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ABSTRACT

CHARACTERIZATION OF GPR139 AND INVESTIGATING

ITS POSSIBLE ROLE IN BRAIN DEVELOPMENT

G protein coupled receptors are a large family of cell surface receptors and are

involved in a plethora of physiological functions from vision to various neuronal func-

tions. They have been a major target in the pharmaceutical industry and more than

one third of currently available drugs target a GPCR. Although extensively studied,

there are still 140 orphan GPCRs. GPR139 is an orphan GPCR in the rhodopsin fam-

ily and is primarily expressed in medial habenula. In addition to its cognate ligand,

its function is still not known. At the time of the initiation of our study, the literature

only suggested a possible role of GPR139 in neurological disorders such as ADHD and

Alzheimer’s disease. Objective of this study is to investigate possible the role(s) of

GPR139 in brain development via employing a Gpr139 knock-out mice model, and

via in vivo ablation of Gpr139 in adult mice, and subjecting the animals to a set of

behavioral experiments to measure the impact of deletion and ablation, respectively.

In addition to animal experiments, various bioinformatic analyses were also performed

to further characterize Gpr139. Our findings showed that Gpr139 is expressed differen-

tially in the brain tissue during embryonic development and its expression is most likely

controlled by histone modifications and not DNA methylation. We also showed that

ablation of GPR139 does not have any significant effects on spatial learning, locomotor

activity, recognition memory and anxiety.
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ÖZET

GPR139’UN KARAKTERİZASYONU VE BEYİN

GELİŞİMİNDEKİ OLASI GÖREVLERİNİN

ARAŞTIRILMASI

G protein ilintili reseptörler oldukça geniş bir hücre yüzeyi reseptör ailesidir

ve görüşten çeşitli nörolojik fonksiyonlara kadar çeşitli görevler üstlenirler. GPCRlar

ilaç sanayi için önemli bir hedeftir ve şu anda piyasadaki ilaçların üçte birinden fazlası

GPCRları hedefler. Oldukça yoğun bir şekilde araştırılmalarına rağmen, hala 140 kadar

yetim GPCR bulunmaktadır. GPR139, rodopsin ailesine ait bir yetim GPCR’dır ve me-

dyal habenulada anlatıma sahiptir. Doğal ligandı hala bilinmemekle birlikte, üstlendiği

görev de henüz bilinmemektedir. Çalışmalarımızın başladığı zamanlarda GPR139’un

olası görevleri için literatür kaynakları dikkat eksikliği ve hiperaktivite bozukluğu,

Alzheimer Hastalığı gibi nörolojik hastalıkları belirtmekteydi. Çalışmamızın amacı,

GPR139’un beyin gelişimindeki olası etkilerini bir Gpr139 knock-out fare modeli oluş-

turarak ölçmek, ve yetişkin beyinlerindeki görevini ise in vivo ablasyon ile tespit etmek-

tir. Deneyler sonunda hayvanlar çeşitli davranış deneylerine tabi tutularak gen silme

ve ablasyonun etkileri ölçüldü. Bu deneylere ek olarak Gpr139 ’un daha iyi karakter-

ize edilebilmesi için çeşitli biyoenformatik analizler de gerçekleştirildi. Elde ettiğimiz

sonuçlara göre Gpr139 geni, embriyonik gelişme sürecinde beyin dokularında günlere

göre farklı anlatıma sahiptir. Bu farklı anlatım DNA metilasyonu ile değil, büyük ihti-

malle histon modifikasyonları ile kontrol edilmektedir. Ayrıca, GPR139 ablasyonunun

farelerde uzamsal öğrenim, lokomotor aktivite, tanıma hafızası ve endişe üzerinde an-

lamlı bir etkisi yoktur.
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1. INTRODUCTION

1.1. G Protein Coupled Receptors

1.1.1. Structure and Function

The G protein coupled receptors (GPCRs) superfamily constitute the largest

family of cell surface receptors with about than 800 genes, which represents about 2-

3% of all protein coding genes in the human genome (Figure 1.1) [1]. They are defined

by their ability to interact with a G protein and presence of seven transmembrane

domain sequences [1]. GPCRs act through heterotrimeric G proteins to transduce

paracrine, endocrine or exocrine stimuli including peptides, nucleosides, nucleotides,

odorants, small chemicals, lipids and photons [2, 3].

Despite the diversity in the structure of their ligands, GPCRs share a common

molecular feature: they are composed of seven transmembrane α helices connected by

three intracellular and three extracellular loops. Their C termini is intracellular and N

termini is extracellular [4].

GPCRs are expressed in wide variety of human tissues and play various physiolog-

ical roles [5]. Over 50% of GPCRs are involved in sensory functions including vision,

olfaction and sense of taste [6]. Majority of the remaining non-sensory GPCRs are

expressed in the brain and play roles in neurological processes including cognition [7].

GPCRs have been a major interest in pharmacological studies due to their phys-

iological roles in development and adulthood, and are targets for more than 34% of

currently marketed drugs [8].

Endogenous ligands of more than 140 GPCRs, dubbed orphan GPCRs (oGPCR),

are still not known [9]. These oGPCRs are of great interest by the scientific and

pharmaceutical industry, and being actively researched.
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They pose great opportunities in understanding human physiology and discovery

of potential therapeutic mechanisms [10]. With new findings, the number of GPCRs

actively targeted by drugs for treatment of various diseases is expected to increase.

Figure 1.1. Classification of GPCRs and number of receptors in each category. Figure

is created using data in Fredriksson et al. (2003) [1].
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1.1.2. GPCR Signaling

1.1.2.1. G Protein Dependent Signaling. GPCRs can act through Gαβγ protein cou-

pling. Upon activation, the GPCR promotes the exchange of guanosine diphosphate

(GDP) bound to the alpha subunit with guanosine triphosphate (GTP) molecule. This

exchange results in dissociation of the Gβγ dimer and Gα monomer. Dissociated Gβγ

and Gα subunits can then bind to various effectors to promote signalling (Figure 1.2).

Figure 1.2. G protein dependent signaling of GPCRs for Gαi, Gαs, and Gαq.

Gα proteins mainly determine the signaling properties. There are four subclasses

of Gα proteins based on their sequence homologies and functional similarities.
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Gαq/11 class consists of Gαq, Gα11, Gα14 and Gα15 proteins. When activated

they result in activation of phospholipase C β (PLC-β) enzymes, which in turn hyr-

dolyse phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphate

(IP3) and diacylglycerol (DAG). IP3 promotes the flux of Ca2+ from the endoplasmic

reticulum (ER) to the cytoplasm while DAG activates the protein kinase C (PKC).

Gαs is comprised of Gαs and Gαolf . Gαolf is mainly expressed in the olfactory

system. Upon activation, Gαs stimulates adenylyl cyclase which then converts adeno-

sine triphosphate (ATP) to 3′,5′-cyclic adenosine monophosphate (cAMP). cAMP acts

as a secondary messenger to activate protein kinase A (PKA). PKA can then stimulate

various downstream effectors to induce various pathways.

Gαi/0 family acts in opposition of the Gαs proteins, namely inhibiting the cAMP

dependent pathway via inhibiting adenylyl cyclase activity.

Gα12/13 proteins are the least characterized G proteins due to lack of secondary

messengers which allows measuring the G protein activity. They activate Rho-guanine

nucleotide exchange factors (RhoGEFs) which mediates GDP-GTP exchange in Rho

small GTPases.

Gβγ dimers can also stimulate downstream effectors such as mitogen activated

protein kinase (MAPK) and certain types of adenylyl cyclases.

1.1.2.2. G Protein Independent Signaling. β-arrestins were classically categorized as

the inhibitor of GPCR signaling via steric hindrance and internalization of the re-

ceptors. In recent years, however, it has been shown that β-arrestins can promote

downstream signaling such as activation of ERK2 mitogen-activated protein kinase.

Moreover, some GPCRs have shown to continue signaling even after β-arrestin medi-

ated internalization (Figure 1.3).



5

Figure 1.3. G protein independent signaling of GPCRs. GPCRs can continue

signaling via different effectors when internalized via β-arrestin mediated

internalization, or still localized to the cellular membrane to stimulate various

pathways.

1.1.3. Role of G Protein Coupled Receptors in Brain Development and

Cognition

Brain development is a complex and long process involving several distinct stages

through pre and post-natal life of the organisms [11]. More than 90% of the 370 non-

sensory GPCRs are expressed in the brain tissue [6] and they have been associated with

various processes of brain development including cortical development [12], synapse

development [13], dendritic maturation and stability [14], neural tube closure, neurite

growth, neuronal migration [15], and axonal guidance [16].
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In addition to neurodegenerative disorders, GPCRs are involved in the pathophys-

iology of various neurodegenerative disorders including Alzhaimer’s Disease, dementia,

Parkinson’s Disease and Huntington’s Disease [7].

Among the oGPCRs, 78 of them are shown to be expressed in the mouse brain

and have functions in cognition, mood and motivation [17]. Considering involvement

of GPCRs in brain development, function and pathophysiology of neurodegenerative

disorders, studies aiming to discover the function and ligands of oGPCRs, and find

new treatment courses for developmental and cognitive disorders are surely valuable.

1.2. GPR139 Receptor

GPR139 is an orphan GPCR of the Rhodopsin family. It was first reported by

bioinformatics analysis of human genome as a local duplicate of its discovery twin

GPR142 [1] and later reported as a separate GPCR by three groups [3,5,18]. It shows

50% sequence identity with GPR142 and at most 20-25% identity with other rhodopsin

family GPCRs [18]. It is primarily expressed in distinct areas of the central nervous

system (CNS) especially in habenula, medulla, putamen and caudate nucleus [18, 19].

It is also expressed in mouse embryo showing different mRNA levels between E11, E15

and E17 [18].

GPR139 remains to be an orphan receptor, meaning its endogenous ligand(s) and

the pathway(s) in which it takes part remain to be discovered. Brain extracts have

been shown to contain its cognate ligand and it is speculated to be a small peptide [18]

but have not been identified. Its expression pattern in CNS in adults is consistent with

a possible role in regulation of locomotor activity [19]. This is supported by a study in

which Gpr139 agonist shown to reduce locomotor activity in rats [20]. Other studies

showed a correlation between attention deficit hyperactivity disorder (ADHD) [21],

inattention [22] and variations in GPR139 locus. It is also thought to be a possible

contributor in etiology of Parkinson’s disease (PD) [19,23].
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Therefore, at the time of the beginning of this study, GPR139 was of interest

for pharmacological research and several small molecule agonists and antagonists for

GPR139 have already been identified and synthesized [10,20,24–26].

1.2.1. GPR139 Expression

GPR139 mRNA expression is localized to the central nervous system in mice,

rats, and humans [5, 20, 27]. Studies targeting the protein expression in mice shown

localization to habenula [20]. Expression level of the receptor in the brain is found to

be low via radiolabelled agonist study [28].

Habenula is an evolutionarily conserved structure and is present in the dien-

cephalon of all vertebrates [29]. It is involved in nociception, learning, reproduction,

sleep-wake cycle, stress response and nutrition [30] and involved in control of both

dopaminergic and serotonergic systems [29]. Although lateral habenula is currently

seeing a new wave of interest after the initial interest in 70s and 80s following reports

outlining its involvement in negative reward response, medial habenula is still not in

the focus of the scientific community [31]. Medial habenula is the only known structure

in the brain with functional NMDA receptor GluN1/GluN3A [32] which is involved in

learning and memory [33].

1.2.2. Putative Endogenous Ligands of GPR139

Brain extracts have been shown to contain the endogenous ligand of GPR139 [18].

Its cognate ligand is thought to be a small peptide [18]. Further studies have shown

L-Phe to be an agonist of GPR139 [10] with EC50 value of 330 µmole/L. The L-Phe

concentration is in the range of 60 to 200 µmole/L in wild type mice [34]. According

to Isberg et. al. (2014), 80 µmole/L L-Phe concentration results in ≤10% activation.

Even though EC50 value of L-Phe could be different in-vivo, these findings suggest

that L-Phe is not likely an endogenous ligand of GPR139.
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In theory, L-Phe can be stored and released in high concentrations as a neu-

rotransmitter to activate GPR139 but this is yet to be determined. L-Trp (EC50

= 220 µmole/L) was also suggested as a possible ligand of GPR139. Derivatives of

these amino acids, β-phenylethylamine, tryptamine and amphetamine were also shown

to activate GPR139 at µM ranges [12]. Endogenous ligand of GPR139 is yet to be

determined.

1.2.3. Action Mechanism

The mechanism through which GPR139 acts is largely unknown. There are nu-

merous proposed mechanisms of action which involve dimerization [18] or acting as a

monomer [5,18,20,25] and interact with Gq/11 [5,10,23,26], G12/13 [5], Gi [18] or Gs [25].

The consensus is leaning towards Gq/11 mediated activity.

1.2.4. Putative Roles of GPR139

The physiological role of GPR139 is still not known. Related publications suggest

four possible functions based on its expression profile and functional studies performed

on animal models.

Structure analysis and agonist studies suggest that aromatic peptides can stim-

ulate GPR139, which leads to the hypothesis that GPR139 acts as a peptide receptor

in the brain. This hypothesis, however, needs further functional evidence. The stim-

ulation of GPR139 by high concentrations of L-Phe leads scientists to investigate the

potential role of over-stimulation of GPR139 in aetiology of phenylketonuria [24].

GPR139 has expression in the striatum in humans, mice and rats [5,18,20]. Since

striatum is necessary for voluntary movement, it is speculated that GPR139 may be

involved in locomotor activity.
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There are publications in the literature supporting this speculation. None of

them, however, can clearly show or claim a direct relation between the GPR139 and

locomotor activity. Liu et. al. (2015) has treated male Sprague Dawley rats with

a small molecule agonist for GPR139 (JNJ-63533054, EC50: 16 nM) and observed

reduced locomotor activity. The authors refrained from claiming a direct correlation

from the administration of agonist and reduced locomotor activity due to possible

sedative effects of the procedure.

As mentioned above, L-Phe has been discovered as an agonist of GPR139 [10].

EC50 value for L-Phe is found to be 330 µmole/L. This value is much higher than

physiological concentrations of L-Phe in the brain (50-80 µmole/L) [35]. Authors

reported that the calculated EC50 value falls in the range they found to activate the

receptor and suggested GPR139 may play a role in monitoring fluctuations on this

amino acid [10]. Upon closer inspection of their data, it is seen that 80 µmole/L L-Phe

results in ≤10% activation. Even though EC50 value of L-Phe could be different in-

vivo, these findings suggest that L-Phe is not likely an endogenous ligand of GPR139.

In another study, dopaminergic midbrain neurons are shown to be protected against

Rotenone toxicity by GPR139 agonist treatment [19]. In an earlier patent application

for a GPR139 knockout mouse strain, GPR139 knockout mice was reported to have

significantly lower scores in rotarod performance test, which is used to measure motor

coordination and balance [36]. These publications suggest that GPR139 might have a

role in regulation of locomotor activity, which is highly disrupted in PD.

The interest in GPR139 was largely based on its possible role in PD due to

its potential value as a pharmaceutical drug target. It is, however, also shown that

Gpr139 is widely expressed in E18.5 mouse brain at mRNA level [18], namely CA1 area

of hippocampus, median habenular nucleus, lateral habenular nucleus, nucleus oculo-

motoris, nucleus hypoglossis, piriform, entorhinal cortices, lateral septum, amygdala,

median thalamic nuclei, reticular nucleus of thalamus, central gray, inferior colliculus,

medial vestibular nucleus and inferior olive. This wider expression pattern compared

to adult brain suggests that Gpr139 may play a role in brain development. This is

further supported by its expression at different levels at different embryonic stages.
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Latest publications on GPR139 are focusing on its effect on µ-opioid receptor

(MOR). GPR139 has been shown to oppose the activity of MOR by forming a het-

erodimer with MOR or via its signaling through Gq/11 [37, 38]. Heterodimerization

of GPR139 and MOR is shown to reduce the amount of MOR on the cell surface by

inducing β-arrestin mediated internalization of MOR [37]. Another publication shown

the Gq/11 signaling of GPR139 alone can be sufficient to reduce MOR mediated sig-

naling in habenula [38]. These current findings opened way for novel treatments of

opioid addiction and withdrawal effects by using GPR139 agonists. In addition to its

possible role in opioid addiction regulation, there is an ongoing phase I clinical trial

investigating a GPR139 agonist as a possible treatment for schizophrenia [39].

While GPR139’s potential role in PD, schizophrenia and/or modulation of MOR

activity is not devalued by its possible role in brain development, but this possibility

opens a new venue for investigation that remains largely unexploited.
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2. PURPOSE

G-protein coupled receptors are major targets for drugs for various diseases with

more than 34% of all FDA approved drugs targeting a GPCR. Orphan GPCRs are

currently being investigated thoroughly both in terms of their function and their agonist

and antagonists as potential drugs.

Animal
experiments

Bioinformatic
analyses

RNA-seq WGBS CHiP-Seq Gpr139 knock-out
mice

In-vivo GPR139
ablation in adult mice

Behavioral
Experiments In-vitro confirmation

Figure 2.1. Simplified workflow of the study.

In this study, the primary goal was to investigate the possible role of GPR139 in

brain development by creating a Gpr139 knock-out mouse strain and examine various

variables such as morphological changes of the brain, changes in transcriptome and

proteome compared to wild type mice. For the same purpose, in addition to the

creation of the knock-out mouse strain, in vivo ablation Gpr139 in adult mice using

intracranial injection of adenoassociated virus containing Cre recombinase and sgRNA

targeting Gpr139 into FloxP-Cas9 adult mice. Knock-out and Gpr139 ablated mice

were then going to be used subjected to behavioral tests to assess possible effects of

Gpr139 on behavior. Various experiments were conducted for further characterization

of the receptor including bioinformatic analyses by data-mining public databases and

projects such as ENCODE [40] were conducted to examine the expression pattern,

differential methylation levels of CpG’s and histones.
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3. MATERIALS

3.1. Chemicals

All laboratory chemicals were analytical grade from Sigma (St. Louis, MO, USA),

Merck (Schucdarf, Germany) or Apllichem (Darmstadt, Germany) unless stated oth-

erwise in the text. Tissue culture media and solutions were purchased from Invitrogen

(San Diego, CA USA) and Biochrom AG (Berlin, Germany). In vitro transfection

reagent, Turbofect was purchased from Fermentas (Burlington, Canada).

3.2. Buffers and Solutions

3.2.1. Electrophoresis and Western Blotting Buffers and Solutions

50X Tris-acetic acid EDTA (TAE) 242 g Tris Base

Tris buffered saline with Tween 20 (TBST) 100 mL of 0.5 M pH 8.0 EDTA

57.1 ml glacial acetic acid

Distilled water up to 1 L

pH 7.8

Ethidium bromide (EtBr) 1 mg/ml (stock solution)

0.5 µg/ml (working solution)

DNA Loading buffer & 6X loading buffer Purchased from Fermentas

(Burlington, Canada)
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12.5 per cent SDS-PAGE gel (running gel) 12.5 per cent acrylamide :

bisacrylamide (39:1)

Tris buffered saline with Tween 20 (TBST) 375 mM Tris-HCl (pH 8.8)

0.1 per cent SDS

0.1 per cent Ammonium persulfate

(APS)

0.1 per cent TEMED

3.5 per cent SDS-PAGE gel (stacking gel) 3.5 per cent acrylamide :

bisacrylamide (39:1)

125 mM Tris-HCl (pH 6.8)

0.1 per cent SDS

0.1 per cent APS

0.1 per cent TEMED

6X SDS-PAGE sample buffer 80 mM Tris-HCl (pH 6.8)

30 per cent glycerol

10 per cent SDS

0.6 M DTT

0.012 per cent bromophenol blue

5X SDS electrophoresis buffer 0.125 M Tris base

0.96 M glycine

0.5 per cent SDS

Western blot lysis buffer 150 mM NaCl

5 mM EDTA

1 per cent Triton X 100

10 mM Tris-HCl pH 7.4

Tris buffered saline with Tween 20 (TBST) 5 mM DTT

0.1 mM PMSF
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Transfer buffer 25 mM Tris

200 mM Glycine

Tris buffered saline with Tween 20 (TBST) 10 per cent methanol

Colloidal coomassie stock solution 2 per cent (w:v) coomassie brilliant

blue G250

0.2 g/l sodium azide

Colloidal coomassie fixing solution 50 per cent ethanol

2 per cent phosphoric acid

Colloidal coomassie equilibration solution 2 per cent phosphoric acid

18 per cent ethanol

15 per cent (w:v) ammonium sulfate

Colloidal coomassie destaining solution 1 per cent acetic acid

Ponceau S staining solution 0.5 per cent Ponceau S (w:v)

1 per cent acetic acid

Tris buffered saline with Tween 20 (TBST) 150 mM NaCl

20 mM Tris-HCL (pH 8.0)

0.1 per cent Tween 20

0.01 per cent (w:v) sodium azide

Blocking solution 5 per cent non-fat milk in TBST
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Equilibration buffer I 125 mM tris base, pH 6.8

Tris buffered saline with Tween 20 (TBST) 1 per cent SDS

8.7 per cent glycerol

5 mM DTT

Equilibration buffer II 125 mM tris base, pH 6.8

1 per cent SDS

8.7 per cent glycerol

2 per cent iodoacetamide

0.005 per cent bromophenol blue

3.2.2. Bacterial Culture Buffers and Solutions

Luria-Beertani medium (LB) 10 g tryptophan

5 g yeast extract

10 g NaCl

Distilled water up to 1 L, autoclaved

Luria-Bertani agar 10 g tryptophan

Tris buffered saline with Tween 20 (TBST) 5 g yeast extract

10 g NaCl

15 g agar

Distilled water up to 1 L, autoclaved

Ampicillin stock 100 mg/ml in 50 per cent ethanol

Sterilized by filtration and stored at

−20oC

100 µg/ml working concentration
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Chloramphenicol stock 30 mg/ml in absolute ethanol

Tris buffered saline with Tween 20 (TBST) Sterilized by filtration

Stored at -20oC

30 µg/ml working concentration

SOC 20 g tryptone

5g yeast extract

2 ml of 5M NaCl

2.5 ml of 1M KCl

10 ml of 1M MgCl2

10 ml of MgSO4

20 ml of 1 M glucose

Distilled water up to 1 L

Tris buffered saline with Tween 20 (TBST) Sterilized by filtration

Stored at -20oC
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3.2.3. Immunofluorescence Buffers and Solutions

10X PBS 81.8 g NaCl

Tris buffered saline with Tween 20 (TBST) 2 g KCl

14.2 g Na2HPO4

2.45 g KH2PO4

Up to 1 L with distilled water

1X PBST 1X PBS

0.5 per cent Triton X-100

20 per cent paraformaldehyde stock 10 g paraformaldehyde

50 µl of 10 M NaOH

up to 50 ml with distilled water

Heat to 65oC to dissolve

Store at -20oC

4 per cent paraformaldehyde in PBS 10 ml 20 per cent paraformaldehyde

5 ml 10X PBS

35 ml distilled water

Blocking solution 3 per cent BSA in PBS

Cell permeabilization solution 1X PBS

0.5 per cent Triton X-100

3.3. Enzymes

Restriction enzymes, Taq DNA Polymerase and Pfu DNA Polymerase were pur-

chased from Fermentas (Burlington, Canada) together with their respective reaction

buffers. T4 DNA ligase was purchased from Promega (Madison, WI, USA). Trypsin

(0.025 per cent, ready to use) was purchased from Invitrogen (San Diego, CA, USA).
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3.4. Antibodies

Rabbit anti-GPR139 polyclonal antibody was purchased from Thermo Scientific

(catalog no: PA5-33632), rabbit pan-actin polyclonal antibody was from Cell Signaling

(catalog no: 4968), goat HRP anti-GFP antibody was from Abcam (ab6663), rabbit

anti-Vinculin antibody was from Abcam (ab91459), sheep anti-mouse/HRP polyclonal

antibody and donkey anti-rabbit/HRP polyclonal antibodies were purchased from

Amersham (catalog no’s: NA931 and NA934, respectively). Goat anti-mouse/Alexa

Fluor®488 polyclonal antibody was from Invitrogen (catalog no: A-11001).

3.5. Western Blotting Reagents

Hybond-P nitrocellulose membrane and RCL Plus Western Blotting Detection

Reagents were purchased from Amersham Biosciences (Upsalla, Sweden). Kaleidoscope

pre-stained molecular weight marker was purchased from Biorad (Hercules, CA, USA).

3.6. Nucleic Acids

DNA molecular weight markers and deoxyribonucleotides were purchased from

Fermentas (Burlington, Canada). Cas9 plasmid pSpCas9(BB)-2A-GFP (PX458) was a

gift from Feng Zhang (Addgene plasmid 48138; RRID:Addgene_48138). Primers and

oligonucleotides were purchased from Macrogen Inc. (Seul, Korea).

3.7. Bacterial strains and Mammalian Cell Lines

E. Coli bacterial strain DH5α was used for cloning purposes.

Human embryonic kidney cell line HEK293T was purchased from ABMGood

(British Columbia, Canada) and used for AAV production.
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3.8. Kits

QIAprep Spin Miniprep kit, Endofree Plasmid Maxi Kit, QIAquick Gel Ex-

traction kit and RNeasy Mini Kit were purchased from Qiagen (Hilden, Germany).

Dual-glo Luciferase assay kit and ImPromII Reverse Transcription System was pur-

chased from Promega (Madison, WI, USA). LightCycler FastStart DNA Master SYBR

Green I kit was from Roche (Basel, Switzerland). MEGAshortscript T7 and mMES-

SAGE mMACHINE T7 ultra kits were purchased from Thermo Fischer Scientific (Mas-

sachusetts, United States) used for in vitro transcription of sgRNA scaffolds and Cas9

mRNA, respectively.
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3.9. Equipment

Autoclave Midas 55, Prior Clave, UK

Balances DTBH 210, Sartorius, GERMANY

Electronic Balance VA 124, Gec Avery, UK

Carbon dioxide tank 2091, Habas, TURKEY

Cell culture incubator Hepa Class 100, Thermo, USA

Centrifuges Ultracentrifuge J2MC, Beckman Coulter, USA

Mini Centrifuge 17307-05, Cole Parmer, USA

Centrifuge 5415R, Eppendorf, USA

Centrifuge, Allegra X-22, Beckman Coulter, USA

Deepfreezers -20oC, Arçelik, TURKEY

-70oC Freezer, Harris, UK

-86oC ULT Freezer, ThermoForma, USA

Documentation Systems Gel Doc XR System, Bio-Doc, ITALY

Stella Imaging Station, Raytest, GERMANY

Drummond Wiretrol II Drummond, USA

Calibrated Micropipette

Electrophoresis Systems Mini-sub Cell GT, Biorad, USA

Mini-Protean III Cell, Bio-Rad, ITALY

Ettan IPGphor 3, GE Healthcare,

UNITED KINGDOM

Hand tally counter Milky Way Counter, TAIWAN

Heat blocks DRI-Block DB-2A, Techne, UK

Hemocytometer Improved Neubauer, Weber Scientific

International Ltd, UK

Laminal flow cabinet Labcaire BH18, UK

Magnetic Stirrers M221 Elektro-mag, TURKEY

Clifton Hotplate Magnetic Stirrer, HS31, UK

Micro-drill Istanbul Diş Deposu, TURKEY
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Micropipettes Finnpipette, Thermo, USA

Microplate Reader 680, Biorad, USA

Microscope Inverted Microscope, CKX41, Olympus, JAPAN

Invervet Microscope, Observer.Z1, Zeiss,

GERMANY

Microwave oven M1733N, Samsung, MALAYSIA

One-axis Oil Hydraulic

Micromanipulator

Narishige, JAPAN

OptiSeal Tubes Thermo Scientific, USA

pH meter WTW, GERMANY

Pipettor Pipetus-akku, Hirscmann Labogerate, GERMANY

Power Supply Biorad, USA

Real Time PCR LightCycler 1.5,

Diagnostics, SWITZERLAND

Refrigerators 2082C, Arçelik, TURKEY

4030T, Arçelik, TURKEY

Shakers VIB Orbital Shaker, InterMed, DENMARK

Lab-Line Universal Oscillating Shaker, USA

Software Quantity One, Bio-Rad, ITALY

Light Cycler 4.0 Analysis Software,

Roche Diagnostics, SWITZERLAND

ImageJ, Image Analysis Software,

(http://rsb.info.nih.gov/ij/)

Progenesis SameSpots, Nonlinear Dynamics, UK

AxioVision, Zeiss, GERMANY

Spectrophotometer Agilent 8453, USA

NanoDrop 1000, USA

Syringe 701N 26S/51/2, Hamilton, SWITZERLAND
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Thermocyclers Gene Amp. PCR System 2700,

Applied Biosystems, USA

Vacuum pump KNF Neuberger, USA

Vibratome Leica, GERMANY

Vortex Vortexmixer VM20, Chiltern Scientific, UK

Water baths TE-10A, Techne, UK

Water purification WA-TECH ultra pure water purification system,

GERMANY
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4. METHODS

4.1. General Molecular Techniques

4.1.1. Preparation of Chemically Competent E. coli and Transformation

Five ml of LB medium with 25 µg/ml streptomycin was inoculated with 100 µl

E. Coli strain DH5α glycerol stock and grown overnight at 37oC with shaking at 200

rpm. The next day, 25 ml LB medium was inoculated with 250 µl of the overnight

culture and grown untill OD 595 reached between 0.4 and 0.6. Cells were centrifuged

for 10 minutes at 3000 g at 4oC. Obtained pellet was resuspended in 12.5 ml of ice-cold

sterile 50 mM CaCl2 and incubated on ice for 30 minutes. Cells were centrifuged again

using the same conditions and pellet was resuspended in 2.5 ml ice-cold sterile 50 mM

CaCl2. 50 µl of this preparation was used for transformations. For long term storage,

glycerol was added to 10 per cent final concentration and the cells were snap-frozen in

liquid nitrogen and stored at -80oC.

For transformation 100 µl of the competent cells were thawed on ice for 15 min

and 1 µl of plasmid was added and gently stirred with the help of the micropipette

tip. Cells were then incubated on ice for 20 minutes, then placed in 42oC heat-block

for 1 minutes and then immediately on ice for 2 minutes. 500 µl of room temperature

SOC medium was added and cells were incubated for 1 hour at 37oC with shaking

at 200 rpm. 100 µl of the cell suspension was spread on selective plates containing

appropriate antibiotic and grown overnight at 37oC. Colonies with plasmids and/or

desined insertions were detected using colony PCR. For colony PCR, a sample of the

colony was sampled using a sterile pipette tip and the tip is dipped into the PCR

reaction mix (Table 4.1).

PCR reaction was carried out using the cycle program in Table 4.2.
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Table 4.1. Colony PCR reaction mixture.

Reagent Amount

PCR buffer (10X) 2.5 µl

dTNP mix (25 mM each) 0.2 µl

Forward primer 0.5 µl

Reverse primer 0.5 µl

Taq polymerase 21.2 µl

ddH2O 7 µl

Table 4.2. Colony PCR thermal cycler program.

Temperature Duration Cycles

95oC 5 min 1

95oC 30 sec

2052oC 20 sec

68oC 20 sec

68oC 5 min 1

24oC hold

4.1.2. Plasmid Purification

All plasmid purifications were done using Qiagen’s QIAprep Spin Miniprep Kit,

Plasmid Midi Kit or Thermo Scientific’s GeneJET Plasmid Miniprep Kit following

manufacturer’s protocol. Concentrations and qualities of plasmids were checked by

spectrophotometric measurements and by agarose gel electrophoresis. OD 260/280

ratio was between 1.8 and 2.0. Only endofree preparations of plasmids were used for

transfections.
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4.1.3. Polymerase Chain Reactions

Unless stated otherwise, touchdown PCR technique was used for polymerase

chain reactions used in this study. Primer pairs are designed using Primer3-Plus

software [41] and Tm values were calculated using online NEB TM Calculator Tool

(https://tmcalculator.neb.com/) using appropriate polymerase enzyme and buffer com-

positions. Denaturation and extension temperatures and durations are used as man-

ufacturer’s recommendations. Annealing temperatures were started 5-10oC above the

recommended Tm values by NEB TM Calculator Tool and reduced by 1oC per step

until reaching 3-4oC below the recommended Tm value. Final annealing temperature

was kept until reaching the desired cycle count, typically between 25 and 35 depending

on the input material and the purpose of the PCR.

4.1.4. Agarose Gel Electrophoresis

DNA fragments were resolved on standard 1X TAE agarose gels. The percentage

was determined by the length of the DNA fragment to be run and was between 1 per

cent and 2 per cent. Agarose powder was melted in 1X TAE buffer by heating in a

microwave oven and after cooling the solution to room temperature ethidium bromide

was added to a final concentration of 0.5 µg/ml. Samples were prepared by adding

either 6X BPB-loading dye or 6X OrangeG-loading dye for amplicons above or below

250 bps, respectively. Gels were run in 1X TAE buffer at constant voltage until the

dye front migrated to desired distance. Gels were visualized under UV light using the

GelDoc image documentation system (BioRad, USA).

4.1.5. Gel Purificaiton of DNA Framgents

DNA bands of interest are excised from the agarose gel using a scalpel and trans-

ferred to 2 ml centrifuge tube. The tubes were weighed before and after to determine

the weight of the gel slab. DNA fragments were then isolated using GeneJET Gel Ex-

traction Kit (Thermo Scientific) following manufacturer’s protocol. Resulting isolates

were checked for quality and quantity using NanoDrop.
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4.1.6. SDS-PAGE Electrophoresis and Western Blotting

Mini-Protean III cell and Mini-Transblot cell (Biorad) were used for SDS-PAGE

gel preparation, running and transfer. For western blotting, 10 per cent separating gels

were cast up to 3 cm from the top of the gel cassettes and layered with 0.1 per cent

SDS in distilled water and left for polymerization. After 30 minutes SDS layer was

poured off and rinsed with dH2O and 3.5 per cent stacking gel was poured. Combs

of appropriate width and size were inserted immediately after casting stacking gel and

any trapped air bubbles were removed to obtain perfectly shaped wells. Samples were

lysed with SDS lysis buffer, centrifuged for 5 minutes at 4oC to pellet cell debris and

mixed with appropriate volume of 6X SDS-PAGE loading dye. After heating at 95oC

for 10 minutes they were vortexed and flash-centrifuged and loaded into the wells. 5 µl

of Kaleidoscope pre-stained marker (BioRad) was used as molecular weight estimate.

Two gels were run in the same electrophoresis chamber applying 50 V until the BPB

front entered the separating gel and the voltage increased to 100 V. Runs were stopped

when BPB has left the gel or was about to reach the end of the gel.

For blotting the SDS-PAGE gels were removed from the cassette and stacker gels

were discarded. Remaining separating gels, nitrocellulose membranes, sponges and

blotting papers were immersed in transfer buffer for 10 minutes. The transfer cassettes

were assembled and put in blotting chamber. Transfers were performed in cold room

(4oC) and with iceblock supplied with the Trans-blot cell and with stirring. Proteins

were transferred onto PVDF membranes for 1 hr at 100 V. After the transfer the

cassettes were disassembled, and the transfer efficiency was checked by the complete

transfer of the prestained marker onto the membrane and then with Ponceau S staining

and TBST was used for destaining. After the membranes were completely destained, 5

per cent non-fat milk in TBST was used to block the blots for 1 hr at room temperature

or over night at 4oC with shaking at about 100 rpm. Blots were then washed with TBST

for 5 minutes and incubated with primary antibodies following manufacturer’s dilution

recommendations.
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Primary antibodies were washed three times with TBST for 5 minutes each with

shaking at 100 rpm and followed by secondary HRP conjugated antibodies follow-

ing manufacturer’s suggested procedures. Secondary antibodies were washed three

times with TBST for 5 minutes. For detection, ECL Plus Western Blotting Detec-

tion Reagents (Amersham) were used to develop the blots and analyzed using Stella

Imaging Station (Raytest). Images were quantified using ImageJ software.

4.2. Preparation of CRISPR/Cas9 Plasmids

Plasmids required for generation of Gpr139 knock-out mice were prepared fol-

lowing the protocol by Yang, et al. (2014) [42] with the exception of designing of the

targeting components.

4.2.1. Design of Targeting Components

Sequence of mouse Gpr139 gene was obtained from Ensembl database [43]. Full

sequences of exons 1 and 2 are extracted as well as 50 bp flanking regions from 3’ and

5’ sequences were submitted to the CRISPOR tool [44] using mouse genome version

USCS Dec. 2011 and 20 bp - NGG protospacer adjacent motif (PAM) for Cas9.

Guide sequences generated by CRISPOR were then ranked by their specificity

score and three sequences for each intron are selected based on:

• Their specificity score

• Position on the sequence (in intron, in intron-exon junction, in UTR)

• Out of frame score (prediction of percentage of clones that will carry out-of-frame

deletions)

• Number of off-targets in the exome
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Among 79 and suggested guide sequences for exons 1 and 2, respectively, 3 se-

quences from each exon were selected for cloning (Table 4.3). These guide sequences

listed were used to create the sgRNA-top and sgRNA-bottom sequences by adding

CACCG adapter at the 5’ end of the listed sequence, and adding AAAC at the 5’ end

of the reverse complement.

Table 4.3. Guide sequences selected for cloning (Numbers: their position on the

submitted sequence; fw or rev: their direction on the gene).

Exon ID Sequence (5’-3’)

1

144rev TAGGGAGGATCGCCGCACCG

167fw CGGTGCGGCGATCCTCCCTA

294fw CGGCTTAGGCTTCGTGCCGG

2

258rev TATACCTGTCAACCGTTAAG

274fw CGGTCCCCTTAACGGTTGAC

782fw CAGCAAGCGCTTCCGTACCA

Their respective complementary sequences were generated, and adapter sequences

required for cloning were added. Resulting oligonucleotides were purchased fromMacro-

gen Inc. (Korea).

4.2.2. Cloning Guide Sequences into px458 Plasmid

Cloning was carried out following protocol published by by Ran, et al. (2014) [42].

Purchased sgRNA oligos and their complimentary sequences were first annealed using

the reagents and amounts outlined in Table 4.4.

The reaction mixture is incubated in thermal cycler at 950C for 5 minutes followed

by reducing the temperature by 50C per minute down to target temperature of 250C.

Annealed oligomer solution was then diluted 1:200 by adding 1 µl of annealed oligomer

solution to 199 µl ddH2O.
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Table 4.4. sgRNA oligo annealing reaction mixture.

Reagent Amount

sgRNA top (100 µM) 1 µl

sgRNA bottom (100 µM) 1 µl

10X T4 ligation buffer (Promega) 1 µl

ddH2O 7 µl

Annealed sgRNA oligomers were then cloned into px458 plasmid using the reac-

tion mixture in Table 4.5.

Table 4.5. sgRNA cloning reaction mixture.

Reagent Amount

px458 plasmid 100 ng

Diluted sgRNA duplex 2 µl

10X Tango buffer (Thermo Sci.) 2 µl

DTT (10 mM) 1 µl

ATP (10 mM) 1 µl

Fast Digest BpiI (Thermo Sci.) 1 µł

T4 ligase (Promega) 0.5 µł

ddH2O up to 20 µl

Final mixture was incubated in the thermal cycler for 6 cycles of 370C for 5

min. followed by 210C for 5 min. Obtained plasmids were transformed and isolated as

described above.

4.2.3. In-vitro Verification of Plasmids

Obtained constructs were checked for insertion using custom designed primer sets

(Table 4.7).
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Table 4.6. Obtained CRISPR/Cas9 constructs.

Plasmid backbone Insert Cas9 type Reporter

px458

258rev Endonuclease GFP

274fw Endonuclease GFP

294fw Endonuclease GFP

Table 4.7. Primers used for insert check in px458 plasmid.

Primer Sequence (5’-3’)

sgRNAcheckF GGCCTATTTCCCATGATTCCT

sgRNAcheckR CGACTCGGTGCCACTTTT

BbsI_siteF ACGAAACACCGGGTCTTC

These primers were designed to produce a band pattern that is used to determine

weather the plasmid contains the sgRNA construct or not. BbsI, a type IIS restriction

enzyme, cuts the plasmid twice at positions 246 and 268 to produce the overhangs

used in the sgRNA cloning. After a successful digestion reaction followed by successful

ligation of the sgRNA sequence, BbsI recognition sites are removed from the plasmid

using the advantage the BbsI restriction enzyme’s type. Therefore, using a primer that

aligns to this stretch of sequence can be used to determine if the cloning is successful.

sgRNAcheckF primer should always produce a band if the colony contains the px458

plasmid.

Figure 4.1. PCR design for sgRNA insert check in px458 plasmid.
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The expected base pairs and band patterns are outlined in Table 4.8. Colonies

positive for insert and negative for the BbsI site according to the PCR band patterns

were used for plasmid miniprep. Obtained plasmids were confirmed for insertion using

Sanger sequencing using human U6 Forward universal primer.

Table 4.8. Expected band patterns under different cloning outcomes.

Forward Primer Expected Size Doesn’t Contains Contains

Contain Plasmid Plasmid

Plasmid & No Insert & Contains Insert

sgRNAcheckF 336 bps - + +

BbsI_siteF 100 bps - + -

4.3. Bioinformatic Analysis of GPR139

4.3.1. Analysis of Gpr139 Transcript Levels in Embryonic Mouse Brain

Total RNAseq data submitted by Barbara Wold’s group to the ENCODE [40] for

mouse forebrain, midbrain and hindbrain were examined to assess the levels of Gpr139

transcripts in different stages of embryonic development. Datasets used in this analysis

are listed in Table 4.9. Each dataset contained RNAseq results from a pooled sample

of mixed sex embryo brains at indicated days. Each dataset included two biological

samples and technical duplicates from each biological sample.

Following processes and analysis were done with in-house written Ptyhon scripts.

File metadata was downloaded, and tab separated values (.tsv) files containing gene

quantifications of each biological sample were. From each file, the line corresponding to

Gpr139 (ENSMUSG00000066197) was found and TPM value, 95% confidence intervals

and embryonic stage values were extracted. Values corresponding to the same stage

from both biological samples were combined and the average value of TPMs is calcu-

lated. Resulting information were written to a new file for each section and embryonic

day. Same process was repeated to obtain values for control genes.
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Obtained data was exported to Microsoft Excel and plotted. Expression levels

were compared against previous day using 2-way ANOVA to detect significant changes

between developmental time points.

Table 4.9. ENCODE IDs of datasets used in RNAseq analysis

Day Forebrain Midbrain Hindbrain

E10.5 ENCSR304RDL ENCSR764OPZ ENCSR943LKA

E11.5 ENCSR160IIN ENCSR307BCA ENCSR760TOE

E12.5 ENCSR647QBV ENCSR908JWT ENCSR420QTO

E13.5 ENCSR970EWM ENCSR792RJV ENCSR921PRX

E14.5 ENCSR185LWM ENCSR343YLB ENCSR559TRB

E15.5 ENCSR752RGN ENCSR557RMA ENCSR401BSG

E16.5 ENCSR080EVZ ENCSR367ZPZ ENCSR285WZV

P0 ENCSR362AIZ ENCSR719NAJ ENCSR017JEG

4.3.2. Analysis of DNA Methylation of Gpr139 in Embryonic Mouse Brain

Whole genome bisulfite sequencing (WGBS) data submitted by Ecker group was

obtained from ENCODE Project (Table 4.10). Data had the same structure as the

RNAseq data mentioned earlier (mixed sex embryonic brain, 2 biological samples, 2

technical replicates from each sample). Following processes were done using in-house

written Python scripts. From each dataset, bedMethyl files containing methylation

states at CpG were downloaded for each biological sample. Intersections of biological

samples in Gpr139 locus were obtained for each bedMethyl file and written to a new

.bed file. Lines corresponding to Gpr139 ’s regulatory region (CDS start – 3000 : CDS

start), predicted promoter region, 5’ CTCF region and the CpG island covering most of

exon1, whole 5’UTR and 153 bases 5’ upstream of the gene were extracted and average

methylation values were calculated.
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Table 4.10. ENCODE IDs of datasets used in WGBS analysis.

Day Forebrain Midbrain Hindbrain

E10.5 ENCSR888JFA ENCSR803ICQ ENCSR324XQF

E11.5 ENCSR271HQP ENCSR091VFX ENCSR398UCM

E12.5 ENCSR007JSP ENCSR634OPL ENCSR609ZCD

E13.5 ENCSR141ZVB ENCSR952CMN ENCSR734GST

E14.5 ENCSR415FAF ENCSR344GSM ENCSR804EWT

E15.5 ENCSR019HJV ENCSR634OPL ENCSR227RPE

E16.5 ENCSR430SAY ENCSR871FJZ ENCSR037RNN

P0 ENCSR020GGM ENCSR874LLF ENCSR168RTO

4.3.3. Analysis of Histone ChiP-seq Data of Gpr139 in Embryonic Mouse

Brain

ChiP-seq data submitted by Ren group for E10.5, E11.5, E12.5, E13.5, E14.5,

E15.5, E16.5 and P0 for H3K4me3, H3K4me1, H3K9me3, H3K36me3, H3K27me3,

H3K4me2, H3K9ac and H3K27ac for fore, mid and hindbrain sections were used for

this analysis. Bed narrowPeak files downloaded from ENCODE. From each file, any

peaks that falls within the boundary of Gpr139 gene in the mouse genome (plus 5000

bases up and downstream of 5’ and 3’ UTRs, respectively) were filtered. These peaks

were then plotted using Matplotlib module in Python.

4.4. Knock-out Mice Experiments

All animal experiments were done with permission from Bogazici University In-

stitutional Ethics Committee for the Local Use of Animals in Experiments (28.12.17-

2017/5). Generation of Gpr139 knock-out mouse model are done in collaboration with

Istanbul University Faculty of Veterinary Sciences Department of Reproduction and

Artificial Insemination (IU RAI).
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4.4.1. In vitro mRNA Synthesis

Previously described protocol was followed for in-vitro transcription of Cas9

mRNA and sgRNA 274 [42]. For sgRNA 274 and Cas9 mRNA synthesis, px458-274

construct and px330 plasmid were used, respectively. Briefly, T7 promoter sequences

were added to both sgRNA 274 scaffold and Cas9 CDS via PCR by using primers con-

taining the T7 promoter sequence. Resulting PCR products were then gel-extracted

and used as template for in-vitro transcription using MEGAshortscript T7 and mMES-

SAGE mMACHINE T7 ultra kits for sgRNA 274 and Cas9 mRNA, respectively

4.4.2. Preparation of Mice

4.4.2.1. Preparation of Vasectomized Male Mice. BALB\C males with previous suc-

cessful insemination history were vasectomized following general procedures. Briefly,

an incision was made in the abdomen and testes were taken out of the incision. Vas

deferens were cauterized from two separate places and the tissue in between was taken

out. Peritoneum and muscle tissue were stitched separately. Animals were reconsti-

tuted and checked for signs of infection and/or discomfort. Vasectomized males were

subjected to two insemination trials. All vasectomized males successfully plugged fe-

males and did not impregnate the females. These mice were used for production of

pseudo-pregnant surrogate mothers

4.4.2.2. Preparation of Embryo Donors. For embryo collection, CB6 hybrid mouse

were produced by crossing male C56BL/6 with female BALB/C mice. Hybrids were

chosen as embryo donors due to their increased embryo production and reduced chance

of 2 cell stage arrest during in-vitro cultivation. Obtained females were used as embryo

donors, and males were used as studs.

4.4.2.3. Hyper-ovulation and Embryo Collection. Prepared female CB6 hybrids were

injected with 7.5 IU of pregnant mare serum gonadotropin (PMSG) at 14:00 on day 1,

7.5 IU of human chorionic gonadotropin (hCG) at 14:00 on day 3.
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The injected mice were immediately placed with studs that were housed alone

for at least 2 days. Next morning (day 4) at 7:00, females with plugs were identified

and transported to Istanbul University. At 10:00, females were sacrificed by cervical

dislocation and their ampullas were isolated. Embryos were collected from ampullas

and treated with hyaluronidase in M2 medium (300 µg/ml) for at least 5 minutes.

Embryos were then washed in M2 medium w/o hyaluronidase and transferred to M16

medium droplets under mineral oil and incubated at 370C in 5% CO2 incubator until

injection.

4.4.3. Microinjection of RNA Into Mice Embryo

Microinjection experiments were performed immediately after embryo collection.

Injection mixture (Cas9 (100 ng/µl) + sgRNA (50 ng/µl)) was prepared and volume

was brought to 5 µl using nuclease free water. In a 10 cm cell culture grade dish,

droplets for injection mix (5 µl) and M2 medium were prepared under mineral oil.

Batches of isolated embryo were transferred to the M2 medium for injection.

Injection and suction pipettes were hand-drawn. Injection pipette was primed

with 2-to-3 mm of mercury (Hg) using a syringe with 26G needle. The pipette was

then attached to the piezzo pulse unit and the assembly was attached to the micro-

manupilator. Mercury droplet was moved to the end of the injection pipette and washed

in PVP solution. Injection mix was aspirated after priming and washing the injection

pipette.

Zygotes were held using the aspiration pipette and a few piezzo pulses at power

level 4 and duration 4 to break the zona pellicuda. Pipette tip was moved forward

without breaking the oolemma until almost reaching the opposite site of the cortex.

One weak piezzo pulse was applied to break the oolemma. With the pipette inside

the zygote’s cytoplasm, 2 pl of the injection mixture was injected and pipette was

immediately pulled out.
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Injected embryos were transferred to M16 medium droplets under mineral oil and

incubated at 370C in 5% CO2 incubator until observation.

4.4.4. Embryo Culture and Selection

Injected embryo were incubated at 370C in 5% CO2 in M16 medium previously

equilibrated for at least 30 minutes in the incubator. After 24 and 72 hours embryos

were checked for 2-cell and blastocyst stages, respectively. Two cell embryos were used

for oviduct transfer and blastocyst stage embryos were used for uterus transfer.

4.4.5. In-vitro Verification of Gpr139 Deletion

Injected embryos were observed for 72 hours for any morphological abnormalities.

After 72 hours, single embryos with normal morphology were transferred to the bottom

0.2 ml tubes submerged in liquid nitrogen and flash frozen. 10 µl of blastocyst lysis

buffer (Table 4.11) was added to the tube. Tubes were then incubated at 56C for 1

hour followed by 95oC for 10 minutes. Prepared lysates were either stored at -80oC or

immediately used for PCR reaction (Table 4.12).

Table 4.11. Blastocyst Lysis Buffer

Ingredient Final Concentration

Proteinase K 200 µg/ml

Tris.Cl ph 8.3 100 mM

KCl 100 mM

Tween 20 0.45%

Gelatin 0.02%

The PCR reaction was performed as described in Section 4.1.3 using 63oC as ini-

tial annealing temperature, -1oC/cycle for 10 cycles and 30 cycles at the final annealing

temperature. Samples were than loaded on 1% agarose gel for visualization.
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Table 4.12. Reaction mixture for blastocyst PCR

Ingredient Amount (µl)

Mytaq buffer (5X) 5

Primer mix 0.5

Template 2

Mytaq polymerase 0.2

Water 17.3

4.4.5.1. Preparation of Pseudo-pregnant Surrogate Females. Female CD1 mice were

used as surrogate mothers. Six to eight week old virgin CD1 female mice were housed

with vasectomized male mice in the morning of embryo transfer. Plug formation was

checked the next day immediately after the start of the light cycle. Females with visible

plugs were selected as surrogate mothers.

4.4.6. Transferring Injected Embryo to Surrogate Mice

Following in vitro cultivation, embryos without morphological anomalies were

transferred to surrogate mothers. Plugged surrogate females were anesthetized via

0.25% (v/v) tribromoethanol (0.015 ml/g) injection into the peritoneal cavity. Anaes-

thesia was checked by pinching the hind feet. While the mice are under anaesthesia,

mice were placed on the operation table and their backs were shaved and sterilized

with betadine (10%) followed by ethanol (70% v/v). A small incision between 0.5 to

1 cm is made above the ovary. After the skin incision, the ovary was located under

the muscle membrane and the membrane is cut using scissors. The ovary was gently

taken out of the body cavity by attaching small clamps to the fat pad. Infundibulum

was located and bursa covering the targeted sections was gently pierced and moved

away using forceps. Using a mouse pipette, 15 to 25 embryos were transferred into the

infundibulum towards the oviduct. After the transfer, the ovary was replaced into the

body cavity and the muscle membrane is sutured. Skin was either sutured, stapled

or glued using 2-octyl cyanoacrylate. Carprofen (5 mg/kg) diluted in 300 µl isotonic

saline solution was injected subdermally for pain relief.
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Operated mice were transferred to their cages and observed until they gained

normal mobility. Mice were checked daily for normal behavior, and intactness and

healing progress of the incision.

4.5. GPCR139 Ablation in Adult Mice

All animal experiments for ablation studies were done with permission from İs-

tanbul Medipol Üniversitesi Hayvan Deneyleri Yerel Etik Kurul Başkanlığı (permission

no 38828720-604.01.01-E.32272).

4.5.1. Plasmid Preparation

AAV-U6-sgRNA-hSyn-mCherry (px552mcherry was a gift from Alex Hewitt (Ad-

dgene plasmid 87916) [45]. sgRNA constructs 274 and 294 were cloned into px552mcherry

plasmids as described in Section 4.2.2 to obtain AAV-274 and AAV-294 constructs, re-

spectively.

4.5.2. Cell Culture Experiments

For adenoassociated virus (AAV) preparation, HEK293FT cells were used. The

day before transfection, 10x107 cells were seeded on ten 15 cm cell culture dishes

using DMEM culture medium containing 2% fetal bovine serum (FBS) and 1X peni-

cillin/streptomycin. When cells reach 70-to-80% confluency, transfection was carried

out.

4.5.2.1. Transfection. Transfection was carried out using polyethylenimine (PEI) pro-

tocol. Trnasfection mixture was prepared per plate by adding 120 µg helper and 100

µg 2/1 plasmids in 0.5 ml DMEM, vortexing for 10 seconds, adding 30 µg of AAV-294

and AAV-274 each for the experiment group or 60 µg AAV-control plasmid control

group, vortexing an additional 15 seconds, adding 0.5 ml of 1 mg/ml PEI solution,

vortexing for 10 seconds and incubating at room temperature for 10 minutes.
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Resulting solution was added drop-wise, 1 ml to each plate. The transfection

mixture was scaled up as needed.

Cells were checked for mCherry signal using fluorescent microscope. Transfected

cells were incubated for 72 hours and harvested by scraping the cells without removing

the media, transferring to 50 ml centrifuge tubes, centrifuging at 200g for 5 minutes

at room temperature and aspirating the supernatant. Cell pellets were stored at -80oC

until AAV isolation.

4.5.3. AAV Isolation

Frozen cell pellets were thawed and re-spun at 4500g for 10 minutes at room

temperature. Remaining supernatant was removed and cells containing the same con-

structs were combined by resuspending the pellets with 9 ml lysis buffer (150 mM

NaCl, 20 mM Tris pH 8.0), resuspending the pellet and transferring the suspension to

the next tube until all cells are collected in the last tube. Final suspension was then

transferred to a 15 ml centrifuge tube. Tubes were then subjected to 3 freeze and thaw

cycles by placing the tubes in -80oC until frozen and 37oC water bath until completely

thawed for each cycle. After final thawing step, cells are sonicated for 15 seconds in

ultrasonic bath sonicator with 50% on cycle for 15 seconds. Benzonase was added to a

final concentration of 250 U/ml and mixed. Tubes were incubated 45 minutes at 37oC

in a water bath and spun at 3000 g for 20 minutes at 4oC. Using a syringe and 18G

needle, 8 ml 17%, 6 ml 25%, 5 ml 40% and 5 ml 60% iodixanol solutions (Table 4.13)

used to create layers in a QuickSeal ultrafuge tube. After the incubation, cell lysate

containing the AAVs is layered on top of the 17% iodixanol layer. Remaining volume

in the ultrafuge tube, if any, was filled using lysis buffer. Tubes are then sealed and

spun at 230K g for 2 hours at 18oC.

AAV virus particles are expected to settle at the 40% layer after the centrifuge.

To collect the AAV virus particles, a hypodermic needle was inserted at the 60% - 40%

interface with the bevel of the needle facing the 40% layer. Forty per cent layer was

collected as much as possible without aspirating any of the 25% layer.



40

Table 4.13. Iodixanol solutions used in AAV isolation

60% 40% 25% 17%

10X PBS 5 ml 5 ml 5 ml 5 ml

1M MgCl2 0.05 ml 0.05 ml 0.05 ml 0.05 ml

1M KCl 0.125 ml 0.125 ml 0.125 ml 0.125 ml

5M Nacl 10 ml 10 ml 10 ml 10 ml

Optiprep 50 ml 33.3 ml 20 ml 12.5 ml

0.5% phenol red 0.025 ml - 0.1 ml -

ddH2O - up to 50 ml up to 50 ml up to 50 ml

Millipore Amicon 100K filters were wetted using 2 ml AAV storage buffer (Table

4.14). Collected AAV virus particle fractions were mixed with 11 ml AAV storage

buffer to dilute iodixanol and added to the filter reservoirs. Filters were then spun at

3660 g for 25 minutes at room temperature and flow through was discarded. Fresh

15 ml storage buffer was added to the reservoir and mixed by pipetting up and down

to reconstitute the iodixanol settled on the membrane. Filters were then spun again

at 3660 g for 30 minutes at room temperature and flow through was discarded. This

wash step is performed once more to wash iodixanol completely. The total volume

in the reservoir was brought up to 500 µl using the volume marks on the reservoir

wall using AAV storage buffer. The membrane was then washed several times using

the liquid in the reservoir to resuspend the virus particles settled on the membrane.

Obtained solution was then transferred to a 1.5 ml microfuge tube and stored at 4oC

until quantification.

AAV-cre virus used in this study was prepared using AAV-GFP/Cre plasmid

(Addgene plasmid 49056) [46] kindly provided by Asst. Prof. Deniz Atasoy.
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4.5.4. AAV Titration

A mini prep solution of AAV-274 plasmid was used to create the standard curve

for AAV titration. As a standard solution, 2x109 molecule/µl solution and its dilutions

were prepared (Table 4.15).

Table 4.14. AAV storage buffer composition

Reagent Amount

10X PBS 100 ml

D-sorbitol 50 g

5M NaCl 42.4 ml

All dilutions except for 2x109 was used to create the normal curve. AAV isolates

were first subjected to DNaseI digestion to remove any non-enclosed DNA particles.

For DNaseI digestion, 10X DNaseI buffer was prepared (Table 4.16) and the pH was

adjusted to 7.6.

Table 4.15. Reference sample dilution scheme for AAV titration.

Particles per µl Previous dilution

(µl)

ddH2O (µl)

2x109 - -

109 50 50

108 10 90

107 10 90

106 10 90

105 10 90

104 10 90
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The reaction mixture was prepared according to Table 4.17 and incubated at 37oC

for 30 minutes. The AAV solution was then diluted according to Table 4.20. Dilutions

with dilution factor between 5000X and 625000X were used for titration.

Table 4.16. 10X DNaseI buffer composition.

Reagent Final Concentration

Tris.Cl 100 mM

MgCl2 25 mM

CaCl2 5 mM

Table 4.17. DNaseI digestion reaction composition.

Ingredient Volume (µl)

AAV stock 5

ddH2O 39

10X DNaseI buffer 5

DNaseI (2500 U/ml) 1

AAV titration was performed using qPCR. Reference samples and AAV solutions

were used in duplicates. The reaction was prepared according to Table 4.18.

Reaction mixtures were transferred to 96 well opaque white plates, sealed with

transparent film and spun at 200 g for 30 seconds. Plates were then loaded to LightCy-

cler 480 (Roche, Switzerland) and the reaction was run following the protocol outlined

in Table 4.19. At the end of each cycle the fluorescence values were read. Melting

curve analysis was performed at the thermal cycle.
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Data analysis was performed using LightCycler 480 analysis software (Roche,

Switzerland) with absolute quantification option. Average values of duplicates were

used for calculations. Using the reference sample, the standard curve was plotted and

the curve formula was calculated. Ct values of AAV samples were used to calculate

the estimated titers of the serial dilution.

Table 4.18. qPCR composition for AAV titration.

Ingredient Volume (µl)

Universal SYBER Mix (2X) 10

Forward Primer (100 µM) 0.15

Reverse primer (100 µM) 0.15

ddH2O 4.7

Template 5

Table 4.19. AAV titration qPCR thermal cycler program.

Temperature Duration Cycles

98oC 3 min 1

98oC 15 sec
39

58oC 30 sec

Primer efficiency was calculated as Efficiency(%) = 100(10
−1

slope − 1)

4.5.5. In Vitro and In Vivo Confirmation of AAVs

Prepared AAV solution was used to transduce primary mouse neuron culture cells

kindly provided by Asst. Prof. Muhammed İkbal Alp. One week after transduction,

cells were visualized under fluorescent microscope for mCherry signal.
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Table 4.20. Sample dilution chart for AAV titration.

Dilution Factor Volume of sample (µl) ddH2O (µl)

10X 5 of stock 45

200X 5 of 10X 95

1000X 20 of 200X 80

5000X 20 of 1000X 80

25000X 20 of 5000X 80

125000X 20 of 25000X 80

625000X 20 of 125000X 80

4.5.6. Intracranial Injection Experiments

Four to six week old male Rosa26-floxed STOP-Cas9 knock-in mice (Jax strain

number: 024857) were used for intracranial injection experiments. Mice were anes-

thetized using isoflurane inhalation and placed in the stereotaxic frame. Their skulls

were fixed using ear bars. After re-confirming that the mice are still under anaesthesia,

their heads were shaved and sterilized using betadine solution. Using a sharp scalpel,

incision was made on their scalps revealing the skull. Hydrogen peroxide solution was

used to remove the periost and bleach the skull for easier observation. The hydrogen

peroxide solution was then rinsed. Using SteREO Discovery V8 microscope and digital

read out system, digital read out coordinates were zeroed by positioning the probe

over the bregma. Probe was then moved to lambda to check if the skull is level in

rostral-caudal direction. If needed, the positioning of the head was adjusted by re-

adjusting the nose bar. Horizontal positioning of the skull was checked, as well, by

moving the probe to the approximate middle of the mid-line and moving the probe

on the X axis the same amount on + and - directions and checking the Z heights. If

required, horizontal positioning is adjusted by re-adjusting the ear bars.



45

After confirming the positioning of the skull in the stereotaxic frame, the probe

was moved to the injection coordinates y = -1.55 mm, x = ±0.3 mm and the positions

were marked on the skull. Two bilateral holes were drilled using a hand-held drill.

Bone fragments were carefully washed using 1X PBS solution.

The probe was changed with the injection needle previously filled with mineral

oil. Injection solution (AAV-274:AAV-294:AAV-cre, 1:1:2) was then aspirated into the

needle and the needle was positioned over the bregma to re-zero the coordinates. Needle

was then moved to the injection coordinates and descended slowly until reaching the

brain surface. Z coordinate was zeroed and the needle was slowly inserted into the brain

matter at the rate of 1 mm/min until reaching -3.00 mm. Injection was performed at

the rate of 75 nl/min until 300 nl of the AAV solution was discharged. Needle was kept

in place for 10 minutes to allow time for the injection solution to diffuse. It was then

carefully removed at the rate of 1 mm/min. The scalp was then sutured and the mice

were transferred to resuscitation chamber. After resuscitation, mice were transferred

to their home cages. They were observed for 21 days after the operation for visible

unwanted effects such as seizures, immobility as well as healing process. This time

period also allowed for the AAV expression.

4.6. Animal Behavioral Experiments

4.6.1. Morris Water Maze

Morris water maze is used as a measure of spatial learning. For this test, opaque

black water tank with 120 cm diameter was used. The water tank was filled with tap

water and heated to 22oC. Food grade lithium dioxide dye was used to color the water

opaque white. The tank was divided into 8 sections and the white hidden platform

was placed in the NE section 1 cm below the water level. Mice were brought to the

preparation area near the test chamber. When performing the experiment, mice were

gently removed from their cages and lowered into the water maze following the start

positions outlined in Table 4.21. Test was performed for 1 minute.
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During the test period, if the mice did not find the platform within the test

duration, they are guided to the platform or gently put on the platform. The animals

were left on the platform for 30 seconds. After the test, mice were removed from the

chamber, dried with paper towels and put back into their home cages. The tests were

recorded via a CCD camera and results were analyzed using AnyMaze software.

Table 4.21. Morris water maze test start positions according to trial days.

Day Trial 1 Trial 2 Trial 3 Trial 4

1 N E SE NW

2 SE N NW E

3 NW SE E N

4 E NW N SE

5 N SE E NW

4.6.2. Elevated Plus Maze

Opaque white plastic plus maze was placed 35 cm above the test table. The maze

had four arms with 5 cm x 35 cm dimensions. Two of the arms opposite each other

had 20 cm opaque walls. Mice were habituated in the test room for 1 hour. After

habituation, mice were placed at the center of the maze, facing the open arm. Mice

were observed for 5 minutes and replaced in their home cages. The maze was cleaned

thoroughly after each test first with water and then with 70% ethanol. Ethanol was

allowed to dry completely. The tests were recorded via a CCD camera and results were

analyzed using AnyMaze software.

4.6.3. Open Field Test

A white opaque chamber with 40 x 40 x 40 cm dimensions was used for the open

field tests. The mice was acclimatized to the test room for 1 day. On the test day, the

animals were brought to the test room 1 hour before the start of the first test.
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To perform the test, the mice were removed from their home cage and placed in

the middle of the test chamber. The tests were completed after 10 minutes and the

test chamber was cleaned thoroughly after each test first with water and then with

70% ethanol. Test sessions were recorded via a CCD camera and results were analyzed

using AnyMaze software.

4.6.4. Novel Object Recognition Test

These tests were performed using the same chamber used in the open field test.

Following the day of the open field test, two familiar objects were placed at opposing

corners 5 cm away from the chamber walls. Mice were placed gently in the middle

of the chamber and monitored for 10 minutes. After 10 minutes, mice were removed

and the test chamber as well as the objects were cleaned thoroughly after each test

first with water and then with 70% ethanol. The two familiar objects were replaced

with an identical object and a novel object, and the test procedure was repeated. Test

sessions were recorded via a CCD camera and results were analyzed using AnyMaze

software. Discrimination ratio between the novel and fixed objects is calculated as

DR =
Tnovel−Tfixed

Ttotal
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5. RESULTS

5.1. Gpr139 Has Differential Expression in Embryonic Mouse Brain

Total RNAseq data submitted by Barbara Wold’s group for mouse forebrain,

midbrain and hindbrain were examined to assess the levels of Gpr139 transcripts in

different stages of embryonic development. Each dataset contained RNAseq results

from a pooled sample of mixed-sex embryo brains at indicated days and two biological

samples and technical duplicates from each biological sample. Following processes and

analysis were done with in-house written Python scripts. File metadata was down-

loaded and tab separated values (.tsv) files containing gene quantifications of each

biological sample were obtained using the information provided in the metadata file.

From each file, the line corresponding to Gpr139 (ENSMUSG00000066197) was found

and TPM value, 95% confidence intervals and embryonic stage values were extracted.

Values corresponding to the same stage from both biological samples were combined

and the average value of TPMs is calculated. Resulting information were written to

a new file for each section and embryonic day. Same process was repeated to obtain

values for control genes.

Rhodopsin and frizzled 7 GPCRs were included in this analysis as negative and

positive controls, respectively. Transcript per million (TPM) values for rhodopsin

fluctuated between 0.025 and 0.115 whereas those for frizzled 7 were between 1.43 and

8.04 in forebrain and 1.34 and 15.75 in hind and mid brains with higher expression

values in E10.5, E11.5 and E12.5 and reduced expression from E13.5. Gpr139 TPM

values steadily increased in all three brain sections between E10.5 to E14.5 and kept a

high level in E15.5, E16.5 and P0 (Figure 5.1).

In a larger scale analysis, higher levels of TPM values of Gpr139 was observed in

the central nervous system including whole brain, frontal cortex, neural tube, central

nervous system and cerebellum data sets while the expression levels remained close to

0 in the rest of the data sets (Figure 5.2).
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Figure 5.1. TPM values for indicated genes in different embryonic days in mouse

brain.

Comparing the TPM values in fore, mid and hindbrain data sets for Gpr139

revealed statistically significant changes in expression levels between embryonic days

especially after E12.5 (Table 5.1).

Table 5.1. Student’s t-test p values in fore, mid and hindbrain data sets for Gpr139

comparing consecutive embryonic days.

Tissue Forebrain Midbrain Hindbrain

E10.5 vs. E11.5 >0.9999 0.0516 0.1124

E11.5 vs. E12.5 0.0656 0.9972 0.815

E12.5 vs. E13.5 >0.9999 <0.0001 <0.0001

E13.5 vs. E14.5 <0.0001 <0.0001 <0.0001

E14.5 vs. E15.5 0.4537 0.0012 <0.0001

E15.5 vs. E16.5 0.7201 0.0132 <0.0001

E16.5 vs. P0 <0.0001 <0.0001 <0.0001
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Figure 5.2. Heatmap showing transcript levels of Gpr139 in various tissues and

developmental stages (TPM: transcript per million; absent data is shown in gray).

5.1.1. Differential Expression of Gpr139 is not Mediated by DNA Methy-

lation

DNA methylation patterns for fore, mid and hindbrain data sets were used to

determine any possible differences in CpG methylation between embryonic days in

each data set. Liver data set was used as a negative control. Two distinct methylation

islands are observed between bases -5000 to -2500 and -1750 to -1400 in all four data

sets included in the analysis with lower levels of methylation in the liver data set

compared to fore, mid and hindbrain sections (Figure 5.3).
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No significant differences in DNA methylation between different embryonic days

in each brain section were observed that could explain the differences in TPM values.

Figure 5.3. Methylation patterns of mouse forebrain, midbrain, hindbrain and liver

tissue.

5.1.2. Histone Modifications Explain Differential Expression of Gpr139

Histone modifications were analyzed as potential regulatory mechanism control-

ling Gpr139 expression. For this analysis, H3K4me2, H3K4me3, H3K9Ac, H3K27Ac

and H3K27me3 data sets for hind, fore and midbrain sections were used. Liver data

set was included as a negative control. In brain sections, H3K4me2 and H3K4me3 were

observed throughout the available embryonic days included in the data set at more or

less the same levels while they were absent in the liver sample (Figure 5.4).
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H3K9Ac was observed in all three brain sections with increasing levels through the

development with the exception of P0, which had reduced levels compared to E16.5.

H3K9Ac levels were minimal in the liver sample. H3K27Ac and H3K27me3 levels

changed opposite to each other with increasing levels of H3K27Ac and decreasing levels

of H3K27me3. H3K27Ac levels were minimal in the liver sample whereas H3K27me3

was observed throughout the available data.

5.2. Knock-out Mice Experiments

5.2.1. In vitro mRNA Synthesis

sgRNA 274 and Cas9 mRNA synthesis was performed using px458-274 construct

and px330 plasmid, respectively. For the synthesis, T7 promoter sequences were added

to both sgRNA 274 scaffold and Cas9 CDS via PCR by using primers containing

the promoter sequence. Resulting PCR products were then gel-extracted and used

as template for in-vitro transcription using MEGAshortscript T7 and mMESSAGE

mMACHINE T7 ultra kits for sgRNA 274 and Cas9 mRNA, respectively. Obtained

RNAs were checked in agarose gel for size and degradation (Figure 5.5).

5.3. In-vitro Verification of GPR139 Deletion

Isolated single embryos that were subjected to Cas9 mRNA + sgRNA scaffold

microinjection were used for single embryo PCR. Targeted region of the Gpr139 gene

of about 500 bps was amplified and either subjected to T7 endonuclease digestion.

Expected length of PCR product was 500 bps and dT7 endonuclease digestion products

were 200 and 300 bps. All four samples injected with sgRNA construct 274 analyzed

with T7 endonuclease assay yielded digestion bands at expected sizes (Figure 5.6) but

the quality was poor. Ten more samples were analyzed via Sanger sequencing. All

sequenced samples showed deletion pattern at the targeted position (Figure 5.7).
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Figure 5.4. Histone modifications on Gpr139 gene in fore-, mid-, hindbrain and liver

tissues by embryonic days. Linegraphs show peak values for indicated modification,

tissue and time points. Right-most panel shows TPM values for indicated time

points. Gene structure is shown at the bottom.
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Figure 5.5. Synthesized Cas9 mRNA and sgRNA scaffolds.

Figure 5.6. T7 endonuclease assay results.
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5.3.1. Transferring Injected Embryo to Surrogate Mice

Throughout the study, only successful embryo transfer was obtained with a test

group which was only subjected to the same in-vitro culture protocol but not subjected

to microinjection. Out of the 15 transferred blastocysts, we obtained 5 pups in the

control group, 3 of which survived (Figure 5.8).

Figure 5.7. Representative chromatogram of the in-vitro deletion of Gpr139 in

injected embryos. Red arrow indicates the theoretical cut site. Bases outlined with

red box are the PAM sequence used in sgRNA scaffold design.

5.4. GPCR139 Ablation in Adult Mice

5.4.1. Adenoassociated Virus Titration

Obtaining exact titration of the AAVs used in experiments is crucial for accuracy

and reproducibility of the procedure. There are various steps in AAV production and

isolation that can directly affect the concentration of final solutions, which in turn can

and will effect the efficacy of experiments. In this study, prepared AAV isolates were

titrated by qPCR using dilutions of isolated px458 plasmid with known concentrations

as reference (Table 5.2).
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Since the AAV titers were calculated using qPCR, primer efficiencies play an im-

portant role in accurate quantification. A previously published guideline was followed

to design the primers used in this study and calculating their efficiencies [47]. Primer ef-

ficiencies for each group of samples were calculated as Efficiency(%) = 100(10
−1

slope−1)

(Table 5.3).

Figure 5.8. Obtained pups (black) and their surrogate mother (white) in the control

group of embryo transfer.

5.4.2. In Vitro and In Vivo Confirmation of AAV Solution

One week after transduction, primary mouse cortex cells were visualized under

fluorescent microscope for mCherry signal (Figure 5.9).



57

Intracranial injection protocol and the determined coordinates using Allen Brain

Atlas [48] was tested by injecting 300 nl of the AAV solution into y = -1.55 mm, x

= ±0.3 mm, z = -3.00 mm. Mice were sacrificed 3 weeks after injection and 50 µm

coronal slices were obtained. Slices were visualized under fluorescent microscope for

mCherry signal (Figure 5.10).

Table 5.2. Calculated concentrations of standard, AAV and control AAV samples

using absolute quantification fit point analysis

Sample Known Conc. (gc/µl) Calculated Conc. (gc/µl)

Control 1 1.00x109 1.07x109

Control 2 1.00x108 8.59x107

Control 3 1.00x107 9.39x106

Control 4 1.00x106 1.21x106

Control 5 1.00x105 1.14x105

Control 6 1.00x104 8.60x103

AAV diln. 4 - 5.56x105

AAV diln. 5 - 1.99x105

AAV diln. 6 - 4.73x104

AAV diln. 7 - 1.26x104

Control AAV diln. 4 - 1.73x106

Control AAV diln. 5 - 3.05x105

Control AAV diln. 6 - 5.77x104

Control AAV diln. 7 - 1.12x104

Table 5.3. Calculated primer efficiencies for each group of samples used in titration.

Sample Group Primer Efficiency (%)

Control 97.81

AAV 131.84

Control AAV 89.68
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Both in vitro and in vivo control experiments showed successful transduction and

production of the viral plasmid in primary cortex cells, and cells in and near habenula.

Figure 5.9. mCherry signal in primary mouse cortex cells after transduction with

AAV solution.
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5.5. Animal Behavioral Experiments

Following intracranial injections and the recovery period, all animals in test and

control groups were subjected to behavioral tests to measure the effects of GPR139

ablation, if any, on spatial learning, memory, attention deficiency, mobility and anxiety.

Figure 5.10. AAV injection control in wild type mouse. mCherry (red) shows cells

that are transduced and producing sgRNA. Yellow square denotes the relative

position of habenula.

5.5.1. Intracranial Injection Experiments

Intracranial injections were performed by injecting 300 nl of the AAV solution to

coordinates listed in Table 5.4.

5.5.2. Morris Water Maze

Morris water maze experiment targeted two possible effects of GPR139 ablation:

abnormalities in learning and memory, and attention deficiency. As mentioned above,

GPR139 has shown to be correlated with ADHD [21] and inattention [22].
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Table 5.4. Details of intracranial injections.

ID λ – Bregma x Axis Injection Coordinates (Relative to Bregma

Tilt (mm) Tilt (mm) x,y,z; left hemisphere;right hemisphere)

Control 1 0.059 0.065 -0.312,-1.583,-2.842 ; +0.304,-1.583,-2.754

Control 2 0.115 0.020 -0.302,-1.550,-2.759 ; +0.309,-1.551,-2.755

Control 3 0.205 0.101 -0.315,-1.548,-2.748 ; +0.307,-1.547,-2.752

Control 4 0.109 0.196 -0.355,-1.585,-2.847 ; +0.352,-1.585,-2.841

Control 5 0.129 0.103 -0.328,-1.605,-2.798 ; +0.324,-1.604,-2.794

Control 6 0.115 0.020 -0.313,-1.561,-2.749 ; +0.310,-1.561,-2.753

Control 7 0.205 0.101 -0.309,-1.543,-2.816 ; +0.307,-1.547,-2.802

Test 1 0.109 0.196 -0.305,-1.585,-2.847 ; +0.302,-1.585,-2.841

Test 2 0.178 0.098 -0.302,-1.548,-2.728 ; +0.300,-1.548,-2.734

Test 3 0.126 0.201 -0.303,-1.556,-2.735 ; +0.305,-1.556,-2.742

Test 4 0.201 0.171 -0.303,-1.554,-2.754 ; +0.303,-1.554,-2.695

Test 5 0.116 0.012 -0.302,-1.552,-2.694 ; +0.303,-1.552,-2.639

Test 6 0.270 0.150 -0.299,-1.574,-2.624 ; +0.307,-1.576,-2.705

Test 7 0.134 0.052 -0.326,-1.561,-2.712 ; +0.325,1.562,-2.655

Test 8 0.134 0.052 -0.311,-1.568,-2.692 ; +0.305,1.569,-2.714

As can be seen in Figure 5.11, however, there are no significant differences between

test and control groups which indicates that the ablation of GPR139 does not affect

spatial learning, memory, or any measures that can directly or indirectly affect the

performance of mice in morris water maze. Two way ANOVA analysis showed no

significant differences between the test and control groups (p = 0.8415).

5.5.3. Elevated Plus Maze

Elevated plus maze mainly measures anxiety in rodents. More anxious animals

prefer to spend more time in the closed arms while less anxious animals, due to their

nature, tend to explore the open arms.
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Figure 5.11. Latency times to the hidden platform in morris water maze experiments.

Similar to morris water maze experiment results, GPR139 ablation did not result

in any significant differences between the test and control groups in per cent of time

spent in open arms (p = 0.5151) and per cent of time spent in the closed arms (p =

0.7697) (Figure 5.12).

5.5.4. Open Field Test

Open field test measures general mobility, anxiety and exploration habits in ro-

dents. If the mice are more anxious or their exploration habits are negatively affected

due to treatment, they will spend less time in the center zone and travel distance will

be lower. Similar to MWM and EPM tests, there are no significant differences between

the test and control groups in distance traveled (p = 0.6976), number of entries to the

center zone (p = 0.08391), average duration of visit to the center zone (p = 0.2395)

and time spent in the center zone (p = 0.2842) measures (Figure 5.13).
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Figure 5.12. Percentage of time spent on open arms (a), closed arms (b), and

comparison of percentage of time spent on either arms for the test (c) and control (d)

groups observed in elevated plus maze experiments.

this is to position the figure correctly

this is to position the figure correctly this is to position the figure correctly this is
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Figure 5.13. Traveled distance (a), number of entries to the center zone (b), time

spent in the center zone (c) and average duration of visit to the center zone (d)

obtained in the open field experiments.

to position the figure correctly this is to position the figure correctly this is to position

the figure correctly
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5.5.5. Novel Object Recognition Test

Novel object recognition test measures recognition memory. After acclimation,

mice are expected to get familiar with the fixed object. After introducing the novel

object to the test chamber, they will prefer to explore the novel object rather than the

already familiar fixed object. As can be seen in Figure 5.14, this expected behavior is

observed both in test and control groups. Both groups spent similar amount of time

on the fixed and novel objects, while the time spent on the novel object is higher.

Anxious animals may refrain from exploration and spend less time on either object in

this test but both groups spent similar amount of time on object exploration as can be

seen in Figure 5.14c. Similar to other behavioral experiments, there are no significant

differences between the test and control groups in time of interaction with the fixed

object (p = 0.3665), the novel object (p = 0.8194) or either object (p = 6325). There

were no significant differences in the calculated discrimination ratios (p = 0.8746).

5.5.6. Verification of Ablation

Western blot analysis was used to quantify the vinculin, Cas9, GFP and Gpr139

levels in test and control groups (Figure 5.15). Obtained images were quantified us-

ing ImageJ by normalizing the band intensities to vinculin (Figure 5.16). Both the

blot images and quantification results showed similar levels of Cas9 and GFP pro-

teins. Rosa26-floxed STOP-Cas9 knock-in mice show a Cre dependent expression of

bicistronic Cas9 and GFP expression. Although the control group included in the study

are injected with AAV containing Cre recombinase sequence, the injection protocol of

two test group animals were unsuccessful and they show little to no Cas9 and GFP

expression (Figure 5.15). These two animals were excluded from the quantification and

behavioral experiment analyses.

Quantification of the blots show no significant differences for the Cas9 (p =

0.2140) and GFP (p = 0.9315) expression between the test and control groups. Gpr139

expression, on the other hand is significantly lower in the test group compared to the

controls (p = 0.0008) indicating a successful ablation.
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Figure 5.14. Time of interaction with the fixed object (a), novel object (b), either

object (c), and discrimination ratio (d) observed in novel object recognition

experiments.

this is to move the figure to the right spot. this is to move the figure to the right

spot. this is to move the figure to the right spot. this is to move the figure to the right

spot. this is to move the figure to the right spot. this is to move the figure to the right
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Figure 5.15. Western blot results for test and control groups. Vinculin (124 kDa) is

used as loading control. GFP (27 kDa) and Cas9 (160 kDa) expression is Cre

dependent and induced by the AAV in transgenic mice used in the study.

Figure 5.16. Quantification of western blot band intensities for Cas9 (a), GFP (b),

and Gpr139 (c).

spot. this is to move the figure to the right spot. this is to move the figure to the right

spot.

this is to move the figure to the right spot.
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6. DISCUSSION

G protein coupled receptors are major drug targets in the pharmaceutical industry

with more than 34% of currently marketed drugs targeting non-olfactory GPCRs [8].

More than 140 GPCRs are still categorized as orphans since their endogenous ligands

are not yet identified [9]. Orphan GPCRs are an active field of research both from

scientific and pharmaceutical standpoints. Scientific communities are interested in oG-

PCRs since they pose great opportunities in understanding areas in human physiology

not yet determined. Pharmaceutical industry is actively researching the function of

oGPCRs as well as their agonists and antagonists since they pose great financial op-

portunities in case the oGPCR in question is shown to be involved in the etiology of a

disorder that is still untreatable with medication.

GPR139 was first reported as a local duplicate of GPR142 in 2003 [1], and re-

ported as a separate receptor in 2005 [3, 5, 18]. At the time of its discovery, very little

was known about GPR139: its homology with other rhodopsin family GPCRs is only

20-25% and it is mainly expressed in distinct areas of the central nervous system [18].

The same publication also showed that the receptor has differential expression in the

mouse embryo brain in different developmental stages [18]. The latter finding together

with the fact that the receptor’s expression is limited to the central nervous system

raised the possibility that GPR139 may play a role in brain development and/or func-

tion.

GPR139 still remains as an orphan GPCR. As expected, brain extracts have been

shown to activate the receptor [18], its cognate ligand is still unknown. At the time of

the start of our studies on GPR139, there were 18 publications reporting various aspects

of the receptor. These publications include the original discovery articles [1,3,5,18,49],

surrogate agonist and/or antagonist reports [10,19,20,23–26,50–52], and only 3 articles

reporting GPR139’s possible involvement in reduced locomotor activity [20], attention

deficit hyperactivity disorder [21], and inattention [22].
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Our initial interest in GPR139 was to identify its role in brain development. The

possible role of GPR139 in brain development and/or function has been supported by

several publications at the date of our initial study [20–22]. For that purpose we de-

vised several lines of experiments including bioinformatic analyses of readily available

datasets in the ENCODE database [53] in terms of the expression profile, DNA methy-

lation and histone modifications, generation of a knock out mice model to investigate

the function of GPR139 in mouse brain development, and in vivo ablation of GPR139

to investigate the effects of the receptor in adult mice.

Analysis of the transcript levels of Gpr139 confirmed previous publications on

the expression profile of the receptor in various tissues. Gpr139 expression was indeed

confined to the central nervous system (Figure 5.2 and there were significant differences

between the transcript counts between different embryonic days (Table 5.1 indicating

a possible role of GPR139 in brain development. During mammalian embryogenesis,

expression profile of genes in tissues shapes the development of organs [54]. This data

combined with the publications available at the time strengthened our hypothesis that

GPR139 plays a role in brain development.

As the next step, we focused on how the expression of Gpr139 is mediated in the

developing mouse brain. For this purpose, we first employed the whole genome bisulfite

sequencing data available on ENCODE. DNA methylation is a dynamic process and

is one of the mechanisms that control gene expression by inhibiting the binding of

transcription factors or recruiting them to prevent or allow the gene expression [55].

We analyzed the available dataset (Table 4.10) to obtain the methylation profile of

the gene region including the regulatory region and predicted promoter region. The

methylation profile did not show any significant differences between the time points in

which the transcript levels are significantly different in the three brain sections included

in the analysis (Figure 5.3). The same analysis showed changes in DNA methylation

levels in the liver tissue, in which Gpr139 is known not to be expressed. Taken together,

these results suggest that the expression of Gpr139 is not regulated, at least mainly,

by DNA methylation.
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It is not yet known if the high levels of methylation in the predicted promoter

region of Gpr139 has an inhibitory or promote the recruitment of proteins involved

in its expression. Taken together with the active transcription and high transcript

levels of the gene in the brain tissue, we speculate that the active methylation of the

promoter region has the latter effect. In our effort to determine the mechanism(s)

controlling the expression of Gpr139, we also analyzed the ChIP-Seq data available on

the ENCODE database. Our analysis showed changing levels and a possible synergy

between H3K4me3, H3K4me1, H3K9me3, H3K36me3, H3K27me3, H3K4me2, H3K9ac

and H3K27ac modifications (Figure 5.4). Acetylation of H3K9 has been associated

with active transcription by mediating a switch from transcription to elongation [56].

H3K4me3 is associated with transcriptional start sites of active genes [57]. H3K27

trimethylation and acetylation are markers of inactive and active transcription, re-

spectively [57]. H3K4me3 and H3K27me3 play an important role in development and

embryonic stem cell differentiation by acting against each other and creating bivalent

chromatin [58]. Their antagonistic effects on gene activation allows the gene to be

silenced (by H3K27me3) but not permanently (by H3K4me3). This bivalent nature

allows genes to be “poised” against transcription and upon replacement of trimethyla-

tion with acetylation on H3K27, the gene becomes activated. This poised state is said

to be important for embryonic stem cells in maintaining pluripotency, as well as for

transcriptional regulation of genes that have important functions in development [58].

In hind-, mid- and fore-brain sections of the mouse brain, this phenomenon is clearly

seen (Figure 5.4). H3K4me3 is observed throughout the developmental stages, indicat-

ing an “on” state of Gpr139, which is encountered by trimethylation of H3K27 in early

stages. This H3K27me3 modification is then replaced by acetylation, upon which, tran-

script levels increase (Figure 5.4). This bivalent state is absent in liver tissue and only

H3K27me3 modification is present throughout developmental stages, which indicate a

permanent silencing of Gpr139.

Bioinformatic analyses we have performed strongly suggest that Gpr139 is differ-

entially expressed in developing mouse brain, has a wide expression profile in the central

nervous system, and its expression is mainly controlled by histone modifications.
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In order to examine the effects of GPR139 in brain development, we have devised

a mouse knock-out experiment. In this line of experiments, the aim was to create a

Gpr139 knock-out mouse model followed by morphological examinations and behav-

ioral test to measure the possible effects. Due to lack of information in the literature

and an already available knock out animal model at the time of initiation of our study,

we anticipated two possible outcomes of Gpr139 knock out in terms of development:

(A) the effect could be detrimental to the embryo and result in embryonic death or a

similar effect that will prevent obtaining live pups, or (B) there will be tolerable or no

effect on the embryonic development which will allow us to obtain live Gpr139 knock

out animals. We have devised possible courses of action for both scenarios. In case the

treatment resulted in embryonic death, the day at which the embryonic death occurred

would be investigated, and if the death occurred at a stage at which the embryo and

its brain is developed large enough to be subjected to morphological analyses as well

as investigation by various molecular biology techniques, we would try to examine why

and how the embryonic death occurred. If the treatment did not result in embryonic

death and we could obtain live pups, same molecular techniques as well as behavioral

experiments outlined above would be employed.

We chose to employ CRISPR-Cas9 technology for creation of the knock-out mouse

model for its efficiency, ease of application and robustness [42]. Customization of Cas9

compared to conventional methods such as TALEN is much simpler and faster as it only

involves determining the suitable targeting sites, designing the guide sequence, cloning

the guide sequence into a suitable Cas9 vector and performing in vitro transcription

while conventional methods much more hands on time and doesn’t offer same level of

customizability [42]. The actual "knocking out" procedure of Cas9 also involves fewer

steps during embryo manipulation and animal breeding. With Cas9 method, fertilized

embryos are isolated, Cas9 mRNA and sgRNA are injected into the cytoplasm, embryos

are cultivated in vitro until they reach 8 cell or blastocyst stage, and transferred to

surrogate mothers.
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In the conventional methodology, as opposed to CRISPR-Cas9 technology, main

steps are isolating embryonic stem cells from the blastocyst, cultivating them in vitro,

introducing the sequence that will replace the wild type sequence via electroporation or

microinjection, selecting the cells with the new sequence using the introduced selection

marker, transferring the selected cells into the blastocyst and transferring the chimeric

blastocysts into the pseudo-pregnant surrogate females. Cas9 method also does not

require crossing chimeric mice with wild type mice to obtain heterozygous mutants

and another cross breeding that will yield homozygous mutants since it results in

homozygous mutants immediately in the first generation [42].

We have evaluated the efficiency of deletion at the targeted site on Gpr139 by

our Cas9/sgRNA construct, we have flash frozen single blastocysts from the test and

control groups, amplified the targeted region by PCR and subjected the amplicons to

SURVEYOR assay and sequencing. Our results showed 100% success rate in deletion

(Figures 5.6 and 5.7) and no visible abnormalities in the embryo. When the injected

embryos were transferred to the surrogate mothers, however, we weren’t able to ob-

tain live pups which may stem from (A) embryonic death or (B) failing to successfully

transfer the embryos into the uteri. First week after the transfer, however, one of the

surrogate mothers gained 2.4 g and built a nest. This increase in weight and nesting

behavior could be the result of induced pseudo pregnancy or successful embryo trans-

fer. To further analyze the underlying reason, we sacrificed the mouse and performed

necropsy. Upon detailed analysis of the reproductive system, we did not see obvious

signs of embryo attachment and growth. We speculated that the transferred embryos

did not attach to the uterus or did not properly develop but we did not have enough

data to reach a conclusion. Control embryos transferred to the surrogate mother, on

the other hand, resulted in live pups (Figure 5.8).

Although we have achieved significant progress in generation of knock-out mouse

model, this branch of the project was discontinued due to technical difficulties, bud-

getary issues and a recent publication [59] that created the knock-out model using a

similar approach and performed the behavioral tests that we were planning in a larger

context.
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According to this publication, Gpr139 knock-out mice do not show any observ-

able differences in terms of growth, brain morphology and various behavioral aspects.

According to this publication, Gpr139 knock-out mice do not show any observable dif-

ferences in terms of growth, brain morphology, body composition in terms of weight, fat

and muscle, as well as behavioral aspects such as locomotor activity, habituation, mo-

tor coordination/learning [59]. The impact of this publication, however, goes beyond

showing that the Gpr139 does not have any observable effects in mouse development

or various measures of behavior such as learning and anxiety. Authors have shown

GPR139 receptor is coexpressed with µ-opioid receptor (MOR), forms dimers with

MOR that inhibits G protein signaling which taken together results in a modulatory

effect on response to opioids [59]. They, perhaps more importantly, have also shown

that activation of GPR139 by the small molecule agonist JNJ-63533054 resulted in

suppression of morphine self-administration in wild type mice [59]. This publication is

one of the first articles that showed the importance of GPR139 and its potential use in

the pharmacological industry both in treatments involving opioids and reducing effects

of withdrawal in opioid addiction.

Although the knock out model created by Dandan et al. (2019) [59] does not

show any observable effect on brain development, nociception, learning, locomotor ac-

tivity and habituation, this lack of effect might be due to the relatively new concept

of gene compensation. Different than dosage compensation, gene compensation can

be defined as the functions of a gene are taken over, or compensated, by other gene

or genes in the case of deleterious mutations that result in nonfunctional or malfunc-

tioning gene products [60, 61]. Well established phenotypes observed in morphants

have been reported to be unobserved in mutant animal models [60–62]. General logic

dictates a knock-out organism should present a more severe phenotype compared to

a knock-down, or morphant, organism since the gene responsible for the phenotype is

non-functional or missing completely rather than having a reduced product levels. The

opposite of this expected outcome is sometimes, but not always, observed in animal

models [63]. We speculated that gene compensation could be the reason for not ob-

serving any phenotypical differences in the aspects stated earlier reported by Dandan

et al. (2019) [59].
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If this was the case, ablation of Gpr139 in adult mice experiments could possibly

yield different results reported by Dandan et al. (2019) [59]. Even though the ablation

procedure used in our study employs Cas9 technology and manipulates the genome

rather than modulating the gene expression in other methods such as morpholinos,

RNAi, or tetracycline induced repression, due to the imperfect silencing which results

in 10-to-20% gene expression and relatively short time frames between ablation and

experiments compared to knock out models, this line of experiments could potentially

yield different results.

Ablation of Gpr139 yielded around 80% reduction of protein levels (Figures 5.15

and 5.16) which is in line with previously reported ablation procedures using similar

methodologies [64]. Although the ablation was successful, we did not observe any

significant differences between the test group and the control animals in morris water

maze experiments (Figure 4.21), elevated plus maze experiments (Figure 5.12), novel

object recognition experiments (Figure 5.14), or open field experiments (Figure 5.13).

Morris water maze test measures the animals’ spatial learning capabilities. Ro-

dents inherently prefer standing on solid ground compared to swimming and morris

water maze is designed to encourage this instinct further by reducing the water tem-

perature to levels that causes discomfort. Animals are dropped into the water tank in

a non-repeating pattern (Table 4.21) in successive days to prevent learning by repe-

tition and allowing learning by visual cues present in the experiment room. Animals

are expected to spend less time in consecutive days since they are expected to learn

the spatial position of the hidden platform using aforementioned visual cues. In our

experiments, we did not observe differences between the test and control groups (p =

0.8415). The high p value between the test and control groups suggests that ablation

of GPR139 does not affect spatial learning, memory, or any measures that can directly

or indirectly affect the performance of mice in morris water maze (Figure 5.11).
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Similar to morris water maze, elevated plus maze (Figure 5.12) (time spent in

open arms: p = 0.5151, time spent in closed arms: p = 0.7697) and open field tests

(Figure 5.13) (distance traveled: p = 0.6976, number of entries to the center zone:

p = 0.08391, average duration of visit to the center zone: p = 0.2395, time spent in

the center zone: p = 0.2842) did not yield any significant differences between test and

control groups in terms of anxiety. Mice are curious but cautious by nature. When

introduced to a non-familiar environment, they will explore the new area while avoiding

potential threats such as open spaces and heights. Open field test measures anxiety by

comparing the time spent near the center field of the test chamber which is "danger

prone" since the animals are exposed and the time spent near the sides and corners

which are relatively "safer" since the animals are less exposed. Though not statistically

significant, the most discernible difference between the test and control groups in the

open field experiments is the number of entries to the center zone where the control

group shows fewer number of entries (mean for control group: 21.86, mean for test

group: 33.33, 95% CI: -24.88 to 1.928). The p value observed in this measure is much

lower than those observed in other measures in the open field test and potentially could

indicate that the test group animals are more curious rather than cautious compared

to the test group. Time spent in the center zone and and the average duration of

visits to the center zone measures, however, have higher p values indicating similar

behavioral patterns between the test and control groups. Since the time spent in the

center zone is not statistically different between the two groups, our conclusion for the

animals’ preference between curiosity vs cautiousness is not different between the test

and control groups. The distance travelled also used as a measure for anxiety since

anxious animals prefer to stay in a safer place rather than exploring, in which the

difference observed between the two groups is not statistically different suggesting that

the ablation of GPR139 did not have significant differences in this measure. Elevated

plus maze uses open and closed arms as well as elevation to measure the anxiety.

Similar to open field test, animals are expected to explore both the open and closed

arms even though the open arms pose as a potential stress factor for the animal by

both being an open space without a shelter from threats and visibly elevated from the

ground.
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For both experiment groups, as expected, the closed arms are significantly pre-

ferred over open arms (Figure 5.12c and d) and there were no significant differences

between the time spent in the open or closed arms between the two groups (Figure

5.12a and b). Novel object recognition test measures animal’s recognition memory.

Thanks to their curious nature, mice will spend more time in exploring novel objects

rather than known objects. This test measures the recognition memory by first intro-

ducing the mice to the previously acclimated test chamber which contains two identical

objects, and in consecutive trials changing one of the objects with an unfamiliar one.

Mice are expected to spend more time on the novel object. The discrimination ratio

obtained in our experiments shows that this expected behavior is observed both in the

test and control groups with no significant differences (p = 0.8746, Figure 5.14d). The

discrimination ratio, however, does not take the total time spent in interacting with

either object and only the ratios of the difference between total time spent on the novel

object and the fixed object to total time spent in either object. The time of interac-

tion with the fixed (Figure 5.14a, p = 0.3665) and novel objects (Figure 5.14b, p =

0.8194), and the total time spent on interacting with either object (Figure 5.14c, p =

0.6325) clearly shows there are no significant differences in preference of the animals in

either group in terms of time spent in object interaction. Taken together, these results

indicate that the ablation of GPR139 does not affect the recognition memory in mice.

Behavioral experiments showed no differences between the test and control groups.

These results are in line with previous report by Dandan et al. (2019) [59]. As discussed

above, that publication involved knock out mice and contained more behavioral exper-

iments none of which resulted in a significant difference between the knock out and

wild type animals [59]. Since the in vivo ablation of Gpr139 in adult mice performed

by us and Gpr139 knock out resulted in similar outcomes in terms of the behavioral

measures examined in this study, gene compensation is unlikely to be involved in re-

ported phenotypes and GPR139 is actually not involved in recognition memory, spatial

learning, attention and anxiety. Gene compensation usually involves homologous genes

or genes with similar biochemical functions [62].
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Gpr139 is known to have very low homology with other members of the rhodopsin

family GPCRs and only about 50% homology with Gpr142 [18]. Our results combined

with the similar results of the knock out study as well as lack of a homologous gene,

we think the gene compensation is not involved in published phenotypes and GPR139

is in fact not involved in behavioral aspects reported by Dandan et al. (2019) [59] and

this study.

At the time of planning and initiation of this study, the literature on GPR139

and its function(s) were limited and its possible role in brain development, learning,

anxiety and memory haven’t been investigated. This study was aimed to shed light on

these missing pieces surrounding GPR139, an under-investigated and relatively newly

identified orphan receptor. During the course of this study, however, we have en-

countered various setbacks which created weaknesses. First setback was encountered

during the generation of the knock out mouse model. Knock out mouse generation

was performed in collaboration with Istanbul University Faculty of Veterinary Sciences

Department of Reproduction and Artificial Insemination (IU RAI). Although this col-

laboration was done in good faith and our collaborators showed utmost interest in our

work and provided us with their technical facilities and knowledge without reservations,

their busy schedule and the distance between the two facilities has created difficulties

in scheduling experiments, which in turn caused the experiments to be performed in

longer intervals than ideal. More over, the budgetary constraints and increases in the

costs of consumables limited access to reagents and eventually the number of trials. In

addition, COVID 19 pandemic caused the largest set back due to limitations in travel

and co-habitation of workspaces. Combined with publications performing the same

set of experiments in a larger settings, knock out experiments were cancelled without

reaching conclusive results. The bioinformatic analyses and in vivo ablation experi-

ments, on the other hand, were completed without major issues and provided useful

data. RNAseq analyses provided information on the expression pattern of Gpr139 in

the developing mouse brain and showed a clear differential expression pattern.
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DNA methylation and histone modification analyses showed that this differential

expression was governed by histone modification and not by DNA methylation. During

the In vivo ablation experiments, as in knock out experiments, we have encountered

budgetary limitations due to increased cost of reagents and the FloxP-Cas9 mice, as

well as the COVID 19 restrictions, the number of animals that could be used in the

study was lower than initially planned reducing the statistical power of this line of

experiments.
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7. CONCLUSION

In conclusion, results of this study clearly showed that Gpr139 has differential ex-

pression in the developing mouse and its expression is restricted to the central nervous

system, its expression is most likely regulated by histone modifications, and ablation

of Gpr139 has no discernible effect on spatial learning, locomotor activity, recognition

memory and anxiety. Considering the recent developments and interests in the liter-

ature, discovering the pharmaceutical importance of GPR139 rather than discovering

endogenous ligand(s) of GPR139 and its native function will have more translational

value. In the coming years, we expect GPR139 to be a viable target for small molecule

drugs for treatment of opioid addiction, schizophrenia, ADHD, and possibly Parkin-

son’s disease. Although there are multiple investigations on GPR139 in these diseases

and conditions, there may still be yet-to-be explored functions and involvements of

GPR139 which may provide invaluable insight into various diseases and potentially

clear the way for their treatment.
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