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ABSTRACT 

 

Investigation of Signaling Pathways Activated by the Orphan G Protein-Coupled 

Receptor GPR37  

 

G Protein-Coupled Receptor 37 (GPR37) has attracted attention due to its role in 

neuroprotection and its potential as a therapeutic target in neurodegenerative diseases. 

Prosaposin and its synthetic derivative prosaptide TX14(A) are a potential ligand of 

GPR37, and its effects on cellular signaling pathways of GPR37 remain under 

exploration. This study explores the downstream impacts of prosaptide-activated 

GPR37 on the PI3K-AKT-mTOR signaling pathway. GPR37 activation led to 

increased phosphorylation of PI3K p85 and mTOR, but a decrease in p70S6K and 

AKT phosphorylation in GPR37-transfected cells, indicating complex regulation of 

the pathway. Furthermore, upon prosaptide treatment, GPR37 displayed dynamic 

changes in its localization, shifting from the plasma membrane to intracellular regions.  

The diffusion properties of GPR37 were also investigated using fluorescence 

correlation spectroscopy (FCS) and giant plasma membrane vesicles (GPMVs). The 

diffusion coefficient of GPR37 in cells was higher than anticipated for membrane-

bound receptors, potentially due to their retention in intracellular compartments. In 

GPMVs, GPR37 demonstrated lower diffusion coefficients, reflecting the behavior of 

membrane proteins in a simplified lipid bilayer environment, free from intracellular 

complexities. 

These observations suggest that GPR37 exhibits complex trafficking behavior and 

diffusion dynamics. While prosaptide activation provides insight into the potential 

modulation of key cellular pathways, further research is needed to fully uncover the 

intricate mechanisms underlying GPR37's biological roles. 

 

Keywords: G Protein Coupled Receptor, GPR37, Prosaptide, PI3K-AKT-mTOR, 

Signaling 
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ÖZET 

 

Yetim G Protein-Kenetli Reseptör Ailesine ait GPR37’nin Aktive Ettiği Sinyal 

Yolaklarının İncelenmesi 

 

G Protein-Kenetli Reseptör 37 (GPR37), nörokorumadaki rolünden ve nörodejeneratif 

hastalıkların tedavisinde potansiyel terapötik hedef olmasından dolayı dikkat 

çekmektedir. Prosaposin ve onun sentetik türevi olan prosaptit TX14(A), GPR37'nin 

potansiyel bir ligandı olarak öne çıkmakta ve bunların GPR37’nin hücresel sinyal 

yolakları üzerindeki etkileri hâlâ araştırılmaktadır. Bu çalışma, prosaptit ile aktive 

edilen GPR37'nin PI3K-AKT-mTOR sinyal yolağındaki etkilerini incelemektedir. 

GPR37 aktivasyonu, PI3K p85 ve mTOR fosforilasyonunda artışa, ancak p70S6K ve 

AKT fosforilasyonunda azalmaya yol açarak, bu yolağın karmaşık bir şekilde 

düzenlendiğini göstermektedir. Ayrıca, prosaptit ile muamele edildikten sonra GPR37, 

plazma membranından hücre içi bölgelere geçerek lokalizasyonunda dinamik 

değişiklikler göstermiştir. 

GPR37'nin difüzyon özellikleri ayrıca floresan korelasyon spektroskopisi (FCS) ve 

dev plazma membran vezikülleri (GPMV'ler) kullanılarak araştırıldı. GPR37'nin 

hücrelerdeki difüzyon katsayısı, muhtemelen hücre içi bölümlerde tutulması 

nedeniyle, membrana bağlı reseptörler için beklenenden daha yüksek çıkmıştır. 

GPMV'lerde GPR37, hücre içi karmaşıklıklardan bağımsız, daha sade bir lipid çift 

katmanlı ortamda, membran proteinlerinin tipik davranışına uygun olarak daha düşük 

difüzyon katsayıları sergilemiştir. 

Bu gözlemler, GPR37'nin karmaşık trafik davranışı ve difüzyon dinamikleri 

sergilediğini göstermektedir. Prosaptit aktivasyonu, önemli hücresel yolaklarının 

potansiyel modülasyonuna dair fikir verirken, GPR37'nin biyolojik rollerinin altında 

yatan karmaşık mekanizmaları tam olarak ortaya çıkarmak için daha fazla araştırmaya 

ihtiyaç vardır. 

 

Anahtar Sözcükler: G Protein Kenetli Reseptör, GPR37, Prosaptide, PI3K-AKT-

mTOR, Sinyalleşme  
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1 INTRODUCTION AND AIM 

 

G protein-coupled receptors (GPCRs) represent the largest group of membrane 

proteins, playing a crucial role in regulating cellular signal transduction mechanisms 

activated by hormones, neurotransmitters, ions, lipids, as well as photons and odorants 

[1]. Therefore, they represent the largest group among drug targets. Although ligands 

and effectors are known for many of these receptors, some GPCRs are referred to as 

"orphans" because they have not yet been paired with their endogenous ligands  [2].  

 

Among these, G-protein-coupled receptor 37 (GPR37), also known as parkin-

associated endothelin B receptor-like receptor (PaelR), is of interest because it has 

been associated with several diseases such as autosomal recessive juvenile 

Parkinsonism, autism, epilepsy, and bipolar disorders [3, 4]. However, the signaling 

pathways and physiological functions of GPR37 have not been fully elucidated. 

 

Prosaptide (TX14(A)), a synthetic peptide derived from prosaposin, is known to 

be one of the proposed ligands of GPR37 [5]. This peptide has been shown to exert 

neuroprotective effects by activating pathways that promote cell survival and repair 

[6, 7]. One of the triggered downstream signaling pathways, PI3K-AKT, is a critical 

regulator of cellular processes, including metabolism, growth, and survival [8]. 

 

When misfolded or overexpressed, GPR37 tends to form intracellular aggregates, 

leading to its inefficient trafficking to the plasma membrane [9, 10]. This misfolding 

impairs its functional expression and cellular localization. Giant plasma membrane 

vesicles (GPMVs) could provide a stable system for studying membrane-bound 

proteins like GPCRs, offering an environment that isolates the plasma membrane from 

the complexities of the intracellular environment [11]. 

 

In this study, we aimed to explore the function of the orphan GPR37 in cellular 

signaling processes. To this end, HEK293T cells overexpressing GFP-tagged GPR37 

and YFP-tagged GPR37 will be treated with prosaptide, and the activation of the 

phosphoinositide 3-kinase/Akt (PI3K/Akt) signaling pathway by the GPR37-



 

4 

 

prosaptide interaction will be investigated. Finally, GPMVs derived from GPR37-

transfected HEK293T cells will be used to study the diffusion properties and 

membrane dynamics of the receptor, providing further insights into its behavior in an 

environment isolated from the intracellular milieu, using fluorescence correlation 

spectroscopy (FCS). 
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2 BACKGROUND 

 

2.1 G-Protein Coupled Receptor (GPCRs) 

 

Intercellular communication relies on various signaling molecules, such as 

neurotransmitters, hormones, and growth factors. These chemical messengers interact 

with specific receptors embedded in the plasma membranes of target cells, initiating 

precise cellular responses. G protein-coupled receptors (GPCRs) are the largest and 

most diverse membrane receptor family, consisting of more than 800 receptors, 

corresponding to %2-3 of the human genome [12]. GPCRs initiate cellular responses 

by activating their associated G proteins located on the intracellular face of the cell 

membrane. These G proteins mediate signaling via various intracellular effectors, 

leading to a cascade of molecular events [13]. These events regulate numerous 

physiological processes including sensory perception, neuronal signal transmission, 

hormonal regulation, cell growth, and cellular differentiation [14].  

While GPCRs display remarkable diversity in their functions and regulatory 

mechanisms, they all share a characteristic tertiary structure composed of seven 

transmembrane-spanning (7TM) α-helices, connected by three intracellular (named 

ICL1-3) and three extracellular loops (ECL1-3) [1]. These receptors, which traverse 

the plasma membrane, have their amino (N) terminus exposed to the extracellular side 

and their carboxyl (C) terminus facing the intracellular side [15, 16, 17].  

GPCRs can respond to a wide variety of stimuli including endogenous (biogenic 

amines, ions, lipids, peptides, and glycoproteins) and exogenous (photons, therapeutic 

drugs, pheromones, and odorants) ligands [18, 19]. Impaired concentrations of GPCR 

ligands, abnormal receptor expression, and mutations in GPCRs can disrupt cellular 

processes and contribute to many pathophysiological conditions, including central 

nervous system disorders, neurodegenerative diseases, cardiovascular and respiratory 

diseases, gastrointestinal and metabolic disorders, immune diseases, cancer, and eye 

diseases [20, 21]. Therefore, GPCRs represent one of the most important therapeutic 

targets in modern medicine, as these receptors target approximately 30-40% of 
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currently prescribed drugs [22]. The importance of GPCR studies in signal 

transduction has been widely recognized and valued in medical and life sciences 

research. This significance was highlighted in 2012 when Robert J. Lefkowitz and 

Brian Kobilka were awarded the Nobel Prize in Chemistry for their groundbreaking 

GPCR research [23, 24]. Lefkowitz, a pioneer in the field for over four decades, 

established many fundamental concepts in GPCR biology. A breakthrough came in 

2007 when Kobilka determined the crystal structure of the β2-adrenergic receptor, an 

achievement that paved the way for elucidating the structures of more than 50 GPCRs.  

 

Figure 1. Diversity of ligands for GPCRs [18]. 
A wide variety of ligands bind to GPCRs and activate various signaling pathways to regulate biological 

responses. 
 

2.2 GPCR Classification 

 

GPCRs are classified based on their sequence homology and phylogenetic origin 

(structural and functional characteristics). Although GPCRs do not share overall 

sequence homology, there is significant sequence homology within some GPCR 

subfamilies [25, 26]. The Nomenclature Committee of the International Union of Basic 

and Clinical Pharmacology (NC-IUPHAR) divides GPCRs into six classes based on 

sequence homology: Class A(rhodopsin-like), Class B (secretin receptor family), Class 
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C (metabotropic glutamate), Class D (fungal mating pheromone receptors), Class E 

(cyclic AMP receptors) and Class F (frizzled/smoothened) [27]. Alternatively, GRAFS 

classification system divides GPCRs into five classes based on phylogenetic studies: 

Glutamate (G), Rhodopsin (R), Adhesion (A), Frizzled/Taste2 (F), and Secretin (S) 

[28].  

 

2.3 GPCR Signaling 

 

While GPCRs are primarily known for their ability to bind ligands and activate 

heterotrimeric G proteins (Gαβγ), they also engage in G-protein-independent signaling 

pathways by G-protein-coupled receptor kinase (GRK)-mediated phosphorylation and 

arrestin coupling. 

 

2.3.1 G-Protein dependent signaling 

 

Heterotrimeric G proteins act as a transducer of signals initiated by ligand-receptor 

coupling, triggering conformational changes in the receptor that promote the activation 

of associated G protein [29]. In the heterotrimeric inactive state, the G protein is 

composed of three subunits— Gα and Gβ, Gγ, with the α subunit bound to guanosine 

diphosphate (GDP). The receptor and G protein trimer remain separate on the 

membrane until ligand binding shifts the conformation of the receptor, increasing its 

affinity for the αβγ trimer. Upon receptor activation, the α subunit of G protein releases 

GDP and instead binds to guanosine triphosphate (GTP). This GDP/GTP exchange 

leads to the dissociation of Gα from both the Gβγ dimer and the GPCR itself [30]. 

GPCRs activate numerous intracellular signaling pathways through GTP-bound α 

subunits and released Gβγ dimers. G-proteins can be grouped into four major families 

according to the Gα-subunit: Gαs, Gαi, Gαq, and Gα12/13 [31]. Each family mediates the 

regulation of diverse physiological processes in response to extracellular signals. 
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Figure 2. G protein-dependent signaling pathways of Gαq, Gαs, Gαi, and Gα12/13 protein 

families [32]. 

 

The Gαs family of G proteins directly stimulates membrane-associated adenylate 

cyclase, leading to increased second messenger cyclic AMP (cAMP) levels by 

breaking down adenosine triphosphate (ATP) and subsequent activation of protein 

kinase A (PKA). Once activated, PKA can phosphorylate target proteins resulting in a 

variety of downstream effects. In contrast, Gαi inhibits adenylyl cyclase and therefore 

decreases cAMP production from ATP.  

Gαq proteins activate phospholipase C β (PLCβ), which catalyzes the production 

of inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) from the membrane 

phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2). IP3 binds to IP3 receptors 

in the endoplasmic reticulum and results in Ca+2 release into the cytoplasm. DAG 

activates the protein kinase C (PKC) [33, 34]. 

Finally, the G12/13 family activates Rho guanine nucleotide exchange factors 

(RhoGEFs), which in turn activate the Rho family of small GTPases, including RhoA. 

Once activated, RhoA regulates several downstream effectors such as Rho kinases [35, 

36].  



 

9 

 

β/γ complexes are now recognized for their role in mediating many functions including 

recruiting GRKs to the membrane, regulating G-protein-coupled inwardly rectifying 

potassium channels and adenylyl cyclases [37, 38].  

 

2.3.2 G-Protein independent signaling 

 

GPCRs have been studied primarily for their canonical signaling through G 

protein-dependent mechanisms. However, recent studies have shown that GPCRs can 

also signal through G protein-independent pathways, engaging non-G protein 

signaling effectors that do not rely on traditional G protein interactions. Apart from 

heterotrimeric G proteins, two protein families interact with activated GPCRs: G 

protein-coupled receptor kinases (GRKs) and β-arrestins [39]. 

GRKs and β-arrestins have been involved in GPCR desensitization and 

internalization/recycling [40]. Upon ligand binding and receptor activation, GRKs 

phosphorylate specific residues on the intracellular domains of GPCRs which 

promotes the binding of β-arrestin to the activated receptor. This GPCR-β-arrestin 

interaction blocks the G protein binding site which prevents prolonged receptor 

activation and thereby contributes to GPCR desensitization [41, 42]. Additionally, the 

receptor-arrestin complexes are targeted for clathrin-mediated endocytosis [43]. 

Depending on the interaction, the receptors can either be recycled to the plasma 

membrane, internalized into endosomes, or targeted for degradation [44]. This 

dynamic regulatory mechanism is crucial for maintaining cellular homeostasis as any 

dysfunction could result in variety of disorders such as heart failure and Parkinson’s 

disease [45, 46]. 

In addition to GPCR regulation, both GRKs and β-arrestins have been 

demonstrated to contribute to signal transduction, independently of G proteins. They 

act as scaffold proteins to activate mitogen-activated protein kinases (MAPKs)/ERK 

signaling cascade and Src family tyrosine kinases [47, 39]. 
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Figure 3.  G protein-dependent and independent signaling pathways [48]. 

 

2.4 Orphan GPCRs  

 

GPCRs are the most successful drug targets because they bind and respond to 

agonists, antagonists, and allosteric modulators and induce functional cellular 

responses. Nevertheless, a significant number of GPCRs have not been matched with 

their endogenous ligands. In 2004, the human genome sequencing identified over 800 

GPCRs of which about 140 receptors have not yet been paired with their endogenous 

ligands [49, 50, 51]. Thus, the functions of these receptors remain unknown. These are 

called “orphan” GPCRs. Because only approximately 10% of GPCRs are suitable to 

be therapeutic targets, the de-orphanisation of orphan GPCRs that is, pairing with their 

endogenous ligand(s), emerges as a promising approach for the treatment of many 

diseases [52, 53]. 

International Union of Basic and Clinical Pharmacology (IUPHAR) considers a 

receptor as deorphanized based on two criteria: Firstly, two or more independent 

research groups must publish peer-reviewed papers showing the activity of ligand-

receptor interaction, at potencies consistent with a physiological function. Evidence of 

ligand-receptor binding and functional activation should be provided with a diverse 

array of assays such as radio-ligand binding, calcium flux, and modulation of cAMP 

levels [54, 55]. Reproducibility of the pairing is crucial to avoid false positive results. 
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If two independent laboratories report ligand-receptor interaction but the third one fails 

to confirm that, IUPHAR requires further investigation to eliminate controversy [56].  

Secondly, the tissues must have sufficient levels of the proposed endogenous 

ligand. There should be mechanisms for the ligand to reach physiologically significant 

concentrations for the receptor. Indirect techniques such as immunocytochemistry can 

validate GPCR-ligand pairings for neuropeptides. The concentration of small molecule 

ligands can be determined using radioimmunoassay or mass spectrometry associated 

with gas chromatography or high-performance liquid chromatography [56, 2].  

The proposed pharmacological link between an endogenous ligand and its 

cognate receptor can be tested where the orphan GPCR expression has been ablated or 

increased using genetically engineered mice [56]. The use of genetic manipulation 

approaches should alter receptor characteristics, supporting the ligand-receptor 

pairing. Receptor overexpression and deletion can also provide evidence for a 

pathophysiological role. For example, GPR3 is extensively expressed in the central 

nervous system and is involved in Alzheimer’s disease (AD) [57]. GPR3 is thought to 

play a role in the regulation of amyloid precursor protein and the production of 

amyloid-beta peptides which is one of the hallmarks of AD pathology. In AD mouse 

models, GPR3 deletion has been linked to reduced amyloid-beta production, while 

overexpression of the receptor increases amyloid-beta production [58]. These results 

indicate that GPR3 might be a valuable therapeutic target for Alzheimer's disease. 

 

2.5 G-Protein Coupled Receptor 37 

 

Orphan G-protein-coupled receptor 37 (GPR37), also known as parkin-

associated endothelin B receptor-like receptor (PaelR), is predominantly expressed in 

the mammalian central nervous system particularly in the corpus callosum, striatum, 

and substantia nigra, while having minimal peripheral expression [3]. Within the brain, 

the receptor is specifically found in late-stage (pre-myelinating and myelinating) 

oligodendrocytes, mature astrocytes, and dopaminergic neurons of the substantia nigra 
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[59, 9].  Low levels of GPR37 are detected in the human kidney, placenta, liver, and 

spinal cord [3, 60].  

GPR37 was initially called endothelin B receptor-like protein because of the 

significant homology to endothelin-type B (48% similarity and 29% identity) [60]. 

However, GPR37’s closest homolog is the GPR37-like 1 (GPR37L1) with 68% 

similarity and 48% identity to GPR37 [61] (Figure 4). It has been reported that GPR37 

also shares sequence similarity with bombesin receptors (BB1, and BB2), another 

peptide-specific GPCRs [3]. Therefore, it has been suggested that GPR37 can be 

activated via an endogenous peptide ligand. The first proposed ligand for GPR37 was 

the invertebrate peptide head activator (HA) [62, 63]. Studies show that HA activates 

receptor internalization and increases intracellular calcium levels in GPR37-

overexpressed heterologous cells [62]. Similarly, HA was also reported to stimulate 

calcium-mediated nuclear factor of activated T-cell reporter (NFAT) gene 

transcription and inhibit adenylyl cyclase activity [64].  

Several studies tried to replicate HA-mediated receptor activation, but they failed 

to provide evidence supporting HA as a ligand for GPR37 [65, 66]. The most 

convincing evidence against HA as a potential ligand for GPR37 is its absence in the 

human genome, making it unlikely to be GPR37’s endogenous ligand [56]. 
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Figure 4. GPR37, GPR37L1, and their closest relatives [67]. 
A- Phylogenetic relationship between GPR37 and GPR37L1 and the endothelin and bombesin 

receptors. B- Alignment of human GPR37 and GPR37L1 primary structure highlighting sequence 

conservation using pairwise alignment. Conserved similarity is indicated for residues that are 

hydrophobic (#), positively charged (+), negatively charged (–), or unrelated (.). Predicted 

transmembrane (TM) domains are outlined and labeled. 

 

Another potential ligand for GPR37 is prosaposin (PSAP), a multifunctional 

protein precursor to four lysosomal activator proteins known as saposin A–D, that 

promotes the hydrolysis of sphingolipids via lysosomal hydrolases [68]. Full-length 

prosaposin can also be released into various secretory fluids such as cerebrospinal 

fluid, milk, pancreatic juice, and bile [69]. The study suggests that prosaposin may 

have distinct functions beyond its role as a saposin precursor and acts as 

an extracellular protein. In fact, prosaposin has been recognized as a neurotrophic 

factor that enhances cell survival, neurite outgrowth, and differentiation [6, 7]. 
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The neurotrophic activity of prosaposin has been attributed to a 12-amino-acid 

peptide sequence (LIDNNKTEKEIL) located within saposin C region. Furthermore, 

both saposin C and "prosaptides"—peptides that contain the neurotrophic sequence of 

prosaposin—have been shown to behave as a neurotrophic factor too. Several 

prosaptides have been documented in the literature, all of which are variants of 

prosaposin’s peptide sequence that confers its cytoprotective properties [7]. The 

literature describes various prosaptides, each derived from specific peptide sequences 

of prosaposin that are responsible for the cytoprotective effects of the full-length 

prosaposin protein (Figure 5). 

 

Figure 5. Prosaposin and prosaptides [70]. 
The Saposin C region promotes the cytoprotective actions of prosaposin. There are several prosaptides 

derived from this region that will imitate the peptide sequence.  

 

Prosaposin and its derived peptide (synthetic analog), prosaptide TX14(A), have 

been shown to induce the phosphorylation of extracellular signal-regulated kinases 

(ERK1 and ERK2) across different cell types. ERK1 and ERK2, essential protein 

kinases, mediate a range of cellular processes, prominently influencing cell survival 

through transient activation [71]. For instance, in both primary Schwann cells and an 

immortalized Schwann cell line, TX14(A) was found to promote ERK 

phosphorylation, thereby enhancing sulfatide synthesis in Schwann cells [72]. In PC12 

cells, prosaposin utilizes ERK phosphorylation to protect the cells against oxidative 

cell death [73]. 
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Akt, another critical protein kinase, is also known to promote cell survival. Both 

prosaposin and its prosaptides have been shown to initiate Akt phosphorylation in 

a variety of cells [74]. In primary Schwann cells, TX14(A) stimulated Akt 

phosphorylation, supporting Schwann cell survival via the activation of 

phosphatidylinositide 3-kinases, which act as upstream regulators of Akt [8]. 

Additionally, prosaposin has been demonstrated to activate the Akt pathway to 

attenuate oxidative cell death in PC12 cells, alongside its role in the ERK pathway 

[73].  

Recent studies have shown that prosaposin and prosaptide TX14(A) induce 

ERK1/2 phosphorylation and inhibit forskolin-stimulated cAMP production through 

GPR37 in GPR37-overexpressed HEK293T cells. To confirm endogenous GPR37 

activity, primary cortical astrocytes and siRNA-mediated knockdown of GPR37 are 

used. While phospho-ERK increased in primary astrocytes via prosaposin or 

prosaptide TX14(A) treatment, siRNA knockdown of GPR37 reduced this effect. 

Based on these results, it was concluded that GPR37 was a Gαi-coupled receptor [5].  

Despite the compelling evidence, the pairing of prosaposin and TX14(A) with 

GPR37 remains controversial. For instance, the required concentration of prosaptide 

or TX14(A) for receptor activation (100 nM) is unusually high for peptide-GPCR 

interactions, which typically occur at much lower concentrations. For example, affinity 

of ET-1 to ETB receptors is pKd 8.7–9.2 [75]. Questions also arise from discrepancies 

in ligand-mediated GPR37 internalization. For example, Lundius et al. demonstrated, 

using fluorescence correlation spectroscopy, that GPR37-turboGFP co-localizes with 

TX14(A) and GM1 gangliosides within lipid rafts in catecholaminergic N2a cells [76]. 

This interaction suggests a potential protective mechanism involving GPR37, GM1, 

and lipid rafts against toxic intracellular GPR37 aggregates associated with 

Parkinson's disease. Furthermore, immunoabsorption of extracellular prosaposin 

decreased plasma membrane levels of GPR37, which is opposite of the expected 

outcome of agonist depletion. This finding also contrasts with results of ligand-

mediated internalization of GPR37 by prosaposin [5]. Several studies have been unable 

to replicate the prosaposin/prosaptide-mediated effects on GPR37 signaling. In one 
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instance, TX14(A) failed to be detected as an agonist for GPR37 in a β-arrestin-based 

orphan GPCR screen [66]. Another study found that TX14A-activated GPR37 

provided protection from oxidative stress in primary astrocytes but failed to observe 

the same effect in heterologous cells overexpressing the receptor [77]. This 

inconsistency could imply that the activation of GPR37 might rely on the presence of 

cell-specific scaffolding proteins or interaction partners. However, further research on 

the functional relationships between GPR37 and PSAP/TX14A is needed to resolve 

the discrepancies. 

Studies have revealed two additional proposed ligands for GPR37: the bioactive 

lipid metabolite neuroprotectin D1(NPD1) [78] and the bone-derived protein hormone 

osteocalcin (OCL) [79].  They are both found to increase intracellular calcium 

accumulation in GPR37-transfected heterologous cells, as well as peritoneal 

macrophages for NPD1. In 2021, Bang et al. examined the role of GPR37 in models 

of infection and sepsis, NPD1 demonstrated protective effects against sepsis induced 

by lipopolysaccharide (LPS) and Listeria in wild-type mice [80]. Notably, these 

protective effects were absent in GPR37-knockout mice, indicating that GPR37 is 

crucial for mediating the anti-inflammatory and immune-protective actions of NPD1. 

In another study, OCL was also found to have protective effects against LPS-caused 

acute inflammation which were lost in GPR37-knockout mice [81].  

Despite the proposal of several ligands for GPR37, none have been officially 

recognized as endogenous ligands by the IUPHAR yet [82], resulting in GPR37 being 

classified as an orphan receptor. 

GPR37 initially attracted attention as a substrate of parkin, an E3 ubiquitin ligase 

whose mutated form is directly associated with autosomal recessive juvenile 

Parkinsonism [9]. Studies have shown that misfolded GPR37 is abundantly present in 

Lewy bodies, suggesting its potential as a biomarker for Parkinson's disease pathology 

[83, 84, 10, 85]. 
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Early studies primarily focused on the misfolding of GPR37 and its role in 

inducing cellular stress, particularly in the absence of parkin or under conditions of 

receptor overexpression [9, 10, 85]. These conditions are associated with endoplasmic 

reticulum (ER) stress, which promotes the accumulation and aggregation of misfolded 

proteins. Misfolded GPR37, unable to be cleared from the cell, forms aggregate that 

trigger the unfolded protein response, ultimately leading to cell death [9, 86]. While 

GPR37 overexpression has been associated with cellular toxicity, studies show that 

GPR37-GFP overexpression can protect N2a cells from dopaminergic toxins like 

MPP+, rotenone, and 6-OHDA, likely due to increased cell surface expression [87]. 

This suggests that prosaposin may act as a chaperone for GPR37, ensuring its correct 

folding and trafficking to the cell surface, where GPR37 signaling could be 

neuroprotective. Alternatively, prosaposin’s neuroprotective effects may be 

independent of GPR37. 

A key challenge in studying GPR37 is its poor trafficking to the plasma membrane 

and cytotoxicity in most heterologous cell lines. Several strategies have been used to 

address these issues. Chemical chaperones like 4-phenylbutyrate (4-PBA) have been 

shown to increase cell surface expression and reduce cytotoxicity in SH-SY5Y 

neuroblastoma cells [88]. Another approach involved truncating the long GPR37 N-

terminus, which restored cell surface expression [65]. Additionally, heterodimerization 

with other GPCRs, like dopamine D2 and adenosine A2A receptors or co-expression 

with interacting partners like the scaffold protein syntenin-1 improved GPR37 

trafficking to the plasma membrane [65].  

Finally, these findings suggest that although misfolded cytoplasmic GPR37 is 

toxic, GPR37 localized to the plasma membrane play a cytoprotective role, mediating 

the neuroprotective effects of secreted prosaposin. 

2.6 PI3K/AKT/mTOR Signaling Pathway 

 

The phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin 

(mTOR) signaling pathway plays a fundamental role in regulating essential cellular 
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processes such as cell cycle progression, transcription, translation, differentiation, 

apoptosis, metabolism, immune function, and cell survival [89]. This cascade is 

activated by various cell surface receptors, including receptor tyrosine kinases (RTKs) 

and G protein-coupled receptors [90, 91]. Upon activation, PI3K generates 3’-

phosphorylated inositol phosphates, which act as second messengers to recruit and 

activate downstream effectors, Akt and mTOR (Figure 6). 

Akt plays a central role in cell survival by phosphorylating and inhibiting pro-

apoptotic factors while activating anti-apoptotic mechanisms [92]. mTOR, 

downstream of Akt, regulates cellular growth and metabolism through its two distinct 

complexes, mTORC1 and mTORC2. Among its downstream targets, mTORC1 

phosphorylates p70 ribosomal S6 kinase (p70S6K), a key mediator of protein 

synthesis, ribosome biogenesis and cellular growth. Phosphorylated p70S6K enhances 

translation by activating ribosomal protein S6 and other components of the 

translational machinery, thus linking mTOR signaling to cellular growth and metabolic 

adaptation. The PI3K/Akt/mTOR/p70S6K pathway is critical for cell survival and 

proliferation, as well as for the regulation of various essential physiological processes 

[93]. Therefore, dysregulation of this signaling cascade can lead to a variety of 

pathological conditions, including cancer, neurodegenerative diseases, and immune 

system dysfunction [94, 95, 96]. 
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Figure 6. The PI3K/Akt/mTOR signaling pathway [90].  
GPCRs, RTKs, and Ras activate the PI3K/Akt/mTOR signaling cascade, which regulates various 

cellular processes including ribosome biogenesis, cell growth, apoptosis, and metabolism. 
  

Upon ligand binding, GPCRs activate associated G proteins, which initiate a 

cascade of downstream signaling events through their Gα and Gβγ subunits. 

Phosphoinositide 3-kinase (PI3K), particularly the isoforms containing p110β or 

p110γ subunits, is activated by the Gβγ subunit [92]. This triggers the production of 

phosphatidylinositol 3,4,5-triphosphate (PIP3), a secondary messenger that facilitates 

the activation of Akt through phosphorylation at specific residues (Thr308 and 

Ser473). This phosphorylation cascade leads to the full activation of Akt, triggering 

various downstream signaling events [97]. One of the key roles of Akt is to activate 

mTOR, a critical regulator of cell growth and protein synthesis. Akt inhibits the 

TSC1/2 complex, a negative regulator of mTORC1, allowing mTORC1 to activate 

protein synthesis by phosphorylating key targets such as p70S6K and 4EBP1. By 

phosphorylating components involved in translation initiation, p70S6K enhances 

protein production and cell proliferation, making it an essential regulator of cellular 

responses to growth signals [97]. 
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The activation of the PI3K/Akt/mTOR/p70S6K pathway by GPCRs is influenced 

by various ligands. These include hormones such as thyroid-stimulating hormone and 

follicle-stimulating hormone, bioactive lipids like sphingosine 1-phosphate and 

lysophosphatidic acid, and neurotransmitters like serotonin [98, 99, 100, 101]. These 

ligands trigger GPCR-mediated signaling, activating PI3K and Akt, which in turn 

modulate various biological processes such as cell proliferation, survival, and 

migration. For example, 5-HT can activate the PI3K/Akt pathway via its GPCR, 

promoting angiogenesis and neuroprotection [101], while the Gi-coupled LPA 

receptors support cell survival, cell migration, and proliferation via Akt activation 

[100, 102]. 

In hepatocellular carcinoma, GPR37 knockdown increases Akt phosphorylation 

at Ser473, suggesting that suppressing GPR37 may impair cell survival by modulating 

the PI3K-Akt pathway [103]. In glioma cells, overexpression of GPR37 results in 

elevated levels of p-AKT (Ser473), providing evidence that upregulation of GPR37 

promotes cell survival and proliferation via the PI3K/AKT signaling pathway [104]. 

In another study, GPR37 was shown to play a significant role in regulating the 

PI3K/AKT signaling pathway in response to a nutrient stimulus, such as 

selenomethionine which promotes milk protein and fat synthesis in mammary 

epithelial cells (MECs) [105]. This nutrient-induced phosphorylation of mTOR and 

S6K1 is dose-dependent and is blocked after GPR37 knockdown, highlighting its key 

role in activating the PI3K/AKT/mTOR pathway to regulate cell growth and 

metabolism in MECs. The involvement of GPR37 in the PI3K/AKT pathway has also 

been observed in other models. For example, intranasal administration of recombinant 

PSAP (rPSAP) in ischemic stroke models reduces neuronal apoptosis and promotes 

cell survival by upregulating the PI3K/Akt/ASK1 pathway. [106]. 
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3 MATERIALS AND METHODS 

 

3.1 Materials 

 

Products and their respective suppliers are shown in Table 1, while Table 2 lists 

the equipment used in the experiments conducted in this thesis. 

 

Table 1. List of Products and Suppliers 

0% Fat Skim milk Regilait 

0.25% Trypsin-EDTA, phenol RED Gibco 

2-mercaptoethanol Sigma Aldrich 

40% Acrylamide/Bis-acrylamide Serva 

Acetic Acid Sigma Aldrich 

Agar Sigma Aldrich 

Amersham Hybond P 0.2 PVDF membrane GE Healthcare 

Amersham Protran 0.2 NC membrane GE Healthcare 

Ammonium persulfate GE Healthcare 

Ampicillin Sigma Aldrich 

Attofluor Cell Chamber Invitrogen 

Bovine Serum Albumin (BSA) Fraction V Sigma Aldrich 

Bradford Reagent, 5x Serva 

Brillant Blue G Sigma Aldrich 

Cell Proliferation Kit Roche 

Dimethyl sulfoxide (DMSO) Hybri-Max Sigma Aldrich 

DMEM, high glucose, non-pyruvate Gibco 

Ditiotreitol (DTT) Applichem 

EDTA-free protease inhibitor cocktail Roche 

Ethanol Sigma Aldrich 

Ethylenediaminetetraacedic acid (EDTA) Sigma Aldrich 

Glycerol Sigma Aldrich 

Glycine Serva 
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Table 2. List of Products and Suppliers (continued) 

GPR37 (NM_005302) Human Tagged 

ORF Clone 
Origene 

HaloTag Alexa Fluor 660 Ligand Promega 

HI Fetal Bovine Serum Gibco 

Hydrochloric acid Sigma Aldrich 

IBIDI µ-Slide 8 Well Ibidi 

Igepal CA-630 Sigma Aldrich 

Kanamycin sulfate Sigma Aldrich 

LB Broth  Serva 

L-Glutamine Gibco 

Lipofectamine 3000 Transfection Kit Invitrogen 

Methanol Sigma Aldrich 

Mammalian Expression Vector pCMV6-

AC-GFP  
Origene 

Mouse monoclonal anti-B-Actin Antibody 

(AC-74) 
Sigma Aldrich 

Mouse monoclonal p-mTOR Antibody 

(59.Ser 2448): sc-293133 
Santa Cruz Biotechnology 

Mouse monoclonal p-p70 S6 kinase/S6K1 

Antibody (A-6): sc-8416 
Santa Cruz Biotechnology 

Mouse monoclonal p70 S6 kinase/S6K1 

Antibody (H-9): sc-8418 
Santa Cruz Biotechnology 

Opti-MEM Gibco 

PageRuler™ Plus Prestained Protein Ladder 

10 to 250kDa 
ThermoFisher Scientific 

Pei-MAX Polysciences 

Penicillin-Streptomycin Gibco 

Peroxidase affinipure goat anti-mouse 

IgG(H+L) 
Jackson Immoresearch 

Peroxidase affinipure goat anti-rabbit 

IgG(H+L) 
Jackson Immoresearch 

Phenylmethanesulfonyl (PMSF) Applichem 
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Table 3. List of Products and Suppliers (continued) 

Phosphate Buffer Saline (PBS), 1X Gibco 

PI3K/AKT signaling pathway panel 

 
Abcam 

Ponceau S Sigma Aldrich 

Potassium Chloride Sigma Aldrich 

Potassium Dihydrogen Phosphate Sigma Aldrich 

Prosaptide TX14(A) Medchemexpress 

Sodium Dodecyl Sulfate (SDS) Sigma Aldrich 

Sodium Azide Sigma Aldrich 

Sodium Chloride Sigma Aldrich 

Sodium Fluoride Sigma Aldrich 

Sodium Hydroxide Merck 

Sodium Orthovanadate Sigma Aldrich 

Sodium Phosphate Dibasic Dodecahydrate Sigma Aldrich 

SuperSignal West Pico Chemiluminescent 

Substrate 
ThermoFisher Scientific 

TEMED Sigma Aldrich 

Triton X-100 Sigma Aldrich 

Trizma Base Sigma Aldrich 

Trizma Base for Electrophoresis Serva 

Trypan Blue Sigma Aldrich 

Tween 20 Sigma Aldrich 

Zymo Pure Midi Prep Kit ZymoPure 

Western Blotting Filter Extra-Thick Paper ThermoFisher   Scientific 



 

24 

 

Table 4. List of Equipment 

-20ºc Freezer 
Kirsch 

-80ºc Freezer GLF 

4ºc Fridge Kirsch 

Biosafety Cabinet ThermoFisher Scientific 

Cell Culture Incubator ESCO CCL-170B-8 

Chemidoc MP Imaging System BioRad 

Confocal Microscope Zeiss LSM 700 

Confocal Microscope Zeiss LSM 780 

Environmental Shaker/Incubator ESCO 

Flow Cytometer BD FACSVerse 

Inverted Microscope Zeiss 

Micro Centrifuge ThermoFisher Scientific 

Mini Centrifuge Biosan 

Nanodrop Thermo Scientific OneC 

Nitrogen Tank Thermo 30 Thermo Scientific 

Plate Reader BioTek 

Trans-Blot Turbo Tranfer System BioRad 

Varioskan Flash ThermoFisher Scientific 

Ventilated Microcentrifuge ThermoFisher Scientific 

Water Bath St 30 Nüve 

Inverted Microscope Zeiss 

Micro Centrifuge ThermoFisher Scientific 

Mini Centrifuge Biosan 

Nitrogen Tank Thermo 30 Thermo Scientific 

Plate Reader BioTek 

 

3.1.1 Preparation of chemicals, solutions, and buffers  

 

Prosaptide (1mM) 

 

 0.001g of prosaptide was dissolved in 633 µl of DMSO to prepare 1 mM main 
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stocks. The stock solution was filtered with a 0.22 um filter and stored at -80°C. 

 

Protease Inhibitor (PI) (25x) 

 

 The Roche cOmplete EDTA-free protease inhibitor cocktail was dissolved in 

2 mL of ddH₂O to prepare a 25X stock solution. This stock solution was stored at -

20°C. The protease inhibitor was diluted in RIPA buffer for protein isolation to have 

a final concentration of 1X. 

 

Table 5. 10% Polyacrylamide Separating Gel (1x) 

30% Acrylamide/Bisacrylamide 2.66 ml 

1.5 M Tris (pH 8.8) 2 ml 

50% Glycerol 400 µl 

ddH2O 2.85 ml 

TEMED 8 µl 

10% APS 80 µl 
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Table 6. 8% Polyacrylamide Separating Gel (1x) 

30% Acrylamide/Bisacrylamide 2.12 ml 

1.5 M Tris (pH 8.8) 2 ml 

50% Glycerol 400 µl 

ddH2O 3.4 ml 

TEMED 8 µl 

10% APS 80 µl 

 

Table 7. 4% Polyacrylamide Stacking Gel (1x) 

30% Acrylamide/Bisacrylamide 520 µl 

1 M Tris (pH 6.8) 800 µl 

20% SDS 32 µl 

ddH2O 2560 µl 

10% APS 80 µl 

TEMED 8 µl 

 

Tris-Glycine running buffer (pH 7.5-8.0), 10x 

25 mM Tris 

1.92 M Glycine 

1% SDS 

1X running buffer is diluted from 10X stock with ddH2O 

 

Bjerrum Schafer-Nielsen Transfer buffer, 10x 

48 mM Tris 

39 mM Glycine 

20% methanol 

1X transfer buffer is diluted from 10X stock with ddH2O 
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PBS (pH 7.4), 10x 

30 mM KCl 

1.37 M NaCl 

35 mM KH2PO4 

100 mM Na2HPO4.12H2O 

1X PBS is diluted from 10X stock with ddH2O 

 

RIPA lysis buffer, 1x 

50 mM Tris-HCl (pH 7.4) 

150 mM NaCl 

1 mM NaF 

1 mM EDTA 

1 mM Na3VO4 

0.5 % Igepal CA-630 

0.5 % Triton X-100  

1 mM DTT 

0.5 mM PMSF in EtOH 

 

1% Bromophenol Blue 

100mg Bromophenol Blue 

10ml methanol  

Vortexed and then filtered 

 

Skimmed Milk, 5 % 

1X PBS-T is used to prepare 5 % (w/v) skimmed milk 

 

PBST, 1X 

1X PBS 

% 1 Tween-20 

 

BSA for primary antibodies, 5 % 

5 % (w/v) Fraction V BSA 1X PBS 
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0.02 % NaAzide 

 

Laemmli Sample Buffer, 5X 

250mM Tris-HCl (pH 6.8) 

 5 % SDS 

43.5 % Glycerol 

0.5 % Bromophenol Blue 

 

Ponceau S 

0.1 % (w/v) Ponceau S 5 % Acetic acid 

 

LB Broth (1 Liter) 

25 g LB broth was dissolved in 1 liter of ddH2O and autoclaved.  

 

SOB Medium 

2.0% tryptone  

0.5% yeast extract  

10 mM NaCl  

2.5 mM KCl 

Autoclaved and added 5 mL of sterile Mg solution per 500 mL 

 

Mg Solution  

1 M MgCl2  

1 ml MgSO4  

Final volume to 500 ml. 

 

CMG Buffer 

50 mM CaCl2  

50 mM MgCl 
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16% Paraformaldehyde 

16 g PFA 

50 ml distilled H2O 

Heat to above 50 °C 

Adjust pH until the solution clears. 

Final volume to 100 ml. 

 

DTT, 1 M 

1.54 g DTT 

Distilled H2O to 10 ml 

 

3.2 Methods 

3.2.1 Experimental design 

 

This thesis investigates the function and membrane dynamics of the orphan 

receptor GPR37 in cellular signaling pathways. HEK293T cells overexpressing 

GPR37-YFP and GPR37-turboGFP were evaluated for transfection efficiency. The 

effect of prosaptide on cell viability was assessed using the MTT assay, while Western 

blotting was performed to analyze the activation of the PI3K/Akt signaling pathway, 

focusing on the phosphorylation of key downstream proteins. Additionally, prosaptide 

treatment of GPR37-transfected cells was used to investigate changes in receptor 

localization and trafficking dynamics. The experimental workflow is shown in Figure 

7. 
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Figure 7. Experimental design of the thesis. 

  

3.2.2 Preparation of chemically competent E. coli and plasmid isolation 

 

5 µl of E. coli strain DH5α glycerol stock was mixed with 5 ml LB (liquid broth) 

and the cells were incubated at 37ºC overnight in a shaker. 1 ml of growth culture was 

mixed with 100 ml SOB medium and incubated at 37ºC at 200 rpm. The spectrometer 

at 600 nm followed the culture OD until OD600 reached between 0.4-0.6. After the 

culture was grown to the desired density, it was transferred into sterile 1.5ml centrifuge 

tubes and centrifuged at 4,000g for 5 minutes at 4 °C. The SOB medium was carefully 

removed, and the cell pellet was gently resuspended in 30 mL of cold CMG buffer. 

The suspension was incubated on ice for 15 minutes before being centrifuged again 

under the same conditions. The supernatant was discarded following centrifugation, 

and the cells were resuspended in 7.2 mL of cold CMG buffer to ensure proper 

dispersion. Suspensions were transferred to sterile 1.5 mL centrifuge tubes and 

incubated on ice for 5 minutes. DMSO was then added in two steps: first, 252 µl was 

added, mixed thoroughly, and incubated on ice for 5 minutes, followed by the addition 

of another 252 µl, with the same mixing and incubation. Finally, the prepared cell 

suspension was aliquoted into sterile microcentrifuge tubes in 100 µl volumes and 

flash-frozen in liquid nitrogen for storage at -80º C. 

GPR37 (NM_005302) Human Tagged ORF Clone (RG208054) and pCMV6-AC-

GFP (#PS100010) plasmids were purchased from Origene. GPR37-YFP construct was 
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kindly gifted by Dr. Francisco Ciruela. For the transformation of these plasmids into 

DH5α, 2 µl of plasmid was gently mixed with the cells. The mixture was incubated on 

ice for 30 minutes to allow DNA to bind to the cell membrane. Then cells are placed 

at 42°C heat block for 45 seconds, followed by immediate cooling on ice for 2 minutes. 

900 µl LB medium was added, and the cells were incubated for 1 hour at 37°C with 

shaking at 200rpm. 100µl of cell suspension was subsequently spread onto LB agar 

plates containing the appropriate antibiotic (ampicillin or kanamycin) and incubated 

overnight at 37°C. 

A single colony was chosen for plasmid isolation and added into a 100 ml LB 

medium with the appropriate antibiotic followed by incubation overnight at 37ºC on a 

220rpm shaker. ZymoPURE midiprep Plasmid kit was used for the isolation of 

plasmids. After isolation, concentrations and qualities of plasmids were checked by 

NanoDrop and by agarose gel electrophoresis (%1 agarose gel). Plasmids were then 

stored at   -80°C. 

3.2.3 Cell culture 

3.2.3.1 Maintenance of HEK293T cell line 

 HEK293T human embryonic kidney cells were gifted by Prof. Dr. Eda Tahir 

Turanlı. The cells were cultured in DMEM high glucose medium supplemented with 

1% penicillin/streptomycin and 10% sterile fetal bovine serum (FBS) in a humidified 

atmosphere of 5% CO2 at 37°C. The cells were maintained in 100 mm cell culture 

dishes and were passaged twice a week when they reached 80 to 90% confluency. To 

subculture the cells, the medium was aspirated, and cells were washed with 5 ml 1X 

PBS without Mg+2 and Ca+2. PBS was aspirated and 1 ml of 0.05% Trypsin/EDTA 

was added to the cells. After incubation for 3 to 5 minutes, cells were resuspended and 

collected with 10 ml complete medium in 15 ml tubes and centrifuged at 600 g for 5 

minutes at room temperature. The supernatant was aspirated, and the cells were 

resuspended in 5 ml complete medium. After mixing the cell suspension with trypan 

blue in a 1:1 ratio, cells were counted by using a hemocytometer.  

 



 

32 

 

3.2.3.2 Cryopreservation of the cells 

 For cryopreservation, cells were grown to approximately 90% confluency in 

100 mm culture dishes and were detached from the culture dish as described in the cell 

line maintenance section. The cell pellet was suspended in a freezing medium 

composed of 90% DMEM (with 10% FBS) and 10% cell culture grade DMSO.  The 

DMSO was added gradually to the cell suspension after it was resuspended in DMEM 

with 10% FBS. The final suspension was aliquoted into cryogenic vials, each 

containing 1 mL of the cell mixture with approximately 2 million cells per vial. Vials 

were then placed into an into an isopropanol chamber and stored at –80oC overnight. 

The next day vials were placed into a nitrogen tank for preservation. 

3.2.4 Plasmid transfection 

HEK293T cells were seeded in 60mm petri dishes, 25mm coverslips, or ibidi μ-

Slide 8 well and transfected with plasmids depending on the experimental setup. The 

dishes were incubated overnight at 37°C with 5% CO2 for cell attachment. When the 

cells reached approximately 70% confluency, transfection was initiated. 

HEK293T cells were seeded at 0.9 x 106 density in 60mm petri dish and were 

incubated overnight at 5% CO2 at 37°C incubator for cell attachment. For transfection 

using PEI-Max, 185 μL OPTIMEM was added to two separate microcentrifuge tubes. 

To one tube, 22.5 μL PEI-Max was added, and to the other, 7.5 μg of plasmid DNA 

(3:1 PEI-Max to DNA ratio). The tubes were mixed thoroughly and incubated for 30 

minutes at room temperature. After incubation, the transfection mixture was added to 

the cells, and the cells were observed post-transfection using fluorescence microscopy. 

For transfection using Lipofectamine 3000, HEK293T cells were seeded in ibidi 

μ-Slide 8 well at a density of 5 x 104 cells per well. Transfection was performed 

according to the manufacturer’s protocol. Briefly, 12.5 μL OPTI-MEM medium was 

added to two separate tubes. To the first tube, 100 ng plasmid DNA and 0.2 μL P3000 

buffer (Lipofectamine 3000) were added and gently mixed. To the second tube, 0.375 

μL Lipofectamine 3000 reagent was added and mixed gently. Both solutions were 



 

33 

 

combined and incubated for 15 minutes at room temperature. The transfection mixture 

was then added dropwise onto the cells. Cells were observed under fluorescence 

microscopy within 48 hours after transfection. 

3.2.5 Flow cytometry analysis for transfection efficiency 

To determine transfection efficiency, HEK293T cells were seeded and transfected 

with GPR37 (NM_005302) Human Tagged ORF Clone, pCMV6-AC-GFP, and 

GPR37-YFP in 60 mm dishes, as previously described. Cells were visualized for 48 

hours post-transfection to assess transfection efficiency. Following incubation, cells 

were detached using trypsin, and then centrifuged at 600 g for 5 minutes. The cell 

pellets were washed with dPBS and centrifuged again at 600 g for 5 minutes to remove 

the excess medium. The final cell pellets were resuspended in 400 µL dPBS. Cells 

were counted using a hemocytometer and 3x105 cells from each group were transferred 

into separate flow cytometry tubes. The samples were analyzed using a BD 

FACSVerse flow cytometer. A total of 10,000 events were acquired, and the data was 

properly gated and analyzed with FlowJo software. Non-transfected cell populations 

were used to define the gate. FITC channel was used to quantify the percentage of 

transfected cells.  

3.2.6 Cell viability assay 

HEK293T cells were seeded at a density of 1 x 104 cells per well in 96-well plates 

and incubated for 24 hours at 37°C in a humidified incubator with 5% CO2.  Cells were 

treated in triplicate with increasing concentrations of prosaptide (0.01 µM, 0.025 µM, 

0.05 µM, 0.1 µM, 0.5 µM, 1 µM, 5 µM) for 24 hours. Two controls were included: 

untreated cells (control cells) and wells containing only medium (blank). 

For GPR37-YFP and GPR37-tGFP expressing cells, HEK293T cells were first 

seeded at a density of 0.9 x 106 cells in 60-mm Petri dishes and incubated overnight at 

37°C in a humidified incubator with 5% CO2. Plasmid transfections were performed 

as described previously. 48 hours after transfection, cells were detached using 0.25% 

trypsin-EDTA, reseeded at 1 x 104 cells per well in 96-well plates, and incubated for 
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24 hours. Cells were then treated in triplicate with increasing concentrations of 

prosaptide (0.025 µM, 0.05 µM, 0.1 µM, 0.5 µM, 1 µM) for 24 hours. Three controls 

were included: untreated cells (control), cells transfected with GFP (mock), and wells 

containing only medium (blank). 

Cell viability was measured using the MTT Cell Proliferation Kit I (Roche) 

according to the manufacturer’s protocol. Briefly, 10 µL of MTT labeling reagent 

was added to each well and incubated for 4 hours at 37°C. Afterward, 100 µL of 

solubilization buffer was added to dissolve the formazan crystals, and the plates 

were incubated overnight. Absorbance was measured at 570 nm using a microplate 

reader, with a blank reference. Cell viability for treated samples was calculated 

relative to the untreated control cells, which were defined as 100%. 

3.2.7 Protein isolation 

HEK293T cells were seeded in 60 mm cell culture dishes, as previously described 

and transfected with GPR37-tGFP, GPR37-YFP and GFP (control) plasmids. 48 hours 

after transfection, GPR37-tGFP-expressing cells were treated with 0.1 µM prosaptide 

for 10, 15, 30, or 60 minutes. GPR37-YFP- and GFP-expressing cells were treated 

with 0.1 µM prosaptide for 10 minutes. Untreated transfected cells and HEK293T cells 

were included as controls. At the end of the treatment, the growth medium was 

aspirated, and cells were collected with 1X cold PBS. Cell pellets were centrifuged at 

5000 rpm for 5 minutes at 4°C. After removing supernatants, cell pellets were 

resuspended in 100µl of 1X RIPA buffer containing 1X protease inhibitors for 30 

minutes on ice and vortexed every 10 minutes during incubation. Afterward, 

suspensions were centrifuged at 14000 g for 15 minutes at 4°C. Supernatants, 

containing the protein samples, are collected in fresh tubes and were stored at -80°C. 

3.2.8 Protein concentration determination 

Protein concentrations were determined using Bradford assay. A 5× Bradford 

stock reagent was diluted with distilled water (ddH2O) to prepare a 1× working 

solution. BSA standards were prepared at concentrations of 1.5, 1, 0.75, 0.5, 0.375, 
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0.25, 0.1875, 0.125, 0.9375 µg/µL from 2 µg/µl BSA. Protein samples were diluted 

1:10 with ddH2O, and 10 µL of each diluted samples and BSA standards were pipetted 

in triplicate into a 96-well plate. Wells containing 10 µL of ddH2O served as blanks. 

To each well, 190 µL of 1× Bradford reagent was added. The plate was incubated in 

the dark at room temperature for 10 minutes. Following incubation, the absorbance 

was measured at 595 nm using a microplate reader. Blank absorbance values were 

averaged and subtracted from the absorbance of the samples and standards. A standard 

curve was generated using the BSA standards, and the protein concentrations of the 

samples were calculated based on the linear regression equation derived from the 

standard curve.  

3.2.9 SDS-PAGE and western blotting 

Protein samples were prepared by diluting 5X Laemmli sample buffer to 1X with 

30 µg protein sample. The final volume of the samples was adjusted to 20 µL with 

deionized water. All samples were heated at 95° C for 10 minutes to denature the 

proteins and then placed on ice before loading them into gels. For high molecular 

weight proteins, 8% acrylamide gel was used, while 10% acrylamide gel was utilized 

for proteins with lower molecular weights. Electrophoresis was performed at 70V until 

the samples entered the separating gel, then increased to 110V until the samples 

reached the bottom. The gels were then transferred to either nitrocellulose or 0.2 µm 

PVDF membrane using a semi-dry blotting apparatus for 35 minutes at 25V with 1X 

transfer buffer. For high molecular weight proteins, transfer was carried out in a wet 

transfer system for 150 minutes at 100V. To confirm successful transfer, membranes 

were stained with Ponceau S. Excess stain was removed by washing with distilled 

water. Gels were stained with Coomassie Brilliant Blue to ensure complete transfer 

and visualize any residual proteins. After transfer, membranes were blocked with 5% 

skimmed milk in PBST for 1 hour at room temperature to prevent non-specific binding. 

Membranes were then incubated with rabbit anti-mTOR (1:1000), mouse anti-p-

mTOR (1:1000), rabbit anti-akt (1:15000), rabbit anti-p-akt (1:1000), mouse anti-

p70S6K (1:1000), mouse anti-p-p70S6K (1:1000), mouse anti-β-actin (1:2000) 

primary antibodies overnight at 4°C. Next day, membranes were washed three times 

for 10min with PBST at room temperature and incubated wih horseradish peroxidase 
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(HRP)-conjugated anti-rabbit (1:1000) or anti-mouse (1:1000) antibodies for 1 hour at 

room temperature. Membranes were washed three times for 10min with PBST again. 

To visualize protein bands, membranes were incubated with SuperSignal West Pico 

chemiluminescent substrate for 2-5 minutes in the dark. Protein bands were imaged 

using a ChemiDoc imaging system (Bio-Rad) and analyzed with ImageLab software. 

3.2.10 Receptor localization by confocal microscopy 

HEK293T cells were seeded on 25 mm glass coverslips at density of 2 × 104 cells 

and allowed to adhere overnight in a humidified incubator at 37°C with 5% CO2. The 

next day, cells were transfected transfected with GPR37-YFP and GPR37-GFP 

plasmids using PEI-Max transfection reagent. After 24 hours of incubation, the cells 

were treated with 1 µM prosaptide and live-cell imaging was performed using Zeiss 

LSM700 Laser Scanning Microscope equipped with 20x/0.8 Plan-Apochromat and 

488 nm laser to excite the plasmids. Prior to imaging, the cells were washed once with 

pre-warmed PBS to remove residual medium. The medium was then replaced with 

pre-warmed phenol red-free medium to minimize interference from background 

fluorescence. Images were captured at the designated time points (20, 30, 40, 50, 60 

and 70 minutes) to observe the localization of the receptor and track its dynamics over 

time. The images were analyzed using Zeiss ZEN software and ImageJ. 

3.2.11 GPMV preparation 

Giant plasma membrane vesicles (GPMVs) large extracellular vesicles derived 

from the plasma membrane of living cells through a vesiculation process that involves 

treatment with paraformaldehyde (PFA) and dithiothreitol (DTT) [107, 108]. This 

method disrupts cytoskeletal attachments, allowing mobile components of the plasma 

membrane to separate while leaving cytoskeleton-bound materials behind (Figure 7). 

As a result, GPMVs maintain the compositional complexity of the native plasma 

membrane but lack the cortical actin cytoskeleton and intracellular processes, making 

them an ideal membrane model system for studying membrane protein dynamics in 

the absence of intracellular trafficking [109, 110]. 
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Cells were grown to ~70% confluence in ibidi chambers and transfected with 

GPR37-GFP and GFP plasmids using Lipofectamine 3000, as described previously. 

Twenty-four hours post-transfection, the growth medium was discarded, and the cells 

were gently washed with HBSS buffer. To induce vesiculation, 1 mL of HBSS buffer, 

along with 4.5 µL of 16% paraformaldehyde (PFA) stock and 2 µL of 1 M 

dithiothreitol (DTT), was added to each well, achieving final concentrations of 25 mM 

PFA and 2 mM DTT. The cells were incubated for 2.5 hours at 37°C in a CO2 

incubator. The formation of GPMVs was monitored under a brightfield microscope, 

where dark vesicles indicated successful vesiculation. The GPMVs were then collected 

by gently pipetting out the solution. The ibidi chambers were rinsed with 0.1% BSA 

and washed with HBSS before the GPMV solutions were loaded for further 

experiments. 

3.2.12 Fluorescence correlation spectroscopy (FCS) 

Fluorescence Correlation Spectroscopy (FCS) is a technique that offers high 

spatial and temporal resolution and exceptional sensitivity, used to investigate the 

molecular dynamics of fluorescent molecules at the single-molecule level by analyzing 

fluctuations in fluorescence intensity [111, 112]. This makes FCS an invaluable tool 

for studying GPCR behavior, including receptor interactions, receptor-ligand binding, 

and the dynamics of receptor signaling [113]. FCS is noninvasive, which is particularly 

advantageous for examining receptor dynamics in real-time without disrupting the 

system [114].  

Confocal system is used for FCS (Figure 9). FCS is based on the analysis of 

time correlations in fluorescence fluctuation emitted when fluorescently labeled 

molecules, such as GPCRs, are diffusing in and out of an observation volume. This 

analysis offers quantitative information about molecular diffusion (diffusion 

coefficient), brightness (molecular brightness), and concentration of molecules within 

the detection volume [112].  
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Figure 8. FCS Setup 

 

The autocorrelation function (Gτ) is calculated to know the average dwell time 

of the fluorescent species in the measurement volume (τD), and the average number of 

particles (N) the autocorrelation curve (Figure 8). The autocorrelation function (Gτ) is 

given by the equation: 

 

       

Equation 1 [76]. 
Where I(t)  is the fluorescence intensity at certain time t, and τ is the lag time.  

δI(t) = I(t) − <I(t)> is the the difference in fluorescence intensity and the mean 

fluorescence intensity over the recorded time series is (<I(t)>), and its intensity 

measured at a later time, δI(t + τ) = I(t + τ) − <I(t)>. 

The autocorrelation function is influenced by the surrounding environment. 

For measurements with a single diffusing molecule (tGFP) in cell culture medium, 

FCS curves were fitted using a model for free three-dimensional (3D) diffusion with 
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triplet: 

 

             

Equation 3 [76]. 

 

For measurements at the plasma membrane (GPR37-tGFP), FCS curves were 

fitted using a model for free two-dimensional (2D) diffusion with triplet: 

 

                       

Equation 4 [76]. 

 

After obtaining the diffusion time (τD), the diffusion coefficient (D) for the 

lateral mobility of the fluorescent molecule can be calculated using equation 5: 

 

                           

Equation 5 where 𝜔 is the radius of the confocal detection volume. 

 

GPMVs and live cells were prepared as described previously, with cells seeded 

and transfected separately with GPR37-GFP and GFP plasmids in Ibidi chambers. FCS 

experiments were done using a Zeiss LSM 780 confocal microscope equipped with 

40× NA 1.2 water immersion objective. Prior to data acquisition, the focal volume was 

calibrated using a standard solution of 10 nM Alexa Fluor 488 dye to ensure accurate 

measurements. Calibration was performed at varying laser powers (0.1%, 0.2%, 0.5%, 

and 1%) to assess the impact of laser intensity on the focal volume and diffusion 
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parameters. These calibrations also allowed for optimization of the measurement 

conditions. 

FCS measurements were recorded with a 488 nm laser at 0.1% power (~2 µW). 

FCS measurements were performed on the apical plasma membranes of the cell. The 

measurements were taken at specific focal spots identified by scanning along the 

vertical (z) axis, selecting the points with the highest fluorescence intensity. The 

recorded fluorescence intensity fluctuations were analyzed using FoCuS-point 

software to fit the FCS curves and determine the diffusion coefficients [115]. 

3.2.13 Statistical analysis 

All data are presented as mean ± standard error of the mean (SEM) unless 

otherwise specified. Statistical analysis was conducted using GraphPad Prism 5 

(GraphPad Software, San Diego, CA, USA). Student's t-tests were performed to 

evaluate the significance of differences. A p-value of less than 0.05 was considered 

statistically significant. 
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4 RESULTS 

 

4.1 Assessment of Isolated Plasmids 

 

In our study, we used three plasmids: GPR37 (NM_005302) Human Tagged ORF 

Clone, pCMV6-AC-GFP, and GPR37-YFP construct, which was generously provided 

by Dr. Francisco Ciruela (Figure 10,11). Each plasmid was isolated using plasmid 

midiprep to ensure high purity and sufficient yield for subsequent experiments. The 

quality and concentration of the isolated plasmids were assessed using NanoDrop 

(Table 7). All plasmids showed high purity, indicated by A260/A280 ratios within the 

acceptable range (1.8–2.0). 

 

Figure 9. Plasmid maps. 
(A) GPR37 (NM_005302) Human Tagged ORF Clone (RG208054) and (B) pCMV6-AC-GFP 

(#PS100010). 
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Table 8. Plasmid DNA Concentration 

Plasmids A260/A280 A260/A230 Concentration (ng/ µl) 

GPR37 
(NM_005302) Human 

Tagged ORF Clone 

1,94 2,37 227,4 

pCMV6-AC-GFP 1,89 2,23 91,1 

GPR37-YFP 1,89 2,13 77,7 

 

Additionally, the integrity of the plasmids was assessed using 1% agarose gel. The 

gel analysis revealed distinct bands corresponding to the expected sizes of the 

plasmids, confirming the successful isolation of intact and uncontaminated DNA. 

 

 

Figure 10. Agarose gel (1%) electrophoresis of isolated plasmids. 
(A) GPR37 (NM_005302) Human Tagged ORF Clone, (B) pCMV6-AC-GFP and (C) GPR37-YFP.  

The first ladder refers to 1kb DNA Marker (NEB). 
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4.2 Expression of GFP-tagged GPR37 Plasmids in HEK293T Cells 

HEK293T cells were transfected using the Polyethylenimine “Max” (PEI MAX) 

transfection reagent at a 3:1 ratio of PEI to DNA. Transfected cells were examined 

after 48 hours under a fluorescence microscope to confirm successful transfection and 

expression of the plasmids (Figure 12). 

Polyethylenimine (PEI) is a transfection reagent that binds DNA to form stable, 

positively charged complexes [116]. These complexes interact with the negatively 

charged cell surface, allowing cellular uptake through endocytosis. Inside the cell, PEI 

enables the release of DNA into the cytoplasm by breaking the endosomal membrane. 

The use of a 3:1 PEI:DNA ratio was optimal for transfecting HEK293T cells with the 

selected plasmids.  
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Figure 11. Expression of control (GFP), GPR37-GFP and GPR37-YFP plasmids on 

HEK293T cells with PEI-MAX. 
(Observation of transfected cells on fluorescent microscopy. Cells were transfected at 3:1 ratio (PEI-

MAX (µg/ µl): plasmid (µg)) and later they were examined on fluorescent microscopy under the FITC 

channel with brightfield imaging until 48 hours. Images are taken under 20X magnification. Scale bars 

were drawn by ImageJ software. (Scale bar, 100 µM.) 

 

4.3 Determination of Transfection Efficiency 

To assess the transfection efficiency of our plasmids, we utilized flow cytometry 

on the FITC channel to detect the GFP signal (Figure 13). This approach allowed us 

to quantify the percentage of cells expressing fluorescent protein. Before performing 

subsequent experiments, the transfection efficiency was carefully evaluated. 

Experiments were only conducted if the transfection efficiency exceeded 50%. The 

transfection efficiencies, 54% for the control GFP, 65% for GPR37-YFP and 59% for 

GPR37-GFP, demonstrate the successful introduction of plasmids into HEK293T 

cells. 
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Figure 12. Determination of transfection efficiency with flow cytometry. 
(HEK293T cells were transfected with control (GFP), GPR37-GFP and GPR37-YFP plasmids. Non-

transfected cells served as a control and were included for gating and population selection during flow 

cytometry analysis. Cells were harvested by trypsinization and subjected to flow cytometry 

measurements using the FITC channel to detect fluorescence signals from transfected cells. Control 

GFP (empty) plasmid had 54%, GPR37-GFP had 59% and GPR37-YFP had 65% efficiency. The BD 

FACSuite software was used to analyze the data and calculate the proportion of fluorescent cells relative 

to the non-transfected control group.) 

 

4.4 The Effect of Prosaptide on Cell Viability 

The effects of prosaptide treatment on cell viability were evaluated using the MTT 

assay in both HEK293T cells and HEK293T cells transfected with GPR37-GFP and 

GPR37-YFP plasmids. Untreated cells served as controls, and non-transfected cells 

were incubated with increasing concentrations of prosaptide (0.01 µM, 0.025 µM, 0.05 

µM, 0.1 µM, 0.5 µM, 1 µM and 5 µM) (Figure 10). For GPR37-transfected cells, 

prosaptide was given at 0.025 µM, 0.05 µM, 0.1 µM, 0.5 µM, 1 µM concentrations 

(Figure 14, 15).  

 

The results demonstrated no significant changes in cell viability across all 

concentrations of prosaptide when compared to the untreated controls. This was 

consistent in both non-transfected HEK293T cells and those transfected with GPR37-

GFP or GPR37-YFP. However, a noticeable difference in cell viability was observed 
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between transfected and non-transfected cells, likely due to the cytotoxic effects of the 

transfection agent, PEI-MAX. 

 

Figure 13. The effect of TX14(A) on cell viability in HEK293T cells. 
(HEK293T cells were incubated with different concentrations of prosaptide from 0,01 uM to 5 uM for 

24 h. Untreated cells were used as control. The absorbance of the formazan crystals was measured with 

Varioskan. The bar graph represents the mean ± SEM values of three experiments (p > 0,05).) 
 

 

Figure 14. The effect of TX14(A) on cell viability in GPR37-GFP and GPR37-YFP 

transfected HEK293T cells. 
(GPR37-GFP and GPR37-YFP transfected HEK293T cells were incubated with different 

concentrations of prosaptide from 0,025 uM to 1 uM for 24 h. Untreated transfected cells were used as 

control. Mock-transfected (GFP) and vehicle-treated non-transfected cells were included as additional 

controls. The absorbance of the formazan crystals was measured with Varioskan. The bar graph 

represents the mean ± SEM values of three experiments (p > 0,05).) 
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4.5 GPR37 Localization Upon Prosaptide Treatment 

Confocal microscopy was used to investigate the localization of GPR37 in live 

HEK293T cells transfected with GPR37-GFP and GPR37-YFP plasmids. Fluorescent 

signals were captured under basal conditions and at various time points (20, 30, 40, 

50, 60, and 70 minutes) following treatment with 1 µM TX14(A) (Figure 16).  

GPR37 localization was detected at both the plasma membrane and intracellular 

regions. Over time, changes in the distribution and intensity of fluorescence were 

observed, with the fluorescent signal progressively shifting from the plasma membrane 

to intracellular regions, suggesting dynamic alterations in receptor localization 

following TX14(A) treatment. 

 

Figure 15. Confocal microscopy images showing the localization of GPR37-GFP in 

live HEK293T cells. 
Localization of GPR37-GFP under basal conditions and at different points (20, 30, 40, 50, 60, and 70 

minutes) following TX14(A) treatment. Images were taken with 20x objective using Zeiss LSM 700 

confocal microscope and are representative of three independent experiments. Scale bar: 20 µm. 
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Figure 16. Figure 17. Confocal microscopy images showing the localization of 

GPR37-YFP in live HEK293T cells. 
Localization of GPR37-YFP under basal conditions and at different points (20, 30, 40, 50, 60, and 70 

minutes) following TX14(A) treatment. Images were taken with 20x objective using Zeiss LSM 700 

confocal microscope and are representative of three independent experiments. Scale bar: 20 µm. 

 

4.6 The Role of GPR37 in PI3K/AKT Signaling Pathway 

To assess the downstream effects of GPR37 activation by prosaptide (TX14(A)), 

key proteins in the PI3K-AKT signaling pathway were analyzed using Western 

blotting. GPR37-YFP and GPR37-GFP expressing cells and non-transfected 

HEK293T cells were treated with 0,1 µM TX14(A) for indicated time points (10, 15, 

30, 60 minutes), alongside control and mock-transfected (GFP) cells (Figure 17).  

While control and mock-transfected cells exhibited minimal changes, GPR37-

transfected cells showed increased phosphorylation of PI3K p85, AKT, and mTOR. 

However, prosaptide treatment did not affect p70S6K phosphorylation. Differences in 

phosphorylation patterns between GPR37-GFP and GPR37-YFP were also observed. 

Prosaptide treatment to HEK293T cells increased phosphorylation of AKT. 
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Figure 18. Western blot analysis of the PI3K-AKT-mTOR signaling pathway in 

GPR37-YFP-expressing, GPR37-GFP-expressing, and non-transfected HEK293T 

cells treated with 0,1µM TX14(A).  
(As indicated, cells were treated for 10, 15, 30, and 60 minutes. Mock GFP and non-transfected 

untreated cells are used as controls. Western Blot analysis was used to detect protein levels and β-Actin 

was used as a loading control) 

 

4.7 Diffusion Dynamics of GPR37 

To investigate the photophysical behaviors of turboGFP and eGFP, with a 

particular focus on turboGFP due to its use in subsequent experiments involving 

GPR37-turboGFP, their diffusion properties were evaluated under varying laser power 

intensities using FCS (Figure 18). Diffusion coefficients for turboGFP increased 

significantly with laser power intensity, from 25.89 µm²/s at 0.1% to 72.53 µm²/s at 

1%. In contrast, eGFP diffusion coefficients remained stable, ranging between 31.42 

µm²/s and 37.66 µm²/s across all laser powers. For GPR37-turboGFP, the 1% laser 

intensity was excluded due to its high laser power, and an additional lower intensity 

of 0.05% was introduced to optimize the investigation of diffusion dynamics of 

GPR37-turboGFP expressing HEK293T cells. 
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.  

Figure 19. Diffusion coefficient of turboGFP and eGFP under varying laser powers (% 

of the full power). 
(HEK293T cells are transfected with turboGFP and eGFP plasmids and incubated at 30°C 5% CO2 for 

24h before performing FCS measurements. Excitation was achieved using a 488 nm laser. Laser power 

intensities were adjusted to 0.1%, 0.2%, 0.5% and 1% of the total power output. Autocorrelation 

functions were recorded for each condition and fitted to a 3D diffusion model with triplet to calculate 

diffusion coefficients (D)). 

To investigate the diffusion properties of GPR37-turboGFP compared to 

turboGFP in solution, FCS was performed at varying laser power intensities (0.05%, 

0.1%, 0.2%, and 0.5%) (Figure 19).  For turboGFP, the diffusion coefficients were 

consistent at lower laser powers (0.05% and 0.1%). However, a substantial increase 

was observed at higher laser powers (0.2% and 0.5%). In contrast, GPR37-turboGFP 

displayed considerably lower diffusion coefficients across all laser intensities, which 

is consistent with the behavior of membrane-bound GPCRs, although the observed 

diffusion coefficients were somewhat higher than anticipated (Figure 20). Specifically, 

at 0.05%, the diffusion coefficients were 2.98µm²/s and 7.94 µm²/s, and at 0.1%, they 

increased slightly to 4.56µm²/s and 9.70µm²/s. At 0.2% and 0.5%, the diffusion 

coefficients increased, although they remained significantly lower than those for 

turboGFP. 
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Figure 20. Diffusion coefficient of GPR37-turboGFP and turboGFP under varying 

laser powers (% of the full power). 
(HEK293T cells are transfected with turboGFP and GPR37-turboGFP plasmids and incubated at 30°C 

5% CO2 for 24h before performing FCS measurements. Excitation was achieved using a 488 nm laser. 

Laser power intensities were adjusted to 0.05%, 0.1%, 0.2% and 0.5% of the total power output. 

Autocorrelation functions were recorded for each condition and fitted to a 2D diffusion model with 

triplet for GPR37-turboGFP and to a 3D diffusion model with triplet for turboGFP to calculate diffusion 

coefficients (D). Two independent experiments are done). 

 

 

Figure 21.  Confocal microscopy image of GPR37-turboGFP transfected HEK293T 

cells.  
Live-cell fluorescence images were used to localize the confocal observation volume above the cell 

nucleus (indicated by a cross). A cross indicated the plasma membrane. Scale bar = 10 μm.  

 

4.8 Molecular Mobility of GPR37 in GPMVs 

HEK293T cells were transfected with GPR37-turboGFP and turboGFP 

plasmids, followed by GPMV preparation to investigate the diffusion properties of 

GPR37 in the membrane environment of GPMVs. The diffusion coefficients of 
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GPR37-GFP in GPMVs were measured and compared to turboGFP in solution as a 

control. The diffusion coefficients for GPR37-GFP in GPMVs ranged from 1.79 to 

8.77 µm²/s, significantly lower than the 82 to 106 µm²/s observed for turboGFP (Figure 

22.A). Additionally, brightfield images of GPMVs transfected with GPR37-turboGFP 

showed successful vesiculation with dark vesicular structures, while confocal images 

demonstrated the fluorescence of GPR37-turboGFP (Figure 21). 

 

Figure 22.  Confocal microscopy image (GFP) and brightfield image (BF) of GPR37-

turboGFP transfected GPMVs.   
A cross indicates the plasma membrane where FCS measurements are performed. Scale bar = 10 μm.  

 

 

Figure 23.  Diffusion of GPR37-turboGFP in GPMVs.  
((A) Diffusion coefficient of GPR37-turboGFP and turboGFP in GPMVs. (B) Count per molecule 

(CPM) for GPR37-turboGFP and turboGFP. HEK293T cells are transfected with turboGFP and 

GPR37-turboGFP plasmids and incubated at 30°C 5% CO2 for 24h before GPMV preparation.  For 

FCS measurements, 488 nm laser is used for fluorescence excitation. Laser power intensities were 

adjusted to 0.1%. Autocorrelation functions were recorded for each condition and fitted to a 2D 

diffusion model with triplet for GPR37-turboGFP and to a 3D diffusion model with triplet for turboGFP 

to calculate diffusion coefficients (D). Two independent experiments are done) 
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The count per molecule (CPM) values for GPR37-turboGFP in GPMVs were 

between 3.77 kHz and 6.71 kHz, significantly higher than those observed for 

turboGFP, which were between 1.64 kHz and 2.03kHz (Figure 22.B). These higher 

CPM values for GPR37-turboGFP in GPMVs suggest that the receptor may experience 

clustering or interactions that enhance the fluorescence signal, potentially due to 

oligomerization or other membrane-associated behaviors. 
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5 CONCLUSION 

 

GPCRs constitute the largest family of membrane receptors involved in cellular 

signal transduction [1]. GPCRs mediate diverse physiological processes via ligand 

binding, receptor activation and triggering downstream signaling pathways [13]. 

Among them, GPR37 is of particular interest due to its relation to Parkinson’s disease 

and its emerging role in neuroprotection and cellular stress responses [3, 4]. Although 

GPR37 is categorized as orphan GPCR due to the absence of a known endogenous 

ligand, several studies have proposed multiple ligands such as HA, OCL and NPD1 

[4]. Among these, prosaposin and synthetic peptides derived from the active 

neurotrophic domain of prosaposin, prosaptide, have been identified as promising 

ligands for GPR37 [70].   Prosaptide, particularly TX14(A) demonstrated the ability 

to activate pathways like ERK1/2 and Akt, contributing to cell survival and protective 

effects in various cell types, such as Schwann cells and PC12 cells [8, 72]. The PI3K-

AKT pathway is widely known for its involvement in regulating cell growth, survival, 

and metabolism [89]. However, prosaptide interaction with GPR37 remains 

questionable due to the high concentrations required for receptor activation and 

inconsistencies in ligand-mediated receptor internalization [75, 76]. 

 

In this study, we investigated the role of the PI3K-AKT-mTOR pathway in 

GPR37 activation by prosaptide TX14(A) to understand the signaling mechanisms 

related to GPR37. For this purpose, HEK293T cells were transfected with GPR37-

YFP, GPR37-GFP and control (GFP) plasmids. After confirming successful 

transfections through fluorescence microscopy, the transfection efficiency was further 

assessed using flow cytometry. To determine the optimal concentration of prosaptide 

for our experiments, we tested various concentrations (0.01 µM to 5 µM) in HEK293T 

cells and GPR37-transfected HEK293T cells using the MTT assay to evaluate cell 

viability. The results revealed no significant changes in cell viability at any of the 

concentrations, indicating that prosaptide does not induce cytotoxicity under the 

conditions tested. Given that 0.1 µM was used in previous studies, we selected 0.1 µM 

for further experiments to investigate its effects on signaling pathways. 
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Confocal microscopy was used to examine the localization of GPR37-GFP and 

GPR37-YFP in live HEK293T cells, both under basal conditions and after treatment 

with TX14(A) at multiple time points (20, 30, 40, 50, 60, and 70 minutes). The 

fluorescence signal, which initially localized at the plasma membrane, gradually 

shifted to intracellular regions over time. This dynamic redistribution of fluorescence 

suggests that TX14(A) may induce changes in GPR37 localization, possibly due to 

receptor internalization, a key feature often associated with GPCR activation. Our 

findings also showed a more detectable shift in GPR37-GFP fluorescence localization 

compared to GPR37-YFP following TX14(A) treatment. Structural or folding 

differences between GFP and YFP may have influenced the receptor’s behavior, and 

variations in expression levels could have further impacted the results.  Also, in 

heterologous cell lines, overexpression of receptors can lead to altered trafficking 

pathways or receptor accumulation in intracellular compartments, which could 

obscure the clear visualization of receptor internalization. 

 

Our study aimed to explore the downstream effects of GPR37 activation by 

prosaptide on the PI3K-AKT-mTOR signaling pathway. While control and mock-

transfected cells exhibited minimal changes in phosphorylation, GPR37-expressing 

cells showed an increased phosphorylation of PI3K p85, AKT, and mTOR. However, 

prosaptide treatment did not alter p70S6K phosphorylation, suggesting that GPR37 

activation may regulate key signaling molecules within the pathway without strongly 

impacting its downstream effector S6K1. 

 

Interestingly, differences in phosphorylation patterns were observed between 

GPR37-GFP and GPR37-YFP, which may indicate structural or functional variations 

between these tagged receptor variants. Additionally, prosaptide treatment in 

HEK293T cells led to increased AKT phosphorylation, suggesting that prosaptide may 

activate AKT signaling through endogenous receptors or alternative pathways 

independent of GPR37. These findings highlight the complexity of GPR37’s role in 

PI3K-AKT-mTOR signaling and raise important questions about its specific 

regulatory mechanisms. 
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The observed differences between the GPR37-GFP and GPR37-YFP expressing 

cells further complicate the interpretation of these results. The distinct phosphorylation 

patterns between these two tagged versions of GPR37 could suggest that the tagging 

itself may influence receptor activation or downstream signaling events. These 

discrepancies highlight the complexity of GPR37 signaling and suggest that further 

investigation is needed to elucidate the precise mechanisms through which prosaptide 

modulates the PI3K-AKT-mTOR pathway and its impact on cellular responses such 

as survival, growth, and metabolism. Additional studies, including those focusing on 

the potential role of scaffolding proteins and cell-type specific properties, will be 

necessary to resolve the observed inconsistencies and fully understand the functional 

implications of GPR37 activation in different contexts. 

 

FCS was utilized to measure the diffusion coefficients of GPR37 under varying 

laser intensities, providing a high-resolution approach to study molecular mobility. 

Our results demonstrate a clear contrast in the diffusion properties of turboGFP and 

eGFP. While the diffusion coefficient of turboGFP increased significantly with higher 

laser intensities, ranging from 25.89 µm²/s at 0.1% to 72.53 µm²/s at 1%, eGFP 

diffusion remained stable at values between 31.42 µm²/s and 37.66 µm²/s. This 

discrepancy suggests that turboGFP is more susceptible to changes in laser power, 

while diffusion of eGFP is relatively unaffected by variations in laser intensity. The 

stable diffusion behavior of eGFP makes it a reliable probe in scenarios where 

consistent diffusion is required. 

 

Observed diffusion coefficients for GPR37, although lower than those for 

turboGFP (control), were still higher than expected for membrane-bound GPCRs, 

which typically range from 0 to 1 µm²/s. This suggests that while GPR37 is membrane-

localized GPCR, it may not be as tightly restricted. Several factors could contribute to 

this increased mobility, including weak interactions with cytoskeletal components or 

an altered membrane microenvironment. Overexpression of GPR37 may result in 

inefficient trafficking to the plasma membrane, with some of the receptors retained in 

intracellular compartments such as the ER or vesicles, leading to higher-than-expected 

diffusion coefficients [9]. These observations emphasize the complexity of membrane-
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bound receptor dynamics, where various factors beyond simple membrane tethering 

can influence diffusion characteristics. 

 

To further investigate the membrane-specific dynamics, GPMVs were used, 

showing significantly lower diffusion coefficients for GPR37-turboGFP. In cells, 

GPCRs experience various intracellular constraints, such as interactions with the 

cytoskeleton, intracellular trafficking, and potential clustering at lipid rafts or other 

microdomains. These factors affect their lateral mobility within the membrane. In 

GPMVs, while the complex intracellular environment is removed, the proteins are still 

confined to a lipid bilayer, which mimics the plasma membrane but lacks other 

intracellular structures. Our findings were further supported by FCS measurements in 

GPMVs, which closely mimic the natural cellular environment of GPR37. GPR37-

turboGFP showed diffusion coefficients ranging from 1.79 µm²/s to 8.77 µm²/s, much 

lower than the 82 µm²/s to 106 µm²/s observed for turboGFP in solution. This 

difference highlights the profound effect that the membrane association has on the 

diffusion of GPR37, further emphasizing the restricted movement of membrane-bound 

receptors. The significantly higher count per molecule (CPM) values for GPR37-

turboGFP (3.77 kHz to 6.71 kHz) compared to turboGFP (1.64 kHz to 2.03 kHz) in 

GPMVs suggest that GPR37 may undergo clustering or oligomerization in the 

membrane, which would enhance the fluorescence signal and may be indicative of 

protein-protein interactions or receptor aggregation. This clustering could also 

influence the receptor's functionality, as oligomerization is a well-known mechanism 

through which GPCRs modulate signaling pathways. 
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6 CONCLUSION 

 

GPCRs such as GPR37 play a pivotal role in cellular signaling by undergoing 

complex conformational changes and internalization processes following ligand 

binding. This study demonstrates that prosaptide activation of GPR37 significantly 

alters the PI3K-AKT pathway, as evidenced by increased phosphorylation of 

PI3Kp85, Akt and mTOR. These results suggest that GPR37 plays a role in regulating 

cellular signaling pathways, which could influence cell survival, metabolism, and 

overall cellular function. Furthermore, the localization of GPR37 reveal that, upon 

prosaptide treatment, GPR37 undergoes a shift from the plasma membrane to 

intracellular compartments, indicating receptor internalization.  

 

The diffusion dynamics of GPR37 in the membrane were significantly different 

in cells and GPMVs. In cells, GPR37 exhibited higher diffusion coefficients. This 

discrepancy could be attributed to the challenges in accurately capturing the movement 

of GPR37 in the complex cellular environment, where the receptor may be trapped in 

intracellular compartments such as the ER or vesicles, limiting its membrane-

associated diffusion. Conversely, GPR37 in GPMVs demonstrated lower diffusion 

coefficients, closer to the expected behavior of membrane proteins in a less complex, 

model membrane environment. This comparison emphasizes how cellular complexity, 

and intracellular structures can limit the mobility of membrane receptors. 

 

Overall, these findings suggest that GPR37 exhibits complex diffusion dynamics, 

intracellular trafficking, and signaling behavior. Prosaptide activation provides 

insights into its potential role in modulating key signaling pathways, though further 

studies are required to fully elucidate its biological functions and therapeutic 

applications. 
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