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Abstract

Neuropeptide Y (NPY) is a multifunctional neurotransmitter acting via G protein-coupled 

receptors - Y1R, Y2R and Y5R. NPY activities, such as its proliferative effects, are mediated by 

multiple receptors, which have the ability to dimerize. However, the role of this receptor interplay 

in NPY functions remains unclear. The goal of the current study was to identify NPY receptor 

interactions, focusing on the ligand-binding fraction, and determine their impact on the mitogenic 

activity of the peptide. Y1R, Y2R and Y5R expressed in CHO-K1 cells formed homodimers 

detectable on the cell surface by cross-linking. Moreover, Y1R and Y5R heterodimerized, while 

no Y2R/Y5R heterodimers were detected. Nevertheless, Y5R failed to block internalization of its 

cognate receptor in both Y1R/Y5R and Y2R/Y5R transfectants, indicating Y5R transactivation 

upon stimulation of the co-expressed receptor. These receptor interactions correlated with an 

augmented mitogenic response to NPY. In Y1R/Y5R and Y2R/Y5R transfectants, the proliferative 

response started at picomolar NPY concentrations, while nanomolar concentrations were needed 

to trigger proliferation in cells transfected with single receptors. Thus, our data identify direct and 
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indirect heterotypic NPY receptor interactions as the mechanism amplifying its activity. 

Understanding these processes is crucial for the design of treatments targeting the NPY system.
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Introduction

Neuropeptide Y (NPY) is a 36-amino acid sympathetic neurotransmitter abundant in the 

central and peripheral nervous systems (1). While the peptide is mainly known as a regulator 

of various physiological functions, such as stress response, food intake and blood pressure, 

there is also growing evidence of its growth-promoting activities (2–13). NPY stimulates 

proliferation in a variety of cell types, including vascular, neuronal and tumor cells, 

contributing to tissue regeneration and growth-related pathologies (14–22).

NPY actions are mediated by multiple G-protein coupled receptors (GPCRs), consisting of 

seven transmembrane helices connected by three intracellular loops and two terminal 

domains (23). The extracellular N-terminal domain of GPCRs is commonly glycosylated, 

while intracellular domains undergo other post-translational modifications, such as 

phosphorylation (24, 25). These secondary changes regulate various receptor functions, 

including protein folding, activity, trafficking, localization and cell-cell interactions.

NPY receptors expressed in humans encompass Y1R, Y2R and Y5R, while Y4R 

predominantly binds another peptide from the NPY family, pancreatic polypeptide (PP) (23, 

26). These receptors act mainly via pertussis toxin-sensitive Gi/o proteins triggering the 

decrease in 3’,5’-cyclic adenosine monophosphate (cAMP) synthesis and mobilization of 

intracellular calcium (27–29). The mitogenic effects of NPY are mediated by p44/42 

mitogen-activated protein kinase (MAPK) (20, 29–33). While each of the NPY receptors has 

been assigned its own unique functions, there is also growing evidence of their interactions. 

For example, Y1R and Y5R are frequently co-localized in the brain and have been 

implicated in the same physiological processes, e.g. regulation of food intake (34–36). 

Moreover, expression of multiple NPY receptors has been associated with amplification of 

its proliferative functions, manifested by the presence of an additional peak of mitogenic 

activity at picomolar concentrations, which are below known affinities for single NPY 

receptors (29, 37). This high-affinity response was observed in a variety of cells proliferating 

upon NPY stimulation, including vascular smooth muscle, endothelial and tumor cells, 

suggesting the universal nature of this phenomenon (29, 31, 37, 38). Nevertheless, the role 

of NPY receptor interactions in augmenting its effects has not been directly proven.

The potential role of NPY receptor interactions in regulation of NPY functions has been 

supported by dimerization of the NPY receptors. All NPY receptor types have been shown 

to form homodimers, while some studies suggest heterodimerization of Y1R and Y5R (39–

47). However, the functional role of such receptor interactions remains elusive and the data 

pertaining to the pharmacological changes and receptor behavior upon ligand stimulation 

vary depending on methodology and experimental design. Importantly, most previous 
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studies analyzed the entire receptor population within the cell, including intracellular 

fraction, which is not involved in ligand binding (39–47). In addition, experiments with 

bivalent receptor ligands did not support the postulated role of receptor dimerization in 

augmenting NPY functions (48, 49). Thus, the goal of the current study was to characterize 

NPY receptor interactions with the focus on their ligand-binding fraction present on the 

plasma membrane and determine the impact of these processes on peptide functions. Using 

mitogenic activity of NPY as a model, we provided direct evidence for a crucial role of 

heterotypic receptor interactions in enhancing actions of the peptide.

Materials and Methods:

Materials

NPY was purchased from Bachem (San Carlos, CA). Y5R agonist, BWX 46, and Y5R 

antagonist, CGP71683, were obtained from Tocris (Ellisville, MO). Y1R agonist, [Arg6, 

Pro34]NPY, and Y2R agonist, [ahx(5-24)]NPY, were provided by Dr. Annette Beck-

Sickinger, University of Leipzig, Germany.

Cell culture

CHO-K1 cells were obtained from American Type Culture Collection (Manassas, VA) and 

cultured in F12K media supplemented with 10% fetal bovine serum (FBS), according to the 

supplier’s recommendation.

Cloning and transfection

cDNAs of human Y1R, Y2R, and Y5R were cloned into pEGFP-N1 vector at NheI and 

BamHI restriction sites. Puromycin resistance and mCherry tag was acquired by subcloning 

NPY receptor-EGFP fusion protein into pIRESpuro3 vector using NheI and NotI restriction 

enzymes and replacing EGFP tag with mCherry from pmCherry-N1 vector, using BamHI 

and NotI restriction sites. All vectors were obtained from Clontech Laboratories (Mountain 

View, CA) and restriction enzymes from New England BioLabs (Ipswich, MA). The 

presence of NPY receptor and fluorescent protein sequences in the vector constructs was 

confirmed by restriction analysis and sequencing. Transfection of CHO-K1 was performed 

using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Stable transfectants carrying EGFP-

fused NPY receptors were selected with geneticin (Sigma, St. Louis, MO) at a concentration 

of 1mg/ml followed by the single cell clone isolation. To obtain cells expressing Y1R/Y5R 

and Y2R/Y5R, CHO-K1/Y5REGFP stable transfectants were co-transfected with 

pIRESpuro3/Y1R-mCherry or pIRESpuro3/Y2-mCherry vectors and stable double 

transfectants selected with geneticin and puromycin (Sigma, St. Louis, MO) at 

concentrations of 1mg/ml and 0.5 mg/ml, respectively. The selection was followed by single 

cell clone isolation. Clones with high membrane NPY receptor expression were selected for 

further analyses.

p44/42 signaling

Stable transfectants were treated with NPY or selective NPY receptor agonists at 10−7M for 

the desired time (1–90min). The cells were lysed immediately after treatment. Total and 

phosphorylated p44/42 MAPK were detected in the cell lysates using the following 
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antibodies: mouse monoclonal anti-phospho p44/42 E10 and anti-p44/42 MAPK (Cell 

Signaling, Danvers, MA, USA). The band intensities were quantified by densitometry using 

ImageJ software.

Cyclic AMP assay

Stable transfectants were primed with 10 μM phosphodiesterase inhibitor, 3-Isobutyl-1-

methylxanthine (IBMX), for 1 hour and then treated with 10μM forskolin, an adenylyl 

cyclase activator, and with the desired NPY receptor ligand at a concentration of 10−7M for 

1 hour. The levels of intracellular cAMP were measured using cAMP Biotrak 

Enzymeimmunoassay (EIA) System (GE Healthcare, Pittsburgh, PA), according to the 

manufacturer’s instructions.

Western blot analysis of NPY receptor homodimers

CHO-K1 cells stably transfected with EGFP-fused NPY receptors were treated with 10−7M 

NPY for 15 minutes followed by crosslinking with membrane-impermeable 

bis[sulfosuccinimidyl] suberate (BS3) at concentration 0.5 mM for 30 minutes. Western blot 

for NPY receptors was performed on membrane proteins isolated as previously described, 

using rabbit polyclonal anti-EGFP antibody (Clontech, Mountain View, CA) (30, 32, 50). To 

elucidate glycosylation pattern of the NPY receptors, cell membrane fractions were 

deglycosylated with PNGase F (Sigma, St. Louis, MO) prior to Western blotting, according 

to the manufacturer’s protocol.

Mass spectrometry

CHO-K1/Y5R-EGFP cells, with or without BS3 pre-treatment, were lysed and the receptors 

were pulled down using Pierce Classic Immunoprecipitation (IP) Kit (Thermo Scientific, 

Waltham, MA) and rabbit anti-EGFP Ab (Clontech, Mountain View, CA). IP eluates were 

separated on SDS-PAGE Tris-Glycine gel and stained with Coomassie Brilliant Blue dye. 

Gels were dehydrated and fixed. The position of the Y5R-rich bands was determined by 

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

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

monomers, and higher order complexes of Y5R were excised from the gel and subjected to 

in-gel tryptic digest followed by nanoLC-MS/MS analysis performed at Georgetown 

University Proteomics & Metabolomics Shared Resource.

Immunoprecipitation and Western blot analysis of NPY receptor heterodimers

CHO-K1 cells transfected with two NPY receptors (Y1R/Y5R or Y2R/Y5R) were treated 

with 10−7M NPY for 10 minutes, with or without 15 min pre-treatment with Y5R antagonist 

at concentration 10−6M, followed by crosslinking with 0.5mM BS3 for 30 minutes. The 

cells were lysed in the buffer containing 50mM Tris HCl, pH 7, 150mM NaCl, protease 

inhibitors cocktail, 1mM IGEPAL CA 630 and 10mM iodoacetamide (all reagents obtained 

from Sigma, St. Louis, MO). Immunoprecipitation was performed using Pierce Classic IP 

Kit (Thermo Scientific, Waltham, MA) and goat anti-Y5R antibody (Everest Biotech, 

Oxfordshire, UK). Receptor complexes were detected by Western blotting using anti-dsRed 
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or anti-GFP antibodies (Clontech, Mountain View, CA) to detect Y1R-mCherry and Y2R-

mCherry or Y5R-EGFP fusion proteins, respectively.

Live cell imaging analysis of NPY receptor internalization

Nikon Eclipse TE-300 Spinning Disk Timelapse Microscope System was used for receptor 

trafficking experiments. Transfectants were plated in LabTek II 8-well chamber system at a 

density of 12,000 cells per well and treated with NPY (10−7M), with or without 15 min pre-

treatment with Y5R antagonist (10−6M). Readings were collected up to 30 minutes for at 

least 6 cells per treatment group. The NPY-induced changes in fluorescence intensity of 

NPY receptors fused to EGFP or mCherry in different subcellular regions were measured 

using ImageJ software. The measurements were performed on slices of grayscale images at 

the same position within z-stacks at different time points for each receptor separately. The 

regions with membrane expression of the given receptors were selected at the start of the 

experiment, before NPY treatment. Within these regions, membrane areas and adjacent 

intracellular areas were identified. The ratio of membrane to cytoplasm mean fluorescence 

intensities (membrane/cytosol) was calculated for each region to reflect the degree of 

accumulation of receptors on the cell membrane. The regions with the membrane to 

cytoplasm ratio above 1.0 at the beginning of the experiment were considered as having 

membrane receptor expression and selected for further analyses. The NPY-induced changes 

in membrane/cytosol ratios were calculated at each time point. Additionally, for each 

treatment, a representative region was selected to visualize changes in the receptor 

distribution, based on fluorescence intensity along the line crossing the cell membrane in the 

selected region. Multiple regions from at least 5 cells per treatment were included in the 

analysis.

Cell growth assay

Cells plated in 96-well plates were cultured in 1% FBS media for 24h and treated as desired. 

After 24h, the number of viable cells was assessed using MTS-based CellTiter 96®AQueous 

One Solution Cell Proliferation Assay (Promega, Madison, WI). Additionally, 3H-thymidine 

uptake was performed to confirm the mitogenic effect of NPY, as previously described (16, 

29, 38).

Bioinformatics analysis

Human NPY receptor sequences were obtained from the Universal Protein Resource 

(UniProt) database entries: P25929 (Y1R), P49146 (Y2R), Q15761 (Y5R), and analyzed for 

the presence of putative glycosylation sites.

Statistical analyses

Statistical analyses were performed using SigmaStat® or GraphPad 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, as appropriate. For analysis of 

the receptor internalization by time-lapse microscopy, paired t-test was utilized. Significant 

associations were assessed at an alpha level of 0.05. All experiments were repeated at least 

three times. Data is presented as mean ± standard errors.
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Results:

NPY receptors fused to fluorescent proteins preserve their functionality.

To create experimental tools suitable to investigate NPY receptor interactions, we used 

CHO-K1 cells lacking endogenous expression of NPY and its receptors. The cells were 

stably transfected with vectors encoding human NPY receptors fused to fluorescent proteins, 

either EGFP or mCherry via the intracellular C-terminus of the receptors to prevent 

interference with ligand binding. In contrast to fluorescent proteins alone that are localized 

mainly in the nucleus and cytoplasm, NPY receptors fused to these proteins were present in 

the plasma membrane and intracellular vesicles, in agreement with their natural subcellular 

localization (Fig. 1A). Importantly, NPY receptors that were fused to fluorescent proteins 

preserved their activity, as shown by NPY-induced transient MAPK activation and decreased 

cAMP levels previously described for these receptors in native cells (Fig. 1B–D).

NPY receptors vary in their glycosylation pattern and ability to form homodimers.

Western blot analysis of NPY receptors stably expressed in CHO-K1 cells revealed the 

presence of their multiple forms. Y1R-EGFP protein was detectable as two bands at 

apparent molecular weights of approximately 80 and 100 kDa, which is higher than the 

weight predicted based on the amino acid sequence (71 kDa) (Fig. 2A). The localization of 

these bands did not change upon NPY treatment. However, when CHO-K1/Y1R-EGFP cells 

were treated with NPY followed by membrane non-permeable cross-linker, BS3, the higher 

order complex below 200 kDa became detectable. The deglycosylation of the cell lysates 

from CHO-K1/Y1R-EGFP transfectants resulted in a significant shift of the band motility 

(Fig. 2A). Upon PNGase F treatment, two bands that were detectable in untreated cells 

converted into one band of approximately 70 kDa, corresponding to the predicted molecular 

weight of the monomeric Y1R-EGFP, based on the amino acid sequence. This result 

suggested the presence of differentially glycosylated Y1R monomers. In lysates from cells 

treated with NPY and BS3, two bands remained detectable upon deglycosylation - 70kDa 

corresponding to the deglycosylated monomer and the higher band of approximately140 

kDa (Fig. 2A). The two-fold difference in molecular weight between the monomer and the 

high order band, and their similar mobility shift upon deglycosylation indicated that the 

higher band represented the Y1R homodimer that consists of glycosylated forms of the 

receptor. This profound shift in electrophoretic mobility and the existence of differentially 

glycosylated forms of Y1R is in agreement with the presence of three putative N-

glycosylation sites within the N-terminus of the receptor, based on UniProt analysis (Fig. 

2D).

The Y2R-EGFP fusion protein was detectable as one distinct band at the apparent molecular 

weight of approximately 85 kDa (Fig 2B). Treatment with BS3 cross-linker revealed the 

presence of high molecular weight bands below 200 kDa, independently of NPY treatment. 

Deglycosylation of the CHO-K1/Y2R-EGFP lysates led to a slight shift in electrophoretic 

mobility of low and high molecular weight bands, suggesting the presence of the receptor 

monomer with low level of glycosylation and the homodimer, the formation of which did not 

depend on ligand stimulation. The modest shift in band motility upon deglycosylation and 
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lack of differentially glycosylated forms of the receptor is in line with the presence of a 

single putative N-glycosylation site in the Y2R amino acid sequence (Fig. 2D).

Similar to Y1R, Y5R presented as two bands with apparent molecular weights of 90 and 100 

kDa (Fig. 2C). The PNGase F treatment converted these two bands into one with 

electrophoretic mobility corresponding to the molecular weight predicted by the amino acid 

sequence (78kDa), confirming that they represent differentially glycosylated receptor 

monomers. Consistent with this observation, UniProt analysis revealed the presence of two 

putative N-glycosylation sites within the Y5R amino acid sequence (Fig. 2D). Interestingly, 

in CHO-K1/Y5R-EGFP lysates, high molecular weight forms corresponding to putative 

homodimers were detectable independently of the ligand treatment, even in the absence of 

the cross-linker (Fig. 2C). The ability of the oligomeric Y5R forms to withstand denaturing 

and reducing conditions of the SDS-PAGE gel was further confirmed by 

immunoprecipitation with anti-GFP antibody, which facilitated detection of these complexes 

in cells not treated with BS3 (Fig. 2C). In contrast to Y1R and Y2R oligomers, the high 

molecular weight band of Y5R did not shift upon PNGase F treatment. Nevertheless, Mass 

spectrometry analysis of these bands detectable in immunoprecipitated samples confirmed 

the presence of Y5R.

Co-expression of Y1R and Y5R leads to formation of heterodimers.

To mimic interactions between heterotypic NPY receptors implicated in various 

physiological and pathological conditions, CHO-K1 cells were stably transfected with two 

different NPY receptors fused to various fluorescent proteins. CHO-K1/Y1R-mCherry/Y5R-

EGFP cells (Y1R/Y5R transfectants) expressed both receptors in their monomeric forms 

(Fig. 3A). Importantly, both Y1R and Y5R preserved the glycosylation patterns observed for 

single receptor transfectants, as evidenced by the presence of two distinct forms with 

molecular weights exceeding those predicted by amino acid sequences (Fig. 3A, Fig. 2A, C). 

These receptors were functional and responsive to their selective agonists, as evidenced by 

MAPK activation (Fig. 3B). Microscopic images of established transfectants revealed co-

localization of the Y1R and Y5R on the cell membrane and in intracellular vesicles (Fig 

3C).

To determine if the Y1R/Y5R co-localization results from their direct interactions and 

formation of heterodimers, Y1R/Y5R transfectants were treated with membrane 

impermeable cross-linker, BS3, and then the resulting lysates were subjected to 

immunoprecipitation with anti-Y5R antibody. The immunoprecipitates were then 

immunoblotted with anti-GFP and anti-dsRed antibody to detect Y5R-EGFP and Y1R-

mCherry fusion proteins, respectively. Western blot confirmed the presence of Y5R-EGFP 

protein in the immunoprecipitates, detectable as two monomeric forms (Fig. 3D). Moreover, 

in BS3-treated cells, a high molecular weight form of Y5R with an apparent molecular 

weight exceeding 170 kDa was observed. Importantly, Western blot with anti-dsRed 

antibody revealed co-immunoprecipitation of the Y1R-mCherry detectable at the same >170 

kDa band, implicating the presence of Y1R/Y5R heterodimers on the cell surface. No such 

band was detected in control samples without BS3. In contrast to the increase in putative 

Y1R homodimer content observed in Y1R single transfectants upon NPY treatment (Fig. 
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2A), Y1R content in high molecular weight Y1R/Y5R complexes were detectable without 

NPY and decreased upon ligand stimulation, as evidenced by reduced Y1R content at the 

>170 kDa band (Fig. 3D–E). This effect was not prevented by Y5R antagonist. The 

remaining Y5R detectable at the high molecular band of lysates from NPY- and BS3-treated 

Y1R/Y5R transfectants may represent Y5R homodimers that are detectable in the single 

transfectants as well (Fig. 2C, Fig. 3D).

Interactions between Y1R and Y5R change their internalization pattern.

Internalization of GPCRs may serve as a measure of their responsiveness to ligand 

stimulation. To determine if NPY receptor interactions change their internalization pattern, 

we measured their trafficking upon ligand stimulation. In CHO-K1/Y5R-EGFP cells, NPY 

treatment resulted in rapid Y5R internalization in regions of its initial membrane localization 

(Fig. 4A). The decrease in the membrane fraction of the receptor was detectable 7 min upon 

NPY administration, and further enhanced at 17 min. The NPY-induced Y5R internalization 

was prevented by Y5R antagonist (Fig. 4B).

In CHO-K1 cells stably transfected with Y1R-mCherry and Y5R-EGFP, NPY triggered 

internalization of both receptors in areas of their initial membrane localization (Fig. 5A). 

However, unlike in CHO-K1/Y5R-EGFP cells, Y5R antagonist delayed the internalization 

of Y1R and Y5R, but did not block it, as manifested by the significant decrease in the 

membrane fraction of the receptors detectable 17 min after NPY administration (Fig. 5B). 

This change in Y5R internalization pattern confirmed Y1R/Y5R interactions suggested by 

the crosslinking experiment above.

Y2R and Y5R interact with each other despite the lack of direct binding.

To test Y2R/Y5R interactions we used CHO-K1 cells stably transfected with both receptors 

fused to mCherry and EGFP, respectively (CHO-K1/Y2R-mCherry/Y5R-EGFP cells) (Fig. 

6A). Both receptors preserved their activity, as indicated by p44/42 MAPK activation upon 

stimulation with selective receptor agonists (Fig. 6B). Similar to Y1R, Y2R co-localized 

with Y5R on the membrane and in intracellular vesicles of these cells (Fig. 6C). However, a 

crosslinking experiment followed by immunoprecipitation with anti-Y5R and Western blot 

with anti-dsRed antibody revealed no Y2R-mCherry fusion protein in the molecular weight 

range corresponding to monomers or dimers, indicating a lack of direct heterodimerization 

of these receptors (data not shown). Despite that, however, microscopic analysis of the 

receptor trafficking demonstrated significant changes in Y5R internalization in the CHO-K1/

Y2R-mCherry/Y5R-EGFP cells, as compared to those transfected with single Y5R-EGFP. 

Upon NPY stimulation, Y2R and Y5R simultaneously internalized in regions of their initial 

membrane localization, with receptor internalization observed at 14 min (Fig. 7A). However, 

pre-treatment with Y5R antagonist did not block Y5R internalization. Y2R and Y5R rapidly 

internalized upon NPY stimulation (4 min) (Fig. 7B). However, at 14 min post-treatment, 

Y5R remained intracellular, while Y2R recycled back to the membrane.

Co-expression of NPY receptors changes the proliferative response of the cells.

Previous data indicate that interactions between NPY receptors increase their sensitivity to 

NPY stimulation, resulting in a mitogenic response to picomolar concentrations of the 
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peptide, often in a characteristic bimodal manner (16, 29, 31, 37, 38). To directly test this 

hypothesis, we used CHO-K1 cells transfected with single and double NPY receptors and 

measured the growth response to peptide stimulation using MTS assay, which allows for the 

detection of changes in proliferation and cell death. Thymidine uptake was used to confirm 

increased cell proliferation in CHO-K1 transfectants responding to NPY with augmented 

growth. In line with a lack of endogenous NPY receptors in CHO-K1 cells, no proliferative 

response was observed in nontransfected cells and those stably expressing EGFP alone (Fig. 

8A). In contrast, a profound mitogenic effect of NPY was detected by MTS assay and 

thymidine uptake in cells transfected with Y1R-EGFP and Y2R-EGFP, starting at a 10−8M 

concentration of NPY (Fig. 8A). No such response was observed in the CHO-K1/Y5R-

EGFP cells. The pattern of this mitogenic effect changed in cells transfected with two NPY 

receptors. In the Y2R-mCherry/Y5R-EGFP transfectants we observed a characteristic 

bimodal proliferative response, with two peaks of activity at low (10−13M) and high (10−7M) 

NPY concentrations (Fig. 8B). Similarly, proliferative activity of NPY at picomolar 

concentrations was detected in some Y1R-mCherry/Y5R-EGFP clones, while in others NPY 

exerted a bimodal growth-inhibitory effect (Fig. 8C). CHOK1/Y1R-mCherry/Y5R-EGFP 

clones that exhibited a growth-inhibitory response to NPY had lower Y1R levels and thereby 

reduced ratio of Y1R/Y5R activity measured by decreases in cAMP concentrations upon 

Y1R and Y5R agonist stimulation, as compared to cells proliferating in response to NPY 

(Fig. 8D–E).

Discussion

Despite growing evidence for GPCR homo- and heterodimerization, the functional outcomes 

of these interactions remain elusive. Within the NPY receptor family, all receptors have been 

shown to form homodimers, while Y1R additionally can heterodimerize with Y5R, Y4R and 

β-adrenergic receptors (39–47). Nevertheless, reports pertaining to the receptor fate upon 

agonist stimulation vary depending on the methodology, while experiments with bivalent 

ligands do not support their enhanced ability to stimulate NPY receptors (48, 49). Thus, the 

goal of the current study was to characterize NPY receptor interactions in live cells, as well 

as the impact of these processes on the receptor activation and function. In contrast to 

previous studies using fluorescence and bioluminescence resonance energy transfer methods 

(FRET and BRET, respectively), as well as isolated membrane preparations, all of which 

analyzed the entire population of the receptors present in the cells, we have focused on their 

active fraction present on the plasma membrane and responsible for ligand binding (39–47). 

To elucidate the functional role of the receptor interactions, we used the mitogenic activity 

of NPY as a model, since previous results from our laboratory strongly implicated the role 

for the heterotypic NPY receptor expression in augmenting its growth-regulatory effects in 

various cells (29, 37). However, our findings may also pertain to other NPY functions 

mediated by multiple receptors, such as central regulation of food intake, anxiolytic effects 

and others (23, 34, 51).

Using membrane non-permeable cross-linker, BS3, we confirmed the presence of high 

molecular weight bands for Y1R, Y2R and Y5R on the surface of CHO-K1 stable 

transfectants. As these bands correspond to double the molecular weight of monomers 

detected in these cells, they most likely represent receptor homodimers previously reported 
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by other groups (39, 40, 42–46). This method has previously been utilized to demonstrate 

the presence of Y4R homodimers (39). Moreover, such high molecular weight bands were 

previously observed for native Y1R in the cell membrane fraction obtained from brain 

tissue, validating our findings in transfected cells (36). Interestingly, in our study, Y1R 

homodimers were detectable only in the presence of NPY, while Y2R and Y5R homodimers 

were ligand-independent. In contrast, previous FRET studies performed on entire cells 

indicated no change in homodimerization upon agonist stimulation, while density gradient 

studies indicated their ligand-induced disassociation (39, 40, 43, 46). These discrepancies 

may result from methodological differences. In our study, we focused on the extracellular 

domain of receptors present on the plasma membrane, while FRET studies were based on 

the interactions of fluorescent proteins fused to their intracellular domain and tested the 

entire receptor population (40). Therefore, in the case of Y1R, NPY binding may trigger 

conformational changes in the N-terminus of the receptor, allowing for cross-linking to 

occur. On the other hand, although the density gradient experiments strongly indicate 

homodimer disassociation upon stimulation, they do not take into consideration the potential 

reoligomerization and recycling of the receptors that may occur in live cells (43, 46). Of all 

homodimers detected, Y5R dimers appeared to be the most stable, as they were detectable 

without a cross-linker under reducing conditions. These data suggest the possibility of a 

covalent binding between Y5Rs.

In addition to NPY receptor interactions, our studies revealed also their frequent post-

translational modifications. All three NPY receptors were glycosylated, with Y1R and Y5R 

presenting as differentially glycosylated forms. The presence of differentially glycosylated 

forms of the native Y1R and Y5R was previously implicated by the presence of double 

bands migrating slightly higher than the predicted molecular weight for monomers in the 

membrane fractions from neuronal and tumor tissue (36, 52, 53). This observation is in 

agreement with the presence of multiple N-glycosylation sites in these two receptors. 

Interestingly, the presence of the glycosylated forms in oligomers varied between the 

receptors. The Y1R and Y2R high molecular weight bands shifted upon deglycosylation, 

indicating that this oligomeric form is comprised of the glycosylated forms of these 

receptors and further proving that they indeed represent receptor homodimers. In contrast, 

the high molecular band form of Y5R remained unchanged upon deglycosylation, despite a 

profound shift in the migration of the monomeric forms, suggesting that the putative 

homodimer consists of the receptors lacking extensive glycosylation. Altogether, these 

observations indicate that NPY receptor glycosylation may modify their ability to interact 

and dimerize. Further studies are required to determine the role of these processes in the 

regulation of NPY receptor functions.

In addition to its ability to form stable homodimers, Y5R also formed heterodimers with 

Y1R. Both receptors co-localized on the surface of the CHO-K1/Y1R-mCherry/Y5R-EGFP 

transfectants. The cross-linking studies confirmed the presence of the Y1R/Y5R 

heterodimers. The heterodimer content on the cell surface decreased upon NPY treatment. In 

contrast, previous studies performed by FRET on whole cells indicated no effect of non-

selective ligand binding on Y1R/Y5R heterodimerization (41). Thus, the decrease in 

heterodimer content on the cell surface observed in our study may reflect receptor 

internalization upon stimulation, rather than their disassociation. This hypothesis was 

Czarnecka et al. Page 10

Neuropeptides. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



confirmed by live cell microscopy that revealed coordinated internalization of both receptors 

after NPY treatment. Importantly, cross-linking and microscopy studies indicated that Y5R 

internalization was not prevented by Y5R antagonist alone in CHOK1/Y1R-mCherry/Y5R-

EGFP cells, while the same compound was fully effective in cells expressing only Y5R. 

These results indicate that stimulation of Y1R alone is sufficient to activate the heterodimer, 

as suggested by previous studies (41, 47). This effect may result from the transactivation of 

Y5R by the stimulated Y1R and can explain amplification of the NPY signal in cells 

expressing both receptors (Fig. 9). If single receptor occupancy is also sufficient to activate 

NPY receptor homodimers, this phenomenon may explain the lack of enhanced receptor 

activation by bivalent ligands (48, 49).

In contrast to Y1R/Y5R interactions, Y2R and Y5R did not form heterodimers detectable by 

cross-linking, as indicated by previous studies (41, 47). Despite that, however, the receptors 

strongly co-localized on the cell surface and their internalization pattern was altered, as 

compared to Y5R alone. Y2R and Y5R internalized simultaneously immediately upon NPY 

treatment, and Y5R antagonist did not prevent Y5R internalization, like in cells expressing 

Y1R and Y5R. However, at the later time points, Y5R remained intracellular in the presence 

of Y5R antagonist, while Y2R recycled back to the cell membrane. These data suggest that 

despite the lack of direct binding between Y2R and Y5R, these receptors interact with each 

other, possibly as a part of a larger protein complex (Fig. 9). As in the case of the Y1R/Y5R 

heterodimers, stimulation of Y2R alone was sufficient to internalize and therefore activate 

both receptors, suggesting Y5R transactivation again. This phenomenon has been previously 

described for TrkB and Y5R, which also did not form dimers detectable by cross-linking 

(30).

The above findings were confirmed by the pattern of mitogenic response to NPY in CHO-

K1 cells transfected with single or multiple NPY receptors. Cells expressing Y1R or Y2R 

alone responded only to nanomolar NPY concentrations, while co-expression of Y5R in 

these cells triggered the proliferative effect at picomolar concentrations of the peptide. 

Remarkably, such a high-affinity mitogenic effect of NPY was previously reported in native 

cells expressing multiple receptors – vascular smooth muscle cells expressing Y1R and 

Y5R, as well as endothelial and neuroblastoma cells where NPY-induced proliferation is 

mediated by Y2R and Y5R (29, 31, 37, 38). In all of these cell types, the presence of both 

receptor antagonists was required to block the high affinity mitogenic response, which is in 

line with our data on receptor internalization suggesting that single receptor occupancy is 

sufficient to trigger a signal from both Y1R/Y5R and Y2R/Y5R complexes (Fig. 9) (29, 31, 

37, 38). Altogether, these results indicate that independent of the nature of NPY receptor 

interactions, their heterotypic expression provides the amplification mechanisms at low 

agonist concentrations.

In the majority of the double-transfectant clones tested in our study, activity of Y1R or Y2R 

significantly exceeded that of Y5R, which is also observed in native cells, as Y5R is often an 

inducible receptor (30, 31). As described above, this expression pattern was associated with 

an enhanced proliferative effect. Interestingly, however, in cells expressing relatively high 

levels of Y5R (Y1R/Y5R activity ratio below 2) NPY exerted bimodal growth-inhibitory 

effects. Such an effect was previously described in Ewing sarcoma cells that constitutively 
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express Y1R, along with unusually high endogenous Y5R levels due to the stimulatory 

effect of the oncogenic fusion protein – EWS-FLI1 (31, 54). In these cells, unlike in the 

majority of other cellular models, NPY acting via Y1R and Y5R-stimulated cell death 

mediated by poly(ADP-ribose) polymerase (PARP-1) and apoptosis-inducing factor (AIF) 

(55). Therefore, the actions of NPY are regulated not only by the presence of its multiple 

receptors, but also by their ratio, possibly by forming higher order complexes with altered 

signaling. Further studies are necessary to determine if the growth-inhibitory effect of NPY 

in CHO-K1 transfectants is mediated by the same cell death pathways as in Ewing sarcoma 

and identify the exact molecular mechanisms enabling this switch in NPY actions.

In summary, the activation of NPY receptor monomers and/or homodimers is sufficient to 

mediate functions of the peptide at its high concentrations, while the response to low levels 

of NPY is facilitated by heterotypic interactions of receptors. Such synergy may depend on 

either receptor heterodimerization, as shown for Y1R/Y5R, or indirect interactions 

demonstrated for Y2R and Y5R. In both cases, activation of a single receptor leads to 

transactivation of the other NPY receptor in the complex, enhancing the signal from one 

ligand molecule. Unlike in the case of homodimers, this signal may be further amplified by a 

signaling cross-talk between pathways activated by heterotypic NPY receptors (Fig. 9). 

Further studies are required to determine the detailed mechanisms underlying these 

processes and the role of posttranslational modifications in the receptor functions. 

Understanding of these complex receptor interactions will provide a rationale for better 

therapeutic strategies designed to either enhance the beneficial effects of the peptide or 

inhibit its pathological actions. Thus far, despite multifaceted actions of NPY and its crucial 

role in processes underlying a variety of disorders, the use of NPY receptors as therapeutic 

targets has proven to be challenging, largely due to the complexity of the system (3, 5–9, 12, 

56, 57). Our data strongly indicate that targeting multiple NPY receptors may be a more 

effective therapeutic strategy.
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Nonstandard abbreviations

AIF apoptosis-inducing factor

BS3 bis[sulfosuccinimidyl] suberate

BRET bioluminescence resonance energy transfer

CHO-K1 Chinese hamster ovary cells, sub-clone K1

EGFP Enhanced Green Fluorescent Protein
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EWS-FLI1 Ewing sarcoma breakpoint region 1 and friend leukemia 

integration 1 transcription factor fusion

FRET fluorescence resonance energy transfer

GPCR G protein-coupled receptor

IBMX 3-Isobutyl-1-methylxanthine

IP Immunoprecipitation

MAPK mitogen-activated protein kinase

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, 

inner salt

nanoLC-MS/MS nanoscale liquid chromatography coupled to tandem mass 

spectrometry

NPY neuropeptide Y

PARP-1 poly(ADP-ribose) polymerase

PNGase F Peptide-N-Glycosidase F

TrkB tropomyosin receptor kinase A

UniProt Universal Protein Resource

Y1R neuropeptide Y receptor type 1

Y2R neuropeptide Y receptor type 2

Y4R neuropeptide Y receptor type 4

Y5R neuropeptide Y receptor type 5
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Highlights

• NPY receptors form homodimers and heterodimers

• Co-expression of heterotypic NPY receptors enables their reciprocal 

transactivation

• Receptor transactivation can occur independently of heterodimer formation

• Heterotypic NPY receptor interactions increase cell sensitivity to its low 

levels

• Targeting multiple NPY receptors may improve therapies exploiting NPY 

system
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Figure 1. NPY receptors fused to fluorescent proteins preserve their functions.
A. Microscopic images of CHO-K1 cells stably transfected with EGFP alone or NPY 

receptors fused to EGFP. B. p44/42 MAPK activation induced by NPY in CHO-K1 cells 

stably transfected with its receptors fused to EGFP. The cells were treated with NPY at a 

concentration of 10−7M, and phosphorylated and total p44/42 MAPK were detected by 

Western blot. C. Densitometric quantification of p44/42 MAPK activation in NPY-treated 

CHO-K1 cells stably transfected with NPY receptor-EGFP fusion proteins. D. NPY-induced 

changes in cAMP levels in CHO-K1 cells expressing NPY receptors fused to EGFP. The 

cells were treated with forskolin in the presence or absence of NPY at a concentration of 
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10−7M for 1h, and the cAMP levels were measured by enzyme immunoassay. The graph 

represents an average of three independent experiments, 2 wells per treatment each. * 

p<0.05, ** p<0.01 and ***p<0.001 vs. NPY-treated nontransfected control by t-test.
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Figure 2. NPY receptors are glycosylated and form homodimers.
A. Western blot analysis of Y1R forms present in membrane preparations from CHO-K1/

Y1R-EGFP cells. The cells were treated with NPY at a concentration of 10−7M for 15 min, 

followed by 30 min incubation with 0.5 mM membrane-impermeable cross-linker, BS3. 

Y1R-EGPF fusion proteins were detected by Western blot with anti-EGFP antibody (left 

panel). Membrane preparations from untreated and NPY/BS3-treated CHO-K1/Y1R-EGFP 

cells were subsequently deglycosylated with PNGase F and subjected to Western blot 

analysis, as above (right panels). B. Y2R forms in CHO-K1/Y2REGFP cells analyzed by 

Western blot, as above. Deglycosylation was performed on membrane preparations from 

cells treated with BS3 cross-linker. C. Y5R forms in CHO-K1/Y5R-EGFP cells analyzed as 
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above. Additionally, membrane preparation from untreated Y5R transfectants was subjected 

to immunoprecipitation with anti-EGFP antibody and the Y5R-EGFP forms detected by 

Western blot (right panel). Each experiment in panels A-C was repeated three times and the 

representative Western blot results are shown. D. Putative glycosylation sites within N-

termini of NPY receptors, based on UniProt analysis.
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Figure 3. Y1R and Y5R form heterodimers upon co-expression in CHO-K1 cells.
A. Expression of Y1R-mCherry and Y5R-EGFP in CHO-K1 cells transfected with both 

constructs, detected by Western blot with anti-dsRed and anti-GFP antibody, respectively. B. 

p44/42 MAPK activation in response to treatment with Y1R- and Y5R-selective agonists 

([Arg6, Pro34]NPY and BWX 46, respectively) administered for 5 min at a concentration of 

10−7M. C. Fluorescence microscopy of CHO-K1 cells expressing Y1R-mCherry and Y5R-

EGFP proteins. D. Western blot analysis of Y1R and Y5R forms in CHO-K1/Y1R-mCherry/

Y5R-EGFP cells. The cells were treated with 10−7M NPY for 15 min, with or without 15 

min pre-treatment with Y5R antagonist, CGP71683, at a concentration of 10−6M. The cells 
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were subsequently treated for 30 min with 0.5 mM membrane-impermeable cross-linker, 

BS3, lysed and subjected to immunoprecipitation with anti-Y5R antibody. The Y1R-

mCherry and Y5R-EGFP forms were detected by Western blot with anti-dsRed and anti-

EGFP antibody, respectively. The experiment was repeated three times and the 

representative results are shown. E. Densitometric analysis of the NPY-induced changes in 

Y1R-mCherry receptor content in the surface heterodimer fraction (>170 kDa band).
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Figure 4. Y5R antagonist blocks NPY-induced Y5R-EGFP internalization.
A. A representative time-lapse fluorescence microscopy image of a cell transfected with 

Y5R-EGFP alone, with the marked region of membrane localization of the receptor that was 

subjected to analysis (white box). For this region, NPY-induced changes in receptor 

localization were measured by comparing ratios of fluorescence at the membrane to the 

corresponding sub-membrane cytosol region (membrane/cytosol) before and after treatment, 

as indicated by the numbers under the representative images. The linear graph represents the 

fluorescence densities across the cell membrane (along the yellow arrow) measured at the 

selected region at three time points. The bar graph depicts average membrane/cytosol ratios 

at the selected time points upon NPY treatment for all cells analyzed (11 independent 

regions). B. Analysis of Y5R-EGFP internalization upon treatment with 10−7M NPY in the 

presence of Y5R antagonist, CGP71683, at a concentration of 10−6M. The measurements 

and analyses were performed for 5 independent regions, as described for panel A. NT – non-

treated cells; Y5A – cells upon Y5R antagonist pre-treatment; PM – plasma membrane. *** 

p<0.001 vs. NT by paired t-test.
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Figure 5. Y5R antagonist does not block NPY-induced internalization of Y5R in CHOK1/Y1R-
mCherry/Y5R-EGFP cells.
A. Representative time-lapse fluorescence microscopy images of CHO-K1 cell transfected 

with Y5R-EGFP and Y1R-mCherry. The region with membrane localization of both 

receptors was selected for analysis (white box). The numbers below microscopic images 

indicate fluorescence ratios of the selected membrane section to its corresponding sub-

cellular cytosol area (membrane/cytosol) for this representative region at the desired time 

points upon stimulation with 10−7M NPY. The linear graphs show green and red 

fluorescence intensities across the membrane in the selected region (along the yellow arrow) 

at the desired time points upon NPY stimulation. The bar graph depicts quantitative analysis 

of the membrane/cytosol fluorescence ratios at the selected time points upon NPY 
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stimulation for all cells analyzed (9 independent regions). B. Analysis of the NPY-induced 

receptor internalization performed in CHO-K1/Y1R-mCherry/Y5R-EGFP cells pre-treated 

for 15 min with Y5R antagonist, CGP71683, at a concentration of 10−6M. The cell 

treatment, measurements and analyses were performed for 7 independent regions, as 

described above (A). NT – non-treated cells; Y5A – cells upon Y5R antagonist pre-

treatment; PM – plasma membrane. * p<0.05 vs. NT by paired t-test.
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Figure 6. Y2R and Y5R co-localize in CHO-K1/Y2R-mCherry/Y5R-EGFP cells.
A. Expression of Y2R-mCherry and Y5R-EGFP in CHO-K1 cells transfected with both 

constructs, detected by Western blot with anti-dsRed and anti-EGFP antibody, respectively. 

B. p44/42 MAPK activation in response to treatment with Y2R- and Y5R-selective agonists 

([ahx(5-24)]NPY and BWX 46, respectively) administered for 5 min at a concentration of 

10−7M. C. Fluorescence microscopy images of CHO-K1 cells expressing Y2R-mCherry and 

Y5R-EGFP proteins.
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Figure 7. In CHO-K1/Y2R-mCherry/Y5R-EGFP cells, Y5R antagonist does not block NPY-
induced internalization of Y5R, yet the recycling rates vary between Y2R and Y5R.
A. Representative time-lapse fluorescence microscopy images of CHO-K1 cell transfected 

with Y5R-EGFP and Y2R-mCherry. The region with membrane localization of both 

receptors was selected for analysis (white box). The numbers below microscopic images 

indicate fluorescence ratios of the selected membrane section to its corresponding sub-

cellular cytosol area (membrane/cytosol) for this representative region at the desired time 

points upon stimulation with 10−7M NPY. The linear graphs show green and red 

fluorescence intensities across the membrane in the selected region (along the yellow arrow) 

at the desired time points upon NPY stimulation. The bar graph depicts results of the 

quantitative analysis of membrane/cytosol fluorescence ratios at the selected time points 
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upon NPY stimulation for all cells analyzed (16 independent regions). B. Analysis of the 

NPY-induced receptor internalization performed in CHO-K1/Y2R-mCherry/Y5R-EGFP 

cells pre-treated with Y5R antagonist, CGP71683, at a concentration of 10−6M. The cell 

treatment, measurements and analyses were performed for 7 independent regions, as 

described above (A). NT – non-treated cells; Y5A – cells upon Y5R antagonist pre-

treatment; PM – plasma membrane. * p<0.05; ** p<0.01; *** p<0.001 vs. NT; # p<0.05, as 

indicated. The statistical significance was assessed by paired t-test.
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Figure 8. Co-expression of heterotypic NPY receptors enhances its mitogenic effect at picomolar 
concentrations.
A. Effect of NPY on the number of viable CHO-K1 cells transfected with single NPY 

receptors and their proliferation, as measured by MTS assay and thymidine uptake, 

respectively. For thymidine uptake, the cells were treated with 10−6M NPY. B. Changes in 

the number of viable CHO-K1 cells transfected with both Y2R-mCherry and Y5R-EGFP in 

response to low and high concentrations of NPY. C. The differential growth response to 

NPY in CHO-K1/Y1R-mCherry/Y5R-EGFP clones. The number of viable cells in panels B-

C was measured by MTS assay. In all experiments above (A-C), cells were treated with NPY 
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for 24h. NT – non-treated cells; * p<0.05 vs. NT by one way ANOVA followed by Dunnett’s 

test. The experiments were performed 3 times, 6 wells per treatment each, on 2–13 

independent transfectant clones per receptor type. The graphs represent average changes in 

the number of viable cells from all experiments and clones tested. D. Decrease in cAMP 

levels induced by NPY or selective Y1R or Y5R agonists in CHO-K1/Y1R-mCherry/Y5R-

EGFP transfectants with the growth-stimulatory or inhibitory response to NPY. The cells 

were treated with forskolin in the presence or absence of the desired ligand at a 

concentration of 10−7M for 1h, and the cAMP levels were measured by enzyme 

immunoassay. * p<0.05 and ** p<0.01 vs. non-treated control or ## p<0.01 for Y1R agonist 

vs Y5R agonist by paired t-test. E. Ratio of Y1R to Y5R activity, as measured by decreased 

cAMP levels induced by selective Y1R or Y5R agonists, as described in panel D above, and 

compared in CHO-K1/Y1R-mCherry/Y5R-EGFP with the growth-stimulatory or inhibitory 

responses to NPY. ** p<0.01 by t-test. The experiments in panels D-E were performed 3 

times, 2 wells per treatment each, on 5 and 3 CHO-K1/Y1R-mCherry/Y5REGFP clones 

with the growth-stimulatory or inhibitory response to NPY, respectively. The graphs 

represent average changes in cAMP levels from all experiments and clones tested.
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Figure 9. Model of the mechanisms underlying increased ligand sensitivity in cells expressing 
heterotypic NPY receptors.
Y1R and Y5R form heterodimers, while Y2R and Y5R are not directly bound, yet interact 

with each other, possibly as a part of the larger protein complex (PC). However, in either 

case, activation of one receptor in the complex leads to transactivation (T) of the other NPY 

receptor and signaling from both receptors. This, in turn, may trigger signaling cross-talk 

between pathways activated by these receptors and thereby enhance their functional effects. 

Consequently, cells expressing heterotypic NPY receptors proliferate in response to low 

ligand concentrations.
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