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ABSTRACT 

 

Neuropeptide Y (NPY) and its Y5 receptor (Y5R) are expressed in a number of malignancies, 

including pediatric tumors neuroblastoma (NB) and Ewing sarcoma (ES). Our previous clinical 

and experimental data implicated NPY/Y5R axis in NB and ES metastasis. We have shown that 

Y5R is highly expressed in angioinvasive NB cells, while elevated release of NPY from NB tumors 

associates with metastatic disease and poor clinical outcome. Additionally, hypoxia-induced over-

activation of NPY/Y5R pathway in ES tumors, which express particularly high levels of Y5R, led 

to the formation of polyploid cells that gave rise to chromosomally unstable, metastatic progeny. 

Altogether, our data suggested a role for the NPY/Y5R pathway in the regulation of cell migration 

and cytokinesis, processes essential in tumor growth and dissemination. Thus, the goal of our study 

was to determine mechanisms of NPY/Y5R actions. We have found that Y5R stimulation activated 

an essential cytoskeleton regulator, RhoA, activity of which is tightly controlled in a spatial and 

temporal manner during both cell migration and cytokinesis. In migratory cells cultured in vitro, 

Y5R localized to the regions of high RhoA activity and dynamic cytoskeleton remodeling, 

including leading and trailing edges, cell-cell junctions, filopodia and the leader cells in cell 

clusters. Y5R stimulation resulted in an increased RhoA activity and Y5R-RhoA-GTP interactions, 

as shown by pull-down and proximity ligation assays, respectively. Consequently, activation of 
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the NPY/Y5R/RhoA axis stimulated cell motility and chemotaxis. However, over-activation of 

this pathway, such as this observed in hypoxic ES cells, led to perturbations in normal RhoA 

functions. In mitotic cells, overexpression of Y5R led to the accumulation of RhoA in the narrow 

zone of the cleavage furrow at the abscission phase of cytokinesis. Such RhoA activation at this 

stage was previously shown to trigger cytokinesis failure. These mitotic defects resulted in the 

formation of polyploid ES cells, the progeny of which exhibited high chromosomal instability, an 

ability to invade and colonize bone, and resistance to chemotherapy. To our knowledge, this is the 

first demonstration of the role of the NPY/Y5R axis in RhoA activation and subsequent 

cytoskeleton remodeling facilitating cell movement and cytokinesis defects. These findings 

implicate Y5R as a potential target in anti-metastatic therapies in cancer types expressing this 

receptor.  
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CHAPTER 1. INTRODUCTION 
 
1.1. Neuropeptide Y and its receptors 

Neuropeptide Y (NPY) was first successfully isolated in 1982 by Tatemoto and Mutt1. NPY is a 

highly evolutionarily conserved peptide, normally stored and released from the sympathetic 

nerves1. NPY exerts its functions upon binding to its G-protein coupled receptors (GPCRs), termed 

Y1, Y2 and Y5 receptors (Y1R, Y2R and Y5R, respectively)2. NPY is a member of a larger family, 

which includes two other homologous peptides: peptide YY (PYY) and pancreatic polypeptide 

(PP)3. The process of NPY synthesis starts from the formation of a large precursor protein with 97 

amino acid residues4. The following maturation steps include enzymatic cleavage leading to the 

formation of two peptides - signal peptide and C terminus peptide5. This leaves the core of NPY, 

which consists of the 36 amino acid peptide that is linked to a tripeptide amidation-proteolysis site 

(Gly-Lys-Arg) at C-terminus4,5. Subsequent proteolytic cleavage leads to the removal of the Gly-

Lys-Arg peptide and the formation of the active form of the peptide, NPY1-36 (Fig. 1A). C-terminal 

Gly is a source of the amine group necessary for the NPY amidation. Further proteolytic processing 

of NPY by two peptidases, aminopeptidase P (APP) and dipeptidyl peptidase IV (DPPIV), results 

in the truncation of NPY at N-terminus to NPY2–36 and NPY3–36, respectively (Fig. 1B)6,7. These 

shorter forms of NPY bind to both Y2R and Y5R, but their capability of activating Y1R decreases 

significantly, particularly for NPY3-36 (Table 1)8,9.  
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Figure 1: Biosynthesis and processing of NPY.  

 
A) Pre-pro NPY undergoes two enzymatic cleavages to release signal peptide and C-flanking 

peptide of NPY (CPON). The resulting peptide consists of a 36-amino acid NPY linked to the 3-

amino acid amidation-proteolytic site (Gly-Arg-Lys, GRK). Subsequent proteolytic cleavage of 

this tripeptide generates mature NPY1-36, while the C terminal glycine becomes a source of the 

amine group necessary for the NPY amidation. B) The processing of NPY1-36 depends on two main 

enzymes, APP and DPPIV, that form NPY2–36 and NPY3–36, respectively. These modifications 

change NPY affinities to its cognate receptors.  
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Table 1: Affinities of full length NPY and shorter forms to receptors 

 
1.1.1. Neuropeptide Y receptors 
 
Based on the initial molecular and pharmacological studies, the presence of five distinct NPY 

receptors termed Y1R-Y5R has been proposed10. The sequence homology between these receptors 

was relatively low, ranging from 30 to 50%10. This sequence variability resulted in differently 

expressed receptors with unique cell specificities and functions10.  Further studies have not 

confirmed the existence of Y3R, which was initially characterized based on the pharmacological 

properties2. Instead, it has been proposed that this specific pattern of the pharmacological response 

results from the activation of the Y1R/Y5R heterodimer11. Y4R, on the other hand, is a PP-

preferring receptor and its affinity to NPY is very low12. Hence, here, Y1R, Y2R and Y5R will be 

discussed. 

1.1.2. Neuropeptide Y1R 
 
Y1R was the first receptor discovered in the NPY receptors family13. It was found to be expressed 

in the peripheral and central nervous system, particularly in the paraventricular nucleus (PVN) of 

the hypothalamuses, where it regulates food intake14. Further studies have also shown the 

involvement of Y1R in other physiological functions such as vasoconstriction, bone homeostasis 

and inflammation14–16.  
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1.1.3. Neuropeptide Y2R 

Y2R shares only 31% identity with Y1R17. Similar to Y1R, Y2R is expressed in the peripheral and 

central nervous system, but in different sites18. In peripheral tissues, Y2R was found to be 

expressed in the sympathetic neurons, endothelium, platelets and intestine18. In the central nervous 

system, Y2R is present in a number of brain sites including brain cortex, hypothalamus, 

hippocampus and thalamus19. Later studies have shown evidence for the role of Y2R in several 

psychiatric disorders, such as anxiety and depression20,21. The NPY/Y2R axis is also involved in 

maintaining normal food intake and body weight21,22. 

1.1.4. Neuropeptide Y5R  

Similar to Y1R, Y5R was found to be expressed in the hypothalamus with a pivotal role in the 

regulation of food intake, which implicated its role in obesity and eating disorders23–25. Moreover, 

sequence alignment studies showed low levels of similarity to other NPY receptors26. Several 

studies reported the presence of Y5R in various organs such as  pancreas, spleen and testis27.  

1.1.5. Neuropeptide Y receptor interactions 

All NPY receptors are able to form homodimers28–30. In addition, interactions between heterotypic 

NPY receptors have been reported31,32. It was found that Y1R and Y5R form heterodimers. While 

no direct binding of Y2R and Y5R was shown, these two types of NPY receptors can interact 

indirectly33. In both modes of NPY receptor interactions, activation of a single receptor in a 

complex trans-activates the partner receptor, leading to cellular signaling from both receptors33. 

These heterotypic NPY receptor interactions sensitize cells to their ligands and enable response at 

very low NPY concentrations, significantly below affinities known for the single NPY receptors33.   
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1.2. G-Protein coupled receptors (GPCRs) 

NPY receptors belong to GPCRs, a group of the largest cell surface receptors characterized by the 

presence of seven transmembrane regions in their monomeric structure34,35. This basic structure of 

GPCRs can be divided into three main domains: 1) extracellular domain that forms a cavity for 

specific ligand recognition and binding; 2) A transmembrane domain of seven hydrophobic 

segments stabilized with non-covalent bonds. 3) Intracellular domain responsible for the activation 

of downstream signaling pathways36. Due to the crucial role GPCRs play in cell biology, 

physiology and pathophysiology, advanced understanding of GPCR mechanisms of action and 

signaling is important in the development of therapeutic strategies to control numerous 

diseases37,38.  

GPCRs can form a complex with heterotrimeric G protein subunits - α and βγ37. The name “G” 

represents the ability of these protein subunits to bind guanosine triphosphate (GTP) and guanosine 

diphosphate (GDP)37. When GPCRs are in the inactive form, the Gα subunit is bound to GDP 

maintaining the whole complex of GPCR and G-subunits in a quiescent state37. Upon ligand 

binding, GPCR undergo a conformational change leading to the replacement of Gα-GDP with its 

active form, Gα-GTP. The activation of GPCRs promotes simultaneous dissociation of Gα-subunit 

from G-βγ subunits and their relocation to the cell membrane37. This leads to the recruitment of 

certain protein effectors to each G-subunits and the subsequent activation of downstream signaling 

pathways39. The main protein effectors known to bind Gα-subunit are adenylyl cyclase, 

phospholipase C and Rho guanine nucleotide exchange factors (GEFs). Interactions between  Gα-

subunit  and its direct binding partners triggers the activation of multiple downstream signaling 

pathways39.  Gβγ-subunits are capable of recruiting plasma membrane proteins, such as G-protein 

coupled receptor kinases (GRKs) and can modulate specific ion channel activity39.  
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1.3.  Physiological functions of Neuropeptide Y 
 
The existence of NPY as either the full-length or the short-length form, which vary in their 

affinities to their cognate receptors, gives the NPY system a high plasticity. Consequently, the 

peptide is involved in the regulation of multiple physiological functions and plays pleiotropic roles 

in the central and peripheral nervous systems18,40. 

 In the central nervous system, NPY was found to be highly expressed, mainly in three regions of 

the brain: hypothalamic arcuate nucleus, brainstem and anterior pituitary41,42. In these brain 

regions, NPY is involved  in the regulation of food intake and stress response41,42. NPY was found 

to be an orexigenic factor that enhances food consumption42. This was proven by Stanley and 

Leibowitz in 1984, when they found that NPY injections into hypothalamic paraventricular 

nucleus  stimulated food and water consumption in rats42. Another important central action of NPY 

is its anxiolytic effect. Brain NPY seems to neutralize deleterious effects of the sympathetic 

nervous system activation in the periphery generated from stress or stress-related diseases43. NPY 

was also found to alleviate several mental health problems including, anxiety, depression and 

aggression, and its administration was proposed as a possible therapeutic strategy to modulate such 

behaviors44–46. Furthermore, NPY was shown to improve memory functions and promote 

neurogenesis47,48. High NPY level in the cerebrospinal fluid (CSF) was associated with advanced 

schizophrenia and has been proposed as a biomarker for this disease49 

In the peripheral tissues, NPY functions as a sympathetic neurotransmitter, which is present in the 

sympathetic nerves and adrenal medulla43. Immunocytochemistry staining of postganglionic 

sympathetic nerves with anti-NPY antibody revealed its co-existence with a specific 

catecholamine, norepinephrine (NE), and ATP in the axonal terminals50. Moreover, 

electrophysiological sympathetic nerve stimulation in vivo revealed co-release of NPY, NE and 



 
 

 
 

7 

ATP from the axonal terminals50,51.  The NPY release was dependent on the intensity and pattern 

of sympathetic activation 43. The second site where NPY is found in the peripheral nervous system 

is in the adrenal medulla, specifically the chromaffin cells52–54. However, it was found that the 

level of NPY in the adrenal medulla has no effect on its systemic physiological functions8. This 

was shown upon adrenalectomy performed in a rat model that revealed a stable level of plasma 

NPY8. However, in patients with neuroendocrine tumors developing in adrenal medulla, 

pheochromocytoma, the levels of plasma NPY were elevated along with catecholamines55.  

Aside from its presence in neuronal cells, NPY is also expressed in non-neuronal sites. NPY has 

been found in platelets and the cells their originate from - megakaryocytes56,57. Elevated levels of 

NPY in the platelets and megakaryocytes was found to exacerbate some diseases under chronic 

stress conditions58,59. For example, NPY levels in platelets was found to be high in patients with 

peripheral vascular disease and depression58,59. Moreover, studies from Zukowska’s group have 

implicated  that the level of NPY in the platelets is a better prognostic marker for NPY-related 

diseases than plasma NPY due to the ability of platelets to store NPY for more than 10 days, as 

compared to the fast clearance of NPY from the plasma43.   

 
1.4. Neuropeptide Y system and cellular functions 

NPY plays multiple roles in regulation of various cellular functions.  

1.4.1. Proliferation  

The actions of NPY through Y1R, Y2R and Y5R, individually or in combination, was found to be 

critical for cellular proliferation, the process that contributes to normal growth, development and 

cancer60–65. NPY stimulates cell proliferation of vascular smooth muscle and endothelial cells 

through Y1R and Y2R, respectively61,66–69. Moreover, co-expression of NPY receptors was found 
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to augment cellular proliferation33. A study found that the co-expression of NPY receptors during 

proliferation was important to augment this process by creating a bimodal MAPK proliferative 

signaling70. This effect was caused by the mitogenic response to the picomolar NPY concentrations 

mediated by the interactions of its heterotypic receptors70.   

1.4.2. Cell differentiation 

 It was shown that NPY, Y1R and Y5R were expressed in undifferentiated human embryonic stem 

cells (hESCs)71. The expression of NPY system was found to be crucial in stimulating proliferation 

and self-renewal of hESCs by the activation of AKT, ERK1/2 and CREB signaling pathways71. 

Thus, supplementing hESCs culture with NPY could be an effective strategy to stimulate long-

term self-renewal of  hESCs that can be used in stem cell transplant procedures71. There are also 

increasing evidence showing the involvement of NPY system in controlling bone mass and 

osteoblast activity, which was later found to be through its effects on mesenchymal progenitor cell 

differentiation 72. NPY, acting via Y1R, prevents differentiation of mesenchymal progenitor cells 

and reduces osteogenesis and mineral production in osteoblastic cells72. Therefore, NPY system 

could be used as a target to increase bone formation by blocking Y1R to stimulate differentiation 

of osteoprogenitor cells in osteoporosis and other bone-related disease72. 

1.4.3. Migration 

 NPY has been shown to regulate migration in different cell types such as endothelial and dendritic 

cells73,74. However, in each cell type, NPY regulates migratory phenotype by a specific set of its 

receptors. In endothelial cells, the expression of a proteolytic enzyme, DPPIV, was found to be 

high at the front edge of migrating cells, promoting the process of wound closure73. The biological 

importance of DPPIV enzyme was to convert the full length NPY1-36 to its shorter form, NPY3-36, 

that is a selective agonist for Y2R and Y5R, but not Y1R73. This finding suggests that migration 
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of endothelial cells requires the inactivation of constitutively expressed Y1R by the DPPIV-

mediated enzymatic processing of NPY73.  In regard to dendritic cells, it was demonstrated that 

NPY can regulate different aspects of migration specifically through Y1R74. This includes 

stimulation of migration and adhesion of dendritic cells to endothelial cells resulting in trans-

endothelial migration. The NPY/Y1R axis was found to induce dendritic migratory phenotypes via 

the activation of ERK and MAPK pathways74. These data suggest a direct role of NPY system in 

the development of inflammation in certain diseases74. Thus, targeting the NPY/Y1R axis could 

be therapeutical strategy to modulate inflammatory response. Another group studied the effect of 

NPY on neurogenesis by injecting NPY into subventricular zone (SVZ), a neurogenic region in 

the mouse brain63. NPY injection into the SVZ stimulated proliferation of neuronal precursors and 

facilitated their migration toward the striatum and olfactory bulb63. The increase in neurogenesis 

driven by these proliferative and migratory phenotypes is mediated NPY/Y1R axis that is active 

in the SVZ63. The data from this study suggest that administration of exogenous NPY into 

neurogenic regions of the brain could be used as a therapy for common neurodegenerative 

disorders63.  

1.4.4. Angiogenesis 

NPY was shown to be a potent angiogenic factor involved in several steps of angiogenesis, such 

as endothelial cell proliferation, migration, and the formation of capillary tubes68. It was found that 

the angiogenic activity of NPY is comparable to this of a known angiogenic factor, basic fibroblast 

growth factor (bFGF)68. These findings demonstrate the critical role of NPY in the endothelium68. 

NPY  stimulates angiogenesis mainly through Y2R, but it can maintain lesser angiogenic effect 

through Y5R and Y1R68,75. This was reveled using knockout mice lacking Y2R that showed 

vascular damage75. Also, this animal model lacking Y2R showed a delay in the wound healing 
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process of the skin, suggesting the involvement of NPY/Y2R axis in angiogenesis process during 

tissue regeneration75. Moreover, the angiogenic NPY/Y2R axis was implicated in the development 

and progression of pathological conditions, such as diabetic retinopathy76. This study revealed that 

NPY/Y2R axis was involved in the development of retinal neovascularization and blockage of 

Y2R could be a potential strategy to treat diabetic retinopathy76. 

 

1.5. Neuropeptide Y system in tumor biology 

The involvement of the NPY system in the regulation of cellular differentiation, proliferation and 

migration suggested its potential role in tumor biology, as all these processes are crucial in tumor 

growth and spread. Indeed, NPY has been shown to stimulate cancer cell proliferation and tumor 

vascularization in various malignancies77. There is also growing evidence indicating that the 

NPY/Y5R pathway may be involved in the dissemination of several tumor types including 

neuroblastoma (NB), Ewing sarcoma (ES), breast, prostate and liver cancers64,77–80. Here, the 

potential role of the NPY system in metastasis will be further described in two pediatric 

malignancies with high endogenous levels of the peptide – NB and ES.  

1.5.1. Neuroblastoma 

NB is a common pediatric malignancy with a median age at diagnosis of less than 18 months81,82. 

The disease arises due to a defect in the differentiation process of the sympathetic neuron 

precursors81,82. Hence, primary tumors arise in tissues of sympathetic origin, such as the adrenal 

medulla and paraspinal ganglia81,82. NB accounts for approximately 7% of pediatric malignancies, 

with a mortality rate of 15% 83. The presence of metastases is a hallmark of aggressive NB. 

Approximately half of NB patients present with high-risk metastatic disease at the time of 

diagnosis (stage III-IV) which has a 40-50% five-year survival rate84. Despite current intensive 
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therapy, a large group of NB patients do not respond to treatment, resulting in resistant NB tumors 

and secondary disease dissemination81,83. It has been suggested that the presence of a 

chemoresistant NB cell population drives metastasis and poor clinical outcomes in high-risk NB 

patients81. Thus, targeting this NB cell sub-population is critical for the treatment of the refractory 

disease.  

1.5.2. Neuropeptide Y system in neuroblastoma 

The expression of neuronal markers is one of the defining features of NB. NPY is one of such 

neuronal markers 85,86.  It was shown that NB cells constitutively express NPY and Y2R, creating 

an autocrine loop, which is necessary for maintaining their proliferation85–87.  Consequently, in 

animal models, Y2R antagonist inhibits the growth of NB xenografts due to its anti-proliferative 

and anti-angiogenic effects87. In contrast, Y5R is induced in NB cells under pro-apoptotic 

conditions, e.g. hypoxia or therapy, and promotes NB cell survival88. In line with these findings, 

expression of both NPY and Y5R is elevated in chemoresistant NBs and cell lines developed from 

recurrent tumors, while Y5R antagonist inhibits NB tumor growth via its pro-apoptotic effects88.  

 In addition to the well-documented effect of NPY on NB growth and vascularization, there are 

growing clinical evidence indicating that the peptide may also be involved in dissemination of the 

disease. In NB patients, elevated serum NPY levels correlate with metastases and worse survival85. 

In NB tissues at diagnosis, Y5R is highly expressed in tumor cells with an angioinvasive 

phenotype, suggesting the role for this receptor in their migration and invasion85. Similarly, 

NPY/Y5R axis has been implicated in the motility of ES, breast and liver cancer cells89,64,80. 

However, the mechanisms underlying these effects remain unknown. 
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1.5.3. Ewing sarcoma 

The second type of NPY-rich cancer is ES90. ES is a bone or soft tissue tumor developing in 

children and adolescents90,91. Over the past years, the 5-year event-free survival (EFS) of patients 

with localized ES has increased to 72% 92. However, the survival rate in ES patients with metastatic 

form of the disease is still low, with a 3-years EFS at 27% and further reduction to 8-14% 3-years 

EFS in patients with bone metastases93,94. Studies on the pathogenesis of ES have focused on two 

major areas; 1) the role of a common chromosomal aberration, EWS-ETS fusion gene, most 

commonly EWS-FLI1; 2) the cellular origin of ES (neuronal vs mesenchymal)90,91. EWS-FLI1 

fusion protein results from a chromosomal translocation t(11;22)q(24;12) and encodes an 

oncoprotein that is necessary for ES development95. Interestingly, a transcriptomic study designed 

to identify EWS-FLI target genes, revealed the set of neuronal markers up-regulated by this 

aberrant transcription factor, including NPY, Y1R and Y5R86,96,97.  

1.5.4. Neuropeptide Y system in Ewing sarcoma   

As an EWS-FLI1 target, NPY is constitutively expressed and released from ES cells and exerts an 

autocrine signaling through Y1R and Y5R86,96,97. However, exposure to hypoxic tumor 

microenvironment was found to selectively up-regulate  expression of NPY and its Y2R and 

Y5R89. Furthermore, hypoxia stimulates the expression of DPPIV89,98. These coordinated changes 

occurring in the NPY system under hypoxic conditions lead to the overactivation of the 

DPPIV/NPY3-36/Y2R/Y5R axis in ES tumor cells. This, in turn, was found to induce pro-

metastatic phenotypes such as proliferation and migration of hypoxic ES cells with cancer stem 

cell phenotype determined by the high activity of aldehyde dehydrogenase (ALDH)77.  

The high release of NPY from ES tumors results in its elevated levels in ES patients, as compared 

to healthy control99. This has been observed in approximately 50% of ES patients99. The serum 
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NPY levels were higher in patients with ES originating in bone, as compared to those with soft 

tissue lesions99. There was also a trend toward increased systemic NPY levels in patients with 

metastatic ES99. This phenotype was reproduced in an animal model of ES, as xenografts with high 

endogenous NPY preferentially metastasized to bone89.  

1.5.5. Ewing sarcoma metastasis 

Although EWS-FLI1 fusion protein is responsible for the ES malignant transformation, clinical 

and experimental data suggest that additional changes are required to trigger its progression to the 

metastatic phenotype. Among known adverse prognostic factors, the presence of secondary 

chromosomal aberrations,  such as frequent chromosome gains and complex karyotypes, was 

associated with worse survival in ES patients100–103. Such chromosomal alterations are typically 

triggered by cytokinesis defects leading the formation of polyploid cells that will further undergo 

aberrant cell division accompanied by chromosome losses104,105. The resulting progeny of the 

polyploid cells is characterized by a high level of chromosomal instability (CIN), which can 

subsequently facilitate rapid tumor progression and resistance to chemotherapy104,105.  While the 

above mechanisms are common for various cell types, the specific pathway leading to CIN in ES 

remains unknown.  

1.5.6. Neuropeptide Y/Y5R axis in Ewing sarcoma polyploidy 
 
As described below, recent unpublished data from our laboratory demonstrated the involvement 

of the hypoxia-induced over-activation of NPY/Y5R pathway in the formation of polyploid ES 

cells, followed by an increase in CIN and a specific dissemination to bone.  

In ES, tumor hypoxia selectively exacerbates bone metastasis.  

The effect of hypoxia on ES metastasis was tested using an orthotopic ES xenograft model in 

combination with femoral artery ligation (FAL) to trigger tumor ischemia106. As expected, tumor 
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hypoxia exacerbated ES metastasis. However, this effect pertained selectively to the osseous 

dissemination, while soft tissue metastases remained unchanged. Similar hypoxia-induced 

increase in bone metastases was observed independently in two types of ES xenografts – SK-ES-

1 and TC71107(Fig. 2A-B).  

 

 

 

Figure 2: Hypoxia exacerbates osseous metastasis in ES animal model.  

A) Prevalence of bone metastases in mice with control and hypoxic SK-ES-1 xenografts. B) 

Frequency of bone metastasis in mice with control and hypoxic TC71 xenografts. * p<0.05 by Chi-

square test. Mahajan et al, CLINICAL CANCER RESEARCH 2018 Jan 1 (Vol. 24, No. 2, pp. 34-35).  

 

Hypoxia promotes accumulation of hypertrophic ES cells with chromosome gains. 

Analysis of the cells derived from hypoxic ES xenografts revealed high prevalence of cells with 

enlarged nuclei and increased DNA content. To test the role of hypoxia in inducing genomic 

changes in ES, SK-ES-1 cells were exposed to 0.1% oxygen for 24-72 hours. The 72h culture of 

SK-ES-1 cells in 0.1% oxygen significantly increased the occurrence of cells with enlarged nuclei 

107(Fig. 3A). Multinucleated tumor cells were also observed, indicating defects in cytokinesis (Fig. 
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3A). Flow cytometry further revealed an increased percentage of cells with >4c DNA content upon 

hypoxia107(Fig. 3B), while FISH with centromeric probes confirmed that the cells with enlarged 

nuclei contained chromosome gains107(Fig. 3C). Together, these data confirmed that hypoxia is a 

key factor in the induction of polyploidy and subsequent CIN in ES cells.  

 

 

 

Figure 3:  Hypoxia leads to the accumulation of ES cells with increased DNA content. 

A) Representative images of SK-ES-1 cells cultured in normoxia or hypoxia (0.1% oxygen for 

72h) stained with DAPI and wheat germ agglutinin (WGA), followed by nuclear size analysis. 

Scale bar: 100 μm.**** p<0.0001 vs. normoxic SK-ES-1 cells; one-way ANOVA followed by 

Dunnett’s test. B) Representative flow cytometry quantification of DNA content in normoxic and 

hypoxic SK-ES-1 cells, followed by comparison of the percent of cells with >4c DNA from 3 

independent experiments. * p<0.05; paired t-test. C) Representative image of FISH with 

CDKNA2/CEN3/7/17 probes in SK-ES-1 cells cultured in hypoxia for 72h. A-C: White arrows – 

hypertrophic cells; M – multinucleated cells; green borderlines – cells with chromosome gains.  
Mahajan et al, CLINICAL CANCER RESEARCH 2018 Jan 1 (Vol. 24, No. 2, pp. 34-35).  
 

A B C 
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The progeny of hypoxia-induced polyploid cells preferentially metastasize to bone. 

To determine if the polyploid cells arising in hypoxic ES tumors are responsible for bone 

metastases, SK-ES-1 cells were subjected to hypoxia in vitro and the diploid and tetraploid cell 

fractions were isolated from the normoxic and hypoxic cell populations using FUCCI cell cycle 

sensor followed by flow cytometry107. The progeny of the tetraploid cells isolated from hypoxic 

cell population had high metastatic potential and preferentially metastasized to bone upon 

orthotopic injections into SCID/bg mice107(Fig.4)   

 

 
 

Figure 4: The progeny of hypoxia-induced polyploid cells preferentially metastasize to bone.  

Average number of metastases in mice with SK-ES-1 xenografts developed from control or sorted 

cell fractions – diploid (2n) or tetrapoid (4n) cells isolated from normoxic (NOR) or hypoxic 

(HYP) cultures. * p<0.05, by Mann Whitney test. Mahajan et al, CLINICAL CANCER RESEARCH 2018 

Jan 1 (Vol. 24, No. 2, pp. 34-35).  
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Hypoxia increases the expression of Y5R leading to cytokinesis defects, polyploidy and CIN.  

Previous studies from our laboratory implicated the role for the NPY/Y5R pathway in the 

formation of polyploid cells. Upon stable transfections with Y5R-EGFP fusion protein, CHO-K1 

cells became hypertrophic, with enlarged nuclei and increased DNA content (Fig. 5A). Moreover, 

multinucleated cells were often detected. No such changes in cell morphology were observed after 

transfection with other NPY receptors or with EGFP alone. Further analysis using time-lapse 

microscopy revealed that Y5R-EGFP positive cells exhibited defects in late cytokinesis. Following 

nuclear division, Y5R-EGFP positive cells were arrested during the abscission phase, which 

typically resulted in cell death. However, subsequent cell fusions leading to the formation of 

hypertrophic cells with enlarged nuclei were also observed (Fig. 5B). 

In line with the above finding, hypoxia increased expression of Y5R in ES cells (Fig. 5C), 

suggesting that Y5R/NPY pathway activation may contribute to the formation of polyploid ES 

cells. Altogether, the clinical and experimental data on NB and ES strongly suggest the role for 

the NPY/Y5R pathway in metastasis. Similarly, NPY/Y5R axis has been implicated in motility 

and invasiveness of breast and liver cancer cells89,64,80 The goal of the current work was to identify 

potential mechanisms that could lead to the metastatic actions of this signaling pathway.  

 

 

 

 

 

 

 



 
 

 
 

18 

 

 

Figure 5: Over-expression of NPY Y5R leads to aneuploidy caused by cytokinesis defects. 

A) Representative fluorescence microscopy images of CHO-K1 cells transfected with EGFP alone 

or fused to Y5R. M – multinucleated cell. B) Images from time lapse microscopy showing 

cytokinesis defects in CHO-K1/Y5R-EGFP transient transfectants leading to the formation of 

polyploid cells cell. C) Western blot analysis of Y5R expression in normoxic and hypoxic SK-ES-

1 cells. The results of 3 independent experiments quantified by densitometry and compared by 

paired t-test, * p<0.05. Kitlinska lab, unpublished data. 
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1.6. Tumor cell migration 

Most human cell types migrate during their life span, as the cell movement is crucial in many 

physiological processes108,109.  This includes embryogenesis, angiogenesis, wound healing and 

immune response108–110. Any defects during the migration process can lead to different pathologies 

such as immune system disorders, vascular diseases, developmental abnormalities, as well as 

cancer metastasis108–110. Tumor cell motility is an essential feature facilitating their 

dissemination109,111. Cells migrate in response to mechanical and chemical signals from their 

environment that cause profound changes in their morphology109,111. These morphological 

alterations are driven by dynamic cytoskeleton remodeling involving actin polymerization leading 

to the formation of filamentous actin (F-actin) and its interactions with myosin109,111.  

1.6.1. Single cell migration 

Single migratory cells are characterized by their bi-polar phenotype that regularly appears during 

the cycle of cell movement112. The cyclic migration process is initiated by the formation of 

polarized ends in the cell.  A front protrusion known as the leading edge appears first and 

participates in the adhesion to the closest surrounding matrix. Subsequently, cellular actomyosin 

contraction within the cell body will trigger the retraction of the rear end toward the direction of 

the cell movement113. 

Leading edge protrusions facilitate forward movement of the cells and include two main protrusive 

modules: lamellipodia with F-actin network or filopodia with F-actin bundles112. The cytoskeleton 

changes in the trailing edge, on the other hand, are responsible for cell tail retraction112.  

1.6.2. Collective cell migration 

In addition to the single cell migration, cancer cells can migrate collectively, which has been 

associated with their more aggressive phenotype112.  It was also suggested that collective cancer 
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cell movement facilitates deep tissue invasion in solid tumors113. During such collective migration, 

cells preserve their cell-cell junctions, thus maintaining their unity and facilitating the formation 

of several migratory forms, i.e. sheets, strands and clusters112. Similar to the process of single cell 

migration, cells migrating collectively  contain both front and rear edges and undergo similar cyclic 

changes in morphology113. However, the process of collective cell migration is more advanced and 

complex113.  

The process of collective cell migration involves polarization of selected leader cells in the front 

of the supracellular complex that will further develop to form a defined protrusion113. The 

protruding leading cells facilitate both invasiveness to the surrounding matrix and adhesion to the 

tissue substrates113. In the meantime, follower cells within the cellular unit remain coherent thanks 

to cadherin-mediated cell-cell adhesion and mechano-coupling, which is upregulated at the rear 

end and lateral sides of the cellular unit113. Moreover, follower cells residing in the lateral sides 

and the core of the migration unit can also form front/rear ends known as cryptic lamellipodia114. 

The presence of both cell-cell contacts and cryptic lamellipodia in follower cells facilitates active 

movement within the core of the cellular unit that stimulates directional migration and generation 

of traction force113,114.  

In both single and collective migration, a certain level of intercellular contractile signaling is 

required to induce several cytoskeleton changes that are necessary for efficient migration108,113. 

Thus, understanding the mechanism that contributes to the cytoskeleton changes during cell 

migration could provide an insight into the cellular features that cancer cells acquire during 

progression to a metastatic phenotype.  



 
 

 
 

21 

1.7. RhoA, an essential cytoskeleton regulator 

RhoA is a small protein belonging to the Rho family of GTPases that is known to be an essential 

cytoskeleton regulator by mediating the formation of actin stress fibers and regulation of 

microtubule dynamics115–118. Accordingly, RhoA was found to be involved in several cellular 

processes including endocytosis, cytokinesis, cell-cell contacts and migration113,116,119,120. 

Perturbation of the RhoA activity during any of these processes can compromise cellular functions.  

The activation of RhoA from GDP-bound (inactive state) to a GTP-bound (active state) is mainly 

regulated by guanine nucleotide exchange factors (GEFs), which stimulate the exchange of GDP 

to GTP121. Inactivation of RhoA from a GTP-bound state to GDP-state is regulated by GTPase 

activating proteins (GAPs), which stimulate hydrolysis of GTP to GDP121. Other central regulators 

of RhoA are guanine nucleotide dissociation inhibitors (GDIs), which serve as negative regulators, 

maintaining RhoA in an inactive GDP-bound state121. The binding of GDI to RhoA prevents the 

translocation of RhoA to the membrane, sequestering RhoA in the cytosolic fraction until it is 

required for the activation of downstream effectors121.  Accordingly, the combined effects of GEF, 

GAP and GDI are crucial in regulating the RhoA activity in a spatiotemporal manner necessary 

for variety of cellular functions.  

 
1.7.1. RhoA in cell migration 

RhoA, along with two other members of Rho GTPases family, Cdc42 and Rac1, is tightly 

controlled in spatiotemporal manner during cell migration120. Previously, the role of RhoA was 

thought to be limited to the formation of actin stress fibers116. However, several studies 

revealed an extended role of RhoA in cell migration. It was demonstrated that RhoA is 

involved in cell migration by inducing the formation of membrane ruffles and lamella in the 
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leading edge122. Further evidence were obtained upon the development of fluorescence 

resonance energy transfer (FRET) technique that allowed for direct testing of the dynamic 

RhoA  activation in the leading edge of migrating cells preceded by the activation Cdc42 and 

Rac1, suggesting a  tightly controlled and coordinated spatial and temporal regulation of the 

three Rho GTPase members120. The cellular fate of migratory cells, which undergo either stress 

fiber formation or lamella and membrane ruffle formation is mainly determined by RhoA 

downstream effectors123. 

In single migratory cells, RhoA acting via the mammalian diaphanous-related formin 1 

(mDia1) is responsible for actin polymerization at the leading edge, while at the trailing edge 

it controls actomyosin contractility and cell tail retraction through the activation of the Rho-

associated protein kinase (ROCK) (Fig. 6)110,123,124. In the context of collective migration, 

RhoA activity is particularly high in the leader cells, facilitating development of the  functional 

leading edge113. Moreover, at supracellular level, RhoA is involved in the formation of the 

ROCK-dependent actomyosin cables spanning along the outer edge of the multicellular 

migration unit and maintaining its integrity113. Lastly, RhoA activity is essential to preserve 

cell-cell junctions during collective migration113,125. Importantly, however, despite its essential 

role in cell motility, over-activation of the RhoA pathway may lead to the excessive stress fiber 

formation and inhibition of cell migration110. Hence, the precise regulation of the time, 

localization and the extent of RhoA activity are essential for the cell movement. 
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Figure 6: The distribution of active RhoA during single cell and collective migration.  

A) In single migratory cells, RhoA stimulates actin polymerization at the leading edge to 

generate lamellipodia protrusions and actomyosin contraction at the trailing edge to enhance 

cell movement in the direction of migration. B) In collective cell migration, RhoA activity is 

high in the leader cells and along lateral sides to facilitate active migration of the complex.  
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1.7.2. RhoA in cytokinesis   

Cytokinesis represents the final step of cell division that generates two intact daughter cells from 

cytoplasmic division119 Although complex, this process can be dissected into four main stages that 

are highly dependent on the integrity of the previous stage and also require an optimal activity of 

the cytoskeleton regulator, RhoA (Fig. 7)119. The process is initiated with the recruitment of  RhoA 

to the central part of the cytoplasm, which defines the future cleavage space between the 

chromosomal segregation area119. This is rapidly followed by  the second stage, which involves 

the activation of RhoA leading to ingression in the cleave furrow triggered by the formation of an 

actomyosin ring and the activation of myosin-dependent motor119. In the third stage, the cleavage 

furrow further narrows to form a fine midbody119.  In this step, RhoA inactivation is required until 

cytokinesis undergoes the finale stage, abscission, when the formation of two daughter cells 

follows cytoplasmic separation119. As in all above stages RhoA activity has to be tightly controlled 

in a spatiotemporal manner, perturbation in RhoA regulation during cytokinesis, particularly at the 

stage of the cleavage furrow formation or abscission, can prevent the formation of two intact 

daughter cells, leading to polyploidy and subsequent CIN119. Importantly, the presence of both 

polyploidy and CIN was found to facilitates cancer cell adaptation to a new environment, e.g. 

hypoxia, therapy or tissue microenvironment104,105. As mentioned above, unpublished data from 

our laboratory strongly suggest the role for the NPY/Y5R pathway in the formation of polyploid 

cancer cells. 
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Figure 7: Formation of polyploid cells by overactivation of RhoA during late cytokinesis.  

Four main stages of cytokinesis: specification of cleavage plane areas, formation of cleavage 

furrow, formation of midbody and abscission of two cells. When cells commit to undergo 

cytokinesis, RhoA is recruited to the cleavage plan to specify future cleavage furrow areas. In the 

anaphase, RhoA activation is required to ingress the cleavage furrow, followed by its inactivation 

in the midbody leading to faithful abscission of the two daughter cells. Aberrations in the activity 

of RhoA during cytokinesis prevent the formation of two intact daughter cells, leading to their 

fusion forming multinucleated cells, tetraploid cells and contributing to genomic instability.  
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1.8. Hypothesis and aims 

Based on the above studies and preliminary data, I hypothesized that activation of the NPY/Y5R 

pathway in tumor cells contributes to two major pro-metastatic processes: cell motility and 

cytokinesis defects via the activation of an essential cytoskeleton regulator, RhoA. This hypothesis 

was tested under two aims: 

Aim 1: Investigate the role of the NPY/Y5R/RhoA pathway in mediating tumor cell 

migration. 

1.A. Determine the involvement of the NPY/Y5R pathway in mediating cytoskeleton remodeling 

related to migratory phenotypes. 

1.B. Evaluate the particular roles of Y2R and Y5R in cellular migration. 

1.C. Investigate the role of NPY as a chemoattractant in chemotaxis. 

1.D. Characterize the interactions between Y5R and RhoA in migratory cells.  

Aim 2:  Investigate the contribution of the NPY/Y5R/RhoA pathway to hypoxia-induced 

cytokinesis defects leading to polyploidy and CIN.  

2.A. Evaluate the activation of NPY/Y5R/RhoA pathway as a mechanism leading to cytokinesis 

defects.  

2.B. Evaluate Y5R antagonist as a therapeutic strategy to prevent the formation of polyploid cells. 

2.C. Determine if the hypoxia-induced NPY/Y5R pathway contribution to polyploidy is a 

universal mechanism in tumors expressing this receptor.   
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CHAPTER 2. METHODS 

 
2.1. Reagents 

NPY was purchased from Bachem (San Carlos, CA). Y5R antagonist, CGP71683, and Y2R 

antagonist, BIIE0246, were obtained from Tocris (Ellisville, MO). Rho inhibitor I, C3 transferase, 

was purchased from Cytoskeleton, Inc. (Denver, CO).  

2.2. Human tissue sample analysis 

Tissue sections from 87 pediatric patients with neuroblastic tumors at diagnosis, collected between 

years 2004 and 2009, were obtained from Children’s Oncology Group (COG). These samples were 

collected by COG institutions upon obtaining appropriate consents, and their use was approved by 

the Georgetown University Institutional Review Board. Immunohistochemistry on the above 

samples was performed using rabbit polyclonal anti-Y5R antibody (1:300) (Novus Biologicals, 

Littleton, CO, cat # NBP1-00957).  Hypoxia was created for ES and NB cells in a chamber 

containing 0.1% O2, 95% N2 and 5% CO2. 

2.3. Cell culture 

All established cell lines were obtained from American Type Culture Collection (ATCC, 

Manassas, VA). Human NB cell lines, SK-N-AS and SK-N-BE(2), were cultured in DMEM media 

or EMEM:F12K (1:1) media with 10% FBS, respectively. Human ES cell line, SK-ES-1, was 

maintained in McCoy’s 5A medium supplemented with 15%FBS. CHO-K1 cells were cultured in 

F12K media supplemented with 10% FBS. Stable CHO-K1 transfectants expressing NPY 

receptors fused to EGFP or EGFP alone were developed as previously described33. The NB cell 

lines from tumors developing in TH-MYCN mice were isolated using conditional reprogramming 

technology and cultured under 2% oxygen in the F medium containing DMEM + F12 nutrient mix 
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(3:1 v/v) supplemented with 10 µM ROCK inhibitor, Y-27632, 5 μg/ml insulin (Sigma-Aldrich), 

0.1 nM cholera toxin (Sigma-Aldrich), 0.125 ng/ml epidermal growth factor (EGF), (Life 

Technologies, Carlsbad, CA) and 25 ng/ml hydrocortisone (Sigma-Aldrich), as previously 

described. 

2.4. Transwell migration and invasion assay 

The BD FluoroBlok™ 96-well transwell plate or BD BioCoat FluoroBlok™ tumor invasion 

systems (BD Biosciences, San Jose, CA) were used to evaluate NB cell migration and invasion, 

respectively. NB cells, SK-N-AS and SK-N-BE(2), were suspended in their respective media 

supplemented with 5% FBS and seeded in the upper chambers at the density of 2.5 × 104 cells per 

well. The effect of NPY on spontaneous migration was tested by adding the same concentrations 

of the peptide, with or without Y2R and Y5R antagonists, to both upper and lower chambers of 

the plate. Transwell migration plate was then incubated for 22h at 37°C, in 5% CO2, followed by 

staining with calcein AM at a concentration of 4ug/ml in Hank’s Balanced Salt Solution (HBSS, 

Thermo Fisher Scientific). The fluorescence was measured from the bottom of the migration plates 

using EnSpire Multimode Plate Reader (Perkin Elmer, Waltham, MA).  

2.5. Scratch wound healing assay using IncuCyte live cell imaging system 

CHO-K1 cells transfected with EGFP, Y2R/EGFP and Y5R/EGFP were seeded in IncuCyte® 

ImageLock 96-well plates at a density of 2-2.5×105 cells per well. Eighteen hours after seeding, a 

scratch was made in the confluent monolayer using 96-well Wound Maker™. Cells were then 

washed with serum-free medium to clear any floating cells within the scratch prior treatment. The 

subsequent migration monitoring was performed in media with three different serum 

concentrations, 10%, 1% or 0.1% FBS, depending on the experimental design. For the low-serum 

conditions, cells were primed in serum-free media for 6 hours before creating the scratch and 
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treating in media supplemented with 1% or 0.1% FBS and NPY or its receptor antagonists, when 

desired. Subsequently, the 96-well plates were placed in the IncuCyte live cell imaging system 

(Sartorius, Goettingen, Germany) and the images collected every 2 hours during the incubation 

time. The IncuCyte ZOOM software generated a wound width (WW) migration metric, which was 

used to calculate the migration distance (MD) according to the following formula:  MD = (WWT0 

- WWTn)/2. 

2.6. Proliferation assay 

CHO-K1 cells stably transfected with EGFP, Y2R/EGFP and Y5R/EGFP were cultured in 10% 

FBS for 24h in 96-well plates at a density of 2-2.5×104 cells per well. Then, the proliferation was 

assessed under conditions mimicking these used in the migration assays: 10%, 1% or 0.1% FBS. 

For the low-serum conditions, cells were primed in serum-free medium for 6 hours before 

treatment in 1% or 0.1% FBS and NPY or its receptor antagonists, when desired. The cells were 

then monitored using the IncuCyte® Live-Cell Analysis System providing images every 2 hours 

during incubation time. Phase object confluence metric measured as a percentage of surface 

coverage was used to evaluate cellular proliferation.  

2.7. RhoA pull-down assay 

CHO-K1 cells stably transfected with Y5R-EGFP or SK-N-AS NB cells were incubated in serum-

free media for 24h or 72h, respectively, and then stimulated with NPY at concentrations 10-10-10-

7M for 20 min. Cell lysates were collected and the levels of active-RhoA was measured using 

RhoA Pull-down Activation Assay Biochem Kit (Cytoskeleton Inc., Denver, CO) according to the 

manufacturer’s protocol. The band intensities were quantified by Image J software (National 

Institutes of Health, Bethesda, MD). The levels of active RhoA-GTP were normalized to total 

RhoA expression. SK-ES-1 cells were either pre-incubated in serum free media for 24h and then 
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treated with selective NPY receptor agonists at a concentration of 10-7M for 20 min, or cultured in 

media containing 10% FBS and incubated in normoxia or hypoxia for the desired time, in the 

presence or absence of 10-6M Y5R antagonist. Subsequently, the cells were lysed and the levels of 

active RhoA assessed as above. 

2.8. Immunocytochemistry 

Cells were seeded on 12-mm glass coverslips (2.5x105 cells in 35-mm plate) and cultured for 24h. 

Then, the cells were fixed for 10 minutes using 4% paraformaldehyde and blocked in 1% bovine 

serum albumin (BSA) for 1h at RT. The subsequent staining with rabbit monoclonal anti-Y5R 

antibody (1:250; Abcam, Cambridge, MA; cat # ab133757) was performed without 

permeabilization to detect the fraction of Y5R present on the cell membrane. Subsequently, the 

samples were incubated with Alexa Fluor 488-conjugated goat anti-rabbit antibody (1:1000, 

Invitrogen; cat # A-11008) for 1h at RT. Then, the cells were permeabilized and stained with 

mouse monoclonal anti-RhoA-GTP antibody (1:100; NewEast Biosciences King of Prussia, PA, 

cat # NE-26904) overnight at 4°C, followed by incubation with AlexaFluor 594-conjugated 

donkey anti-mouse antibody (1:1000, Invitrogen; cat # A-21203) for 1h at RT . Alternatively, NB 

cells were co-stained with rabbit monoclonal anti-Y5R (1:100; Abcam; cat # ab133757) and mouse 

monoclonal anti-ganglioside GD2 (1:100; Santa Cruz Biotechnology, Dallas, TX; cat# sc-53831) 

antibodies. For actin filament detection, cells were permeabilized and stained with Texas Red®-

X phalloidin (1:50, Molecular Probes, Eugene, OR) for 20 min, while 4′,6-diamidino-2-

phenylindole (DAPI; Thermo Fisher Scientific) at a concentration of 0.5 µg/ml in PBS was used to 

detect DNA. 
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2.9. Proximity ligation assay (PLA) and quantification analysis 

NB cells were seeded on 12-mm glass coverslips (2.5x105 cells) that were placed in 24-well plate. 

On the second day after seeding, cells were incubated in serum-free media for 24 hours before 

stimulation with 10-8M NPY for 20 minutes, with or without 30-minute pre-incubation with 10-6M 

Y5R antagonist. The cells were fixed for 10 minutes using 4% paraformaldehyde followed by 

permeabilization for 10 minutes. To test the interactions between Y5R and RhoA-GTP, Duolink® 

In Situ Red starter kit Mouse/Rabbit (Sigma-Aldrich, St. Louis, MO) was used according to the 

manufacture’s protocol with the following antibodies: rabbit monoclonal anti-Y5R (1:250; Novus 

Biologicals, cat # NBP1-00957), mouse monoclonal anti-RhoA-GTP (1:100; NewEast 

Biosciences King of Prussia, PA, cat # NE-26904) and mouse monoclonal anti-HDAC1 as a 

negative control (1:50, Santa Cruz Biotechnology, Dallas, TX, cat# SC-8410). For actin filament 

detection, Alexa Fluor 488-Phalloidin (1:100; Molecular Probes) was used for 20 min before 

mounting. Confocal images were taken to visualize PLA signals. The fluorescence intensity for 

total cell colony was measured using image-J. To determine the fluorescence intensity of PLA 

signals on the outside membrane and the inner fraction of cell colony, a line was plotted across 

each cellular colony to generate a plot profile graph, x=distance, y=fluorescence intensity. 

Fluorescence intensity data generated from the first two peaks at the end of the line was considered as 

the membrane fraction and the remaining fluorescence intensity between them was consider as an inner 

fraction. The sum of fluorescence intensities from each fraction was measured to compare subcellular 

localization of PLA signals.  

2.10. Chemotaxis assay 

CHO-K1 transfectants were seeded in the center of chemotaxis chambers (Ibidi, Martinsried, 

Planegg, Germany). After cell attachment, 10% FBS media supplemented with NPY (10-9-10-7M) 
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was added to the right side chamber, while 10% FBS media alone was inserted to the left side 

chamber. Images were captured every twenty minutes for a period of 24h using live cell 

microscopy at a magnification of 10x. Manual cell tracking for at least 40 cells per condition was 

performed using ImageJ and data were imported into the Chemotaxis software plugin for ImageJ 

(Ibidi). The software calculated individual cell velocity, euclidean and accumulated distances, 

directionality (euclidean distance/accumulated distance), forward migration index (FMI; x or y 

coordinate of endpoint/accumulated distance), center of mass (spatial average of coordinates in x 

or y direction), and generated trajectory plots of cell migration. Values for center of mass and 

forward migration index can be positive or negative, depending on whether migration was towards 

or away from the chemoattractant, respectively. Rayleigh tests for vector data, which account for 

cell endpoints and the distance from origin, were used to establish whether cellular migration was 

random (p > 0.05) or directed towards the chemoattractant (p < 0.05). 

2.11. Filopodia formation 

CHO-K1/Y5R-EGFP, CHO-K1/Y2R-EGFP, CHO-K1/EGFP, and SK-N-AS cells were seeded in 

2-well inserts (Ibidi). After removal of the insert, cells were cultured in 10% FBS media 

supplemented with 10-9-10-7M NPY or were untreated and then were allowed to migrate for 24 h. 

After fixation, CHO-K1/Y5R-EGFP, CHO-K1/Y2R-EGFP, and CHO-K1/EGFP cells were 

permeabilized and phalloidin was added for 2 hours (1:50, Sigma Aldrich). SK-N-AS cells were 

fixed, immunostained for Y5R, and counterstained with Alexa Fluor 488-Phalloidin and DAPI, as 

described above. Images were taken at the magnification of 60X. 25 cells per treatment in all cell 

lines were selected for quantification of filopodia. Numbers of filopodia per cell were quantified 

using Image J. The percentages of Y5R-positive filopodia were quantified in SK-N-AS cells. 
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2.12. Transient transfection 

cDNA of human Y5R was cloned into pEGFP-N1 vector at NheI and BamHI restriction sites as 

previously described33CHO-K1 cells were cultured in glass cover slips and transfected with the 

above vector using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). 14hrs post transfection, cells 

were fixed in 4% (w/v) paraformaldehyde and stained with rabbit polyclonal anti-Y5R (Abcam) 

and mouse monoclonal anti-RhoA-GTP (NewEast Biosciences King of Prussia, PA) antibodies.  

DNA was stained using DAPI at 0.5 µg/ml in PBS.  

2.13. Nuclear size analysis 

 Cells were cultured on glass cover slips, stained with wheat germ agglutinin (WGA; Thermo Fisher 

Scientific, Waltham, MA) at a concentration of 1.2µg/ml and then fixed in 4% paraformaldehyde and 

stained with DAPI at a concentration of 2µg/ml. The nuclear sizes were measured using ImageJ 

software based on DAPI staining, while WGA staining allowed for identification of multinucleated 

cells. 

2.14. DNA content 

Cells were fixed in 75% ethanol, and stained with propidium iodide (PI) according to the standard 

procedures. Flow cytometric analysis was done on LSR-Fortessa (Becton Dickinson, Franklin Lakes, 

NJ) and data analyzed using FCS Express and ModFit LT software packages (Verity Software House 

Inc., Topsham, ME). The cells were stained with Zombie Violet viability dye (BioLegend, San Diego, 

CA) before fixation, to assess the extent of cell death upon transfection. 

2.15. NB animal models 

In a transgenic NB model, 129X1/SvJ mice expressing the human MYCN oncogene under a rat 

tyrosine hydroxylase promoter (TH-MYCN mice) were obtained from the National Cancer Institute 

(Frederick, MD) (Weiss et al., 1997). In an orthotopic NB xenograft model, 2 x 105 of SK-N-BE(2) 
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cells suspended in 10µl of Matrigel (Corning Inc., Corning, NY) were injected into adrenal fat pad of 

3-4 weeks old SCID/beige mice (Charles River Laboratories), as previously described (Cardoso et 

al., 2010). Tumor growth and metastasis were monitored by MRI, and the animals were euthanized 

once the primary tumors reached a volume of 1000mm3. Tissues from primary tumors and metastases 

were fixed and subjected to histopathological analyses. All procedures were approved by GUACUC. 

2.16. Statistical analyses 

Statistical analyses were performed using GraphPad Prism 6 software. Between-group 

comparisons were assessed using one-way repeated measures ANOVA with post-hoc t-test, 

independent-samples t-tests or paired-samples t-tests. For count data, Chi-square tests were used. 

All experiments were performed at least three times and the combined data are presented as mean 

± standard errors 
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CHAPTER 3. RESULTS 
 
3.1. Aim1: Neuropeptide Y/Y5R pathway stimulates neuroblastoma cell motility through the 

RhoA activation 

 
3.1.1. Y5R expression in neuroblastoma tissues and cells associates with a migratory 

phenotype 

We have previously shown that in human NB tissues, Y5R is highly expressed in a specific 

population of cells with an angioinvasive phenotype85. To further investigate this phenomenon, we 

performed a detailed histological analysis of human NBs immunostained for Y5R. As seen in 

Figure 8, Y5R-positive tumor cells aggregated around the blood vessel (Fig.  8A) and lined up 

along the vessel walls (Fig. 8B). Many of these Y5R-positive cells exhibited a morphology typical 

for the single migratory cells, specifically manifested by their elongated and polarized shapes (Fig. 

8C). In addition,  NB cells with strong Y5R immunoreactivity formed aligned groups, consistent 

with a strand mode of collective migration (Fig. 8D)112. Lastly, intravasating cells were also 

identified, with high Y5R expression at the leading edge, and some accumulation of the receptor 

at the trailing edge (Fig. 8E). Importantly, Y5R-positive leading edge of the intravasating cells 

formed long protrusions, characteristic for the invading and migrating cells and consistent in 

morphology with filopodia (Fig. 8E). The highest Y5R expression was observed in the membrane 

at the base of the protrusions. Altogether, the histological analysis of Y5R expression in NB tissues 

strongly suggested an association of Y5R expression with the migratory phenotype. 
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Figure 8: In human NB tissue, Y5R is preferentially expressed in cells with migratory and   

angioinvasive phenotype.  

Immunohistochemistry with anti-Y5R antibody in undifferentiated and poorly differentiated NB 

tissues. A) High Y5R expression in NB cells accumulated around a blood vessel. B) Y5R-positive 

cells in alignment along blood vessels. C) High Y5R expression in NB cells with migratory 

phenotype consistent with single cell migration. D) Groups of Y5R-positive NB cells with 

phenotypes consistent with collective migration. E) An intravasating Y5R-positive NB cell with 

filopodia-like protrusions in the leading edge. 
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To further investigate this phenomenon, we performed studies in vitro, using two human NB cell 

lines; SK-N-AS and SK-N-BE(2). To this end, non-permeabilized NB cells were immunostained 

for Y5R, using an antibody that recognizes the extracellular N-terminus of the receptor. This 

approach allowed us to selectively detect the cellular distribution of the Y5R fraction present on 

the cell membrane and thereby able to bind the ligand. Subsequently, phalloidin was used to label 

F-actin and thereby assess cytoskeleton remodeling.  In cells with a migratory phenotype, Y5R 

accumulated in specific regions of the cells, exhibiting the characterizing feature of polarized 

distribution on the cell edges. In SK-N-AS cells, the most profound Y5R expression was observed 

at the leading edge of single migratory cells, with a detectable co-localization between Y5R and 

phalloidin (Fig. 9A). In addition, high Y5R expression was observed in cell-cell junctions (Fig. 

9B). The expression of Y5R in SK-N-BE(2) cells was more profound in groups of cells with 

morphology consistent with a collective migration phenotype. These included highly Y5R-positive 

cells aligned together and forming a chain characteristic for strand migration (Fig. 9C). Moreover, 

in clusters formed by SK-N-BE(2) cells, more defined expression of Y5R was observed in cells 

with a migratory phenotype and those with morphology of leader cells that initiate cluster 

migration (Fig. 9D). To confirm that the above phenomena are not artifacts associated with 

established cell lines, we used primary cultures of NB cells derived from tumors arising in TH-

MYCN mice. Like in SK-N-AS and SK-N-BE(2) cell lines, in primary NB cells Y5R accumulated 

in a polarized manner in edges of single migratory cells and those exhibiting the collective strand 

migration phenotype (Fig. 9E). Hence, the subcellular distribution of Y5R in NB cells strongly 

implicated its role in the regulation of NB cell motility. 

Overlay Y5R phalloidin DAPI 

50µm 
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Figure 9: Y5R is expressed in defined areas of migratory NB cells. 

Immunocytochemistry with anti-Y5R antibody (green) in non-permeabilized NB cells 

counterstained with phalloidin (red) to detect F-actin. A) Y5R at the leading edges of SK-N-AS 

cells. B) Y5R expression in SK-N-AS cell-cell junctions. C) Y5R-positive SK-N-BE(2) cells 

aligned in a strand. D) An SK-N-BE(2) cell cluster with high expression of Y5R in the leader cells. 

E) Y5R expression in a single migratory cell and a migratory cell strand in a primary NB cell line 

from TH-MYCN mice. The cells were immunostained for Y5R (green) and a NB marker, GD2 

(red). 
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3.1.2. Neuropeptide Y stimulates migration of neuroblastoma cells via Y5R and Y2R 

interactions 

To evaluate the role of Y5R in cell motility, we used SK-N-AS and SK-N-BE(2) NB cell lines, 

which were derived from patients before and after chemotherapy, respectively. As we have 

previously shown, chemotherapy induces Y5R expression in NB tissues and cell lines in vitro88. 

Indeed, Y5R protein levels were significantly higher in the SK-N-BE(2) cell line, as compared to 

SK-N-AS cells (Fig. 10A). These differences resulted in a differential response to NPY. The 

peptide added to both the upper and lower chambers of the transwell migration plate increased 

spontaneous motility of SK-N-BE(2) cells (Fig. 10B). Y5R antagonist fully blocked the SK-N-

BE(2) cell migration induced by exogenous NPY, while Y2R antagonist alone had no significant 

effect. Nevertheless, inhibition of both Y5R and Y2R further suppressed cellular migration below 

the baseline level (Fig.10B). On the contrary, treatment of SK-N-AS cells with NPY did not 

increase their migration (Fig. 10C). However, the combined blocking of Y5R and Y2R resulted in 

a significant reduction of cell motility, as compared to the control, suggesting a role for 

endogenous NPY in NB cell migration (Fig. 10C). Moreover, the pattern of the response to the 

NPY receptor inhibition suggested potential interactions between Y2R and Y5R.  
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Figure 10: The NPY/Y5R axis promotes migration in NB cells.  

A) Western blot analysis of Y5R expression in SK-N-AS and SK-N-BE(2) NB cell lines. * p<0.05 

by paired t-test. B) Spontaneous migration of SK-N-BE(2) cells treated for 22h with NPY (10-7M), 

in the presence or absence of Y2R antagonist (BIIE0246) and Y5R antagonist (CGP71683), each 

at a concentration of 10-6M. C) SK-N-AS cell migration in response to NPY (10-7M), with or 

without Y2R and Y5R antagonists (10-6M). B-C: Spontaneous migration measured by a transwell 

assay with NPY in both upper and lower chambers. * p<0.05; ** p<0.01; **** p<0.001 by one-

way ANOVA followed by Tukey’s test. 
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3.1.3. Overexpression of Y5R in CHO-K1 cells increases their motility 

To dissect the role of particular NPY receptors in cellular migration, we used CHO-K1 cells 

transfected with Y2R or Y5R fused to EGFP (CHO-K1/Y2R-EGFP and CHO-K1/Y5R-EGFP 

cells, respectively), or with EGFP alone as a control (CHO-K1/EGFP)33. The motility of the above 

transfectants was compared using scratch wound healing assay and the IncuCyte Live Cell 

Analysis System. The assay was performed at a high and low basal level of migration (10% and 

1% FBS, respectively) to enable the detection of potential inhibitory and stimulatory effects of 

NPY receptor expression on cell migration. In 10% FBS, expression of Y5R increased CHO-K1 

cell migration, as compared to CHO-K1/EGFP control, while Y2R expression exerted the opposite 

effect (Fig. 11A). In 1% FBS, the stimulatory effect of Y5R on cell migration was more profound, 

while an inhibitory effect of Y2R was not detected (Fig. 11B). Moreover, Y5R antagonist (CGP 

71683) blocked the migratory effect of the receptor, confirming the specificity of the observed 

effects (Fig. 11B). In line with these findings, stimulation with exogenous NPY further increased 

migration of CHO-K1/Y5R cells, although this effect was observed only at a concentration of 10-

8M (Fig. 11C). Since NPY is present in FBS, the latter assay was performed in 0.1% FBS, to 

minimize the background activity of the peptide.  
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Figure 11: In CHO-K1 cells, overexpression of Y5R promotes cellular migration, while Y2R 

inhibits cell motility. 

Migration of CHO-K1 cells transfected with Y2R or Y5R fused to EGFP or with EGFP alone, 

measured by a wound healing assay with IncuCyte ZOOM live-cell imaging system analysis. 

Representative images captured by the IncuCyte software followed by quantitative analyses are 

shown. A) Cell migration in 10% FBS. B) Cell migration in 1%FBS. The migration of CHO-

K1/Y5R-EGFP cells measured in the presence or absence of Y5R antagonist (CGP71683, 10-6M). 

C) Migration of CHO-K1/EGFP and CHO-K1/Y5R-EGFP cells in response to NPY (10-10M – 10-

7M). A-C: * p<0.05; ** p<0.01; *** p<0.001; **** p<0.001 by one-way ANOVA followed by 

Tukey’s test. 
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To control for potential interference of the effect of NPY receptors on cell proliferation with the 

assessment of cell motility, we compared proliferation levels of the tested cell lines using the 

IncuCyte Live Cell Analysis System, under conditions mimicking those employed in the migration 

assays. In 10% FBS, there were no significant differences in cell proliferation between cell lines, 

confirming that the observed changes in the rates of wound closure were due to effects of NPY 

receptors on cell motility (Fig. 12A). In 1% FBS, proliferation of CHO-K1/Y5R cells was reduced, 

as compared to other cell lines, further validating our migration data (Fig. 12B). Similarly, NPY 

had no stimulatory effect on CHO-K1/Y5R-EGFP cell proliferation in 0.1% FBS (Fig. 12C). 
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Figure 12: CHO-K1 cell proliferation.  

Proliferation of CHO-K1 cells transfected with EGFP alone, Y2R-EGFP or Y5R-EGFP measured 

by the InCucyte ZOOM live-cell imaging system. A) Proliferation in 10% FBS. B) Proliferation 

in 1% FBS. C) Proliferation in 0.1% FBS, with or without NPY (10-10M – 10-7M). 
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3.1.4. Neuropeptide Y acts as a chemoattractant for cells expressing Y2R or Y5R 

Having established the role of NPY receptors in spontaneous cell migration, we sought to 

determine if NPY also acts as a chemotactic factor. To this end, CHO-K1 transfectants were plated 

in the chemotaxis chambers with varying concentrations of NPY (10-9M-10-7M), and cells were 

tracked to compare the directionality of their movement (Fig. 13A). Both Y2R and Y5R triggered 

chemotactic effects of NPY. In CHO-K1/Y2R-EGFP cells, an increase in the forward migration 

index toward NPY was observed at concentrations ranging from 10-9M to 10-7M (Fig. 13B). In 

CHO-K1/Y5R-EGFP cells, this effect was the most profound at an NPY concentration of 10-8M 

(center of mass at the end of the experiment at 140.65 µm), while NPY at a concentration of 10-

7M had no chemotactic activity (Fig. 13A-B).   

In addition to the directionality of migration, an analysis of the cell movement in the chemotaxis 

chamber revealed significant differences in migration velocity between the tested cell lines. In line 

with the results of the wound healing assay, CHO-K1/Y5R-EGFP transfectants had the highest 

velocity of the movement under basal condition (Fig. 13C). The rate of their migration further 

increased upon stimulation with NPY at a concentration of 10-8M. In contrast, cells transfected 

with Y2R-EGFP under basal conditions migrated at a rate comparable to the control CHO-

K1/EGFP cells, while NPY increased the velocity of their movement at all concentrations tested 

(10-9 – 10-7M) (Fig. 13C).  
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Figure 13: Y2R and Y5R mediate the chemotactic effect of NPY.  

A) Trajectory plots showing tracks of individual CHO-K1/Y2R-EGFP or CHO-K1/Y5R-EGFP 

cells migrating in the chemotaxis chambers with various concentrations of NPY (10-9M – 10-7M). 

Red tracks represent cells with net movement toward NPY; black tracks represent cells migrating 

away from NPY. The center of mass represents the average of all single cell endpoints. P values 

by the Rayleigh test for the uniformity of a circular distribution of points. B) Quantification of the 

forward migration index (FMI) in a direction parallel (X) or perpendicular to the NPY gradient 

(Y).  ** p<0.01; *** p<0.001; X FMI vs Y FMI for the particular NPY concentration by t-test. C) 

Average cell velocity for CHO-K1 transfectants under control conditions or upon treatment with 

NPY (10-9M - 10-7M). #### p<0.0001 vs. CHO-K1/EGFP control; **** p<0.0001 vs. untreated 

control within the same cell line; $$$$ p<0.0001 as shown by one-way ANOVA followed by 

Tukey’s test. 
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3.1.5. In migratory cells, Y5R localizes in the sites of cytoskeleton remodeling 

 To further investigate the involvement of Y5R in cellular motility, we assessed its subcellular 

localization during cell migration. To this end, CHO-K1/Y5R-EGFP cells, without prior 

permeabilization, were immunostained with anti-Y5R antibody recognizing the extracellular 

domain of the receptor, as described above. In cells with a migratory phenotype, a polar 

distribution of the receptor was frequently observed (Fig. 14A). Detailed analysis revealed the 

presence of Y5R in the leading and trailing edges of the migrating cells (Fig. 14B-C). In addition, 

high Y5R immunoreactivity was observed in the cell membrane sections that developed multiple 

filopodia-like structures (Fig. 14D). The sites with high Y5R expression were also observed in 

specific locations along the long cell protrusions (Fig. 14E), consistent with the known localization 

of tip and shaft adhesion points described in filopodia 126.  
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Figure 14: Surface Y5R is distributed in the areas of cytoskeleton remodeling in migratory 

CHO-K1/Y5R-EGFP cells. 

Immunocytochemistry with anti-Y5R antibody (green) in non-permeabilized CHO-K1/Y5R-

EGFP cells counterstained with phalloidin (red) to detect F-actin. A) Polar distribution of Y5R. B) 

Y5R at leading edges of the migratory cells. C) Y5R at the trailing edge of a migratory cell. D) 

Y5R in filopodia and the areas of their formation. E) Y5R in the defined areas of the long CHO-

K1/Y5R-EGFP cell protrusions.  



 
 

 
 

51 

To validate these findings and assess the dynamic changes of Y5R in migrating cells, we used 

time-lapse microscopy to monitor the movement and localization of Y5R receptors in CHO-

K1/Y5R-EGFP cells during wound closure (Fig. 15). As suggested by the images captured in fixed 

cells, Y5R underwent dynamic changes in localization during cell movement, with the 

predominant expression in lamellipodia-like protrusions present at the leading edge of the 

migrating CHO-K1/Y5R-EGFP cells. Hence, Y5R is localized to sites of crucial changes 

pertaining to cytoskeleton remodeling, specifically, those that occur during cell migration, 

suggesting a role for the NPY/Y5R axis in this process. 
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Figure 15: Y5R is located in the leading edge during cellular migration.  

Representative images of the migrating CHO-K1/Y5R-EGFP cells via the IncuCyte ZOOM live-

cell imaging system (0-23h).  
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3.1.6. Neuropeptide Y/Y5R axis promotes filopodia formation 

Migrating cells heavily utilize filopodia, which are highly dynamic actin-rich membrane 

protrusions126. Hence, we compared their prevalence between CHO-K1 cells transfected with NPY 

receptors and EGFP alone. Cell morphology was compared based on EGFP fluorescence and 

phalloidin staining to evaluate expression of NPY receptors and F-actin fibers, respectively (Fig. 

16A, B). Among all cell types tested, Y5R transfectants had the highest frequency of cells with 

multiple protrusions, including lamellipodia and filopodia-like structures (Fig. 16A-B). 

Quantitative analysis revealed a slight increase in the prevalence of cells with multiple filopodia 

(10 or above per cell) in CHO-K1/Y2R-EGFP transfectants and a significantly higher frequency 

of such cells in the CHO-K1/Y5R-EGFP cell line (Fig. 16C). Importantly, the areas of cell 

membrane particularly rich in Y5R also had high numbers of filopodia, which were positive for 

this receptor as well (Fig. 16D). The number of CHO-K1/Y5R-EGFP cells with multiple filopodia 

was further increased upon treatment with NPY at a concentration of 108-M NPY (Fig. 16E).  

To confirm the relevance of our findings in CHO-K1 transfectants to NB, SK-N-AS cells growing 

at the edge of the scratch in the wound healing assay were immunostained for Y5R, followed by 

phalloidin staining to identify filopodia and assess expression of Y5R in these structures (Fig. 

16F). As seen in CHO-K1/Y5R-EGFP cells, NPY increased the number of Y5R-positive filopodia 

in SK-N-AS cells, with concentrations of 10-8M and 10-9M being the most effective (Fig. 16G). 

Altogether, these data provide evidence for a role of the NPY/Y5R pathway in filopodia formation 

and function.  
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Figure 16: NPY/Y5R axis contributes to filopodia formation.  

A) Representative microscopic images of CHO-K1 cells transfected with EGFP alone or fused to 

Y2R or Y5R. B) Representative images of CHO-K1/Y2R-EGFP and CHO-K1/Y5R-EGFP cells 

stained with Texas Red®-X phalloidin. C) Frequency of cells with multiple filopodia (10 or more 

per cell) in CHO-K1/EGFP, CHO-K1/Y2R-EGFP and CHO-K1/Y5R-EGFP cell lines.  *** 

p<0.001 by Chi-square test. D) A representative image of CHO-K1/Y5R-EGFP cells with multiple 

filopodia. E) Effect of NPY on the frequency of CHO-K1/Y5R-EGFP cells with multiple filopodia. 

F) A representative image of SK-N-AS NB cells with Y5R-postive and Y5R-negative filopodia 

stained with anti-Y5R antibody (green) and phalloidin (red). G) Frequency of Y5R-positive 

filopodia in SK-N-AS cells with or without NPY (10-9M - 10-7M). C, E, G: * p<0.05, *** p<0.001; 

****p<0.001 by Chi-square test. 
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3.1.7. Neuropeptide Y/Y5R axis activates RhoA pathway 

Subcellular distribution of Y5R in migratory cells, including their leading and trailing edges, was 

consistent with the commonly known sites of RhoA activation during cell migration110. Thus, we 

hypothesized that NPY/Y5R signaling promoted cellular migration through a RhoA-mediated 

mechanism. Indeed, in CHO-K1/Y5R-EGFP cells, Y5R present on the plasma membrane at the 

leading edges of cells with the migratory phenotype co-localized with an active RhoA-GTP (Fig. 

17A). This phenomenon was observed in single migratory cells and those in cell clusters. In line 

with this observation, RhoA pull-down assays revealed an increase in the level of active RhoA in 

CHO-K1/Y5R cells upon stimulation with NPY (Fig. 17B). To confirm that NPY/Y5R/RhoA 

signaling pathway is active in NB, RhoA pull-down assay was performed in SK-N-AS cells. The 

initial dose-response experiment indicated NPY-induced RhoA activation, with the peak of 

activity at NPY concentrations of 10-8M and 10-9M (Fig. 17C). Subsequent pull-down assays 

revealed a significant increase in RhoA activity in SK-N-AS cells upon treatment with 10-8M NPY 

(Fig. 17D).  
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Figure 17: NPY/Y5R pathway activates RhoA.  

A) Immunocytochemistry with anti-Y5R (green) and anti-RhoA-GTP (red) antibodies in CHO-

K1/Y5R-EGFP cells. B) RhoA pull-down assay in CHO-K1/Y5R-EGFP cells treated with NPY 

(10-7M). * p<0.05 by t-test. C) RhoA pull-down assay in SK-N-AS NB cells treated with NPY (10-

10M to 10-7M). D) Quantitative analysis of RhoA activity measured by a pull-down assay in SK-

N-AS cells treated with NPY at a concentration of 10-8M. * p<0.05 by t-test. 
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To determine whether NPY-induced RhoA activation was mediated by Y5R, a proximity ligation 

assay (PLA) with anti-Y5R and anti-RhoA-GFP antibodies was employed to assess their direct 

interactions. The assay depends on the usage of two primary antibodies raised in different species 

that recognize Y5R and RhoA-GTP proteins in the cell. This is followed by the addition of 

secondary antibodies that are conjugated to oligonucleotides. When Y5R and RhoA-GTP proteins 

are in close proximity, the oligonucleotides can connect to each other during the ligation step. The 

resulting circular DNA can be then amplified by DNA polymerase. The newly synthesized DNA 

is detected by oligonucleotide probes conjugated to fluorochromes that can be visualized under the 

fluorescent microscope127,128. Treatment with NPY at a concentration of 10-8M, which was the 

most effective in stimulating cell migration and cytoskeleton remodeling, significantly increased 

the intensity of the Y5R-RhoA-GTP PLA signal in SK-N-AS cells, starting at 5 min after NPY 

administration (Fig. 18B). The initial Y5R-RhoA-GTP interactions observed 5 min after 

stimulation were located intracellularly, in the perinuclear areas of the cells. However, 20 min after 

NPY administration, the intensity of the signal in the inner parts of the colonies decreased, while 

the Y5R-RhoA-GTP interactions occurred mainly on the outer membranes of cells present at the 

edges of cell colonies (Fig. 18A).  
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Figure 18: In situ proximity ligation assay (PLA) reveals interactions between Y5R and 
RhoA-GTP.  

A) Representative confocal microscopy images of the PLA with anti-Y5R and anti-RhoA-GTP 

antibodies in SK-N-AS cells treated with NPY (10-8M) for 5, 10 and 20 minutes. Red dots represent 

interactions between Y5R and RhoA-GTP. B) Quantification of the fluorescence intensities of the 

PLA signal- the total PLA signal or the signal located inside of the cell colonies and near their 

outer membranes in SK-N-AS cells treated with NPY. **p<0.01, ****p<0.0001 vs. non treated 

control or  ****  p<0.0001 as indicated by one-way ANOVA followed by Tukey’s test 
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The subsequent co-staining with phalloidin revealed a localization of the PLA signal in the areas 

rich in F-actin, particularly in the protrusions of cells with a morphology consistent with that of 

leader cells during collective migration (Fig. 19A). No increase in Y5R-RhoA-GTP interactions 

was observed when NPY was applied in the presence of Y5R antagonist, confirming the specificity 

of the PLA signal (Fig. 19B). The membranous localization of the interaction events between Y5R 

and RhoA-GTP was particularly apparent in single cells with migratory phenotypes and outer cells 

in the colonies with a morphology consistent with collective migration (Fig. 20A). High 

magnification images confirmed a strong co-localization of the PLA signal with F-actin fibers 

along the plasma membrane (Fig. 20B). However, PLA signals distant from the outer plasma 

membrane were also distributed along F-actin fibers (Fig. 20C). Altogether, these findings 

supported a role for the NPY/Y5R pathway in RhoA activation and subsequent cytoskeleton 

remodeling involved in cell migration.  

 

 



 
 

 
 

61 

 
Figure 19: Blocking Y5R prevents its interactions with RhoA-GTP.  

A) PLA with anti-Y5R and anti-RhoA-GTP antibodies (red) and phalloidin staining (green) in SK-

N-AS cells treated with NPY (10-8M) for 20 minutes, with or without Y5R antagonist (10-6M) pre-

treatment for 30 minutes. White arrows indicate leading edges of the NB cells. B) Quantification 

of fluorescence intensity of PLA signal – total or located inside cell colonies and near their outer 

membranes in SK-N-AS cells treated with NPY and Y5R antagonist as above. *p<0.05, **** 

p<0.0001 by one-way ANOVA followed by Tukey’s test. 
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Figure 20: Interactions between Y5R/RhoA-GTP occur along the actin fibers.  

PLA with anti-Y5R and anti-RhoA-GTP antibodies (red) and phalloidin staining (green) in SK-N-

AS cells. A) Co-localization of the PLA signal with F-actin on the outer membranes of the cells 

within the colony with migratory phenotype. B) PLA signal in the area rich in F-actin near the 

outer plasma membrane. C) Localization of the PLA signal along F-actin fibers located away from 

the outer plasma membrane.  
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3.1.8. Neuropeptide Y in cell invasion 

In addition to its role in cell migration, our data suggested the role for the NPY/Y5R pathway in 

cell invasiveness as well. In CHO-K1/Y5R-EGFP cells subjected to a wound healing assay on 

Matrigel-coated plates, Y5R was present at the base of the protrusions at the leading edge of the 

invading cells, with the morphology consistent with invadopodia and filopodia (Fig. 21A). In line 

with this, NPY stimulated invasiveness of SK-N-BE(2) NB cells in Matrigel-coated transwell 

plates (Fig. 21B). In contrast to the migration assay, here, NPY exerted a dose-dependent effect, 

with the highest stimulation observed at a concentration of 10-7M. The peptide stimulated both 

spontaneous invasiveness when no NPY gradient was present and directional cell invasion when 

it served as a chemotactic agent (Fig. 21B). 
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Figure 21: NPY/Y5R axis is involved in cell invasiveness.  

A) Representative microscopic image of CHO-K1/Y5R cells invading Matrigel. White arrows 

indicate invadopodia. B) NPY-induced SK-N-BE(2) cell invasiveness measured in a Matrigel-

coated transwell plate. The cells were subjected to NPY (10-11M – 10-7M) for 22h in the lower 

chamber of the transwell plate (directional invasiveness) or both upper and lower chambers 

(spontaneous invasiveness). *p<0.05 by one-way ANOVA followed by Dennett’s test.  
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3.2. Aim 2: Tumor hypoxia triggers Ewing Sarcoma bone metastasis through the 

Neuropeptide Y/Y5R/RhoA pathway                                                                                              

 
3.2.1. Y5R-induced defects in cell division are mediated via RhoA over-activation 

Cytoskeleton remodeling is also a crucial aspect in cytokinesis that requires tight regulation of 

RhoA activity. Overactivation of RhoA in the late stage of cytokinesis, the abscission phase, can 

prevent the formation of two daughter cells. Since we have shown above that NPY/Y5R axis can 

mediate RhoA activation, our next goal was to determine if this pathway can also affect 

cytokinesis. As shown in Fig. 17B above, RhoA pull-down assay revealed an increase in the RhoA-

GTP levels in CHO-K1/Y5R-EGFP cells upon treatment with NPY. Immunofluorescence staining 

established that both Y5R and active RhoA accumulated in the cleavage furrow of CHO-K1/Y5R-

EGFP cells at the abscission phase, a phenomenon not observed in non-transfected CHO-K1 cells 

(Fig. 22A). To confirm the role of RhoA pathway in Y5R-induced formation of polyploid cells, 

CHO-K1 cells were transiently transfected with Y5R-EGFP cDNA in the presence or absence of 

the Rho inhibitor I, C3 Transferase. 24h after transfection, approx. 30% of the Y5R-EGFP-positive 

cells were multinucleated (Fig. 22B), which typically results from defects in cytokinesis and 

represents the initial step leading to polyploidy. Moreover, flow cytometry analysis revealed a shift 

in the 4c DNA peak in the transfected cells, consistent with the beginning of the next cell cycle in 

newly formed 4n cells (Fig. 22C). Both of these outcomes were blocked by Rho inhibitor (Fig. 

22B-C). 
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Figure 22: Y5R over-expression in CHO-K1 cells triggers polyploidy via RhoA activation.  

A) Fluorescence microscopy images of CHO-K1 cells transiently transfected with Y5R-EGFP and 

immunostained for Y5R and active RhoA-GTP. The pattern of immunoreactivity in late 

cytokinesis was compared between transfected and non-transfected cells. B) Representative 

images of CHO-K1 cells 24h after transfection with Y5R-EGFP cDNA, with or without Rho 

inhibitor I (0.1 µg/ml). The cells were stained with DAPI, and the prevalence of multinucleated 

cells compared between the groups. * p<0.05 by paired t-test. C) Flow cytometry analysis of 

propidium iodide (PI)-stained CHO-K1 cells transiently transfected for 24h with Y5R-EGFP, in 

the presence or absence of Rho inhibitor I. The shift in median fluorescence of 4c peak in GFP+ vs 

GFP- cells was compared between the groups. * p<0.05 by paired t-test. 
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3.2.2. Stimulation of the Neuropeptide Y/Y5R axis contributes to hypoxia-induced RhoA 

activation and cytokinesis defects in ES cells 

Previous data from our lab indicated the high prevalence of polyploidy in ES cells exposed to 

hypoxia. This phenomenon was associated with the formation of bone metastases in mice bearing 

hypoxic xenografts. Moreover, ES cells are rich in Y5R that is further up-regulated upon exposure 

to hypoxia. To study the role of the NPY system in RhoA activation in ES cells, we treated SK-

ES-1 cells with selective Y1R, Y2R and Y5R agonists. The Y5R agonist, BWX 46, significantly 

increased RhoA-GTP levels, while other ligands did not trigger such an effect (Fig. 23A). RhoA 

activity was also elevated under hypoxic conditions and this effect was blocked by the Y5R 

antagonist (Fig. 23B). Consequently, blocking Y5R prevented hypoxia-induced nuclear 

hypertrophy in SK-ES-1 cells (Fig. 23C). 
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Figure 23: Y5R over-expression in ES cells triggers polyploidy via RhoA activation.  

A) RhoA activity in SK-ES-1 cells treated with selective NPY receptor agonists (10-7M for 20 

min) measured by pull-down assay. B) RhoA activity measured by pull-down assay in SK-ES-1 

cells subjected to hypoxia (0.1% oxygen) for 2h, with or without Y5R antagonist (10-6M) 

treatment. * p<0.05 by paired t-test. C). Nuclear areas of SK-ES-1 cells upon hypoxia exposure 

(0.1% oxygen, 72h), with or without Y5R antagonist (10-6M). * p<0.05 and **** p<0.0001 by 

one-way ANOVA followed by Tukey’s test. 
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3.2.3. Neuropeptide Y/Y5R pathway is activated in hypoxic neuroblastoma 

Similarly, to its effects in ES, hypoxia was found to up-regulate the expression of Y5R in NB. 

Western blot analysis revealed that the expression of Y5R was increased in NB cell line, SK-N-

BE-2, after 24h exposure to hypoxia (0.1% oxygen) (Fig. 24). The Y5R expression decreased to a 

baseline after 48h hypoxia exposure.  

 

Figure 24:  Hypoxia increases Y5R expression in NB cell lines.   

SK-N-BE-2 cells were exposed to hypoxia for 24 or 48h and Y5R expression was assessed by 

western blot. Y5R protein expression was normalized to total protein via densitometry analysis at 

each time point. The fold change represents the change in protein expression during hypoxia when 

compared to the normalized protein amount at the corresponding time point in normoxia. Results 

were obtained from 2 independent experiments. Error bars indicate SEM. Statistical analysis was 

performed via two-tailed paired t-test;* p<0.05.  
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3.2.4. Polyploid neuroblastoma cells accumulate in the hypoxic areas 

To determine if the hypoxia-induced NPY/Y5R pathway contributes to polyploidy in NB, as seen 

in ES cells and tumors, we performed histopathological analysis of NB tissues from the animal 

models. Typically, hypoxic cells are found in solid tumors on the border of necrotic tissues89.  In 

NB tissues derived from TH-MYCN mice, which spontaneously develop these tumors, groups of 

hypertrophic, NPY-positive NB cells were stretching between necrotic areas and blood vessels 

(Fig. 25A). Such hypertrophic cells were also observed in bone niches invaded by the metastatic 

SK-N-BE(2) NB xenografts (Fig. 25B), while hypoxia in vitro increased the frequency of SK-N-

BE(2) cells with enlarged nuclei (Fig. 25C). These data implicate hypoxia-induced polyploidy as 

a universal survival mechanism in various tumors. Further studies are required to determine the 

contribution of the progeny of this specific cell fraction to bone metastasis in NB and other tumor 

types. 
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Figure 25: Hypoxia triggers the accumulation of hypertrophic neuroblastoma cells.  

A. Representative images of NB tumor tissue from TH-MYCN mouse stained with H&E and anti-

NPY antibody. B. Bone invasion niche in metastasis from SK-N-BE(2) NB xenograft stained with 

H&E. N – necrosis; V – blood vessel; BL – blood lake; B – bone; red arrows – hypertrophic cells; 

yellow arrows – tumor cells with normal morphology. C. Nuclear size analysis in SK-N-BE(2) 

neuroblastoma cells cultured in normoxia or hypoxia (0.1% oxygen) for 72h. ***p < 0.001; t-test. 
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CHAPTER 4. DISCUSSION 
 

Previous data indicated the role for the NPY system in several important aspects of tumor biology, 

such as regulation of cell proliferation, differentiation and vascularization77. However, growing 

evidence associates high NPY system expression with a metastatic phenotype. Previous clinical 

and experimental data from our group implicated NPY/Y5R axis in ES and NB metastasis85,99. 

Moreover, an environmental factor, hypoxia, was found to active the NPY/Y5R pathway in these 

tumors, in association with metastatic phenotype and osseous dissemination99,106. However, the 

role of the peptide in tumor dissemination has not been tested directly and the potential 

mechanisms of its actions remain unknown. In the first part of our study, we have demonstrated 

for the first time that NPY, both tumor-derived and exogenous, stimulates NB cell migration. We 

have also identified Y5R as the predominant NPY receptor mediating its effect on cell motility 

and determined that RhoA is the main mediator of its actions in migratory cells. Additionally, in 

the second part of this study, we have shown that hypoxia-induced over-activation of 

NPY/Y5R/RhoA pathway in ES tumors, which express particularly high levels of Y5R, led to the 

formation of polyploid cells that gave rise to the progeny with high CIN and capability to 

metastasize to bone. 

Our experimental data were supported by clinical observations. We have found that in NB tissues 

at diagnosis, Y5R was preferentially expressed in tumor cells with migratory phenotypes. High 

Y5R immunoreactivity was observed in the single migratory cells and their groups with 

morphology consistent with the collective migration, suggesting a role for the NPY/Y5R pathway 

in both processes. This phenomenon was recapitulated in cell culture. In line with this, NPY 

stimulated NB cell migration in vitro via Y5R. These findings are in agreement with previous 
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reports of the role of Y5R in cancer cell motility. In ES, Y5R was involved in migration of hypoxic 

cancer stem cells 89. The same NPY/Y5R pathway stimulated motility of breast and hepatic cancer 

cells, while high Y5R expression was detected at the invasive edge in liver cancer tissue64,115. 

Hence, the NPY/Y5R axis contributes to the migratory phenotype in variety of malignancies, 

implicating its activity as a pan-cancer mechanism underlying tumor cell dissemination. In support 

of this, we were able to trigger a migratory phenotype and enhance motility in CHO-K1 cells by 

inducing Y5R expression.  

Although NPY has been previously implicated as a factor stimulating motility and invasiveness in 

malignant and normal cells, the exact mechanisms underlying these effects remained unknown. 

Here, we have shown for the first time the crucial role for the NPY/Y5R pathway in the regulation 

of RhoA activity and subsequent cytoskeleton remodeling involved in cell movement. We have 

shown that in NB and CHO-K1/Y5R-EGFP cells, NPY acting via Y5R activates RhoA. We have 

also used PLA to demonstrate direct interactions of Y5R with the active, GTP-bound RhoA. PLA 

signal was localized along actin fibers, indicating the involvement of the Y5R/RhoA signaling in 

its polymerization. As GPCRs, NPY receptors act via the Gαi subunits28. Hence, the Y5R-induced 

RhoA activation was an unexpected finding, since interactions between GPCRs and RhoA 

pathway are typically attributed to the actions of Gα12/13 and Gαq subunits129. Nevertheless, there 

are reports of the Gαi-induced RhoA activation in peripheral blood leukocytes, which is mediated 

by PI3K130. Thus, further studies are required to determine the exact signaling events leading to 

the Y5R-induced RhoA activation.  

In line with its stimulatory effect on RhoA, the sub-cellular localization of Y5R present on the cell 

membrane, and therefore able to bind the ligand, was consistent with areas of high RhoA activity 

during cell migration110. In single migratory cells, this included leading and trailing edges of the 
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cells, particularly the areas of cell membrane that were located the base of the filopodia 

protrusions. We have also shown that Y5R overexpression in CHO-K1 cells and NPY stimulation 

in NB cells promoted filopodia formation. In the cell clusters migrating collectively, high surface 

Y5R expression was seen in leader cells and NB cells migrating as strands. Furthermore, PLA 

signal localized near the outer plasma membranes of the cells located on the edges of NB cell 

colonies. This localization is consistent with the known areas of high RhoA activity, which drives 

the formation of the actomyosin cables on the outer edges of the migrating cell clusters, preserving 

their integrity during movement 113. Interestingly, the initial Y5R/RhoA interactions were observed 

in all cells in the cluster, followed by its accumulation in the outer cell membranes. Further studies 

are needed to elucidate the mechanisms directing the Y5R/RhoA activation to these specific 

locations. Lastly, high Y5R expression was seen in the cell-cell junctions, which are crucial for 

the collective migration and have been shown to be RhoA dependent113. Importantly, the first cell 

contacts necessary for such cell-cell junctions are initiated by filopodia, the formation of which 

was stimulated by NPY110. Hence, NPY/Y5R activation appears to contribute to multiple functions 

RhoA plays in the cytoskeleton remodeling during single cell and collective migration. As similar 

processes were observed in NB cells and CHO-K1/Y5R transfectants, the activation of the 

NPY/Y5R/RhoA pathway may be a common mechanism underlying pro-migratory activity in 

various malignant and normal cells.   

Aside from its effect on the spontaneous cell motility, Y5R mediated also a chemotactic effect of 

NPY. This Y5R-dependent chemotaxis may be associated with the presence of these receptors in 

filopodia, which participate in the environment sensing126. Subsequent directional activation of the 

membrane receptors present in filopodia is essential for the directional cell movement 110. In both 

NB and CHO-K1/Y5R cells, Y5R was located uniformly along filopodia. However, in long 
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filopodia-like protrusions, Y5Rs were present in the specific areas along these structures, 

suggesting its localization to the adhesion points involved in the extracellular matrix sensing or 

Y5R transport to the filopodia tips126. Further studies are required to fully elucidated functions of 

Y5R in these specialized cell structures. This might include interaction of Y5R with other 

cytoskeleton elements, such as tubulin and myosin126,131. 

One of the characteristic features of the effects of the NPY/Y5R pathway on the processes 

associated with cellular motility, such as spontaneous migration, chemotaxis and filopodia 

formation, was the lack of the dose-dependent increase in their intensity. For all of these processes, 

the peak of the NPY activity was observed at the concentration of 10-8M, while the lower and 

higher concentrations were less effective or had no effect. This selective, concentration-dependent 

activity of the NPY/Y5R axis may be associated with the tight control of RhoA during cell 

migration. To enable coordinated cytoskeleton remodeling in various sub-cellular compartments 

of the migrating cells, RhoA activity is regulated spatially and temporally110,132. While RhoA is 

necessary for the cell movement and its insufficient activation impairs this process, the over-

activation of the RhoA signaling leads to the stress fiber formation and inhibition of the cell 

migration110. Thus, the NPY concentration of 10-8M may provide the optimal level of the RhoA 

activation for the cell motility. This phenomenon may facilitate intravasation of cancer cells in 

NPY-rich tumors, such as NB. As these tumors secrete high levels of NPY, it is plausible that its 

local concentrations in the tissues are higher than those in the blood stream. Hence, the Y5R-

positive cells may be prone to intravasation into the vessel lumen with the lower NPY 

concentration. This notion is supported by a very characteristic distribution of Y5R-positive cells 

around the blood vessels and their frequent intravasation. Interestingly, the effect of NPY on NB 

cell invasiveness exhibited linear dose dependence, suggesting the involvement of additional, 
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potentially RhoA-independent mechanisms in interactions with extracellular matrix and its 

degradation.  

Although our studies clearly identified Y5R as the main NPY receptor mediating its pro-migratory 

effects, NPY actions can be enhanced by the interactions between its heterotypic receptors. This 

may involve a heterodimer formation between Y1R and Y5R, as well as indirect interactions 

between Y2R and Y5R33,133,134. In the latter case, despite the lack of evidence for the Y2R and 

Y5R dimerization, the ligand binding to one of the receptors triggers transactivation of the other 

receptor and subsequent signaling cross-talk33. Hence, inhibition of both receptors is required to 

prevent NPY actions in this setting. Both direct and indirect NPY receptor interactions enable the 

response to NPY at concentrations significantly below their known affinities, which is not seen in 

cells expressing one type of NPY receptors33,62,135. Although this phenomenon was most 

extensively characterized with respect to the mitogenic effects of NPY, similar co-activation of 

heterotypic NPY receptors has been shown to increase its migratory effect in endothelial 

cells33,62,135. Consistent with this, our previous studies indicated that the NPY-induced migration 

of hypoxic ES cells with cancer stem cell phenotype requires Y2R and Y5R interactions89. NB 

cells constitutively express both NPY and Y2R86,87. This autocrine NPY/Y2R loop maintains NB 

cell proliferation86,87.  Here, we have shown that Y2R cooperates with Y5R in stimulating NB cell 

migration as well. In SK-N-AS cells, which are derived from the NB patient before treatment and 

have relatively low Y5R expression, exogenous NPY did not stimulate migration. However, 

combined Y2R and Y5R antagonists decreased their basal motility, while single Y2R or Y5R 

antagonists had no effect. This data implicates the endogenous NPY in stimulating NB cell 

migration. It also supports the role for the Y2R and Y5R interactions in this process, as blocking 

the ligand binding to one receptor did not prevent the activation of the Y2R/Y5R complex. In 
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contrast, in SK-N-BE(2) cells, which were isolated from the post-treatment NB and have high 

basal Y5R expression, NPY administration markedly increased migration. The effect of the 

exogenous NPY was fully blocked by Y5R antagonist alone, while Y2R antagonist had no effect. 

Nevertheless, combined Y2R and Y5R antagonists further decreased SK-N-BE(2) cell motility 

below baseline, suggesting that the same Y2R/Y5R-mediated activity of the endogenous NPY is 

also in place in these cells. Hence, Y2R/Y5R interactions are necessary to enable NB cell migration 

at low NPY levels, while elevated Y5R expression facilitates the response to high NPY 

concentrations.  

To further dissect the role of the particular NPY receptors in cell migration, we used CHO-K1 

cells, which express negligible basal levels of NPY receptors and transfected them with Y2R or 

Y5R33. As expected, CHO-K1/Y5R cells had migratory phenotype, rich in lamellipodia and 

filopodia, increased spontaneous motility and directional migration toward NPY. Surprisingly, 

however, expression of Y2R alone decreased motility of CHO-K1 cells. Nevertheless, NPY 

exerted a chemotactic effect in CHO-K1/Y2R transfectants, which was associated with a slight 

increase in the number of filopodia observed in this cell line. Hence, the net effect of NPY on cell 

motility and directional migration depends on the interplay between its heterotypic receptors. It is 

possible that at high NPY concentrations, the presence of Y2R modulates Y5R-dependent RhoA 

activation preventing its over-activation and subsequent inhibition of cell motility110. In contrast, 

Y2R may enhance the effects of Y5R via indirect interactions when the ligand availability is low. 

Importantly, Y5R has also been shown to interact with other membrane receptors, such as a 

neurotrophin receptor, TrkB, which facilitate its transactivation by brain-derived neurotrophic 

factor (BDNF)88. Further research is required to determine the exact mechanisms of these 

interactions and their effects on NPY actions. 
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Importantly, while Y5R expression in non-treated NB tumors is limited to the sub-population of 

the angioinvasive cells, the levels of Y5R and NPY highly increase in cells exposed to cytotoxic 

treatment88. As we have previously shown, this inducible NPY/Y5R autocrine loop promotes cell 

survival under pro-apoptotic conditions and contributes to chemoresistance88. Consequently, in 

post-treatment NB tumors, all surviving NB cells are highly Y5R-positive88.  Hence, given the role 

of the NPY/Y5R axis in cell motility, this pathway may be particularly important in secondary 

dissemination of the treatment-resistant NBs. 

 

RhoA-mediated cytoskeleton remodeling is also a crucial process involved in cytokinesis. Hence, 

the second part of our study focused on the role of the NPY/Y5R/RhoA pathway in the regulation 

of cell divisions. Our group has previously shown that NPY and Y5R, as EWS-FLI1 targets, are 

highly expressed in ES tumors. Despite this, however, selective activation of the NPY/Y5R 

pathway in ES cells requires hypoxia87,89. Under these conditions, NPY stimulated the migration 

of ES cells with a cancer stem cell phenotype via the Y2R/Y5R axis. Here, we have shown that 

selective stimulation of Y5R over-activates the RhoA pathway, leading to cytokinesis defects and 

polyploidization. Such a RhoA-dependent polyploidization has been reported in megakaryocytes 

136. In addition to it is role in cell migration, the cytoskeleton regulator RhoA is also tightly 

controlled during cytokinesis. While initially high RhoA activity in the cleavage furrow is required 

for its ingression, subsequent inhibition of the RhoA axis is crucial for detachment of the daughter 

cells during the abscission phase119. Previous time lapse microscopy data gathered by our group 

indicated a defect in this last stage of cell division in CHO-K1/Y5R transfectants, leading to the 

formation of multinucleated and polyploid cells. A similar phenotype was observed in hypoxic ES, 

in association with a Y5R-dependent increase in RhoA activity. In addition to triggering 
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polyploidy, such RhoA activation may overcome the p53-mediated tetraploidy checkpoint by 

inhibiting its regulator, LATS2137. Altogether, these data point to the role of the Y5R/RhoA 

pathway as a trigger of hypoxia-induced polyploidy. 

We have also shown that like ES, NB tumors contain a fraction of hypertrophic cells, which arise 

in hypoxia. We have also demonstrated that hypoxia increases Y5R expression in NB cells and 

promotes accumulation of hypertrophic cells. While the role of the hypoxia-induced Y5R 

expression and polyploidization in NB tumors has to be further explored, this data strongly suggest 

that the formation of polyploid cells in the hypoxic environment caused by NPY/Y5R/RhoA 

pathway activation is a universal survival mechanism in various cancers leading to their 

subsequent progression to a metastatic phenotype.  

In summary, our results provided evidence for the role of the NPY/Y5R axis in cellular functions 

relevant to cancer dissemination and identified RhoA-mediated cytoskeleton remodeling as the 

crucial downstream mediator of its actions (Fig. 26). This pathway can contribute to metastasis by 

two independent mechanisms: 

1) Under basal conditions, NPY-induced stimulation of the Y5R receptor leads to a controlled 

RhoA activation, which promotes tumor cell migration and invasiveness. In this process, 

Y5R actions can be further modified by interactions with Y2R. 

2)  Hypoxia-induced over-stimulation of the NPY/Y5R axis increases RhoA activity above 

its physiological levels, leading to defects in cytokinesis, resulting in polyploidization and 

CIN. As shown by our group and other reports, these genomic changes facilitate cancer 

progression to a metastatic and chemoresistant phenotype.  
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While the presented here studies focus on two pediatric tumors with high endogenous NPY 

expression, growing evidence implicate the NPY/Y5R pathway in progression of other cancer 

types.  In breast and hepatic cancers, Y5R promotes cell proliferation and migration64,78,115,138. 

High systemic levels of NPY are also associated with advanced stage of prostate cancer76,139–141. 

Hence, if the role of the NPY/Y5R pathway in metastasis is validated in other malignancies, Y5R 

antagonists may become a novel therapy preventing cancer dissemination, including a secondary 

spread of recurrent tumors. 
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Figure 26: The role of NPY/Y5R in cell motility and cytokinesis 

 
(A) Under basal conditions, NPY-induced stimulation of the Y5R leads to a controlled RhoA 

activation, which initiates crucial processes in cell migration: formation of leading and trailing 

edges, formation of filopodia and organization of the collectively migrating cell units. This effect 

may be enhanced by Y2R/Y5R interactions. (B) Hypoxia-induced over-stimulation of the 

NPY/Y5R axis increases RhoA activity above its physiological levels, leading to defects in 

cytokinesis resulting in polyploidization and CIN. 
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CHAPTER 5. FUTURE DIRECTIONS 
 
Future studies will focus on confirming direct interactions between Y5R and RhoA through a 

series of molecular biology experiments. This will include tagging RhoA and F-actin with 

fluorescent constructs to assess their interactions with Y5R using live cell imaging. Furthermore, 

one future study will focus on understanding the downstream mechanism by which NPY/Y5R 

pathway stimulates RhoA activation. Establishing an in vivo model of NB metastasis will allow us 

to validate the role of Y5R in this process and assess its value as a therapeutic target. The last 

future research direction will pertain to Aim 2 of the current study and will focus on understanding 

mechanisms facilitating osseous dissemination of the hypoxia-induced polyploid cell progeny.   

 

5.1. Live imaging studies to assess the interaction between RhoA, F-actin and Y5R 

One of the major findings in this dissertation was the visualization of Y5R dynamic changes 

occurring during cell migration in wound-healing assay using time-lapse microscopy. We 

demonstrated the expression of Y5R in different areas in the leading edge during cellular 

movement toward the wound closure. The usage of fluorescent constructs tagged to active-RhoA 

and F-actin would add more value to our data by visualizing live spatiotemporal dynamics of Y5R 

along with RhoA and F-actin. Since CHO-K1/Y5R-EGFP stably transfected cells are available in 

our laboratory, the next step will be to test RhoA activity using a biosensor construct (FRET) 

tagged to YFP and actin dynamics using LifeAct construct tagged to mCherry120,142. This data can 

provide us with an insight about the cooperation of Y5R with cytoskeleton regulators in several 

aspects of cell migration including, formation of leading and trailing edges, filopodia, cell-cell 

junctions and collective migration. This approach can also be crucial to understand the 
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involvement of Y5R in cytoskeleton remodeling in other biological processes related to tumor 

progression, such as cytokinesis defects and formation of polyploid cells.  

 

5.2. Investigate the mechanism by which Neuropeptide Y/Y5R activates RhoA 

A major limitation in this study is the lack of established mechanism by which NPY/Y5R activates 

RhoA. Before the covid-19 shut down, I was testing the role of specific types of Gα subunits in 

Y5R and RhoA interactions using RhoA-GTP pull-down assay on CHO-K1 cells transfected with 

Y5R. In general, Y5R is known to act via Gαi, however this subunit has not been shown to directly 

activate RhoA28. Nevertheless, it activates MAPK, which can indirectly stimulate RhoA 

activity143. Also, there are evidence indicating that Y5R can act via Gαq11 subunit, which can 

directly activate RhoA (Fig. 27). To differentiate between these mechanisms, selective inhibitors 

of Gαi subunit (Pertussis toxin, PTX) and Gαq11 subunit (YM-254980), as well as MAPK 

inhibitor (PD-98059) were used.  Although RhoA-GTP pull-down data was not suitable for 

publication, as the experiment was performed only once, it demonstrated that Y5R is mediating 

the activation of RhoA through the Gαi subunit, but not through Gαq11 subunit or MAPK pathway 

(Fig.  28). Moreover, there are reports of the Gαi-induced RhoA activation in peripheral blood 

leukocytes, which is mediated by PI3K130. Thus, the future experiments will focus on studying the 

Gαi/PI3K pathway as a potential mechanism by which NPY/Y5R activates RhoA. 
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Figure 27: Schematic showing potential mechanisms that may mediate Y5R-induced RhoA 
activation.  

Upon NPY binding to Y5R, Gα is released from the NPY/Y5R complex mediating RhoA 

activation. Y5R is known to act via two main Gα subunits, Gαi and Gαq11. Hence, we tested two 

potential mechanisms: 1) Y5R can activate RhoA via Gαi/MAPK or Gαi/PI3K pathway; 2) Y5R 

can activate RhoA directly through Gαq11. Selective inhibitors for Gαi, Gαq11 and MAPK 

pathway revealed that NPY/Y5R activates RhoA via Gαi actions. The Gαi/PI3K axis needs to be 

investigated as a potential mechanism by which NPY/Y5R pathway activates of RhoA. 
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Figure 28: RhoA-GTP pull-down assay in CHO-K1/Y5R-EGFP cells revealed the action of 
Gαi subunit.  

Cells were treated with NPY at 10-7M, Y5R antagonist at 10-6M, MAPK inhibitor (PD-98059) at  

2.5X 10-6M, Gαi subunit inhibitor (Pertussis toxin, PTX) at 100ng/mml and Gαq11 subunit 

inhibitor (YM-254980) at two concentrations, 0.1µm and 0.3µm for 30 minutes.  

 

5.3. Evaluate Y5R as a potential therapeutic target using experimental in vivo neuroblastoma 

metastasis model                                                                  

After identifying the direct mechanism mediating NPY/Y5R-induced RhoA activation, in vivo 

studies will be carried out to determine the role of NPY/Y5R pathway in metastatic processes. 

Such study will validate Y5R as a therapeutic target in cancer types with high NPY levels.  

Although we tested the therapeutic potential of Y5R antagonist in ES in vivo metastasis model, we 

still need to test this pathway in other tumors with high endogenous NPY, such as NB. However, 
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one of the challenging aspects in NB studies was establishing a metastatic model in vivo that 

recapitulates the clinical features of NB143. Our group tested NB orthotopic xenograft model by 

injecting SK-N-BE(2) cell line cultured in normoxia or hypoxia for 24h into the adrenal fat pad of 

SCID/bg mice. As shown in figure 24 and 25, the pre-incubation of SK-N-BE(2) cells for 24 hours 

in hypoxia induced the expression of Y5R and triggered polyploidy, respectively. Thus, we sought 

to determine if exposing NB cells to hypoxia before orthotopic injection will increase their 

metastatic potential, as seen in ES. While indeed the xenografts developed from hypoxic NB cells 

were more metastatic, the metastases were present mainly in lungs (Fig. 29). Although pulmonary 

metastases are observed in some NB patients with MYCN amplification, which is also present in 

SK-N-BE(2) cells, the main metastatic sites in NB include bone marrow and bone143. Hence, 

further studies are needed to establish more clinically relevant metastatic model of NB. Once such 

model is successfully established, the Y5R antagonist will be evaluated in vivo to further confirm 

the therapeutic effect of Y5R inhibition in preventing NB metastasis. This, in turn, may facilitate 

future translational studies. 
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Figure 29: Pre-incubation of SK-N-BE(2) cells in hypoxia (24h in 0.1% oxygen) exacerbates 
pulmonary metastases in an orthotopic xenograft model.  

A-B. Representative images of lungs from mice with xenografts derived from control or hypoxia-

treated SK-N-BE(2) cells stained with H&E (A) or immunostained for NB marker, Phox2B (B). 

C. Quantitative analysis of pulmonary metastases based on Phox2B staining 
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5.4. Determine the mechanism by which progeny of the hypoxia-induced polyploid cells 

disseminate to bone 

A remaining question that needs to be answered from aim 2, is why the progeny of hypoxia-

induced polyploid cells preferentially metastasize to bone. To address this question, we need to 

understand that hypoxic tumor cells usually undergo metabolic adaptations that allow them to 

survive under low oxygen conditions144,145. As the bone environment is typically hypoxic, such 

pre-adaptation may facilitate subsequent bone colonization by this specific cell population146.  The 

future direction for this part will include metabolomics and gene expression analysis on ES 

polyploid cells cultured under hypoxic and normoxic conditions. Such molecular profiling might 

identify metastatic-related pathways promoting osseous dissemination.   
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