM NPOMGi-2sfor a period from 5 min to 60 min. They found thaPlMGC; .28
increased ERK1/2 phosphorylation in a thwhependent manner with maximum
activation after 10 to 20 min of cell stimulation with 1000 nMPRMGC;.28, while the

levels of phosphorylated JNK and p&8renot altered.

Interestingly, recent studies have shown that activated GPR19 transduced
downstream signals through the phosphorylation of ERK1/2 and Akt (Bresnick et al.,
2003; Hossain et al., 2016; Rao & Herr, 2017; Stelcer et al., 2020; Thapa et al., 2018).
As shown inChapter5, the binding capacity of IROMCfragments increased in the cell
lines that are overexpressing GPR19 and/or expressing MRAP. That raised the question
of whether NPOMG,.2g, as previously reporteexert its proliferation effect on adrenal
cells,following ERK1/2 phosphorylation, through the activation of GPR19 and whether

the expression of MRAP could play a role in this pathway.

The present study showed a significant increase in ERK1/2 phosphorylation in
the cell line that was overexpressing GPR19, in comparison to the WT cell line, after
treating the cells with M N-POMGC..2g for 10 min (Fig. 6.7). Moreover, ERK1/2
phosphorylation increased significantly in the cell line overexpressing GPR19 in-a time
dependent manner (Fig. 6.9) after treating the cells will N-POMG;-2sfor up to 60
min. The phosphorylation signal increased dramatically after treating the cells for less
thana minute then started to decrease with time but was still significant in comparison
to the control cells after 30 min of stimulation. Moreover, following ERK1/2
phosphorylation using SEAP asreporter gene, th€PR19 overexpressed cell line
showed a significant increase in SEAP activity in the media in comparison to the WT cell
line. From this data, it is reasonable to suggest thRIOMGC,.2s acts as a ligand to

activate GPR19 via the ERK1/2 pathway.
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However, the WT cell line showed a significant increase in ERK1/2
phosphorylation only when the celleeretreated with JpM N-POMGC...gand for a time
intervalof less than 10 min (Fig. 6.8)hich is in agreement with the finding reported by
Mattos et al. (2011) and in contrast with the findings described by Fassnacht et al. (2003)
and Pepper and Bicknell (2009). This contrast could be related to the cell line that was
used to perform the egpment in each study and to the concentrations-BfOMGC;.-2s

tha were used to stimulate the cells.

Regarding the cell line, it has been published that metastatic tisswesadfenal,
breast, lung, pancreas, and brain express significantly higher GPR19 levels in comparison
to primary cancer tissues and normal tissues (Kastner et al., 2012; Rao & Herr, 2017,
Riker et al., 2008; Stelcer et al., 2020). The cell lines that werkhys€&assnacht et al.
(2003) and Pepper and Bicknell (2009) are tumour cell lines, theH2EG5 human
adrenal tumour cell line and the mouse Y1 adrenocortical cellrkspectiely, that are
characterised by high GPR19 expression in comparison to normal cells, i.e293EK
used in this study and normal adrenal ZG and ZF/R cells used by Mattos et al. (2011).
This explainsthe shorter stimulation time in the normal cells, as they express lower
GPR19 levels, where the sigiabtsfor less than 10 min after-ROMGC;.2s treatment
(this study and Mattos et al. (2011)) while in the tumour cells (that express high GPR19
levels) the ERK1/2 phosphorylation reaches maximum afte201tin d stimulation
and lasts for up to 60 min after treatment (Fassnacht et al., 2003; Pepper & Bicknell,

2009).

Regarding NPOMGCi.2g concentration, we noticed that treatment of the four cell
lines with 1 nM of NPOMGC..2sfor 10 min showed a nesignificant effect on ERK1/2
phosphorylation while lower concentratioesg., 1pM, showed significant effect on the
used cell lines (Fig. 6.6). This finding is also interesting because Mattos et al. (2011)
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reported that onl y -POME: s lsigndidardlys phosghorydaeed 1 0
ERK1/2 pathway and the lower concentrations, 100 nM, 1 nM api1@id not activate

this pathwayln comparisonFassnacht et al. (2003) reported a significant effect of 1000
nM of N-POMGCi..son ERK1/2 phosphorylation. In contrast, Pepper and Bicknell (2009)
reported a tim@ependent increase in ERK1/2 phosphorylation when the cells were
treated with 1 nM NPOMGC..2s. From this finding, we can conclude that the response of
the cells to NPOMG:.2g stimulation does not depend only on the concentration-of N
POMGC.2gthat was used to perform the experiment but also depends on the levels of

GPR19 expressed in the used cell line.

Moreover, it iswell-established that agonist stimulation of GPCR induces
desensitisation by phosphorylation of the receptw subsequently internalisation to
endosomes (endocytosis) (Rajagopal & Shenoy, 2018; Thompson et al., 2014). This is a
protective measure that is tightly regulated by the cell to block overstimulation and
sustain normal physiology. It seems that incigvaof the cells with 1 nM NPOMGCi-28
for 10 min resulted in GPR19 desensitisation due to overstimulatah that could
explain tke nonsignificant ERK1/2 phosphorylation in all the cell lines (Fig. 6.7) at high

concentrations.

In addition, the adrenal cells used in the abmentioned studies express MRAP
(Chan et al., 2009; Metherell et al., 2005), whereas the-BEXKwhichwas used in this
study, do not naturally express MRAP. Therefore, those adrenal cells are more
represented by the MRAP and GPR19/MRAP cell lines that were used in this study
which revealed a similar result. The data showed tHROWMGC..s increased the ERK1/2
phosphorylation in a dos#ependent and timgependent manner in both MRAP and
GPR19/MRAP cell lines. Both cell lines give a significant increase of ERK1/2
phosphorylation when treated withpM, 10 pM and 100pM N-POMGi-2sfor 10 min
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(Fig. 6.7) in comparison to the WT cell line. Moreover, the cell line that expressed MRAP
showed a significant increase of ERK1/2 phosphorylation with time when the cells were
treated with IJpM N-POMGC.2gand reached a maximum after 20 min of treatmemd

then the signal reduced but was still significantly above that of the control cells. Similar
results are reported in the cell line that overexpressed GPR19/MRAP, where the signal
reachesmaximum after 10 min dfeatment with pM of N-POMGC...gandthen reduced

with time. In addition, the SEAP activity increased significantly in the GPR19/MRAP
cell lines in comparison to the WT cell libat not in the cell line thaxpressed MRAP.

These data suggest that overexpression of GPR19 with the expression of MRAP increases
ERK1/2 phosphorylation in response tePOMGC.2g stimulation and that could be
explained as the expression of MRAP increased the cell membrane expression of GPR19

as shown in the confocal images that@diseussed in chapter 3.

The results showed thatROMGC..49 phosphorylate ERK1/2 in a slightly different
manner than NPOMGi2s. We found that N°POMG.49 significantly increased ERK1/2
phosphorylation in a dosgependent manner in the WT cell line (Fig. 6.13 A), which
indicates that the response of the WT cell lines-MMGC;.49 is longer than its response
to N-POMGi.2s, which has been shown earlier to end before 10 min of stimulation.
Moreover, the overexpressing GPR19 cell lines showed a similar responstam ;.-

49 Stimulation as the WT cell line (Fig 6.13 B). Moreover, the two cell lines that were
expressing MRAP showed a significant response in comparison to the control cells, only
after treatment with pM N-POMGC..49but not with the higher concentrations (Fig 6.13

C and D). These results suggest that the two peptides stintugeEERK1/2 signalling
pathway in a different way. This is supported by the observation that the response of Y1
cell lines to NPOMGCy.49leads to a strong and longer Akt phosphorylation ldetsup

to 60 min of stimulation in comparison to their weak response-RONIC;-2s, which
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started after 10 min of stimulation amtdedafter 15 min of stimulation (Pepper &
Bicknell, 2009). Interestingly, it has been reported that activation of Akt inhibited Raf
and MEK phosphorylatignwhich consequentlyreduced ERK1/2 phosphorylation
(Rommel et al., 1999). The effect of both peptides on Akt activation and ERK1/2

phosphorylation on the cell lines that overexpressed GPR19 require further investigation.

The MAPK pathway RAS/RAF/MEK/ERK, crosstalk with other signalling
pathways.among them the PI3K/Akt. The MAPK pathway plays a role in cell growth
and differentiationwhile the PI3K/Akt pathway is associated with cell survival and
apoptosis. RAS acts as an upstream positive effector of both pathways. Oncogenic RAS
mutations are detected in 30% of @incers, leading to the activation of both pathways
and resulting in uncontrolled cellular proliferation (Lauth, 201The levels of
phosphorylated ERK1/2 we found to be higher in malignant adrenal tumours compared
to benign tumours or normal adremgénds, which suggestise role of this pathway in
the transformation of normal adrenal cells into tumours (Pereira, Monteiro, Costa,

Moreira, et al., 2019).

Moreover, the expression of GPRMbhich was found to signal through the
activation of the ERK1/2 and PI3K/Akt pathways (Hossain et al., 2016), is highly
increased in metastatic tissues of adrenal, breast, lung, pancreas, and brain in comparison
to primary cancer tissues and normal tissues (t€astt al., 2012; Rao & Herr, 2017;

Riker et al., 2008; Stelcer et al., 2020). Where the phosphorylated ERK1/2 regulate the
cell cycle progression, differentiation, and survival by activating various substrates such
as the cytosolic signalling proteins: p90 RSK and the MAREracting serine/threonine
kinase (MNK), the transcription factors that are located in the nucleus: ETS domain
containing protein EW, the proteoncogenes -€o0s, ¢Jun and éMyc, and cAMR
depenlent transcription factor ATF2. These factors support unlimited cell proliferation,
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which is a feature of cancer cells (Sugiura et al., 2021). The upregulation of GPR19 in
the metastatic tissues can be linkedirtoreased cell proliferation by triggering the
activity of those two pathways, and that clarifies the association of GPR19 with breast
and lung cancerelateddeath according to the GEIPA data. Thus, the use of MAPK
inhibitors separately or in combination with PI3K/Akt inhibitaiss under clinical

assessment to improve different cariberapiegHe et al., 2021).

Patients with FGD present with adrenal atrophy of both the ZF and ZR with
preservation of ZG and have cortisol deficiency due to poor response of the adrenal cells
to ACTH. FGD is an autosomal recessive disorder with 25% of the cases linked to
different MR mutations (FGEL) (Weber & Clark, 1994), 20% were linked to
mutations in the MRAP sequence (F@P(Metherell et al., 2005), 5% of casetated
to mutations in the steroidogenic acute regulatory protein (StAR) {BJdDletherell et
al., 2009), but araud 50% of the FGD cases had an unidentified genetic background.
Moreover, mutations in the mini chromosome maintenalefigient 4 homologue
(MCM4) and nicotinamide nucleotide transhydrogenase (NNT) genearthatvolved
in DNA replication and antioxidant defengespectively, have been recognised in FGD
cohorts (Meimaridou et al., 2013). Interestinghedetection ofGprl9mRNA byin situ
hybridisationin rat adrenal and GPR19 protein by immunohistochemistry in mouse
adrenal revealed the expression of GPR19 across all the adrenal cortex zones and the
adrenal capsule (unpublished data of Bicknell lab). Additionally, the knockdown of
Gprl9leads toa reduction in lung cancelerived cell line proliferation and ancrease
in the number of dead cells (Kastner et al., 2012). Accordingly, this sudigestde of
GPR19 in the cases of FGD with unidentified mutations that certainly warrant further

investigaton.
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It has been shown in this study that botf?@MC;..gand adropin reduce cAMP
levels in a doselependent and tirrgependent manner. Unfortunately, were not able
to confirm if this reduction was significant or nas this experiment was performed only
once. This finding is still interestings we showed in Chapter 5, that only the cell lines
that overexpress GPR19 give a significant eteseendent increase of adropin binding in
comparison to th&/T cell line. Moreover, the binding capacity data (showClvapter
5) revealed that the-ROMC fragments-28, 149 and 177 could compete witadropin
binding while adropin could not compete withFDMGC.-28. Based on this finding, we
hypothesised that only the cell line tlmaterexpressePR19 would produce a lower
CcAMP level after treatment with adropin, but this is not the case. In addition, the results
showed a slower response of the cells that express MRAP to gdntyalm suggests a
role of MRAP in converting the GPR19 to a moreP®MC-specificreceptor. @ the
other hand, it could suggest that adropin could bind to GPR19 or to a different receptor
that its expression depends on GPR19 as they could form a dimer and/or translocated to
the cell membrane together and the activation of any of them alter tti@ofuof the
other receptor. This hypothesis requires further investigation to add to our understanding

of how GPR19 could act @ N-POMC and/or adropin receptor.

Recr ui t ragastin has beenbused by researchers to identify the natural
|l i gands for the orphan GPCRs u sirastjpsatehe r e
a family of proteins that regulate the signal pathway of various GPCRs and are involved
in the adjustment of cell proliferation, migration, invasion, agoptotic, and drug
resistance pathways. Southern et al. (2013) reported that GPR19 signal by recruitment of
b-arrestin. In this study, we took a similar approach by transiently transfediteditie
GPFb-arrestin and thefollowed the localisation of this protein in the early endosomes,

using aniEEAL, after treating the cells with-ROMG;.2s. Unfortunately, the control
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cells showed that the transiently transfected BRIFrestin is already elmcalised in the
early endosomes. That made the identification-8fOMGC.-2seffects on cells difficult to
measure. Considerable effort was made to improve the prpotmdadtill, the same was

detected in all experiments.

In summary, we show, for the first time, thaXDMGC..2g binds to and activates
GPR19 which reduces cAMP levels in the cells, increases ERK1/2 phosphorylation, and
activates the dowstream transcription factors Elkthat activate the SRE of the SRE

SEAP vector, consequently stimulatiogil proliferation.
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Chapter 7: General Discussion and Future Work

7.1. General Discussion

Over the yearsseveral studies have reported the role ofppktSH (N-POMC),
whichis cosecreted with ACTH from the anterior pituitary during the stress response, in
adrenal development, growth, and steroidogenesi®ONIC is cleaved following
secretion from the anterior pituitary by AsP expressed by the adrenal gland to release the
shorter mitogenic N°POMC peptide. Until nowit has beeminclear how NPOMC elicits
its action on adrenal cells. Unpublished datan the Bicknell groupidentified the
recepbr GPR19 asa possible receptor for-ROMC in adrenal cells.

During stress, the hypothalamus releases ORliich stimulates the release of
ACTH and prea-MSH from the anterior pituitary. ACTH stimulates the ZF of the adrenal
cortex to produce glucocorticoid hormones and ZR to release androgens. Studies showed
that the fulllength NPOMC, 176 fragment irhumans, exhibit no steroidogenic activity
(Seidah et al., 1980) or mitogenic activity in adrenal cells (Estivariz, Matalg 1988;

Lowry et al., 1983). Several studies have reported the role of-P@MC fragmats 2

59, 149, and 128 in adrenal growth (ADuijaili et al., 1981; Estivariz, Carino et al.,
1988; Estivariz et al., 1982; Estivariz, Morano, et al., 1988; Fassnacht et al., 2003; Lowry
etal., 1983; Torres et al., 2010). It is believed thatppktSH urdergoes a postecretion
cleavage by AsP expressed by the adrenal to release the mitoge@MIS fragment
N-POMGCi.s2and/or NPOMG.49 (Bicknell, 2003; Bicknell et al., 2001).

Moreover, there is evidence that the extended & r m iMSld (N-POMCi-61)
thatisreferredt o by Lowry -M8HAAd6appaesanfnditgoohave an
activity. McLean et al. (1981) reported that they extracteBWMG.s9 from human

pituitaries and that it has been shown to be the most potent adrenal mitogen factor among
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the other NPOMC fragments (Estivariz et al., 1982). Moreover, this is suppbstéue
finding that injecting rats wiMSH peptidle ant i s
leads to an inhibition of compensatory adrenal growth following unilateral adrenalectomy
(Lowry et al., 1983). It seems likely that the extracted fraction thased to perform

those experiments containhieterogeneousii x t u r eMSHfand NPQMCao.

In this study, we used the HERO3 cell line as a cellular model to characterise
GPR19 asan N-POMC receptor. This cell line was chosen since it has been used to
express several types of GPCR receptors, which makes it a suitable host cell to express
GPCRs especially if postranslational modifications are essential for GPCR function
(Markovic & Challiss, 2009). Moreover, various types of GPCR signatitated gene
products such as the G proteins, U,, b, an
as well as the proteins that regulate GPCR signallarg, expressed in this cell line
(Thomas & Smart, 2005).

The mRNA expression of the GPR19 in the HE®3 has been reported by
Atwood et al. (2011). The reported results here agree with this finding as the mRNA and
protein expression of human GPR19 is confirmed in this study bR & and western
blotting, respectively. Expression of GPR19 in HER3 could be considered
disadvantage, especially when performing the ligaugptor experimentas a negative
control cell line that does not express GPR19 is ideally required. On the other hand, it
can be considereas an advantage to achieve transfeetimdiated functional expression
of a receptor. It was suggested that as the 2BB expresses GPR1&verexpression of
GPR19 in HEK293 cells will leado an increase in the localisation of GPR19 in the cell
surface. The ICC images of the cell line that emgpress rGPR19 revealed that the
GPR19 protein mainly accumulated inside the, @gth little staining detected in the cell

membrane, suggesting that the trafficking of GPR19 to the cell membrane was
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interrupted. Similar results had been reported before for the MC2R, where it accumulates
inside cells that do not express MRAP (Metherell et al., 2005).

The Mrap null mice and thePomc null mice both show a disrupted adrenal
phenotype. MRAP is required for normal adrenal differentiation and proliferation
(Gorrigan et al., 2011)and mutations in Mrap have been reported to cause FGD type 2
(Novoselova et al., 2018) and letdobesity (Novoselova et al., 2016). In addition, the
Pomcnull mice developed obesity, adrenal atrophy and altered pigmentation (Karpac et
al., 2005; Yaswen et al., 1999). Thdsedings showed that both MRAP and POMC
peptides are essential for adrenal growth. Tinggested that expression of MRAP in the
HEK-293 cell, which does not express MRAP (Roy et al., 2007), might be required for
GPR19 translocation to the cell membrane.

First, RT-PCR was used to confirm that MRAP is not expressed in the- 2K
cell line. This then led to the development of two cell lines, one that stably expressed
MMRAP and the second that overexpressed rGPR19/mMRAP. The expression of the
inserted MMRAP gene was confirmed by -RCR and the protein expression was
confirmed by western blotting using a HiFg antibodyas the inserted MMRAP gene
was tagged with HATag at its Gterminus. The statistical analysis of the ICC images
showed that the amount of GPR19 localised to the cell membrane increased significantly
in the cell lines thaexpressed MMRAP and that overexpressed rGPR19/mMRAP in
comparison to the cell lines that did not express MRAP. It is important to stress that
MRAP expression does not increase the expression of GPR19 binanelgsedts cell
surface expression. Furthermore, the ICC images showed that GPR19 and MRAP
proteins were ctocalised in the cell membrane and inside the cells. In addition, the
results of the CdoP experiments showed that both GPR19 and MRAP formed a complex

and the GPR19 bands could be precipdausing an antN-POMGi-2s antibody after
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treating the cells with NPOMGCi.2g and using the crosslinker DST. These findings
strongly suggest that GPR19 and MRAP form a complex to increase GPR19 cell surface
expressionand NPOMG;.2gbinds to GPR19.

Subsequently, we studied the binding ability ePRMGC,.2gto the cell lines and
the effect of MRAP on the ligangkceptor interaction. Our data showed that the WT and
the three transformed cell lines had binding capacity f&*QWMGC..g either if it was
unlabelled, fluorescently labelled or biotin labelled. The -ROMGC.2¢ peptide was
labelled with Alexa Fluo#88 and then the cells were treated with 1 nM of this peptide;
theresults revealed that the binding capacity of the cell lines that overexpres® GPR1
MRAP and GPR19/MRAP to IROMGC..2s was statistically significant in comparison to
the WT cell line. Moreover, the cell lines that express MRAP and GPR19/MRAP showed
a significant doselependent response to the unlabelleB®MGCi.2s in comparison to
the WT and to the cell line that overexpressed GPRi&estingly, similar results were
found when using biotin labelledROMG:.2s. Moreover, the longer IROMC fragments
1-49 and 177 showed a binding capacity to GPR19 by competing with the biotinylated
N-POMC:.28. These findings strongly suggested that GPR19 is the receptoiHOINIC,
and the expression of MRAP not only increa§e?R19 cell surface expression but also increases the
binding ability of NPOMC to GPR19.

An interesting observation wakat the fulllength NPOMGC..77 boundto the
receptor. Early studies showed that this fragment had no effect on adrenal growth
(Estivariz et al., 1982) and was involved indirectly in adrenal steroidogenesis by
increasing free cholesterol levels in the cells (Pedersen & Brownie, 1979; Pexteaisen
1980). Moreover, treatment of rat and human adrenal cells with both ACTH ate pro
MSH leads to an increase in cortisol and aldosterone secretion in comparison to the cells

treated with ACTH only (ADujalli et al., 1981). On the other hand, ishH@een reported
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that prea-MSH has a suppression effect on adrenal steroidogenesis (Coulter et al., 2000;
Fassnacht et al.,, 2003) and treatment of the cancer cellsh285l with 10 nM
recombinant rat PNOMGC..74stimulated cells proliferation (Fassnacht et al., 2003). The
ability of N-POMGC..77to compete for the binding site withROMGC,.2gstronglysuggests

that both fragments bind to the same receptor.

Interestingly, a new finding reported by Li et al. (2021) showed that GPR19
di merised with the MC3R. The MC3R h-as a bi
b-, -M&H and ACTHw i t h -MSHhshowmng a high binding affinity for MC3R among
the other MCRs (Dores et al., 2016; Gantz et al., 1993; Slominski et al., 2000). MC3R is
not expressed in HER93 cells (Atwood et al., 2011%0 the high molecular weight
GPR19 band that is detected by western blotting in this study could not be a dimer
between GPR19 arMC3R. The results regarding the expression of MC3R in the adrenal
cellsarein conflict. Dhillo et al. (2003) confirmed the expression of MC3R in rat adrenal
cells while the previous studies reported that MC3R is not expressedadrireal gland
(Gantz et al., 1993; Roselehfuss et al., 1993).

The results of Tilemans et al. (1997) showed that treatment of lactotrophs cells
wi t HVISH I8ads to an increase in cell proliferation that is like the effect of the human
POMGi76 on those cellsb u t t he p-MBHwas pwemnthian thad of human
POMGi76. T h e -M$H as a nitbgertc factor was suggested earlier by Lowry et
al . (1983). Mor eover, Ti | M3 stismulated cAMRA . (19
formation inthe HEK-293 cell line, overexpressing MC3Rhile human POMg 7sdid
not. This fnding suggested that the human POM€ls not an agonist of MC3Rand its
mitogenic activity is performed by another receptor. Interestingly, treatment of the HEK
293 cell line overexpressing MC3R with glycosylated humaRWMGC,.76 showed no

effect on cAMP levelswhereas the recombinant nglycosylated rat NPOMGCi.74
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increased cAMP level in a dosiependentmanner (Bert et al., 1999). Overexpression of

MC3R in HEK-293 leads to an increase in the surface expression of GPR19 (Li et al.,
2021) . MoreovescoudC2R irecepGtr whbupledeas GF
receptor and dimerisation betwe€3R and GPR19 will lead to crosstalk between the

two activated pathways and alter the levels of cCAMP levels inside the cells (Selbie & Hill,

1998). It seems that the glycosylated form ePQ@MGC..7¢ binds to GPR19which is why

it shows no cAMP activitywhile the norglycosylated form binds to MC3R and leads to

an increase in cAMP level. It is also possible that the-gigeosylated form of N

POMG.76 binds to both receptors, thetsrminal part of the peptide binds to GPR19

and tMSH pan 8f the peptide binds to MC3R.

Both GPR19 and MCS3R are highly expressed in the brain (O'Dowd et al., 1996;
RoselltRehfuss et al., 1993), both have a role in food intake regulation and energy
homeostasis and théc3r null mice andGprl9 null mice are characterised with a
metabolic disorder syndrome. Thdc3r null mice develop metabolic syndrome
characterisedby increased weight, specifically in femalesd increased adipose mass
observed in both sexes with no effect on feeding behaviour (Butler et al., 2000). The
Gprl9 knockout (KO) mie showed an increase in fat mass and decreased physical
activity, particularly in female mice. MalBpr19KO mice show decreased whdiedy
glucose tolerance, combined with decreased expression of key hepatic glucose production
enzymes, under obese conditions (Mushala et al., 2023). This result suggests that
GPR19/MC3R played a role in the development of dpeslated metabolic
dysfunction.

The dimerisation of GPR19 with other receptors and the crosstalk between the
signalling pathways they activated is an important research area that requires

investigationbefore exploring the biological function of GPR19 in adrenal cells and in
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the other peripheral tissues. The findings of this study and linking it with other studies
define the fundamental role of the GPR19/MC3R in the regulation of energy homeostasis
by N-POMC peptides and thus highlight a potential target for therapeutic enteyus

in metabolic disorders that trigger obesity.

It has been reported that GPR19 receptor signals by reducing cAMP levels inside
the cells (Bresnick et al., 2003), increasing the phosphorylation of ERK1/2 and Akt
(Hossain et al.,, 2016; Rao & Herr, 2017) and GPR19 stimulation leads to receptor
internalisatiorinto clathrincoated vesicles and that involvesthe ¢ r u i t-amestint o f
(Southern et al.,, 2013). As mentioned earlier, the binding ability -6fOWMCi.2s
increased in a dos#gependent manner in the cell lines that are overexpressed GPR19,
MRAP ard GPR19/MRAP thereforewe investigated whether treatment of those cells
with N-POMCpeptides, 128 or 149,could influence those pathways.

We found that N°OMGC..2sreduced cAMP levels in a dosiependent and time
dependent manner in all the cellular models. The cCAMP % reduction is different between
the cell lines, but the overall cAMP levels reduced between 10% to 20% after 1 min of
treatment with 0.1 nM NPOMGC.2s. The % reduction increased as the time of treatment
increased and as the concentration d?QMGC;2gincreased.

The NNPOMC peptides-P8 and 149 mediate mitogenic activity on adrenal cells
(Estivariz, Carino, et al., 1988; Estivariz et al., 1982; Estivariz, Morano, et al., 1988;
Lowry et al., 1983) through phosphorylation of ERK1/2 (Fassnacht &0&i3; Mattos
et al., 2011; Pepper & Bicknell, 2009). ERK1/2 phosphorylation is regulated by the
protein kinases of the transduction pathway RA&--MEK that phosphorylates ERK
at specific threonine and tyrosine amino acid residues. Pepper and Bickn&) (200
reported that both P OMC peptides-P8 and 149 could stimulate the phosphorylation

of RAF and MEK, the upstream regulator of ERK1/2, in a tdependent mannefhe
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signalling cascade RABAF-MEK-ERK1/2 is upregulated in a variety of cancers
among them adrenocortical carcinomesg inhibitors of those protein kinases work as a
target for anticancer therapy (Pereira, Monteiro, Costa, Ferreira, et al., 2019; Roskoski,
2012).

The present study confirms that botHPOMC peptidesl-28 and 149, stimulate
ERKZ1/2 phosphorylation in the WT and the stably transfected cell bugeghe pattern
of the response in those cell lines is different. As the WT cells are expressing very low
GPR19 protein levels at the cell membrane, the ERK1/2 phosphorylation was detected
for a time intervabf less than 10 min and only when the cells weeated with low
concentrations (pM) of N-POMGCi-2s. The cell line that overexpressed GPR19 showed
a ime-dependent increase of ERK1/2 phosphorylation for up to 30 min of stimulation
with 1 pM N-POMGC.2s. In the dosalependent experiment, this cell line showed a
significant increase of ERK1/2 phosphorylation witpM and 10pM of N-POMGC;.2s
but not with the higher concentrations. As expected, the cell lines that express MRAP
showed higher NNOMGCi-2gbinding ability than the WT and overexpressing GPR19 cell
lines showed a timdependent increase of ERK1/2 phosphorylation for up to 60 min of
stimulation with 1 pM N-POMGC.2s and a doselependent increase of ERK1/2
phosphorylation with NNOMGC;.2sconcentrations up to 1GiM.

We found that the response of the cells t®QMGC.49 Stimulation showed a
different pattern than the response of the cells-MGC.-2s. The WT cell line showed
a significant doselependent increase in ERK1/2 phosphorylation with concentrations
less than 1 nMand a similar result wadetected for the cell line that overexpressed
GPR19. On the other hand, the cell lines that are expressing MRAP showed a significant
response only with fM N-POMGC..49. This difference in the response between the cells

to the NNPOMC fragments could be due to the difference in the peptide structure and
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could reflect the role of the accessory protein in mediating the receptor response to its
ligand.

Torres et al. (2010) studied the role 6PRDMGC..2gin cell proliferation by treating
rats with NPOMGC..2g and they reported that-ROMGC..g leads to the induction of S
phase entry in all zones of the adrenal cortex. The effectPONIC..2gis mediated
through the upregulation of cyclins D2, D3, and E that regulate the cell cycle progression
from the G1 to the S phase (de Mendonca et al., 2013; Mendonca & Lotfi, ROfi3.
study, we investigated the effect oFRDMGCi.2g in cell proliferation and celtycle
differentiation usinga pSRESEAP profiling vector. The SREas been identified as an
essential regulatory element of théas proteoncogene promotethus activating the
SREcontrolledc-FOSgene that is involved in unlimited cell proliferation (Thiel et al.,
2021; Treisman, 1992; Yang et al., 2013). AsP8MC.2s increases ERK1/2
phosphorylation transcription factors such as p90RSK and-Elwill be activated
(Sugiura et al., 2021). The phosphorylated Elk1 binds to and activates the SRE of the
pPSRESEAP vectoy which consequetly leads to the transcription and release of the
SEAP in the culture media. The results of this assay showed {R&N\C;-2sincreases
SEAP release in all the cellular models in comparison to the control cells. Moreover, we
found that the cell lines that overexpressed GPR19, botbrteg that overexpressed
GPR19 alone or with MRAP, showed a significant increase in SEAP activity in
comparison to the WT, while the cell line that expressed MRAP alone did not.

This indicates that overexpression of GPR19 impacts the downstream growth
regulators led to an increase in cell proliferatiomhich is a characteristic of
adrenocortical carcinomas and other carcinomas (Chen et al., 2021; Gerlach et al., 2023;
Stelcer et al., 2020). The GPR19 expression level is suggested to be used as an oncogenic

factor (Chen et al., 2021; Pu et al., 2022)e Tésultsn this study provide evidence that
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both overexpression of GPR19 and treatment of cells withONIC,.2g increasecell
proliferation and thus highlight a potential therapeutic target.

This study was initially designed with the aoh characterisingcPR19 as a
possible NPOMC receptor. Some studies have reported that the peptide hormone adropin
Is an agonist of GPR19 (Jasaszwili et al., 2019; Rao & Herr, 2017; Stein et al., 2016;
Stelcer et al., 2020; Thapa et al., 2018). The first study suggebnd>PR19 is a
receptor for adropin was published by Stein et al. (2016). They used the deductive
reasoning strategy to suggest that GPRE& &dropin receptor. First, they identified the
cdl lines that were responsive to adropin. Then, they generated an orphan GPCR
expression profileising PCR to identify shared populations of orphan receptors, and they
identified five potential candidatascluding GPR19This was followed by studying the
expression patterns of those receptors and conduabogatory experimenta(vivoand
in vitro). They found that adropin inhibited the action of wadeprivationinduced
drinking behaviour and administration of GPR19 siRNA in male rats for 2 daysh wh
significantly lowered GPR19 mRNA levels in the hypothalamuspedented adropin
action. Clearly, in this studyhere is no direct evidence of the association of adropin with
GPR19. The following studies do not provide any direct evidence of adropin binding
ability to GPR19and the derphansation study performed by Foster et al. (2019) could

not confirm the binding of adropin to GPR19.

In fact, the idea that GPR19 could act as a receptor of both 4ROMC
fragments and the adropin is perhaps possible as both have amino acid sequence
similarities, and bothavea disulphide bridge that triggerssbBape structure. Moreover,
both peptides act as an adrenal mitogenic factor and reduce adrenal steroidogenesis.
Fassnacht et al. (2003) reported thaP@MGC.2sstimulated cell proliferation in normal

and cancer human adrenocortical cells in a concentrd@pandent manner. Moreover,
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N-POMGC.2s decreased steroid hormone productiore.g., cortisol, 17
hydroxyprogesterone, and dehydroepiandrosterone sulphate, #n296Icells in a
concentratiordependent manner. However, treatment of cells vilBOMGC;.og does not
affect the protein levels of the steroidogenesis regulators SF1, DAX1, StAR and P450scc.
Stelcer et al. (2020) reported that the proliferation rate of HAC15 cells incubated with
adropin increased significantly after 48 hrs of incubatand the cell proliferation via
ERK1/2 and Akt pathway was completely inhibited when the HAC15 cells treated with
adropin in the presence of ERK1/2 and PI3K/Akt inhibitors, U0126 and LY294002
respectively. Moreover, treatment of HAC15 cells with 80 adropin for 24 hrs leads

to a significant decrease in forskebtimulated aldosterone and cortisol secretion in
relation to untreated cells. The difference reported here is that adtepieaseshe
expression of the StAR protein and the enzyme CYP11A1l. Based orfitidisgs we

performed experiments to study if adropin could bind to GPR19.

The HEK-293 cells that were used in this study to characterise GPRA®Nks
POMC receptor were reported to express and secret adropin (Kumar et al., 2011) and that
was confirmed in this study (data not shown). Therefore, we labelled adropin with biotin
and this peptide was used to study its binding to the cellular models. Results showed that
the binding of thebiotin-labelled adropin was linear in all the cellular models used to
perform the experiment and did not reach saturation as in-P@MC;-2sbinding assay
even though we used up to 500 nM of bidébelledadropin. The linear, rather than
saturation, specific adropin binding supports the idea that GPR19 is not the adropin
receptor as GPR19 is expressed in low levels in thedNd we usedery high adropin
concentrationgup to 500 nM) and does not reach saturation while iROMGC;-2s it
reaches saturation with 15 nM. On the other hand, an important result is reported here,

which is the cell line that overexpressed GPR19 showed a significantielosedent
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increase in adropin binding in comparison to the WT cell line. The binding curve is linear
and not saturabjevhich could be explained as the overexpression of GPR19 increasing
adropin binding ability to its receptor rather than binding to GPR19, and its cell

membrane expression increases as GPR19 expression inanghsesells.

In the same assay, the cell lines that overexpress GPR19 and MRAP did not show
a significant increase in adropin binding in comparison to theidgteadpoth cell lines
that express MRAP showed similar or less adropin binding in comparison to the WT
cells. This finding suggests thidite expression of MRAP reduces the ability of adropin
to bind to its receptor. If adropin binds to GPR19, it seems that MRAP converts GPR19
to a more NPOMC receptor as the competitive binding assay data showed that adropin
could not competavith N-POMGC..2gbinding, whereas the-ROMC peptidesl-28, 149
and 177,were found to compete with adropin binding. If adropin binds to a receptor
other than GPR19 and that forms a dimer with GPR19, it seems teapession of
MRAP suppresses this dimer formation. Such an effect of MRAP expression was
reported by Wang et.a2022) where they found that the expression of MRAP inhibits

the dimerisation of SSTR2 with SSTR3 and SSTR5.

As mentioned earlier, GPR19 forms a dimer with the MC3R (Li et al., 2021). In
this study, we showed that expression of MRAP increased the cell surface expression of
GPR19, while expression of MRAP does not affect MC3R cell surface exprdssion
has an inhibitory effect on its signalling (Chan et al., 2009). The receptors GPR19
(Mushala et al., 2023) and MC3R (Butler et al., 2000) play a role in energy homeostasis
through activation by adropin and POMC peptides. The receptors, MC3R antbGPR
accessonpr ot ein MRAP and the | igands- -, &dor opin
MSH and NPOMC, are all expressed in the hypothalamus. Further work will be required
to provide more evidence about the role of GPR19, MC3R, MRAP and their ligands as a
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potential regulator of energy homeostasis and thighlight a possible target for

therapeutic applications metabolicassociatedliseases such as obesity.
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7.2. Future Work

As discussed throughout the thesis, based on the results and the limitations

identified, there is still much to be investigated.
7.2.1. GPR19 Gene Manipulation: Knockdown and Knockout

The development of a cellular model with Grp19 knockdown and an animal
model with Grp19 knockout will provide an ideal model to study the effect of GPR19
expression at the cellular level and its effeceaimal health.

The gene knockdown (silencing) could be performed using small interfering RNA
(siRNA) or short hairpin RNA (shRNA) to inactivate mRNA for a specific g&1p19
in this case, that will effectively suppress mRNA translation to protein. The reduction of
GPR19 protein levels can be confirmed using ICC and/or western blotting. Regarding the
cellular models that were used in this stu@yp19 knockdown should be performed in
the WT and the cell line that was stably transfected with MRAP Grp&9knockdown
cell lines could then be used to confirm that thé®@MC binding is due to GPR19
expression and not due to the expression of another receptor in the 33=tell line.
The binding ability of NPOMC could be measured and if the binding ability é?@MC
in those cell lines is undetectable or lower than the cells that are expressing GPR19, this
would support GPR19 being the receptor fePAMC. Moreover, this would confirm
that expression of MRAP without GPR19 will also lead to a similar result and exclude
the possibility that NPOMC acts through another receptor that is expressed in the HEK
293 cells and the expression of MRAP increases its cell membrane translocation and leads
to an increase inPOMC binding. In addition, it will be used to confirm if adropin binds
to GPR19 or not by treating the cells with seb#btin-labelled adropin concentrations
and measurinthe cell response. B6PR19 is the receptor of adropinwitl show alower

binding ability to the cell lines witlisrp19 knockdown in comparison titne WT cell
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lines. Otherwise, it means that adropin may perform its biological activity through
differentreceptors

Knockout mice are commonly used in research to study the effects of genes that
may have significance in human heaf@rtp19knockout mice had been used by Mushala
et al. (2023) to study the metabolic function of GPRil@vo. They found that knockout
of Grpl9leads to an increase in total energy expenditure in male mice undesfat low
diet and in female mice under both a low and Hahdiet, which suggests a role of
GPR19 in théoody'senergy homeostasis. In male mice that were fed afaigtiet, they
noticed a significant increase in the circulating glucose levels and a significant increase
in absolute liver weight with decreased expression of key hepatic glucose production
enzymes. This finding suggests that GPR19 impabtde-body energy metabolism in
dietinduced obese mice in a sdgpendent manner. It is expected that knockout of
Grpl19in an animal may lead to defective adrenal development and adrenal atrophy after
birth, as in thePomcknockout mice (Karpac et al., 2005; Yaswen et al., 1,%89he N
POMC fragments are required for normal adrenal cell growth and development during
pregnancy (Fasshacht et al., 2003; Ross et al., 2000; Saphier et al., 1993; Torres et al.,
2010).

7.2.2. Dimerisation between GPR19 and other receptors

The fact that GPCRs form a dimer, either as a homodimer or heterodimer, is
acknowledged in many studjeand it has been found thaéterodimerisatiotetween
different GPCRs could alter their ligand binding affinity, the second messenger pathway
they activated and their trafficking to the cell membrane (Bouvier, 2001; Li et al., 2021,
Selbie & Hill, 1998). Li et al. (2021) reported that MC3R dimeriggith GPR19 in the
mouse hypothalamus celland the cell surface expression of GPR19 increased as the

expression ratio of MC3R increased in the cells. Moreover, they transfected cells with a
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fixed amount of MC3R and differentatios of GPR19 and followed the cAMP
accumul ation inside the cel Wewrees SPRUCSaER 1| s
G Wecoupled receptor. They found that dimerisation between MC3R and GPR19 slightly
enhanced cAMP accumulatiofhis finding is in accordance with the finding of Tilemans
et al . (1997) as t h &WMSHr (MP3R ragoaist) artd hnant bot |
glycosylated rat NNOMGC;.74stimulated cAMP formation in HEXR93 stably transfected
with MC3R. On the otherdnd, the glycosylated humanPOMGC:.76 did not stimulate
cAMP formation and that could be due to the activation of GPR19 by tHEONIC
fragment that, upon activatioteads to the reduction of cCAMP inside the cells, which
leads to crosstalk between the two activated pathways by those receptors.

In this study, we detected two GPR19 bands by western blotting at 50vki2a
is the predicted size of GPR19, and at 90 kDa, which was explained as a dimer of GPR19,
perhaps with another receptor. MC3R is not expressed in the29BKAtwood et al.,
2011) while its expression in adrenal cells is in conflict. Dhillo et al. (2003) confirmed
the expression of MC3R in rat adrenal celishile the previous studies reported that
MC3R is not expressed in tlaglrenal gland (Gantz et al., 1993; RosRkihfuss etl.,
1993). That raises the questiohwhether GPR19 dimerises with other receptors inside
HEK-293 cells and in the adrenal cellsMC3R is not expressed in those cells, that may
influence its biological functionhe dimerisation of GPR19 with other receptors and the
effect of that on the signalling pathways they activated is an interesting research area that
requiresnvestigationbefore exploring the biological function of GPR19 in adrenal cells
and in other peripheral tissues.

7.2.3. Role of GPR19 in Adrenal Atrophy
Different studies have shown that thdP@MC fragments are required for normal

adrenal cell growth and development during pregnancy (Fassnacht et al., 2003; Ross et

245



al., 2000; Saphier et al., 1993; Torres et al., 2010) and that patients with FGD are
characterised with both atrophy of adrenal ZF and ZR with preservation of ZG and by
cortisol deficiency due to poor response of adrenal cells to ACTH. It was found hat 25
of the cases of FGBrelinked to different MC2R mutations (Weber & Clark, 1994), 20%
are linked to mutations in the MRAP sequence (Metherell et al., 2005), 5% of cases
relatedto mutations in StAR (Metherell et al., 2009) and around 50% of the FGD cases
had an unidentified genetic background. Unpublished data from the Bicknell lab found
that the GPR19 protein is expressed across all the adrenal cortex zones and the adrenal
capsule. Moreover, a study performed by Kastner et al. (2012) reportedhéhat
knockdown of Grp19 leads to a reduction in the proliferation of lung caterered cell
lines and arincrease in the number of dead cells. Accordingly, this suggests a role of
GPR19 in the cases of FGD with unidentified mutations that certaidyire
investigation
7.2.4. N-POMC Fragments and Adropin as GPR19 Ligands

In this study we showed that the cell lines that overexpressed GPR19 and/or
MRAP showed a significant increase, in comparison to the WT;RONMGC,..gbinding
capacity and the longer fragmentsPOMGC.49and NPOMGC..77, can compete with N
POMCGC.2sfor its binding site. Moreover, those cells showed a significant increase in the
ERK1/2 phosphorylation when treated with seriaPRMGC;.2s concentrations and at
different time intervals. In addition, the cell lines that overexpress GPR19, GPR19 alone
or with MRAP, showed aignificant increase in their ability to stimulatee cell
proliferation pathway by following SEAP release from the cells. On the other hand,
adropin showed a linear binding curve rather than a saturation curve in all four cell lines
that were used in this study and did not compete with HROMGC;-2s specific binding

site. In contrast, the IROMC fragmentsl-28, 149 and 177 can compete with the
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adropin binding site. This finding suggests that adropin could bind to a receptor other
than GPR19 and may dimerise with GPR19. The slight increase in the binding ability of
adropin to the cell lines that overexpress GPR19 in comparison to the WT cogidstsug
that overexpression of GPR19 may influence the binding ability of adropin to its receptor
and expression of MRAP obstruct this feature of GPR19. We showed that both N
POMG.2gand adropin could reduce cAMP in all the cellular models that were lngted
we could not confirm the significance of this finding due to lab limitations. Those
findings are not enough to confirm that both peptides could act as GijhBts

Moreover, it was reported that nghycosylated rat N°NOMGC.74 stimulates
cAMP formation in HEK293 stably transfected with the MC3R, while the glycosylated
human NPOMGC,..76 does not stimulate cAMP formation (Tilemans et al., 1997). While
the nonglycosylated rat NPOMGC..74 stimulates cell proliferation of the human NCI
h295 cell line (Fassnacht et al., 2003). It seems that the natural form of ##@M@ich
is glycosylated, is unlikely tact through the MC3R receptor, and glycosylation prevents
this intgaction, suggesting that it is acting through a different receptor. The above
mentioned results are performed in H2B3 that overexpressed MC3R. HER3
expresses GPR19 and its cell surface expression increased with MC3R overexpression
(Li et al., 2021). These salts supported our finding thatROMC binds to and signals
through GPR19. Moreover, it highlighted the difference between using a natural fragment
of N-POMC and a synthetic form. The widely usedP®MGC..2s, which is not a natural
product ands described as an extraction artefact (Lowry, 2016), in many published
studies on the effect of this peptide on adrenal cells does not reflect the role of the natural
N-POMC in adrenal growth and steroidogenesis completely

Moreover, the reports investigating the effect eBPR@MC fragments on adrenal

cells depend on the experimental system that is used to perform the experiment and the
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extraction and preparations of the naturaP@MC fragment. The extracted fragment
may contain a mixture of structurally similar fragments eP@MC (Lowry, 2016) and
either be glycosylated or not and does it contain the disulphide bridges or not. atsslisol
human NPOMG.sefrom pituitarieswas showrio be the most potent adrenal mitogenic
factor among the other-ROMC fragments and ACTH (Estivariz et al., 1982). This
finding needs to be studied more to answer the questiasich NNPOMC fragment is
thenatural ligand of GPR19.
7.2.5. PI-3K/Akt Signalling Pathway of GPR19 and Internalisation
t hr o uagrdstinb

Pepper and Bicknell (2009) reported that botR®MC peptides:P8 and 149,
could stimulate the phosphorylation of Akt, a key molecule in the PI3 kinase pathway,
with the phosphorylation response to be weaker in the cells treated with #£QMC
comparison to the cells treated withFOMGC..49. This also confirms the fact that the
cells are responding in a different manner to differef®@OMC fragments that should be
investigated as mentioned in section 7.2.4. The same signalling patthaaypeen
reported to be activated when GPR19 is stimulated with PIs to prevent neuronal cell death
(Hossain et al., 2016). Interestingly, adropin was found to stimulate this pathway through
GPR19 activation itHAC15 cells (Stelcer et al., 2020). Activation of this pathway using
different NPOMC fragments and adropin in the four cellular models that were used in
this study in addition to aGrpl19knockdown cell linewill add to our understanding of
how those fragments modulate cell growth and how they act through GPR19.

As mentioned irChapter6, we tried to study the effect off-ROMC on GPR19
i nt ernal i s a-ariestimas it is & featune of IGBR1® desensitisation (Southern
et al., 2013). Unfortunately, in the control celidhigh background was always detected,

and although different modifications were applied to the prottitelsame results were
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detected. Therefore, it is best to perform this experiment asthfferent protocolsuch
as Pat hAirestintassay fob GPCR cell lines.

7.3. Summary

In summary, from théndingsof this study and previous studies, the involvement

of N-POMC and its receptor GPR19 in maintaining the integrity of normal adrenal gland
growth can be proposed. First, rdSH released from the anterior pituitary, which will
be cleaved by AsP that iggessed in the cell membrane of the adrenal cells to produce
the active adrenal mitogenic factocPOMGC..s2(Bicknell et al., 2001) and/or{ROMG.
49(Bicknell, 2016; Seger & Bennett, 1986). The active form-¢fQMC binds to GPR19,
which requires MRAPd increase its cell membrane expression and convertit té¢

POMG:specificreceptor (finding of this study).

Activation of GPR19 leads to thed i v at ij that inhibits th& &ktivity of
adenylyl cyclase, which leads to the reduction in cAMP levels (finding of this study and
Rao and Herr (2017)). The activatedi$sfound to mediate downstream signals through
the activation of PISK (Shah et al., 200®&ich explains how NPOMC fragments, -1
28 and 149 (Pepper & Bicknell, 2009), and GPR19 (Hossain et al., 2016) signal by
activating the PI3K/Akt pathway. In addition, activation of GPR#ls to dissociation
of the bo subunit t hat wiliséquentigly acsvatdrthe y | at
cascade: -®RAF to MEK (Pepper & Bicknell, 2009) to ERK1/2 (this study, Fassnacht et
al. (2003) and Pepper and Bicknell (2009))his could be followed by the
phosphorylation of GPR19 by GRK andh e b i n-driestigto GFPR19band its
internalisation (Southern et al., 2013). Unfortunattdis is not completely confirmed by

this study.

Subsequently, e phosphorylated ERK1/2 induces the cytosolic signalling
protein p90RSK (Thapa et al., 2018) that probably induces the-pnotogenes: -€0s
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and cJun, likeACTH (this study and Torres and Lotfi (2007)), Which will lead to the
activation of the key mediators in the initiation of the cell cycle: cyclin D2, D3, and E
and degradation of the cycladependent kinase inhibitory protein P27kip1 (de Mendonca
et al.,2013; Mendonca & Lotfi, 2011) and maintaining normal adrenal cell proliferation.
Consequently,the knockdown of Grpl9 could lead to adrenal atrophile
overexpression of GPR19 could trigger uncontrolled cell proliferation, which is a

chamcteristic of cancer cells (Chen et al., 2021; Gerlach et al., 2023; Pu et al., 2022).
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Chapter 8: Appendixes
Appendix. A

A.1. Luria -Bertani Medium (LB)

20 g of LB broth is dissolved in 1 L ddél and then sterilisedy autoclaving.

A.2. 0.5 MPIPES

17.3 g of PIPES is dissolved in 80 aflultra-pure water. The pH is adjusted to 6.7 with
concentrated HCI, and then the volume is increased to 100utitapure water.

A.3. Inoue Transformation Buffer

2.72 g Mn.C4.4H,0, 0.55 g CaGI2H.0, and 4.66 g KCaredissolved in 150 ml ultra
pure water. Then, 5 ml of 0.5 M PIPES (pH 6.7) is added, and the volume is increased to
250 ml with ultrapure water.

A.4. LB Agar Plate

17.5 g of LB agar is added 500 ml ddH20 and autoclaved to dissolve and sterilise the
mixture. The LB agar bottle is kept in a 55 °C water bath to cool down to 55 °C.
Aseptically, 0.1 mg/ml ampicillin or 0.05 mg/ml kanamycin was added and mixed well.
The mixture was poured into 9M petri dishes to approx. 1 cm and the plates were left
to set at RT and then storedsidedown at 4 °C.

A.5. 5 X Reaction Buffer

For 1L: 250 mM TrisHCI (pH 8.3), 250 mM KCI, 20 mM MgGJ and 50 mM DTT.

A.6. 4% (w/v) Paraformaldehyde (PFA)

PFA is toxic and the preparation steps should be performeduma hood.

4g PFA is dissolved in 80 ml 1X PBS with continuous stirring and heating@Q S0 till
the PFA powder is completely dissolved. The whk adjusted to 6.&nd the volume
was made up to 100 ml. Then, the solution was filtered and aliquoted as appropriate and

stored at20°C.
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A.7.1 M Tris Stock

121.1 g Trisbase is dissolved in 800 ml of dglbl Then, the pH is adjusted to 7 with
concentrated HCland the volume imcreased to 1 L with dci®.

A.8.2X SDS Sample Buffer(Non-Reducing)

5 ml of 1 M Tris stock (pH 7) is mixed with 25 ml 20% SDS, 20 ml glycemt2 mg
bromophenol blue. Then, the volume is increased to 100 ml witbQldH

A.9.2X SDS Sample Buffer(Reducing)

950 pl of 2X SDS sample buffer is mixed with0  @krcaptoethanol.

A.10. 4X Resolving Gel Buffer

187 g Trisbase (1.5 M) is dissolved in 800 ml dgH The pH is adjusted to 8.8 with
HCI. Then, 4.0 g SDS (0.4%) is dissolved in the solytiom the volume is increased to
1 L with ddH20.

A.11. 10% Resolving Gel

3.33 ml Protogel (National diagnostics) is mixed with 2.5 ml 4X Resolving gel buffer,
4.06 ml ddHO, 150 pl 10% APS (ammonium persulfate) and 10 pl TEMEM(NN}IN;|
Tetramethylethylenediamihe

A.12. 4% Stacking Gel

1.3 ml Protogel (National diagnostics) is mixed with 2.5 ml 4X Stacking buffer (0.5 M
Tris-HCI, 0.4% SDS, pH 6.8, Melford, UK), 6.1 ml dg®l, 100 pl 10% APS, and 10 pl
TEMED.

A.13. 5X Tris-Glycine Running Buffer

15.1 g Trisbase and 49 g glycine were dissolved in 900 ml@H hen, 50 ml 10%

SDS is added and dissolved well, and the volume increased to 1 L wit®ddH
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A.14. 1X Tris-Glycine Electrophoresis (Running Buffer)

200 ml of 5X Trisglycine electrophoresis (Running Buffer) is mixed with 800 ml of
ddH0O. The pH is checked and adjusted to pH 8.3.

A.15. 10X Transfer Buffer

30.2 g Trisbase and 144 g glycine were dissolved in 800-@dH hen, the volume is
increased to 1 L with dci®.

A.16. 1X Transfer buffer

700 ml cold ddHO is mixed with 100 ml 10X Transfer buffer and 200 ml methanol.
A.17. 10X Tris Buffer Saline (TBS)

80 g of NaCl, 2 g KCI and 30 g Trisase were dissolved in 800 ml ddH ThepH is
adjusted to 7.4 using concentrated Hiid then the volumeiiscreased to 1 L by ddi.
A.18. 1X Tris Buffer Saline (TBS)

100 ml of 10X TBS is mixed with 900 ml dd8.

A.19. 1X Tris Buffer Saline Tween (TBST)

100 ml of 10X TBS is mixed with 900 ml of dd@l. Then, 1 ml of Tweef0 is added

and mixed well.
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Appendix. B

A | NINGCAGAGCTCTCTGGCTAACTAGAGANCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGG

CTAGCGTTTAAACTTAAGCTTCGAATTCGCCACCATGGGTTTTGATCACAGAATGGAGACCGACCAGCCCCCTGTGGTTACTGCTAC

CCTGCTGGTGCCCCTTCAGAATGGCAGCTGTGTGGAAGCGGCCGAGGCCCTGCTGCCCCATGGCCTGATGGAATTGCATGAGGAAC
ACAGCTGGATGAGCAACAGGACAGACCTTCAGTACGAGCTGAACCCCGGAGAGGTGGCCACAGCCAGCATTTITCTTITGGCGCTTITG
TGGTTGTTCTCTATCTTTGGCAATTCCCTTGTGTGTCTGGTCATCCATAGGAGCCGGAGGACTCAGTCCACCACCAACTACTTTGTGG
TCTCCATGGCGTGTGCTGACCTTCTCATCAGTGTGGCCAGCACACCGTTTGTCGTGCTGCAGTTCACTACCGGGAGGTGGACCCTC
GGGAGCGCCATGTGCAAGGTGGTCCGCTACTTCCAGTATCTCACCCCAGGCGTCCAGATCTACGTGCTGCTCTCCATCTGCATAGAC
CGCTTCTACACCATCGTCTACCCTCTGAGCTTCAAGGTGTCCAGAGAAAAGGCCAAGAGAATGATCGCAGCCTCCTGGATCTTGGAC
GCAGCCCTCGTGACGCCTGTCTTCTTTTTCTACGGCTCTAACTGGGATAGCCACTGTAACTACTTCCTCCCACCCTCCTGGGAGGGA
ACTGCCTATACTGTTATCCACTTCTTGGTGGGCTTTGTGATTCCCTCTGTCCTCATAATCCTGTTTTACCAGAAAGT CATAAAGTATAT

CTGGAGAATAGGCACGGACGGGCGGACCCTGAGGAGGACAATGAACATTGTCCCCAGGACCAAGGTGAAGACGGTCAAGATGTTT

CTGCTCTTGAACCTTGTGTTCCTGTTCTCCTGGCTGCCTTTCCATGTGGCTCAGCTCTGGCATCCCCATGAGCAAGACTACAGGAAG
AGCTCCCCTGTTTTCACAGCAGTCACGTGGGTGTCTTTCAGCTCTTCGGCCTCTAAACCCACTCTGTACTCTATTTATAACGCCAATT
TTCGGAGAGGGATGAAAGAGACTTTCTGCATGTCCTCAACGAAATGTTACCGCAGCAATGCCTACACCATCACGACCAGTTCAAGGA
TGGCCAAAAGAAACTATGTGGGCATTTCGGAAATCCCTCCCGTGAGCAGGACGATAACCAAAGACTCCATCTATGACTCATTTGACC

GTGAGGCCAGGGAGAAGAAGCTCGCCTGGCCCATCAACTCAAACCCACCAAACACTTTTGTCMBTTTCTAAGAACTCCTTCACTGT
TATGGATCCACTAGTCCAGTGTGGTGGAATTCTGCAGATATCCAGCACAGTGGCGGCCGCTCGAGNCTAGAGGCCCNNANCNCTCCC
NNGAGCAGGNNGATAACCAAAGACTCCATCTATGACTCANTNGACCGTGAGGCCAGGGAGAAGAAGCTCGCCTGGTCCATCAANTC
AAACCCACCAAACACNNN

B | MGFDHRMETDQPPVVTATLLVPLOQNGSCVEAAEALLPHGLMELHEEHSWMSNRTDLQYELNPGEVATASIFFGALWLFSIFGNSLVCLVI
HRSRRTQSTTNYFVVSMACADLLISVASTPFVVLQFTTGRWTLGSAMCKVVRYFQYLTPGVQIYVLLSICIDRFYTIVYPLSFKVSREKAKR
MIAASWILDAALVTPVFFFYGSNWDSHCNYFLPPSWEGTAYTVIHFLVGFVIPSVLILFYQKVIKYIWRIGTDGRTLRRTMNIVPRTKVKTV
KMFLLLNLVFLFSWLPFHVAQLWHPHEQDYRKSSPVFTAVIWVSFSSSASKPTLYSIYNANFRRGMKETFCMSSTKCYRSNAYTITTSSRM
AKRNYVGISEIPPVSRTITKDSIYDSFDREAREKKLAWPINSNPPNTFV

B.1. Rat GPR19 (rGPR19) Gene and Protein Sequence.

A) rGPR19 gene sequence that is inserted in the pcDNAS5 plasmid using the Flp Recoivieiased Integration technique showing the

starting and stopping codon. B) The protein sequence of the rGRIRML5 amino acid residues witmalecular weight of 47.5 kDa.
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A | NNNNNNNNNNNNTNNNNCAATGGGCGGTAGGCGTGTNNNNGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCCA

CTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTGGTACCGAGCTC
GGATCCATGGCCAACGGGACCGACGCCTCTGTCCCGCTCACCAGCTATGAGTATTACCTGGACTACATAGACCTCATTCCTGTGGAC
GAGAAGAAGCTGAAAGCCAACAAGCATTCCATTGTCATCGCCCTGTGGTTGAGCCTGGCTACCTTCGTGGTGCTCCTCTTTCTCATC
CTGCTCTACATGTCCTGGTCGGGCTCCCCACAGATGAGGCACAGTCCCCAACCCCAGCCAATATGTTCATGGACTCACAGCTTCAAC
CTCCCTCTGTGCCTCCGGAGGGCCTCCCTGCAGACAACAGAGGAGCCAGGAAGGAGAGCTGGCACTGACCAGTGGTTAACGCAGC
AGAGTCCTTCTGCCTCAGCCCCGGGGCCCCTGGCTCTCCCCTACCCATACGACGTCCCAGACTACGCTIBEGAATTCTGCAGATATC
CAGCACAGTGGCGGCCGCTCGAGTCTAGAGGGCCCGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCT
GTTGTTTGCCCCTCCCCCGTGCCTTCCCTTGACCCTGGAANGTGCOCNCTCCCACTGTCCTTTTCCTAATNAAATGAGGAAATTGCATC
GCATTGTCTGANNAGGTGNTCATTCTATTTCTGGGGGGGNGGGGGTNNNNGCN

B | MANGTDASVPLTSYEYYLDYIDLIPVDEKKLKANKHSIVIALWLSLATFVVLLFLILLYMSWSGSPQMRHSPQPQPICSWTHSFNLPLCLRR
ASLQTTEEPGRRAGTDQWLTQQSPSASAPGPLALPYPYDVPDYA

B.2. Mouse MRAP (MMRAP) Gene and Protein Sequence.

A) mMMRAP gene sequence that is inserted in the pcDNA5 plasmid using the FIp Recoriviedéated Integration technique showing the

starting and stopping codon. B) The protein sequence of the mouse MRAP willagHat the @erminus having a molecular weigbf
15.3 kDa.
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Appendix. C

C.1. Peptide Extraction Buffer

1 M HCI is mixed with 5% (v/v) Formic acid, 1% (v/v) Trifluoroacetic acid (TFA) and
0.15 M NaCl together anidcrease the volume to 1 L with dgbl

C.2. TMB Solution

270 mg TMB was dissolved in 400 ml methanol. In a separate beaker, 50 mM sodium
acetate anhydrous and 3.6 g citric acid were dissolved in 600 raOddten, mix the

two solutions together and stalem inthed ar k at 4 C.

To prepare the working solution of TMB, add 5 ul 30% (vAgOkIto every 10 ml of

TMB and mix well.

Appendix. D

D.1. Alkaline Phosphatase (ALP) Buffer

To 83 ml ddHO, 2 mI 5 M NacCl (final concentration 100 mM), 5 ml 1 M Mg(inal
concentration 50 mM), 10 ml 1 M T«8I (pH 9.5, final concentration 100 mM) and 200

O | -mdrcaptoethanol were added, mixed well, and stored at RT.

D.2. Buffer A

To 2.6 ml ddHO, 400 pl 1 M NaHPQs, 400 pl 100 mM KCI, 400 pl 10 mM MgSQ
and 2 Ontercaptbethéinol were added, mixed well. This buffer should be prepared

freshlyonthe day of the experiment.
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