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ABSTRACT 

 

Neuropeptide Y (NPY) is one of the most abundant peptides in the central and peripheral 

nervous system. It is involved in numerous physiological (e.g. energy and bone homeostasis) and 

pathophysiological processes (e.g. atherosclerosis, cancer). Its functions are predominantly 

mediated by Y1, Y2 and Y5 receptors. While Y1 and Y2 receptors are well characterized, 

functions of the Y5 receptors (Y5Rs) are not fully elucidated.  

Y5R is usually co-expressed with other NPY receptors at low levels, often in an inducible 

manner. In this thesis, it is hypothesized that Y5R plays a regulatory role in the NPY system.  

Indeed, here we have shown that co-expression of Y5 with Y1 receptors sensitized CHO-

K1 cells to NPY and triggered the mitogenic response to the peptide at picomolar concentrations. 

This high affinity peak of activity, which was not observed in the cells expressing single 

receptors, was blocked by Y1 and Y5 receptor antagonists. These results indicate that both 

receptors need to be activated for this effect and suggest Y1/Y5 receptor interactions. In line with 

this, immunoprecipitation experiments revealed the presence of Y1/Y5 receptor heterodimers.  

Next to their direct interactions with other NPY receptors, Y5Rs are involved in cross-

talk with tyrosine kinase receptors (RTKs) for brain-derived neurotrophic factor (BDNF) – TrkB. 

In neuroblastoma cells constitutively expressing only Y2 receptors (Y2Rs), BDNF additionally 
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induced expression of Y5Rs. Interestingly, it was Y2R, not Y5R or Y2/Y5 receptors blockade, 

which completely suppressed the proliferative effect of NPY in neuroblastoma cells. Instead, the 

Y5Rs seem to modify signaling of TrkB. Y5R antagonists markedly reduced BDNF-induced 

TrkB phosphorylation and p44/42 MAPK activation. These interactions between Y5R and TrkB 

signaling pathways had also functional consequences. Blocking Y5Rs significantly decreased 

BDNF-driven neuroblastoma cell survival and impaired the acquisition of resistance to 

chemotherapy, while combining Y5R and Trk antagonists completely abolishes pro-survival 

effect of BDNF.  

In summary, Y5R is a potent modulatory receptor interacting with other NPY receptors, 

and RTKs. Such interactions of the Y5Rs enhance functions of NPY and enable cross-talk of the 

NPY system with other pathways. Understanding the mechanisms and functional consequences 

of Y5R activity may open new therapeutic opportunities for NPY-associated disorders.  
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CHAPTER 1:  Introduction 

1.1. NPY AND ITS RECEPTORS  

NEUROPEPTIDE Y (NPY) is a highly conserved peptide co-stored, and co-released, along 

with norepinephrine, from the sympathetic nerves. The peptide was first isolated from the 

porcine brain [1]. NPY is one of the most abundant peptides in the brain and peripheral nervous 

systems, and belongs to the pancreatic polypeptide (PP) family which also includes peptide YY 

(PYY) and pancreatic polypeptide (PP). NPY is involved in psychiatric disorders (depression, 

anxiety, ethanol dependence, post-traumatic stress disorder (PTSD)—for review: [2]), regulation 

of food intake, pain perception [3], regulation of circadian rhythm, atherosclerosis, angiogenesis 

[4], and inflammatory responses [5]. The peptide exerts its functions via Y1, Y2, Y4, Y5 and y6 

receptors (y6 inactive in rats and humans), members of G-protein Coupled Receptor (GPCR) 

family type A. y3 pharmacological signature is reserved for yet uncloned receptor which would 

present tenfold higher affinity towards NPY than PP [6]. The specific functions of particular 

NPY receptors are covered in detail below.  

NPY is initially expressed in 98 residues long pre-pro form, which undergoes maturation 

by the enzymatic removal of a signal peptide and C terminus [7]. The resulting mature NPY is a 

36 amino-acids long peptide amidated at C-terminus. NPY can be cleaved at N-terminus by its 

converting enzyme, dipeptidyl peptidase -4 (DPP-4), which leaves NPY shortened by two initial 

residues, designated as NPY3-36. NPY3-36 binds effectively to Y2 and Y5 receptors, but it is 

unable to activate Y1 receptor. Moreover, it has been reported that NPY is capable of forming 

dimers [8], although K.Uegaki et al showed that their presence was not required for NPY to be 
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bound to NPY receptor [9]. Similarly, it has been shown that NPY receptors, like their ligand, 

can form homo- and heterodimers.  

NPY Y1 RECEPTOR (Y1R) 

Apart from being the first cloned and characterized receptor within the NPY family [10], 

Y1R is also the most vastly expressed NPY receptor in peripheral and central nervous system. 

Predominantly, Y1R is present in paraventricular nucleus (PVN) of the hypothalamus in the 

central nervous system where it is involved in the control of feeding. Initially labeled as a 

“feeding receptor”, it does not limit its physiological function to the regulation of food intake, 

but also is shown to play a role in a vasoconstriction [11], bone homeostasis [12], inflammation 

[5], Ewing’s sarcoma cell death [13].   

 

NPY Y2 RECEPTOR (Y2R) 

Y2R is widely localized in the central nervous system, particularly in brain cortex, 

hypothalamus, hippocampus and thalamus. It is as well found in the peripheral regions, such as 

sympathetic neurons, endothelial cells and intestine [14]. From Y2 -/- mice knockout studies, it 

has been concluded that Y2R can be involved in anxiety -, depression- like behavior [15, 16], 

obesity, food intake [17, 18], circadian regulation of locomotion and exploration [19], and in the 

control of bone homeostasis [20]. In contrast to other NPY receptors, Y2R is mostly expressed in 

pre-synaptic nerve terminals.  

 

NPY Y4 RECEPTOR (Y4R) 

Y4R mRNA is largely detected in peripheral tissues, in particular along the 

gastrointestinal tract including pancreas, intestine, and colon. Y4R was also found in heart, 
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skeletal muscle and thyroid glands. In the central nervous system, Y4R is expressed at low 

levels. Its primary ligand is, originating from pancreas F type cells, pancreatic peptide (PP) 

which binds to Y4R at picomolar concentration. Y4R shows weaker affinity to PYY and NPY by 

100 fold in comparison to PP [21]. On that account, Y4R was initially designated as PP1 

receptor, but this name is currently not in use. 

 

NPY Y5 RECEPTOR (Y5R) 

Y5R was originally cloned from rat tissues in 1996 [22, 23]. Its protein sequence is 

highly evolutionary conserved with the identity percentage value of 88-90% between 

mammalian orders. However, once third intracellular loop is excluded from sequence alignment 

analysis, the evolutionary identity rate raises to 95-98%. Interestingly, Y5R shares only 30% of 

sequential similarity with other members of NPY receptors family [24], which might be the 

consequence of Y5R gene chromosomal location and organization. Its gene overlaps with Y1R 

gene location, but the transcription occurs in the opposite directions [25].  

The expression of Y5R is prevalent in central nervous system, particularly hypothalamus 

[22]. Y5R is shown to be engaged in feeding response [26] and anxiolysis [27]. These Y1R-like 

functions triggered interest in potential Y1 and Y5 receptors interactions. 

 

DIPEPTIDYL PEPTIDASE (DPPIV) 

Dipeptidyl peptidase-4 (DPPIV, DPP-4, CD26) is widely present in the cell membrane of 

endothelial and epithelial cells. As a glycoprotein type II transmembrane receptor, DDP-4 

participates in T-cell co-activation. Also DPP-4 possesses the prolyl peptidase activity, and 

cleaves at the N-terminal penultimate position a wide range of its substrates: NPY, PYY, as well 

as other peptide hormones and chemokines. DPP-4 belongs to a S9B family of proteins and 
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exists in two forms: membrane-bound and soluble. It has been shown that the membrane DPP-4 

needs to be localized in membrane rafts, and must undergo homodimerization in order to obtain 

its full enzymatic function [28, 29]. 

 

NEUROPEPTIDE Y 3-36 (NPY3-36) 

NPY3-36 is NPY deprived of two N-terminal amino-acids, cut off by DPPIV. This shorter 

form of NPY no longer binds to Y1R, but preserves its affinity to other NPY receptors.  

 

1.2. PHYSIOLOGY OF G-PROTEIN COUPLED RECEPTORS 

G-Protein Coupled Receptors (GPCRs) are one of the largest cell membrane receptor 

families, which is a target of approximately 80% of bioactive ligands varying from bioamines, 

polypeptide hormones, or lipids, to pheromones [30]. Structurally, monomeric GPCRs consist of 

seven transmembrane regions which subsequently polarize the structure of a receptor into three 

domains: 

1) The extracellular domain responsible for a ligand recognition and binding,  

2) Membrane domain holding conformation changes, and participating in oligomerization, 

and  

3) The intracellular domain predominantly in charge of receptor’s signaling. 

In a canonical description [31] of the signal transduction, upon activation, GPCRs attract and 

bind a trimeric αβγ G-protein, which triggers an exchange of GDP to GTP in G-protein α 

subunit. Replacement of GDP with GTP drives the dissociation of α subunit from βγ subunits, as 

well as from a receptor itself, and leads to an initiation of signaling cascade via active α, βγ 

subunits and their interactions with accessory proteins. This cascade of events results in an 
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extended amplification of a signal from a single ligand molecule docked within a receptor. The 

signaling pathways are activated till the occurrence of ligand unbinding or receptor 

desensitization. The later process can be mediated through phosphorylation of a receptor, 

followed by its subsequent internalization or down-regulation. The receptor’s down-regulation is 

caused by the changes to receptor turnover through modulation of receptor’s synthesis and 

degradation [32]. A removal of a bound ligand from the cells surface or regulation of receptor 

accessibility in a cell membrane are necessary in order to preserve cell’s responsiveness to the 

stimulus.  

Alternatively to classical dogma of signal transduction, a new picture emerges, where 

signaling from GPCRs can be G-protein independent and driven by β-arrestins, tyrosine kinases, 

and PDZ-domain containing proteins [33]. It has been shown for the angiotensin II (AngII) 

receptor that β-arrestin2 plays a dual role in its signal transduction process. Once bound to AngII 

receptor, β-arrestin2 terminates G-protein-dependent-signaling descending from GPCR, and 

starts β-arrestin2-dependent-signaling [34]. For β2-adrenoreceptors, the dosage-dependent 

switch from G-protein-driven signaling (active at low concentration of an agonist) to G-protein-

independent pathway leading to a tyrosine kinase Src activation (active at high concentrations of 

an agonist) has been also reported [35]. 

Another aspect of GPCR physiology, which is supported by a growing number of 

research publications, is their ability to form complexes, altering their signaling and functions. 

This phenomenon and its relevance to the NPY system will be described in separate sub-

chapters. 
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1.3. NPY RECEPTORS AS GPCRS 

NPY RECEPTOR EVOLUTION 

Y2 and Y5 receptors are encoded by the genes located in proximity on human 

chromosome 4, which suggests similar evolutionary origin. Indeed, Larhammar and Salaneck 

postulate that NPY receptors have a common ancestor, namely “ancient Y”.  Through two 

separate local gene duplications, they hypothesize that it gave rise to three different set of genes 

– the precursors of Y1R, Y2R subfamilies and Y5R gene. Overall, we can classify Y genes as 

following: Y1R-like subfamily which consists of Y1R, Y4R, y6R; Y2R-like subfamily – Y2R, 

and a single Y5R gene [36]. 

 

DOWNSTREAM SIGNALING OF NPY RECEPTORS 

NPY receptors have been shown to transduce signal via inhibitory Gi/o G protein, 

consequently contributing to an inhibition of adenylyl cyclase, and a decrease in forskolin-

stimulated accumulation of cyclic adenosine monophosphate (cAMP). Also, stimulation of Y1, 

Y2, and Y5 receptors leads to a phosphorylation of p42/p44 mitogen-activated protein kinase 

(MAPK), and activation of its signaling pathway. In addition, NPY can widely impact 

intracellular levels of calcium, but its negative (inhibition of Ca2+ channels)/positive (Ca2+ 

release) effect seems to depend on cell type, and NPY receptors profile expression. The same 

applies to activating c-jun N-terminal kinase (JNK), p38 kinase, PKC, or PI3-kinase, which 

varies between different cellular models. [For review [37]]. 

Studies to elucidate the mechanism of GPCRs de-sensitization including internalization, 

initially suggested that β-arrestins are accountable for the GPCRs signaling termination, and 

removal from the cell membrane. Recently, it is becoming clear, that the functions of β-arrestins 

consist of a larger spectrum, and they play much more complex roles in GPCR systems by 
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serving as docking sites for a variety of enzymes. This subsequently widens the range of possible 

signaling from GPCRs by manner of G-protein dependent, to G-protein independent.  

 

TRAFFICKING OF NPY RECEPTORS 

NPY receptor internalization was a subject of numerous studies. Y2R has been shown to 

either internalize slowly, or not internalize at all [38]. On the other hand, Y1R is rapidly removed 

from plasma membrane (as well as Y4R) and undergoes fast turnover back to cell membrane 

[39]. L.Kilpatrick et al show that rapid rate of Y1 receptor internalization following an agonist 

treatment is driven by efficient β-arrestin recruitment. This effect is abolished by a replacement 

of six serine/threonine residues in the C-terminus of Y1 receptor, compromising the Y1R and 

β-arrestin interactions. In contrast to Y1R, Y2 receptor does not show a strong affinity towards 

β-arrestin, consequently its diffusion in the membrane, and internalization rate is not much 

affected by the agonist addition [40]. 

Y5R internalizes slower than Y1R. This process is much more sensitive to the presence 

of clathrin network inhibitors, and cholesterol- complexing chemicals [41]. Berglund et al [42] 

studies indicate that internalization might be driven by arrestin-β2, which association with NPY 

receptor seems to be ligand-dependent. Furthermore, he concludes that a rate of internalization 

can be correlated with the rate of arrestin binding to receptor. Namely, Y1 and Y4 receptors 

which tend to leave the cell membrane immediately, associate with arrestin faster, while Y2R, 

which does not evidently re-circulate, exhibits lower arrestin binding. Arrestin association is 

enabled by the post-translational modifications of receptors such as phosphorylation. The 

binding of arrestin to receptor disrupts further receptor- G protein interaction, and initiates 

clathrin- dependent pulling down of a receptor from plasma membrane. Clathrin vesicles 

constitute the important mean of receptor internalization, which subsequently can lead either to 
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recycling of a receptor back to the plasma membrane, or directing it to degradation in lysozomes 

[43]. In summary, the rank of internalization rate for NPY receptors upon ligand stimulation is as 

follows: Y1R = Y4R > Y5R >>Y2R.  

Our observations, as well as those reported in the literature [44] show that NPY receptors 

tend to cluster. The cholesterol dependence of internalization suggests that Y5R might be present 

in the so called micro-domains enriched in sphingomyelin and cholesterol, and their disruption, 

as well as, an inhibition of clathrin network deteriorates the rate of Y5R trafficking within the 

cell. Ligands upon internalization were localized in the subcellular structures named secondary 

endosomes. Y5R, seems to enter the degradation pathway much more abundantly than Y1R, as 

suggested by its higher proportion detected in dense endosomes/ lysosome, as compared to  Y1R 

which appears mainly to recycle [41]. Y1 and Y5 receptors internalization triggered by NPY 

stimulation is also dependent on cation concentration, in particular Li+, K+, Na+. For Y1 and Y5 

receptors, it has been shown that high doses of aforementioned cations severely deteriorate the 

rate of internalization and impact the sensitivity to agonists’ binding, while interactions of Y2R 

with its ligand stay intact [45].  

1.4. GPCR OLIGOMERIZATION 

OLIGOMERIZATION is a crucial component in a plethora of molecular events. Its 

importance is starting to be more widely recognized and addressed. The growing number of 

publications is being released about direct protein-protein interaction including the ones between 

membrane proteins. For different GPCRs the oligomerization controls distinct aspects of their 

biology. For example, it plays a role in maturation and surface delivery of α1B-adrenoreceptors 

[46], while for the GABAB receptor, oligomerization affects trafficking, recognition and binding 

of ligand, as well as G-protein affinity [47]. Moreover, these protein-protein interactions can 
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modulate GPCR association with signaling partners, their synthesis and maturation quality 

control, serve as protective mechanisms against the proteasome/ubiquitin system, and even 

regulate GPCR pharmacological properties such as a ligand affinity. The presence of GPCR 

heterodimers has been shown to be tissue- and disease-specific. A recent study on heterodimers 

of µ and δ opioid receptors suggests that specificity of heterodimers appearance and distribution 

might be governed by chaperons affecting not only heterodimers’ externalization on cell 

membrane but also their longevity, by protecting them from ubiquitination and degradation [48].  

Almost half of clinically used drugs bind to GPCRs [49], but in practice those 

compounds target approximately 30 receptors [50], which indicates the extent of a niche 

awaiting for a physiology/ drug discovery exploration. It is of great importance to delineate the 

oligomerization patterns and their biological consequences. Such knowledge can be relevant for 

the designing highly specific and efficient drugs with minimal side effects. 

` 

1.5. THE OLIGOMERIZATION OF NPY RECEPTORS 

As for the studies of oligomerization within NPY Rs system, Beck-Sickinger reports the 

existence of human Y1R, Y2R, and Y5R homodimers which are not dependent on agonist 

treatment or Gα protein presence at the intracellular surface of receptor. In this study, the 

measurement of FRET by both fluorescence microscopy and spectroscopy revealed strong 

tendency to homodimerization between Y1Rs and Y5Rs, while interactions between Y2Rs were 

less pronounced. The formation of dimers is hypothesized to occur in endoplasmic reticulum and 

persist during the transport of receptors to a cell membrane [51]. In contrast to Y1R and Y5R, 

Y4R homodimers present in cell membrane are sensitive to agonist treatment and disassociate 

upon ligand binding in a concentration-dependent manner. Experiments employing the BRET2 

  
9 



method indicate no heterodimeric interactions of Y4R with other NPY Rs family members and 

subsequently it was concluded that homodimerization of Y4R receptor prevails over 

heterodimerization. There is not enough data to claim if a similar pattern holds for other NPY 

receptors. It is also stipulated that Y4R undergoes glycosylation as a posttranslational 

modification [52]. In support of homodimerization the sucrose gradient-based studies conducted 

in the CHO-K1 transfected with Y1R, Y2R, Y4R, or Y5R demonstrate that under basal 

conditions NPY receptors form homodimers already pre-coupled with G- protein’s heterotrimers, 

with a Gαi as type of Gα subunit [53-55].  

Wieland at el indicates that Y2R prevails in rabbit kidneys [56]. Further experiments 

carried out on rabbit kidneys, exploring Y2R signaling show that Y2R is capable of forming 

homodimers in this organ. The stability of homodimers is explained as a consequence of a scarce 

presence of Gi/o –protein and agonists, while in forebrain it is detected mainly in monomeric 

forms, due to high levels of Gi/o and NPY, as stipulated by authors [57]. 

In vivo, Y1Rs and Y5Rs are expressed in the same regions of a rat brain, as shown by 

studies on mRNA (in situ hybridization) [58] and protein (Immunohistochemistry) [59] levels. 

Investigation on their possible direct interaction revealed that those two types of NPY receptors 

can produce heterodimers, formation and stability of which can be modulated by different 

agonist and antagonist treatment. Y5R receptor agonists increase the dimerization rate, while 

Y1R or Y5R antagonists alone diminish it. The Y5R signaling is more pronounced in Y1R/Y5R 

heterodimers than when Y5R is expressed alone, and agonist-driven internalization of Y1 and Y5 

receptors can be only prevented by the addition of both, Y1R and Y5R, antagonists [60]. Despite 

the enthusiasm about oligomerization, it still remains controversial and not fully understood. 
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Some groups report that not all methodological approaches confirm the existence of already 

reported oligomers [61].  

The intention of this thesis is to better characterize the nature of NPY receptor 

interactions and identify their functional consequences. 

 

1.6. GLYCOSYLATION AS A REGULATOR OF GPCR ACTIVITY 

GLYCOSYLATION is a post-translational modification common for membrane proteins. 

The polymers of covalently linked monosaccharides (glycan) may be bound to ornithine (O- 

form) or asparagine within a consensus sequence NXS/T (N-form). This glycan moiety is present 

on the extracellular side of membrane proteins. Several functions have been assigned to 

glycosylation. These include: assistance in protein folding and obtaining an active conformation, 

modulation of expression levels and protein stability; interactions between receptors and G-

proteins, as well as  ligand binding and increasing receptor affinities (for review:[62]). However, 

functions of glycosylation in particular receptors may vary and should be investigated separately. 

For example, Kohno T et al has created a non-glycosylated form of sphingosine 1-phosphate 

receptor 1 receptor (S1PR1, Edg-1), and observed that lack of glycosylation does not affect 

receptor biosynthesis,  membrane expression, nor ability of ligand recognition or binding, but its 

regulatory mechanism of receptor internalization, and the caveolae-related localization [63]. On 

the other hand, in case of β1 adrenergic receptor, glycosylation modulates their surface 

expression, and contributes to the receptor dimerization [64]. Furthermore, the formation of 

heterodimers between β1- and α2A adrenergic receptors is negatively regulated by 

glycosylation [65].  
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1.7. NEUROBLASTOMA (NB) 

GPCRs have been implicated in development and/or progression of various malignancies. 

Particularly, NPY receptors have been shown to contribute to neuroblastoma growth by increase 

in tumor cell proliferation mediated by p44/42 MAPK pathway and promotion of local 

vascularization [66]. 

Neuroblastoma is the most frequently diagnosed extracranial solid tumor in children, and 

the most frequently diagnosed neoplasm in infancy [67], therefore, it is considered as an 

embryonic malignancy, symptoms of which become visible in the early childhood. 

Neuroblastoma comprises more than 7% of tumors in patients below 15 years of age, and 

accounts for 15% of all deaths in pediatric oncology [68]. The tumor mass is formed by cells 

arising from neural crest-derived precursors with sympatho-adrenal origins. Neuroblastic tumors 

can develop anywhere along the sympathetic nervous system, though the adrenal medulla is the 

most common primary site for the tumor occurrence [68, 69]. The activating mutation to the 

anaplastic lymphoma kinase (ALK) gene and mutation within homeobox gene PHOX2B, have 

been identified as triggering factors behind hereditary neuroblastoma. There are also some 

genetic signatures like MYCN amplification, or 11q23 deletions which are used for 

neuroblastoma stratification, and probably more factors, and biomarkers can be expected to be 

identified in the near future (for example by the TARGET program) [70, 71].  

Neuroblastoma is a highly heterogeneous disease. The median age of a patient diagnosed 

with neuroblastoma is 17 months, and earlier diagnosis correlates with better survival. The cut-

off age for a lower risk, benign type of neuroblastoma is 18 months, and the treatment mainly 

involves surgery. Older patients inflicted with a high risk neuroblastoma stage 4, exposed to 

chemotherapy, immunotherapy, radiotherapy and surgery, have over 50% probability of relapse. 

The last few decades have significantly improved the treatment and survival outcomes for 
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patients with low risk neuroblastoma, but the treatment of high risk neuroblastoma patients is 

still not satisfactory and in many cases does not prevent the disease relapse. Unfortunately, once 

neuroblastoma relapses, it is usually drug resistant and remains incurable [72]. Furthermore, the 

neuroblastoma survivors suffer from severe side effects imposed by the aggressive treatment. 

These side effects greatly impair their quality of life.  

Neuroblastoma cells synthesize and release high levels of NPY. The clinical observations 

report an increased level of this sympathetic neurotransmitter in plasma of patients above 1 year 

of age diagnosed with a high risk of neuroblastoma, in association with poor prognosis [73, 74]. 

Furthermore, neuroblastoma cells also express NPY receptors – predominantly Y2R with low 

Y5R co-expression. NPY secreted from neuroblastoma tumors stimulates neuroblastoma cell 

proliferation in autocrine fashion and up-regulates tumor angiogenesis [13, 66]. Since both 

processes are largely mediated by Y2 receptors, blocking actions of endogenous NPY with Y2R 

antagonist significantly inhibits neuroblastoma xenograft growth and vascularization [75]. Given 

high expression of NPY and Y2Rs in vast majority of neuroblastoma tumors with various 

clinical phenotypes [75] the NPY/Y2R pathway may become a universal target for treatment of 

this disease. However, as previously indicated, some of the neuroblastoma cell lines express also 

another NPY receptor – Y5R. Due to the lower and unstable expression of these receptors, their 

role in neuroblastoma biology has not been elucidated. The studies presented in this dissertation 

addressed this question.  

 

1.8. TRKB IN NEUROBLASTOMA 

The “tropomyosin-related kinase” (Trk) family includes three tyrosine kinase receptors 

(TrkA/NTRK1, TrkB/NTRK2, TrkC/NTRK3) responsive to four neutrophins (nerve growth 
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factor, BDNF, neurotrophin-3, and neurotrophin-4). Structurally these receptors comprise a 

single pass transmembrane molecule and intracellular section with a kinase domain. Trk 

receptors are highly expressed in the nervous system [76]. TrkB receptor binds BDNF, and 

neurotrophin 4 (NT-4) [77], and together with TrkA constitute important players in 

neuroblastoma biology. While TrkA expression correlates with a favorable phenotype of 

neuroblastoma, and a good prognosis, full-length TrkB expression is mostly found in aggressive 

neuroblastoma exhibiting high genomic instability [78]. TrkB can also be identified in its 

truncated form, which can play a role of a dominant negative inhibitor. This inactive form of 

TrkB acts as a trap for BDNF and in this way contributes to the removal of this ligand from the 

extracellular space by internalization, and subsequently to the decrease of a pool of available 

agonist [79].  

Upon ligand binding TrkB dimerizes, which results in autophosphorylation of tyrosine 

residues within cytosolic domains of dimerized receptors. The phosphorylated sites become 

docking places for adaptor proteins which initiate and amplify the downstream signaling from 

TrkB. Upon TrkB stimulation, three main pathways are activated: 1) RAS/MAPK, 2) 

phosphatidylinositol 3-kinase (PI3K)/Akt, and 3) phosphoinosite phospholipase C subfamily γ 

(PLCγ) (for review [80]). Activated TrkB in neuroblastoma supports tumor proliferation, 

invasiveness [81], and resistance to chemotherapy [82]. 

 

1.9. CROSS-TALK BETWEEN GPCRS AND RTKS 

There is growing number of publications reporting on activation of receptors from one 

family, by the receptors from another family in a ligand-dependent or ligand-independent 

manner. For example, the membrane and intracellular pool of TrkA receptors can be activated in 
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the absence of the nerve growth factor (NGF), by GPCRs ligands, like adenosine or adenylyl 

cyclase-activating polypeptide (PACAP) [83, 84]. This process has been designated as 

“transactivation”. It leads to the activation of two signaling pathways namely: PLC-γ and PI3 

kinase/Akt with the onset of TrkA activation within hours. Alternatively, it is speculated that 

GPCRs can prolong receptor tyrosine kinase (RTK) activity by production of reactive oxygen 

species which subsequently inhibit protein-tyrosine phosphatases deactivating RTKs (for review: 

[85]).  

The interaction between GPCRs and RTKs is bidirectional. RTK can execute trans-

activation of GPCRs by either the upregulation of synthesis and release of their cognate ligands, 

as NGF stimulates sphingosine kinase1 (SphK1) which translates into S1PR transactivation in 

PC12 pheochromocytoma cells [86]. Alternatively, specific GPCR-RTK signaling platforms can 

be established in the ligand-independent manner. For example, the insulin-like growth factor 

(IGF-1) forms complexes with C-X-C chemokine receptor type 4 (CXCR4) and its 

corresponding G-proteins which are vital for IGF-1 to induce cell migration of MDA-MB-231 

metastatic breast cancer epithelial cells [87]. Interestingly, Shan et al demonstrates that RTKs do 

not require GPCRs assistance in all “trans-activation” instances, but are able to directly utilize G-

proteins subunits in their signaling transduction [88]. 
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CHAPTER 2:  Methods 

 

MATERIALS 

Ligands: Recombinant human BDNF was obtained from RD Systems, NPY from 

Bachem (San Carlos, CA); Y1R agonist – [Arg6, Pro34]NPY (Dr. Annette Beck-Sickinger, 

University of Leipzig, Germany), Y5R agonist- BWX 46 from Tocris (Ellisville, MO), Y1R 

antagonist - H409/22 acetate from Novartis International AG (Basel, Switzerland),Y2R 

antagonist BIIE0246 and Y5R antagonist CGP71683 were purchased from Tocris (Ellisville, 

MO), Trk antagonist K252a from Sigma (St.Louis, MO). Cell media were purchased from 

ATCC (Manassas, VA), and fetal bovine serum from Invitrogen (Carlsbad, CA). Antibiotics: 

geneticin (G418) and puromycin were acquired from Sigma (St.Louis, MO). 

 

CELL CULTURE 

Chinese Hamster Ovary K1 (CHO-K1) cell line and human neuroblastoma cells – SK-N-

BE(2), SK-N-AS - were obtained from ATCC (Manassas, VA) and SMS-KAN, SMS-KANR, 

CHLA-15 and CHLA-20 from Dr. Patrick Reynolds (Children’s Hospital of Los Angeles, CA). 

SH-SY5Y/TrkB transfectants were created and provided by Dr. Garrett Brodeur (University of 

Pennsylvania). All cell lines were cultured according to the suppliers’ recommendations.  

SK-N-BE (2) were cultured in F12K/EMEM 1:1 media with 10% FBS, SK-N-AS in 

DMEM 10% FBS, SMS-KAN and SMS-KANR in DMEM/F12 with 15% FBS, CHLA-15 and 

CHLA-20 in IMDM with 20% FBS, all CHO-K1 transfectants in F12K media with 10% FBS, 

and SY5Y/TrkB transfectants in RPMI media with 10% FBS and 0.3 mg/ml of genticin (G418). 

All media were additionally supplemented with Penicillin/Streptomycin (Invitrogen) and 
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fungizone antimycotic (Gibco). CHO-K1 transfectants carrying vectors expressing NPY receptor 

tagged with EGFP or mCherry were cultured in the presence of geneticin at concentration of 

1mg/ml or puromycin (Sigma) at concentration of 0.5 mg/ml.  

 

CLONING AND STABLE TRANSFECTANTS  

Sequences of human Y1, Y2, and Y5 receptors were cloned into pEGFP-N1 or pHcRed-

N1 vectors (Clontech) at restriction sites of NheI and BamHI (New England BioLabs). Then, to 

obtain vectors carrying puromycin resistance, the NPY receptor-HcRed fragments were 

subcloned into pIRES vector at restriction sites NheI and NotI (Clontech). In order to create NPY 

receptor tagged with mCherry, the mCherry sequence was excised from the mCherry-N1 vector 

(gift from Dr Susette Mueller, Georgetown University) with BamHI and NotI enzymes, and 

cloned in place of HcRed into pIRES vectors carrying already human Y1, Y2 or Y5 receptors 

sequences. Chemically competent E.coli bacteria (Invitrogen) were transformed with these 

constructs and grown in the presence of antibiotics: kanamycin for p-NPY R-EGFP-N1 vector, 

and ampicillin for pIRES-NPY R-mCherry. The presence of NPY receptor and fluorescent 

protein sequences in the vector constructs was confirmed by restriction analysis and sequencing. 

Next, CHO-K1 cells were transfected with particular single vectors with the use of 

Lipofectamine 2000 (Invitrogen) as a carrier for a vector delivery. Following the transfection, the 

antibiotic selection was performed by adding geneticin to the culture media to support the growth 

of cells expressing NPY receptor-EGFP in pEGFP-N1 vectors, or puromycin for selection of 

cells transfected with NPY receptor-mCherry in pIRES vectors. The cells expressing two NPY 

receptors were obtained by transfecting into already developed stable clones of human Y5R-

EGFP/CHO-K1 the second receptor (Y1R or Y2R), and culturing the derived cells with 1mg/ml 

of geneticin and 0.5 mg/ ml of puromycin. The selected clones were evaluated for their 
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fluorescence brightness, morphology and localization of the fluorescently labeled receptors. 

Subsequently, cells were tested for NPY receptor functionality by measuring the level of 

activation of MAPK pathway, and the decrease of cAMP upon stimulation with NPY receptors’ 

agonists.  

 

TRANSIENT TRANSFECTION 

Human Y5R/EGFP vector (construction of which is described in details in “Stable 

Transfectants Creation”) was transiently transfected into SY5Y/TrkB with the use of 

Lipofectamine 2000 (Life Techonologies) according to a supplier’s instructions.  

 

 LIVE CELL IMAGING 

Live cell imaging was performed on the stable transfectants expressing single or double 

NPY receptors fused with fluorescent proteins (EGFP, or mCherry). Nikon Eclipse TE-300 

Spinning Disk Timelapse Microscope System was employed for NPY receptors’ trafficking 

experiments. To observe internalization of human Y5R-EGFP transiently transfected into SH-

SY5Y/TrkB Cells, Zeiss 510 LSM/META was used. Cells were treated with agonists at the 

concentration chosen based on earlier dose response experiments: NPY 10-7M, BDNF 1ng/ml, 

Y1R, Y2R, Y5R antagonists 10-6M, and Trk antagonist 10-6M. For each experiment cells were 

plated in LabTek II 8 well chamber system at density of 15 000 cells per well. The imaging was 

performed in 10% FBS media required for particular cell lines (CHO-K1 - F12K, SY5Y – 

RPMI). Readings were collected up to 30 minutes post-treatment for at least 6 cells per treatment 

for CHO-K1 transfectants, and up to 3 cells per treatment for SY5Y/TrkB cells transiently 

transfected with hY5-EGFP. The optimal conditions for cells, such as 5% CO2, humidity and 
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temperature of 37oC, were present and controlled by microscopes’ systems. Nuclei of CHO-K1 

transfectants were stained with 100nM Syto11.  

 

LIVE CELL IMAGING DATA ANALYSIS 

THE INFORMATION ABOUT THE EXPERIMENTS: 

The CHO-K1 stable single receptors transfectants hY1-EGFP and hY2-EGFP were 

established in Dr.Kitlinska’s laboratory and microscopy studies on these cells were performed at 

University of Sherbrooke according to our experimental design. The image acquisition was 

conducted in the collaboration with Dr. D.Jacques and Dr. G.Bkaily who are performing data 

analysis. For these experiments, the conclusions regarding the receptor trafficking were made 

based on the preliminary qualitative analysis of the single Z slices and will be confirmed by 

quantitative 3D analysis. The images shown are for the illustration purpose. Since no raw data 

(images) were provided to us, we were not able to analyze it according to the approach presented 

below. The data has been included in the thesis to provide a comparison to our data on 

hY5R-EGFP transfectants. The data on hY5R-EGFP transfectants, CHO-K1 and SY5Y/TrkB, 

were obtained entirely in our laboratory (transfectants development, experimental design, 

treatment, image acquisition, data analysis and statistical analysis).  

THE QUANTITATIVE ANALYSIS DESCRIPTION: 

Membrane receptors are not evenly distributed around the cell but rather localized in 

patches, lipid rafts, microdomains – in overall, the various functional small areas of organization. 

Importantly, the pattern of the receptor trafficking varied between the areas in which the 

receptors were initially localized to the cell membrane and those without the receptors on the 

membrane. Thus, the method of analysis was established where the treatment-related receptor 
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trafficking was assessed separately in selected regions with initial membrane receptor 

localization (MEM) and in the regions without such accumulation (NON-MEM). The analysis 

was performed on the corresponding single individual slices from the same position within z-

stacks acquired at different time-points of the experiment. This approach enables to observe the 

changes of receptor distribution within single 0.3-2 µm horizontal layer, corresponding to the 

migration of the receptor from the membrane to the interior of the cell.  

In order to read the average intensity of particular regions the images were converted 

back into greyscale by removal of a pseudocolor. The selection and measurements of mean 

fluorescence intensities were carried out in ImageJ and the statistical analysis in Microsoft Excel 

with the use of statistical toolkit. 

The quantitative analysis was performed according to the following protocol: 

1) The regions with homogenous pattern of receptor distribution – either apparent receptor 

aggregation (green box, MEM), or lack of it (grey box, NON-MEM) were selected. 

Examples of such regions are shown in the figures by boxes with roman numerical 

numbers.  
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2) Within selected regions, the membrane areas and the adjacent intracellular regions were 

selected (orange mark).  

 
 

The reason behind comparing the membrane areas to the cytoplasmic areas directly under 

the membrane is that the goal is to observe the immediate and local changes in receptors 

distribution upon particular treatment. The removal of membrane receptors from the cell 

membrane undergoes by internalization and relies on the vesicles formation. These 

vesicles travel from the membrane to sub-membrane areas (re-cycling to membrane, 

prolonged storage) and optionally further dependently on receptor fate (degradation, 

longer intracellular retention). The times used in our experiments were relatively short 

(2min – 17 min), allowing for observation of the receptor migration to the cytoplasmic 

regions directly under the cell membrane. As shown by the experiments with Y1R and 
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Y2R internalization, the accumulation of the receptors in the deeper, subnuclear areas of 

cytoplasm requires significantly longer time (30min-1h).  

 

3) The measurement of mean fluorescence intensities in corresponding membrane and 

cytoplasmic regions within each selected region was executed with the use of ImageJ. 

The ratio of membrane (M) to cytoplasm (C) mean fluorescence intensities (encoded by 

“gray values”) was calculated for each region at the particular time point of a treatment to 

reflect the degree of accumulation of the receptors on the cell membrane.  

 
Focusing on the M/C ratio allows following changes in receptor distribution without 

interference from photobleaching, which reduces the overall intensity of the fluorescence, 

but preserves the relative fluorescence intensity between various cell areas. It allows also 

eliminating changes associated with cell movement, since independently of the cell shape 

or position, the M/C ratio is calculated for each region. 

  

4) The results from all regions of all cells within particular treatment were pooled together. 

Based on the obtained mean fluorescence intensity rations, the regions were divided into 

two groups: MEM – for ratios equal or greater than 1.2 (for SY5Y/TrkB/hY5R-EGFP 

transient transfectants and hY5R-EGFP stable single transfectants) and 1.0 (for CHO-K1 

double transfectants); and NON- MEM –the areas with no apparent accumulation of the 
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Y5R in relation to adjacent cytoplasmic area characterized by a ratio of membrane to 

cytoplasmic mean fluorescence intensity below 1.2 (for SY5Y/TrkB/hY5R-EGFP 

transient transfectants and hY5R-EGFP stable single transfectants) and 1.0 (for CHO-K1 

double transfectants). Since no internalization of the receptors was expected in the areas 

where no initial membrane receptor accumulation was observed, NON-MEM regions 

serve as a negative control. The difference in cut-off ratios between MEM and NON-

MEM regions (1.2 vs. 1.0) for different transfectants was caused by the overall lower 

M/C ratio in CHO-K1 double transfectants. This may result from the interaction between 

different NPY receptors and changes in their behavior, such as high accumulation in the 

cytoplasm. . 

 

5) The ratios within each group (MEM and NON-MEM) were averaged for each time point, 

the standard error computed and plotted on the graphs. The significance in differences in 

averaged ratios of mean fluorescence intensities between time-points for particular 

treatments was examined with T-test (2 tailed, paired). 

 

DATA VISUALIZATION:  

The collected data was visually presented in the figures in the Results chapter in the 

following A,B,C section manner: 

• (A): microscopic images in the original and grayscale mode with rectangular boxes 

indicating the regions analyzed according to the above described method; 

• For each cell, one MEM (B) and one NON-MEM (C) region were selected to visualize 

changes in the receptor distribution. For these regions, the M/C ratios at particular 

time points were shown in the table. Additionally, the distribution of fluorescence 
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intensity along the line crossing the selected regions, represented as a yellow arrow 

depicting direction in which the fluorescence was read, was presented as a graph. The 

latter is shown solely for visualization of the changes and it has not been used for the 

quantitative analysis.  
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WESTERN BLOTTING 

For Akt and p44/42 MAPK activation experiments, cells were kept for 24 hours either in 

low serum media (up to 1% of FBS) or in serum free media. Then, the cells were pre-treated for 

15 minutes with selective antagonists: Y2R and Y5R antagonists at 10-6M for, and Trk 

antagonist at 10-7M, unless stated differently. The pre-treatment was followed by treatments with 

agonists for 5 minutes – BDNF at 1ng/ml, NPY at 10-7M. Next, media was removed, cells 

washed twice with ice cold PBS, and lysis buffer (50mM Tris HCl, pH 7; 150mM NaCl; protease 

inhibitors cocktail at 1:100 dilution (Sigma), 1mM IGEPAL CA 630 (Sigma)) was applied. The 

collected lysates were subjected to sonication on ice for 10 seconds, and centrifugation at 1000g 

for 10 minutes. The protein concentrations were measured using Bradford method (Biorad 

Protein Assay) and total amount of protein normalized between the samples. The lysates were 

then separated on Tris- Glycine gels (Invitrogen) and transferred to a nitrocellulose membrane 

(Whatman). Immunoblotting was carried out with the following primary antibodies (all at the 

dilutions of 1:1000): goat polyclonal anti Y5R (Everest Biotech), rabbit polyclonal anti TrkB 

(Abcam), rabbit polyclonal anti phosphorylated TrkB (Abcam), mouse monoclonal anti 

phosphorylated p44/42 (Cell Signaling), rabbit polyclonal anti p44/42 (Cell Signaling), rabbit 

polyclonal anti phosphorylated Akt (Cell Signaling), rabbit polyclonal anti flotillin 1 (Sigma). 

The primary antibodies were detected with the following secondary antibodies: donkey anti-

goat-HRP (Santa Cruz), donkey anti-rabbit-IgG-HRP (GE Healthcare), and donkey anti-mouse-

IgG-HRP (GE Healthcare). Antibody against β-actin linked with horseradish peroxidase (HRP) 

at the dilution of 1:50 000 (Sigma) served as a loading control. The immunoblots were developed 

with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific). Each western 

blotting experiment was repeated at least twice. 
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CYCLIC AMP ELISA 

CHO-K1 cells expressing NPY receptors, and SY5Y/TrkB cells were primed with 10 µM 

of a phosphodiesterase inhibitor - 3-Isobutyl-1-methylxanthine (IBMX) along with chosen 

receptors’ antagonists for 1 hour, followed by the addition of the mixture of 10µM forskolin - an 

adenylyl cyclase activator - with receptors’ ligands for 1 hour. Next, media samples were 

collected for the cAMP concentration measurement, applied into the antibody-coated plate- a 

component of the Amersham cAMP Biotrak Enzymeimmunoassay (EIA) System (GE 

Healthcare), and the cAMP assay was performed according to the manufacturer’s instructions. 

The experiment was repeated 3 times in duplicates. 

 

BIOINFORMATICS’ ANALYSIS 

Human Y1, Y2, Y5 receptors sequences were obtained from the Universal Protein 

Resource (UniProt) database’s entries- P25929 (Y1R), P49146 (Y2R), Q15761 (Y5R), and 

submitted to the online service analyzing the presence of disorder regions within the protein of 

interest’s structure (Predictor of Naturally Disordered Regions, PONDR for 

short, www.pondr.com).  

 

MASS SPECTROMETRY 

The assay was performed using CHO-K1 cells stably transfected with human Y5R-EGFP 

or EGFP alone. The cell lysates were collected with or without 15min pre-treatment with a 

membrane-impermeable crosslinker Bis(Sulfosuccinimidyl) suberate (BS-3) (Sigma). EGFP and 

human Y5R-EGFP were pulled down from cell lysates using rabbit anti-EGFP Ab (Clontech) 

and Pierce Classic Immunoprecipitation (IP) Kit (Thermo Scientific). IP eluates were separated 

in the denaturating conditions on Tris-Glycine gel, and stained with Coomassie Brilliant Blue 
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dye. Gels were dehydrated and fixed. The position of the Y5 rich bands was determined by 

performing the Western Blot on one part of the gel, and comparing the results of blotting for 

Y5R with the second part of a gel being stained with Coomassie Blue. Bands corresponding to 

the monomers, and high order complexes of Y5R were excised from gel loaded with human 

Y5R-EGFP IP eluates, and bands with corresponding molecular weight were cut out from EGFP 

IP gel as a control. Subsequently, bands were subjected to Mass Spectrometry analysis 

performed at Georgetown University Proteomincs & Metabolomics Shared Resources.  

 

IMMUNOPRECIPITATION 

Human Y1R-mCherry/ Y5R-EGFP and Y2R-mCherry/ Y5R-EGFP stable transfectants 

were pre-treated with Y5R antagonist (CGP 71683) at 10-6M for 15 minutes, and then treated 

with NPY1-36 at 10-7M for 10 minutes, followed by crosslinking with Bis[sulfosuccinimidyl] 

suberate (BS-3) at 0.5 mM final concentration for 30 minutes, and then crosslinking reaction was 

quenched with 25mM Tris buffer. Next cells were washed twice with ice cold PBS, and lysed 

with the buffer (50mM Tris HCl, pH 7; 150mM NaCl; protease inhibitors cocktail at 1:100 

dilution (Sigma), 1mM IGEPAL CA 630 (Sigma) and 10mM iodoacetamide (Sigma)). Obtained 

lysates were normalized to the protein content with the Bradford method (BioRad Protein Assay) 

and then processed with Pierce Classic IP Kit (Thermo Scientific) to obtain Y5-EGFP 

complexes. Goat antibody against Y5R (Everest Biotech) was used as a pull-down reagent at 

dilution of 1:100. IP eluates were run on Tris Glycine gels (Invitrogen), and transferred to the 

nitrocellulose membrane (Whatman). The membrane was blocked with 5% milk in Tris-buffered 

saline with 0.2% of Tween 20 (Sigma), and then blotted for the presence of Y5 receptor detected 

by targeting EGFP with polyclonal anti-EGFP antibody (Clontech), and either Y1R or Y2R 

identified by the detection of mCherry with polyclonal anti-dsRed antibody (Clontech). The 
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immunoblots were developed with SuperSignal West Pico Chemiluminescent Substrate (Thermo 

Scientific). The ImageJ was used to measure the bands intensity, and calculate the changes of 

Y1R in the complexes with Y5R. Immunoprecipitation studies were performed at least twice for 

each condition and cell type. 

 

CELL SURFACE PROTEIN ISOLATION 

SY5Y/TrkB transfectants were plated in RPMI with 10% FBS and 0.3 mg/ml of 

geneticin. On the following day, the media was replaced with serum free, and 24 hour later cell 

were either treated with 10-7 M of NPY and 1ng/ml of BDNF. The cell harvesting and the 

procedure of cell surface protein extraction were conducted with the use of Cell surface protein 

isolation kit (Thermo). In this procedure treated cells are exposed to a membrane impermeable, 

biotinylation reagent. Subsequently, cells are lysed, and the crosslinked membrane proteins are 

affinity-purified on the columns with avidin resins. The kit functionality was validated by the 

manufacturer, based on the lack of representative intracellular proteins (Heat shock protein 90, 

Hsp90; calnexin) in the eluates analyzed by Western Blot. Before applying the lysates on the 

column, they were normalized to the protein content with the Bradford method (Bio-Rad). The 

eluates were loaded into 4-20% Tris-glycine gels and processed further as described in Western 

Blotting section. Experiment repeated twice. 

 

GENE EXPRESSION ANALYSIS BY REAL TIME RT-PCR 

RNA was isolated from cultured cells using High Pure RNA Isolation Kit (Roche 

Applied Science), followed by reverse transcription with the use of iScript cDNA Synthesis kit 

(Bio-Rad Laboratories). Subsequently, cDNA was used for real-time RT-PCR using iCycler iQ 

detection system (Bio-Rad Laboratories) and TaqMan universal PCR master mix with 
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predesigned primers and fluorescein-labeled probes (Applied Biosystems). The gene expression 

levels were calculated in a reference to β-actin by the method of the comparative CT (cycle 

threshold).  

 

MTS ASSAY 

The cells were plated in 96 well plates. Media was changed to either low serum media 

(up to 1% for SY5Y/TrkB stable transfectants) or serum free media (NPY Receptors/CHO-K1 

stable transfectants) 24 hours prior to first treatment. Cells were pre-treated with antagonists for 

15 minutes (Y5R antagonist at 10-6M, and Trk antagonist at 10-6M), followed by an addition for 

24 hours of agonists (BDNF at 1ng/ml, NPY 10-7M, unless indicated otherwise). SY5Y/TrkB 

stable transfectants were additionally treated with chemotherapeutic agents (Cisplatin, 

Doxorubicin, Etoposide, Vinblastine at concentrations established from a dose-response curves). 

The number of viable cells was determined with CellTiter 96®AQueous One Solution Cell 

Proliferation Assay (Promega, Madison, WI). Each study was conducted at least twice. 

 

STATISTICAL ANALYSIS 

Statistical analysis was carried out with the use of Prism® Software. 1 way ANOVA with 

post-host test employing Bonferroni’s method was applied for SH-SY5Y/TrkB, CHO-K1, CHO-

K1 transfectants and CHLA-15 MTS assays, and cAMP assay on SY5Y/TrkB. Data is shown as 

mean ± S.E. (Standard Error) for the stated in figures’ description numbers of repeats. For RT-

PCR results, the average fold increase and standard deviations were calculated with the use of 

statistical tools embedded in Microsoft Excel.  
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PART I : Y5 RECEPTOR PROTEIN-PROTEIN 

INTERACTIONS WITHIN NPY RECEPTOR FAMILY 
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CHAPTER 3:  Results 

3.1. Neuropeptide Y receptor constructs, establishing and validating stable 

transfectant clones 

In order to investigate the trafficking events of NPY receptors triggered by different 

treatments, vector constructs of human NPY receptors fused to EGFP gene were created 

(Figure 1), and subsequently transfected into CHO-K1 cell line. According to our data, this cell 

line does not express endogenous NPY receptors, thus allowing examination of human NPY 

receptors in a pure experimental system. The stable clones were isolated for each receptor. Due 

to relatively high molecular weight of the fluorescent proteins used to label the receptors 

(approximately 1/3 of the size of the fusion proteins), it was essential to verify that such fusion 

proteins preserved receptor functionality. This was determined by NPY-induced receptor 

trafficking, activation of signaling pathways (cAMP, p44/42 MAPK) and stimulation of cell 

proliferation. Receptor specificity was validated using selective receptor ligands and antagonists, 

as well as adequate negative controls: non transfected CHO-K1 and CHO-K1/GFP alone. Results 

from aforementioned studies are presented in next chapters. 

 
Figure 1 : Scheme of pEGFP-N1 vector encoding selectable markers (antibiotics) and NPY receptor 

tagged with EGFP (A), and a table summarizing the approximate molecular sizes of fused 
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proteins upon expression in CHO-K1 transfectants (B). These computations are based solely 

on amino acid content and do not factor in the effects of post-translational modification on 

receptor migration on the gel.  

 

INVESTIGATING THE FUNCTIONALITY OF SINGLE NPY RECEPTORS: 

A decrease in cAMP levels upon NPY treatment is a signaling event common for all 

NPY receptors. Therefore, we used this assay to confirm functionality of NPY receptors stably 

expressed in CHO-K1 cells. The stable clones carrying vectors expressing single NPY receptors 

were pre-treated with an adenylyl cyclase activator – forskolin (10 µM), and then treated with 

NPY at concentration 10-7M. The cAMP levels were measured with ELISA. Upon NPY 

receptors activation with their natural ligand, the strong drop in cAMP level was observed for all 

receptors, as compared to non-treated control. No such effect was observed in non-transfected 

CHO-K1 cells, or those transfected with EGFP only (Figure 2). 

 
Figure 2: The changes in cAMP level upon NPY treatment in CHO-K1 cell lines stably transfected with 

corresponding NPY receptors. The changes are calculated in % to a non-treated control 

(forskolin only, without NPY treatment). Measurements were performed in duplicate. 

The cells were plated in the 96 wells plate, 2000 cells per well. First, the IBMX was added for 
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1 hour, followed by addition of the mixture of forskolin and NPY for 1h. The reagents were 

used at the concentrations: NPY- 10-7 M, IBMX- 10-5 M, and forskolin-10-5 M. Next, the cells 

were lysed and the lysates were collected from wells and applied on antibody- coated ELISA 

plate. ELISA assay was developed according to the NPY ELISA kit manufacturer’s 

instructions. 

 

Stimulation of NPY receptors results in the activation of MAPK pathway, by the mean of 

a phosphorylation cascade of the members of MAPK pathway. The NPY treatment of particular 

NPY receptors leads to the phosphorylation of p44/42 MAPK in time dependent manner, where 

the peak of activation is at 10 minutes post- treatment (Figure 3). 

 
Figure 3: The activation of NPY receptors leads to phosphorylation of p44/42 MAPK in time dependent 

manner. Each Western blot represents the representative clone of CHO-K1 stably transfected 

with NPY receptors labeled with fluorescent protein, EGFP. TOP panel shows the 

phosphorylation level of p44/42 MAPK at different time points following NPY treatment in 

the range of 0-90 minutes. BOTTOM panel presents the expression level of total 

p44/42 MAPK.. Experiment was conducted in the serum-free conditions. Cells were treated 

with NPY at the concentration of 10-7 M and harvested at different time points after NPY 

addition. The sample collection was performed according to the method described in Western 

Blotting sub-section of “Methods” Chapter.  

 

3.2. Y5 receptor structure analysis shows a long disordered region  

The human NPY Y5R amino-acid sequence (Uniprot entry: Q15761), along with NPY 

Y1R (Uniprot entry: P25929) and NPY Y2R (Uniprot entry: P49146), were submitted to 
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PONDR® analysis (Predictor of Naturally Disordered Region). The results of this bioinformatics 

inquiry which utilized three separate algorithms revealed that the intracellular loop 3 (ICL-3) of 

Y5R (Figure 4A), which is markedly longer than in other NPY receptors, has features of a 

disordered region (Figure 4B). The presence of such a disordered region, characterized by the 

lack of a defined structure, permits a conformational flexibility, increases the interaction surface 

area, and it is often a target sequence of diverse post-translational modifications. In agreement 

with this, the mass spectrometry (MS) study performed on our stable CHO-K1/Y5R-EGFP 

transfectants revealed multiple phosphorylation sites within ICL-3 of Y5R (Table 1). Such 

features of the intrinsically disordered proteins allow them for interactions with other proteins. 

These interactions are characterized by high specificity but low affinity of partner proteins 

binding, which  allows them to easily form the functional complexes and as well dissociate in the 

rapid manner  (for review: [89]).  

In contrast to Y5R, in Y1R no sequences of similar disordered attributes have been 

indicated. In Y2R, the N-terminus has been identified as a potential disordered region, but since 

it is localized extracellularly, it might affect the ligand recognition and binding, but not 

participate in the downstream signaling (Figure 5). 
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Figure 4: The results of PONDR analysis of human NPY Y5 receptor. The A panel presents a scheme of 

Y5R structure. Panel B summarizes PONDR results for human Y5R protein sequence. The x-

axis refers to the amino acids within Y5R sequence, and y-axis shows the PONDR score, 

which corresponds to the level of a region disorder. The particular color-coded curves stand 

for the specific algorithm (VL-3, VL-XT, CaN-XT) assessment of a disorder along Y5R 

sequence. A thick black line stretched from mid-200 to mid-300 precisely covers the length of 

an intracellular loop 3, and denotes a region of a disorder. 

 

 
Figure 5: PONDR analysis' results for human NPY Y1 and Y2 receptors. The x-axis refers to the amino 

acid sequences of NPY Y1 (left) and Y2 (right) receptors. The color-coded curves symbolize 

the level of disorder along the receptors’ sequence calculated with the use of specific 

algorithms labeled VL-3, VL-XT, CaN-XT. Y2R, but not Y1R, has been revealed to have a 

50-residues-long disordered region located at the N-terminus. 
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Table 1: Phosphorylation sites within an intracellular loop 3 of human NPY Y5 Receptor identified by 

Mass Spectrometry. Y5R-EGFP fusion protein was immunoprecipitated from cell extracts 

obtained by lysis of CHO-K1/hY5-EGFP using anti-EGFP antibody. The obtained eluate was 

run on the gel and bands corresponding to Y5 rich section of gels, as determined by Western 

blot with anti-Y5R antibody performed on part of the gel, were excised and analyzed with 

Mass Spectrometry. The peptides corresponding to intracellular loop 3 were carrying multiple 

sites of phosphorylation. The positions of phosphorylated aminoacids are summarized in the 

table. Anti-EGFP antibody was used due to lack of commercially available reliable anti-Y5 

antibody at that time. The transfectants were grown in 10% FBS media, and not treated with 

agonists prior to the experiments. 

 

3.3. Live cell trafficking experiments on single NPY receptors 

The validation of NPY receptor functionality allowed using the obtained clones for 

fluorescence microscopy studies aiming at the exploration of trafficking patterns of single 

receptors. To this end, changes in NPY receptor distribution were assessed upon agonist 

treatment, with or without pre-treatment with selective receptor antagonists.  

 

Y1R  

The pictures capturing the Y1 receptors trafficking were collected with a confocal 

microscope at 10 minutes intervals following the NPY treatment. In untreated cells, significant 

amounts of Y1R were located intracellularly, although the membrane staining was also observed. 

At 50 min post NPY treatment, the intensity of the intracellular staining increased, while the 

membrane staining significantly diminished, suggesting Y1R internalization. This effect was 

inhibited by antagonist pre-treatment (Figure 6). 
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Figure 6 : Trafficking of Y1 receptor upon agonist and/ or antagonist treatment. Panel (A): Y1R is 

located both intracellularly (white arrows) and on the cell membrane (yellow arrows). Upon 

NPY treatment the intensified trafficking of Y1R can be observed resulting in the 

accumulation of Y1R in the sub-nuclear regions. The white arrows are pointing at the 

migrating receptors vesicles and the intracellular sites of receptor aggregation. Panel (B): 

Pre-treatment of cells with Y1R antagonist ablates the stimulating effect of NPY on Y1R 

trafficking. The pictures represent 3D reconstructions of the acquired confocal images from 

the 4-9 experiments per treatment, average 1-3 cells in the field. The study was performed in 

the University of Sherbrooke, with the help of Dr. Ghassan Bkaily and Danielle Jacques. Since 

these are 3D reconstructions, the data is currently under analysis at the University of 

Sherbrooke. Cell nuclei were stained with Syto 11. The scale ranging from 0 to 255 indicates 

the fluorescence intensity. Areas of “cool” colors represent areas of lower expression, while 

“hot” colors represent areas of high expression. Cells were grown in 10% FBS media, and the 

concentrations of used ligands were as the following: NPY - 10-7 M, and Y1R antagonist - 

10-6 M. Scale bar – 5 µm. R Antagonist – Y1R antagonist, H409/22 acetate. 
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Y2R 

The confocal images depicting the Y2Rs trafficking in CHO-K1 stable transfectants 

under the agonist with or without antagonist co-treatment, were obtained at the time range of 0 to 

90 minutes. In the untreated cells Y2R was localized mainly intracellularly, and NPY treatment 

triggered vast and rapid migration of Y2 receptors towards cell membrane. Subsequently, the 

receptors were internalized (30min). The effect of NPY was abolished by the pre-treatment of 

cells with Y2R antagonist (Figure 7). 

 
Figure 7: Trafficking of Y2 receptor upon agonist/ antagonist treatment. Panel (A): Initially, Y2R is 

localized mostly intracellularly (control). NPY treatment externalized the Y2 receptors (yellow 

arrows; NPY  10 mins). With prolonged exposure to NPY, Y2Rs are internalized and their 

sub-nuclear population fraction is increased in the relation to the control (white arrows; NPY  

30 mins). Panel (B): Upon pre-treatment with Y2R antagonist, NPY does not induce any 

dramatic alterations in Y2 receptor cellular distribution – neither in the increase mobilization 

to membrane, nor in the sub-membrane localization. The pictures represent 3D reconstructions 

of the confocal images acquired from the 4-9 repeats per treatment with on average 1-3 cells in 

the field. The study was conducted at the University of Sherbrooke, where the further analysis 

  
38 



will be carried out. Syto 11 was used to stain nuclei of cells. Scale 0 to 255 refers to intensity 

of detected fluorescence, and codes for EGFP brightness, which corresponds with the level of 

Y2R-EGFP construct expression. “Cold” colors, as blue, symbolize the regions of lower 

expression, while “hot” colors, as red, symbolize regions of high expression of Y2R. Cells 

were cultured in 10% FBS media, and treated with the ligands at the following concentrations: 

NPY – 10-7 M, and Y2R antagonist – 10-6 M. R Antagonist – Y2 antagonist, BIIE0246. 

 

Y5R 

The pictures showing distribution of Y5 receptor in CHO-K1 cells stably transfected with 

human Y5R/EGFP at time points ranging from 0 to 30 minutes of the agonist/antagonist 

treatments were acquired with the use of a confocal microscopy. In the untreated cells, 

hY5R/EGFP was located in the cell membrane, as well as intracellularly. The NPY treatment 

resulted in the internalization of Y5 receptors, which was blocked by the Y5R antagonist pre-

treatment (Figure 8 and Figure 9). The changes in the membrane Y5R upon treatment were 

computed by calculating the ratio of mean fluorescence intensity in the membrane (M) regions to 

the adjacent cytoplasmic (C) area (M/C). This approach allowed us to monitor internalization of 

the receptors without interference from photobleaching, since despite the overall decrease in 

GFP fluorescence caused by photobleaching, the ratio between particular regions remain 

unchanged. Depending on the initial ratio of membrane to cytoplasm fluorescence intensity, the 

analyzed areas have been classified as regions having an apparent accumulation of hY5R-EGFP 

on cell membrane (ratio above 1.2) - “MEM”, and areas not having pronounced accumulation of 

Y5R-EGFP on the membrane comparably with an adjacent cytoplasmic area (ratio below 1.2) - 

“NON-MEM”. It is observed that in the regions with initial accumulation of Y5R on the cell 

membrane (MEM), treatment with NPY significantly decreases M/C ratio, suggesting 

hY5R-EGFP internalization (Figure 8). This effect can be prevented by pre-treatment with Y5R 

antagonist (Figure 9). In regions where Y5Rs were not present on the membrane (NON-MEM), 
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no significant changes in the membrane distribution of the receptor is observed. This is 

consistent with lack of the receptor internalization while they are not present on the membrane 

before the treatment. Therefore, these regions were used as negative control. For both types of 

regions (MEM and NON-MEM) the pattern of receptor migration was preserved despite changes 

in the cell shape. Thus, the distribution of the receptors seems to be independent of the changes 

in cell morphology. Instead, it is dependent of the initial receptor localization and modified by 

the administered treatment. However, the high number of ruffle-like structures observed in 

CHO-K1/hY5R-EGFP stable transfectants suggests the potential role of this receptor in cell 

migration, which will be tested in future studies. 
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Figure 8: Trafficking of Y5R upon agonist treatment: untreated human Y5Rs/EGFP are localized on the 

cell membrane, as well as intracellularly - in the sub-nuclear regions. NPY treatment leads to 

the internalization of membrane population of Y5Rs. The figure is divided into two panels 

related to a representative cell 1 or cell 2. Each panel has three sections A, B and C. The 

sections A1 and A2 present the microscopic images of single Y5R-EGFP transfectants from 

different time points of NPY treatment. These images were converted from the original format 

(top row) to grayscale (bottom row) for the quantitative analysis. Green color corresponds to 
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fluorescence of EGFP (top row) and in the grayscale images it is a white color. Regions of 

initial accumulation of membrane Y5Rs are marked with green box (e.g. boxes with roman 

numerical I, II on A1, I, II, III on A2) - “MEM”. The sample regions with no accumulation of 

membrane Y5R comparably with cytoplasm, where encapsulated by a gray box (III, IV on A1, 

IV, V, VI on A2) - “NON-MEM”. The orange selections indicate the areas of membrane (most 

outside selection) and intracellular (inside selection) mean fluorescence intensities 

measurements. Yellow arrows represent the regions where cross-sectional distribution of 

fluorescence intensity was recorded and plotted for “MEM” and “NON-MEM” to illustrate the 

changes in the fluorescence distribution. Along with cross-sectional figures, the table with 

(M/C) ratios of mean fluorescence intensity on the membrane (M) and in the corresponding 

adjacent cytoplasmic (C) areas (orange selections) measured for the particular regions is 

provided to support the graphical presentations with quantitative statements (B1, B2 for 

“MEM”; C1; C2 for “NON-MEM”). The figure D represents the changes in average ratios of 

mean fluorescence intensity between membrane and adjacent cytoplasmic areas (M/C). The 

measurements were performed on 5 cells, with between 1-4 regions per cell being analyzed.  

The cells were plated in 10% FBS media in the chambered coverglass 24 hours prior to 

experiment. The study was performed with the use of Nikon Eclipse TE-300 Spinning Disk 

Timelapse Microscope System, and the pictures were acquired every 10 minutes. NPY was 

applied at the final concentration of 10-7 M. The two representative cells are being depicted. 

The statistical significance was determined by paired t-test with a two-tailed distribution. P 

values: *** < 0.001, *  < 0.05; ns, nonsignificant.  
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Figure 9 : The stimulatory effect of NPY on Y5R trafficking is suppressed by the Y5R antagonist 

pre-treatment. In untreated cells Y5Rs/EGFP are localized on the cell membrane, as well as 

intracellularly - in the sub-nuclear regions. Their localization does not change over the course 

of NPY treatment, due to the inhibitory effect of Y5R antagonist. The figure consists of two 

panels which refer to data obtained from two representative cells (cell 1 – A1, B1, C1 and 

cell 2 – A2 B2, C2). Each panel comprises three sections: A, B, and C. Sections A1 and A2 

show the single z-slice microscopic images of single Y5R-EGFP transfectants from different 

time points of Y5A and NPY treatments which were converted from the original format (top 

row) to grayscale (bottom row). Green color corresponds to fluorescence of EGFP (top row) 

and in the grayscale images it is a white color. Regions of initial accumulation of membrane 

Y5Rs are surrounded with green box (I, II, III in A1, and A2) - “MEM”. The sample regions 

with no accumulation of membrane Y5R comparably with cytoplasm, where marked with a 

gray box (IV in A1 and A2) - “NON-MEM”. The orange selections indicate the areas of 

membrane (most outside selection) and intracellular (inside selection) mean fluorescence 

intensities measurements. Yellow arrows represent the regions where cross-sectional 

distribution of fluorescence intensity was recorded and plotted for “MEM” and “NON-MEM” 
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to illustrate the changes in the fluorescence distribution. The direction of the arrow 

corresponds to the direction of the fluorescence intensity distribution direction on the graph. 

Along with cross-sectional figures the table with ratios of mean fluorescence intensity M/C 

measured from the corresponding regions is provided to support the graphical presentations 

with quantitative statements (B1, B2 for “MEM”; C1; C2 for “NON-MEM”). The figure D 

summarizes the changes in the ratio of mean intensity fluorescence between membrane (M) 

and adjacent cytoplasmic (C) areas for particular time-points of Y5A/NPY treatments. The 

measurements were performed on 5 cells, with between 1-4 regions per cell being analyzed. 

The transfectants were plated in 10% FBS media in the chambered coverglass 24 hours prior 

to experiment. The concentrations of used reagents were as the following – NPY, 10-7 M, and 

Y5R antagonist, 10-6M. The pictures were acquired every 10 minutes with the use of Nikon 

Eclipse TE-300 Spinning Disk Timelapse Microscope System. The two representative cells 

are being depicted. The statistical significance was determined by paired t-test with a two-

tailed distribution. Y5A, Y5R antagonist – CGP 71683, ns, nonsignificant. 

 

3.4. Molecular forms of NPY receptors 

Under basal conditions, human Y5R/EGFP was detected by Western blotting as a 

monomer in two differently glycosylated forms (Figure 10A). The process of the de-

glycosylation rendered only one monomeric form (Dr Kitlinska’s lab unpublished results). Pre-

incubation with membrane impermeable crosslinker, bis[sulfosuccinimidyl] suberate (BS-3 ), 

revealed the presence of high molecular bands, with the molecular weight corresponding to 

putative dimer of Y5R-EGPF fusion protein (Figure 10A). Immunoprecipitation of Y5R-EGFP 

receptor from the cell lysates with the use of anti-EGFP antibodies with or without BS-3 

enriched the lysates in high molecular forms of Y5R (Figure 10B). Mass spectrometry analysis 

allowed to identify the presence of Y5R specific peptides in the bands attributed to the 

differently glycosylated monomers and the band at the level of a dimer mass. Within the bands 

with a mass higher than Y5R dimers and clearly visible with Coomassie Blue Staining, Mass 

spectrometry analysis revealed presence of Y5R peptides along with fragments of other known 
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proteins. The analysis of these Y5R-associated proteins using Ingenuity software identified 

several pivotal functional pathways mediated by these proteins (Figure 11). Majority of the 

identified functions refer to the protein maturation (post-translational modifications, and protein 

folding), or are linked to processes which Y5R is reported to be engaged in (cell death [13, 90]).  

 

 
Figure 10 : The scheme is describing the sequence of events preceding the Mass Spectrometry of human 

Y5R/EGFP immunoprecipitate. Western blot analysis of the lysate from CHO-K1/Y5R-EGFP 

stable transfectants performed with anti-EGFP antibody revealed presence of two 

differentially glycosylated Y5R monomers and a putative Y5R dimer (A). The 

immunoprecipitation with anti-EGFP antibody enriched the CHO-K1/Y5R-EGFP eluates in 

the receptors, allowing detecting the receptor dimers more clearly (B). Coomassie Blue 

Staining enabled to visualize the protein-rich bands (C), which corresponded to the bands 

containing Y5R detected by Western blot (A and B). For Mass Spectroscopy Analysis bands 

corresponding to two differentially glycosylated monomers, a dimer, and higher than dimers 

bands, were excised from a gel. Mass Spectrometry confirmed the presence of Y5R-specific 

bands in two monomer bands, a “dimer band”, as well as in a higher order bands. 

Transfectants were cultured in the 10% FBS media, and were not treated prior to the 

experiment. 
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Figure 11 : Mass Spectrometry Analysis of hY5R/EGFP immunoprecipitate’s content in higher bands 

than Y5R dimers. Apart from Y5R peptides, many other peptides were detected and identified. 

The Ingenuity software enabled to recognize the pathways and processes in which particular 

proteins participate. The list of the most highly scored processes is presented here. All the 

aforementioned processes fit the Y5R profile. 

 

3.5. Interactions within NPY Receptors family  

ESTABLISHMENT AND VALIDATION OF HUMAN Y1R/MCHERRY-Y5R/EGFP STABLE 

TRANSFECTANTS 

Human Y1R-mCherry and human Y5R-EGFP were co-transfected into CHO-K1 cells 

line. CHO-K1 has been previously examined for lack of the expression of NPY system 

components. The stable double receptors clones were selected based on the antibiotic resistance 

and the expression of Y1R-mCherry, and Y5R-EGFP, was confirmed by Western Blotting 

(Figure 12A), and Fluorescence Microscopy (Figure 13). Since there were not satisfactory 

commercially available antibody against Y1R at that time, the presence of this protein on the 

nitrocellulose membrane was detected with antibody targeting the fused to Y1R fluorescent 

protein – mCherry. The recommended antibody by Clontech for mCherry recognition was anti-

dsRed antibody. Both Y1R and Y5R monomeric fusion receptors were detected in two forms. 

Previous de-glycosylation studies from Dr.Kitlinska’s laboratory performed on single receptor 

stable transfectants, identified those two forms as two differentially glycosylated monomers of 
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particular receptors. The post-translational process of glycosylation affected differently the final 

mass of proteins, probably dependently on the size of attached glycan moiety (Figure 12A). The 

functionality of the receptors in CHO-K1/Y1R-mCherry/Y5R-EGFP cells was validated by 

activation of p44/42 MAPK signaling pathway driven by selective Y1R and Y5R agonists 

(Figure 12B).  

 
Figure 12 : CHO-K1 double stable transfectants of human Y1R/mCherry and Y5R/EGFP. Panel (A): 

Western blotting confirming the presence of human Y1R/mCherry and Y5R/EGFP. Panel (B): 

Western blots demonstrating the activation of p44/42 MAPK pathway by corresponding 

receptor-specific agonists. Two bands observed for Y1R and Y5R represent differentially 

glycosylated monomers, as proven by deglycosylation experiment (data not shown). The 

transfectants were cultured in the serum-free media, treated with agonists at the concentration 

of 10-7 M for 10 minutes, and subsequently harvested according to “Western blotting” protocol 

described in the Methods section. NT, non-treated; Y1R agonist, [Arg6, Pro34] NPY; Y5R 

Agonist- BWX 46.  

 

The co-localization of Y1R and Y5Rs detected by fluorescent microscopy (Figure 13) 

suggested the presence of the receptors in the same membrane domains, however it did not prove 
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their direct interaction. Thus FRET experiments were performed. However, due to the problems 

with data analysis the data were inconclusive. Therefore, we used biochemical approach 

(crosslinking followed by IP, Figure 12) to characterize the nature of the NPY receptor 

interactions.  

 

 
Figure 13: CHO-K1 cells stably transfected with both hY1R-mCherry and hY5R-EGFP. Pictures of the 

cells growing under basal conditions (no treatment with NPY receptor agonists or antagonists) 

were taken with the use of a confocal microscopy to characterize the pattern of Y1 and Y5 

receptors protein expression in stable double transfectants. From LEFT to the RIGHT: an 

image juxtaposing the red and green channels – “Y1R-Y5R”, presenting the regions of co-

localization (yellow patches on the cell membrane, and sub-nuclear space); a green channel 

image with human Y5R/EGFP distribution along the cell – “hY5R-EGFP”; a red channel 

image with human Y1/mCherry – “hY1R-mCherry”.  

 

PROTEIN- PROTEIN INTERACTIONS BETWEEN HUMAN Y1R/MCHERRY AND Y5R/EGFP IN 

CHO-K1 STABLE TRANSFECTANTS INVESTIGATED BY THE MEANS OF IMMUNOPRECIPITATION 

Y1R/mCherry and Y5R/EGFP direct interactions were investigated by 

immunoprecipitation (IP) in the stable transfectants, under different treatment conditions. To 

stabilize protein complexes, the cells were treated with membrane impermeable BS-3 crosslinker 

before harvesting. The length of this crosslinker is 11.4 Ȧ (1.14 nm), while the intermolecular 

distance for FRET to occur between donor and acceptor is typically in the range between 10 Ȧ 
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(1nm) and 100 Ȧ (10 nm) [91]. Therefore, as with FRET-based methods, only the proteins 

present in the very proximity, most likely directly bound to each other, can be detected as BS-3-

crosslinked complexes. Y5R-specific antibody was used to pull down Y5 receptors, and the 

presence of Y1R-mCherry in the IP eluates was detected with anti-dsRed antibody to target 

mCherry protein tag. Anti-dsRed antibody was recommended by the manufacturer (Clontech) to 

be used in the Western Blot procedure for mCherry identification. Under basal conditions, 

Y1R/mCherry receptor was detected in high molecular weight bands (approximately 170kDa), 

corresponding to the sum of molecular weights of Y1R/mCherry and Y5R/EGFP fusion proteins 

(Figure 14A). Y5R/EGFP protein was detectable within the same region, confirming that the 

observed complexes represent Y1R/mCherry-Y5R/EGFP heterodimers (Figure 14B). The 

hY1R/mCherry content in the complexes with Y5R decreased upon treatment with agonists 

targeting Y1R/Y5R (NPY 1-36) suggesting that Y1R/Y5R heterodimers disassociate upon ligand 

binding (Figure 14C). However, since the BS-3 crosslinker used in this study is membrane 

impermeable, such an effect can also be caused by internalization of Y1R/Y5R complexes and 

their disappearing from the cell surface. Pre-treatment with Y5R antagonist did not prevent this 

effect, indicating that activation of Y1R alone is sufficient to trigger the response. The specificity 

of the observed Y1R/Y5R heterodimerization was confirmed by negative controls. In extracts 

from CHO-K1/Y1R-mCherry/Y5R-EGFP cells not treated with crosslinker, no bands staining 

for both Y1R and Y5R were detected in the region of putative heterodimeric complexes (170kDa 

– approximate size of Y1R-mCherry + Y5R-EGFP) (Figure 14A, B), affirming that such 

complexes can be detected only upon crosslinking and they do not result from unspecific protein 

interactions. Moreover, no such bands were found in mixed lysates obtained from CHO-

K1/Y1R-mCherry and CHO-K1/Y5R-EGFP single transfectants.  
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Figure 14: Direct interactions between human Y1R/mCherry and Y5R/EGFP and their regulation by 

selective receptor agonists and antagonists detected by immunoprecipitation method with the 

use of BS-3 crosslinker. The LEFT PANEL depicts the Y1R/mCherry (A) and Y5R/EGFP (B) 

protein presence in the IP eluates obtained by puling down Y5 receptors with the Y5R-specific 

antibodies from cell lysates harvested under different treatment conditions. All cells were 

treated with membrane impermeable crosslinker BS-3 to stabilize protein complexes. Control 

(non-treated cells, without crosslinker BS-3), and the mixture of Y1R, and Y5R lysates show 

no presence of receptors at the level of heterodimers, which confirms the specificity of the 

observed interactions. The C chart shows the densitometric quantification of the Y1R/mCherry 

content in heterodimer bands normalized to Y5R content. The transfectants were grown in 

10% FBS F12K media, similarly as in the microscopy studies. The cells were treated with 

NPY (10-7 M) for 10 minutes, with our without Y5R antagonist pretereatment (10-7 M, for 15 

minutes). The IP procedure was carried out according to the IP kit manufacturer’s 

recommendations, asdescribed in a detail in the “Methods” chapter. The calculations are based 

on two repeats. Error bars correspond to a standard error of the mean (SEM). NT, non-treated; 

hY1, hY1R; Y1Y5, Y1R/Y5R; Y5 Ant – Y5 antagonist, CGP 71683. 
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PROTEIN- PROTEIN INTERACTIONS BETWEEN HUMAN Y1R/MCHERRY AND Y5R/EGFP IN 

CHO-K1 STABLE TRANSFECTANTS STUDIES WITH A USE OF A CONFOCAL MICROSCOPY 

In CHO-K1/hY1R-mCherry/hY5R-EGFP double stable transfectants, live cell imaging 

experiment shows that hY1R-mCherry (red) and hY5R-EGFP (green) receptors co-localized in 

the cell membrane and sub-nuclear areas (Figure 13). In these cells, treatment with NPY 

triggered internalization of both Y1R and Y5R (Figure 15). When receptors are initially present 

on the cell membrane (MEM), they start to internalize immediately after treatment (statistically 

significant decrease in M/C ratio between NT and 17’ min). When there is less receptor on the 

membrane (NON-MEM) they first externalize and then start to internalize. Therefore, there is 

significant increase in ratio after 7 min (NT vs 7 min), while ’7 vs 17 min’ has only a trend to be 

down-regulated. This is most likely to the delay in the internalization, caused by the fact that 

there is a time needed to externalize the receptor first.  

The pre-treatment of stable transfectants with Y5R antagonist does not block 

internalization of both Y5R and Y1R and the pattern of internalization is preserved (Figure 16). 

In fact, for NON-MEM Y5R in Y1R/Y5R stable double transfectants – 7 min vs 17 min becomes 

statistically significant suggesting faster rate of internalization. This is in contrast to the Y5R 

antagonist-dependent inhibition of Y5R internalization in CHO-K1 cells expressing single Y5Rs 

(Figure 8 and Figure 9). The observations of Y1/Y5 receptor trafficking suggest that activation 

of Y1Rs is sufficient to trigger the internalization, and most likely also the signaling of the 

heterodimer. Together, the results are in agreement with biochemical data indicating activation 

of Y1R/Y5R heterodimer in the presence of Y5R antagonist (Figure 14).  

 

  
54 



 
 

  
55 



 

  
56 



 
Figure 15 : Live cell imaging of CHO-K1 stable transfectants expressing human Y1R/mCherry and 

Y5R/EGFP treated with NPY. The untreated cells have the cell membrane Y1R/Y5R co-

localization. Agonist addition leads to the internalization of both receptors (NT vs. 17 

minutes). The figure comprises two panels which relate to representative cell’ green (1) and 

red (2) channels and a summary chart (D). Each panel has three sections A, B and C. The 

sections A1, and A2 present the microscopic images (in original color, and grayscale) of 

double stable Y1R-mCherry/Y5R-EGFP transfectants from different time points of treatment. 

Green color corresponds to fluorescence of EGFP, red color to fluorescence of mCherry and in 

the grayscale images fluorescence is encoded by a “white” color. Regions of initial 

accumulation of membrane Y1Rs and Y5Rs are marked with red or green box (e.g. boxes with 

roman numerical I, III, IV, V on A1, I, IV, V on A2) - “MEM”. The sample regions with no 

accumulation of membrane Y1R or Y5R comparably with cytoplasm, where encapsulated in a 

gray box (II on A1, II, III on A2) - “NON-MEM”. Yellow arrows represent the regions where 

cross-sectional distribution of fluorescence intensity was recorded and plotted for “MEM” and 

“NON-MEM” to illustrate the changes in the fluorescence distribution. Along with cross-

sectional figures the table with ratios of mean fluorescence intensity measured from the 

membrane (M) and cytoplasmic (C) fractions of the corresponding regions (M/C) is provided 
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to support the graphical presentations with quantitative statements (B1, B2 for “MEM”; C1; 

C2 for “NON-MEM”). The cells were plated in 10% FBS media in the chambered coverglass 

24 hours prior to experiment. The study was performed with the use of Nikon Eclipse TE-300 

Spinning Disk Timelapse Microscope System, and the pictures were acquired every 10 

minutes. NPY was used at the final concentration of 10-7 M. The figure D presents the 

calculations of the ratio of intensity fluorescence between membrane and adjacent cytoplasmic 

areas. The measurements were performed on 5 cells, with between 1-6 regions per cell being 

analyzed. The statistical significance was determined by paired t-test with a two-tailed 

distribution. P values: ** < 0.01, * < 0.05; ns, non-significant; NT, nontreated.   
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Figure 16 : Live cell imaging of CHO-K1 stable transfectants expressing human Y1R/mCherry and 

Y5R/EGFP. The untreated cells show the cell membrane Y1R/Y5R co-distribution which 

stays unaltered by 15 minutes of Y5R antagonist (Y5A) pre-treatment, but the NPY addition 

results in unsuppressed internalization of both receptors. The figure consists of two panels 

related to representative cell fluorescence channels – (1) for green and (2) for red-, and a 

summary chart (D). Each panel has three sections A, B and C. The A section presents the 

microscopic images, along with their grayscale counterparts, of particular receptors from 

separate channels:  A1- green channel, Y5R-EGFP, and A2 – red channel, Y1R-mCherry. The 

images were taken at different time points of experiment. Regions of initial accumulation of 

membrane Y1Rs and Y5Rs are marked with red and green boxes (e.g. boxes with roman 

numerical VII, IX, X, XI on A1 or A2) - “MEM”. The sample regions with no accumulation of 

membrane Y5R comparably with cytoplasm, where framed by gray boxes (VI, VIII, XII on 

A1 and A2) - “NON-MEM”. Yellow arrows represent the regions where cross-sectional 

distribution of fluorescence intensity was recorded and plotted for “MEM” and “NON-MEM” 

to illustrate the changes in the fluorescence distribution. Along with cross-sectional figures the 

table with ratios of mean fluorescence intensity in membrane (M) and cytoplasmic fractions 

(M/C) measured from the corresponding regions is provided to support the graphical 
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presentations with quantitative statements (B1, B2 for “MEM”; C1; C2 for “NON-MEM”). 

The cells were plated in 10% FBS media in the chambered coverglass 24 hours prior to 

experiment. The study was performed with the use of Nikon Eclipse TE-300 Spinning Disk 

Timelapse Microscope System, and the pictures were acquired every 10 minutes. Y5A was 

applied at the final concentration of 10-6 M and NPY – 10-7 M. The figure D presents the 

calculations of the ratio of intensity fluorescence between membrane and adjacent cytoplasmic 

areas. The measurements were performed on 5 cells, with between 2-7 regions per cell being 

analyzed. The statistical significance was determined by paired t-test with a two-tailed 

distribution. P values: ** < 0.01, * < 0.05; ns, non-significant; NT, non-treated; Y5A, Y5R 

antagonist – CGP 71683.    
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PROTEIN- PROTEIN INTERACTIONS BETWEEN HUMAN Y1R/MCHERRY AND Y5R/EGFP IN 

CHO-K1 STABLE TRANSFECTANTS STUDIES BY THE MEANS OF CELL GROWTH ASSAY 

The interactions of Y1R/Y5Rs have been further confirmed on cellular level. In CHO-K1 

cells expressing both Y1R-mCherry and Y5R-EGFP receptors, NPY stimulates growth of the 

cells, measured by CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay, in 

bimodal fashion. Cell growth pattern exhibited two peaks of the response, at NPY concentration 

of 10-11M and 10-7M (Figure 17). Only treatment with the mixture of both Y1R and Y5R 

antagonists fully inhibited NPY driven growth at both peaks. This is in agreement with 

previously shown activation of Y1R/Y5R heterodimers by ligands binding selectively to Y1R or 

Y5Rs (Figure 12 and Figure 17). This bimodal growth trend is unique for double receptor 

transfectants, while the single receptor transfectants show only the linear concentration- 

dependent increase in the growth (data not shown). Therefore, we hypothesize that the 

appearance of a “high affinity” peak (10-11M) can be granted to the formation of heterodimers, 

while the “low affinity” (10-7M) peak in cells expressing single NPY receptors is supported by 

monomers and homodimers (Figure 18). 
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Figure 17: Results from the MTS Assay run on CHO-K1 stable transfectants expressing human 

Y1R/mCherry and Y5R/EGFP. The graph presents the cell growth normalized to a control 

(untreated cells). Stable transfectants expressing human Y1R/mCherry and Y5R/EGFP show 

the bimodal trend of growth upon NPY treatment, in contrast to single receptors which present 

a linear-shaped growth (data not shown). Only double antagonist treatment can significantly 

inhibit the effect of NPY. The cells were plated on the 96-well plate in 10% FBS F12K media,  

1500 cells per a well. 24 hours before the experiment, media was changed to a serum free 

F12K. The cells were pre-treated with NPY receptors antagonists at the concentrations of 

10-6 M for 1 hour. Next, 10-7 M NPY was added for 24 hours and the viability of the cells was 

measured with CellTiter 96®AQueous One Solution Cell Proliferation Assay (Promega, 

Madison, WI). NT, non-treated; Y1A, Y1R antagonist; Y5A, Y5R antagonist; P values by 

1 way ANOVA with post-hoc Bonferonni multiple test: NPY vs. NPY + Y1/Y5 antagonists 

(color-coded orange): ns – non-significant; 0.001<**<0.01, and ***<0.001; CT vs. NPY 

(color-coded black): ns – non-significant and ***<0.001.  
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Figure 18: A hypothetical scheme explaining the possible molecular forms of NPY receptors contributing 

to the bimodal effect of cell growth triggered by NPY treatment. All molecular forms of NPY 

receptors, including homo- and heterodimers, contribute to the effect behind low affinity peak 

while it is stipulated that the effect of “high affinity peak” can be attributed to the actions of 

heterodimers. 

 

HYPOTHETICAL MODEL OF Y1R AND Y5R INTERACTIONS: 

Under basal conditions, co-expressed Y1 and Y5 receptors co-localize at the cell 

membrane (Microscopy studies). Treatment with receptor ligands results in decrease of Y1 and 

Y5 receptors localized to the cell membrane (Microscopy studies), and dissociation of complexes 

(IP studies). The molecular mechanism of NPY receptor internalization is unknown. Based on 

the earlier study in single receptor CHO-K1 transfectants which shows Y5R retention in the cell 

membrane upon Y5R antagonist treatment, it can be speculated that in case of Y1R/Y5R 

co-transfectants, where Y5R internalization occurs despite Y5R antagonist’s presence, the 

presence of Y1R/Y5R heterodimers results in co-dependent activation and internalization of both 

receptors. Furthermore, at the stage of internalization, activated receptors might still be able to 
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trigger respective signaling pathways. Only blocking both Y1R and Y5Rs simultaneously can 

fully inhibit the NPY effect on cell growth.  

It is still unclear at which point the heterodimers of receptors truly signal. We postulate 

two options as depicted in Figure 19. In hypothesis 1, the receptors can perform a signal 

transduction not only at the cell membrane, but also carry it out even throughout the process of 

internalization up to the moment of molecular separation, and final inactivation. In hypothesis 2, 

activated receptors transduce a signal while docked at the cell membrane, and the process of the 

receptors’ internalization ceases that and disrupts their heterodimeric complexes (Figure 19). 

 
Figure 19: Molecular hypothesis behind Y1R/Y5R signaling. 
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Y2R DOES NOT DIRECTLY INTERACT WITH Y5R 

Immunoprecipitation studies performed on CHO-K1/Y2R-mCherry/Y5R-EGFP cells as 

described above for Y1R/Y5R double transfectants did not confirm the existence or formation of 

direct Y2R/Y5R dimeric complexes (Figure 20A). There were no Y2Rs detectable in high 

molecular weight complexes corresponding to the putative Y2R/Y5R heterodimers. The high 

molecular forms of Y5Rs detected upon crosslinking with BS-3 may represent Y5R homodimers 

previously detected in single CHO-K1/Y5R-EGFP transfectants. However, the cell growth 

experiments on the stable double hY2R-mCherry/hY5R-EGFP receptor transfectants showed the 

bimodal responsiveness to NPY (Figure 20B).  

Live cell imaging experiment performed on stable double Y2R/Y5R CHO-K1 

transfectants, reveals a similar pattern of Y2R/Y5R trafficking as in the case of Y1R/Y5R. NPY 

treatment leads to immediate internalization or receptors in MEM regions and 

externalization/internalization events in NON-MEM regions (Figure 21). Here, changes at time 

points 4 min vs. 14 min for NON-MEM are significant for both receptors, suggesting faster rate 

of internalization than for Y1R/Y5R. The Y5R antagonist pre-treatment has not prevented the 

stimulatory effect of NPY on internalization of Y2R and Y5Rs initially present on the cell 

membrane (MEM regions) (Figure 22). Interestingly, however, no externalization and 

subsequently no internalization of the receptors were observed in the regions without prior 

accumulation of the receptors on the membrane. This lack of the externalization is similar to that 

seen in Y5R single transfectants. Moreover, both receptors seem to internalize at comparable 

rate. Interestingly, this process is not being accompanied by the externalization/internalization 

process, which occurred with NPY only treatment, indicating that intracellular mobilization of 

receptors has been abated. 
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Figure 20 : Immunoprecipitation shows no direct interactions between human Y2R/mCherry and 

Y5R/EGFP, while MTS assays on Y2R/Y5R CHO-K1 stable transfectants reveals bimodal 

growth response to NPY. (A): Y5 receptors were pulled down from the CHO-K1 human 

Y2R/mCherry-Y5R/EGFP stable transfectants lysates with the use of Y5R-specific antibody at 

different treatment conditions, with and without BS-3. No Y2 receptor has been detected at the 

level corresponding to the mass of putative heterodimers. (B): NPY treatment of CHO-K1 

human Y2R/mCherry-Y5R/EGFP stable transfectants results in the bimodal growth response 

curve. Cells for IP experiments were grown in 10% FBS F12K media, and treated with 10-7 M 

NPY for 10 minutes prior to samples collection and processing according to IP protocol 

provided in the “Methods” Chapter. For the “growth curve” study, cells were plated in 96 well 

plate (2000/ well) in 10% FBS media, but 24 hours before the experiment, media was changed 

to serum- free F12K, to isolate the effect of NPY on the cells growth. The cells were treated 

with indicated in the figure 18B dilutions of NPY for 24 hours and the assay was developed 

according to the manufacturer’s instructions [CellTiter 96®AQueous One Solution Cell 

Proliferation Assay (Promega, Madison, WI)]. IP and MTS experiments were run twice, but in 

case of MTS assay each treatment had 6 replicates in each repetition. NT, non-treated; P 

values by 1 way ANOVA with post-hoc Bonferonni multiple comparison test: CT vs. NPY 
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(color-coded black): ns – non-significant; 0.001<**<0.01, and ***<0.001; NPY 10-13 vs. NPY 

(color-coded orange): ns – non-significant, 0.01<*<0.05, 0.001<**<0.01 and ***<0.001. 
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Figure 21 : Live cell imaging of CHO-K1 transfectants stably expressing human Y2R-mCherry and 

Y5R-EGFP. The stimulation with NPY addition shifts the cell membrane pool of receptor 

intracellularly, where they stay at least up to 14 min. Simultaneously, the externalization of the 

receptors in the regions of initially spare membrane density of receptors is observed at time 

point 4 minutes, followed by internalization (time point 14 minutes). The figure is composed 

from two panels, corresponding to representative cell fluorescence channels – (1) for green 

and (2) for red-, and a summary chart (D). Each panel has three sections A, B and C. The A 

section shows the microscopic images, along with their grayscale counterparts, of particular 

receptors from separate channels: A1- green channel, Y5R-EGFP, and A2 – red channel, Y2R-

mCherry. The images were taken at different time points of experiment. Regions of initial 

accumulation of membrane Y2Rs and Y5Rs are marked with red and green boxes (e.g. boxes 

with roman numerical I, V on A1 and A2) - “MEM”. The sample regions with no 

accumulation of membrane Y5R comparably with cytoplasm, where delineated with gray 

boxes (II, IV, V, VI on A1 and A2) - “NON-MEM”. The orange selections indicate the areas 

of membrane (most outside selection) and intracellular (inside selection) mean fluorescence 

intensities measurements. Yellow arrows represent the regions where cross-sectional 

distribution of fluorescence intensity was recorded and plotted for “MEM” and “NON-MEM” 
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to illustrate the changes in the fluorescence distribution. Along with cross-sectional figures the 

table with ratios of mean fluorescence intensity measured from the corresponding regions is 

provided to support the graphical presentations with quantitative statements (B1, B2 for 

“MEM”; C1; C2 for “NON-MEM”). The cells were plated in 10% FBS media in the 

chambered coverglass 24 hours prior to experiment. The study was performed with the use of 

Nikon Eclipse TE-300 Spinning Disk Timelapse Microscope System, and the pictures were 

acquired every 10 minutes. NPY was added at the final concentration of 10-7 M. The figure D 

presents the calculations of the ratio of intensity fluorescence between membrane and adjacent 

cytoplasmic areas. The measurements were performed on 8 cells, with between 1-6 regions per 

cell being analyzed. The statistical significance was determined by paired t-test with a two-

tailed distribution. P values: *** < 0.001, ** < 0.01, * < 0.05; NT, non-treated. 
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Figure 22 :  Live cell imaging of CHO-K1 transfectants stably expressing human Y2R/mCherry and 

YR5/EGFP. Untreated cells show the apparent cell membrane localization of Y2Rs and Y5Rs, 

both of which respond to NPY treatment by internalization despite the presence of Y5R 

antagonist (Y5A). No significant pattern of changes in non-membrane population is observed. 

The figure comprises two panels corresponding to representative cell fluorescence channels – 

(1) for green and (2) for red-, and a summary chart (D). Each panel has three sections A, B and 

C. The A section presents the microscopic images, along with their grayscale counterparts, of 

particular receptors from separate channels: A1- green channel, Y5R-EGFP, and A2 – red 

channel, Y2R-mCherry. The images were taken at different time points of experiment. 

Regions of initial accumulation of membrane Y2Rs and Y5Rs are marked with red and green 

boxes (e.g. boxes with roman numerical I, III, V on A1 or A2) - “MEM”. The sample regions 

with no accumulation of membrane Y5R comparably with cytoplasm, where framed by gray 

boxes (III, IV, VI on A1 and A2) - “NON-MEM”. The orange selections indicate the areas of 

membrane (most outside selection) and intracellular (inside selection) mean fluorescence 

intensities measurements. Yellow arrows represent the regions where cross-sectional 

distribution of fluorescence intensity was recorded and plotted for “MEM” and “NON-MEM” 

to illustrate the changes in the fluorescence distribution. Along with cross-sectional figures the 

table with ratios of mean fluorescence intensity of membrane (M) and adjacent cytoplasmic 
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fraction (M/C) measured from the corresponding regions is provided to support the graphical 

presentations with quantitative statements (B1, B2 for “MEM”; C1; C2 for “NON-MEM”). 

The cells were plated in 10% FBS media in the chambered coverglass 24 hours prior to 

experiment. The study was performed with the use of Nikon Eclipse TE-300 Spinning Disk 

Timelapse Microscope System, and the pictures were acquired every 10 minutes. NPY was 

applied at the final concentration of 10-7 M and Y5A – 10-6 M. The figure D presents the 

calculations of the ratio of intensity fluorescence between membrane and adjacent cytoplasmic 

areas. The measurements were performed on 6 cells, with between 2-6 regions per cell being 

analyzed. The statistical significance was determined by paired t-test with a two-tailed 

distribution. P values: *** < 0.001, ** < 0.01, * < 0.05; NT, non-treated; Y5A, Y5R 

antagonist – CGP 71683. 
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PROPOSED HYPOTHESIS OF Y2R AND Y5R INTERACTIONS: 

The analysis of potential interactions between Y2Rs and Y5Rs brought puzzling, yet 

interesting results. On the functional level, co-expression of Y2R and Y5R in CHO-K1 cells 

resulted in bimodal growth response, as seen in Y1R/Y5R transfectants. Moreover, live cell 

imaging studies show the co-localization of Y2R and Y5Rs and lack of the inhibition of Y5R 

internalization by Y5R-pretreatment. All these observations suggest possible interactions 

between Y2Rs and Y5Rs (Figure 20-Figure 22). Despite that, however, no directly bound 

Y2R/Y5R heterodimers were detected by IP (Figure 20). Furthermore, although the Y5R 

antagonist did not block Y5R internalization in CHO-K1/Y2R-mCherry/Y5R-EGFP 

transfectants, it changed it pattern by preventing NPY-induced Y5R and Y2R externalization in 

the areas without prior accumulation of the receptors on the cell membrane. Similar lack of the 

response in such regions was observed in CHO-K1/Y5R-EGFP single transfectants. Based on 

this we hypothesize that Y2Rs and Y5Rs interact with each other, however the nature and 

regulation of these interactions differ from those observed between Y1R/Y5Rs. We postulated 

that such interactions can occur by formation of large, multiprotein complexes that are not 

detectable by our biochemical approach combining crosslinking with IP. Alternatively, the 

functional effects mimicking heterodimer signaling can be achieved by cross-talk between Y2R 

and Y5R signaling pathways.  Thus, we hypothesize that NPY binds separately to the Y2 and Y5 

receptors, however their simultaneous activation results in amplification of the peptide’s signal 

(Figure 23).   
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Figure 23 : Scheme depicting a molecular hypothesis behind Y2R/Y5R signaling. NPY acts separately 

on individual receptors, which subsequently upon their activation initiate receptor- specific 

signaling cascades which share a common downstream pathway – p44/42 MAPK. 
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Chapter 4:  Conclusions (from PART I) 
 

NPY receptors are capable of interacting with each other. Protein- protein interactions 

between Y1 and Y5 receptors have been detected by the method of immunoprecipitation 

combined with crosslinking. No such interactions were observed between Y2R and Y5R. Live 

cell imaging experiments shows co-localization of Y1R and Y5R, and Y2R and Y5R, and similar 

patterns of trafficking of individual receptors. Y5R antagonist pre-treatment prevented the 

internalization of Y5R for Y5R single receptor transfectants, but not for Y2/Y5 and Y1R/Y5R 

double receptors transfectants. This may suggest that internalization of Y1/Y5 as well as Y2/Y5 

receptors are co-dependent, but their molecular foundations differ. In case of Y1/Y5 complexes a 

heterodimer might be a functional molecular unit directly activated by NPY and responsible for 

observed outcomes in (bimodal) cell growth and receptors trafficking. The molecular 

foundations of Y2R/Y5R interactions are still not well defined. Since the existence of 

heterodimeric Y2R/Y5R has not been confirmed, it might be speculated that those receptors are 

organized in higher order complexes (signaling platforms?) undetectable by methods employed 

in our study.  

Studies on the cellular level demonstrate the bimodal curve of growth response to 

different NPY concentrations exclusively in the cells expressing two different types of NPY 

receptors. This bimodal response to NPY can be fully blocked only when both Y1R and Y5R 

antagonists are applied. The appearance of bimodal trend is not yet well understood. Since we 

observe direct interactions only between Y1R and Y5R, but not Y2R and Y5R, it is plausible that 

the signaling cross-talk is underlying the bimodal response at the cellular level. 
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PART II : Y5 RECEPTOR INTERACTIONS WITH 

TYROSINE KINASE RECEPTOR FAMILY 

MEMBER, TRKB 
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CHAPTER 5:  Results 

5.1. BDNF up-regulates NPY system in neuroblastoma cell lines 

BDNF INCREASES NPY AND Y5R EXPRESSION  

Neuroblastoma cell line SHSY5Y Stably transfected with TrkB receptor (SY5Y/TrkB) 

was treated with BDNF and the mRNA levels of NPY, NPY Y2 (Figure 24) and NPY Y5 

receptors (Figure 25) was measured by real time RT-PCR. The increase in NPY expression was 

observed after the short-time (6 hours) and long-time (24 hours) exposure to BDNF. No effect of 

BDNF on Y2R expression was observed (Figure 24). Y5R expression was not detected at 6 

hours after BDNF treatment. Long-time exposure (24 hours) to BDNF induced Y5R expression, 

and this effect was averted by Trk antagonist (K252a) confirming BDNF involvement 

(Figure 25 A,B).  

Our attempts to confirm BDNF-induced increase in Y5R expression on protein levels were 

hindered by technical problems. The induction of Y5R protein was observed after 48h culture in 

serum free media (Figure 25C), which is in line with the pro-survival activity of this receptor 

documented in the following chapters. However, upon BDNF treatment, the increase in Y5R 

protein was accompanied by similar increases in β-actin levels. This observation is in agreement 

with previously reported impact of BDNF on cytoskeleton [92]. Therefore, this study will be 

repeated with the use of other internal control, such as GAPDH. 
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Figure 24: The change in NPY expression, but not in Y2R, was observed after short-time (6 hours) and 

long-time exposure (24 hours) to BDNF, as measured by real time RT-PCR. Cells were 

cultured in 10% FBS RPMI and treated with 1ng/ml BDNF. At 6, and 24 hours cells were 

lysed, and analyzed for NPY expression. The results are presented as an average fold increase 

based on three independent experiments, as compared to the non-treated control at the 

corresponding time points. The number on the top of the column indicates the average value 

of an increase in NPY or Y2R expression. The experiment was repeated three times. Error 

bars correspond to a standard error of the mean (SEM). 
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Figure 25: BDNF induces Y5R expression on mRNA (A, B), and protein levels (C). Long-time exposure 

to BDNF leads to the induction of Y5R. This phenomenon is specific, since the co-treatment 

with Trk antagonist (panel A, blue label) averts BDNF effect. Trk receptor antagonist, K252a, 

prevents the BDNF- driven induction of Y5R expression (B). Y5R protein is induced by 

culture in serum free media. The analysis of BDNF-induced increase in Y5R levels is 

hindered by simultaneous increase in the level of beta-actin observed upon treatment with this 

neurotrophin. (C). Cells were cultured in 10% FBS RPMI media (FS), or RPMI media only 

(SF), treated with BDNF at concentration of 1ng/ml or 10-6 M Trk antagonists, and 

subsequently harvested 6 or 24 hours later. Isolated RNA and proteins were analyzed for the 

level of Y5R expression. The number on the top of a column is an average value of fold 

increase in Y5R mRNA expression. The (A) and (B) experiments have been repeated three 

times and (C) two times. Error bars correspond to a standard error of the mean (SEM). BA, β-

actin; NT, non-treated; Trk Ant, FS, Full serum (10% FBS RPMI media), SF, Serum free 

(RPMI media only), Trk antagonist (K252a). 

 

NPY SYSTEM IS UP-REGULATED BY BDNF IN NATIVE NB CELLS 

Native, not genetically modified, neuroblastoma cells, SK-N-BE(2) exposed to BDNF 

treatment show the similar mRNA expression pattern as stable transfectants. BDNF treatment 
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up-regulates NPY and Y5R expressions, and pre-treatment of cells with Trk antagonist 

counteracts it. Moreover, the increase in the NPY mRNA expression translates into higher level 

of NPY peptides released by cells into media (Figure 26). Similar results were obtained using 

other neuroblastoma cell lines (SMS-KCN, SHSY5Y; data not shown). No WB on native cells 

performed. The studies on protein level are ongoing and will be completed before a publication 

submission. 

 
Figure 26: BDNF up-regulates NPY system in native neuroblastoma cells. On mRNA level, the strong 

effect of BDNF can be detected on Y5R, and to a lower extent, on NPY expression, while 

Trk antagonist, K252a, inhibits BDNF- driven up-regulation of their mRNA levels (A). 

Furthermore, BDNF treatment increases the level of NPY peptide in neuroblastoma cell 
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culture media (B). The experiments were repeated 3 times. Control, non-treated; Trk Ant, Trk 

antagonist (K252a). Error bars represent a standard error of the mean (SEM).  

 

5.2. A correlation between Y5R and BDNF system in 

neuroblastoma human tissue samples 

Human neuroblastoma tissues (23 samples from various stages of the disease) were 

analyzed for NPY and BDNF system expression by real time RT-PCR. Based on this, a 

significant correlation was identified between Y5R and TrkB expression (correlation efficient: 

0.68, P-value 0.0003), and Y5R and BDNF expression (correlation efficient: 0.5, P-value: 

0.0144) as presented in Figure 27. On the other hand, no correlation has been determined 

between Y2R and BDNF/TrkB (Figure 28) which attests the RNA samples quality and supports 

the hypothesis of interconnection between Y5R and BDNF systems. These results from 

neuroblastoma human tissue samples are consistent with the observations made in SY5Y/TrkB 

cells indicating the stimulatory effect of BDNF on Y5R expression.  
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Figure 27 : Real time RT-PCR analysis of expression profiles of NPY and BDNF systems in 23 

neuroblastoma human tissue samples revealed significant correlations between Y5R mRNA 

levels and BDNF and TrkB receptor expression. CT, cycle at threshold.  

 

Figure 28: Real time RT-PCR analysis of expression profiles of NPY and BDNF systems in 25 

neuroblastoma human tissue samples showed no significant correlations between Y2R 

mRNA levels and BDNF and TrkB receptor expression. CT, cycle at threshold. 
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5.3. The signaling profiles-of NPY and BDNF systems in SY5Y/TrkB transfectants 

Having established the stimulatory effect of BDNF on NPY system expression, we 

sought to determine the interactions of both systems on signaling level. BDNF activation of 

TrkB leads to the stimulation of three major signaling events, with Akt, and p44/42 MAPK 

pathways mediating its pro-survival effect (Figure 29). Akt activation occurs via site specific 

phosphorylation and has several cellular outcomes.  

In SY5Y/TrkB cells, BDNF stimulation led to the time–dependent activation of TrkB 

receptors via auto-phosphorylation, and downstream to the stimulation of p44/42 MAPK and Akt 

pathways, while NPY treatment resulted only in p44/42 MAPK pathway activation (Figure 30). 

NPY-induced MAPK activation was completely blocked by Y2R antagonist, indicating that its 

actions are mediated by Y2R (Figure 31). Interestingly, BDNF-driven activation of TrkB and 

p44/42 MAPK, was markedly inhibited by Y5R antagonist. In contrast, blocking Y5Rs had no 

effect on BDNF-induced Akt activation, suggesting that the observed interactions between Y5R 

and TrkB pertain exclusively to p44/42 MAPK pathway. Pre-treatment with Trk antagonist, fully 

abolished the stimulatory effect of BDNF on all signaling pathways. 
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Figure 29 : Activation of TrkB by BDNF triggers several downstream pathways, among which Akt and 

p44/42 MAPK support the cells survival. Akt activation is regulated by site-specific 

phosphorylation mediated mTOR and PDK1. Subsequently, activated Akt regulates distinct 

cellular processes including survival and proliferation. NO, Nitric oxide; mTOR, 

Serine/threonine-protein kinase mTOR; PDK1, phosphoinositide-dependent kinase 1.; PKC, 

Protein Kinase C.  
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Figure 30 : Identification of time-points and pathways of NPY and BDNF signaling profiles. In 

SY5Y/TrkB cells, BDNF treatment leads to TrkB activation via its auto-phosphorylation (A), 

which results in time-dependent activation of p44/42 MAPK (B) and Akt (C), as reflected by 

their phosphorylation. NPY treatment results only in activation of p44/42. SY5Y/TrkB stable 

transfectants were harvested post-treatment at the time points indicated on the figure. Cells 

were plated in 10% FBS RPMI, and 24 hours prior the experiment the media was changed to 

serum free, in order to remove the serum growth factors from the experimental environment. 

Subsequently, cells were treated with 1ng/ml BDNF and 10-7 M NPY for 5 and 10 minutes. 

Next, cells were harvested according to protocol described in “Western Blotting” sub-section 

of Methods. The experiment was performed once. Phospho, phosphorylated. 
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Figure 31 : In both SY5Y/TrkB transfectants and native neuroblastoma cell line, SK-N-BE (2), NPY 

induces p44/42 MAPK activation. This effect is completely blocked by Y2R antagonist, but 

not affected by Y5R and Trk antagonists. In contrast Y5R, but not Y2R antagonist decreases 

the BDNF-driven activation of TrkB and p44/42 MAPK in SY5Y/TrkB cells, while neither 

Y2R nor Y5R antagonist had effect on Akt activity. Similar trend is observed in SK-N-BE (2) 

cells, such as Y5R antagonist pre-treatment lowers BDNF –induced activation of p44/42 

MAPK pathway. No BDNF- induced Akt activation was detectable in SK-N-BE (2) native 

cells (data not shown). All BDNF-signaling events are blocked by Trk inhibitor, K252a. Cells 

were grown in 10% FBS RPMI, and 24 hours before the experiment the media was changed 

to serum free. Cells were pre-treated with receptors’ antagonists at concentrations of 10-6 M 

for 15 minutes, followed by the treatment with agonists either 10-7 M NPY or 1ng/ml BDNF 

for 5 minutes. The experiment was repeated twice for each cell line. NT, non-treated; Ant, 

antagonist, Pi, phosphorylated.  
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5.4. BDNF decreases cAMP level, which can be rescued by Y5R antagonist, but not 

TrkB inhibition 

The stimulation of NPY receptors with their agonist- NPY, is known to inhibit adenylyl 

cyclase and decrease cAMP level in the process driven by an inhibitory alpha subunit of G 

protein associated with NPY receptors [93]. Similar effect was observed in SY5Y/TrkB cells 

treated with NPY (Figure 32). Although Y5R inhibition tended to diminish the effects of NPY, 

the observed differences were not statistically significant. This observation is in agreement with 

the results of the experiments on p44/42 MAPK phosphorylation, indicating that NPY signaling 

is mediated mainly by Y2Rs (Figure 31). However, in SY5Y/TrkB transfectants stimulated by 

Y5R specific agonist, the Y5R antagonist abolished its effect (Figure 33). Interestingly, in the 

same cells, BDNF treatment resulted in decrease in cAMP levels comparable to this caused by 

Y5R agonist. Strikingly, the BDNF-induced inhibition of cAMP synthesis was blocked by Y5R 

antagonist, but not Trk antagonist (Figure 34). This observation suggests that these non-

canonical actions of BDNF are mediated by activation of Y5Rs. 

 
Figure 32 : NPY decreases cAMP level in SY5Y/TrkB stable transfectants. Neither TrkB nor Y5R 

inhibitor reverses it. As earlier experiments show, NPY stimulatory effects are predominantly 

  
91 



driven by Y2R. Cells were grown in a 96-well plate in 10% FBS RPMI media. Firstly, cells 

were pre-treated for 1 hour with 10-5 M IBMX along with 10-6 M Trk inhibitor or Y5R 

antagonist where applicable. Next, 10-7 M NPY with 10-5 M forskolin were added for 1 hour. 

Subsequently, cells were lysed and lysates were collected and analyzed for changes in cAMP 

level with the use of ELISA assay as described in “Methods” chapter. The experiment was 

repeated three times, each treatment in duplicates. NT, non-treated; Trk inh, Trk inhibitor 

(K252a); Y5ant, Y5R antagonist; * designates P- value < 0.05 by Anova.  

 

 
Figure 33 : In SY5Y/TrkB stable transfectants, Y5R specific agonist lowers cAMP level, while Y5R 

antagonist abolishes this effect. TrkB is not involved. Cells were cultured in a 96-well plate in 

10% FBS RPMI media. Firstly, cells were pre-treated for 1 hour with 10-5 M IBMX along 

with 10-6 M Trk inhibitor or Y5R antagonist where applicable. Next, 10-7 M Y5R agonist with 

10-5 M forskolin were added for 1 hour. Subsequently, cells were lysed and lysates were 

collected and analyzed for changes in cAMP level with the use of ELISA assay as described 

in “Methods” chapter. The experiment was repeated three times, each treatment in duplicates. 

NT, non-treated; Trk inh, Trk inhibitor (K252a); Y5Ag, Y5 agonist; Y5ant, Y5R antagonist; 

* designates P-value computed by Anova. 
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Figure 34 : BDNF decreases cAMP level in SY5Y/TrkB stable transfectants. Y5R, but not Trk, 

inhibition abolishes BDNF effect. Cells were cultured in a 96-well plate in 10% FBS RPMI 

media. Firstly, cells were pre-treated for 1 hour with 10-5 M IBMX along with 10-6 M Trk 

inhibitor or Y5R antagonist where applicable. Next, 1 ng/ml BDNF with 10-5 M forskolin 

were added for 1 hour. Subsequently, cells were lysed and lysates were collected, and 

analyzed for changes in cAMP level with the use of ELISA assay as described in “Methods” 

chapter. The experiment was repeated three times in duplicates. NT, non-treated; Trk inh, Trk 

inhibitor (K252a); Y5ant, Y5R antagonist; * designates P- value < 0.05 by Anova.  

 

5.5. BDNF induces Y5 receptor internalization 

The examination of NPY and BDNF systems interaction revealed that Y5Rs, induced in 

NB cells by BDNF, augment BDNF-driven signaling in these cells. To take this investigation 

one step further, and visualize the cross-talk between these two systems suggested by the 

biochemical studies, human Y5R-EGFP was transiently introduced into SY5Y/TrkB 

transfectants. The effect of BDNF treatment on Y5R-EGFP localization was studied with the use 

of a confocal microscope. In the regions were Y5Rs were initially localized on the cell 

membrane, treatment with BDNF induced the rapid (2min) migration of the receptors to the cell 
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surface further increasing their accumulation on the cell membrane, followed by their 

internalization (Figure 35). Y5R antagonist pretreatment blocked this effect (Figure 36). No 

changes in the Y5R distribution in the regions without membranous receptors were detected. 

These observations suggest that BDNF is able to activate Y5 receptor 

The results of microscopy studies, performed in SY5Y/TrkB cells (Figure 35-Figure 37) 

were confirmed, by immunoprecipitation of the cell surface proteins, which revealed, similar 

trend of Y5R trafficking. Namely, treatment of SY5Y/TrkB cells with BDNF or NPY decreased 

the amount of the receptor on the cell surface, which is consistent with the receptor 

internalization observed by microscopy (Figure 38). 
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Figure 35 : The BDNF treatment of SY5Y/TrkB transfectants transiently transfected with human Y5R-

EGFP caused internalization of the Y5R localized on cell membrane. The figure presents the 

two cells from the pool of 4 which were analyzed. The data from particular cell were 

organized into two panels, and each panel comprises three sections: A, B and C. The A 
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section contains the microscopic pictures in the original mode (top row), where the EGFP 

fluorescence is green, and images converted to grayscale (bottom row), where the 

fluorescence is white-coded. The grayscale images enabled the quantification of the changes 

in fluorescence intensity ratio between membrane and adjacent cytoplasmic areas 

(summarized in the next figure). The color-coded boxes refer to two types of regions (marked 

with roman numerical): “MEM” (green box) which has a fluorescence intensity ratio above 

1.2, which is interpreted as the region with distinct membrane Y5R pool comparably to 

adjacent cytoplasm, and “NON-MEM” (gray box) which is a region with fluorescence 

intensity below 1.2, which symbolizes the region with no pronounced membrane Y5R 

accumulation. The orange selections indicate the areas of membrane (most outside selection) 

and intracellular (inside selection) mean fluorescence intensities measurements. The B 

(“MEM”) and C (“NON-MEM”) sections include the plots of cross-sectional distribution of 

fluorescence intensity along the yellow arrow (direction of the arrow corresponds the 

direction of the plot) in the example regions. Amount of Y5R-EGFP is presented as a 

function of fluorescence intensity and color-coded curves refer to different time-points. 

Moreover, the changes in fluorescence intensity ratios within those regions were summarized 

as numbers in the tables. The figure D summarizes the changes in the ratio of intensity 

fluorescence between membrane and adjacent cytoplasmic areas for particular time-points of 

BDNF treatment. BDNF was applied at final concentration of 1ng/ml. The measurements 

were performed on 4 cells, with between 1-6 regions per cell being analyzed. The statistical 

significance was determined by paired t-test with a two-tailed distribution. P-values: 

** < 0.01; * < 0.05, ns, nonsignificant; NT, non-treated.  
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Figure 36 : Y5R antagonist pre-treatment prevented BDNF-driven Y5R internalization. Images of 

SY5Y/TrkB cell expressing transiently Y5R-EGFP were acquired at different time points of 

sequential treatment with Y5R antagonist (Y5A) and BDNF. Three cells were analyzed for 

the effect of pre-treatment with Y5A followed by the addition of BDNF. Two representative 
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cells have been shown in two separate panels. The data for each cell includes sections A, B 

and C followed by the number referring to the cell – 1 or 2. The A section contains the 

microscopic pictures in the original mode (top row), where the EGFP fluorescence is green, 

and the images converted to grayscale (bottom row). The grayscale images enabled the 

quantification of the changes in fluorescence intensity ratio between membrane and adjacent 

cytoplasmic areas (summarized in the next figure). The color-coded boxes refer to two types 

of regions (in the figure identified by roman numerical): “MEM” (green box) which has a 

fluorescence intensity ratio above 1.2, is interpreted as the region with distinct membrane 

Y5R pool comparably to adjacent cytoplasm, and “NON-MEM” (gray box) which is a 

region with fluorescence intensity below 1.2, and symbolizes the region with no pronounced 

membrane Y5R accumulation. The orange selections indicate the areas of membrane (most 

outside selection) and intracellular (inside selection) mean fluorescence intensities 

measurements. The B (“MEM”) and C (“NON-MEM”) sections include the plots of cross-

sectional distribution of fluorescence intensity along the yellow arrow (direction of the 

arrow corresponds the direction of the plot) in the corresponding regions. Amount of Y5R-

EGFP is presented as a function of fluorescence intensity and color-coded curves refer to 

different time-points. Moreover, the changes in fluorescence intensity ratios within these 

regions were summarized as numbers in the tables. The figure D summarizes in numbers the 

changes in the ratio of intensity fluorescence between membrane and adjacent cytoplasmic 

areas for particular time-points of Y5A/BDNF treatments. The final concentrations of 

ligands were 10-6 M for Y5A and 1ng/ml for BDNF. The measurements were performed on 

3 cells, with between 1-4 regions per cell being analyzed. The statistical significance was 

determined by paired t-test with a two-tailed distribution. ns, non-significant; Y5A, Y5R 

antagonist – CGP 71683Y5; NT, non-treated. 
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Figure 37 : Under the basal conditions, Y5 receptor cell membrane localization remained unchanged 

throughout the time length of images acquisition corresponding to the treatment studies. The 
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A section contains the microscopic pictures in the original format (top row), where the 

EGFP fluorescence is green, and the converted to grayscale images (bottom row). The 

grayscale images enabled the quantification of the changes in fluorescence intensity ratio 

between membrane and adjacent cytoplasmic areas (summarized in the next figure). The 

color-coded boxes refer to two types of regions (labeled with roman numerical in the figure): 

“MEM” (green box) which has a fluorescence intensity ratio above 1.2, and it is interpreted 

as the region with distinct membrane Y5R pool comparably to adjacent cytoplasm, and 

“NON-MEM” (gray box) which is a region with fluorescence intensity below 1.2, and 

corresponds the region with no pronounced membrane Y5R accumulation. The orange 

selections indicate the areas of membrane (most outside selection) and intracellular (inside 

selection) mean fluorescence intensities measurements. The B (“MEM”) and C (“NON-

MEM”) sections include the plots of cross-sectional distribution of fluorescence intensity 

along the yellow arrow (direction of the arrow corresponds the direction of the plot) in the 

example regions. Amount of Y5R-EGFP is presented as a function of fluorescence intensity 

and color-coded curves refer to different time-points. Moreover, the fluorescence intensity 

ratios changes within those regions were summarized as numbers in the tables. The figure D 

shows no significant changes in the ratios of intensity fluorescence between membrane and 

adjacent cytoplasmic areas for particular time-points of pictures acquisition. The 

measurements were performed on 2 cells, with between 2-3 regions per cell being analyzed. 

The statistical significance was determined by paired t-test with a two-tailed distribution. 

NT, non-treated, ns, nonsignificant. 

 

 
Figure 38 : Y5 receptor cell membrane expression in SY5Y/TrkB transfectants. Under basal conditions 

Y5R was present on the cell membrane and NPY, as well as, BDNF addition decreased the 

cell membrane pool of Y5 receptor. TrkB cell expression is not altered, and flotillin-1 is 

unrelated membrane protein serving as a loading control. Treated samples were collected, 
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according to a protocol for Cell membrane protein expression IP kit described in “Methods”, 

at 8 minutes after the agonists addition. The agonists’ concentrations were: 10-7 M for NPY 

and 1ng/ml for BDNF. This collection of blots images is a representative example from two 

experiments. 

 

5.6. Y5R contributes to BDNF-driven cell growth, and resistance to chemotherapy 

BDNF is known to stimulate neuroblastoma cell proliferation, survival and resistance to 

chemotherapy. Thus, we sought to determine if the interactions between Y5R and BDNF 

systems described on signaling level have functional consequences. In SY5Y/TrkB stable 

transfectants, BDNF increased cell growth measured by MTS assay (Figure 39). This effect was 

partially inhibited by Trk antagonist, while the blocking of both TrkB and Y5Rs fully abolished 

BDNF action. 

Investigation of the receptors’ contributions to BDNF-dependent resistance to 

chemotherapy revealed that pharmacological inhibition of single receptors, either Trk or Y5R, 

also did not block the actions of BDNF completely. Instead, the most efficient way to counteract 

pro-survival BDNF was to block both TrkB and Y5Rs simultaneously (Figures 40-43). 

Furthermore, the efficiency of the Y5R antagonist treatment depended on type of the 

chemotherapeutic agent. In case of doxorubicin and vinblastin, Y5R antagonist alone 

significantly reduced pro-survival effect of BDNF, while adding both Y5R and Trk inhibitors 

further enhanced cell death (Figure 40 and Figure 41). This effect is associated with decrease in 

BDNF-induced p44/42 MAPK activation upon exposure to Y5R antagonist. The inhibition of  

p44/42 MAPK pathway activation was further augmented by Y5R/TrkB antagonists 

combination.  

However, in cells treated with cisplatin or etoposide, effect of BDNF was not impacted 

by Y5R antagonist alone, although it still enhanced actions of Trk inhibitor, K252a (Figure 42 
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and Figure 43). Consistently with this, Y5R antagonist alone did not affect BDNF-induced 

p44/42 MAPK activation. Surprisingly, however, combination of both Trk and Y5R antagonist 

completely abolished phosphorylation of Akt at threonine 308, the sign of BDNF-PI3K-mediated 

activation of this pathway. In etoposide-treated cells, simultaneous administration of both Y5R 

and Trk inhibitors additionally abolished BDNF-induced p44/42 MAPK activation.  

Unfortunately, the MTS assay does not allow determining the cause of the decrease in 

number of viable cells. This could result from decrease in cell proliferation, as well as increase in 

cell death - either necrosis or apoptosis. Further studies are needed to clarify this. 

 
Figure 39 : In SY5Y/TrkB cells, the growth-promoting effect of BDNF is inhibited by blocking TrkB and 

Y5Rs. This effect is significantly reduced by Trk inhibitor, but not affected by Y5R 

antagonist. However, simultaneous inhibition of TrkB and Y5R fully abolishes the pro-

survival activity of BDNF. Cells were plated on a 96-well plate in 10% FBS RPMI. 24 hour 

prior to the experiment media was changed to 1% RPMI. Next, cells were pre-treated with 

receptors antagonists for 1 hour at concentrations: 10-6 M Y5R antagonist, and 10-7 M Trk 
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inhibitor. Subsequently, 1ng/ml of BDNF was added, and the viability of cells was measured 

24 hours later with the use of CellTiter 96®AQueous One Solution Cell Proliferation Assay. 

Ant, antagonist; NT, non-treated. P-values: 0.001<**<0.01, and ***<0.001 by 1 way Anova 

with Bonferonni multiple comparison test. 

 

 
Figure 40: BDNF protects SY5Y/TrkB cells from doxorubicin-induced cell death in Y5R/TrkB-

dependent manner. Doxorubicin decreases SY5Y/TrkB cell viability. BDNF neutralizes toxic 

effect of doxorubicin, but TrkB, Y5R, and Trk/Y5R inhibition reduces protective actions of 

BDNF. Double antagonists’ treatment results in the decrease in the cell viability to the highest 

extent comparing to single antagonist treatment (A). Treatment with Y5R antagonist reduces 

BDNF-induced p44/42 MAPK activation, as seen in cells non-treated with chemotherapy (B). 

Cells were plated on a 96-well plate in 10% FBS RPMI. 24 hour prior to the experiment media 

was changed to 1% RPMI. Next, cells were pre-treated with receptors antagonists for 1 hour at 

concentrations: 10-6 M Y5R antagonist, and 10-7 M Trk inhibitor. Subsequently, 1ng/ml of 

BDNF was added for 2 hours, followed by the doxorubicin application at the final 

concentration of 1µg/ml. The viability of cells was measured 24 hours later with the use of 

CellTiter 96®AQueous One Solution Cell Proliferation Assay. As for the experiment 

visualizing the changes in the activation of MAPK and Akt pathways (part B of a figure), the 

cells were treated similarly, except from the incubation period for a chemotherapy agent, which 

lasted for 1 hour, and after that, the samples were collected according to the “Western blotting” 
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protocol described in the “Methods” chapter. NT, non-treated; Y5Ant, Y5R antagonist; Trk 

Ant, Trk antagonist; Pi, phosphorylated; Pi-Akt-S473, phosphorylated Akt at serine at the 

position 473; Pi-Akt-T308, phosphorylated Akt at threonine at the position 308. P-values: 

0.01<*<0.05, 0.001<**<0.01, and ***<0.001 by 1 way Anova with post-hoc Bonferonni 

multiple comparison test. 

 

 
Figure 41 : BDNF protects SY5Y/TrkB cells from vinblastine-induced cell death in Y5R/TrkB-

dependent manner. Vinblastine treatment decreases viability of SY5Y/TrkB stable 

transfectants. BDNF shows protective action against vinblastine. Inhibition of TrkB, Y5R, or 

TrkB/Y5R reduces BDNF effect (A). The effect of Y5R antagonist is associated with decrease 

in BDNF-driven p44/42 MAPK activation (B). Two different exposures of the same blot are 

presented for p44/42 MAPK to show the effect of Y5R antagonist alone (short exposure), as 

well as an enhanced effect of combination of Y5R and Trk antagonists (long exposure) as 

compared to the Trk antagonist alone. Cells were plated on a 96-well plate in 10% FBS RPMI. 

24 hour prior to the experiment media was changed to 1% RPMI. Next, cells were pre-treated 

with receptors antagonists for 1 hour at concentrations: 10-6 M Y5R antagonist, and 10-7 M Trk 

inhibitor. Subsequently, 1ng/ml of BDNF was added for 2 hours, followed by the vinblastine 

application at the final concentration of 0.55 µg/ml. The viability of cells was measured 24 

hours later with the use of CellTiter 96®AQueous One Solution Cell Proliferation Assay. As 
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for the experiment visualizing the changes in the activation of MAPK and Akt pathways (part B 

of a figure), the cells were treated similarly, except from the incubation period for a 

chemotherapy agent, which lasted for 1 hour, and after that, the samples were collected 

according to the “Western blotting” protocol described in the “Methods” chapter. NT, non-

treated; Y5Ant, Y5R antagonist; Trk Ant, Trk antagonist; Pi, phosphorylated; Pi-Akt-S473, 

phosphorylated Akt at serine at the position 473; Pi-Akt-T308, phosphorylated Akt at threonine 

at the position 308. P-values: 0.001<**<0.01; ***<0.001 by Anova. 

 

 
Figure 42 : Both TrkB and Y5Rs contribute to the pro-survival effect of BDNF in cisplatin-treated 

SY5Y/TrkB cells. Cisplatin decreases SY5Y/TrkB stable transfectants’ viability, as measured 

by MTS assay. This effect can be prevented by BDNF. The pro-survival effect of BDNF is 

significantly reduced by Trk inhibitor and completely abolished by combination of Trk and 

Y5R antagonists (A). This is reflected by block of BDNF-induced Akt activation in cells 

treated simultaneously with Trk and Y5R antagonists (B). Cells were plated on a 96-well plate 

in 10% FBS RPMI. 24 hour prior to the experiment media was changed to 1% RPMI. Next, 

cells were pre-treated with receptors antagonists for 1 hour at concentrations: 10-6 M Y5R 

antagonist, and 10-7 M Trk inhibitor. Subsequently, 1ng/ml of BDNF was added for 2 hours, 

followed by the cisplatin application at the final concentration of 2.75µg/ml. The viability of 
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cells was measured 24 hours later with the use of CellTiter 96®AQueous One Solution Cell 

Proliferation Assay. As for the experiment visualizing the changes in the activation of MAPK 

and Akt pathways (part B of a figure), the cells were treated similarly, except from the 

incubation period for a chemotherapy agent, which lasted for 1 hour, and after that, the samples 

were collected according to the “Western blotting” protocol described in the “Methods” 

chapter. NT, non-treated; Y5Ant, Y5R antagonist; Trk Ant, Trk antagonist; Pi, phosphorylated; 

Pi-Akt-S473, phosphorylated Akt at serine at the position 473; Pi-Akt-T308, phosphorylated 

Akt at threonine at the position 308. Experiment was repeated three times, and obtained data 

was subjected to 1 way ANOVA analysis with post-hod Bonferonni multiple comparison test: 

0.001<**<0.01, and ***<0.001.  

 
Figure 43 : Both TrkB and Y5Rs contribute to the pro-survival effect of BDNF in etoposide-treated 

SY5Y/TrkB cells. Etoposide treatment decreases viability of SY5Y/TrkB stable transfectants 

(MTS assay) BDNF can reverse this effect. The pro-survival actions of BDNF are reduced by 

Trk inhibition and further diminished by combined TrkB/Y5R inhibition (A). This is associated 

with complete block of BDNF-induced activation of p44/42 MAPK and Akt pathways (B). 

Two different exposures of the same blot are presented for Pi-Akt-T308 to show the effect of 

Y5R antagonist alone (short exposure), as well as an enhanced effect of combination of Y5R 

and Trk antagonists (long exposure) as compared to the Trk antagonist alone. Cells were plated 
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on a 96-well plate in 10% FBS RPMI. 24 hour prior to the experiment media was changed to 

1% RPMI. Next, cells were pre-treated with receptors antagonists for 1 hour at concentrations: 

10-6 M Y5R antagonist, and 10-7 M Trk inhibitor. Subsequently, 1ng/ml of BDNF was added 

for 2 hours, followed by the etoposide application at the final concentration of 2.75µg/ml. The 

viability of cells was measured 24 hours later with the use of CellTiter 96®AQueous One 

Solution Cell Proliferation Assay. As for the experiment visualizing the changes in the 

activation of MAPK and Akt pathways (part B of a figure), the cells were treated similarly, 

except from the incubation period for a chemotherapy agent, which lasted for 1 hour, and after 

that, the samples were collected according to the “Western blotting” protocol described in the 

“Methods” chapter. NT, non-treated; Y5Ant, Y5R antagonist; Trk Ant, Trk antagonist; Pi, 

phosphorylated; Pi-Akt-S473, phosphorylated Akt at serine at the position 473; Pi-Akt-T308, 

phosphorylated Akt at threonine at the position 308; P-values: 0.01<*<0.05, and ***<0.001 by 

1 way Anova with post-hoc Bonferonni’s multiple comparison test. 

 

5.7. Chemotherapy up-regulates BDNF/TrkB and NPY systems in SY5Y/TrkB 

stable transfectants 

Our previous experiments indicated cross-talk between Y5R and BDNF/TrkB signaling 

and its implications for BDNF-induced resistance to chemotherapy. Based on this, we asked a 

question how chemotherapy affects the NPY system, specifically Y5Rs. 

The treatment of SY5Y/TrkB stable transfectants with the variety of chemotherapeutic 

agents commonly used in clinic resulted in the up-regulation of TrkB expression, as well as, 

simultaneous induction of Y5R expression (Figure 44 A,B) within 6 hours post-treatment. From 

the previous experiments, where SY5Y/TrkB cells were exposed to BDNF alone, the Y5R 

expression induction was detected at 24 hours (Figure 44C), but not 6 hours post-treatment. It is 

still not clear if BDNF/TrkB system is exclusively responsible for observed induction of Y5R 

expression, or chemotherapy drugs independently up-regulate Y5R expression. Alternatively 

both factors can act additively or synergistically.  
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Figure 44 : Chemotherapy increases BDNF/TrkB, and Y5R mRNA expression in SY5Y/TrkB stable 

transfectants within 6 hours after treatment. TrkB expression is up-regulated by most of the 

drugs, as compared to the basal expression, while BDNF expression varies between treatment 

groups (A). The induction of Y5R is observed with Cisplatin and Etoposide only (B). The 

earlier studies show that BDNF itself leads to NPY system up-regulation, where Y5R 

expression induction occurs 24 hours after the treatment (C). The studies presented in the A and 

B part of a figure were conducted once and will be repeated prior to the manuscript submission. 

The experiment summarized in section C was repeated three times. The concentrations of used 

agents were as following: BDNF – 1ng/ml; cisplatin – 1µg/ml; doxorubicin – 0.5µg/ml; 

etoposide - 2.5µg/ml; vinblastine - 1 µg/ml. ND, non-detected. 

 

5.8. Chemotherapy up-regulates NPY system in native neuroblastoma cell lines 

The time- dependent impact of standard chemotherapy agents use on NPY system 

expression in neuroblastoma was determined on native cells, specifically two cell lines derived 
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from one patient at the stage of diagnosis (SMS-KAN), and after relapse (SMS-KANR). It was 

observed that chemotherapy drugs in SMS-KAN up-regulated Y5R expression in a progressive 

manner with a prolonged exposure (Figure 45A), while in SMS-KANR Y5R level initially 

increased, and then plateaued (Figure 45B). SMS-KANR responded earlier to all of the 

chemotherapeutic drugs, which could be due to the pre-existing activation of NPY and BDNF 

systems. 

 
Figure 45 : Chemotherapy agents up-regulated Y5R expression in native cell lines. The cell line obtained 

from a patient before chemotherapy showed bigger effect, growing with time, of drugs on Y5R 

expression (A), in contrast to the cell line derived after relapse, which initially responded to 

drugs by the means of Y5R up-regulation, and then decreased (B). The experiment was 

performed once and will be repeated prior to the manuscript submission. The chemotherapy 

agents were applied at the following final concentrations: cisplatin – 1µg/ml; doxorubicin – 

0.5µg/ml; etoposide - 2.5µg/ml; vinblastine - 1 µg/ml. 

 

5.9 NPY system is up-regulated in neuroblastoma patients after chemotherapy 

Neuroblastoma cell lines derived for the same patients at the diagnosis (CHLA-15, SMS-

KAN), and after chemotherapy (CHLA-20, SMS-KANR, respectively) were compared in terms 

of NPY system expression. Despite minimal differences in TrkB expression, the NPY system 

was highly up-regulated in cells from chemotherapy-treated patients. mRNA levels of NPY, Y2, 

and Y5 receptors was increased in post-treatment cells, as compared to those obtained at 
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diagnosis (Figure 46A). This, in turn, translated into higher release of NPY from these cells 

(Figure 46B), and increased protein levels of its receptors (Figure 46C).  

 
Figure 46 : Expression of NPY system elements in cell lines obtained from neuroblastoma patients 

before (CHLA-15, SMS-KAN) and after chemotherapy (CHLA-20, SMS-KANR). Expression 

of NPY and its Y2R and Y5R is up-regulated in cells from post-treatment patients on both 

mRNA (A) and protein levels (B). Post-chemotherapy cell lines also release more NPY when 

compared with corresponding cell lines derived from patients at the stage of diagnosis (C). The 

experiments were conducted 4 times- (A), once – (B), and 2 times – (C). The error bars refer to 

a standard error of a mean (SEM). 

 

  
112 



5.10. Inhibition of Y5R sensitizes neuroblastoma cells to chemotherapy. 

Neuroblastoma cell lines developed from the same patient before (CHLA-15), and after 

chemotherapy (CHLA-20), were used to identify  NPY receptors the most vital for survival of 

neuroblastoma cells subjected to chemotherapy (Figure 47 and Figure 48). 

CHLA-20 cells demonstrated higher resistance to chemotherapy alone, as compared to  

CHLA-15 cells (Figure 47 and Figure 48). Pharmacological inhibition of Y5Rs sensitized both 

CHLA-15 and CHLA-20 cells to most of the chemotherapeutic agents. This effect was 

particularly pronounced in the cells treated with  doxorubicin, and vinblastine. This was 

consistent with previously observed in SY5Y/TrkB cells the inhibitory effect of Y5R antagonist 

on BDNF-driven resistance to those two compounds (Figure 40 and Figure 41). The sensitizing 

effect of Y5R antagonist was less pronounced, although still significant in CHLA-20 cells. While 

this may reflect acquired multidrug resistance of these cells, it also indicates that despite that 

these chemoresistant cells may be able to respond to the treatment targeting Y5Rs. Y2R 

antagonist did not enhance chemotherapy-induced cell death. Thus, while Y2Rs are the main 

proliferative receptors of NPY in neuroblastomas, the Y5Rs seem to promote their survival under 

pro-apoptotic conditions.  
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Figure 47 : Neuroblastoma cell lines, derived from a single patient before (CHLA-15) and after 

chemotherapy (CHLA-20), exposed to chemotherapeutic agents alone or in the combination 

with NPY receptor inhibitors. CHLA-15 shows higher sensitivity to the treatment, and 

specifically the presence of Y5R inhibitor along with drug gives the most efficient results. 

However, when combined with doxorubicin, Y5R antagonist markedly enhances 

chemotherapy-induced cell death also in chemoresistant CHLA-20 cells. The experiment was 

performed on 96 well plates with cell density 2000/well. The cells were pre-incubated with 

10-6 M Y2 or/and 10-6 M Y5 antagonists for 2 hours, followed by addition of chemotherapy 

agents at the final concentration indicated on the graphs. 24 hours later the viability of cells was 

measured with CellTiter 96®AQueous One Solution Cell Proliferation Assay. The experiment 

was repeated once in 6 replicates for each treatment. The error bars correspond to the standard 

error of a mean (SEM). D, chemotherapy drug (cisplatin or doxorubicin), NT, non-treated 

(100%); Y2A, Y2R antagonist; Y5A, Y5R antagonist; Y2.Y5A, a mixture of Y2R and Y5R 

antagonists; Cis, Cisplatin; Dox, doxorubicin.  
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Figure 48 : Blockade of Y5 receptor, along with etoposide or vinblastine treatment, decreases cells 

viability to a larger extent than the chemotherapy alone. As with cisplatin and vinblastine 

treatment, CHLA-15 is more responsive to chemotherapy than CHLA-20. However, this effect 

can be enhanced by Y5R antagonist in both cell lines. The experiment was performed on 

96 well plates with cell density 2000/well. The cells were pre-incubated with 10-6 M Y2 or/and 

10-6 M Y5 antagonists for 2 hours, followed by addition of chemotherapy agents at the final 

concentration indicated on the graphs. 24 hours later the viability of cells was measured with 

CellTiter 96®AQueous One Solution Cell Proliferation Assay. The experiment was repeated 

once in 6 replicates for each treatment. The error bars correspond to the standard error of a 

mean (SEM). Drug, chemotherapy agent (etoposide, or vinblastine); NT, non-treated (100%); 

Y2A, Y2R antagonist; Y5A, Y5R antagonist; Y2.Y5A, a mixture of Y2R and Y5R antagonists; 

Etop, etoposide; Vin, Vinblastine. 
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5.11. The effects of Y5R antagonist treatment are specific to the cells expressing 

Y5Rs. 

CHO-K1 cell line lacking NPY receptors was used to confirm the specificity of the Y5R 

antagonist treatment. The cells were treated with chemotherapy alone or in combination with 

Y5R antagonist. While the chemotherapy decreased the viability of CHO-K1 cells, the presence 

of Y5R antagonist did not enhance its effect (Figure 49A). In contrast, in CHLA 15 cells, which 

express Y5Rs (Figure 49B) Y5R antagonist significantly enhanced chemotherapy-induced cell 

death. This study confirms that the observed activity of Y5R antagonist results from a selective 

blocking of Y5Rs rather than its unspecific, toxic effects. 
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Figure 49 : Y5R antagonist does not exhibit toxic effects on CHO-K1 cells which lack Y5R expression 

(A), but has a biological effect on CHLA-15 cells viability (B). The experiment was performed 

on 96 well plates with cell density 2000/well. Where applied, the cells were pre-incubated with 

10-6 M Y5 antagonist for 2 hours, followed by addition of chemotherapy agents at the final 

concentrations: vinblastine – 0.1 µg/ml, and etoposide 0.5 µg/ml. 24 hours later the viability of 

cells was determined with CellTiter 96®AQueous One Solution Cell Proliferation Assay. The 

experiment was repeated twice in 6 replicates for each treatment. The error bars correspond to 

the standard error of a mean (SEM). NT, non-treated cells; Etop, etoposide; Y5ant, Y5R 

antagonist; Vin, vinblastine; ns, not significant, 0.001<**<0.01, and ***<0.001 by 1 way 

Anova with post-hoc Bonferonni multiple comparison test. 
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5.12. Putative mechanisms of NPY actions in neuroblastoma 

The results of our study gathered on SY5Y/TrkB stable transfectants and confirmed on 

native neuroblastoma cells, consistently indicate the interactions and signaling cross-talk 

between BDNF/TrkB and NPY system (Figure 50).  

We have demonstrated that the exogenous BDNF up-regulates the expression of NPY 

and its Y5 receptors in neuroblastoma cells, and increases NPY release from these cells. The 

upregulated NPY system, in turn, supports neuroblastoma growth.  

Y5 receptor interacts with TrkB and enhances its signaling, which augments the pro-

survival effects of BDNF. The observed cooperation between Y5R and TrkB most likely results 

from cross-talk between their signaling pathways, rather than formation of direct complexes, 

since we could not confirm the presence of Y5R/TrkB binding by immunoprecipitation (data not 

shown). 

BDNF-induced up-regulation of NPY results also in increased release of the peptide, 

which in turn activates Y2Rs in an autocrine manner, and augments neuroblastoma cell 

proliferation. Furthermore, released NPY can act on Y2/Y5 receptors present on the surface of 

the endothelial cells and subsequently trigger angiogenesis in neuroblastoma microenvironment.  

All these factors enhancing neuroblastoma proliferation and survival, and stimulating the 

local angiogensis, facilitate tumor progression  and contribute to unfavorable outcome of the 

disease (Figure 50). 
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Figure 50 : A scheme presenting the interplay between NPY and BDNF systems which concludes the 

obtained experimental results, places them in the context of already reported functions of NPY 

and BDNF systems and proposes how all factors may collaborate to fortify neuroblastoma 

progression. 
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CHAPTER 6:  Discussion 

The study presented in this dissertation confirmed the regulatory role of Y5R in NPY 

system. We have found direct interactions between Y1R and Y5R and gathered functional data 

suggesting cross-talk between signaling pathways of Y2R and Y5R. All these interactions seem 

to sensitize cells to NPY and allow the peptide to act at extremely low concentrations. Moreover, 

interactions between Y5R and BDNF receptor, TrkB, augment BDNF signaling and enhance its 

pro-survival effect in neuroblastoma cells.  

Interdependence of Y1 and Y5 receptors can be observed at multiple levels. On the 

genomic level, Y1R and Y5R genes are located at the identical location on chromosome 4q31 in 

humans and overlap. Y1 and Y5 receptors are transcribed in the opposite direction. In addition, 

sequence of Y1R’s exon 5 was identified within coding elements of Y5R gene, while Y5 

receptor sequence coding for intracellular loop 3 constitutes the exon 1C of Y1R when 

transcribed reversely [25]. The Y2R gene is located in the proximity of Y1R but it is not reported 

to be embedded within Y1 or Y5 receptors gene sequences [94].  

As mentioned in the introduction, Y1 and Y5 receptors were shown to be expressed in the 

same regions of the brain [58, 59], and are both predominantly expressed post-synaptically, in 

contrast to Y2R which is present in the pre-synaptic regions of neurons [95]. Y2R pre-synaptic 

localization affects the re-uptake of the released neurotransmitters. It should be also noted that 

Y1R is usually constitutively expressed, while expression of Y5R is inducible. Despite that, 

however, those two receptors contribute to several physiological processes together, such as food 

intake [96], energy homeostasis [97, 98], and mental disorders. Research on Y5R alone confirms 

this functional inter-dependency. The study examining the consequences of dominant knock-out 

of Y5R gene in mice shows no reduction in orexigenic (stimulating food intake) properties of 
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central NPY. In contrast, Y5R knock-out mice model is characterized by the late onset of obesity 

[99]. The similar observation was gathered from the study on male rats, where Y5R suppression 

with highly selective antagonist did not render any effects on NPY-driven food intake in obese 

animals. Y5R antagonist was only capable of preventing Y5R agonist-related feeding behavior 

[100]. Furthermore, the human study involving overweight and obese patients showed a 

statistically significant weight loss with Y5R antagonist administration, however, the changes 

were very modest and did not warrant its clinical application [101]. Finally, the gene therapy in 

mice aiming at enhancing the anxiolytic, anti-depressant, and seizure- suppressing functions of 

Y5R by its local upregulation [102, 103] did not exhibit any effect with Y5R alone. However, in 

combination with NPY up-regulation the Y5R over-expression exerted synergistic effects [103].  

In summary, the studies on Y5R indicate that targeting Y5R alone might not be the 

powerful tool to modulate processes associated with NPY. However, considering the results from 

the bioinformatics analysis of Y5R described in chapter 4.2, it might be worth to see Y5 receptor 

as a regulatory component in NPY system - an enhancer (part I of a dissertation), and a factor 

mediating the cross-communication with other signaling systems (part II of a dissertation).  

As earlier reports demonstrate, co-expression of Y1 and Y5 receptors may lead to the 

formation of molecular complexes – heterodimers and perhaps also higher complexes. Such 

molecular forms yield altered pharmacological profiles and internalization rates when compared 

with single receptors [60]. In line with this, we have shown that Y5R can be found in dimers 

with Y1R. Moreover, these complexes sensitized the cells to NPY, and altered the receptors’ 

trafficking pattern (Chapter 3.5). Y5R expressed alone were not internalized upon NPY 

treatment in the presence of Y5R antagonist (Chapter 3.3). In contrast, in cells co-expressing 

Y1R and Y5R, both receptors were internalized together, even in the presence of Y5R 
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antagonist, confirming their interactions. Consistently, NPY - driven proliferation of Y1/Y5 

receptors stable transfectants could be prevented only by a combination of both Y1R and Y5R 

antagonists (Chapter 3.5).  

Altogether, inducible expression of Y5R may enhance the effects driven by constitutively 

expressed NPY receptors, and Y5R can serve as a molecule sensitizing the cellular environment 

to a ligand and allow the conductance of signaling at low NPY concentration. The induction of 

Y5R expression will be expanded upon below. Furthermore, Y5R intracellular loop 3 might 

constitute a signaling platform which can diversify the signaling options for the NPY receptor 

family and other molecules associated with Y5R.  

As for the Y2 and Y5 receptors hypothetically interacting, there are no studies referring 

to their genomics dependency, or their potential and significant co-localization of expression in 

the central nervous system. Though, peripherally Y2R and Y5R can be found together in adipose 

tissues or endothelial cells were they mediate the process of angiogenesis [104]. Furthermore, 

there is no record of studies reporting on Y2R and Y5R heterodimers and our research could not 

confirm their existence (Chapter 3.5). However, we do see a bi-modal response to NPY in cells 

co-expressing Y2/Y5 receptors and their trafficking pattern resembling Y1R/Y5Rs. Moreover, 

there are reports of Y2R and Y5R mediating similar cellular processes – cell migration, 

proliferation [104], and chemotaxis [105]. Additionally, the studies on GPCR dimerization are 

technically challenging and often bring controversial results. For example, despite earlier reports 

indicating the presence of Y1/Y5 receptors heterodimers, studies by Keller et al. do not support 

Y1R/Y5R heterodimerization based on the method of bivalent ligands [61]. Subsequently, the 

lack of positive results confirming the existence of Y2R/ Y5R heterodimers does not rule out the 

possibility of the existence of alternative forms of interactions between Y2R and Y5R.  
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There is expanding scientific literature covering the subject of the involvement of the 

NPY system in the progression of several types of malignancies. The peptide affecting tumor 

growth may be derived from sympathetic neurons innervating the tissue which has undergone 

transformation, or be released from tumor cells due to their neuronal origins. The example of the 

first case might be a breast cancer. Human breast is highly innervated with sympathetic nerves. 

A study on Y1 and Y2 receptor expression in human primary breast carcinoma tissues showed 

dominance of Y1R (85%) in transformed tissues, while Y2R was preferably present in healthy 

tissues [106]. Further research revealed a crucial role of Y5R in breast cancer. Medeiros et al. 

reports that Y5R is the main receptor mediating the proliferative effect of NPY in breast cancer 

cells, while chemotaxis is driven by Y5R along with Y2R [105]. The observed proliferative 

effect of NPY is linear; increasing in a concentration- dependent manner, but administrated NPY 

concentrations were between 10-6 M and 10-11 M – in the range which is not sufficient to plot the 

bimodal effect.  

In neuroblastoma, the tumor of sympathetic origin, NPY is highly released from tumor 

cells. Moreover, we also observe Y2 and Y5 receptors expression, with Y2R being constitutively 

present and Y5R induced by chemotherapy (Chapters 5.7 and 5.8), and by the pro-survival 

factor - BDNF (chapters 5.1, 5.7 and 5.8). In NB cell lines we did not detect the participation of 

Y5 receptor in NPY-driven activation of p44/42 MAPK, which was mediated mainly by Y2 

receptor actions (chapter 5.3). However, it is still unclear if Y5R influences Y2R functions at any 

level. In the experiments described in this dissertation, studies on p44/42 MAPK activation were 

performed using NPY at concentration 10-7M. At this concentration, according to our studies on 

CHO-K1 transfectants, NPY can drive proliferation independently on forms of interactions 

between its receptors. Therefore, treatment of cells with NPY at concentration closer to 
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picomolar values could have brought different results. Similarly, increasing Y5R proportions in 

the receptors pool by up-regulating its expression (e.g. by BDNF pre-treatment) could potentially 

increase its contribution to NPY signaling. Thus, interactions between Y2R/Y5Rs require further 

investigations in different experimental settings. Despite the lack of Y5R contribution to NPY 

signaling, we have discovered its cross-talk with another signaling system present in high-risk 

neuroblastoma - BDNF/TrkB. These interactions were detectable at the cell signaling level and 

involved activation of TrkB and its downstream signaling pathways - p44/42 MAPK and Akt, as 

well as the BDNF-induced modulation of cAMP levels (Chapters 5.3, 5.4 and 5.6). 

Consequently, Y5 receptor was shown to contribute to the proliferative and pro-survival effects 

of BDNF (Chapter 5.10).  

One limitation of our study is the exclusive use of pharmacological interventions to 

confirm the cross-talk between Y5R and BDNF system. National Center for Biotechnology 

Information (NCBI) PubChem BioAssay server (http://pubchem.ncbi.nlm.nih.gov; CID: 

5312114 for CGP 71683A) lists 57 cases of high throughput screening assay for CGP 71683A, 

the Y5R antagonist used in our study, at the time of this dissertation submission. Results of these 

assays indicate that the Y5R dominates as the target of CGP 71683A with the lowest EC-50. For 

example, the CGP 71683A EC-50 for Y2R was 2∙10-6M, while for Y5R this value was measured 

at 1-3∙10-9M. However, the peripheral receptor for sympathetic neurotransmitters, α2-adrenergic 

receptor, was also identified as a binding site for CGP 71683A, whose receptor EC50 differed by 

around 100 fold from Y5R receptor EC50. Therefore, it is of great importance to confirm beyond 

doubt that all observed effects of Y5R antagonism with the use of CGP 71683A compound are 

truly mediated by Y5R. One of reliable approach would be to silence Y5R expression transiently, 

to avoid the compensation of Y5R down-regulation in the signaling networks, and conduct the 
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similar studies as the ones in which CGP 71683A had been used. This method of Y5R transient 

suppression is under development (our unpublished results). 

The interactions between NPY and BDNF systems were confirmed in human 

neuroblastoma tissues, since real-time RT-PCR performed on RNA isolated from neuroblastoma 

tumors revealed positive correlation between expression of Y5R and both BDNF and TrkB 

(Chaper 5.2). Moreover cell lines established from patients after a relapse had up-regulated NPY 

system (Chapter 5.9), as compared to those derived from the primary tumor at diagnosis. Such an 

up-regulation of both NPY and BDNF systems was also observed in neuroblastoma cell lines 

treated with chemotherapy in vitro.  

Our findings are in line with previous reports indicating that aggressive types of 

neuroblastoma release high levels of NPY which can translate into elevation of NPY 

concentration in patients’ plasma. The patients above 1 year of age with neuroblastoma at 

advanced stage and high quantity of NPY in plasma have poor prognosis for survival [73, 74]. 

Moreover, Dotsch at el reports that “relapse coincided with increasing NPY levels” [107]. 

Similarly, the advanced neuroblastoma express high levels of BDNF receptor, TrkB, which 

serves as a marker of poor prognosis [108]. BDNF, acting through its TrkB receptor, supports the 

survival of neuroblastoma cells in autocrine manner, and might be involved in the mediation of 

angiogenic processes in tumor microenvironments [109, 110]. Altogether, the NPY and BDNF 

systems show strong commonality within their pathophysiological functionality, and correlate 

with poor clinical outcomes for patients. 

Previously, we have reported that NPY supports the growth of neuroblastoma. Y2R and 

Y5R activation were shown to drive cell mitogenesis, and Y2R to regulate the local 

vascularization [13]. Along this line, aggressive neuroblastomas are highly vascularized.  High 
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levels of tumor vascularization is recognized as an adverse prognostic indicator [111]. Thus, 

Y2R and Y5R might be important contributors to neuroblastoma progression, not only by 

enhancing the aforementioned processes but as well, by the means of Y5R cross-talk, 

augmenting the BDNF/TrkB system pro-survival and chemo-resistant effects.  

Collectively, all these in vitro results confirming Y5R regulatory and cross-

communication characteristics can impact clinical research on the mechanism and counter-

measurement for acquired chemo-resistance. This, in turn may lead to designing more effective 

and less toxic treatment for patients with high risk neuroblastoma. It is worth noting, that neither 

Y2R nor Y5R knockout mice, show any impairment into the process of basal vascularization or 

any organ function. Therefore, blocking NPY receptors as a part of the combination therapy for 

neuroblastoma should not increase its toxicity and compromise development of the young 

patients. Due to the growing interest in the pluripotent physiological and pathophysiological 

effects of NPY, new antagonist of its receptors are under development giving the opportunity for 

more efficient targeting this pathway, possibly via simultaneous blocking of multiple receptors. 

As an example, novel Y5R antagonist is currently tested in humans for treatment of obesity 

[101]. In case of hereditary neuroblastoma, driven by mutations to ALK or PHOX2B genes, the 

NPY system might be still of use as a supplementary treatment reducing the neuroblastoma 

growth by lowering its mitogenic and angiogenic potential.  

 As for future directions, it would be worth establishing if the high NPY plasma levels 

along with MYCN amplification and high TrkB expression in tumor tissues can suffice as 

cumulative molecular biomarkers for high-risk neuroblastoma. Secondly, of great relevance 

might be to examine if the simultaneous pharmacological inhibition of Y2R/TrkB-mediated 

angiogenesis, Y2R/Y5R/TrkB-driven mitogenesis, TrkB/Y5R-mediated cell survival and 
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chemotherapy-induced chemo-resistance could fully suppress neuroblastoma cells growth and 

induce apoptosis. Additionally, investigating the time length of this pharmacological inhibition 

and the mechanism of possible compensation or by-pass occurrence could bring further insight 

into neuroblastoma biology and improve the design of next generation therapies.  
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