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ABSTRACT  

The G protein-coupled glucagon-like peptide-1 receptor (GLP-1R) regulates glucose 

homeostasis by potentiating pancreatic insulin secretion, representing a key target for type 

2 diabetes (T2D) treatment. Upon agonist-induced GLP-1R plasma membrane signalling, 

the GLP-1R enters the endocytic pathway where it is sorted to recycling and/or degradative 

compartments in a regulated manner. Since the endocytic pathway tightly regulates GPCR 

activity, understanding the mechanisms that control agonist-mediated GLP-1R trafficking 

might lead to identification of new T2D therapeutic targets and/or development of improved 

GLP-1R agonists. Herein, we have screened an siRNA library of GPCR trafficking regulators 

with the aim of identifying factors capable of controlling GLP-1R activity and pancreatic b-

cell responses. Based on their effect on exendin-4-induced insulin secretion, we have 

identified five factors [clathrin, dynamin1, AP2, and sorting nexins (SNXs) SNX27 and SNX1] 

that negatively regulate, and four [huntingtin-interacting protein 1 (HIP1), HIP14, G protein-

coupled receptor associated sorting protein-1 (GASP-1), and Neural Precursor Cell 

Expressed, Developmentally Down-Regulated 4 (Nedd4)], that enhance GLP-1R activity. 

Amongst these, we selected three candidates (HIP1, SNX1 and SNX27) for further 

characterisation. HIP1 was found to modulate GLP-1R G protein coupling while 

concomitantly controlling GLP-1R internalisation, while the two SNXs were shown to control 

GLP-1R endosomal sorting, affecting GLP-1R recycling versus degradation rates and 

determining endosomal and cell surface responses. In parallel, we investigated the role of 

the plasma membrane lipid composition on GLP-1R signalling and trafficking. Upon ligand 

binding, GLP-1R was shown to undergo palmitoylation and partitioning into specific 

cholesterol-enriched plasma membrane nanodomains, leading to GLP-1R signal 

transduction and cholesterol-dependent internalisation. This process was controlled by 

specific agonist binding kinetics and positive allosteric modulation. We have therefore 

identified key endocytic factors that determine GLP-1R activity and b-cell incretin responses. 

Furthermore, we have demonstrated that both GLP-1R activity and trafficking are modulated 
by interactions with the surrounding lipid bilayer.  
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ABBREVIATIONS 

AC: adenylate cyclase  

ALIX: ALG-2-interacting protein X 

AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid  

AP2: adaptor protein 2 

Arp2/3: actin-related protein 2/3 

ATP: adenosine triphosphate  

Akt: thymoma viral proto-oncogene 

BAR: Bin/amphiphysin/Rvs 

BETP: 2-(ethylsulfinyl)-4-[3-(phenylmethoxy)phenyl]-6-(trifluoromethyl)-pyrimidine 

Bcl-2: B cell leukemia/lymphoma 2 

BRET: bioluminescence resonance energy transfer 

b-AR: b-adrenergic receptor  

Camp-GEFII or Epac2: cAMP-regulated guanine nucleotide exchange factor II  

Cbl: Casitas B-lineage Lymphoma 

CICR: Ca2+-induced-Ca2+ release  

CLASPs: clathrin-associated sorting proteins  

CI-MPR: cation-independent mannose 6-phosphate receptor 

CCVs: clathrin coated vesicles  

CHCs: clathrin heavy chains  

CCPs: clathrin coated pits  

CLC: clathrin light chain  

CME: clathrin-mediated endocytosis  

CREB: cAMP response element binding protein 
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cAMP: cyclic adenosine monophosphate  

cGASP-1: COOH-terminal fragment of GASP1  

DHHC: aspartate-histidine-histidine-cysteine 

DPP-4: dipeptidyl dipeptidase-4  

DRFs: detergent-resistant membrane fractions 

DSF: detergent-soluble membrane fraction 

EAPs: endocytic accessory proteins 

EBP50: ERM binding protein 50 

EEA1: early endosomal antigen 1  

ERC: endocytic recycling compartment  

ESCRT: endosomal sorting complex required for transport  

EGFR: epidermal growth factor receptor  

EM: electron microscopy 

ENTH: epsin N-terminal homology domain  

EPS15: epidermal growth factor receptor pathway substrate 15 

EPS15R: epidermal growth factor receptor pathway substrate 15-like 1 

ERK: extracellular signal-regulated kinases  

FACS: fluorescence-activated cell sorting 

FADH2: flavin adenine dinucleotide  

FBS: foetal bovine serum  

FCHo 1/2: Fer/Cip4 homology domain only proteins 1 and 2  

FDA: food and Drug Administration  

FITC: fluorescein isothiocyanate 

FOXO: forkhead box O 
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FRET: Förster resonance energy transfer 

Ga: G alpha subunit 

Gbg: G beta and gamma complex  

GCK: glucokinase  

GASP1: GPCR-associated sorting protein 1 

GEFs: guanine nucleotide exchange factors 

GFP: green fluorescent protein 

GIP: glucose-dependent insulinotropic polypeptide  

GLP-1: glucagon-like peptide-1  

GLP-1R: glucagon-like peptide-1 receptor 

GPCRs: G-protein coupled receptors  

GRPP: glicentin related polypeptide  

GRKs: G protein-coupled receptor kinases  

GSIS: glucose-stimulated insulin secretion  

GWAS: genome-wide association studies  

HbA1c: glycated haemoglobin  

HIP1: huntingtin-interacting protein 1 

HIP1R: huntingtin-interacting protein 1-related protein 

Hrs: hepatocyte growth factor-regulated tyrosine kinase substrate  

htt: huntingtin 

IBMX: isobutylmethylxanthine 

ICV: intracerebroventricular  

IGF: insulin growth factor 

ISI: insulin stimulation index 
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ISIS: incretin-stimulated insulin secretion 

IP3: inositol trisphosphate  

IP3R: inositol-1,4,5-trisphosphate receptor 

IP-2: intervening peptide 2  

ILVs: intraluminal vesicles  

KATP:  ATP-sensitive potassium channels  

Kon: association rate constant 

Koff: dissociation rate constant 

KRH: Krebs-ringer bicarbonate Hepes 

LE: late endosomes  

MAPK: mitogen-activated protein kinase 

MβCD: methyl-β-cyclodextrin  

MesNa: 2-mercaptoethanesulfonate  

MEFs: mouse embryo fibroblasts 

MOI: multiplicity of infection  

mhtt: mutated huntingtin 

MVBs: multivesicular bodies  

MVEs: multivesicular endosomes  

NADH: nicotinamide adenine dinucleotide  

Nedd4: neural precursor cell expressed developmentally down-regulated protein 4 

NMDA: N-methyl-D-aspartate 

NFAT: nuclear factor of activated T cells 

NF-kB: nuclear factor-kappa B 

NHERF: Na+/H+ exchanger regulatory factor 
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PAM: positive allosteric modulator 

PDZBM: PDZ-binding motif 

PFA: paraformaldehyde 

PP: pancreatic polypeptide  

PTHR: parathyroid hormone receptor  

PC: prohormone convertases  

PG: proglucagon  

PAR1: protease-activated receptor 1  

PATs: palmitoyl transferases 

PI3P: phosphatidylinositol 3-phosphate 

PI3K: phosphoinositide 3-kinase 

PI(4,5)P2: phosphatidylinositol 4,5-bisphosphate 

PKA: protein kinase A  

PKB: protein kinase B 

PLC: phospholipase C  

PX: phox-homology 

RGS: regulator of G protein signalling 

RNAi: RNA interference 

RME-8: receptor-mediated endocytosis-8 

RTK: receptor tyrosine kinase  

RyR: ryanodine receptors  

shRNA: short-hairpin RNA 

siRNA: small interfering RNA 

SNAP-25: synaptosomal-associated protein of 25 kDa  
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SNARE: N-ethylmaleimide-sensitive factor attachment protein receptor  

STAM: signal transducer adaptor molecule  

SGLT1: sodium-coupled glucose transporter 1  

SNX: sorting nexin 

TEMED: tetramethylethylenediamine 

TIRF: total internal reflection fluorescence 

TMF: total membrane fraction 

TSHR: thyroid stimulating hormone receptor  

TCF7L2: transcription factor 7-like 2  

TGN: trans-Golgi network  

TCA: tricarboxylic acid cycle  

Tsg101: tumor susceptibility gene 101 protein 

T2D: type 2 diabetes  

UBAP1: ubiquitin-associated protein 1 

UIMs: ubiquitin-interacting motifs 

V-ATPases: vacuolar ATPases  

V2R: vasopressin type 2 receptor  

VAMP2: vesicle-associated membrane protein-2  

VPS: vacuolar protein sorting-associated protein  

WASH: Wiskott-Aldrich syndrome protein and SCAR complex
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1.1. Pancreatic b-cells and their Role in Glucose Metabolism 
 
1.1.1. The Pancreas and the Islets of Langerhans 
	
The pancreas is an exocrine and endocrine glandular organ (Fig. 1.1). The function of the 

exocrine pancreas is to assist digestion, which is mediated by the exocrine or acinar cells 

that secrete digestive enzymes such as amylase, pancreatic lipase and trypsinogen into the 

pancreatic duct, which drains into the duodenum. The endocrine organ consists of endocrine 

cells clustering together in what is called the islets of Langerhans or pancreatic islets, which 

regulate glucose homeostasis by secreting different types of hormones into the 

bloodstream. These islets of Langerhans are distributed throughout the pancreas and 
account for only 1-2% of the total pancreas volume [1]. 

 

Figure 1.1: Anatomy and Functions of the Pancreas. The exocrine pancreas comprises the 
majority of the pancreatic mass. This exocrine gland consists of acinar cells that secrete digestive 
enzymes into the duodenum, via the pancreatic duct, to help digestion. The endocrine pancreas is 
composed of five different types of endocrine cells forming island-like structures known as islets. 
The function of the endocrine gland is to regulate the levels of glucose in the blood through the 
regulated secretion of different types of hormones into the circulation [1]. 
 

Pancreatic islets are composed of five different types of endocrine cells: glucagon-producing 

a-cells, insulin-producing b-cells, pancreatic polypeptide (PP)-producing g-cells, 

somatostatin-producing d-cells, and ghrelin-producing e-cells [1]. The cellular composition 

and organisation within the pancreatic islet differs among species [2]. Mice and human islets 
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are similar in that b- and a-cells are the most abundant endocrine cells within the islet, 

although the ratio between them is higher in mice (60-80% b-cells over 10-20% a-cells) 

compared with humans (50-70% b-cells over 20-40% a-cells) [2]. PP and d-cells are less 

frequent within the islet and account for around 10% of the total islet cells in humans and 

around 5% in mice. e-cells, on the other hand, account for only 1% of the total islet cell 

number [2]. In rodents, the core of the islet is composed of b-cells that are surrounded by 

non-b-cells in a mantle-like manner, whereas in humans, endocrine cells are predominantly 

intermingled within the islet [3, 4]. In larger human islets, endocrine cells display a trilaminar 

structure composed of a single layer of b-cells surrounded by two layers of a-cells that fold 

to form the islet. As a result, b-cells are intercalated between a-cells [4]. This organisation 

is believed to favour heterologous over homologous a- and b-cell contacts, which might 

contribute to a better regulation of insulin secretion [2, 4]. 

Each type of endocrine cell secretes a different hormone that has distinct functions [3]. a-

cells release glucagon in response to low blood glucose levels in order to stimulate hepatic 

glycogenolysis and gluconeogenesis, resulting in an increase of glucose production [5]. 

Conversely, insulin is secreted from b-cells in response to high circulating glucose 

concentrations to promote glucose uptake by its target tissues, leading to glucose storage. 

Additionally, insulin inhibits hepatic glucose production [6]. PP promotes satiety by 

regulating food intake and also inhibits glucagon release [3]. Somatostatin is secreted from 

d-cells to inhibit insulin and glucagon secretion [1]. Finally, ghrelin stimulates food intake 

and also inhibits insulin secretion [7]. The coordinated actions of these hormones, specially 

glucagon and insulin, contribute to the fine-tuning regulation of glucose homeostasis 

necessary to maintain blood glucose levels within a narrow physiological range of 4-6 mM 
[1]. 

1.1.2. Pancreatic b-cells and Insulin Secretory Granules  
	

Insulin produced in b-cells plays a central role in the regulation of glucose homeostasis [8]. 

Insulin exists in three different conformations: monomeric, dimeric and hexameric [9]. The 

conformational state of insulin is determined by its concentration and the surrounding pH. 

At low concentrations of insulin, the monomer is the predominant form, whereas increasing 

insulin concentration at neutral pH triggers the formation of dimers [9]. In addition, insulin 

forms hexameric complexes in the presence of zinc when the concentration of insulin is high 

[9]. The insulin hexamer is the storage form of insulin. In response to cellular signals, it is 

secreted from b-cells into the bloodstream, triggering its dissociation into the monomeric 
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form of insulin [9], which represents the biologically active form, composed of a 21 amino 

acid residue A chain and a 30 amino acid residue B chain linked by three disulphide bonds 

[9]. 

Insulin biosynthesis starts with the translation of the insulin mRNA into the insulin precursor 

preproinsulin in the cytosol [10]. This precursor protein consists of a signal peptide attached 

to its N-terminus and the two chains of insulin (A and B) linked through the intermediate 

segment known as C-peptide [10]. The N-terminal signal peptide triggers the translocation 

of the preproinsulin protein to and across the endoplasmic reticulum (ER), promoting its 

entry into the secretory pathway. This single peptide is then cleaved by a signal peptidase, 

promoting the conversion of preproinsulin to proinsulin. In the ER lumen, proinsulin is folded 

into its native structure, forming the three disulphide bonds. Properly folded proinsulin 

dimerises, and leads to ER exit and subsequent traffic through the Golgi apparatus, reaching 

the trans Golgi network (TGN), where proinsulin is believed to undergo zinc-dependent 

hexamerisation. Finally, proinsulin is processed to insulin and C-peptide through the action 

of the prohormone convertases (PC) PC1/3 and PC2 as well as the carboxypeptidase E 

[10]. 

Insulin and C-peptide are stored in dense core secretory granules. In mice, b-cells each 

contain about 13,000 insulin granules with each granule storing approximately 200,000 

insulin molecules [9]. However, the content of insulin in the b-cell is extremely dynamic. 

Insulin gene transcription and mRNA translation are rapidly stimulated in response to 

glucose so that insulin content increases in the presence of nutrients while nutrient shortage 

conversely promotes insulin content reduction in b-cells [9]. 

1.1.3. Glucose-Stimulated Insulin Secretion (GSIS) 
	

b-cells act as nutrient sensors, releasing insulin in response to a variety of stimuli in order 

to maintain glucose homeostasis [1]. The primary stimulus to promote insulin release is the 

elevation of blood glucose upon food intake, although increased levels of free fatty acids 

and amino acids can also trigger insulin release [1, 8]. The followed intracellular uptake of 

glucose and its metabolic processing triggers GSIS (Fig. 1.2) [8]. In rodents, glucose enters 

in the b-cell through the glucose transporter GLUT2, whereas in humans the two main 

glucose transporters that facilitate glucose uptake are GLUT1 and GLUT3 (although GLUT2 

is also expressed in human b-cells) [11, 12]. Following glucose uptake by the b-cell, this is 

phosphorylated by the enzyme glucokinase (GCK), a subtype of hexokinase [9]. GCK differs 

with all the other hexokinases in two important kinetic properties, which allow it to function 
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as a glucose sensor. The first one is that GCK exhibits a low affinity for glucose and the 

second one is that it is not inhibited by its product (glucose 6-phosphate). Thus, GCK is the 

rate-limiting step of glucose metabolism in b-cells, controlling the flux through glycolysis [9]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Schematic representation of glucose-stimulated insulin secretion in pancreatic b-
cells. Glucose enters into the b-cell by glucose transporters. Subsequently, glucose metabolism 
leads to an increase in the ATP/ADP ratio, which, in turn, results in the closure of ATP-sensitive K+ 
channels (KATP), leading to plasma membrane depolarisation and the opening of voltage-dependent 
Ca2+ channels. The resultant increase in cytosolic calcium triggers the exocytosis of insulin granules. 
Additionally, a range of secretory “potentiators”, such as incretin hormones, based on the stimulation 
of a number of b-cell GPCRs, further contribute to augment glucose-stimulated insulin secretion 
(GSIS). Particularly, GLP-1, through its binding to GLP-1R, acts cooperatively with glucose to 
enhance insulin secretion. GLP-1R activation leads to the activation of adenylate cyclase (AC) and 
consequently to an increase of cyclic adenosine monophosphate (cAMP) production. Subsequently, 
activation of cAMP downstream effectors protein kinase A (PKA) and cAMP-regulated guanine 
nucleotide exchange factor II (Epac2) promotes an increase in intracellular Ca2+ levels, triggering 
insulin exocytosis. ATP: adenosine triphosphate, ADP: adenosine diphosphate GCK: glucokinase, 
RyR: ryanodine receptors, IP3R: inositol-1,4,5-trisphosphate receptors, ER: endoplasmic reticulum, 
VIP: vasoactive intestinal peptide, GIP: glucose-dependent insulinotropic peptide, GLP-1: glucagon-
like peptide 1, PYY: peptide YY, Gs: G protein alpha S subunit, b and g: G protein beta and gamma 
subunits. This figure was generated using images from Servier Medical Art. 
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After GCK-dependent phosphorylation, glucose undergoes glycolysis, which results in the 

generation of two molecules of pyruvate [13]. Pyruvate then enters the mitochondria where 

the pyruvate dehydrogenase complex converts it into acetyl-CoA. Acetyl-CoA enters the 

tricarboxylic acid cycle (TCA), resulting in the generation of nicotinamide adenine 

dinucleotide (NADH) and flavin adenine dinucleotide (FADH2). The mitochondrial oxidation 

of NADH and FADH2 by the electron respiratory chain drives the production of adenosine 

triphosphate (ATP) [13]. The resulting increase in ATP/ADP ratio in the cytosol promotes 

the closure of ATP-sensitive potassium channels (KATP), leading to plasma membrane 

depolarisation and opening of voltage-dependent Ca2+ channels. The increase of cytosolic 

free Ca2+ subsequently promotes the exocytosis of insulin-containing granules [13]. In 

addition, a number of “potentiator” pathways further increase insulin secretion (see Incretin 
Hormones Section) [1, 8]. 

Ca2+-induced fusion of the insulin granule membrane with the b-cell plasma membrane is 

facilitated by the assembly of the N-ethylmaleimide-sensitive factor attachment protein 

receptor (SNARE) complex. This complex consists of vesicle-associated membrane protein-

2 (VAMP2) anchored on the granule membrane and syntaxin-1 and synaptosomal-

associated protein of 25 kDa (SNAP-25) located within the plasma membrane of the b-cell 

[9].  

An important property of GSIS is that it is biphasic. Thus, a first peak of insulin that last 3-

10 minutes is observed five minutes after glucose stimulation, followed shortly afterwards 

by a second phase in which insulin is released in a slower and sustained manner over a 

period of 30-60 minutes [1].  

1.2. Incretin Hormones: The Physiology of GLP-1 
	

1.2.1. The Incretin Effect 
	

Incretin hormones are gut peptides that are secreted from diverse enteroendocrine cell types 

into the bloodstream in response to food intake [14]. These incretins, through their binding 

to specific G protein-coupled receptors (GPCRs) on the b-cell surface, subsequently 

potentiate GSIS by the so-called incretin effect (Fig. 2) [8, 15]. The incretin effect refers to 
the greater insulin secretion observed when glucose is administered orally compared to the 

same glucose load administered intravenously [15]. This difference in insulin secretion has 

been mainly attributed to the release of two incretins, glucagon-like peptide-1 (GLP-1) and 

glucose-dependent insulinotropic polypeptide (GIP), from the intestinal mucosa, induced by 
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oral administration of glucose [14]. GIP was the first isolated incretin identified as exhibiting 

insulinotropic properties [16]. Of note, GIP was already known for its function as an effective 

inhibitor of gastric acid secretion and therefore was initially called gastric-inhibitory 

polypeptide. However, after the discovery of the capacity of GIP to enhance insulin secretion 

from b-cells, it was renamed “glucose-dependent insulinotropic polypeptide”, conserving the 

acronym GIP [14]. Subsequently, GLP-1 was also shown to be a potent insulinotropic 
intestinal factor in humans [17, 18]. 

1.2.2. GLP-1 Biosynthesis and Secretion  

GLP-1 is synthetized by the preproglucagon gene, expressed in the intestine, pancreatic a-

cells and the brain [19]. This gene encodes the proglucagon (PG) peptide [20], which is 
differentially post-translationally processed in a tissue-specific manner (Fig. 1.3) [21]. 

 

Figure 1.3: Post-translational processing of proglucagon. The processing of the proglucagon 
peptide is controlled by two different prohormone convertases (PC): PC1/3 and PC2. In the brain 
and in the intestinal L cells, proglucagon is predominantly cleaved by PC1/3, producing GLP-1, GLP-
2, oxyntomodulin, glicentin and intervening peptide 2 (IP-2). On the contrary, proglucagon 
processing, mainly by PC2, in pancreatic a-cells yields glucagon, GRPP, IP-1 and the major 
proglucagon fragment. This figure was generated using images from Servier Medical Art. 

 

In the intestine and brain, PG is predominantly cleaved by PC1/3 to GLP-1, GLP-2, glicentin, 

oxyntomodulin and intervening peptide 2 (IP-2) [20]. GLP-1 is first synthetized in two forms, 

known as GLP-1 (1-36) amide and GLP-1 (1-37). The further processing of GLP-1, 
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consisting in the removal of its first six amino acids, results in the generation of a shorter, 

biologically active GLP-1 peptide [22]. Thus, GLP-1 (7-37) and GLP-1 (7-36) amide 

represent the two active forms of GLP-1 present in the circulation, although GLP-1 (7-36) 

amide is the most abundant one [23]. In contrast, PG processing in the pancreas is mainly 

mediated by PC2, leading to the formation of glicentin related polypeptide (GRPP), 

glucagon, intervening peptide 1 (IP-1) and the major proglucagon fragment containing the 

GLP-1 and GLP-2 sequences [20]. 

The enteroendocrine cells of the gastrointestinal tract secrete a wide range of hormones in 

response to food intake, acting, among others, as nutrient sensors. GLP-1 is secreted 

postprandially by enteroendocrine proglucagon-expressing cells named L cells [20]. 

Remarkably, GLP-1 can be co-expressed with other peptide hormones that are not derived 

from the PG peptide such as GIP [24, 25]. L cells producing GLP-1 are distributed 

throughout the small and large intestine, although they are predominantly found in the distal 

small intestine and colon [26]. L cells release GLP-1 in response to luminal sugars, amino 

acids and fatty acids [27]. Glucose absorption by L cells is mediated by the sodium-coupled 

glucose transporter 1 (SGLT1), which actively co-transports Na+ and glucose, located in its 

apical membrane [28, 29]. The uptake of Na+ mediated by SGLT1 is associated with 

membrane depolarisation and subsequent elevation of cytosolic Ca2+ through voltage-

dependent Ca2+ channels, triggering exocytosis of GLP-1-containing secretory granules [27, 

28]. KATP channels, which are also involved in GSIS in b-cells, are also expressed in L cells, 

suggesting that incretin secretion, similarly to insulin, might also be regulated by glucose 

metabolism [20, 28, 29]. Nevertheless, the role of these KATP channels in L cells remains 

uncertain [28, 29]. Additionally, macronutrients, bile acids and microbiota-derived 

compounds can induce GLP-1 release through the activation of different GPCRs located on 
GLP-1-producing cells [19, 24, 27, 28].  

1.2.3. GLP-1 Degradation 
	

GLP-1 is secreted into intestinal capillaries, reaching the hepatic portal vein, the liver and 

finally the pancreas [19]. After release into the circulation, GLP-1 is rapidly cleaved between 

its second and third amino acid by the enzyme dipeptidyl dipeptidase-4 (DPP-4), which is 

ubiquitously expressed in the capillary endothelium as well as in other tissues [15]. The 

truncated metabolites generated, GLP-1 (9-36) amide and GLP-1 (9-37), are inactive [15, 

19]. As a result, only around 10% of the GLP-1 released from L cells reaches the systemic 

circulation [19, 30]. Therefore, GLP-1 concentrations in the systemic circulation are very low 

(< 10 pmol/L), although picomolar concentrations of GLP-1 have been reported to be 
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sufficient to activate the glucagon-like peptide 1 receptor (GLP-1R) in b-cells [15]. 

Concomitantly, as a result of GLP-1 rapid degradation by DPP-4, GLP-1 exhibits a short 
plasma half-life of 2-3 minutes [31].  

1.2.4. GLP-1 Incretin Effect: Hormonal, Neuronal or Paracrine? 
	

According to the canonical hormone concept, secreted hormones act on their target organs 

via the circulatory system. Since GLP-1 circulating levels are known to rapidly increase 

within minutes of meal ingestion, GLP-1 has been generally presumed to act as an 

endocrine hormone [32]. Nevertheless, the newly released GLP-1 is rapidly metabolised by 

DPP-4. Thus, low plasma GLP-1 concentrations as well as its short circulatory half-life have 

raised questions about how intestinally-derived GLP-1 stimulates target organs such as 

pancreatic b-cells through the systemic circulation [33]. Additional mechanisms, involving 

neuronal activation by L cell-derived GLP-1 and intra-islet GLP-1 production by a-cells, have 

therefore been proposed to explain the GLP-1-associated incretin effect [15, 33].  

It has been suggested that the effects of GLP-1 on glycaemia might be partially mediated 

through a neural pathway involving the activation of vagal afferent sensory neurons (Fig. 

1.4) [34, 35]. Accordingly, L cell-derived GLP-1 might interact with GLP-1Rs located on vagal 

afferent fibres innervating the gastrointestinal tract and the hepatic portal vein [30, 35]. The 

cell bodies of these vagal afferent neurons reside in the nodose ganglion, where expression 

of GLP-1Rs has been reported in rats [36]. Subsequently, these GLP-1R-positive neurons 

might activate neurons of the solitary tract nucleus, which may relay the signal to the 

hypothalamus [30]. Thereafter, the hypothalamus can transmit the signal to peripheral 

organs, including the pancreas, via different efferent pathways [34]. Notably, consistent with 

a neuroincretin effect of endogenous GLP-1, lentiviral knockdown of GLP-1R in the nodose 

ganglion of rats dampened postprandrial insulin release [37]. Nevertheless, it is noteworthy 

that these GLP-1R-dependent vagal circuits appear dispensable for the pharmacological 

regulation of glycaemia by GLP-1R agonists (see Incretin-based Therapies for the 
Treatment of T2D Section) [35, 37]. 
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Figure 1.4: Overview of GLP-1R-dependent vagal circuits. L cell-derived GLP-1 can interact with 
GLP-1R on vagal afferent fibres, innervating the gastrointestinal tract (a) and the hepatic portal vein 
(b), which, in turn, leads to the activation of vagal afferent sensory neurons of the nodose ganglion 
(c). The activation of these sensory neurons might result in the stimulation of neurons of the solitary 
tract nucleus (d), which transmits the signal to the hypothalamus (e). Subsequently, the 
hypothalamus relays the information to peripheral organs (f and g), via vagal efferent projections, to 
control gastric emptying and insulin secretion. This figure was generated using images from Servier 
Medical Art. 

 

A paracrine mechanism, involving GLP-1 production by pancreatic a-cells, has also been 

proposed to contribute to the GLP-1 effects on insulin secretion [38]. Indeed, although GLP-

1 secretion was thought to be restricted to enteroendocrine L cells, expression of the 

enzyme PC1/3, as well as secretion of bioactive GLP-1 from a-cells have been reported 

[39]. Interestingly, PC1/3 expression and GLP-1 secretion in a-cells might be upregulated 

under certain conditions such as b-cell stress, when there is increased demand for insulin 

secretion [32, 38]. Consistently, induction of PC1/3 expression and GLP-1 production have 
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been reported in streptozotocin-induced diabetic mice [32] and in mouse models of insulin 
resistance [40].  

Altogether, it is likely that the endocrine, paracrine and neuronal modes of action of GLP-1 

co-exist and their relative importance might vary in a context-dependent manner [30, 31]. 

1.2.5. Physiological Functions of GLP -1 
	

GLP-1 exerts its biological actions via activation of the GLP-1R, which is expressed in 
several tissues, including the pancreas, brain, heart and gastrointestinal tract among others.  

Besides GLP-1 insulinotropic properties, additional GLP-1 physiological actions within the 

endocrine pancreas have been reported [30]. Accordingly, GLP-1 regulates glycaemia 

through suppression of pancreatic glucagon secretion from a-cells [30, 37]. This inhibitory 

effect of GLP-1 on a-cell secretory activity has been suggested to be indirectly mediated 

through the paracrine action of somatostatin and insulin, whose secretion is stimulated by 

GLP-1 [30, 37]. Remarkably, GLP-1R expression in a subset of a-cells has been reported 

by some studies, implying that a direct mechanism involving the activation of these GLP-

1Rs might contribute to the inhibitory actions of GLP-1 on glucagon secretion [37]. 

Nevertheless, GLP-1R expression in a-cells is still controversial [30, 37]. Additionally, GLP-

1 has been shown to stimulate b-cell proliferation as well as to inhibit b-cell apoptosis in 

animal models of diabetes [41, 42]. Furthermore, GLP-1 also promotes b-cell survival in 

human islets [43]. 

The expression of GLP-1Rs in extrapancreatic tissues suggests additional GLP-1 biological 

actions beyond the pancreas [30, 44]. Indeed, GLP-1 secretion has been associated with 

inhibition of gastrointestinal motility and consequent delay of gastric emptying, which 

postpones nutrient absorption by the gut and leads to reduced plasma glycaemic excursions 

after a meal ingestion (Fig. 4) [30, 45]. Additionally, the widespread distribution of GLP-1Rs 

within the brain suggests that GLP-1 might play a role in the regulation of food intake and 

appetite [30, 34, 37]. Accordingly, intracerebroventricular (ICV) administration of GLP-1 

resulted in food intake inhibition, whereas ICV administration of exendin(9-39), an specific 

GLP-1R antagonist, increased food intake and body weight in rats [34, 37]. Notably, the 

existence of GLP-1-producing neurons in the brain suggests actions of centrally produced 

GLP-1 in food intake, which might be activated by peripheral stimuli such as distension of 

the stomach [34]. Nevertheless, it is also likely that peripheral GLP-1 might also be involved 
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in the regulation of energy intake [30, 34], since peripheral GLP-1 infusions have also been 
shown to reduce food intake [30].  

1.3. Type 2 Diabetes 
	

1.3.1. Pathogenesis of Type 2 Diabetes 
	

Type 2 Diabetes (T2D) is a chronic and multifactorial disease arising from a complex 

interaction between genetic and environmental factors [46, 47]. T2D is characterised by 

insulin resistance and loss of β-cell function and/or mass, which results in a decrease of 
insulin secretion, leading to elevated plasma glucose levels.  

Genes and the environment have both been shown to be important T2D risk factors [48], 

affecting b-cell function and insulin sensitivity [47]. Genome-wide association studies 

(GWAS) have identified several susceptibility loci linked to T2D [48]. Remarkably, the vast 

majority of these loci are associated with impaired b-cell function, indicating that inherited b-

cell abnormalities are important drivers for the development of T2D [47, 48]. Notably, genetic 

variants in the transcription factor 7-like 2 (TCF7L2) gene, which is one of the most important 

diabetes susceptibility genes identified to date [46, 48], have been associated with a reduced 

b-cell sensitivity to incretins [48]. Additionally, some GLP-1R genetic variants have been 

associated with either higher [49] or lower risk of T2D [50]. Concomitantly, lifestyle factors, 

such as sedentary lifestyle, diet, alcohol or smoking are also important determinants for T2D 
development [46].  

T2D has reached the status of global pandemic, affecting over 370 million people worldwide 

[47, 51]. This number is expected to increase within the coming years, principally due to an 

increase in the prevalence of obesity and sedentary lifestyle, which represent major risks for 

the development of the disease (World Health Organization) [46]. The development of T2D 

is often associated with macrovascular and microvascular complications and increased risk 

of cancer [46] and cardiovascular disease [52]. Importantly, T2D is one of the leading causes 

of death in the world (World Health Organization). Thus, T2D and its associated 

complications represent a major health problem and an enormous economic burden that 

urgently requires the development of therapies to improve glycaemic control and/or body 
weight [20]. 

1.3.2. The Incretin Effect in Healthy and Type 2 Diabetes Individuals 
	

As described above, incretin hormones play an important physiological role in the 

maintenance of glucose homeostasis. GLP-1 and GIP are secreted almost in parallel in 



 

 32 

response to nutrient absorption, enhancing insulin secretion in a glucose-dependent manner 

[23]. In healthy human subjects, the incretin effect accounts for 50-70% of the total insulin 

released in response to oral glucose, suggesting that physiological hyperglycaemia alone is 

a weak signal for insulin stimulation [53]. The effect of GLP-1 and GIP on insulin secretion 

has been reported to be additive and therefore the insulin secretory response after 

administration of both incretins is equivalent to the sum of the individual responses exhibited 

by GIP and GLP-1 [23]. In healthy individuals, GIP plasma concentration is usually higher 

than GLP-1 [53] and the individual contribution of both hormones to the incretin effect seems 

to differ. Thus, GIP has been proposed to be responsible for the majority of the incretin 

effect, whereas GLP-1 seems to contribute only to a minor extent [17, 23]. It is also 

noteworthy that the concomitant effect of GLP-1 on slowing gastric emptying may partially 
contribute to its incretin effect [15, 23]. 

The incretin effect is strongly reduced or even absent in patients with T2D [23, 54], and the 

defective incretin effect might contribute to the impaired insulin secretion, suggesting that 

incretin hormones might have a role in the pathophysiology of T2D [44, 53]. The reduced 

incretin effect in these patients is likely explained by the almost complete loss of the 

insulinotropic response to GIP [23, 55], which, as explained above, accounts for the majority 

of the incretin effect in healthy individuals [23]. Conversely, the insulinotropic properties of 

GLP-1 seem to be preserved in T2D [55], although GLP-1 potency in T2D patients is 

reduced compared with non-diabetic individuals [56]. The reduction in the incretin responses 

in T2D patients could potentially also be explained by a defect in the secretion of incretin 

hormones. There are, however, conflicting results concerning the secretion of incretin 

hormones in subjects with T2D, with some studies reporting impaired incretin secretion, 

while others have not found any defects [57]. Notably, meta-analyses imply that no systemic 

differences in incretin secretion exist between healthy individuals and T2D patients [23, 53]. 

On the contrary, the expression of GIPR and GLP-1R has been shown to be down-regulated 

at the mRNA level by chronic hyperglycaemia in animal models of diabetes [58]. Additionally, 

hyperglycaemia is associated with increased GLP-1R constitutive desensitisation linked to 

receptor loss from the cell surface [59]. These findings suggest that hyperglycaemia might 

be partially responsible for the pancreas failure to respond to GIP and GLP-1 in T2D patients 

and thus, might be reversible [53]. Remarkably, achieving near normalisation of blood 

glucose has been shown to partially improve b-cell responsiveness to exogenous 

administration of incretins in patients with T2D [23, 53]. Nevertheless, T2D features such as 
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b-cell mass reduction and impaired b-cell function will also result in a reduced incretin effect 

[23, 53]. 

1.3.3. Incretin-based Therapies for the Treatment of T2D  
	

T2D patients are susceptible to different severe complications as a result of chronic 

hyperglycaemia [46]. Diet and physical activity combined with glucose-lowering agents are 

essential to manage hyperglycaemia in T2D patients and prevent its complications (World 

Health Organization). Current available anti-diabetic drugs improve glycaemic control 

through different mechanisms, involving enhancement of insulin secretion, increasing insulin 

sensitivity or reducing renal glucose reabsorption [60]. Metformin monotherapy is the initial 

recommended therapy [46]. Nevertheless, when lifestyle and metformin monotherapy fails, 

combination therapies with other antidiabetic agents, including GLP-1R agonists or DPP-4 

inhibitors, is suggested [46] . 

Incretin-based therapies, which make use of the incretin system, have arisen as interesting 

approaches for the treatment of T2D. Although the therapeutic potential of GIP in T2D is still 

not obvious as its insulinotropic actions are severely compromised in T2D patients and due 

to its promotion of glucagon secretion [23], research is still conducted to identify 

therapeutically useful GIP-based drugs, such in the case of dual targeting of the GLP-1 and 

the GIP receptors [15]. On the contrary, the therapeutic utility of GLP-1R agonists is clear 

both because its incretin activity is partially retained in T2D patients and as a result of its 

glucose-dependent inhibition of glucagon secretion [44], which is often altered in T2D 

patients leading to hyperglucagonaemia [20, 31]. Remarkably, administration of 

pharmacological concentrations of GLP-1 partially restores the insulin secretory response 

to glucose as well as normalising fasting plasma levels of glucose in patients with TD2 [31]. 

Additionally, and since obesity is a usual T2D comorbidity, GLP-1 inhibitory effects on food 

intake and gastric emptying, which promote weight loss, provide additional benefits beyond 

its glucose-lowering actions [31]. Thus, the antidiabetic properties of GLP-1 supported the 

development of GLP-1-based therapies for the treatment of T2D [44]. Importantly, since 

incretin hormones only induce insulin secretion in the presence of high levels of glucose, 
these therapies are associated with a low risk of hypoglycaemia [31].  

The major challenges of GLP-1-based therapies are the short circulating plasma half-life 

and the fast renal clearance of native GLP-1. Thus, different therapeutic approaches have 

been adopted to address these problems [44] and, as a result, GLP-1-based therapies can 

be classified into two groups [31]: the first one includes DPP-4 inhibitors, which prevent the 
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proteolytic breakdown and degradation of GLP-1 and GIP, resulting in increased 

endogenous incretin plasma concentrations [31]; the second group consists in the 

administration of DPP-4-resistant GLP-1R agonists, resulting in supraphysiological dosages 

of GLP-1 analogues to stimulate the GLP-1R [31]. These GLP-1R peptide agonists are 

administered as subcutaneous injections, exerting their effects mainly via the systemic 
circulation [31]. 

Currently, seven different GLP-1R agonists are commercially available and can be 

categorised as short- or long-acting compounds [44]. Short-acting GLP-1R agonists include 

exenatide (twice-daily administered) and lixisenatide (once-daily administered). Exenatide 

is the synthetic version of exendin-4, a 39 amino acid peptide originally isolated from the 

saliva of the lizard Heloderma suspectum and found to have ~50% sequence homology to 

GLP-1. Exendin-4, unlike native GLP-1, is resistant to degradation by DPP-4 [31, 44]. 

Nevertheless, other enzymes, such as neutral endopeptidases, are also mediators of GLP-

1 as well as exendin-4 degradation [15]. As a result, the plasma half-life of exenatide and 

lixisenatide is only modestly improved (2.4 hours for exenatide and 3 hours for lixisenatide) 

[31]. Long-acting GLP-1R agonists include liraglutide, dulaglutide, albiglutide and exenatide 

once-weekly [31, 44]. Liraglutide, dulaglutide and albiglutide compounds are based on the 

GLP-1 structure and have been modified to avoid degradation by DPP-4 [44]. Additional 

modifications within these compounds, such as attachment of fatty acids or covalent binding 

to protein carriers, also prevent their renal elimination [31]. Conversely, exenatide once-

weekly is based on the exendin-4 structure and differs from exenatide twice-daily in that it 

is administered in injectable microspheres that results in its prolonged and sustained release 

[44]. The half-life of these long-acting GLP-1R agonists varies between 13 hours and 5 days, 

allowing their daily (liraglutide) or weekly (exenatide, albiglutide and dulaglutide) 

administration [44]. Additionally, unlike short-acting GLP-1R agonists, these long-acting 

compounds are administered independently of meal ingestion [31]. Finally, it is worth to 

mention that semaglutide, a new GLP-1R agonist, has been recently approved by the US 

Food and Drug Administration for the treatment of T2D [61]. Semaglutide is a once-weekly 

GLP-1R agonist, structurally similar to liraglutide, although it exhibits an enhanced albumin 

binding affinity [44]. Notably, this compound has been found to be superior to exenatide 

once-weekly and dulaglutide, resulting in a better reduction of HbA1c levels and body weight 
[44, 61]. 

All marketed GLP-1R agonists have been reported to reduce glycated haemoglobin (HbA1c) 

levels in T2D patients. However, short-acting GLP-1R agonists predominantly induce a 
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reduction of postprandrial plasma glucose levels, while the longer half-life of long-acting 

GLP-1R agonists promotes a reduction in both fasting and postprandial plasma glucose [31, 

44]. Additionally, GLP-1R agonists, unlike other glucose-lowering drugs used for the 

treatment of T2D [31], have been shown to promote body weight reductions [31, 44, 62]. 

Nevertheless, the therapeutic efficacy of these compounds is partially restricted by 

associated dose-dependent gastrointestinal side-effects such as nausea [31]. Thus, 

development of new compounds is still important in order to improve their half-life and 

efficacy as well as to reduce their adverse effects [31, 44]. In this context, GLP-1R biased 

agonism has emerged as a tool to favour particular GPCR therapeutic signalling pathways 
over those associated with side effects [37]. 

1.4. The GLP-1R 
	

1.4.1. The GPCR Family 
	

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

receptors, consisting of almost 800 protein members [63]. This superfamily of receptors can 

recognise a wide range of extracellular signals, including photons, ions, small organic 

molecules and peptides, resulting in the activation of different signalling pathways. This high 

diversity emphasises the essential role that GPCRs play in regulating physiological 

processes [64]. Thus, modulating GPCR activity through drugs is of great therapeutic 

interest for the treatment of a wide variety of diseases such as neurologic disorders [65], 

obesity [66] and diabetes mellitus [60]. Notably, around 34% of the drugs approved by the 

US Food and Drug Administration (FDA) target GPCRs, although the percentage of 

receptors that have not yet been explored in clinical trials remains still large [67]. 

GPCRs were first classified into six different classes based on their primary structure: Class 

A (rhodopsin-like), Class B (secretin-like), Class C (metabotropic glutamate), Class D 

(fungal mating pheromone receptors), Class E (cyclic AMP receptors) and Class F 

(frizzled/smoothened). Nevertheless, GPCRs can also be phylogenetically grouped into five 

different families (GRAFS classification system): Rhodopsin (Class A), Glutamate (Class C), 

Frizzled, Adhesion, and Secretin families. This phylogenetic classification subdivides class 
B GPCRs into the Adhesion and Secretin families [63]. 

All GPCRs possess a 3D structural conformation consisting of seven a-helical 

transmembrane domains (TM1-TM7) connected by three intracellular (IC1-IC3) and three 

extracellular loops (EC1-EC3), an intracellular carboxy (C)-terminal domain and an 

extracellular amino (N)-terminal domain [64]. The extracellular region of the receptor 
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regulates ligand access and binding. The core transmembrane region stabilises ligand 

binding and transduces the signals through conformational rearrangements, resulting in 

novel receptor conformations that can interact with cytosolic signalling proteins via its 
intracellular regions [64]. 

Ligand-induced conformational changes in the receptor lead to the activation of 

heterotrimeric G proteins, which are comprised of three subunits: Ga, Gb and Gg [68] . Upon 

G protein activation, the Ga subunit detaches from the other two subunits, allowing its 

interaction with downstream effectors [69]. Ga subunits can be classified into 4 types that 

differ in the nature of their interacting downstream effectors, resulting in the activation of 

different cellular processes. Briefly, class-I GaS are activators of adenylate cyclase (AC) and 

result in cyclic adenosine monophosphate (cAMP) generation; class-II Gai and Ga0 inhibit 

AC activity decreasing cAMP levels and activating MAP kinase signalling; class-III Gaq/11 

activate phospholipase C (PLC), leading to the generation of inositol trisphosphate (IP3), 

cytosolic Ca2+ elevation and activation of its downstream signalling; finally, class-IV Ga12/13 

are activators of Rho GTPases [60]. Additionally, activated GPCRs can also induce signal 

transduction through G protein-coupled receptor kinases (GRKs) and subsequent b-arrestin 

recruitment [70]. 

1.4.2. GLP-1R: Structure and Activation 

The GLP-1 receptor (GLP-1R) is a 463 amino acid-long protein that was first cloned from 

rat pancreatic islets and shown to bind specifically to the incretin GLP-1 [71]. Shortly 

thereafter, the human GLP-1R cDNA, which shares a 90% amino acid homology with the 

rat receptor, was isolated from human pancreatic islets [72]. The GLP-1R is a member of 

the Class B family of GPCRs. Additionally, based on phylogenetic analysis, the GLP-1R can 

be further subdivided into the B1 subfamily, which is composed of 15 hormone receptors, 
including the receptors for glucagon, GLP-1, GLP-2, GIP and secretin [73].  

Class B GPCR structures are characterised by a long extracellular N-terminal domain of 100 

to 150 amino acids, which is stabilised by disulphide bonds formed between the thiol groups 

of two cysteines [63, 74]. Indeed, the N-terminal domain of the GLP-1R contains six highly 

conserved cysteine residues [74]. Additionally, GLP-1R possesses an N-terminal cleavable 

signal peptide necessary for its correct biosynthetic processing and trafficking to the plasma 

membrane [75]. Furthermore, GLP-1R glycosylation is also required for its correct insertion 

into the plasma membrane. Accordingly, there are three asparagine residues within the 

GLP-1R N-terminal domain subjected to N-glycosylation [76], and treatment with 
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tunicamycin, an antibiotic that inhibits N-glycosylation, has been shown to reduce GLP-1R 
surface expression [75] (Fig. 1.5).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Human GLP-1R structure. GLP-1R, as shown for other GPCRs, consists of seven a-
helical transmembrane domains (1-7) joined by three intracellular (IC1-IC3) and three extracellular 
(EC1-EC3) loops, an intracellular C-terminal domain and an extracellular N-terminal domain. The 
long extracellular N-terminal domain is stabilised by disulphide bonds from six conserved cysteines 
residues (highlighted in green) and contains a cleavable signal peptide (highlighted in red) necessary 
for the correct processing and cell surface expression of GLP-1R. Additionally, GLP-1R glycosylation 
(highlighted in purple) is required for GLP-1R trafficking to and insertion into the plasma membrane. 
This image was generated using the Protter Software. PTMs: Post-translational modifications. 

 

A “two-step” mechanism has been proposed as the general accepted model for ligand 

binding and receptor activation for class B GPCRs [77]. In this model, the C-terminal part of 

the ligand peptide binds to the extracellular N-terminal domain of the receptor and the N-

terminus of the peptide interacts with the extracellular face of the transmembrane receptor 

region, leading to receptor activation [78]. Concomitantly, the intracellular surface of the 
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GLP-1R, particularly the third intracellular loop, has been shown to be required for the 
specific receptor coupling to G proteins [79]. 

1.4.3. GLP-1R Signalling and its Effects on b-cells 
	

GLP-1 exerts its intracellular effects on b-cells through binding to its specific receptor, the 

GLP-1R. The GLP-1R is highly expressed in b-cells and its activation has been associated 

with the potentiation of glucose-stimulated insulin secretion (GSIS), up-regulation of insulin 

biosynthesis and increase of b-cell proliferation and survival [74]. Pharmacological targeting 

of b-cell GLP-1Rs has proven clinically important for the improvement of insulin secretion in 

T2D patients [15, 23]. 

The GLP-1R is promiscuous in its G protein coupling, as it has been reported to couple to a 

range of G proteins, including GaS, Gai, Ga0 and Gaq/11 [80]. Nevertheless, GLP-1R 

coupling to the stimulatory GaS is the best-characterised and predominant interaction. GLP-

1R signalling through GaS leads to the activation of AC, resulting in the localised increase 

of intracellular cAMP [80]. At least nine different membrane-bound isoforms of AC are 

expressed in mammals [74]. In rat islets, mRNA expression of the AC III, IV, V, VI and VII 

isoforms has been detected, whereas transcript expression of the AC V and VI isoforms was 

found in human islets [74]. In rat b-cells, type VIII AC has been proposed to act as the 

principal AC responsible for GLP-1-induced cAMP production [15]. Notably, AC VIII is 

synergistically stimulated by GaS and calcium/calmodulin, integrating GLP-1-induced G 

protein and glucose-induced Ca2+ signals in b-cells [74]. Conversely, the AC responsible for 

mediating GLP-1R effects on cAMP concentrations in human b-cells has not yet been 

identified [15].  

The generation of cAMP by GLP-1R activity results in the activation of the downstream 

effectors protein kinase A (PKA) and cAMP-regulated guanine nucleotide exchange factor 

II (Camp-GEFII or Epac2) [74]. GLP-1R signalling has been shown to acutely enhance GSIS 

by increasing Ca2+ levels through PKA- and Epac2-dependent mechanisms. PKA augments 

Ca2+ levels through phosphorylation and closure of KATP channels [81], facilitating 

membrane depolarisation and allowing the opening of voltage-dependent Ca2+ channels 

[30]. Furthermore, PKA promotes Ca2+ release from intracellular compartments by 

enhancing Ca2+-induced-Ca2+ release (CICR) via activation of inositol-1,4,5-trisphosphate 

receptors (IP3R), with intracellular Ca2+ channel activity [74]. Similarly, cAMP- dependent 

activation of Epac2 induces CICR via activation of another class of intracellular Ca2+ 
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channels, the ryanodine receptors (RyR) [74, 82]. Additionally, GLP-1-induced CICR results 

in an increase of mitochondrial Ca2+ and subsequent stimulation of mitochondrial ATP 

synthesis, which, in turn, leads to further closure of KATP channels [30]. 

Concomitantly, GLP-1-dependent generation of cAMP might increase insulin secretion by 

directly triggering the exocytosis of the insulin secretory vesicles. Notably, both GLP-1R 

downstream effectors, PKA and Epac2, have been shown to control insulin granule 

dynamics [74, 82]. PKA-dependent transport of glutamate, generated by glucose 

metabolism, into insulin granules enhances vesicle exocytosis [83]. Additionally, PKA 

phosphorylates snapin, which is involved in the regulation of membrane fusion of insulin 

granules [84]. Activation of Epac2 also stimulates insulin granule release via the activation 
of the small GTPase Rap1, which promotes secretory granule priming [84] (Fig. 2).  

GLP-1 acts synergistically with glucose to increase insulin transcription and biosynthesis, 

maintaining insulin stores [85]. GLP-1 effect on insulin gene transcription has been proposed 

to be partially mediated by Pdx-1 (pancreatic duodenal homeobox-1) [74, 86], a transcription 

factor essential for pancreatic development and normal b-cell function [87]. Accordingly, 

pancreatic Pdx-1 mRNA and protein levels were found to be elevated after GLP-1 treatment 

[88, 89]. Furthermore, chronic treatment of rat insulinoma cells with GLP-1R agonists 

enhanced Pdx-1 nuclear translocation though a cAMP/PKA-dependent mechanism [90]. 

Additionally, NFAT (nuclear factor of activated T cells), a Ca2+/calmodulin transcription 

factor, might also contribute to the GLP-1 effect on insulin transcription and biosynthesis 
[74]. 

GLP-1R-dependent effects on b-cell survival and proliferation (Fig. 1.6) might involve the 

induction of the Akt/PKB pathway and the consequent up-regulation of Pdx-1 [85, 88, 89]. 

Akt is a serine/threonine kinase involved in b-cell survival and growth [91]. Consistently, 

db/db mice, a rodent model for type 2 diabetes, treated with the GLP-1R agonist exendin-4 

(Ex-4) exhibit increased b-cell mass, as a result of an increase in b-cell proliferation and a 

decrease in b-cell apoptosis, in association with a higher expression of pancreatic Akt [92]. 

Akt mediates its downstream responses by phosphorylating and inhibiting the transcription 

factor FOXO1 (forkhead transcription factors (Fox) of the O subclass), a negative regulator 

of Pdx-1 expression [87]. The importance of Pdx-1 to GLP-1R-dependent actions on b-cell 

mass is demonstrated by the inability of Ex-4 to promote proliferation and inhibit apoptosis 

in Pdx-1-/- mice [86]. Downstream targets of Akt/PKB also include NF-kB (nuclear factor 
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kappa B), a transcription factor involved in the control of apoptosis. A role for NF-kB in the 
anti-apoptotic effects of GLP-1 has been shown in rat insulinoma cells [43]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Schematic representation of GLP-1R main effects on b-cell survival and 
proliferation. GLP-1R activation promotes b-cell proliferation and survival through a cAMP- and 
Irs2-dependent mechanism, leading to the stimulation of Akt/PKB activity, which results in the up-
regulation of Pdx-1 and Bcl-2, a protein survival factor, expression levels. Activation of cAMP/PKA 
pathway also facilitates b-cell proliferation through activation of MAPKs and cyclin D1, a cell cycle 
protein. Additionally, GLP-1R-dependent transactivation of the EGFR aids in increasing Akt/PKB 
activity, b-cell proliferation and survival. EGFR transactivation is likely achieved via b-arrestin-1-
dependent recruitment of c-Src, which triggers the proteolytic processing of membrane-anchored 
betacellulin, an EGFR ligand. GLP-1R-dependent recruitment of b-arrestins can also induce b-cell 
proliferation through phosphorylation of ERK1/2. GRKs: G protein-coupled receptor kinases, AC: 
adenylate cyclase, cAMP: cyclic adenosine monophosphate, ATP: adenosine tryphosphate, Gs: G 
protein alpha S subunit, b and g: G protein beta and gamma subunits, Irs2: insulin receptor substrate 
2, c-src: proto-oncogene non-receptor-type tyrosine kinase, Pdx-1: pancreatic duodenal homeobox-
1, Bcl-2: B cell leukemia/lymphoma 2, NF-kB: nuclear factor-kappa B, pERK1/2: phosphorylated 
extracellular signal-regulated kinase 1/2, pCREB: phosphorylated cAMP response element binding 
protein, PKA: protein kinase A, FOXO: forkhead box O, EGFR: epidermal growth factor receptor, 
MAPK: mitogen-activated protein kinase, PI3K: phosphoinositide 3-kinase, Akt: thymoma viral proto-
oncogene, PKB: protein kinase B. This figure was generated using images from Servier Medical Art. 
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The GLP-1R-dependent Akt induction might be partially mediated through the activation of 

the cAMP/PKA pathway and the subsequent PKA-dependent phosphorylation and induction 

of the transcription factor CREB (cAMP response element binding protein) [93]. CREB 

activates the transcription of target genes involved in cell survival and proliferation [94]. 

CREB-regulated target genes in b-cells include the insulin receptor substrate 2 (Irs2), an 

adaptor protein that binds to the SH2 domains of signalling effectors such as 

phosphoinositide 3-kinase (PI3K) [93], with PI3K activation ultimately resulting in the 

activation of Akt [87]. Consistently, the effects of Ex-4 on b-cell survival and replication were 

lost in Irs2-/- mice [95].  

In addition to signalling via G proteins, compelling evidence indicates that b-arrestins are 

also involved in GPCR downstream signalling [96]. b-arrestins are ubiquitously expressed 

proteins that bind to agonist-occupied GPCRs following receptor phosphorylation by GRKs 

[96]. There are two non-visual b-arrestin isoforms, b-arrestin-1 and b-arrestin-2, which share 

78% sequence homology, as well as the visual arrestins expressed in photoreceptor 

cells [70, 97]. b-arrestins were first identified for their role in mediating GPCR 

desensitisation, which refers to the decreased receptor responsiveness to an agonist upon 

prolonged or repeated stimulation [70]. However, in recent years, it has become apparent 

that b-arrestins play a much wider signalling role than previously thought. It is now 

appreciated that, in addition to mediating GPCR signal termination, b-arrestins are also 

capable of regulating GPCR endocytosis and trafficking as well as acting as further 

signalling adaptor proteins [97]. GLP-1R recruitment of b-arrestin-1 leads to the 

phosphorylation and activation of extracellular signal-regulated kinases (ERK1/2), shown to 

mediate the anti-apoptotic effects of GLP-1 on b-cells [98]. Of note, GLP-1R can also 

activate ERK1/2 through a G protein-dependent pathway. However, while the 

GaS/cAMP/PKA pathway promotes predominantly the nuclear translocation of ERK1/2, the 

b-arrestin-1-dependent activation of ERK1/2 leads to the cytosolic retention of ERK1/2 [98]. 

The proliferative effects of GLP-1R appear to also involve the transactivation of the 

epidermal growth factor receptor (EGFR) in pancreatic b-cells via recruitment of the non-

receptor-type tyrosine kinase c-Src [99]. The EGFR is a receptor tyrosine kinase (RTK) 

involved in cell survival, proliferation and differentiation [100]. EGFR downstream signalling 

networks include the MAPK and the PI3K/Akt pathways [100], and thus EGFR 

transactivation might couple GLP-1R activation to b-cell survival and proliferation [101]. 
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1.4.4. Biased Signalling 
	

GPCRs couple to multiple effectors, signalling via several G protein-dependent and -

independent mechanisms. It is well established that distinct ligands acting at the same 

receptor can trigger different spectra of responses via multiple signalling pathways. This 

phenomenon is known as “biased signalling” or as ligand-directed signalling [102]. Biased 

signalling is a result of the ability of different ligands, which differ in their structure, to stabilise 

distinct receptor conformations, which will impact in the nature and strength of specific 

effector coupling [102]. Thus, differences in ligand responses might include differential 

coupling profiles to G proteins or to non-G protein effectors such as the b-arrestins. 

Additionally, individual ligands can drive different receptor phosphorylation patterns by 

GRKs, which could affect receptor engagement with b-arrestins or other signalling 

molecules [102]. Another aspect to take into account in the context of biased signalling is 

the ligand binding kinetics, defined by the association (Kon) and dissociation (Koff) rate 

constants. Notably, differences in the time of residence of a ligand bound to a GPCR might 

contribute to stabilise a specific receptor conformation for a prolonged period of time [102]. 

Ultimately, biased signalling might affect the receptor trafficking properties and 

compartmentalisation, which in turn might influence the nature of cellular signalling [102]. 

Biased signalling has been observed at multiple GPCRs, including the GLP-1R [103]. A 

study by Koole et al. quantified ligand-induced GLP-1R signalling, based on three 

physiologically relevant signalling pathways in b-cells: cAMP accumulation, ERK1/2 

phosphorylation and intracellular Ca2+ mobilisation. This revealed that all the GLP-1R 

peptide agonists tested (truncated and full length GLP-1 peptides, Ex-4 and oxyntomodulin) 

predominantly induce cAMP signalling over ERK1/2 and Ca2+. Nevertheless, the truncated 

GLP-1 peptides and Ex-4 exhibited a greater relative bias towards cAMP than full-length 
GLP-1 peptides and oxyntomodulin [104]. 

1.5. Endocytic Membrane Trafficking  
	

1.5.1. The Endocytic Pathway 
	

The endocytic pathway is a highly dynamic system whose main function is to regulate the 

membrane transport and molecular sorting of diverse cargo to various intracellular 

destinations [105]. The endocytic pathway is composed of a series of intracellular membrane 

compartments, including the sorting endosomes, the endocytic recycling compartment 

(ERC), late endosomes (LE) and lysosomes [106]. Additionally, the cytosol should be 

considered as an important element of the endocytic pathway since it provides transiently 
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associated, peripheral membrane proteins to intracellular compartments. These proteins 

regulate numerous processes such as molecular sorting, membrane fusion and fission, 

compartment identity and organelle motility [107] (Fig. 1.7).               

 

Figure 1.7: Overview of the endocytic pathway. Transmembrane cargo is internalised through 
clathrin-dependent and/or clathrin-independent mechanisms and subsequently transported to 
sorting endosomes. From there, cargo can be recycled back to the plasma membrane, directly 
through the sorting endosome (fast recycling) or indirectly via the ERC (slow recycling), or targeted 
for degradation to lysosomes. Targeting of cargo molecules to lysosomes involves cargo sorting into 
ILVs and is coupled with maturation of endosomes, resulting in the formation of late endosomes. 
Endosomal maturation involves multiple changes including endosomal acidification, additional ILV 
formation, movement from the cell periphery to the perinuclear area, morphology changes and 
acquisition of lysosomal components. LE: late endosomes, ERC: endocytic recycling compartment, 
MT: Microtubules. ILVs: intraluminal vesicles, TGN: trans-Golgi network, Rab: Ras associated 
binding proteins. 

 

Cargo molecules, including plasma membrane components, solutes and macromolecules, 

are internalised into the cell and subsequently transported to the sorting endosomes via 

membrane-bound vesicles [108, 109]. From there, internalised cargo can be recycled back 

to the plasma membrane through the ERC, transported via retrograde traffic to the trans-

Golgi network (TGN), or sorted to lysosomes for degradation via the LEs [108]. Thus, the 

endocytic trafficking process is essential for maintaining the membrane composition of 

various organelles and adequate levels of different cell surface proteins [110]. Notably, 
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defects or hijacking of this pathway have been associated with numerous diseases, 
including viral infections, dystrophies and neurodegeneration [111]. 

1.5.2. Mechanisms of Endocytosis: Clathrin-Mediated Endocytosis 

Endocytosis is a key process that initiates vesicular trafficking, consisting in the transport of 

cargo molecules from the plasma membrane into the cytoplasm of cells through membrane 

vesicles generated by invagination [109]. The cargo is composed mainly of integral 

transmembrane proteins involved in numerous physiological processes, including nutrient 

uptake, cell signalling and cell adhesion [109]. Different endocytosis pathways have been 

described in eukaryotic cells and can be broadly divided into those that are clathrin-

dependent and those that are clathrin-independent, including the Arf6- and caveolar-

dependent pathways [108]. However clathrin-mediated endocytosis (CME) is the best-

characterised pathway [109] and is considered the main endocytosis route in mammalian 
cells [112].  

Cellular responses are regulated by internalisation of signalling receptors and their bound 

ligands into the endocytic pathway [109]. Clathrin-mediated endocytosis (CME) regulates 

endocytic receptor internalisation via their concentration into clathrin coated pits (CCPs) that 

ultimately morph into clathrin coated vesicles (CCVs) [113]. These CCVs were first identified 

and described as regulators of receptor-mediated endocytosis by Roth and Porter in their 

studies of uptake of yolk proteins in mosquito oocytes [114].  

CCPs are composed mainly by the protein coat clathrin and the heterotetrameric adaptor 

protein 2 (AP2) complex [113]. However, generation of CCPs is a highly regulated process 

that requires, in addition to the main components clathrin and AP2, the presence of a myriad 

of endocytic accessory and regulatory proteins that are recruited to the plasma membrane 

in a specific manner, regulating each step of CCP formation [109, 113]. Accessory proteins 

assist in CCP formation by acting as cargo recruiters, as well as contributing to coat 

assembly and membrane bending [the role of accessory proteins, in particular Huntingtin 

Interacting Protein (HIP) 1, in GLP-1R endocytosis will be discussed in more detail in 

Chapter IV] [109, 113]. The process of CCP formation consists of consecutive and 

overlapping steps, involving the concentration of endocytic proteins at the plasma 

membrane, clathrin assembly, cargo recruitment, membrane bending and vesicle scission 
[109] (Fig. 1.8). 
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Figure 1.8: Overview of clathrin-mediated endocytosis. The process of CCP formation consists 
of a few consecutive and overlapping steps, involving the concentration of endocytic proteins at the 
plasma membrane [such as the adaptor protein 2 (AP2) and the endocytic accessory proteins 
Eps15/Eps15R, intersectin and FCHo 1/2], clathrin assembly, cargo recruitment, membrane bending 
and dynamin-mediated vesicle scission. EAPs: endocytic accessory proteins. FCHo 1/2: Fer/Cip4 
homology domain only proteins 1/2, Eps15: epidermal growth factor receptor pathway substrate 15, 
Eps15R: epidermal growth factor receptor pathway substrate 15-like 1. 

 
1.5.2.1. Initiation and Assembly of CCPs  
 
Initiation of CCPs occurs by clustering of the first components of the endocytic machinery at 

the plasma membrane, defining a nucleation site where CCP assembly will take place [109, 

113]. The heterotetrameric adaptor AP2 has been postulated as a primary initiator of 

endocytosis sites in mammalian cells [115, 116]. The AP2 complex is composed of four 

subunits (µ2, β2, α and σ2) and is recruited to the plasma membrane by binding to PI(4,5)P2-

rich plasma membranes through its α and β2 subunits [117]. Subsequently, AP2 recruits 

clathrin, as well as a set of pioneer accessory proteins including FCHo 1/2, Eps15/Eps15R 

and intersectin, to the plasma membrane. These early endocytic proteins interact with each 

other as well as with AP2 and clathrin, stabilising AP2 clusters and enhancing clathrin 

assembly [109, 113]. Cytosolic clathrin molecules are found as trimers or triskelions, 

composed of three clathrin heavy chains (CHCs), each with a clathrin light chain (CLC) 

associated. The clathrin triskelion self-assembles into a polyhedral lattice that coats 
membrane vesicles [118, 119]. 
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1.5.2.2. Regulation of Receptor Recruitment into CCPs 
	
Transmembrane receptors are recruited into CCPs through specific binding regions located 

within their cytoplasmic face, mediating interactions with different endocytic proteins present 

in the nascent CCP [109]. These receptor cytoplasmic sequences act as sorting signals 

regulating receptor sorting and concentration into CCPs. The best-characterised binding 

sequences include the tyrosine-based motifs YXXØ (where Ø is an aromatic amino acid) 

and [FY]XNPX[YF], as well as the acidic dileucine motif [DE]XXXL[LI] [120]. AP2 has been 

shown to bind directly to these internalisation signals through its µ2 subunit [121, 122]. 

Additionally, a large number of adaptor proteins, collectively called clathrin-associated 

sorting proteins (CLASPs) participate in the recognition and sorting of transmembrane cargo 

[121]. In fact, b-arrestins have been shown to function as adaptors during internalisation of 

some GPCRs [96]. Additionally, post-translational modifications such as phosphorylation 
and ubiquitination regulate these receptor-adaptor protein interactions [121, 123].  

Several studies have proposed a mechanism, or “endocytic checkpoint”, that links the 

processes of cargo loading and vesicle scission, preventing the progression of empty 

vesicles that result in “abortive CCPs” [109, 124, 125]. Cargo molecules are therefore 

involved in CCP maturation [109, 113, 121]. Accordingly, cargo loading contributes to CCP 

stabilisation and progression to productive CCPs, leading to successful vesicle budding 

[124, 125]. 

1.5.2.3. Membrane Bending and Vesicle Scission 
	
Membrane curvature generation occurs during CCP maturation. The clathrin coat, several 

accessory proteins and actin filaments have all been proposed to contribute to membrane 

deformation [109]. Polymerisation of clathrin into polyhedral lattices forces plasma 

membrane bending and shaping, converting the flat plasma membrane into a CCP [109, 

126]. Additionally, some accessory proteins have the ability to induce membrane curvature 

and deformation. For instance, epsin 1, through insertion into the lipid bilayer of an 

amphipathic helix comprised within epsin N-terminal homology domain (ENTH), drives 

membrane tubulation [127]. Actin filaments have also been suggested to contribute to 

membrane bending [128]. Nevertheless, while inhibition of actin polymerisation strongly 

inhibits endocytic internalisation in yeast, in mammals, the effects of actin-perturbing drugs 
on endocytosis are dependent on the specific cell-type and growth conditions [128]. Actin 

polymerisation at CCPs has been proposed as the mechanism by which force is generated 

for bending the plasma membrane [109]. Actin filaments might be recruited in the late steps 
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of CCP formation, close to the time of vesicle scission, by accessory proteins such as the 

epsins or the huntingtin-interacting protein 1-related protein (HIP1R), coupling the actin 

cytoskeleton with the endocytic machinery [109, 128]. 

Thereafter, CCPs pinch off from the plasma membrane following vesicle scission by the 

action of the GTPase dynamin, recruited to the neck of the vesicle [109]. Subsequently, 
detached CCVs are immediately uncoated and fuse with sorting endosomes [109]. 

1.5.3. Endosomal Trafficking 
	

1.5.3.1. The Endolysosomal Network  
	
The endolysosomal network is comprised of a series of dynamically interconnected 

organelles in the endocytic pathway, constituting a central traffic hub for the sorting of 

transmembrane proteins to different intracellular destinations [110]. These cargo proteins 

enter the network both from the biosynthetic pathway and upon endocytosis from the plasma 

membrane [110]. Sorting endosomes, also referred to as early endosomes, constitute the 

first organelles that receive the cargo-containing endocytic vesicles initially originated at the 

plasma membrane [106]. The origin of these endocytic vesicles is diverse, deriving from 

different endocytic internalisation routes such as clathrin- and caveolar-dependent pathways 

[107]. Sorting endosomes, as well as fusing with plasma membrane-originated vesicles, are 

capable of fusing with other sorting endosomes, in a process known as homotypic fusion 

[129]. Sorting endosomes consist of a central vacuole (approximately 100-500 nm in 

diameter) from where tubular structures (approximately 20-50 nm in diameter) and inwardly-

budding intraluminal vesicles (ILVs) (approximately 40-60 nm in diameter) emanate [130]. 

The main function of this organelle is the correct sorting of transmembrane proteins [110]. 

Indeed, the tubular elements of sorting endosomes are involved in the export of recycling 
molecules, whereas cargo targeted for lysosomal degradation is sorted into the ILVs [105].  

Endosomes are highly dynamic organelles, undergoing multiple morphological and 

biological changes, in a process known as endosomal maturation. Endosomal maturation 

regulates the progression from sorting endosomes to LEs and involves several mechanisms 

[107]. LEs are also referred to as multivesicular bodies (MVBs) or multivesicular endosomes 

(MVEs), since they contain numerous ILVs accumulated via maturation of the original sorting 

endosomes [110]. Additionally, LEs undergo several rounds of homotypic fusion, growing in 

size and acquiring more ILVs as they mature further [107]. Of note, although some 

investigators used the MVB/MVE terms as synonyms of LEs, others define these 

multivesicular compartments as intermediate organelles between sorting endosomes and 
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LEs [130]. In any case, both definitions associate the increasing number of ILVs with 

endosomal maturation [130]. Endosomal acidification is also an important step in their 

maturation [107]. The vacuolar ATPases (V-ATPases) contribute to organelle acidification 

by driving proton pumping in an ATP-dependent manner, generating a positive internal 

membrane potential and a low pH [131]. These V-ATPases are large multi-subunit 

complexes including a transmembrane V0 domain, involved in the translocation of protons 

from the cytoplasm into the vacuolar lumen, and a cytosolic V1 domain, which drives ATP 

hydrolysis [132]. The activity of these proton pumps can be regulated by multiple 

mechanisms, including control of the V-ATPase membrane density, selection of V-ATPase 

isoforms and regulation of dissociation and association of the V0 and V1 subunits [133, 134]. 

As a result, each organelle has a different lumenal pH: sorting endosomes have a pH 

between 6.8 and 6.1, LEs have a pH in the 6.0-4.8 range and in lysosomes the pH values 

are around 4.5 [107]. Consistently, inhibition of V-ATPase activity by treatment with 

bafilomycin A1 slows the conversion of sorting endosomes to late endosomes and the 

following fusion with the lysosomes [106]. 

Mature LEs display a globular vacuole appearance and have a diameter of 250-1000 nm 

[130]. LEs carry newly synthesised lysosomal hydrolases derived from the secretory 

pathway, necessary for the maintenance and function of the lysosomes [107]. Ultimately, 

LEs fuse with the lysosome, resulting in the formation of an endolysosomal compartment 

where the degradation of cargo-containing ILVs takes place [110]. Notably, endosomal 

maturation requires the translocation of endosomes along microtubules from the cell 
periphery to the perinuclear area, where lysosomes are predominantly found [107].  

1.5.3.2. Endosome Identity and Function  
	
A key group of regulatory proteins that localise to distinct subsets of membranes of the 

endocytic pathway are the Rab proteins, which are a family of small monomeric GTPases 

involved in organelle identity and function [135]. Rab5 is one of the best-characterised 

members of the Rab family, involved in the biogenesis and function of sorting endosomes 

[129, 136]. Upon Rab5 activation by the Rabaptin-5/Rabex-5 complex [137], Rab5-GTP is 

able to recruit effector proteins to the sorting endosome regions where it is localised. Some 

of the Rab5 effectors include the p150/hVps34 PI3-kinase and the large coiled-coil tether 

early endosomal antigen 1 (EEA1) [136]. Notably, generation of phosphatidylinositol 3-

phosphate (PI3P) by PI3-kinase activity promotes the further recruitment to sorting 

endosomes of endosomal effectors containing PI-binding domains such as the sorting 

nexins and the retromer complex, involved in endosomal sorting and recycling (the role of 
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sorting nexins and retromer will be discussed in more detail in Chapter V) [138]. EEA1, 

which binds to both Rab5 and PI3P, is one of the most generally used marker for sorting 

endosomes and is involved in endosome membrane fusion [139].  

Recently, it has been found that the organisation of endosomes is more complex than 

previously thought. Indeed, endosomes have been shown to contain distinct membrane 

domains enriched with particular Rab proteins and their effectors, suggesting a role for Rab 

proteins in endosome membrane compartmentalisation [135]. Interestingly, 

immunofluorescence and videomicroscopy studies performed in cell expressing GFP-

tagged Rab5, Rab4 and Rab11 have identified three main subpopulations of endosomes: 

the first one is mainly enriched in Rab5, the second one harbouring Rab5 and Rab4 and the 

third one containing Rab4 and Rab11 [140]. A model has been proposed whereby 

endosomes are defined as a mosaic of functional dynamic membrane domains that can 

communicate between each other but at the same time maintain a relatively stable 
organisation [140] (Fig. 1.9).  

                                             

Figure 1.9: Schematic representation of endosomes as a mosaic of dynamic domains. Rab 
proteins are involved in endosomal membrane compartmentalisation, defining distinct endosome 
domains that are dynamically interconnected. Studies of Rab5, Rab4 and Rab11 tagged with GFP 
have identified three main populations of endosomes, depicted in green, red and blue, respectively. 
Cargo enters the cell mainly through Rab5-enriched endosomes. From there, cargo can be rapidly 
recycled back to the plasma membrane through its sorting into Rab4-positive domains within the 
same endosome, or recycled via perinuclear Rab11- and Rab4- enriched endosomes [140]. 

 

These Rab domains interact through the action of tethering molecules. For example, 

Rabaptin-5, a Rab5 effector, might mediate membrane domain communication through its 
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simultaneous binding to Rab4 and Rab5 [141]. Furthermore, according to this model, Rab5-

positive endosomes would constitute the entry route in the endosomal network, whereas 

Rab4- and Rab11-enriched domains would be involved in the regulation of recycling events 

[135]. This model is also consistent with the existence of two different kinetic recycling 

routes, as previously described for the transferrin receptor [142]. Accordingly, in the “fast 

recycling route”, cargo will be directly recycled back to the plasma membrane via sorting of 

cargo from a Rab5 to a Rab4 domain localised within the same endosome. Conversely, the 

“slow recycling route” would involve the recycling of cargo from a Rab5 endosome via a 

separate endosomal population enriched in Rab4 and Rab11 domains that likely 

corresponds to the perinuclear ERC [135], consisting of a collection of tubular organelles 

with diameters of about 60 nm [106]. 

Rab7, on the other hand, is the most important identity marker of LEs. In fact, endosome 

maturation requires Rab5 to Rab7 conversion. These Rab switches are associated with 

changes in the set of protein effectors recruited to endosomes, redefining the identity of the 

organelle [107]. Rab7 effectors include the retromer complex, proteins that connect LE to 

dynein motors and component of the HOPS tethering complex [107]. 

1.5.3.3. Endosomal Sorting Mechanisms  
	
Internalised ligand-receptor complexes are transported to the sorting endosomes, where 

receptors are targeted towards different destinations [108]. From sorting endosomes, cargo 

proteins can be sorted for degradation within the lysosome via LEs/MVBs or recycled back 

to the plasma membrane in a resensitised form, allowing receptor reactivation and restoring 

cellular responsiveness to a ligand [110]. As stated before, cargo can be recycled back to 

the plasma membrane directly from sorting endosomes through the “fast recycling route”, or 

transported from sorting endosomes to the ERC and subsequently to the plasma membrane 

via the “slow recycling route” [143]. Additionally, some evidence indicates that cargo can be 

recycled from the sorting and late endosomes as well as from the ERC via retrograde 

trafficking to the TGN [144, 145]. It is noteworthy to mention that since the endocytic pathway 

is a dynamic system, it is likely that cargo molecules can also be found under certain 

conditions in alternative pathways, apart from the main trafficking routes that they generally 
utilise [106]. 

Upon endocytosis, the acidic environment of sorting endosomes triggers the release of 

many ligands from their receptors. These ligands are then mixed with internalised solute 

molecules that, as a result of endosome maturation, will be delivered to lysosomes [106]. 
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The targeting of signalling receptors to the LE and lysosomes has been described as 

generally resulting in signal termination and loss of cell responsiveness to further stimulus, 

until a new set of receptors is synthesised [106]. Receptors targeted to lysosomes for 

degradation are usually post-translationally modified by ubiquitination, which consists in the 

covalent attachment of ubiquitin, a 76 amino acid protein, to lysine residues of 

transmembrane receptors [146]. This modification is recognised by a series of multiprotein 

complexes known as the endosomal sorting complex required for transport (ESCRT) 

machinery [147]. The ESCRT machinery regulates the sorting of cargo into ILVs of MVBs, 

retaining the ubiquitinated receptors in maturing endosomes that will eventually fuse with 

the lysosomes [110]. Importantly, inclusion of signalling receptors in ILVs prevents their 

contact with the cytosol, leading to receptor signal inactivation [107]. 

The ESCRT machinery is composed of 4 complexes: ESCRT-0, ESCRT-I, ESCRT-II and 

ESCRT-III [148]. The ESCRT-0 complex is a heterodimer comprised of the hepatocyte 

growth factor-regulated tyrosine kinase substrate (Hrs) and the signal transducer adaptor 

molecule (STAM). Hrs, through its FYVE zinc finger domain, binds to PI3P, triggering the 

recruitment of the entire ESCRT-0 complex to sorting endosomes [148]. At endosomes, 

ESCRT-0 is capable of binding to ubiquitinated cargo, since it contains multiple ubiquitin-

binding domains. Notably, although this complex binds to ubiquitin moieties with low affinity 

[147], a single ESCRT-0 complex can bind to several ubiquitin-modified cargoes [148]. 

Furthermore, ESCRT-0 is capable of self-assembling, further increasing its avidity for 

ubiquitin-containing cargo [147]. As a result, cargo might start to be concentrated at certain 

regions of sorting endosomes, defining a degradative subdomain [110, 148]. Additionally, 

flat clathrin lattices, which are recruited by Hrs, can help further stabilise this endosomal 

subdomain [147]. ESCRT-0 subsequently recruits the ESCRT-I complex. Components of 

ESCRT-I, Tsg101 (tumor susceptibility gene 101 protein) and UBAP1 (ubiquitin-associated 

protein 1), are capable of binding ubiquitin with low affinity, contributing to correlate cargo 

at degradative subdomains [110]. Similarly, vacuolar protein sorting-associated protein 36 

(VPS36), a subunit of the ESCRT-II complex, associates with ubiquitinated cargoes with a 

modest affinity [110].  

The ESCRT-III complex is then recruited to endosomes through direct interactions with 

ESCRT-II. ESCRT-III, unlike the other early-acting ESCRT complexes, does not contain 

ubiquitin binding domains [147]. Instead, a role for ESCRT-III in physically restraining the 

lateral diffusion of cargo at the endosomal membrane has been proposed [110, 147]. 

Additionally, ESCRT-III is involved in membrane budding and scission, although the exact 
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mechanism is not fully understood [110]. It has been suggested that the ability of ESCRT-III 

to polymerise into spiral filamentous structures could encircle cargo [148] as well as induce 

membrane deformation and neck constriction of the inwardly budding ILVs [149]. ESCRT-

III also promotes the recruitment of deubiquitinating enzymes that mediate deubiquitination 
of ILV cargoes allowing the reuse of the ubiquitin moieties [110]. 

Cargo destined for recycling needs to avoid inclusion in ILVs of MVBs [110]. Accordingly, 

before the mature LE fuses with the lysosomes, cargo is efficiently retrieved for recycling 

[106]. Cargo molecules were first thought to be mainly recycled through a “default” 

mechanism [110, 150]. This premise was supported by the characteristic geometry of the 

tubulo-vesicular sorting endosomes, and this type of recycling was in fact termed sequence-

independent geometric-based sorting [106, 110]. Accordingly, most of the membrane of the 

sorting endosomes would be recycled back to the plasma membrane by the pinching off of 

tubular structures from the vacuolar central region. This model was based in the observation 

that the membrane volume ratio is higher in the tubular structures than in the vacuolar region 

of sorting endosomes and therefore the pinching off of tubules predominantly sorts recycled 

membrane from the luminal soluble content [106]. Therefore, in the absence of specific 

recycling sorting signals, membrane-associated cargoes would be preferentially 

concentrated in the tubular structures of the sorting endosomes and recycled. These tubules 

would then undergo membrane fission, promoting cargo recycling to the plasma membrane 

via tubulo-vesicular transport carriers [106, 110]. Nevertheless, two main observations 

suggested that the majority of the membrane protein cargoes does not recycle by default 

[110]. Firstly, linear peptide sequences important for recycling, the so-called recycling 

sorting signals, were identified within the cytoplasmic tails of numerous transmembrane 

proteins [151]. Secondly, these sorting signals were found to be recognised by a wide range 

of cargo adaptors [152, 153] that, together with the retromer [154] and retriever [155] protein 

complexes, are involved in endosomal retrieval and cargo recycling [138, 156]. Thus, it is 

now believed that the majority of transmembrane proteins that are recycled back to the 
plasma membrane do so by active sorting [151]. 

 

1.6. Relationship Between Receptor Signal Transduction and Endocytic 
Membrane Trafficking 
	
Cell surface receptors are responsible for signal transduction, communicating changes in 

the extracellular environment to the cell interior, and triggering intracellular signalling 
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cascades, ultimately resulting in a cellular response [157]. Some of the cellular responses 

to ligand-mediated signalling events include uptake of nutrients and ions, regulation of 

protein and DNA synthesis, and decisions about the proliferation or death of the cells [157]. 

Therefore, it is not surprising that dysregulation of receptor signalling will have critical effects 

on cellular homeostasis. In fact, aberrant signalling of growth factor receptors has been 

associated with several types of cancer [158]. Furthermore, loss-of-function or gain-of-

function mutations in genes that encode GPCRs and G proteins have been shown to be 
implicated in a variety of human endocrine-related diseases [159]. 

Changes in receptor abundance at the cell surface can alter cellular responses. The 

presence of a given receptor at the plasma membrane, able to respond to extracellular 

signals, is controlled by two central trafficking events: plasma membrane delivery by the 

secretory pathway and retrieval by the endocytic pathway [110]. Compelling evidence 

indicates that endocytic membrane trafficking influences signal transduction. Early studies 

on the class A GPCR b-adrenergic receptor provided evidence of the relationship between 

receptor signalling and trafficking [160]. Accordingly, short-term agonist exposure (in the 

order of minutes) resulted in a loss of adenylate cyclase activity that was readily reversible 

and that did not change the total number of receptors in the cell. On the contrary, long-term 

agonist exposure (in the order of several hours or more) caused a down-regulation of 

receptor numbers [161]. The first short-term process was associated with receptor 

sequestration in CCPs and subsequent recycling to the plasma membrane, whereas the 

second long-term process involved proteolytic downregulation of receptors following their 

sorting to lysosomes [160]. Interestingly, the b2-adrenergic receptor (b2AR) has been shown 

to exert opposite effects on cardiac contraction rates by coupling to different G proteins 

[162]. Activated b2ARs at the plasma membrane are initially coupled to Gs proteins, 

resulting in the acceleration of cardiac muscle contractions. However, upon activation, b2AR 

is internalised and recycled to the plasma membrane, allowing receptor coupling to Gi 

proteins and slowing cardiac muscle contractions [162]. It has been proposed that b2AR 

recycling is necessary to remove the receptor from a plasma 
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membrane region enriched in Gs proteins and to insert it into a distinct surface region 

enriched in Gi proteins [163]. b2AR recycling is mediated through a PDZ-binding motif within 

its cytoplasmic tail that can engage different endocytic proteins involved in endosomal 

sorting and recycling such as SNX27 [162]. In fact, disruption of this PDZ-binding motif 

impairs b2AR coupling to Gi proteins [163]. The latest examples provide a perspective on 

how endocytic trafficking can impact cell physiology. Indeed, endocytic receptor trafficking 

is implicated in disease progression. For instance, overexpression of the protease-activated 

receptor 1 (PAR1), a GPCR, promotes breast carcinoma cell invasion as a result of 

trafficking alterations [164]. Particularly, PAR1 is not efficiently degraded in breast 

carcinoma cell lines, resulting in an aberrant PAR1 signalling that leads to cellular invasion 
[164].  

An emerging body of evidences indicate that, in addition to maintaining adequate surface 

receptor levels to sense the extracellular environment, endocytic trafficking regulates 

receptor signalling by controlling the subcellular location and timing of specific receptor-

induced signalling reactions [160]. Indeed, accumulating data indicate that receptor 

internalisation promotes sustained receptor signalling on intracellular endosomal 

membranes [165]. The existence of activated EGFR as well as diverse downstream 

effectors at endosomes represented the initial key finding that supported the idea that 

endosomal membranes are important sites of receptor-initiated signal transduction [166, 

167]. Thereafter, endosomal signalling by activated GPCRs was also confirmed [165]. 

Accordingly, GPCR interaction with b-arrestins and subsequent internalisation was shown 

to promote G protein-independent MAPK signalling on sorting endosomes [168]. 

Additionally, G protein signalling was also found to occur on intracellular membranes [165]. 

Notably, two independent studies showed that the parathyroid hormone receptor (PTHR) 

and the thyroid stimulating hormone receptor (TSHR) are capable to induce a second 

sustained phase of cAMP production, which can be abrogated by blocking internalisation 

[169, 170]. Interestingly, while PTHR-mediated prolonged cAMP generation occurs within 

an endocytic domain positive for Rab5 [170], the Golgi/trans-Golgi network is the most likely 

site of TSHR intracellular G protein signalling, suggesting that GPCR signalling occurs at 

multiple intracellular locations [169, 171]. Signalling by internalised GPCRs has been shown 

to be physiologically relevant. Endosome-based cAMP signalling was found to be involved 

in promoting a different gene transcription regulation program than that resulting from 

plasma membrane-dependent cAMP generation [172]. For example, TSHR-induced 

activation of intracellular G proteins at the TGN specifically promoted PKA-dependent 
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phosphorylation of CREB and gene transcription, mediating TSH nuclear effects [171]. 

Thus, signal compartmentalisation along the endocytic pathway allows the interaction of 

activated receptors with downstream signalling effectors at discrete endocytic membrane 
compartments, specifying unique cellular outcomes [165]. 

The temporal and spatial organisation of receptor signalling along the endocytic pathway 

points towards a promising direction for future drug development programs, involving the 

design of more specific drugs capable of selectively stimulating or inhibiting receptor 

signalling at the desired time and correct subcellular location [160]. For example, while both 

vasopressin and oxytocin ligands are able to induce cAMP/PKA signalling upon activation 

of the vasopressin type 2 receptor (V2R), only vasopressin produces strong antinatriuretic 

and antidiuretic effects [173]. Interestingly, the ability of vasopressin to induce sustained 

cAMP generation upon b-arrestin-dependent V2R internalisation was found to account for 

the differences in signalling strength between the two native ligands of the V2R [173]. 

Therefore, designing GPCR agonists that favour cell surface over intracellular signalling or 

vice versa, will improve drug efficacy and tolerability [165]. Remarkably, selectively inhibition 

of NK1R endosomal signalling, achieved through specific endosomal targeting of a 

cholesterol-conjugated NK1R antagonist, attenuated nociception in vivo, suggesting that 

subcellularly-specific therapeutic antagonism of the NK1R could be used for the treatment 
of chronic pain [174].  

Overall, the examples provided above support the idea that receptor internalisation and 

signalling are intimately linked, cooperating together to mediate the effects of extracellular 
ligands [165]. 

1.7. Thesis Objectives  
	

Hypothesis: In this thesis, we hypothesise that modulating GLP-1R trafficking along the 

endocytic pathway will have an impact on GLP-1R signalling that is pharmacologically 

relevant for the control of pancreatic b-cell function and survival.  

The main objective of the thesis is to determine the molecular mechanisms underlying the 

control of internalisation and recycling of the GLP-1R in pancreatic b-cells upon activation 

by GLP-1 and other pharmacological agonists, and the investigation of the contribution of 

this trafficking to the fine-tuning of GLP-1R signalling and b-cell behaviour, in particular the 

process of regulated insulin secretion. In order to do that, the following specific aims have 
been addressed: 
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1. To identify and select relevant factors of the endocytic machinery involved in the control 

of GLP-1R trafficking in order to study them in detail. With that purpose, we have 

screened a mouse-specific membrane trafficking siRNA library targeting 29 genes 

involved in GPCR trafficking regulation, to uncover endocytic factors relevant for GLP-

1R trafficking and downstream signalling with significant effects on the potentiation of 

insulin secretion in b-cells. 

2. To further characterise the impact of specific endocytic trafficking candidate regulators 

selected from the abovementioned screen, namely HIP1, SNX1 and SNX27, in the 

control of GLP-1R biology within mouse and human pancreatic b-cells, as well as in 

primary human islets. 

3. To determine the functional role of agonist-dependent GLP-1R palmitoylation on GLP-
1R plasma membrane distribution and clustering, as well as trafficking and signalling. 
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2.1. Reagents  
	
Exendin-4, exendin(9-39), and GLP-1 (7-36)NH2 were purchased from Bachem; custom 

peptides were obtained from Insight Biotechnology; 2-(Ethylsulfinyl)-4-[3-

(phenylmethoxy)phenyl]-6-(trifluoromethyl)-pyrimidine (BETP), 2-mercaptoethanesulfonate 

(MesNa) and monensin were purchased from Sigma Aldrich; Fluorescein isothiocyanate 

(FITC) was conjugated to exendin-4 and exendin-phe1 at position K12, as previously 

described [175]; the cleavable O6-benzylguanine disulfide (BG-SS) SNAP tag probes (BG-

SS-488, BG-SS-549 and BG-SS-biotin) were kindly provided by New England Biolabs 

(NEB); SNAP-Surface 488, SNAP-Surface 549 and SNAP-Cell TMR-Star probes were 

purchased from NEB; Streptavidin 10-nm-gold was purchased from Life Technologies; 

Coelenterazine h was purchased from Thermo Fisher Scientific.  

2.2. Cell Culture  
	
MIN6B1 (derived from mouse MIN6 insulinoma cells [176], a kind gift from Prof Philippe 

Halban, University of Geneva, Switzerland) and stable MIN6B1-SNAP-GLP-1R cells were 

cultured in DMEM medium (Sigma) at 25 mM D-glucose supplemented with 15% foetal 

bovine serum (FBS), 71 µM 2-mercaptoethanol (Sigma-Aldrich), 2 mM glutamine and 1% 

penicillin/streptomycin. EndoC-βH1 sublines were seeded in ECM/fibronectin-coated plates 

and cultured in DMEM medium (Sigma) supplemented with 5.5 mM D-glucose, 2% bovine 

serum albumin (Roche), 50 µM 2-mercaptoethanol, 10 mM nicotinamide (VWR), 5.5 µg/ml 

transferrin (Sigma-Aldrich), 6.7 ng/ml sodium selenite (Sigma-Aldrich) and 1% 

penicillin/streptomycin. Parental INS-1 832/3 cells and INS-1 832/3 GLP-1R or GIPR KO 

cells, generated by endogenous deletion of GLP-1R or GIPR by CRISPR/Cas9 (a gift from 

Dr Jacqueline Naylor, MedImmune [177]), were cultured in RPMI-1640 medium (Sigma) at 

11 mM D-glucose, supplemented with 10% FBS, 10 mM HEPES, 2 mM L-glutamine, 1 mM 

pyruvate, 50 μM 2-mercaptoethanol and 1% penicillin/streptomycin. Parental HEK293 cells 

and HEK293 wild type and b-arrestin-1/2 knockout cells, generated by CRISPR/Cas9 [178], 

stably expressing SNAP-GLP-1R were cultured in DMEM medium (Sigma) at 25 mM D-

glucose supplemented with 10% FBS and 1% penicillin/streptomycin. Parental CHO-K1 

cells and stable CHO-GLP-1R-RLuc8 and CHO-SNAP-GLP1R cells were cultured in RPMI-

1640 medium (Sigma) at 11 mM D-glucose supplemented with 10% FBS, and 1% 
penicillin/streptomycin.  

Stable MIN6B1-SNAP-GLP-1R and CHO-SNAP-GLP-1R cells were generated by 

transfecting MIN6B1 or CHO-K1 cells with pSNAP-GLP-1R (Cisbio), G418 selection (1 
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mg/ml), and single-cell selection by fluorescence-activated cell sorting (FACS) following 

labelling with SNAP-Surface 488. HEK293 wild type and b-arrestin-1/2 knockout cells stably 

expressing SNAP-GLP-1R were generated by transfecting HEK293 wild type or b-arrestin-

1/2 knockout cells with pSNAP-GLP-1R (Cisbio), G418 selection (1 mg/ml), and selection 

by FACS following labelling with SNAP-Surface 488. CHO-GLP-1R-RLuc8 cells were 

generated by transfecting CHO-K1 cells with GLP-1R–RLuc8 (see Table 2.1 for a detailed 

information of plasmid origins), G418 selection, and individual clone screening by luciferase 
assay. 

 

Table 2.1: List and origin of Plasmids used during this PhD project. 

2.3. Human Islet Culture 
	
Human islet studies were approved by the National Research Ethics Committee London 

(REC07/H0711/114). Islets were isolated from normoglycaemic donors with informed 

consent and ethical approval. Islets were cultured in RPMI-1640 medium supplemented with 

5.5 mM D-glucose, 10% FBS, 1% penicillin/streptomycin and 0.25 µg/ml fungizone. See 

Table 2.2 for donor details.  

Plasmid Name Source
pSNAP-GLP-1R Cisbio Bioassays

β-arrestin-1-mYFP Robert Lefkowitz, Addgene plasmid #36916
β-arrestin 2-GFP Aylin Hanyaloglu, Imperial College London

GαS-YFP Catherine Berlot, Addgene plasmid #55781
SNX1-GFP Hiromichi Shirataki, Dokkyo Medical University, Japan

SNX27-GFP Isabel Mérida, National Center for Biotechnology, Spain
SNX27ΔPDZ-GFP Isabel Mérida, National Center for Biotechnology, Spain

SNX27 W475A-GFP Isabel Mérida, National Center for Biotechnology, Spain
pMD2.G Didier Trono, Addgene plasmid #12260
psPAX2 Didier Trono, Addgene plasmid #12259

pcDNA3/FLHIP1 Theodora Ross, Addgene plasmid #29587
pcDNA3/HIP1/ΔLD Theodora Ross, Addgene plasmid #31253

µ2-HA-WT Alexander Sorkin, Addgene plasmid #32752
AKAR4-NES Jin Zhang, Addgene plasmid # 64727
AKAR4-Lyn Jin Zhang, Addgene plasmid # 61620
pLKO.3G Christophe Benoist & Diane Mathis, Addgene plasmid # 14748

pGLP-1R-RLuc8 Cloned from GLP-1R-GFP (Alessandro Bisello, University of Pittsburgh) 
into pcDNA3.1-RLuc8 (Aylin Hanyaloglu, Imperial College London) Cloned 
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Table 2.2: Donor characteristics of human islets used during this PhD project. 

2.4. Generation of SNAP-GLP-1R C438A Vectors  
	
SNAP-GLP-1R C438A palmitoylated mutant vector was generated from wild type SNAP-

tagged human GLP-1R by site-directed mutagenesis with the QuickChange II XL Site-

Directed Mutagenesis Kit (Agilent), according to the manufacturer´s instructions. To 

generate CHO-SNAP-GLP-1R wild type or C438A stable cell lines, SNAP-GLP-1R wild type 

or C438A mutant vectors were transfected onto CHO-K1 cells and selected in 1 mg/ml G418 

followed by FACS sorting of a SNAP-Surface 488-labelled bulk cell population in order to 
avoid bias effects associated with clone selection. 

2.5. TUNEL Assays  
	
To induce cell death, MIN6B1 cells were incubated overnight with serum-free media 

supplemented with 25 mM glucose and 0.5 mM palmitate/BSA +/- 100 nM exendin-4. Cells 

were then fixed with 4% PFA. Apoptotic cell death was detected using the In Situ Cell Death 

Detection Kit (Roche), according to the manufacturer´s instructions, followed by 

fluorescence microscopy analysis. Approximately 500 cells were counted per experiment 
using ImageJ. 

2.6. RNA Extraction, Reverse Transcription and Quantitative PCR  
	
Total RNA was extracted using TRIZOL (Invitrogen) following the manufacturer’s 

instructions. RNA was reverse-transcribed with the High-Capacity cDNA Reverse 

Transcription kit (Life Technologies) with random primers. Real-time qPCR was performed 

with a SYBR Green PCR master mix (Applied Biosystems). Actin gene expression was used 

as endogenous control. Real time qPCR primers were designed with Primer Express. See 
Table 2.3 for primer sequence details. 

Arrival date Isolation Centre Donor Age Sex BMI (kg/m²)
17.01.17 Pisa 64 Male 24,5
10.02.17 Milan 57 Female 26,0
15.02.17 Edmonton (Shapiro) 51 Male 29,4
23.02.17 Edmonton (Macdonald) 38 Male 42,6
14.03.17 Pisa 42 Male 32,6
23.03.17 Milan 49 Female 20,6
24.03.17 Edmonton (Shapiro) 33 Female 46,5
23.05.17 Oxford 46 Female 35,0
18.09.17 Pisa 84 Male 23,2
25.10.17 Oxford 57 Male 24,0
03.11.17 Geneva 51 Female 44,1
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Table 2.3: Validated qPCR primer sequences designed for each of the genes from the 
mouse trafficking siRNA library. 
 
2.7. cDNA and siRNA Transfections 
	
Transient cDNA (see Table 2.1 for plasmid list) or small interfering RNA (siRNA) 

transfections were carried out using Lipofectamine 2000 (Life Technologies) for 48 or 72 

hours, respectively, following the manufacturer’s instructions. Mouse siRNA were from a 

SMARTpool Cherry-Pick RNA interference (RNAi) Library (Dharmacon). See Table 2.4 for 

a list of siRNA target sequences. ON-TARGETplus Non-targeting Control Pool (Dharmacon) 
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was used as negative control. Hamster RNAi sequences were 5´-

CATAATAACCAGAAGATGATT-3´ (SNX1) and 5´-GAACAAGACTGAAGAGGGATT-

3´(SNX27).  

 

Table 2.4: Mouse siRNA sequences of the screened candidate genes. A mixture of four 
pre-designed siRNAs were used in order to minimise off-target effects. 

2.8. Lentivirus Production and Cell/Islet Transduction 
	
Lentiviral particles were generated by co-transfecting HEK293T cells with the indicated 

shRNA lentiviral vector (PLKO.1 or PLKO.3G), packaging (psPAX2) and envelope 

(pMD2.G) vectors using a calcium phosphate protocol. Viral supernatants were harvested 

48 and 72 hours post-transfection, filtered using a 0.45 μm Millex-HV filter, and concentrated 

by 20% sucrose gradient ultracentrifugation in an Optima XPN-100 ultracentrifuge at 26,000 

rpm at 4ºC for 2 hours in a SW32 Ti swinging bucket rotor (Beckman-Coulter). Viral particles 

were resuspended in PBS and stored at -80ºC. To titrate lentiviral particle preparations, 

EndoC-βH1 cells were transduced with increasing amounts of lentiviruses followed by 

addition of puromycin (4 µg/ml) at 72 hours post-transfection and count of the puromycin 

resistant cells. 

The human stable EndoC-βH1 shRNA cell sublines (EndoC-βH1 SNX1 or SNX27 shRNA 

Candidate name siRNA sequence 1 siRNA sequence 2 siRNA sequence 3 siRNA sequence 4
SNX27 GAACCAGGUAAUAGCGUUU CAAAUUAGCUGCACGUAUA ACGGUUACUGUCAGAGUUA GCAAAAUAGGGCACUGAUA

Dynamin 1 GCGUGUACCCUGAGCGUGU UGGUAUUGCUCCUGCGACA GGGAGGAGAUGGAGCGAAU GCUGAGACCGAUCGAGUCA

AP2 CCACAAUGAGCCUCCGAAU GGUAGUGACUGCAGCGACU CACUAGGUGUGGUCAGUUA GCGAUGAUGUGCAGGGCUA

Clathrin light chain GGAAAGCAAUCCAUACAGA UCAGAAGAAUUGCUGCUUA GACAAAUUCAUCUGCAUUA ACAAAGCAAUCCAGUUCUA

SNX1 UUACCGAUGUUCAGAAGUA GCGCUGGUCUCCUUAAGAU UGAAUCAUCCCACCAUGUU AAUCUCGGGUGACUCAGUA

Rab5a AGAAGCCAGUGUUGUAGUA GCACAAGCAGCCAUAGUUG UGUGAUAGCUUUGUCAGGA UUAGAAGACUUACGCUUAA

Caveolin 1 GCUAUUGGCAAGAUAUUCA GCACAUCUGGGCGGUUGUA GCAAAUACGUGGACUCCGA GUCCAUACCUUCUGCGAUC

Epsin 1 ACGAUAAGGAAGAGCGGAU GGUGUGAAUGUGCGGGAGA UCUCAGACUUCGACCGACU CGGCGUCAGAUGAAGAAUA

ALIX GAACCUAGCAACUGCGUAU ACAUAGUGUUUGCACGGAA GCUACAACCCCUACGCAUA AGCCAGAAGUUCACGGAUU
Rab4a GGUCAUCGGAAAUGCGGGA GAUAAUAAAUGUCGGUGGU GUGAACAGCCAGUGCGUUU UGUCCGAGACUUACGAUUU

NHERF1/EBP50 AGAUCUGCCUCCAGCGAUA GGGACCAGAAUGAGGCCGA CCAGGAGAAGUCCGAACAA GUCCAAAUGGCUACGGCUU

WASH ACAGCAACACGGCGGAAUA GAGGAGAAAUUGUUCGAUG GCACAUUCAGGAACGUUUA GAAUACGGCUCCAUCUUUA

Hrs CAAGAUACCUCAACCGGAA AAGCAUCACUGCCGAGCAU CGUACAAUAUGCAGAAUCU AGACAGACUCUCAGCCCAU

SARA GUAUAAAGCAAACGGAAAA ACAGAGAGGAAACGAGAAU AUGAAUGGGUCCACGGAAA CUAAAUGAGAUGAGUGAUA

Beta arrestin 1 UGGAUAAGGAGAUCUAUUA GGAGAACCCAUCAGCGUUA UCAUAGAGCUUGACACCAA ACGGGAAGCUCAAGCAUGA

Tsg101 CUUAAUGCCUUGAAACGAA GUACAAUCCCAGUGCGUUA CUGUCAAUGUCAUCGCUAU AGAGAUGGUCACCCGCUUA

Eps15 CAGCAGUAAUACAUCGGUA CAGCCAACUUCAACGAACA AGAAAGUUACUCCGAGAUU CUGGAAGGGUGUUGGCGUU

APPL1 GGUCAAGGAGGCAGGCGUA GGAACAAGAUAACGAUAUA GGACAGAGUUAGCGUGUAC GAUCGUAGGGCAUCAGAAA

Intersectin 1 CCAGAACGAUGACGAACUA GCAAAGAGCAGGAGCGGUU GAGAGAGCCAAGCCGGAAA GGAAGGGCUACAAGCGCAA

Rab11a GUACAGGGCUAUAACGUCU UAAGAGUGAUUUACGUCAU GCGACGACGAGUACGACUA UAACAGAGAUAUACCGCAU

Beta arrestin 2 GGGCCUGUCUUUCCGCAAA CUACUUGAAGGACCGGAAA AUACCAACCUCAUCGAAUU GUGCCAAAUCAAUAGAAGA

Cbl GAGAAUCAACUCAGAACGA CGUUUGGGUCAGUGGGCUA CCGGAUUACUAAAGCUGAU CGUCAGUCAUAUAUAGAUU

V-ATPase subunit A1 UGAUUAACCGGGAGCGGAU AGACAUCUUAUCCGGAAUA CGAGAUGGGAAGAGGCGCA GCUAAGAACAUCCGCGUCU

Annexin A2 GCUCAGUUAUUGACUACGA GGACAUUGCCUUCGCCUAU CCAGUAUGAUGCUUCGGAA GCAAAGGGCAGACGAGCAG

Arf6 CAAACGGGGUGGGGUAAUA CUGACAUUUGACACGAAUA CGGCAUUACUACACCGGGA GGGUCUGAUCUUCGUGGUA

GASP-1 CCGAGAAAUUCGCGAGCAU ACGCAAACCUGGCAAUCAA GAGACUAUCAGUAAACAUA GCGAGAAGCUUGCAGUGAU

HIP14 GGGUUACGAUGUACGGCAA GAUGAGUACGAGACCGAAA GUUAAUGUAUGGUGGCGUU AGAACCUCUUGGUCGGAAA

Nedd4 GGAAGGACCUACUACGUAA GAAUAUUCUGCUACGGAUA GGAUGAUGGAUUCGGAAAA CUACGAAUCCUUUGACGAA

HIP1 ACAGAGGUAUAGCAAGUUA GGAGAAUGCUGACGUCACA CAUCCAAGGUGAAAGCGAA CGAAAUGGCUGACACAGAU
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cells) were generated by transduction of the parenteral EndoC-βH1 cell line [179] with 

lentiviral particles expressing short-hairpin RNA (shRNA) duplexes previously cloned into 

the lentiviral vector pLKO.3G. The human shRNA sequences were 5´-

TAGTGACTTTCTGGGTCTTTA-3´ (SNX1) and 5´-GTGTGTTCAATACGAGTAATT-3´ 

(SNX27). For comparison, we used a cell line expressing a non-targeting control shRNA 

cloned into the same lentiviral vector (pLKO.3G) with the following shRNA sequence: 5´-

GAAGGATCGCGCATTCGGAAA-3´.  

For lentiviral transduction of human islets, a control and five human HIP1 shRNA constructs 

(Dharmacon), based on target sequences from The RNA interference (RNAi) Consortium 

(See Table 2.5), were first transfected onto HEK293T or EndoC-βH1 cells to determine 

knockdown efficiency. Two constructs exhibiting the best knockdown rates were selected 

for lentiviral particle generation and human islet transduction. Lentiviruses were added at 

multiplicity of infection (MOI) of 20, presuming that a single islet has at least 1,000 cells, and 
cultured for 72 hours for optimal lentiviral transduction.  

        

Table 2.5: The RNAi Consortium (TRC) lentiviral shRNA constructs targeting HIP1 
mRNA. 

2.9. Insulin Secretion HTRF assays 

Insulin secretion was determined by Homogenous Time-Resolved Fluorescence (HTRF) 

assay, a FRET-based technology. In this assay, insulin is detected using two specific 

monoclonal anti-insulin antibodies in a sandwich assay format. One of the antibodies is 

labelled with Europium Cryptate (donor dye) and the other with XL665 (acceptor dye). When 

insulin is present in the sample, the dyes are in close proximity and a FRET signal is then 

generated. Signal intensity is proportional to the number of antigen-antibody complexes 

formed and thus, to the insulin concentration. Note that the Limit of Detection (LoD) for the 

HTRF assay is 0.005 ng/ml of insulin.  

Name Target sequence
Control shRNA TTCTCCGAACGTGTCACGTAA

Human HIP1 _ TRCN0000033444 GCCTTCAAGAATCAGAAGAAA
Human HIP1 _ TRCN0000033445 CCTCAACCATTTCCGGCAAAT
Human HIP1 _ TRCN0000033446 CCTTCAATTTCAACAGTCAAA

Human HIP1 _ TRCN0000033447 CCTCTTCCAAACAGTATTCAA
Human HIP1 _ TRCN0000033448 GCAAGCTATTCAGGTGCTCAT
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Note also that due to the synergistic nature of increasing glucose levels and GLP-1R 

activation for the potentiation of insulin secretion, we have added GLP-1R agonists in the 

presence of a relatively high glucose concentration [11mM  (MIN6B1) or 15 mM (EndoC-

bH1) glucose] for all insulin secretion assays.  

2.9.1. Insulin Secretion in Cells: Acute Incubations 

Cells were seeded in triplicate and pre-incubated overnight in 3 mM (MIN6B1) or 2.8 mM 

mM (EndoC-bH1) glucose medium. The following day, cells were incubated in Krebs-Ringer 

Bicarbonate Hepes (KRH) buffer (140 mM NaCl, 3.6 mM KCl, 1.5 mM CaCl2, 0.5 mM 

MgSO4, 0.5 mM NaH2PO4, 2 mM NaHCO3, 10 mM HEPES, and 1% BSA [MIN6B1]; 460 

mM NaCl, 20 mM KCl, 4 mM CaCl2, 4 mM MgCl2, 96 mM NaHCO3 and 0.2% BSA [EndoC-

bH1]; saturated with 95% O2/5% CO2; pH 7.4) supplemented with 3 mM (MIN6B1) or 0.5 

mM (EndoCb H1) glucose and then incubated for 1 hour at 37°C in KHB buffer 

supplemented with 11 mM (MIN6B1) or 15 mM (EndoC-bH1) glucose +/- 100 nM exendin-

4/GLP-1. Supernatants were then harvested to determine stimulated insulin secretion. Cells 

were lysed in KRB buffer + 1% Triton X-100 and lysates collected to determine cellular 

insulin content. Insulin levels were measured using an HTRF-based insulin detection assay 

(Insulin Ultra-Sensitive Assay Kit, Cisbio Bioassays, 62IN2PEH) in a PHERAstar reader 

(BMG Labtech), following the manufacturer’s instructions. Percentage of insulin release was 

calculated and agonist-stimulated results were expressed as the insulin stimulation index 

(ISI) relative to 11 mM or 15 mM glucose alone. 

2.9.2. Insulin Secretion in Cells: Prolonged Incubations 
	
INS-1 832/3 cells were pre-incubated overnight in 3 mM glucose medium. The following day, 

the indicated agonists were added in complete medium supplemented with 11 mM glucose 

at the time of seeding into plates. Supernatants were harvested to determine stimulated 

insulin secretion. Cells were lysed in KRH buffer + 1% Triton X-100 and lysates collected to 

determine cellular insulin content. Insulin levels were measured using an HTRF-based 

insulin detection assay (Insulin Ultra-Sensitive Assay Kit, Cisbio Bioassays, 62IN2PEH) in 

a PHERAstar reader (BMG Labtech), following the manufacturer’s instructions. Percentage 

of insulin release was calculated and agonist-stimulated results were expressed as the 
insulin stimulation index (ISI) relative to 11 mM glucose alone. 
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2.9.3. Insulin Secretion in Human Islets 
	
Human islets (10 size-matched islets per condition) were incubated for 1 hour at 37°C in 

KHB buffer supplemented with 3 mM glucose. Subsequently, islets were incubated for 1 

hour in KHB buffer supplemented with 11 mM glucose +/- 100 nM exendin-4. Supernatants 

were harvested to determine stimulated insulin secretion. Islets were lysed in 75% ethanol 

plus 15 mM HCl and lysates collected to determine cellular insulin content. Insulin levels 

were measured using an HTRF-based insulin detection assay (Insulin Ultra-Sensitive Assay 

Kit, Cisbio Bioassays, 62IN2PEH) in a PHERAstar reader (BMG Labtech), following the 

manufacturer’s instructions. Percentage of insulin release was calculated and agonist-

stimulated results were expressed as the insulin stimulation index (ISI) relative to 11 mM 
glucose alone. 

2.10. Measurement of cAMP Generation and PKA Activity  
	
2.10.1. HTRF Measurement of Total and Endosomal cAMP Generation 
	
Cells were incubated in 3 mM (MIN6B1) or 0.5 mM (EndoC-bH1) glucose medium +/- 100 

nM exendin-4/GLP-1 plus the phosphodiesterase inhibitor isobutylmethylxanthine (IBMX), 

as indicated. Subsequently, cells were lysed in KRB buffer + 1% Triton X-100 and lysates 

collected to determine cellular cAMP content. cAMP production was measured using a 

cAMP Dynamic 2 homogeneous time-resolved fluorescence-based HTRF assay kit (Cisbio 

Assays) in a PHERAstar reader (BMG Labtech), following the manufacturer’s instructions. 

Results are expressed as relative to cAMP basal levels in IBMX. Note that activation of GLP-

1R and subsequent cAMP generation in pancreatic b-cell lines is agonist-dependent but 

glucose-independent. Accordingly, exendin-4-induced cAMP responses were not affected 

by changes in glucose concentrations (Fig. 2.1). For exendin-4 dose-responses, CHO-

SNAP-GLP-1R cells were stimulated for 15 minutes without IBMX, and a curve was fitted to 
a four-parameter logistic fit.  
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Figure 2.1: Effect of glucose on exendin-4-induced cAMP responses. A: Incretin-induced cAMP 
in EndoC-βH1 cells following 15 min stimulation with 100 nM Ex-4 + 500 μM IBMX in the indicated 
glucose (G) concentrations. Data are expressed relative to the indicated G + 500 μM IBMX alone 
(n=4 independent experiments, each performed in triplicate), and shown as mean ± SEM. B: 
Incretin- induced cAMP in MIN6B1 cells following 15 min stimulation with 100 nM exendin-4 (Ex-4) 
plus 100 μM IBMX in the indicated glucose (G) concentrations. Data are expressed relative to 100 
μM IBMX alone (n=8 independent experiments, each performed in triplicate), and shown as mean ± 
SEM. P values were determined by two-tailed paired t-test (non-significant). Individual data points 
are shown.  

To measure endosomal cAMP production, cells were stimulated with 100 nM exendin-4 for 

15 minutes to induce SNAP-GLP-1R internalisation, followed by agonist washing and 

incubation for 60 minutes in 10 µM GLP-1R antagonist exendin(9-39) to block further 

internalisation plus 10 mM trafficking recycling inhibitor monensin and the indicated IBMX 

concentration. Subsequently, cells were lysed in KRB buffer + 1% Triton X-100 and lysates 

collected to determine endosomal cAMP production, measured using a cAMP Dynamic 2 

homogeneous time-resolved fluorescence-based HTRF assay kit (Cisbio Assays) in a 

PHERAstar reader (BMG Labtech), following the manufacturer’s instructions. Results are 

expressed as relative to cAMP levels after 15 minutes of stimulation with exendin-4. 

 

2.10.2. Real-time Measurement of cAMP Generation and PKA Activation Using FRET 
Biosensors 
	
For analysis of cAMP dynamics of control versus HIP1 siRNA-treated MIN6B1 cells by 
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Förster resonance energy transfer (FRET), cells were transduced with the adenoviral cAMP 

biosensor Citrine/Cerulean-Epac2-camps [180] and imaged in HEPES-bicarbonate buffer 

(120 mM NaCl, 4.8 mM KCl, 24 mM NaHCO3, 0.5 mM Na2HPO4, 5 mM HEPES, 2.5 mM 

CaCl2, 1.2 mM MgCl2; saturated with 95% O2/5% CO2; pH 7.4) supplemented with 3 mM 

glucose and 100 µM IBMX before and after addition of 100 nM exendin-4. Wavelengths 

were 440 nm (excitation), 470 (Cerulean emission), and 530 nm (Citrine emission). 

Fluorescence intensity ratios (Cerulean/Citrine fluorescence) were normalised to baseline 

before exendin-4 addition. 

For measurement of cAMP/PKA activity within membrane rafts, cAMP dynamics were 

analysed by FRET using different FRET-based conformational biosensors. The TEpacVV 

biosensor was a gift from Dr K Jalink, The Netherlands Cancer Institute. The AKAR4-NES 

and AKAR4-Lyn biosensors were gifts from Dr Jin Zhang (Addgene). Cells expressing 

SNAP-GLP-1Rs were transiently transfected with the relevant biosensor plasmid for 36 

hours prior to the assay. Cells were then harvested in HBSS and placed in 96-well clear 

bottom black plates and fluorescence was read in a Flexstation 3 plate reader before and 

after injection of the indicated agonists to each well. Wavelengths were 440 nm (excitation), 

485 and 535 nm (emission). Fluorescence intensity ratios (535/485 nm signal) were 

normalised to baseline (fluorescence intensity measured 5 minutes before agonists 
addition). 

2.11. Cytosolic Ca2+ Imaging in Human Islets 
	
Ca2+ imaging was performed as described [181]. Briefly, islets were incubated with 10 mM 

Fluo-2/AM for 1 hour at 37°C in HEPES-bicarbonate buffer supplemented with 11 mM 

glucose. Fluorescence imaging of human islets, constantly perifused with HEPES-

bicarbonate buffer containing 11 mM glucose, 11 mM glucose plus 100 nM exendin-4 or 20 

mM KCl, was performed using a Nipkow spinning disk head. Fluo-2 emitted signals (510-

540 nm) were subsequently captured at 30 minute-1 frame rates. Fluorescence signals (F) 

were normalized using the function F/Fbaseline where F is fluorescence at a given time point 

and Fbaseline is the average of the fluorescence signals recorded during the 3 first minutes of 
the perifusion. Imaging data were analysed with ImageJ using an in-house macro. 

2.12. BRET Saturation Assay 
	
CHO-GLP-1R-RLuc8 cells were transiently transfected with increasing concentrations of 

green fluorescent protein (GFP)-tagged SNX27 plasmid followed by bioluminescence 

resonance energy transfer (BRET) assay, performed as described [182]. Briefly, CHO-GLP-
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1R-RLuc8 cells were washed and harvested in Hank´s Balanced Salt Solution (HBSS), and 

seeded in a 96 half-area well plate. Cells were then stimulated with 100 nM exendin-4 for 

15 minutes followed by addition of 5 µM coelenterazine h and record of bioluminescence 

and fluorescence at 475 and 530 nm in a FlexStation 3 plate reader (Molecular Devices). 

Net BRET values were obtained by subtracting the basal BRET ratio of GLP-1R-RLuc8 

alone (corresponding to CHO-GLP-1R-RLuc8 untransfected cells) from the average BRET 
ratio (530 nm/ 475 nm) signal. 

2.13. Western Blotting 
	
Cells or human islets (150-200) were lysed on ice in 20 mM Tris, 150 mM NaCl, 1 mM EDTA, 

1% NP-40, pH 7.4 plus complete mini EDTA-free protease inhibitors (Roche). Lysates were 

centrifuged at 16,000g for 5 minutes and supernatants sonicated. Protein solutions were 

prepared with Urea loading Buffer (100 mM Tris-HCl [pH 6.8], 2.5% SDS, 4 mM urea, 50 

mM dithiothreitol, 0.05% bromophenol blue) and incubated for 10 minutes at 37°C. Samples 

containing equal protein amounts were analysed by sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) under reducing conditions at constant voltage (100 V) in 

1.5 mm 8% polyacrylamide gels. The gels consisted of two parts: the stacking gel (5% 

polyacrylamide, 250 mM Tris-HCl, 0.1% SDS, 0.1% ammonium persulfate and 0.025% 

N,N,N’,N’-tetramethylethylenediamine (TEMED), pH 6.8) and the resolving gel (8% 

polyacrylamide, 375 mM Tris-HCl, 0.1% SDS, 0.1% ammonium persulfate and 0.025% 

TEMED, pH 8.8). Samples were then transferred onto immobilion polyvinylidene difluoride 

(PVDF) membranes (Fisher). After blotting, the membranes were blocked in 5% milk plus 

Tris-buffered saline and 0.1% Tween (TBST) and incubated overnight with primary antibody 

diluted in 5% milk in TBST at 4°C (antibodies are listed in Table 2.6). After three washes 

with TBST, membranes were incubated in horseradish peroxidase (HRP)-conjugated 

secondary antibody for 1 hour at room temperature. Bands were detected by 
chemiluminescence with ECL plus (GE Healthcare) onto photographic films. 

 

Table 2.6: List of Antibodies used during this PhD project. 

Name Species Source Dilution/Concentration
Anti-GFP Rabbit ab290, Abcam 1/1000

Anti-β-arrestin-1/2 Rabbit D24H9, Cell Signaling 1/1000
Anti-SNAP tag Rabbit New England Biolabs 1/500

Anti-Src Rabbit 2108, Cell Signaling 1/1000
Anti-HIP1 Mouse 4B10, Novus Biologicals 1/500
Anti-SNX1 Rabbit ab134126, Abcam 1/500
Anti-SNX27 Rabbit NBP1-45283, Novus Biologicals 1/1000

Anti-flotilin-1 Mouse sc-74566, Santa Cruz Biotechnology 1 /200
Anti-human transferrin Mouse G1/221/12, Developmental Studies Hybridoma Bank 0.2 µg/ml

Anti-α-Tubulin Mouse T5168, Sigma Aldrich 1/1000
IgG-HRP Goat Santa Cruz Biotechnology 1/5000
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2.14. SNAP-tag Pull-Down Assays  
	
MIN6B1-SNAP-GLP-1R cells were stimulated with 100 nM exendin-4 in full media followed 

by cross-linking with 2 mM 3,39-dithiodipropionic acid di(N-hydroxysuccinimide ester) 

(Sigma-Aldrich). Cells were then quenched with 20 mM Tris-HCl in PBS (pH 7.5) and lysed 

in 20 mM Tris, 150 mM NaCl, 1 mM EDTA, mM EGTA, 0.5% Triton X-100 plus Complete 

Mini EDTA-free protease inhibitors (Roche), and phosphatase inhibitors (Sigma-Aldrich). 

Approximately 10% of the soluble lysate was saved as total cell lysates. Lysates were pre-

cleared with Protein G-Agarose beads (Roche) for 30 minutes at 4°C. To pull-down SNAP-

GLP-1Rs, lysates were then incubated overnight with SNAP-Capture Pull-Down Resin 

beads (NEB). Beads were washed five times with lysis buffer. To elute captured SNAP-GLP-

1R-interacting proteins, beads were resuspended in lysis buffer with 50 mM dithiothreitol 

and incubated for 30 minutes at 37°C before addition of urea loading buffer (100 mM Tris-

HCl [pH 6.8], 2.5% SDS, 4 mM urea, 50 mM dithiothreitol, 0.05% bromophenol blue) and 
Western Blot analysis.  

2.15. Palmitoylation Assays 
	
For detection of palmitoylated GLP-1Rs, cells were stimulated with 100 nM of the indicated 

agonist for 10 minutes. When indicated, samples were pre-treated with 10 µM BETP for 5 

minutes. BETP was maintained during the agonist stimulation period. When indicated, cells 

were pre-treated overnight with 200 µM of the palmitoylation inhibitor 2-bromopalmitate (2-

BP). Extraction and purification of palmitoylated proteins was performed with the 

CAPTUREome™ S-Palmitoylated Protein Kit (Badrilla), following the manufacturer’s 

instructions. The assay is based on the acyl-RAC (resin assisted capture) method, described 

in detail elsewhere [183]. Key steps include blocking of free thiol groups with a thiol blocking 

reagent, cleavage of thioester linkages to release the palmitate group, and capture of newly 
liberated thiols with the CAPTUREomeTM resin (Fig. 2.2). 
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Figure 2.2: Schematic representation of the key steps included in the 
CAPTUREome™ S-Palmitoylated Protein Kit (Badrilla). Image is from Badrilla website.  

 

Briefly, cell lysis and free thiol blocking were performed in one step by addition of the 

manufacturer’s blocking buffer following by incubation at 40ºC for 4 hours with constant 

vortexing. Proteins were then precipitated with cold acetone for 20 minutes at -20ºC. 

Following centrifugation of the solution at 16,000 g for 5 minutes, the pellet was extensively 

washed with 70% cold acetone and resuspended in the manufacturer´s binding buffer. 

Approximately 10% of the soluble lysate was saved as the input fraction (IF). Prewashed 

CAPTUREomeTM capture resins were added to the soluble lysates. Subsequently, either the 

thioester cleavage or the acyl-preservation manufacturer’s reagents were added to this 

Elution by reduction of 
disulfide bond of resin-
bound eluted proteins  
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mixture. Resins were then washed five times with the manufaturer’s binding buffer. Urea 

loading buffer (100 mM Tris-HCl [pH 6.8], 2.5% SDS, 4 mM urea, 50 mM dithiothreitol, 

0.05% bromophenol blue) was used to elute captured proteins from the resin. Eluted 

sampled were incubated at 37ºC for 30 minutes before Western Blotting for SNAP-GLP-1R 

to detect the palmitoylated versus unpalmitoylated receptor fractions. Resin-bound eluted 

proteins treated with the thioester cleavage reagent are referred to as the cleaved Bound 

Fraction (cBF), corresponding to the fraction of palmitoylated proteins, whereas resin-bound 

eluted proteins treated with the acyl-preservation reagent are referred to as the preserved 

Bound Fraction (pBF), and are used as a control for efficient cysteine blocking and specific 

protein binding to resin. Correspondingly, resin-unbound proteins are referred to as the 

cleaved unbound fraction (cUF) and the preserved unbound fraction (pUF). 

2.16. Isolation of Detergent-Resistant and Detergent-Soluble Membranes  
	
To purify membrane rafts, detergent-resistant membrane fractions (DRFs) were isolated by 

ultracentrifugation based on their insolubility in non-ionic detergents at 4ºC and their low 

density as a result of their high lipid-to-protein ratio. Initially, cells were seeded onto 10-cm 

dishes and, where indicated, transiently transfected with Gas-YFP (a gift from Dr Catherine 

Berlot, Addgene). Following the indicated treatments, cells were osmotically lysed in 20 mM 

Tris-HCl (pH 7.0) containing complete mini EDTA-free protease inhibitors (Roche). Lysates 

were then homogenised by passing through a 22-gauge needle and ultracentrifuged at 

63,000 g for 1 hour at 4ºC with a Sorvall Discovery M120 ultracentrifuge. The supernatant 

was decanted and the pellet resuspended in ice-cold PBS containing complete mini EDTA-

free protease inhibitors. An aliquot from the soluble lysate was saved as the total membrane 

fraction (TMF). PBS was added to a final volume of 1 ml and the suspensions were 

ultracentrifuged at 63,000 g for 30 minutes at 4ºC. The supernatant was decanted and the 

pellet reuspended in ice-cold PBS supplemented with 1% Triton X-100 and complete mini 

EDTA-free protease inhibitors followed by incubation for 30 minutes at 4ºC. Samples were 

ultracentrifuged again at 63,000 g for 1 hour at 4ºC. The supernatant, containing the 

detergent-soluble membrane fraction (DSF), was harvested and stored for analysis, while 

the DRF pellet was resuspended in 1 % SDS containing complete mini EDTA-free protease 

inhibitors. All the samples were sonicated with the Ultrasonic cell disruptor XL-2000 probe 

sonicator (Misonix, Inc) and centrifuged at 14,000 g for 5 minutes at 4ºC before Western 
Blot analysis. 
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2.17. Fluorescent Cell Labelling of SNAP-tagged GLP-1R for Confocal 
and Total Internal Reflection Fluorescence (TIRF) Microscopy 
	
For confocal microscopy, SNAP-GLP-1R-expressing cells were labelled in vivo with 1 µM of 

the indicated fluorescent Surface SNAP-tag probe in full media at 37°C for 30 minutes 

followed by stimulation with 100 nM of the indicated agonist for the indicated time. Cells 

were then fixed in 4% paraformaldehyde (PFA), mounted in Prolong Diamond antifade 

reagent with 4,6-diamidino-2-phenylindole (DAPI, Life Technologies), imaged with a Zeiss 

LSM-780 inverted confocal microscope with a 63x/1.4 numerical aperture oil-immersion 

objective, and analysed in ImageJ. Note that confocal images are representative of at least 
3 independent regions per coverslip of 2 independent experiments. 

For TIRF microscopy, SNAP-GLP-1R-expressing cells were transiently transfected with µ2-

HA-WT construct (a gift from Prof Alexander Sorkin, Addgene) and seeded in glass bottom 

MatTek dishes. Cells were then labelled in full media containing 1 µM SNAP-Surface 488 

probe at 37°C for 30 minutes, stimulated or not for 2 minutes with 100 nM of the indicated 

agonist and fixed in 4% PFA. To visualize HA-tagged µ2 AP2 subunit expression, cells were 

incubated with a mouse monoclonal anti-HA (HA-7) antibody, followed by incubation with a 

secondary AlexaFluor 546 antibody. Un-mounted samples in PBS were imaged using a 

Nikon Eclipse Ti microscope equipped with a x100/1.49 numerical aperture TIRF objective, 

a TIRF iLas2 module and a Quad Band TIRF filter cube (TRF89902, Chroma). Images were 

acquired with an ORCA30 Flash 4.0 camera (Hamamatsu) and Metamorph software 
(Molecular 808 Devices), and analysed in ImageJ. 

2.18. MbCD Assays 
	
Cells were treated with MβCD (Sigma Aldrich) at the indicated concentration in HBSS, 

followed by washing. Where relevant, MβCD treatments were performed following labelling 
with SNAP-Surface probes. 

2.19. Immunofluorescence Assays 
	
For immunofluorescence, fixed cells were permeabilised in 0.5% Triton X-100 for 10 

minutes, blocked with 5% BSA and incubated with primary antibodies. After three washes 

with PBS, cells were incubated with AlexaFluor-conjugated secondary antibodies. 

Coverslips were mounted with Prolong Diamond Antifade reagent with DAPI (Life 
Technologies) and imaged by confocal microscopy. The images were analysed in ImageJ. 
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2.20. Cell Preparation for Conventional Electron Microscopy (EM) 
	
SNAP-GLP1R-expressing cells were seeded onto Thermanox coverslips (Agar Scientific), 

labelled with 2 μM cleavable Surface SNAP-tag BG-SS-biotin probe in HEPES-bicarbonate 

buffer at 4°C for 1 hour and secondarily labelled with 5 μg/ml AlexaFluor 488 Streptavidin 

conjugated to 10-nm colloidal gold. Cells were stimulated with 11 mM glucose plus 100 nM 

exendin-4 for the indicated time points, fixed with 2% PFA + 2% glutaraldehyde in 0.1 M 

cacodylate buffer for 30 minutes at room temperature, washed with phosphate buffer and 

prepared for conventional EM. Cells were post-fixed in 3% potassium ferricyanide + 2% 

osmium tetroxide and treated with tannic acid followed by dehydration with increasing 

concentrations of ethanol and propylene oxide, embedded in Epon resin and mounted onto 

Epon stubs. Epon was polymerised overnight at 60°C and coverslips removed by surface 

heating. Ultrathin 70-nm sections were cut with a diamond knife on a Leica ultramicrotome, 

stained with 2% uranyl acetate, visualised in a Tecnai T12 Spirit transmission electron 
microscope with a CCD camera, and analysed in ImageJ.  

2.21. EM Quantification of Clustering by Plasma Membrane Rip-off 
	
Cells expressing SNAP-GLP-1Rs were cultured on Thermanox coverslips, and labelled with 

2 μM cleavable Surface SNAP-tag BG-SS-biotin probe followed by AlexaFluor 488 

Streptavidin conjugated to 10-nm gold as above. Cells were stimulated with the indicated 

treatments for 1 minute. Membrane rip-offs were performed following the protocol of Sanan 

and Anderson [184]. Briefly, EM grids were coated with formvar and poly-lysine and cell 

coverslips were inverted on top with pressure applied at 4°C. After ~10 seconds of contact, 

the coverslip was removed, resulting in the detachment of the apical cellular membranes 

onto the grids, which were immediately fixed with 4% glutaraldehyde in 25 mM HEPES 

buffer for 15 minutes. Subsequently, the grids were prepared for EM analysis by post fixation 

in 2% aqueous osmium followed by 1% aqueous tannic acid and 1% aqueous uranyl 

acetate, for 10 minutes each at room temperature, and examined on a JEOL 1400+ TEM 

with images taken on an AMT digital camera. Gold particle nearest neighbour analysis was 
performed using ImageJ. 

2.22. FACS Trafficking Assays 
	
MIN6B1-SNAP-GLP-1R cells were labelled with 1 µM cleavable BG-SS-488 Surface SNAP-

tag probe followed by stimulation with 100 nM of the indicated agonist. Trafficking assays 

were performed as previously described [185] . Briefly, to measure receptor internalisation, 

cells were cooled at 4°C to arrest endocytosis, after cell stimulation for the indicated time 
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points. For t=0, cells were put directly on ice. Cells were then treated at 4°C either with 

Tris/NaCl/EDTA buffer (TNE buffer: 100 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 0.1% BSA, 

pH 8.6) with or without 100 mM sodium 2-mercaptoethanesulfonate (MesNa), a membrane-

impermeable disulfide reducing agent that removes surface exposed label. Therefore, the 

fluorescence intensity measured from cells treated with MesNa corresponds to the fraction 

of internalised receptor at a given time point, while the fluorescence intensity measured from 

cells treated without MesNa corresponds to the total plasma membrane receptor level at a 

given time point. To measure receptor recycling, cells were incubated with 100 nM exendin-

4 for 15 minutes, to allow for receptor internalisation, followed by arrest at 4°C and MesNa 

treatment, and subsequent incubation for 30 minutes at 37°C with 10 µM exendin(9-39) to 

prevent further internalisation. Cells were then subjected to a second round of surface label 

removal by MesNa treatment. 

Following 3 washes in PBS at 4°C, cells were harvested, resuspended in PBS + 0,1% BSA 

and transferred into FACS tubes followed by FACS analysis using a BD LSR II 

flowcytometer (10,000 cells/sample). Data were analysed with FlowJo: median fluorescence 

emission at 525 nm from living, single cells was measured, with highly auto-fluorescent cells 
excluded by dual fluorescence measurements at 525 and 585 nm. 

The percentage of internalized receptor was calculated as follows: 

                         

Where F+Me (t) and F-Me (t) are median fluorescence +/- MesNa at time tx or t0 (0 minutes). 

The percentage of recycled receptor was calculated by subtracting residual median 

fluorescence after the recycling protocol from that measured at t=15 minutes and 
normalising it to the percentage of internalized receptor at t=15 minutes. 

2.23. Binding kinetics Measurements by TR-FRET 
	
Cells expressing SNAP-GLP-1Rs were labelled with 40 nM SNAP-Lumi4-Tb for 60 minutes 

at room temperature. Where relevant, MβCD treatments were performed following Lumi4-

Tb labelling. Cells were washed and placed in HBSS + 0.1% BSA supplemented with 

metabolic inhibitors (20 mM 2-deoxyglucose and 10 mM NaN3) to inhibit GLP-1R 

endocytosis [186]. Baseline TR-FRET was measured at over 10 minutes at 37°C using a 

(F+Me (tx) / F-Me (tx)) – (F+Me (t0) / F-Me (t0)) 

 1- (F+Me (t0) / F-Me (t0)) 
  

x 100 
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Flexstation 3 plate reader (Wavelengths were 335 nm [excitation], 520 and 620 nm 

[emission] delay 50 μseconds, integration time 300 μseconds). FITC-conjugated agonists 

were then added and fluorescence sequentially measured by TR-FRET in order to monitor 

agonist association. Binding was quantified ratiometrically as 520 nm over 620 nm signal. 

Data were analysed using the GraphPad Prism model “association kinetics: two or more 

concentrations of hot” to obtain association (kon) and dissociation (koff) rate constants, from 

which the equilibrium binding constant kd was determined. Residence time = 1/koff; kd =  
koff/kon. 

2.24. Measurement of Binding Kinetics by Competitive Binding Assays 
	
CHO-SNAP-GLP-1R cells were labelled with 40 nM SNAP-Lumi4-Tb. Cells were then 

washed and placed in HBSS + 0.1% BSA supplemented with metabolic inhibitors (20 mM 

2-deoxyglucose and 10 mM NaN3) to inhibit GLP-1R endocytosis. Fluorescence was then 

measured by TR-FRET upon simultaneous addition of four or more concentrations of 

unlabelled agonist plus 10 nM exendin-4-FITC. Association and dissociation rate constants 

were calculated using the kinetics of competitive binding algorithm in GraphPad Prism [187]. 
Residence time = 1/koff; kd =  koff/kon. 

2.25 Statistical Analysis 

For comparisons between two groups, statistical significance was assessed using two-tailed 

student´s t-test. For comparisons between more than two groups a one-way or two-way 

ANOVA tests were performed. Paired analyses were used in experiments with matched 

designs. GraphPad Prism 7.0 software was used for data analysis. Statistical significance 

was taken as p<0.05. Errors are represented as the standard error of the mean (SEM). 
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CHAPTER III 

SCREENING OF A MOUSE-SPECIFIC MEMBRANE 
TRAFFICKING siRNA LIBRARY

 

 

 

 

 

 

N.B.: Results presented herein are part of a manuscript entitled “A Targeted RNAi Screen 

Identifies Endocytic Trafficking Factors That Control GLP-1R Signalling in Pancreatic b-

cells”, published in Diabetes in 2018, for which I am first author.      
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3.1. INTRODUCTION 
	
3.1.1. Regulation of GPCR Signalling by Endocytic Membrane Trafficking 
	
GPCRs are the largest class of membrane proteins in the human genome, involved in 

regulating multiple physiological responses in mammalian cells, which makes them 
important targets for drug discovery [188]. 

Ligand binding to free GPCRs triggers receptor coupling to heterotrimeric G proteins, 

comprised of a nucleotide binding G alpha subunit (Ga) and the G beta and gamma complex 

(consisting of b and g subunits, Gbg). Activated GPCRs function as guanine nucleotide 

exchange factors (GEFs), favouring GTP binding to G proteins, which promotes Ga 

dissociation from the Gbg complex and activation of downstream signalling pathways 

downstream of G protein GTPase activity [189]. Regulation of GPCR signalling is critical for 

the maintenance of cell homeostasis and thus, its deregulation has been associated with 

diseases [159, 188]. GPCR downstream signalling is tightly regulated by endocytic 

trafficking; therefore, deciphering the molecular mechanisms underlying GPCR endocytic 
sorting is crucial to understand the role of GPCRs in health and disease conditions [188].  

3.1.1.1. Mechanisms Regulating GPCR Endocytosis 
	
The majority of GCPRs undergo internalisation via clathrin-coated pits (CCPs), although 

different clathrin-dependent and -independent mechanisms have been described for GPCR 

endocytosis [190]. Packaging of GPCRs into CCPs is commonly regulated by ligand binding 

and receptor post-translational modifications. Ligand-induced GPCR activation promotes 

receptor phosphorylation by G protein-coupled receptor kinases (GRKs), leading to 

recruitment of β-arrestins  (of which 2 isoforms are expressed in most cell types, β-arrestin-

1 and β-arrestin-2) that uncouple the receptor from the G proteins, resulting in signal 

termination or desensitisation [96]. Additionally, β-arrestins can function as clathrin 

adaptors, interacting with adaptor protein 2 (AP2) and clathrin itself to trigger GPCR 

recruitment into CCPs and subsequent internalisation [190, 191]. However, studies in 

mouse embryo fibroblasts (MEFs), which lack endogenous β-arrestin-1 and β-arrestin-2, 

have reported that GPCRs internalisation might occur via a clathrin-dependent pathway that 

is independent of β-arrestins [192, 193]. The latter studies suggest that alternative clathrin 

adaptors might contribute to GPCR endocytosis. Remarkably, several GPCRs contain AP2-

binding motifs in their cytoplasmic tail, suggesting that GPCRs can directly interact with AP2 

[194]. Additionally, the adaptor proteins Epsin1 and Eps15 contain ubiquitin-interacting 
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motifs (UIMs) [195] that bind to ubiquitinated receptors, mediating their internalisation [196-

198]. Overall, these findings indicate that GPCR internalisation can be regulated by distinct 

types of clathrin adaptors. 

3.1.1.2. Regulation of GPCR Endosomal Sorting 
	
Following endocytosis, ligand-receptor complexes are transported to sorting endosomes 

from where internalised GPCRs are either recycled back to the plasma membrane (via Rab4 

or Rab11 GTPases), hence becoming available for another round of signalling (referred to 

as receptor resensitisation), or targeted to lysosomes (via multivesicular bodies or MVBs), 

which results in receptor degradation and signal termination. Thus, the post-endocytic fates 

of internalised receptors have a direct effect on GPCR responses. These trafficking fates 

are highly regulated events and involve a wide range of molecular players [188]. 

GPCR ubiquitination at the plasma membrane via E3 ubiquitin ligases such as Casitas B-

lineage Lymphoma (Cbl) and Neural precursor cell expressed Developmentally Down-

regulated protein 4 (Nedd4) acts as a lysosomal sorting signal leading to receptor 

degradation [112, 199]. Ubiquitinated receptors are recognised by the endosomal sorting 

complex required for transport (ESCRT), a complex containing the hepatocyte growth factor-

regulated tyrosine kinase substrate (Hrs) and the tumor susceptibility gene 101 (Tsg101) 

amongst other factors, and triggers receptor sorting onto intraluminal vesicles (ILVs) of 

MVBs [188, 200]. Nevertheless, in some cases ubiquitination seems to be dispensable for 

GPCR targeting to lysosomes, which can then occur through an Hrs-dependent but Tsg101-

independent pathway [201, 202]. Additionally, the purigenic P2Y1 GPCR contains a YPX3L 

motif that mediates its interactions with the ESCRT-associated protein ALG-2-interacting 
protein X (ALIX) in an ubiquitin-independent manner [203]. 

Alternatively, both ESCRT- and ubiquitin-independent lysosomal sorting pathways have 

also been proposed for specific GPCRs. For example, the lysosomal targeting of the 

protease-activated GPCR PAR1 has been reported to rely on sorting nexin 1 (SNX1) [204]. 

Additionally, GPCR-associated sorting protein 1 (GASP1) has also been shown to interact 
with GPCRs and escort them to the lysosomes [188].  

Recycling of GPCRs from endosomes to the plasma membrane requires the presence of 

specific recycling sequences, also referred to as “barcodes” or recycling sorting signals, 

present in the cytoplasmic tail of GPCRs [151, 205]. Thus, the majority of GPCRs are 

considered to recycle in a sequence-dependent manner. The nature of these recycling 

sequences within the GPCR family is diverse and mediate receptor interactions with a wide 
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range of endosomal sorting proteins [188]. For example, some GPCRs present a type-1 

PDZ binding motif (PDZBM), corresponding to [X-S/T-X-Ø], where X is any amino acid and 

Ø is an aromatic amino acid, that binds to PDZ-containing proteins such as sorting nexin 27 

(SNX27) or the Na+/H+ exchanger regulatory factor (NHERF) / ERM binding protein 50 

(EBP50) family [206]. This PDZ motif-dependent endosome-to-plasma membrane recycling 

has been reported for some GPCRs, such as the β1- and β2-adrenergic receptors (β1-AR 

and β2-AR) [206]. Concomitantly, posttranslational modifications of GPCRs have also been 

reported to modulate GPCR recycling [205]. Indeed, efficient recycling of β1-AR depends 

on PKA-mediated phosphorylation of the serine 312 residue in the third intracellular loop of 

the receptor. Accordingly, the substitution of serine 312 residue of the β1-AR for alanine 

(S312A) impairs the recycling of the receptor [205, 207]. Remarkably, recycling of β1-AR 

S312A mutant was inhibited despite presenting an intact PDZBM in its cytoplasmic tail, 

suggesting that additional trafficking “barcodes” regulate β1-AR recycling [205, 207]. 

Finally, many other factors are also implicated in the regulation of GCPR endosomal sorting, 

in particular those involved in the maintenance of endosomal morphology and cytoskeletal 

remodelling such as the sorting nexins (SNXs), the WASP and Scar homologue (WASH) 
complex and Annexin A2 [208-210]. 

Taken together, these studies exemplify the heterogeneous nature of GPCR-interacting 
endocytic proteins. 

3.1.1.3. Trafficking Differences Between Class A and Class B GPCRs 
	
Upon GPCR activation, GPCR kinase (GRK)-mediated phosphorylation of serine and 

threonine residues in the C-terminal tail of the receptor triggers cytosolic b-arrestin 

recruitment to the plasma membrane [211]. The b-arrestins bind to the phosphorylated C-

terminal tail as well as to the transmembrane core of agonist-occupied receptors [212]. 

Importantly, engagement of b-arrestins with the receptor core leads to the uncoupling of 

GPCRs from G proteins, resulting in receptor desensitisation [212, 213]. Additionally, b-

arrestins can regulate GPCR trafficking by interacting with the endocytic machinery and 

promoting the internalisation of some GPCRs into CCPs [190]. Remarkably, type A and type 

B GPCRs differ on the strength of their interactions with b-arrestins [212, 214]. Specifically, 

the strength of these interactions depends on the presence or absence of clusters of serine 

and threonine residues at the cytoplasmic tail of GPCRs. Thus, class A GPCRs interact 

weakly with b-arrestins, undergo transient internalisation and recycle rapidly to the plasma 
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membrane. Conversely, class B GPCRs form stable complexes with b-arrestins, undergo 

sustained internalisation and recycle slowly from endosomes [211, 215]. 

3.1.1.4. Endosomes as Signalling Platforms  
	
In the classical view, ligand-induced GPCR activation triggers receptor signalling, followed 

by phosphorylation by GRKs and b-arrestin recruitment, which displaces the activated G 

protein from the receptor resulting in signal termination. Additionally, β-arrestin triggers the 

recruitment of the endocytosis machinery, promoting receptor internalisation into 

endosomes. Therefore, GCPRs were long presumed to internalise in an inactive 
conformation [214].  

Compelling recent evidence conversely indicates that internalised GPCRs can indeed signal 

from intracellular compartments [216]. First evidences of this phenomenon were provided 

by studies showing that activation of extracellular signal-regulated kinase (ERK) 1/2 

mitogen-activated protein kinase (MAPK) pathway by GPCRs required receptor 

internalisation bound to b-arrestins [217]. Consequently, inhibition of internalisation by 

overexpression of dominant-negative mutants of b-arrestin or dynamin resulted in ERK1/2 

signalling attenuation [217]. Shortly thereafter, activation of ERK1/2 by internalised GPCR-

b-arrestin complexes was reported to be dependent on the ability of b-arrestins to recruit 

signalling effectors to activated GPCRs [168]. Interestingly, b-arrestin-1 was shown to be 

involved in the recruitment of the proto-oncogene tyrosine kinase c-Src to the activated 

b2AR, triggering the formation of GPCR-b-arrestin1-c-Src complexes that internalise into 

CCPs and enable cytosolic ERK1/2 activation [218]. Consistently, overexpression of a b-

arrestin-1 mutant unable to bind to c-Src but able to promote b2AR internalisation failed to 

activate ERK1/2. Similarly, a b-arrestin-1 mutant that blocks b2AR internalisation but is able 

to bind to c-Src does not result in ERK1/2 phosphorylation [218]. Alternatively, direct b-

arrestin binding to components of the MAPK cascade has also been reported [97].  

The latest findings support a role for b-arrestins as scaffolding proteins, promoting the 

formation of signalling complexes comprised of GPCRs, b-arrestins and protein kinases of 

the MAPK cascade (Fig. 3.1). Subsequent internalisation of these complexes, through 

CCPs, into endosomes promotes cytosolic ERK1/2 activation. Therefore, GPCR-b-arrestin 

complexes can regulate the cytosolic targeting of ERK1/2, promoting ERK1/2 sequestration 

in the cytosol and presumably leading to phosphorylation of cytosolic ERK1/2 downstream 
substrates [97, 168].  
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Figure 3.1: Model of β-arrestin-mediated ERK1/2 activation. Ligand-induced GPCR activation 
and phosphorylation triggers β-arrestin recruitment to the plasma membrane. β-arrestin binds 
simultaneously to the receptor and to components of MAPK cascade, leading to the formation of 
complexes comprised of GPCRs, b-arrestins and protein kinases of the MAPK cascade such as Raf-
1, MEK and ERK1/2. Subsequently, internalisation of these complexes results in the cytosolic 
activation of ERK1/2. AC: adenylate cyclase, GRKs: G protein-coupled receptor kinases, MEK: 
Mitogen-activated protein kinase kinase, Raf-1: rapidly accelerated fibrosarcoma 1, ERK1/2:  
extracellular signal-regulated kinase 1/2. 

 

Additionally, development of conformational biosensors that specifically detect GPCR and 

G protein active conformations confirmed that GPCR-mediated activation of G proteins is 

not restricted to the plasma membrane (Fig. 3.2) [216]. These studies revealed that after a 

first phase of GaS activation at the plasma membrane, G proteins were newly recruited to 

activated internalised receptors at endosomes, promoting a second phase of GaS signalling 

that contributes to the total cAMP responses [219].  

A mechanistic understanding of sustained G protein signalling by internalised GPCRs was 

provided by a recent report showing simultaneous interactions of GPCRs with b-arrestins 

and G proteins at endosomal compartments. The formation of these GPCR-G protein-β-

arrestin complexes, called megaplexes (Fig. 3.2), prolongs the endosomal residence time 

of the receptor bound to the G protein, promoting sustained G protein signalling [212]. 

Remarkably, recent findings show that GPCR-β-arrestin complexes exist in two different 

conformations, the “core” and the “tail” conformations [213], which provide a physical 

explanation for the concomitant binding of GPCRs with G proteins and β-arrestins, which 
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was long thought to be mutually exclusive [213]. In the “core” conformation model, β-

arrestins bind to the phosphorylated C-terminal tail and the transmembrane core of activated 

receptors, competing with G proteins for receptor binding and promoting receptor 

desensitisation. However, in the “tail” conformation model, β-arrestins only bind to the 

phosphorylated C-terminal tail of activated receptors, thus allowing simultaneous 

interactions of the receptor with G proteins and β-arrestins. Therefore, the formation of 

stable megaplexes seems to be dependent on the strength of the interactions between the 

GPCR phosphorylated cytoplasmic tail and the β-arrestins. Considering that class B GPCRs 

bind to β-arrestins more strongly than class A GPCRs, megaplexes are more likely to form 
among activated class B GPCRs [212]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Model for the two phases of G protein activation. Ligand-induced GPCR activation 
mediates a first phase of G protein signalling at the plasma membrane. Subsequently, b-arrestin 
binding to the phosphorylated GPCR (with phosphate groups depicted in red) results in signal 
termination at the plasma membrane followed by GPCR internalisation into endosomes, from where 
G protein signalling is initiated again, resulting in biphasic GPCR signalling. AC: adenylate cyclase, 
CCPs: clathrin-coated pits. 
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Taken together, these findings contradict the classical view of endocytosis as a process 

mediating receptor signal attenuation, and instead suggest a more sophisticated function of 

clathrin-dependent receptor internalisation as a mechanism of signal spatiotemporal 
compartmentalisation. 

3.1.2. Modulation of GLP-1R Signalling by Endocytic Membrane 
Trafficking 
The GLP-1R belongs to the B family of GPCRs and, like other GPCRs, signals through 

association and activation of stimulatory GaS proteins at the plasma membrane [30]. This 

results in stimulation of adenylate cyclase and a rapid raise of cAMP levels, leading to a 

potentiation of insulin secretion from pancreatic b-cells [30, 220]. The GLP-1R has become 

an important target for the treatment of type 2 diabetes (T2D), through development of 

peptidase-resistant GLP-1 analogues such as exenatide, liraglutide and lixisenatide [221]. 

Following its activation, the GLP-1R undergoes site-specific phosphorylation by GRKs [222], 

which promotes b-arrestin-dependent desensitisation and signal termination at the plasma 

membrane. Subsequently, the GLP-1R is rapidly internalized [220] and transported to early 

endosomes (EEs) [223]. Interestingly, ligand-induced GLP-1R internalisation has been 

associated with sustained signalling mediated by the prolonged association between 

agonist-occupied GLP-1R and GaS at Rab5-positive EEs, resulting in sustained cAMP 

generation but without leading to an increase in insulin secretion [223, 224]. Concomitantly, 

co-internalisation of GLP-1R with both b-arrestins has been shown in pancreatic b-cells 

[175, 223-225], suggesting that sustained G protein signalling by internalised active GLP-

1R might be dependent on the formation of GLP-1R-b-arrestin complexes as it has been 

proposed for other class B GPCRs [212]. 

b-arrestins act as scaffolding proteins, linking GPCRs to several signalling pathways [97]. 

GLP-1R has been shown to interact with both b-arrestins [175]. Interestingly, b-arrestin-1-

mediated recruitment of c-Src upon GLP-1R activation has been reported in INS832/13 rat 

beta cells [226]. The formation of GLP-1R-b-arrestin-1-Src complexes might promote 

downstream activation of PI3K-PKB/Akt and MAPK signalling pathways, increasing β-cell 

survival [98] and proliferation [99, 226]. Indeed, GLP-1R recruitment of b-arrestin-1 leads to 

ERK1/2 activation, promoting downstream phosphorylation of ERK1/2 cytosolic substrates 

that ultimately results in inactivation of the pro-apoptotic protein Bcl-2-associated death 

promoter (BAD) in MIN6 mouse beta cells and pancreatic islets [98].  Additionally, b-arrestin-

1-dependent recruitment of c-Src to agonist-occupied GLP-1Rs was found to be required 
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for GLP-1-induced proliferation of INS832/13 cells. Of note, GLP-1R internalisation seemed 

to be dispensable for this proliferation effect since a b-arrestin-1 mutant able to bind to c-

Src but unable to trigger GLP-1R recruitment into CCPs promoted b-cell proliferation to the 

same extent as in control conditions [226].  

To date, our knowledge of the post-endocytic fate of the GLP-1R is limited and based on a 

few studies. In pancreatic b-cells, GLP-1R is mainly targeted to the lysosomes [224], 

although in HEK293 cells the receptor is conversely seen as principally recycled back to the 

plasma membrane [220]. The apparent discrepancies between both studies might be 

explained by the use of different cell lines and might be indicative of cell-type specificity of 

the endocytic machinery [224]. 

Overall, the molecular basis underlying the regulation of GLP-1R trafficking remains poorly 

understood. Here we have screened 29 genes involved in GPCR membrane trafficking to 

elucidate their effects on GLP-1R-triggered potentiation of insulin secretion in an effort to 

decipher the molecular mechanisms that control GLP-1R trafficking and its impact on b-cell 

incretin responses.  
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3.2. RESULTS 
3.2.1. Regulation of Incretin Responses by Screened Endocytic 
Candidates 
To elucidate the molecular mechanisms, as well as to identify the key endocytic factors that 

control GLP-1R trafficking and GLP-1R-induced insulin secretion, 29 factors involved in the 

regulation of GPCR endocytic trafficking were selected (Table 3.1) and their impact on 

insulin secretion in response to GLP-1R activation was evaluated. 

	

 
 
Table 3.1: List of endocytic candidates from the screen with main known 
roles in GPCR trafficking regulation indicated. 
	
Studies were carried out in the mouse pancreatic b-cell subline MIN6B1 [176], a subline that 

displays an improved secretory profile compared to paternal MIN6, manipulated by us to 

stably express SNAP-tagged human GLP-1R (MIN6B1-SNAP-GLP-1R). Of note, 

endogenous gene expression was confirmed for each screened candidate in this cell line, 

with the exception of caveolin 1, for which mRNA levels were under the limit of detection 
(Table 3.2). 
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Table 3.2: Gene expression levels of screened candidates. Transcript levels of candidate genes 
were evaluated by qRT-PCR in MIN6B1 cells. Cycle threshold (Ct) values of screened candidates 
are shown. The Ct values of actin for each of the candidates were used as a control for RNA quality. 
Data are expressed as mean ± SEM (n=2 independent experiments, each performed in triplicate). 

 Ct	Candidate	Gene	 Ct	Actin	
SNX27 23.53 ± 0.02   17.84 ± 0.01 

Dynamin1 26.35 ±  0.03 17.39 ± 0.01 
SNX1 23.19 ± 0.01 18.07 ± 0.02 
AP2 21.98 ± 0.02 17.39 ± 0.01 

Chlathrin 20.37 ± 0.03 17.84 ± 0.01 
Rab5a 21.73 ± 0.03 17.90 ± 0.01 

Caveolin 1 Not detected 18.09 ± 0.02 
Epsin1 21.28 ±  0.05 17.78 ± 0.02 

NHERF/EBP50 24.44 ± 0.01 18.07 ± 0.02 
WASH 24.16 ± 0.01 17.84 ± 0.01 
ALIX 22.23 ± 0.12 17.73 ± 0.02 

Rab4a 25.32 ± 0.05 17.70 ± 0.28 
SARA 25.08 ± 0.05 18.12 ± 0.01 

Tsg101 21.45 ± 0.04 17.65 ± 0.01 
APPL1 23.91 ± 0.04 17,73 ± 0.02 

AnnexinA2 27.06 ± 0.04 18.07 ± 0.02 
Hrs 23.26 ± 0.08 17.90 ± 0.01 
Cbl 24.16 ± 0.05 18.07 ± 0.02 

Rab11a 21.26 ± 0.09 17.39 ± 0.10 
Eps15 24.04 ± 0.05 17.78 ± 0.02 

Intersectin 1 23.27 ± 0.03 18.09± 0.02 
V-ATPase subunit A1 21.79 ± 0.06 18.12 ± 0.01 

  β-arrestin-2 22.92 ± 0.10 17.39 ± 0.10 
HIP14 23.86 ± 0.07 17.70 ± 0.28 

  β-arrestin-1 27.87 ± 0.13 17.70 ± 0.28 
GASP-1 24.14 ± 0.04 17.65± 0.01 
Nedd4 20.26 ± 0.03 17.70 ± 0.28 
HIP1 27.06 ± 0.01 17.78 ± 0.01 
Arf6 29.43 ± 0.40 17.65 ± 0.01 
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After RNAi silencing of each candidate gene by transient transfection of factor-specific 

siRNA molecules (Fig. 3.3), incretin-stimulated insulin secretion was measured in MIN6B1-

SNAP-GLP-1R cells by addition of the protease-resistant GLP-1 analogue exendin-4 at the 
saturating concentration of 100 nM.  

 

Figure 3.3: Knockdown efficiency of screen candidates. MIN6B1-SNAP-GLP-1R cells were 
transfected with the corresponding siRNA, and mRNA levels of screened candidates were assessed 
by qRT-PCR at 48 hours. Data are expressed as mean ± SEM relative to Control RNAi (n=2 
independent experiments, each performed in triplicate). 

Candidates that resulted in lower than 10% change on incretin-stimulated secretion 

following their siRNA-mediated downregulation were discarded in the first round of the 

screen after three independent experiments (Fig. 3.4A). From the remaining candidates 
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undergoing further investigation (Fig. 3.4B and C), we identified five that resulted in a 

significant increase on secretion in response to Ex-4 stimulation following knockdown 

(SNX27, dynamin1, AP2, clathrin and SNX1) and four whose downregulation resulted in the 
opposite effect (HIP1, Nedd4, HIP14 and GASP-1). 
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Figure 3.4: Regulation of Incretin Responses by Screened Endocytic Candidates. A: Effect of 
screened candidates on incretin-stimulated insulin secretion (ISIS; screen first round). MIN6B1-
SNAP-GLP-1R cells were transfected with the corresponding siRNA and after 72 hours, insulin 
secretion was measured. Insulin stimulation index (ISI) corresponding to 11 mM glucose (G11) + 
exendin-4 (Ex-4) over G11 alone is expressed as a fold-response to Control siRNA-treated cells. 
The dotted lines show the ISI versus Control RNAi cut-off values. Candidates discarded in the first 
round of the screen are depicted in grey (n=3 independent experiments, each performed in triplicate). 
B: Further evaluation of ISIS from the remaining candidates from A (18 candidates). Results are 
expressed as above. Represented in red are the factors that resulted in a significant increase on 
ISIS following knockdown. Factors that significantly reduced ISIS after RNAi are depicted in blue (n= 
3-8 independent experiments, each performed in triplicate). C: Individual results for each of the 
factors from B that significantly modulated ISIS after RNAi relative to paired control RNAi 
experiments. Insulin stimulation index (ISI) corresponds to G11 + Ex-4 over G11 alone (n= 3-8 
independent experiments, each performed in triplicate). Data are expressed as mean ± SEM. * 
p<0.05, **p<0.01. P values were determined by two-tailed paired t-test. Individual data points are 
shown. Paired data points are depicted in the same colour.  

 

Following this initial screen, we selected 2 factors, huntingtin-interacting protein 1 (HIP1) 

and sorting nexin 27 (SNX27), as showing the strongest effect on secretion after 

downregulation, for further investigation. Additionally, sorting nexin 1 (SNX1), which also 

belongs to the family of sorting nexins and interacts in vitro with GLP-1R [227], was also 

selected for further analysis. I will discuss the roles of each of these three selected factors 
in more detail in subsequent Chapters. 

3.3. DISCUSSION 
	
GLP-1R regulates important physiological functions of b-cells. Moreover, unlike GIPR, GLP-

1R responsiveness to GLP-1 is maintained in patients with T2DM and therefore modulation 

of GLP-1R signalling activity is clinically relevant [30]. The signal responses of GPCRs are 

typically modulated by endocytic trafficking [165, 188]. Therefore, elucidation of the detailed 

molecular mechanisms that regulate GLP-1R trafficking, a class B GPCR, are of great 
interest for the diabetes field. 

In our screen, we have identified nine factors as key modulators of b-cell incretin responses. 

Amongst them, we found three (dynamin1, AP2 and clathrin) that negatively regulate overall 

GLP-1R signalling output and are involved in CCP generation and clathrin-dependent 

receptor internalisation. The roles of dynamin1, AP2 and clathrin on CCP formation and 

clathrin-mediated endocytosis in mammalian cells are well established [228, 229]. AP2 and 

clathrin are key components of CCPs and are essential to the initiation of coated pit 

formation, defining an endocytic site [109, 115, 230]. Once AP2 binds to the plasma 

membrane, it can recruit endocytic accessory proteins, including FCHo1/2, Epidermal 

Growth Factor Receptor Pathway Substrate 15 (Eps15)/Eps15R and intersectin, which 
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interact with each other and enhance clathrin recruitment, contributing to the stabilisation 

and growth of the CCP [113]. Consistently, AP2 depletion resulted in a reduction of CCP 

formation while inhibition of AP2 or clathrin expression impaired transferrin uptake [230, 

231]. On the other hand, dynamin is recruited to the neck of the budding vesicle to drive its 

scission [232]. Dynamin depletion by RNAi, as shown for AP2 and clathrin, perturbed 

clathrin-dependent internalisation of transferrin [232]. Thus, considering that GLP-1R 

function was affected upon depletion of dynamin1, AP2 and clathrin, we speculate that GLP-

1R internalisation occurs mainly through a clathrin-dependent pathway. The latter premise 

is further supported by the findings that caveolin 1 expression levels are undetectable in 

MIN6B1 b-cells, ruling out the possibility that GLP-1R internalises through a caveolin-

dependent pathway in these cells, and by the previously published capacity of AP2 to 

directly interact with the GLP-1R [233]. Interestingly, in addition to its role in CCP initiation 

regulation [113], AP2 functions as a cargo adaptor for specific receptors [113, 190]. 

Therefore, we hypothesise that AP2 might contribute to recruitment of GLP-1R to CCPs as 
well as its subsequent clathrin-dependent internalisation.  

A clathrin-dependent internalisation mechanism for the GLP-1R might explain the effects 

that we observe on incretin-stimulated insulin secretion (ISIS) upon depletion of dynamin1, 

AP2 or clathrin. We infer that depletion of dynamin1, AP2 or clathrin might delay the GLP-

1R internalisation process, resulting in an increase in the plasma membrane residence time 

of GLP-1Rs bound to agonist that ultimately leads to a total increase in GLP-1R signalling 

and, consequently, to potentiation of the incretin effect on insulin secretion. Supporting our 

hypothesis, AP2 knockdown has been previously shown to enhance PAR1 signalling, a 

feature associated with an increase of receptor constitutive surface levels [234]. 

Interestingly, AP2 silencing also resulted in a decreased association between regulator of 

G protein signalling (RGS) and G proteins. Of note, RGS proteins, through their binding to 

active Ga-GTP proteins, enhance GTP hydrolysis resulting in Ga inactivation (Ga-GDP 

conformation) and are therefore associated with G protein signal termination. Therefore, the 

previous study showed that AP2 modulates PAR1 activity through two independent 

mechanisms. This suggest the existence of a more complex mechanism by which clathrin 

adaptors and accessory proteins modulate GPCR signalling, indicating that the function of 

these proteins is not limited to regulate CCP formation and receptor internalisation [234]. 

Such a scenario is also plausible in the case of GLP-1R, and remains to be investigated in 
the future.  
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In our screen, the effect of individually silencing each of the two b-arrestins, known to be 

involved in GPCR desensitisation, internalisation and endosomal signalling, on ISIS was not 

significant. Consistent with our data, a recent report showed that GLP1-induced insulin 

secretion was not impaired in b-arrestin-2 knockout mice [235]. The latter findings might be 

indicative of certain degree of redundancy between both b-arrestins. Indeed, data from 

subsequent work from our laboratory showed that depletion of both b-arrestins was 

associated with an increase of cAMP in HEK293 cells as well as an increase on ISIS in 

pancreatic b-cells [175], presumably as a result of a decrease in the rate of receptor 

desensitisation.  

Among factors that negatively regulate ISIS after gene depletion, we found two involved in 

posttranslational modifications (HIP14 and Nedd4), as well as one involved in GPCR 
lysosomal targeting and signalling [GPCR Associated Sorting Protein 1 (GASP-1)] [236].  

Nedd4 is a ubiquitin ligase involved in receptor ubiquitination [237]. Ubiquitination consist in 

the attachment of ubiquitin, a 76 amino acid polypeptide, to lysine residues [238]. 

Interestingly, several GPCRs have been reported to be ubiquitinated at lysine residues 

located within their cytoplasmic tail [238]. Furthermore, ligand-induced ubiquitination has 

been shown to regulate many aspects of GPCR trafficking, including receptor internalisation 

[196] and degradation [239]. It is noteworthy to mention that we have failed to detect 

exendin-4-mediated GLP-1R ubiquitination (data not shown), suggesting that GLP-1R is not 

ubiquitinated upon ligand binding. Nevertheless, the activity of some accessory proteins 

involved in clathrin-dependent receptor internalisation and desensitisation, is modulated by 

ubiquitination. Remarkably, ubiquitination of b-arrestins by the E3 ubiquitin ligase Mdm2 has 

been reported to mediate b2AR internalisation upon receptor activation [240]. Additionally, 

Eps15, an endocytic protein involved in EGFR internalisation, has been reported to be 

ubiquitinated by Nedd4 in response to EGF [241]. Therefore, it is intriguing to speculate that 

Nedd4, upon GLP-1R activation, might indirectly regulate GLP-1R trafficking and signalling 
by modulating the activity of GLP-1R specific endocytic regulatory proteins. 

GASP-1 was first identified in a yeast two-hybrid screen as an interacting partner of the delta 

opioid receptor (DOR), a type of GPCR [242]. Furthermore, overexpression of the dominant 

negative COOH-terminal fragment of GASP1 (cGASP-1), which might compete with GASP-

1 for the binding to receptor cytoplasmic tails [243], was shown to inhibit DOR lysosomal 

targeting [242]. Thereafter, GASP-1 was also reported to be involved in the lysosomal 

targeting of several GPCRs [243]. Intriguingly, GASP-1 is also involved in GPCR signal 
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transduction regulation [243]. Particularly, GASP-1 was shown to mediate the lysosomal 

targeting of the GPCR viral receptor US28 as well as its constitutive signalling capacity [236]. 

Interestingly, we have observed that exendin-4 induces GLP-1R targeting to lysosomes 

(See Chapter IV, Fig. 3D). Therefore, it is tempting to hypothesise that GASP-1 might 

modulate GLP-1R trafficking to the degradative pathway and/or might affect its function by 

targeting GLP-1R to specific membrane endosomal compartments for signal transduction, 

as it has been suggested for the US28 receptor [236]. 

HIP14, also known as DHHC17, belongs to the DHCC protein family of palmitoyl 

transferases [244] involved in the catalysis of protein palmitoylation, which involves the 

addition of a 16 carbon fatty acid to cysteine residues of the substrate protein [245]. Notably, 

several GPCRs have been shown to be palmitoylated, influencing their trafficking properties 

[246] (see Chapter VI). Interestingly, during this thesis, we have found that GLP-1R 

undergoes agonist-dependent palmitoylation (Chapter VI). Therefore, it would be interesting 

to determine in the future if HIP14 modulates agonist-induced GLP-1R palmitoylation or acts 
indirectly to palmitoylate some other factor that affect GLP-1R signalling. 

In summary, our screen has proven to be a valid approach to identify crucial regulators of 

GLP-1R function involved in GPCR trafficking. Remarkably, for most cases, a modest 

reduction in the expression levels of our candidates was sufficient to deregulate incretin 

responses. This, together with the fact that some of the identified candidates such as SNX1 

[227], AP2 [233] and GASP-1 [227], have been reported to directly interact with the GLP-

1R, demonstrate that they are potentially important modulators of GLP-1R activity. In 

conclusion, the work described in this chapter has shed light into the molecular players that 
might control GLP-1R signalling by modulation of its endocytic trafficking.  
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CHAPTER IV 

HIP1 REGULATES GLP-1R TRAFFICKING AND SIGNALLING IN 

PANCREATIC b-CELLS 

 

 

 

 

 

 

 

 

N.B.: Results presented herein are part of a manuscript entitled “A Targeted RNAi Screen 

Identifies Endocytic Trafficking Factors That Control GLP-1R Signalling in Pancreatic b-

cells”, published in Diabetes in 2018, for which I am first author. 
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4.1. INTRODUCTION 
	
4.1.1. The Sla2p/HIP1/HIP1R Family 
	
HIP1 is a 116 kDa protein that displays a punctate cytoplasmic distribution [247, 248] and is 

ubiquitously expressed in mammalian tissues, being particularly abundant in mouse and 

human brain [249]. HIP1 was first identified in 1997 by the two yeast hybrid method as an 

interacting partner of huntingtin (htt), the protein that is mutated in the neurodegenerative 

syndrome Huntington´s disease (HD) [248, 249]. Interestingly, the affinity of HIP1 for the 

mutated huntingtin (mhtt) is reduced, which might contribute to the pathogenesis of HD 
[249].  

HIP1 belongs to the Sla2p/HIP1/HIP1R family composed by HIP1 itself, the HIP1 yeast 

homologue Sla2p and the mammalian HIP1 related protein (HIP1R or HIP12) [250]. Slap2 

was discovered a few years earlier as a protein involved in the regulation of membrane 

cytoskeleton assembly as well as in endocytosis and growth [251, 252]. HIP1R was 

identified because of its structural similarity with HIP1 [253, 254], although it does not 
interact directly with htt [254]. 

These three family members share a similar protein structure, characterized by an epsin N-

terminal homology (ENTH) domain, a central coiled-coil domain and a C-terminal talin-like 

domain [250]. These conserved domains (Fig. 4.1) mediate different protein and lipid 
interactions and therefore determine HIP1 biological functions [250]. 

 

Figure 4.1: Schematic representation of HIP1 protein domains and binding partners. N-
terminal ENTH (phosphatidylinositol	 binding) domain; AP2 binding motifs (FXDXF and DPF); 
LMDMD clathrin heavy chain (CHC) box motif; central-coil domain, containing the clathrin light chain 
(CLH) binding domain and the huntingtin binding site; and C-terminal talin (F-actin binding) domain. 
ENTH: epsin N-terminal homology domain, AP2: adaptor protein 2. 
 
 

The ENTH domain is a lipid binding domain found in endocytic accessory proteins involved 

in clathrin-mediated endocytosis (CME) such as AP180 and CALM [255, 256]. The central-

coil domain contains a binding site to the clathrin light chain, which is present in all three

ENTH

AP2 CHC CLH, Huntingtin
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F-actinPtdIns
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protein family members [250, 257, 258]. Interestingly, the central domain of HIP1 mediates 

additional protein-protein interactions with htt and several receptors [259-261]. Additionally, 

HIP1, unlike HIP1R and Slap2, contains consensus binding sites to the terminal domain of 

the clathrin heavy chain (LMDMD clathrin box motif) and AP2 (FXDXF and DPF motifs) [250, 

262, 263]. Lastly, the C-terminal talin-like or THATCH domain is involved in the binding to 

actin filaments (F-actin) [263, 264], although HIP1 exhibits a weaker binding affinity to F-

actin than HIP1R [265, 266]. 

4.1.2. HIP1 Functions in Clathrin-Mediated Endocytosis 
	
4.1.2.1. HIP1 is a Major Component of Clathrin Coated Pits  

To date, a large number of evidences support a role for HIP1 in clathrin-mediated 

endocytosis. The consensus binding sites to clathrin and AP2, found in the central domain 

of HIP1 [259, 267, 268], postulates it as an endocytic accessory protein. In fact, HIP1 was 

found to be enriched in purified CCPs from rat brain extracts to similar levels as those 

reported for AP2 and clathrin [259], while pull-down and colocalisation assays confirmed the 

interaction of HIP1 with both proteins [259, 267, 269]. Consistently, HIP1 proteins lacking 

AP2 and clathrin binding sites were no longer enriched in these purified CCPs, suggesting 

that HIP1 recruitment to the CCP occurs mainly through protein-protein interactions [259, 

269]. Supporting the latter premise, clathrin depletion by shRNA resulted in a reduction of 

HIP1 plasma membrane levels. Finally, TIRF microscopy experiments showed similar 

recruitment dynamics to the plasma membrane between clathrin and HIP1, indicating that 
HIP1 is an early component of CCPs [269]. 

4.1.2.2. HIP1 Functions in Clathrin Coated Pit Formation 

Clathrin coat assembly requires clathrin adaptors such as AP2 and accessory proteins to 

recruit clathrin to the plasma membrane in an extremely cooperative process where the 

binding of one component stabilises the binding of others through protein-protein 

interactions [267, 270]. Accordingly, liposome-binding assays showed that recruitment of 

clathrin to synthetic liposomes was enhanced in the presence of HIP1 and AP2 compared 

with AP2 alone. Moreover, liposomal recruitment of AP2 by HIP1 was confirmed [267]. 

Conversely, recruitment of AP2 and clathrin to liposomal membranes was reduced in brain 

lysates of mice lacking HIP1 (HIP1-/-) [271]. Finally, in vitro studies have confirmed HIP1 

ability to promote clathrin assembly through its binding to clathrin light chains by releasing 
its inhibition on clathrin heavy chains [266, 272-274]. 
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A role for HIP1 in CCP formation can also be inferred from studies where overexpression of 

a short HIP1 fragment comprising the AP2 and clathrin binding sites acted as a dominant 

negative mutant and resulted in a reduction of transferrin receptor endocytosis in COS7 cells 

[259, 269]. In addition, overexpression of HIP1 protein lacking the ENTH and talin domains 

resulted in oversized vesicle-like structures in the perinuclear region of the cells. 

Interestingly, the authors hypothesized that HIP1 might regulate vesicle size by interacting 

with the actin cytoskeleton [268].  

4.1.3. HIP1 Trafficking Roles and Involvement in Human Diseases 

HIP1 is an accessory protein involved in the regulation of receptor internalisation through a 

clathrin-dependent pathway. This process is crucial for efficient regulation of receptor signal 

transduction and ultimately for adequate cellular responses [109, 275].  Accordingly, it is not 

surprising that loss of function of endocytosis accessory proteins has been associated both 
with cancer and with neurodegenerative and metabolic diseases [275-279]. 

Considering that HIP1 might participate in the pathogenesis of HD, extensive efforts have 

been made to try to characterise the role of HIP1 in the central nervous system as well as 

its possible implications in neuronal degeneration. In fact, HIP1-/- mice develop neurological 

abnormalities and spine defects, resulting in premature death [271].  Remarkably, the 

function of different neurotransmitters was altered in neurons from HIP1-/- mice. In particular, 

endocytosis of ligand-α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid  (AMPA) 

receptor complexes was impaired in HIP1-/- mice [271], and loss of HIP1 was also associated 

with a reduction in N-methyl-D-aspartate (NMDA)-induced neuronal death. Interestingly, 

NMDA receptor function is enhanced in HD [260]. 

Overexpression of HIP1 in different types of human cancers [280] has been associated with 

up-regulation of receptor tyrosine kinase activity, conferring a survival advantage to HIP1 

overexpressing cells that contributes to cancer progression [281]. In particular, HIP1 up-

regulation prolongs EGFR half-life resulting in increased levels of total as well 

phosphorylated EGFR. Interestingly, HIP1-mediated EGFR stabilisation was not associated 

with changes in the rate of EGFR internalisation, suggesting an additional role for HIP1 apart 
from its function in clathrin-mediated endocytosis [247]. 

In conclusion, HIP1 is an endocytic factor involved in clathrin-mediated endocytosis through 

its interaction with clathrin and the clathrin adaptor AP2, thereby stimulating clathrin coated 
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pit assembly. Nevertheless, the molecular mechanisms by which HIP1 regulates receptor 
trafficking are still unclear.  

In our screen, HIP1 depletion resulted in a strong decrease in ISIS. The latest finding, 

together with the fact that HIP1 function in pancreatic b-cells has not previously been 

studied, makes HIP1 an interesting candidate for further validation. 
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Objective 
To determine the molecular mechanisms by which HIP1 

regulates GLP-1R function in pancreatic b-cells 
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4.2. RESULTS 
	
4.2.1. HIP1 Depletion Impairs GLP-1R Internalisation 
	
To determine the role of HIP1 in the regulation of GLP-1R trafficking, we measured the rate 

of GLP-1R internalisation and recycling using a fluorescence-activated cell sorting (FACS) 

trafficking assay based on surface-specific cleavage of fluorescent SNAP-tag probes [282] 
in MIN6B1-SNAP-GLP-1R cells (Fig. 4.2). 

 

Figure 4.2: Overview of the protocol followed to measure SNAP-GLP-1R trafficking by FACS. 
The surface-specific cleavable SNAP-tag probe BG-SS-488 binds covalently to the SNAP-tagged 
human GLP-1R at the plasma membrane. This probe can be cleaved with a cell-impermeable 
reducing agent (MesNa), allowing surface fluorescence removal from plasma membrane GLP-1Rs 
following agonist stimulation. FACS analysis of loss of fluorescence labelling from surface SNAP-
GLP-1Rs allows the quantification of the internalised receptor fraction. To quantify the recycled 
receptor fraction, cells were incubated after MesNa treatment with the GLP-1R antagonist exendin(9-
39) to avoid receptor re-internalisation, followed by another round of MesNa treatment. FACS 
analysis of the further drop in fluorescence after the second round of MesNa allows the quantification 
of the recycled receptor fraction. The figures were generated using images from Servier Medical Art. 
 
 

In control siRNA-treated cells, activated SNAP-GLP-1R displayed a rapid internalisation 

(Fig. 4.3A, left), while exhibiting a slow recycling rate (Fig. 4.3A, right). Remarkably, HIP1 

siRNA-treated cells stimulated with exendin-4 displayed a small but significant reduction in 

GLP-1R internalisation compared to control RNAi cells (Fig. 4.3A, left). Of note, no 

differences in the rate of recycling were detected (Fig. 4.3A, right). This delay was confirmed 

by confocal (Fig. 4.3B) and electron microscopy (EM) (Fig. 4.3C). Quantitative analysis of 

EM images showed that exendin-4 stimulation of Control siRNA-treated cells mainly resulted 

in SNAP-GLP-1R targeting to the lysosomes. On the contrary, SNAP-GLP-1R was enriched 
at the plasma membrane in HIP1 siRNA-treated cells (Fig. 4.3D). 
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Figure 4.3: HIP1 depletion impairs GLP-1R internalisation. A: Percentage of SNAP-GLP-1R 
internalisation (left) and recycling (right) in Control versus Hip1-siRNA MIN6B1-SNAP-GLP-1R cells 
treated with 100 nM exendin-4 (Ex-4) (n=3 independent experiments) B: Representative confocal 
images of SNAP-GLP-1R internalisation in Control vs. Hip1 siRNA-treated cells after 15 minutes 
stimulation with 100 nM Ex-4. Green: SNAP-Surface 488. Blue: nuclei (DAPI). Scale bar: 10 μm. C: 
Representative EM images of gold-labelled SNAP-GLP-1R localisation along the endocytic pathway. 
MIN6B1-SNAP-GLP-1R cells were labelled with BG-SS-Biotin SNAP-tag probe + Streptavidin 10-
nm gold and stimulated with 100 nM Ex-4 for 30 minutes (n=2 independent experiments) D: 
Quantification of gold particles (from D). Percentage of SNAP-GLP-1R gold particles corresponding 
to number of receptor molecules in each intracellular compartment over total (n=2 independent 
experiments). Data is from a minimum of n=200 gold particles per condition. PM: plasma membrane; 
EE: early endosomes; MVB: multivesicular body; LM: limiting membrane; ILV: intraluminal vesicles; 
Tub/RE: tubular/recycling endosomes; LE/Lysosome: Late endosomes/Lysosomes. Arrows:  gold 
particles (SNAP-GLP-1R). Scale bar: 1 μm. Data are expressed as mean ± SEM. * p<0.05, *** 
p<0.001, ns: non-significant. P values were determined by two-way randomized block ANOVA with 
Sidak’s test (A left), and two-tailed paired t-test (A right and D). Individual data points are shown. 
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4.2.2. HIP1 Knockdown Impairs GLP-1R Signalling 
	
We further characterised the effect of HIP1 on incretin responses in the parental MIN6B1 

cell line, to avoid confounding effects of GLP-1R over-expression in the MIN6B1-SNAP-
GLP-1R cell line used for the screening (Fig. 4.4), as well as in primary human islets. 

                                           

Figure 4.4: Expression levels of human GLP-1R in MIN6B1-SNAP-GLP-1R cells versus 
endogenous mouse GLP-1R in MIN6B1 cells. Human GLP-1R (from MIN6B1-SNAP-GLP-1R) and 
mouse GLP-1R (from MIN6B1) mRNA levels were assessed by qRT-PCR (n=12 independent 
experiments, each performed in triplicate). Data are expressed as mean ± SEM relative to parenteral 
MIN6B1 levels. *** p<0.001. P values were determined by two-tailed unpaired t-test. Individual data 
points are shown. 

 
4.2.2.1. Effect of HIP1 RNAi on Incretin Responses in MIN6B1 Cells 
	
HIP1 depletion in MIN6B1 cells (Fig. 4.5A) showed a significant decrease in insulin secretion 

in response to exendin-4 (Fig. 4.5B) and GLP-1 (Fig. 4.5C), confirming our previous 

observations on ISIS in MIN6B1-SNAP-GLP-1R cells. Of note, glucose-stimulated insulin 

secretion (GSIS) remained unchanged (Fig. 4.5D). Next, receptor activity was assessed by 

measuring intracellular cAMP production from lysates of MIN6B1 cells previously stimulated 

with exendin-4 plus IBMX for 1 hour. As expected, HIP1 RNAi resulted in diminished cAMP 

levels (Fig. 4.5E). Additionally, exendin-4 -mediated cAMP reduction was confirmed by real-
time FRET imaging experiments in MIN6B1 cells (Fig. 5F).  
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Figure 4.5: Effect of HIP1 RNAi on incretin responses in MIN6B1 cells. A: HIP1 knockdown 
efficiency assessed by qRT-PCR in MIN6B1 cells at 48 hours. Data are expressed relative to Control 
RNAi (n=8 independent experiments, each performed in triplicate). B: Incretin-stimulated insulin 
secretion of Control versus HIP1 siRNA-treated MIN6B1 cells. Insulin stimulation index (ISI) 
corresponds to 11 mM glucose (G11) + 100 nM exendin-4 (Ex-4) over G11 alone (n=4 independent 
experiments, each performed in triplicate). C: Incretin-stimulated insulin secretion of Control versus 
HIP1 siRNA-treated MIN6B1 cells. Insulin stimulation index (ISI) corresponds to G11 + 100 nM GLP-
1 over G11 alone (n=5 independent experiments, performed in triplicates). D: Insulin secretion in 
response to G11 of Control versus HIP1 siRNA-treated MIN6B1 cells (from B) expressed as the 
percentage of total insulin (n=4 independent experiments, each performed in triplicate). E: Incretin-
induced cAMP following 1 hour treatment with 100 nM Ex- + 100 μM IBMX in Control versus Hip1 
siRNA-treated MIN6B1 cells. Data are expressed as G3 + Ex-4 + 100 μM IBMX relative to G3 + 100 
μM IBMX alone (n=5 independent experiments, each performed in triplicate). F: FRET measurement 
of intracellular cAMP dynamics of Control versus HIP1 siRNA-treated MIN6B1 cells (left) and area 
under the curve (AUC, right). Fluorescence intensity ratio (citrine/cerulean) was measured for 10 
minutes in the presence of 100 nM Ex-4 + 100 μM IBMX and normalized to baseline (fluorescence 
intensity measured 5 minutes before Ex-4 addition), n=8 cells from four independent experiments. 
Data are expressed as mean ± SEM. * p<0.05, ** p<0.01, **** p<0.0001, ns: non-significant. P values 
were determined by two-tailed paired t-test. Individual data points are shown. Paired data points are 
depicted in the same colour. 
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Finally, HIP1 silencing resulted in poor survival of exendin-4-treated MIN6B1 cells during 

glucolipotoxic conditions induced by high glucose and palmitate, suggesting that HIP1 is 

involved in exendin-4-dependent protection against beta cell glucolipotoxicity (Fig. 4.6A and 
B). 

                       
Figure 4.6: Effect of HIP1 RNAi on Ex-4-dependent protection against b-cell apoptosis under 
glucolipotoxic conditions. A: Percentage of TUNEL-positive MIN6B1 cells following overnight 
treatment with 0.5 mM palmitate/BSA in the presence or absence of exendin-4 (Ex-4) (n=5 
independent experiments) B: Percentage of TUNEL-positive MIN6B1 cells transfected with Control 
or HIP1 siRNA following overnight treatment with 0.5 mM palmitate/BSA in the presence of 100 nM 
Ex-4 (n=7 independent experiments). Data are expressed as mean ± SEM. * p<0.05. P values were 
determined by two-tailed paired t-test. Individual data points are shown. 

 
4.2.2.2. Effect of HIP1 shRNA on Incretin Responses in Primary Human Islets 
	
To determine the physiological relevance of HIP in b-cell incretin responses, functional 

studies were performed in isolated primary human islets. First, two shRNA constructs with 

the highest knockdown efficiency were selected (Fig. 4.7A) and lentiviral particles were 

generated. Next, HIP1 depletion was confirmed in infected human EndoC-βH1 b-cells (Fig. 

4.7B) and in intact (Fig. 4.7D-F), as well as dispersed (Fig. 4.7C), human islets. 
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Figure 4.7: HIP1 shRNA knockdown efficiency in human cell lines and islets. A: HEK293T cells 
were transfected with HIP1 shRNA lentiviral constructs and HIP1 shRNA knockdown efficiency was 
assessed by qRT-PCR 72 hours post-transfection. Data are expressed relative to Control shRNA 
(n=2 independent experiments, each performed in duplicate). B-E: Knockdown efficiency of HIP1 
shRNA lentiviruses assessed by qRT-PCR at 72 hours in human EndoC-βH1 β-cells (B, n=2 
independent experiments, each performed in triplicate) and in dispersed (C, n=8 independent 
experiments for HIP1 shRNA TRCN446 and n=6 independent experiments for HIP1 shRNA 
TRCN447) and intact human islets (D and E, n=2 independent experiments, each performed in 
triplicate). Data are expressed relative to Control shRNA. F: Western blot confirming knockdown of 
HIP1 protein (top) at 72 hours in human islets infected with HIP1shRNA lentiviruses (n=1). Tubulin 
was used as loading control (bottom). Data are expressed as mean ± SEM. * p<0.05, *** p<0.001, 
ns: non-significant. P values were determined by one-way ANOVA with Dunnett´s test (A-C) or by 
two-tailed paired t-test (D and E). Individual data points are shown. 
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Infection of intact human islets with HIP1 lentiviruses resulted in a significant decrease in 

exendin-4-induced insulin secretion (Fig. 4.8A). Conversely, glucose-stimulated insulin 

secretion was not affected (Fig. 4.8B). Moreover, reduction of ISIS in HIP1-infected islets 

was associated with decreased cytosolic Ca2+ levels in response to exendin-4 (Fig. 4.8C 
and D). Of note, Ca2+ responses to KCl were not affected (Fig. 4.8E).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. Effect of HIP1 shRNA on incretin responses in primary human islets. A:   Incretin-
stimulated insulin secretion of Control versus HIP1 shRNA lentivirally infected human islets. Insulin 
stimulation index (ISI) corresponds to 11 mM glucose (G11) + exendin-4 (Ex-4) over G11 alone (n=4 
independent experiments, each performed in tripicate). B: Insulin secretion in response to G11 of 
Control versus HIP1 shRNA lentivirally infected human islets (from B) expressed as the percentage 
of total insulin (n=4 independent experiments, each performed in triplicate). C: Real-time Ca2+ 

dynamics of human islets infected with Control versus HIP1 shRNA TRCN446 lentivirus. Infected 
human islets were loaded with Fluo-2 and imaged for 3 minutes in G11 (Initial Fluorescence). A 
perifusion system was used to allow subsequent stimulation with 100 nM Ex-4 for 15 minutes and 
20 mM KCl for 4 minutes. Arrows indicate the time when Ex-4 and KCl were administered. Note that 
due to the nature of the perifusion system, both Ex-4 and KCl reached human islets 1 minute and 
30 seconds after their administration. Additionally, note that KCl administration results in a high 
extracellular K+ concentration, promoting a strong and rapid membrane depolarization which leads 
to the opening of voltage-dependent Ca2+ channels resulting in a sharp increase of cytosolic Ca2+ 
[283]. Conversely, Ex-4-dependent effects on cytosolic Ca2+ require the generation of cAMP and 
downstream activation of cAMP-dependent pathways, resulting in oscillatory Ca2+ responses [284]. 
Data (F) is normalized to initial fluorescence (F0). D, E: Area under the curve (AUC) analysis of Ex-
4 (D) or KCl (E) responses from C (n=3 independent experiments, with 9–13 islets imaged per 
experiment). Data are expressed as mean ± SEM. * p<0.05, ** p<0.01, ns: non-significant. P values 
were determined by one-way randomized block ANOVA with Dunnett’s test (A, B) or by two-tailed 
paired t-test (D, E). Individual data points are shown. Paired data points are depicted in the same 
colour. 
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4.2.3. HIP1 Silencing Decreases GLP-1R Coupling to G proteins and 

Exendin-4-Dependent b-arrestin Recruitment  
	
In order to investigate whether HIP1 played a role in modulating specific interactions of the 

GLP-1R involved in the regulation of receptor activity, we isolated factors that interact with 

GLP-1R by a SNAP-Capture pull-down assay in MIN6B1-SNAP-GLP-1R cells and we then 
asked if these interactions were perturbed upon HIP1 silencing (Fig. 4.9A). 

After 5 minutes of exendin-4 stimulation, we pulled down SNAP-GLP-1R in complex with 

both b-arrestin isoforms exogenously expressed as b-arrestin-1-YFP and b-arrestin-2-GFP 

fusions, and also in association with the a subunit of Gs (expressed as GaS-YFP) in Control 

siRNA-treated cells. Conversely, in HIP1 siRNA-treated cells, pull-down of GLP-1R-b-

arrestin-1/2 complexes was reduced, as well as SNAP-GLP-1R binding to GaS-YFP. 

Furthermore, we observed a decrease in SNAP-GLP-1R interaction with the tyrosine kinase 

c-Src in HIP1-depleted compared to control siRNA-treated cells. Of note, c-Src is commonly 

recruited to ligand-GPCR-b-arrestin-1 complexes [216]. Additionally, reduced b-arrestin 

recruitment to the plasma membrane in HIP1 siRNA-treated cells was confirmed by confocal 

microscopy. In unstimulated MIN6B1-SNAP-GLP-1R cells, both b-arrestin isoforms 

exhibited a diffuse cytoplasmic distribution, while SNAP-GLP-1R was present at the plasma 

membrane, with no colocalisation of GLP-1R with b-arrestins observed in either control or 

HIP1 RNAi-treated cells (Fig. 4.9B). Activation of GLP-1R triggered translocation of both b-

arrestins to the plasma membrane in Control siRNA-treated cells, while in HIP1 siRNA-

treated cells, b-arrestin recruitment to activated SNAP- GLP-1R was strongly reduced (Fig. 

4.9C). 
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Figure 4.9. HIP1 Silencing Decreases GLP-1R Coupling to G proteins and Ex-4-Dependent b-
arrestin Recruitment. A: SNAP-Capture pull-down of SNAP-GLP-1R with the indicated fusion 
protein: b-arrestin-1-mYFP, b-arrestin-2-GFP or GαS-YFP from lysates of Control versus HIP1 
siRNA-treated MIN6B1-SNAP-GLP-1R cells after 5 minutes stimulation with 100 nM Ex-4 (n=1). 
Isolated bound proteins were analysed by Western blot (left). Total cell lysates (right) were also 
analysed to assess expression of SNAP-GLP-1R and tubulin (as a loading control). Of note, GLP-
1R is constitutively glycosylated, thus the two bands visible in the blot correspond to differently 
glycosylated receptors. B: Representative confocal images showing colocalisation of b-arrestin-1-
mYFP or b-arrestin-2-GFP (green) and SNAP-GLP-1R (red, labelled with SNAP-Surface 549) in 
unstimulated Control (left) and HIP1 siRNA-treated MIN6B1-SNAP-GLP-1R cells (right). Scale bar: 
10 μm. C: Representative confocal images showing colocalisation of SNAP-GLP-1R (red, labelled 
as above) with b-arrestin-1-mYFP or b-arrestin-2-GFP (green) after stimulation with Ex-4 in Control 
(left) or HIP1 siRNA-treated cells (right). Scale bar: 10 μm. Nuclei (labelled with DAPI), blue. 
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4.2.4. Impaired GLP-1R Activity by HIP1 Silencing is Rescued by 
Expression of HIP1 or HIP1 Mutants Lacking the Clathrin and AP2 
Binding Domains 
Finally, we performed a rescue experiment by re-expressing a full-length human HIP1 

(FL/HIP) or a HIP1 mutant construct (HIP1/DLD), characterised by a deletion in its clathrin-

binding (LMD) and AP2-binding (DPM) motifs [280], in either Control or HIP1 siRNA-treated 

cells (Fig. 4.10A). As we anticipated, expression of FL/HIP1 in HIP1 RNAi cells restored 

exendin-4-dependent SNAP-GLP-1R internalisation. As predicted, HIP1/DLD construct was 

unable to rescue the reduced exendin-4-mediated-GLP-1R internalisation caused by HIP1 

silencing (Fig. 4.10B). Surprisingly, however, both HIP1 constructs were able to partially 

restore the impaired ISIS in HIP1-depleted MIN6B1-SNAP-GLP-1R cells (Fig. 4.10C). 

Noteworthy, the ISIS rescued by HIP1/DLD was achieved in spite of diminished expression 

levels of HIP1/DLD compared to FL/HIP1 levels (Fig. 4.10B). 
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Figure 4.10. Impaired GLP-1R Activity is Rescued by Expression of HIP1 or HIP1 Mutants 
Lacking the Clathrin- and AP2-Binding Domains. A: Western Blot showing human HIP1 protein 
levels at 72 hours post-transfection in lysates from MIN6B1 cells transfected with Control or HIP1 
siRNAi and re-transfected 24 hours later with pcDNA3.1+ or HIP1-expressing plasmids 
(pcDNA3/FLHIP1 or pcDNA3/HIP1/ΔLD), n=1. B: Representative confocal images showing exendin-
4 (Ex-4)-induced SNAP-GLP-1R internalisation in HIP1 siRNA-treated cells re-transfected with 
pcDNA3/FLHIP1 or pcDNA3/HIP1/ΔLD. MIN6B1 cells were either not stimulated (left) or treated with 
100nM Ex-4 for 15 minutes (right). Green: HIP1, Red: SNAP-GLP-1R. Blue: Nuclei (DAPI). Scale 
bar: 10 μm. pcDNA3/FLHIP1: Full length HIP1 plasmid; pcDNA3/HIP1/ΔLD: HIP1 mutant plasmid 
lacking the clathrin and AP2 binding domains. C: Incretin-stimulated insulin secretion of Control 
versus HIP1 siRNA-treated MIN6B1 cells re-transfected with pcDNA3.1+ or human HIP1 plasmids 
(from A and B). Insulin stimulation index (ISI) corresponds to 11 mM glucose (G11) + 100 nM GLP-
1 over G11 alone (n=3 independent experiments, each performed in triplicate). Data are expressed 
as mean ± SEM. * p<0.05, two-tailed paired t-test. 
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4.3. DISCUSSION 
	
GPCR signal transduction is modulated by clathrin-mediated receptor internalisation, a well-

studied process involving receptor packaging into CCPs following ligand-mediated GPCR 

activation [157]. HIP1 is an endocytic factor involved in clathrin-mediated receptor 

internalisation [259, 271]. To our knowledge, this is the first time that HIP1 has been shown 

to mediate both internalisation and activity of a GPCR. In particular, we have shown, for the 

first time, that GLP-1R is an endocytic target of HIP1 function in pancreatic b-cells. 

In our screen, HIP1 depletion resulted in ISIS reduction in MIN6B1-SNAP-GLP-1R cells. 

This observation was confirmed, in addition, in parental MIN6B1 cells as well as in primary 

human islets. Consistently, this reduction of ISIS was associated with reduced cAMP and 

cytosolic Ca2+ responses to exendin-4. Taken together, the latest findings suggest that GLP-

1R activity is modulated by HIP1. Supporting our results, different studies have linked 

overexpression of HIP1 with up-regulation of receptor signalling [247, 280, 281]. In parallel, 

our pull-down experiments uncovered the molecular mechanisms responsible for the 

observed GLP-1R signal attenuation. These experiments showed that, as a result of HIP1 

silencing, GLP-1R interaction with Ga proteins is weakened. The latest observation 

suggests that, upon HIP1 depletion, the receptor might be retained at the plasma membrane 

in an inactive conformation, thus less able to signal. Concomitantly, b-arrestin translocation 

to the plasma membrane triggered by receptor activation [190], is impaired in our confocal 

and pull-down experiments. As a consequence, the recruitment of factors such as c-Src, 

recruited to agonist-receptor complexes through b-arrestin-1 interaction, was also impaired. 

Finally, exendin-4-dependent protection against b-cell glucolipotoxicity [43] is reduced after 

HIP1 silencing, probably as a consequence of the GLP-1R signalling attenuation. 

Our results also indicate that HIP1 acts as a cargo adaptor, linking activated GLP-1R to 

CPPs to promote its internalisation. The latter premise is supported by our findings showing 

reduced internalisation following HIP1 depletion, as well as the inability of a HIP1 mutant 

unable to bind to clathrin and AP2 to restore normal levels of GLP-1R internalisation. 

Noteworthy are previous reports showing that HIP1 recruitment to CPPs depends principally 

on its interactions with clathrin and AP2, and consequently, deletion of both binding sites 

results in reduced recruitment of HIP1 to CCPs [259]. Remarkably, HIP1 has been proposed 

to act as an specific cargo adaptor for the AMPA receptor. The later assumption was 

supported by the fact that internalisation of AMPA receptor-ligand complexes was blocked 

in neurons isolated from HIP1-/- mice, whereas transferrin receptor endocytosis was 
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unaffected [271]. Additionally, we have recently found that GLP-1R internalisation occurs 

through a b-arrestin-independent mechanism (data not shown), suggesting that HIP1, rather 

than b-arrestins, might be crucial for GLP-1R recruitment to CCPs and receptor 

internalisation. 

 

HIP1 function as cargo adaptor for CCPs seems to be dispensable for its role in regulating 

GLP-1R signalling since HIP1/DLD was capable of rescuing impaired ISIS to similar levels 

than FL/HIP1 in HIP1 siRNA-treated cells. In our screening experiments, depletion of other 

factors involved in CCP formation and GLP-1R internalisation such as AP2, dynamin1 and 

clathrin, resulted in an increased, rather than decreased, level of ISIS, we hypothesise due 

to an increase in the pool of plasma membrane receptor available to bind to agonist and 

signal before undergoing desensitisation. On the contrary, HIP1 silencing resulted in a 

reduction in ISIS. These contradictory results are likely explained by our findings showing 

that HIP1 is able to regulate GLP-1R coupling to GaS, a role that likely precedes that of 

recruitment to CCPs of active GLP-1Rs and subsequent receptor internalisation. 

Interestingly, a model for class B GPCR activation has been proposed where receptor 

activation occurs in “two steps”: (1) first, agonist associates with free receptor and (2) next, 

agonist-receptor complexes “collide” with free G proteins [285] for receptor activation. 

Activated GPCRs are then desensitized by b-arrestin recruitment, and, subsequently, 

ligand-receptor complexes are internalised into CCPs and transported to early endosomes 

(EE). This order of events would agree spatiotemporally with the observed effects of HIP1 

depletion, resulting in an initial reduction in the recruitment of GaS to agonist-bound GLP-

1Rs, inhibition of GLP-1R activity and ISIS, and reduced recruitment of active GLP-1R to 

CCPs and receptor internalisation, but in this case with the accumulated plasma membrane 

GLP-1R consisting of predominantly inactive receptors unable to generate increased 

signalling and ISIS, as is the case for the other abovementioned endocytosis factors. 

In summary, the work described in this chapter has uncovered a role for HIP1 in regulating 

GLP-1R activation and internalisation in pancreatic b-cells. 
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CHAPTER V 

SNX1 AND SNX27 REGULATE GLP-1R ENDOSOMAL SORTING 
AND SIGNALLING 

 

 

 

 

 

 

 

 

 

 

N.B.: Results presented herein are part of a manuscript entitled “A Targeted RNAi Screen 

Identifies Endocytic Trafficking Factors That Control GLP-1R Signalling in Pancreatic b-

cells”, published in Diabetes in 2018, for which I am first author.      
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5.1. INTRODUCTION 
	
5.1.1. Endosomal Receptor Sorting: The Endosomal Retrieval Complexes 

After endocytosis, transmembrane receptors are transported to sorting endosomes from 

where proteins are targeted for lysosomal degradation or are recycled back to the plasma 

membrane. Receptors can be recycled back to the plasma membrane directly from the 

sorting endosomes or indirectly through the endocytic recycling compartment (ERC) [110]. 

Alternatively, receptors can traffic to the trans-Golgi network (TGN) before recycling back to 

the plasma membrane [144, 145]. Internalised receptors need to be actively sorted away 

from the lysosomal degradative pathway [151], a process that is known as endosomal cargo 

retrieval [156]. This process consists in the recognition of specific sequences present within 

the cytoplasmic domain of receptors, called recycling sorting signals, by a group of 

endosomal retrieval complexes. Thus, endosomal retrieval complexes, together with the 

actin remodelling WASH (Wiskott-Aldrich syndrome protein and SCAR) complex, mediate 

endosomal retrieval and recycling of receptors in a sequence-dependent manner [110]. 

Following retrieval, receptors are exported from the endosomes through a network of tubular 

structures that give rise to tubulo-vesicular transport carriers that mediate receptor trafficking 

to the cell surface [110].  

One of the best-characterised endosomal retrieval complexes is the retromer complex, 

which is conserved in all eukaryotes. The mammalian retromer has been defined as a 

sorting platform on early endosomes involved in the recycling of receptors either to the 

plasma membrane or to the TGN [110, 154] The retromer is a heterotrimeric complex 

comprised of vacuolar protein sorting (VPS) 26, VPS35 and VPS29 proteins, which 

mediates endosomal sorting of internalised receptors through recognition of specific 

sequences contained in their cytoplasmic tails. Additionally, retromer engages receptors via 

cargo adaptors such as the SNXs [138, 152, 156]. Specifically, SNX3 mediates retromer-

dependent retrograde (endosome-to-TGN) transport of membrane proteins, such as 

Wntless [156], whereas SNX27 is required for the retromer-dependent recycling of 

membrane proteins [156], such as the β2AR [286] to the plasma membrane. As stated 

before, retromer associates with membrane remodelling factors such as the WASH complex 

[287]. The WASH complex is a multiprotein complex composed of WASH1, strumpellin, 

SWIP, FAM21 and CCDC53 that is involved in the maintenance of endosomal morphology 

by promoting actin polymerisation through activation of the actin-related protein 2/3 (Arp2/3) 

complex [288]. The formation of branched actin networks by the action of WASH demarcates 
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specific endosomal retrieval microdomains in which retromer-dependent cargo is clustered 
[138]. 

Additionally, retromer-independent endosomal retrieval and recycling of membrane proteins 

has been reported [155]. Accordingly, retriever and the CCDC22, CCDC93, and COMMD 

(CCC) complex have been recently identified as additional endosome-associated protein 

complexes mediating retromer-independent endosomal sorting of receptors [156]. Thus, 

depletion of retromer, retriever or the CCC complex results in receptor mis-sorting into the 

lysosomal degradative pathway [155, 156, 289]. 

5.1.2. The Sorting Nexin Family  

In mammals, the SNX family is comprised of 33 members involved in several cellular 

processes such as endocytosis, endosomal sorting and endosomal signalling [152]. SNXs 

are characterised by the presence of a conserved phox-homology (PX) domain that binds 

to PI3P, mediating SNX recruitment to PI3P-enriched endosomal compartments. 

Additionally, SNXs present specific domains that determine their biological function as well 

as their classification into five subfamilies: SNX-PX, SNX-BAR, SNX-FERM, SNX-PXA-

RGS-PXC and SNX-MIT [138]. Among the SNXs, SNX1 of the SNX-BAR subfamily and 

SNX27 of the SNX-FERM subfamily, which were identified in our screen as endocytic 

regulators of GPL-1R signalling, play essential roles in endosomal sorting of internalised 
receptors.  

5.1.2.1. Sorting Nexin 1 

SNX1 belongs to the SNX-BAR subfamily which is composed of five members: SNX1, 

SNX2, SNX5, SNX6 and possibly SNX32. SNXs of this subfamily are characterised by the 

presence of a membrane-curvature-sensing Bin/amphiphysin/Rvs (BAR) domain. This BAR 

domain mediates dimerisation of the SNX-BAR proteins, resulting in SNX1 

heterodimerisation with either SNX5, SNX6 or SNX32 [138]. The ability of BAR domains to 

sense membrane curvature relies upon SNX-BAR dimerisation. BAR domain dimers present 

an arch-shaped structure with a concave surface containing positively charged residues, 

which results in the association, through electrostatic interactions, of these dimers with 

membranes of positive curvature [290]. In addition, SNX1 and SNX2 BAR domains are able 
to induce membrane tubulation [291].  

The combination of the lipid binding PX domains and the BAR domain present in SNX1 

results in its targeting to endosomal retrieval microdomains that are characterised by high 



 

 116 

membrane curvature and the presence of PI3P [292]. Remarkably, it has been suggested 

that an increase in cargo concentration at endosomal retrieval microdomains and the ability 

of the WASH complex to promote actin polymerisation might regulate SNX-BAR recruitment 

by originating positive membrane curvatures (membranes that bend towards the cytosol). 

From these endosomal retrieval microdomains, SNX-BARs promote and/or stabilise 

endosomal tubule formation [110]. Finally, membrane scission results in the formation of 

cargo-enriched tubular transport carries. The combination of WASH-mediated actin 

polymerisation and SNX-BAR association with cytoskeletal motor proteins might facilitate 

scission of endosomal tubules. Accordingly, knockdown of WASH or perturbation of the 

microtubule cytoskeleton has been associated with elongated endosomal tubules [138, 287, 

288]. Interestingly, the SNX1 interacting protein receptor-mediated endocytosis-8 (RME-8) 

has been shown to associate with WASH, and RME-8 depletion was associated with up-

regulation of endosomal tubulation, particularly of SXN1-positive tubules. Thus, RME-8 

might coordinate WASH-mediated actin polymerisation activity with SNX-BAR membrane-

remodelling [293]. 

It is important to note that while the yeast retromer associates with SNX-BAR yeast 

homologues VPS5 and VPS7 to form a stable pentameric complex, the mammalian retromer 

does not appear to associate with SNX-BARs [294] Alternatively, the previously mentioned 

association of SNX1 with RME-8, which binds to the WASH complex, might indirectly couple 

SNX1 to the retromer [110]. Remarkably, two independent studies have recently shown that 

SNX-BARs are able to engage cargo such as the cation-independent mannose 6-phosphate 

receptor (CI-MPR) and the insulin growth factor (IGF) receptor and mediate their retrograde 

transport in a retromer-independent manner [294, 295]. Consistently, depletion of SNX-

BARs, and not retromer, disrupted CI-MPR traffic to the TGN and resulted in an 

accumulation of CI-MPR in retromer-positive endosomes [294]. The latter results suggest 

that, in mammals, retromer and SNX-BARs might function independently, at least in the 
retrograde transport pathway [294]. 

Interestingly, the ability of SNX-BARs to engage cargo might provide a means to sense 

cargo concentration at endosomal compartments and might influence SNX-BAR density at 

cargo-enriched endosomal compartments. Concomitantly, it has been suggested that an 

increase in the concentration of membrane-associated SNX-BAR proteins promotes a 

switch from curvature-sensing to curvature-inducing modes, resulting in membrane 

tubulation biogenesis. The two latest observations provide an explanation for how SNX-

BARs link sequence-dependent cargo recognition with the formation of endosomal 
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membrane tubules [294]. Consistently, overexpression of CI-MPR resulted in an increase in 

the formation of SNX-BAR-decorated tubules. Conversely, a CI-MPR mutant unable to bind 

to SNX-BARs resulted in a reduction of SNX-BAR-positive endosomal tubules. Thus, SNX-

BAR-induced membrane tubulation depends, in part, on sequence-dependent recognition 
of CI-MPR (Fig. 5.1) [294] . 

 

Figure 5.1: Schematic illustration of SNX-BARs mode of coupling cargo recognition with 
biogenesis of endosomal tubules. SNX-BARs are recruited to endosomal high-curvature PI3P-
enriched membranes through their PX (phox-homology) and BAR (Bin/amphiphysin/Rvs) domains. 
The ability of SNX-BAR proteins to sense cargo concentration, such as the CI-MPR, might modulate 
SNX-BAR density at endosomal compartments where cargo is enriched, contributing to tubule 
formation from cargo-enriched retrieval microdomains. Subsequently, membrane scission, facilitated 
by cytoskeletal motor proteins (such as the p150 subunit of the dynein motor complex), leads to the 
formation of cargo-containing tubular transport carriers. PI3P: phosphatidylinositol 3-phosphate, CI-
MPR: cation-independent mannose 6-phosphate receptor. 

 
Overall, these findings suggest that the ability of SNX-BARs to promote endosomal 

tubulation from cargo-enriched retrieval endosomal compartments might regulate cargo exit 
from the endosomes and recycling. 

5.1.2.2. Sorting Nexin 27 

5.1.2.2.1. The SNX-FERM Subfamily: SNX27 Interactome  

SNX27 belongs to the SNX-FERM subfamily, composed of three members: SNX17, SNX27 

and SNX31 [138]. SNXs of the SNX-FERM subfamily harbour a FERM-like domain that 

binds to proteins containing NPXY/NxxY motifs in their cytoplasmic tails [296]. SNX17 and 
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SNX31 have shown to mediate endosomal retrieval of cargo through association with the 

recently discovered retriever complex [155], whereas SNX27 engages with the retromer 

[289].  

Remarkably, SNX27, unlike SNX17 and SNX31, contains an additional post-synaptic 

density 95/discs large/zonula occludens (PDZ) domain that binds to the class I PDZ-binding 

motif (PDZBM), found in the C-terminal tail of a wide range of membrane proteins, including 

signalling receptors. The PDZ domain-containing SNX27 regulates endosome-to-plasma 

membrane recycling of membrane proteins in a retromer-dependent manner [286]. 

Accordingly, the SNX27 PDZ domain has found to directly bind to the retromer subunit 

VPS26, allowing simultaneously association of SNX27 with PDZBM-containing membrane 

proteins and with the retromer [289]. Moreover, SNX27 binding to retromer enhances its 

affinity for membrane proteins, indicating that retromer facilitates cargo recognition by 

SNX27 [297]. Additionally, SNX27 FERM-like domain mediates direct interactions with the 
FAM21-containing WASH complex and with SNX-BAR proteins [289, 298].  

Thus, SNXs of the SNX-FERM subfamily regulate endosomal protein sorting by functioning 

as cargo adaptors, coupling cargo proteins to the endosomal retrieval machineries [156]. 

Remarkably, SNX27 exceptional interactions with retromer, WASH complex and SNX-BAR 

proteins reveal a multiprotein complex where SNX27 is the core component [289].  

5.1.2.2.2. SNX27-Retromer Complex Mediates Endosome-to-Plasma Membrane 
Recycling 

The SNX27-retromer complex is an important regulator of endosomal retrieval and plasma 

membrane recycling of a variety of transmembrane proteins. Indeed, proteomic analysis in 

HeLa cells have identified more than 80 proteins, containing PDZBM or NPxY/NxxY motifs, 

that rely on the SNX27-retromer complex for an efficient endosome-to-plasma membrane 

recycling [289].  



 

 119 

Current data suggests a model (Fig. 5.2) by which cargo recognition by the SNX27-retromer 

complex is coupled to endosomal exit via SNX-BAR endosomal tubules that promote 

recycling back to the cell surface [154, 289].  

 

Figure 5.2: Schematic illustrating how cargo recognition by the SNX27-retromer complex is 
coupled to endosomal exit of cargo proteins via SNX-BAR endosomal tubules. SNX27 links 
protein cargos to the retromer complex, comprised of VPS26, 35 and 29, which is essential to sort 
cargo away from the degradative pathway. Retromer-mediated recruitment of WASH drives the 
formation and maintenance of endosomal retrieval microdomains where cargo is enriched. Following 
retrieval, cargo exits retrieval endosomal microdomains via SNX-BAR-decorated tubules, which 
promotes receptor recycling to the plasma membrane. VPS: vacuolar protein sorting, ESCRT: 
endosomal sorting complex required for transport. 

 

According to such a model, a first step involving protein cargo recognition by SNX27 and 

coupling of cargo to the retromer machinery is essential to prevent missorting of SNX27-

dependent cargo proteins into lysosomes. Consistently, depletion of either retromer or 

SNX27 has been associated with protein loss from the cell surface and mistrafficking of 

proteins to lysosomes [289]. Concomitantly, retromer-dependent endosomal recruitment of 

the WASH complex [299] has been proposed to demarcate actin-enriched subdomains 

where retromer-dependent cargo is concentrated, promoting spatial segregation of cargo 

from endosomal degradative subdomains and subsequent entry into SNX-BAR-decorated 

endosomal tubules [154, 156, 289]. Indeed, SNX27-mediated endosomal β2AR sorting and 

recycling to the plasma membrane [153] has been shown to occur via a subset of actin-

stabilised endosomal tubular domains. Importantly, proteins that recycle by default, a 
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phenomenon also termed sequence-independent recycling, were not enriched in these 

actin-stabilised endosomal tubular domains [300]. Shortly thereafter, retromer and SNX-

BAR proteins were also shown to be concentrated in these β2AR-containing endosomal 

tubules, suggesting that SNX27-retromer regulates β2AR entry into SNX-BAR-decorated 

tubules [210]. Accordingly, SNX27 depletion was associated with a reduction in β2AR 

enrichment at SNX-BAR-decorated tubules [286]. Additionally, SNX27 interaction with the 

WASH component FAM21 has been reported to prevent mistrafficking of SNX27-dependent 
cargoes to the Golgi apparatus by regulating endosomal SNX27 localisation [298]. 

Following cargo packaging into SNX-BAR-decorated tubules, tubule scission results in the 

formation of cargo-enriched tubular transport carriers [154] that mediate endosome-to-
plasma membrane recycling [286].  

5.1.2.2.3. Endosomal GPCR Signalling Termination by the SNX27-Retromer Complex 

Sustained G protein signalling by internalised GPCR-b-arrestin complexes has been 

reported [212]. Interestingly, termination of cAMP production by internalised activated 

PTHR, a common GPCR, has recently been shown to depend on the endosomal recruitment 

of the SNX27-retromer complex [301]  Accordingly, PTHR interaction with the retromer at 

endosomes was correlated with concomitant disassembly of PTHR-b-arrestin complexes 

and termination of cAMP generation from the internalised receptors [302]. Remarkably, 

SNX27 was found to interact with the PTHR, linking PTHR to the retromer machinery [301]. 

Consistently, depletion of either retromer or SNX27 resulted in prolonged cAMP production 

by internalised PTHR, indicating a role for SNX27-retromer complex in regulating 

endosomal GPCR signalling duration [301, 302]. Additionally, endosomal acidification driven 

by cAMP-mediated PKA activation and subsequent phosphorylation of the vacuolar proton 

pump V-ATPase was found to promote dissociation of PTH-PTRH-b-arrestin complexes and 

assembly of PTRH-retromer complexes. The latter results suggest that activated 

internalized GPCRs might be able to regulate themselves through a negative feedback loop 

involving cAMP-dependent PKA and V-ATPase activation which, in turn, promotes 

endosomal recruitment of retromer and retromer-dependent cAMP signalling termination 
[303]. 
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Objective 
To determine the molecular mechanisms by which SNX1 and 

SNX27 modulate GLP-1R function in pancreatic b-cells 
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5.3. RESULTS 
5.3.1. GLP-1R Interacts with SNX1 and SNX27 at Endosomes 
SNX1 has been previously reported to interact in vitro with the COOH-terminal domain of 

GLP-1R [227], while SNX27 binds to a wide range of transmembrane receptors harbouring 

a PDZ-binding motif in their cytoplasmic tails [153, 289]. Additionally, SNX27 contains a 

FERM-like domain that binds to NPxY sequences present in the cytoplasmic tail of certain 
transmembrane proteins [296].  

We first investigated whether SNX1 and SNX27 interact with SNAP-GLP-1R by transiently 

transfecting MIN6B1-SNAP-GLP-1R or CHO-GLP-1R-RLuc8 cells with plasmids encoding 

GFP-tagged SNX1 (SNX1-GFP) or SNX27 (SNX27-GFP). Confocal microscopy revealed 

that SNX1-GFP and SNX27-GFP strongly colocalised with internalised SNAP-GLP-1Rs 

following agonist stimulation (Fig. 5.3A). Additionally, SNAP-GLP-1R physical interaction 

with both SNXs was confirmed by immunoprecipitation experiments (Fig. 5.3B). Of note, we 

noticed a higher degree of association between SNAP-GLP-1R and SNX27-GFP compared 

to SNX1-GFP. Additionally, we were able to further confirm GLP-1R-RLuc8 interaction with 
SNX27-GFP by BRET assay in CHO-GLP-1R-RLuc8 cells (Fig. 5.3C). 
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Figure 5.3: GLP-1R interacts with SNX1 and SNX27. A: Representative confocal images showing 
endosomal colocalisation of SNAP-GLP-1R with the indicated GFP-tagged SNX constructs. 
MIN6B1-SNAP-GLP-1R cells were transiently transfected with SNX1-GFP or SNX27-GFP plasmids 
and then stimulated for 15 minutes with 100 nM exendin-4 (Ex-4). Green: SNX1-GFP or SNX27-
GFP. Red: SNAP-Surface 549. Blue: nuclei (DAPI). Scale bar: 10 μm. B: SNAP-Capture pull-down 
of SNAP-GLP-1R with SNX1-GFP or SNX27-GFP. MIN6B1-SNAP-GLP-1R cells were transiently 
transfected with SNX1-GFP or SNX27-GFP and then stimulated for 15 minutes with 100 nM Ex-4 or 
GLP-1. Cells were lysed and incubated with SNAP-Capture Pull-Down Resin beads. Pulled-down 
proteins were analysed by Western blot using an anti-GFP polyclonal antibody (top). Total cell 
lysates (bottom) were immunoblotted for expression of GFP-tagged SNX constructs (n=2 
independent experiment) C: BRET saturation curve showing BRET signal (GFP/RLuc8) increases 
with increasing amounts of SNX27-GFP plasmid DNA (µg) until it reaches a saturation level 
(BRETmax). Data are expressed as mean ± SEM (n=3 independent experiments, each performed 
in quadruplicate). CHO-K1 cells stably expressing RLuc8-tagged GLP-1R (CHO-GLP-1R-RLuc8) 
were transiently transfected with increasing amounts of GFP-tagged SNX27 plasmid and then 
stimulated for 15 minutes with 100 nM Ex-4 in the presence of coelenterazine h followed by BRET 
signal measurement. 
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Strikingly, SNAP-GLP-1R association with SNX27 mutants lacking the PDZ domain or 

containing a point mutation in the NPxY-binding domain was not disrupted in MIN6B1-

SNAP-GLP-1R cells (Fig. 5.4A and B). 

 

 

 
 
Figure 5.4: GLP-1R interacts with SNX27 mutants. A: Representative confocal images showing 
endosomal colocalisation of SNAP-GLP-1R with the indicated GFP-tagged SNX27 mutant 
constructs. Cells were transiently transfected with SNX27 W475A-GFP or SNX27 ΔPDZ-GFP 
plasmids and then stimulated for 15 minutes with 100 nM exendin-4 (Ex-4). Green: SNX27 W475A-
GFP or SNX27 ΔPDZ-GFP. Red: SNAP-Surface 549. Blue: nuclei (DAPI). Scale bar: 10 μm. B: 
SNAP-Capture pull-down of SNAP-GLP-1R with SNX27 mutants from (A). MIN6B1-SNAP-GLP-1R 
cells were transiently transfected with the corresponding SNX27 mutant plasmids from (A) and then 
stimulated for 15 minutes with 100 nM Ex-4 or GLP-1. Cells were lysed and incubated with SNAP-
Capture Pull-Down Resin beads. Pulled-down proteins were analysed by Western blot using an anti-
GFP polyclonal antibody (top). Total cell lysates (bottom) were immunoblotted for expression of 
GFP-tagged SNX27 mutant constructs (n=2 independent experiments). SNX27 W475A-GFP: GFP-
tagged SNX27 containing a point mutation in the NPxY-binding domain; SNX27 ΔPDZ-GFP-GFP: 
GFP-tagged truncated SNX27 lacking the PDZ domain.  
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5.3.2. Depletion of SNX1 and SNX27 Up-regulates GLP-1R Signalling in 

mouse pancreatic b-cell lines 

In our screen, silencing of both SNX1 and SNX27 resulted in a significant increase on ISIS 

in MIN6B1-SNAP-GLP-1R cells (see Chapter III). Therefore, we next evaluated the effect of 

SNX down-regulation on receptor activity by measuring intracellular cAMP production after 

treatment of MIN6B1-SNAP-GLP-1R cells with exendin-4 in the presence of the 

phosphodiesterase inhibitor IBMX. SNX down-regulation resulted in increased cAMP levels 

(Fig. 5.5A), consistent with elevated exendin-4-induced insulin responses observed in SNX 

siRNA-treated MIN6B1-SNAP-GLP-1R cells. Furthermore, insulin secretion was measured 

in the parenteral MIN6B1 cell line where SNX down-regulation was again associated with a 

significant increase on ISIS (Fig. 5.5B and C), further confirming GLP-1R signalling up-
regulation caused by decreased SNX1 and SNX27 expression levels. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: Down-regulation of SNX1 and SNX27 potentiates GLP-1R signalling in mouse 
pancreatic b-cell lines. A: Incretin-induced cAMP following 10 minutes treatment with 100 nM 
exendin-4 (Ex-4) + 500 μM IBMX in Control versus SNX siRNA-treated MIN6B1-SNAP-GLP-1R 
cells. Data are expressed as 11 mM glucose (G11) + Ex-4 + 500 μM IBMX relative to G11 + 500 μM 
IBMX alone (n=4 independent experiments, each performed in triplicate). B: Incretin-stimulated 
insulin secretion of Control versus SNX1 siRNA-treated MIN6B1 cells. Insulin stimulation index (ISI) 
corresponds to G11 + Ex-4 over G11 alone (n=6 independent experiments, each performed in 
triplicate). C: Incretin-stimulated insulin secretion of Control versus SNX27 siRNA-treated MIN6B1 
cells. Insulin stimulation index (ISI) corresponds to G11 + Ex-4 over G11 alone (n=5 independent 
experiments, each performed in triplicate). Data are expressed as mean ± SEM. * p<0.05. P values 
were determined by one-way randomized block ANOVA with Sidak´s test (A) or by two-tailed paired 
t-test (B, C). Individual data points are shown. Paired data points are depicted in the same colour. 
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5.3.3. Down-regulation of SNX1 Increases GLP-1R Surface Levels, While 
Down-regulation of SNX27 Promotes Sustained Endosomal GLP-1R 
Signalling 

To assess the role of both SNXs in GLP-1R trafficking regulation, we measured the rate of 

GLP-1R internalisation and recycling by FACS after each SNX silencing by RNAi. Down-

regulation of both SNXs perturbed SNAP-GLP-1R recycling rates, while SNAP-GLP-1R 

internalisation was not affected in exendin-4-treated MIN6B1-SNAP-GLP-1R cells (Fig. 

5.6A). Paradoxically, despite the fact that silencing of both SNXs was associated with 

elevated incretin responses in MIN6B1-SNAP-GLP-1R cells, the effect of silencing SNX1 

and SNX27 on GLP-1R recycling rates was opposing. Thus, SNX1 down-regulation 

increased (Fig. 5.6B, left), while SNX27 down-regulation decreased (Fig. 5.6B, right), GLP-

1R recycling to the plasma membrane. 

Interestingly, decreased SNX27 expression levels have been reported to reduce receptor 

plasma membrane recycling while concomitantly increasing receptor signalling from 

internalised compartments [301]. Therefore, we next investigated whether SNX27 

knockdown was associated with increased GLP-1R signalling from endosomes. To this end, 

we measured the generation of cAMP by internalised SNAP-GLP-1Rs in SNX-depleted 

MIN6B1-SNAP-GLP-1R cells upon exendin-4-induced GLP-1R internalisation. Confirming 

our premise, we detected a significant increase in cAMP levels triggered by internalized 

SNAP-GLP-1Rs in SNX27 siRNA- but not in SNX1 siRNA-treated cells (Fig. 5.6C). The 

latter findings suggest that cAMP rises in SNX1-deficient cells are associated with increased 

GLP-1R surface levels, while, in the case of SNX27-deficient cells, are associated with 
prolonged GLP-1R signalling from intracellular compartments.  
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Figure 5.6: Depletion of SNX1 increases cAMP Levels by increasing GLP-1R surface Levels, 
while depletion of SNX27 increases cAMP levels by promoting sustained intracellular GLP-
1R signalling. A: Percentage of internalised SNAP-GLP-1Rs in Control versus SNX1 (left) or 
SNX27 (right) siRNA treated-MIN6B1-SNAP-GLP-1R cells after stimulation with 100 nM exendin-4 
(Ex-4) (n=3 independent experiments). B: Percentage of SNAP-GLP-1R recycling in Control versus 
SNX1 (left) or SNX27 (right) siRNA treated-MIN6B1-SNAP-GLP-1R cells after stimulation with 100 
nM Ex-4 (n=3 independent experiments, each performed in duplicate). C: Incretin-induced cAMP 
from internalised GLP-1Rs, measured after 15 minutes treatment with 100 nM Ex-4, followed by 
ligand washout and 60 minutes incubation in the presence of 10 µM exendin(9-39) + 10 µM trafficking 
inhibitor monensin + 500 µM IBMX in Control versus SNX1 or SNX27 siRNA-treated MIN6B1-SNAP-
GLP-1R cells. Data are normalised to results after 15 minutes of Ex-4 treatment (n=4 independent 
experiments, each performed in triplicate). Data are expressed as mean ± SEM. * p<0.05, ** p<0.01, 
ns: non-significant. P values were determined by two-way randomized block ANOVA with Sidak´s 
test (A), by two-tailed paired t-test (B) or by one-way randomized block ANOVA with Dunnett´s test 
(C). Individual data points are shown. Paired data points are depicted in the same colour. 
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5.3.4. GLP-1R Total Levels are not Affected in SNX-depleted MIN6B1-
SNAP-GLP-1R Cells 

A role for SNX1 in lysosomal sorting and degradation of internalised receptors has been 

reported [204], while depletion of SNX27 has been simultaneously associated with loss of 

receptor surface levels as well as with receptor lysosomal missorting [289, 304]. To clarify 

the role of the SNXs in GLP-1R lysosomal degradation, we assessed SNAP-GLP-1R 

degradation either in the absence or presence of exendin-4. However, no differences were 

observed in SNAP-GLP-1R total levels in SNX-depleted versus control siRNA-treated 

MIN6B1-SNAP-GLP-1R cells (Fig. 5.7).  

 

 
 
 
 
Figure 5.7: GLP-1R total levels are not affected by SNX down-regulation in MIN6B1-SNAP-
GLP-1R cells. Western Blot showing basal SNAP-GLP-1R protein levels at time 0 hours and after 
3 or 6 hours of exendin-4 (Ex-4) treatment in Control versus SNX1 or SNX27 siRNA-treated MIN6B1-
SNAP-GLP-1R cells. Cells were pre-treated for 1 hour with 100 µg/ml of the protein synthesis 
inhibitor cycloheximide	before stimulation with 100 nM Ex-4. Cell lysates were immunoblotted for 
SNAP-GLP-1R or tubulin (as a loading control), n=2 independent experiments.	
	
5.3.5. SNX1 Depletion Increases, Whereas SNX27 Depletion Attenuates 
GLP-1R Signalling in Human Pancreatic b-cells 

To determine the physiological importance of both SNXs in human b-cell incretin responses, 

we generated EndoC-βH1 human β-cell sublines stably expressing each of the two SNX 

shRNA (EndoC-βH1 SNX1 or SNX27 shRNA). Depletion of SNX1 resulted in a significant 

increase in agonist-induced cAMP levels and was associated with increased ISIS in these 
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cells. However, depletion of SNX27 now resulted in a small but significant decrease in total 

agonist-induced cAMP and insulin responses (Fig. 5.8A and B). These latest results contrast 

with our previous findings showing elevated incretin responses in SNX27-downregulated 

mouse pancreatic b-cell lines. Thus, we next investigated whether endosomal cAMP 

production was affected in EndoC-βH1 SNX shRNA cells in a similar manner to that found 

in mouse b-cells. Consistently with an overall reduction in total cAMP levels, endosomal 

cAMP was no longer increased in EndoC-βH1 SNX27 shRNA cells. Expectedly, endosomal 

cAMP remained unaltered in EndoC-βH1 SNX1 shRNA cells as previously observed in 
SNX1-depleted MIN6B1-SNAP-GLP-1R cells (Fig. 5.8C). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8: SNX1 depletion increases GLP-1R signalling, whereas SNX27 depletion attenuates 
GLP-1R signalling in human pancreatic b-cells. A: Incretin-induced cAMP following 15 minutes 
treatment with 100 nM agonist + 500 μM IBMX in Control versus SNX1 or SNX27 shRNA EndoC-
βH1 cells. Data are expressed as results with 0.5 mM glucose (G0.5) + agonist + 500 μM IBMX 
relative to G0.5 + 500 μM IBMX alone (n=6 independent experiments, each performed in triplicate). 
B: Incretin-stimulated insulin secretion of Control versus SNX1 or SNX27 shRNA EndoC-βH1 cells. 
Insulin stimulation index (ISI) corresponds to results with G15 + agonist over G15 alone (n=5-6 
independent experiments, each performed in triplicate). C: Incretin-induced cAMP from internalised 
GLP-1Rs after 15 minutes treatment with 100 nM exendin-4 (Ex-4), followed by ligand washout and 
60 minutes incubation in the presence of 10 µM exendin(9-39) + 10 µM trafficking inhibitor monensin 
+ 500 µM IBMX in Control versus SNX1 or SNX27 shRNA EndoC-βH1 cells (n=5 independent 
experiments, each performed in triplicate). Data are normalized to cAMP levels after 15 minutes of 
Ex-4. Data are expressed as mean ± SEM. * p<0.05, ns: non-significant. P values were determined 
by one-way randomized block ANOVA with Dunnett’s test. Individual data points are shown. Paired 
data points are depicted in the same colour. 

 

A

Con
tro

l s
hR

NA

SNX1 s
hR

NA

SNX27
 sh

RNA
0

2

4

6

cA
M

P
 

(G
0.

5 
+ 

E
x-

4/
 G

0.
5)

*

*

Con
tro

l s
hR

NA

SNX1 s
hR

NA

SNX27
 sh

RNA
0

2

4

6

8

cA
M

P
 

(G
0.

5 
+ 

G
LP

-1
/ G

0.
5) *

ns

CB

Con
tro

l s
hR

NA

SNX1 s
hR

NA

SNX27
 sh

RNA
0

1

2

3

IS
I

 (G
15

 +
 E

x-
4/

 G
15

) *
*

Con
tro

l s
hR

NA

SNX1 s
hR

NA

SNX27
 sh

RNA
0

1

2

3

4

IS
I 

(G
15

 +
 G

LP
-1

/ G
15

)

*

*

Con
tro

l s
hR

NA

SNX1 s
hR

NA

SNX27
 sh

RNA
0

2

4

6

8

E
nd

os
om

al
 c

A
M

P

ns
ns



 

 130 

Of note, we noticed a significantly higher SNX knockdown efficiency in EndoC-βH1 SNX 

shRNA cells (~80%) compared with that achieved by siRNA in MIN6B1 and MIN6B1-SNAP-

GLP-1R cells (~40%), suggesting that a higher degree of SNX27 knockdown might be 

associated with a net loss of the overall incretin responses in b-cells (Fig. 5.9A-D). 

 

Figure 5.9: SNX1 and SNX27 knockdown efficiencies. A: SNX1 and SNX27 knockdown 
efficiencies assessed by qRT-PCR in SNX siRNA-treated MIN6B1 cells at 48 hours. Data are 
expressed relative to Control RNAi (n=4 independent experiments). B: Western blot confirming 
knockdown of SNX1 and SNX27 protein in siRNA-treated MIN6B1 cells at 72 hours (n=1). C: SNX1 
and SNX27 knockdown efficiencies assessed by qRT-PCR in EndoC-βH1 human β-cells stably 
expressing SNX shRNA. Data are expressed relative to Control shRNA (n=4 independent 
experiments, each performed in triplicate). D: Western blot confirming knockdown of SNX1 and 
SNX27 proteins in EndoC-βH1 human β-cells stably expressing SNX shRNA (n=1). E: SNX1 and 
SNX27 knockdown efficiencies assessed by qRT-PCR in siRNA-treated CHO-SNAP-GLP-1R cells 
at 48 hours. Data are expressed relative to Control RNAi (n=4 independent experiments, each 
performed in triplicate) as mean ± SEM. ** p<0.01, *** p<0.001, ns: non-significant. P values were 
determined by two-tailed paired t-test. Individual data points are shown. 
 

5.3.6. Depletion of SNX27 Reduces GLP-1R Basal Levels and GLP-1R 
Signalling in CHO-SNAP-GLP-1R cells 

Thus far, our results show increased incretin responses in SNX27-downregulated MIN6B1, 

but decreased incretin responses in SNX27-depleted EndoC-βH1 cells, which is compatible 

with the idea that a high degree of SNX27 silencing could lead to GLP-1R signal attenuation, 

while a relatively mild down-regulation might result in the opposite effect. Complete SNX27 
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depletion has been associated in the past with mistrafficking of receptors into the lysosomal 

degradative pathway [289, 304], as well as with a reduction in basal receptor levels due to 

increased receptor turnover [305, 306]. Therefore, it is tempting to speculate that a high 

SNX27 knockdown efficiency might enhance GLP-1R degradation/turnover, resulting in 

down-regulation of GLP-1R signalling, while more modest reductions in SNX27 expression 

might enhance intracellular signalling without having a significant impact in global receptor 

levels, hence increasing the overall signalling output of the receptor. In order to address this 

possibility, we used CHO-K1 cells stably expressing SNAP-tagged human GLP-1R (CHO-

SNAP-GLP-1R) to perform SNX knockdown experiments, due to the high transfection 

efficiency rates typically achieved in these cells, leading to SNX silencing levels comparable 

to those achieved with our SNX shRNA-expressing EndoC-βH1 cells (Fig. 5.9E). 

Measurement of dose responses for exendin-4-induced cAMP production revealed that the 

maximal cAMP response to exendin-4 (Emax) was increased upon SNX1 silencing, whereas 

it was reduced in SNX27 siRNA-treated CHO-SNAP-GLP-1R cells (Fig. 5.10A). Thus, as 

we have previously observed in EndoC-βH1 SNX27 shRNA cells, a high level of silencing 

of SNX27 (Fig. 5.9E) was associated with attenuated GLP-1R activity in these cells. 

Additionally, we measured cAMP responses to exendin-4 in CHO-SNAP-GLP-1R cells 

overexpressing SNX1-GFP, SNX27-GFP or GFP alone. Consistently, overexpression of 

SNXs had the opposite effect to their down-regulation on cAMP responses. Thus, the 

maximal cAMP response to exendin-4 was now reduced in cells overexpressing SNX1-GFP 

and increased in SNX27-GFP-overexpressing cells (Fig. 5.10B), so that the phenotypes 

observed were completely reversed. As observed previously for EndoC-βH1 cells, we again 

found no significant effect of SNX1/SNX27 silencing in endosomal cAMP signalling from 

CHO-SNAP-GLP-1R cells (Fig. 5.10C). Importantly, reduced basal levels of SNAP-GLP-1R, 

as well as an increase in exendin-4-induced receptor degradation, were now observed 

following the more pronounced SNX27 silencing in CHO-SNAP-GLP-1R (Fig. 5.10D), 

suggesting that the observed down-regulation in GLP-1R signalling might be linked to 

increased GLP-1R lysosomal turnover, which is not present in MIN6B1 cells following a 
milder reduction in SNX27 levels (Figure 5.7).  
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Figure 5.10: Depletion of SNX27 reduced GLP-1R basal levels and GLP-1R signalling in CHO-
SNAP-GLP-1R cells. A: cAMP dose-response curves of Control versus SNX1 or SNX27 siRNA-
treated CHO-SNAP-GLP-1R after 15 minutes of stimulation with 100 nM exendin-4 (Ex-4). Results 
are normalised to forskolin responses (n=4 independent experiments, each performed in triplicate). 
B: cAMP dose-response curves of GFP versus SNX1-GFP- or SNX27-GFP-transfected CHO-
SNAP-GLP-1R cells after 15 minutes stimulation with 100 nM Ex-4. Results are normalised to 
forskolin responses (n=4 independent experiments, each performed in triplicate). C: Incretin-induced 
cAMP from internalised GLP-1Rs after 15 minutes treatment with 100 nM Ex-4, followed by ligand 
washout and 60 minutes incubation in the presence of 10 µM exendin(9-39) + 10 µM trafficking 
inhibitor monensin in control versus SNX1 or SNX27 siRNA-treated CHO-SNAP-GLP-1R cells. Data 
are normalised to 15 minutes of Ex-4 (n=5 independent experiments, each performed in triplicate). 
D: Western Blot showing basal GLP-1R protein levels (at 0 hours) and GLP-1R degradation after 6 
hours of Ex-4 treatment in Control versus SNX1 or SNX27 siRNA-treated MIN6B1-SNAP-GLP-1R 
cells (n=2 independent experiments). Cell lysates were immunoblotted for expression of SNAP-GLP-
1R or tubulin (as a loading control). Data are expressed as mean ± SEM. * p<0.05, ** p<0.01, **** 
p<0.0001, ns: non-significant. P values were determined by two-way randomized block ANOVA with 
Dunnett’s test (A,B) or by one-way randomized block ANOVA with Dunnett’s test (C). Individual data 
points are shown. Paired data points are depicted in the same colour. 
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5.4. DISCUSSION 

Endosomal sorting of internalised GPCRs into their correct post-endocytic fates is a critical 

step that regulates GPCR signalling responses and ultimately the cell ability to respond to 

extracellular stimulus. Lysosomal sorting results in receptor signal termination, whereas 

recycling of GPCRs to the plasma membrane promotes receptor resensitisation leading to 

recovery of receptor responsiveness towards the agonist [188]. Different receptor recycling 

routes have been described [110] . Accordingly, receptors can be directly recycled back to 

the plasma membrane from the sorting endosomes, a pathway known as “fast recycling”, or 

can be delivered to the cell surface via the perinuclear ERC, defined as a “slow recycling” 

route [143]. Additionally, receptors can also recycle back to the plasma membrane from 

various endocytic compartments via the TGN [144, 145]. Therefore, endocytic sorting of 

GPCRs into either of these recycling routes regulates their endosomal residence time, thus 

modulating total (plasma membrane + intracellular) GPCR signalling outputs [110]. Here, 

we have identified two sorting nexins, SNX1 and SNX27, as key regulators of GLP-1R 
endosomal sorting [225]. 

SNX1 regulates retrograde transport of some receptors [292]. However, SNX1 has also 

been shown to control GPCR trafficking to lysosomes [204], as well as GPCR plasma 

membrane recycling [307, 308]. Additionally, SNX1 can interact in vitro with the cytoplasmic 

tail of various GPCRs, including the GLP-1R [227]. Here, we have confirmed the existence 

of this interaction in pancreatic b-cells. Moreover, our data suggests a role for SNX1 in 

controlling the rate of GLP-1R recycling. Consequently, depletion of SNX1 resulted in an 

increase in the rate of GLP-1R receptor recycling and, therefore, resensitisation. As a result, 

GLP-1R activity and insulin secretion were both increased in a range of mouse and human 

SNX1-deficient beta and non-beta cells. Conversely, overexpression of SNX1 resulted in a 

decrease in cAMP responses to exendin-4 in CHO-SNAP-GLP-1R cells. Importantly, SNX1 

silencing did not result in a significant effect on GLP-1R basal or exendin-4-stimulated 

degradation, indicating that SNX1 is not involved in regulating GLP-1R transport to the 

lysosomes. The latest results are consistent with previous studies showing that SNX1 can 

sometimes regulate receptor recycling without affecting receptor degradation [308]. Overall, 

our findings suggest a role for SNX1 in regulating GLP-1R recycling by restricting GLP-1R 

recycling rates, indicating that GLP-1R is re-sorted at faster recycling rates in the absence 
of SNX1. 



 

 134 

SNX27 is a retromer-associated protein that functions as a cargo selector for specific 

GPCRs. Thus, SNX27 cooperates with the retromer complex in the endosomal retrieval and 

subsequent plasma membrane recycling of certain internalised receptors. Here, we have 

shown that SNX27 mediates GLP-1R recruitment to the retromer complex. As far as we are 

aware, this is the first time that GLP-1R has been shown to associate with SNX27, in 

pancreatic b-cells or in any other cell type. Strikingly, while SNX27 has been reported to 

mediate PDZ-dependent recycling of a variety of GPCRs, such as the β1AR [309], β2AR 

[153] and the PTHR [310], GLP-1R does not harbour a PDZBM sequence in its cytoplasmic 

tail. Moreover, GLP-1R was still able to associate with a SNX27 mutant lacking the PDZ 

domain. Interestingly, phosphorylation of specific Ser/Thr residues within the PDZBM of 

some GPCRs has been shown to enhance the interactions of these GPCRs with SNX27 

[311]. Although the binding domain that mediates GLP-1R association with SNX27 remains 

unknown, it would be of interest to determine how post-translational modifications such as 

phosphorylation might modulate GLP-1R interactions with the SNX27-retromer. Additionally, 

it is noteworthy to mention that the VPS26-containing retromer has been found to present a 

similar structure to b-arrestins [312]. Interestingly, PTHR has been shown to bind to VPS26 

independently of its PDZBM [310]. Therefore, it remains possible that GLP-1R is able to 

bind to SNX27 indirectly by engaging the VPS26 retromer component, providing an 

explanation for the association of GLP-1R with SNX27 WT as well as PDZ mutant observed 
in our confocal and immunoprecipitation experiments.  

The interaction of SNX27 with GLP-1R is physiologically relevant, as depletion of SNX27 

resulted in a significant decrease in the rate of GLP-1R recycling after stimulation with 

exendin-4. Therefore, our results suggest a role for SNX27-retromer in mediating GLP-1R 

endosome-to-plasma membrane recycling, linking GLP-1R to the retromer complex. 

Surprisingly, despite GLP-1R loss from the cell surface, exendin-4-induced GLP-1R 

signalling was elevated in MIN6B1 and MIN6B1-SNAP-GLP-1R cells. This implies that 

enhanced GLP-1R signalling upon SNX27 depletion originated from increased levels of 

receptor signalling from intracellular compartments. Indeed, we found increased GLP-1R-

induced endosomal cAMP production, resulting in GLP-1R sustained signalling in SNX27 

siRNA-treated MIN6B1 and MIN6B1-SNAP-GLP-1R cells. Consistent with our latest results, 

SNX27-retromer complex has been shown to promote endosomal signalling termination of 

some GPCRs, such as the PTHR [301]. Therefore, as previously suggested for this GPCR 

[301, 302], we speculate that SNX27 binding to GLP-1R at the endosome may trigger GLP-
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1R recruitment to SNX27-retromer decorated tubules, restricting GLP-1R endosomal 
signalling and promoting its recycling to the plasma membrane. 

By promoting endosomal retrieval and recycling of protein cargoes, SNX27-retromer 

prevents their entry into the lysosomal pathway. Therefore, SNX27 depletion has been 

associated with impaired constitutive receptor recycling and enhanced lysosomal 

degradation [286, 289]. Nevertheless, neither GLP-1R basal levels nor those following 

exendin-4 stimulation were affected in MIN6B1 and MIN6B1-SNAP-GLP-1R cells. We 

hypothesise that the mild reduction in SNX27 expression levels observed in these cell lines 

is not sufficient to cause a significant increase in GLP-1R transport to the lysosome, 

therefore preserving adequate GLP-1R basal levels to respond to exendin-4, while at the 

same time increasing the capacity of the receptor to signal intracellularly. Additionally, in our 

trafficking experiments where plasma membrane SNAP-GLP-1R is labelled with a SNAP-

Surface probe followed by fluorescence measurements by FACS, we did not detect 

significant differences in SNAP-GLP-1R basal plasma membrane levels between control 

and SNX27-depleted MIN6B1-SNAP-GLP-1R cells before addition of exendin-4 (data not 

shown). It is possible that, following mild SNX27 down-regulation, the cellular machinery is 

able to compensate for any loss in basal receptor levels by increasing the rate of GLP-1R 

translation in order to preserve GLP-1R availability in SNX27-depleted MIN6B1 and 

MIN6B1-SNAP-GLP-1R cells. Conversely, in EndoC-βH1 and CHO-SNAP-GLP-1R cells, 

where a greater level of SNX27 knockdown efficiency was achieved, SNAP-GLP-1R basal 

levels were significantly reduced, likely as a result of a significant increase in the basal rate 

of GLP-1R turnover, so that newly synthesised GLP-1Rs might fail to compensate for the 

continued loss of receptor via lysosomal degradation, therefore failing to maintain adequate 

GLP-1R basal levels. This effect, together with a reduction in constitutive GLP-1R recycling 

rates, would lead to a continuous reduction in the pool of plasma membrane receptor 

available to respond to exendin-4 and signal. As a result, exendin-4-induced GLP-1R 

signalling is attenuated in SNX27-depleted CHO-SNAP-GLP-1R as well as in EndoC-βH1 

SNX27 shRNA cells, and no significant increases are detected in intracellular cAMP. 

Concomitantly, increased GLP-1R degradation triggered by exendin-4 aggravates the effect 

of SNX27 depletion in GLP-1R signalling. Thus, a high level of reduction in SNX27 protein 

levels might lead to GLP-1R signal downregulation as a consequence of an enhancement 

of constitutive GLP-1R degradation rates, while conversely, a mild reduction might be 

associated with increased GLP-1R responses due to the prolongation of endosomal cAMP 
generation by the receptor.  
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At this stage we cannot exclude that the variations observed in GLP-1R signalling between 

mouse (MIN6B1 and MIN6B1-SNAP-GLP-1R) b-cells, human EndoC-βH1 and hamster 

CHO-SNAP-GLP-1R cells might be in fact not due to differences in SNX27 knockdown 

efficiency but rather associated to the different species and cell types employed. To clarify 

this point, further experiments would need to be performed in the future. Ideally, since mild 

SNX27 knockdown was present in mouse MIN6B1 and MIN6B1-SNAP-GLP-1R cells, a total 

SNX27 knockout should be generated in these same cells by employing the CRISPR/Cas9 

system to genomically delete SNX27. Alternatively, a MIN6B1-SNAP-GLP-1R cell line stably 

expressing SNX27 shRNA could be generated by infecting MIN6B1-SNAP-GLP-1R cells 

with mouse-specific SNX27 shRNA lentiviruses to increase knockdown efficiency. Thus, by 

comparing SNX27 siRNA-treated MINB1-SNAP-GLP-1R cells (with mild SNX27 knockdown 

efficiency) with MIN6B1-SNAP-GLP1R SNX27 knockout or SNX27 shRNA-expressing cells 

(with high SNX27 knockdown or knockout efficiency), we could address the effect of varying 

SNX27 levels on the overall signalling capacity of the GLP-1R in the same cell line, hence 

investigating differences in GLP-1R signalling and degradation rates while discarding 

possible effects associated with cell specificity. 

In summary, in the results presented in this chapter we have identified SNX1 and SNX27 as 

regulators of GLP-1R surface abundance and signalling outputs. 
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CHAPTER VI 

GLP-1R PLASMA MEMBRANE COMPARTMENTALISATION 
REGULATES GLP-1R SPATIOTEMPORAL SIGNALLING AND 

TRAFFICKING 

 

 

 

 

 

 

N.B.: Results presented herein are part of a manuscript entitled “Targeting GLP-1 receptor 

trafficking to improve agonist efficacy” published in Nature Communications in 2018, for 

which I am second author, as well as of a manuscript entitled “Agonist binding affinity 

determines palmitoylation of the glucagon-like peptide-1 receptor and its functional 

interaction with plasma membrane nanodomains in pancreatic beta cells” currently under 

review in PLOS Biology, for which I am first author. Note that some of the experimental data 

presented in this chapter was obtained by some of the corresponding authors from the 

Department of Medicine at Imperial College London and the Department of Cell Biology of 

the Institute of Ophthalmology at University College London. Specific authorship will be 

clearly indicated within the figure legends. 
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6.1. INTRODUCTION 
6.1.1. Membrane Organisation and its Role in Signal 
Compartmentalisation  
	
Cellular membranes are key structural components of cells. In fact, the majority of cellular 

processes are membrane-dependent [313]. The plasma membrane, for instance, defines 

the interior of the cell and acts as an entry or release portal for a wide range of molecules 

[313]. Furthermore, the plasma membrane has been shown to be instrumental in the 

compartmentalisation and molecular organisation of cellular processes, including 

membrane receptor signal transduction [314-316]. 

Lipid bilayers constitute the structural basis of all cellular membranes. These consist of two 

layers of phospholipid molecules, composed of a polar head group and two hydrophobic 

acyl chains orientated towards the centre of the two-layered sheet [313]. The lipid bilayer is 

composed of different species of phospholipids that differ in the length and saturation of 

their acyl chains. The presence of a wide variety of lipid species within the lipid bilayer has 

been reported [313, 317]. Of those, cholesterol is an important component with a unique 

structure, consisted of a small hydroxyl head group and a hydrophobic tail, and the capacity 

to affect membrane fluidity [246]. Accordingly, cholesterol spans approximately half of the 

lipid bilayer and its steroid hydrophobic rings interact preferentially with the saturated fatty 

chains of neighbouring phospholipids, increasing the packing of lipids and reducing 

membrane fluidity [246, 318]. As a result, the presence of cholesterol in the lipid bilayer 
leads to the formation of more compact liquid-ordered nanodomains [315, 318]. 

Proteins are also present in the lipid bilayer, constituting about half of the total plasma 

membrane mass [313]. GPCRs are integral membrane proteins that integrate into lipid 

bilayers via their transmembrane domains and therefore are strongly influenced by the lipid 

composition of surrounding membranes [319]. Receptor-bilayer interactions can modulate 

GPCR plasma membrane distribution [314, 319]. Indeed, GPCRs have been shown to 
localise to highly dynamic lateral membrane nanodomains enriched in 

components of signal transduction cascades, including G proteins [320, 321]. Nanodomains, 

also known as membrane rafts, are often described as highly liquid-ordered detergent-

resistant, cholesterol- and sphingolipid- enriched small domains involved in signal 

compartmentalisation [315]. Additionally, these ordered lateral membrane domains might 
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act as platforms that spatially coordinate signalling and endocytic trafficking of receptors 
[322].  

As a result of their nanoscale size, in the range of 4-200 nm, these ordered nanodomains 

cannot be resolved by standard fluorescence microscopy techniques [315]. Therefore, one 

of the most popular techniques for the detection of raft-associated proteins is based on the 

relative insolubility of membrane rafts in cold non-ionic detergents and involves the isolation 
of detergent-resistance membranes (DRMs) from total cell membrane extracts [323]. 

6.1.2. Regulation of GPCR Structure and Function by Cholesterol and 
Palmitoylation 
	
Cholesterol, which accounts for 20-25% of lipid molecules at the plasma membrane, 

modulates receptor spatiotemporal interactions with their downstream signalling partners by 

affecting membrane fluidity, and hence lateral mobility and compartmentalisation [316]. In 

addition to influencing the biophysical state of the membranes in which GPCRs are 

embedded, some GPCRs can directly interact with cholesterol [319]. Indeed, crystal 

structures of GPCRs revealed cholesterol molecules at various sites, leading to the 

discovery of consensus cholesterol binding sites in a wide number of class A GPCRs [324]. 

The fact that cholesterol greatly improves the quality of GPCR crystal structures suggests 

that receptor-cholesterol interactions might be important for the conformational stability of 

GPCRs [246, 324].  

GPCRs are subjected to different post-translational modifications, including phosphorylation 

[205], glycosylation [76], ubiquitination [146] and palmitoylation [318, 325], regulating GPCR 

function. Palmitoylation is a reversible lipid modification that consist in the covalent 

attachment of palmitate, a 16-carbon saturated fatty acid, to cysteine residue(s) via a 

cleavable thioester linkage [326]. The insertion of palmitate is catalysed by the protein family 

of palmitoyl transferases (PATs), which share an aspartate-histidine-histidine-cysteine 

(DHHC) cysteine-rich domain [245]. Conversely, protein depalmitoylation is enzymatically 

catalysed by palmitoyl protein thiosterases [327]. Unlike other types of lipid modifications, 

pamitoylation is highly dynamic as a result of its reversibility nature. In fact, many, though 

not all, proteins are dynamically palmitoylated, undergoing repeated cycles of 

palmitoylation/depalmitoylation [328]. Importantly, protein palmitoylation levels can be 

dynamically modulated in response to cell stimuli [326]. Additionally, protein modification by 

the addition of palmitate increases protein hydrophobicity, regulating protein-bilayer 
interactions [316]. 
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Several GPCRs have been reported to be post-translationally modified by the insertion of 

palmitate in one or more cysteines of their intracellular side, downstream of their seventh 

transmembrane domain [246, 318, 325]. Agonist binding has been shown to alter GPCR 

palmitoylation levels [329, 330] in some cases, although some GPCRs are constitutively 

palmitoylated [329, 331]. Palmitoylation regulates several aspects of GPCR function [246, 

325]. For some GPCRs, palmitoylation is necessary for its correct processing and plasma 

membrane delivery [329, 332], whereas for others, palmitoylation regulates GPCR 

phosphorylation and hence coupling to G proteins and subsequent desensitisation and 

internalisation [333]. Indeed, the palmitoylation-deficient C341G mutant of the b2AR is 

constitutively highly phosphorylated and desensitised, which is associated with impaired 

agonist-induced AC stimulation [334]. The increased phosphorylation of the deficiently-

palmitoylated mutant was later shown to occur as a result of a greater accessibility of PKA, 

compared to the wild type receptor, to specific phosphorylation sites within the mutant [335]. 

Therefore, as illustrated with the above example, the effects of palmitoylation on GPCR 

function are unpredictable and receptor-specific [318]. In this context, it is interesting to note 

that palmitoylation of cysteine residues at the carboxyl-terminal tail of GPCRs results in the 

formation of a fourth intracellular loop between the cytoplasmic end of the seventh 

transmembrane domain and the fatty acid anchored at the plasma membrane [246]. It is 

therefore possible that different palmitoylation patterns will lead to different carboxy-terminal 

tail conformations, which will differentially influence GPCR structure and interactions with 
their signalling partners [246]. 

Palmitoylation can also increase GPCR affinity for membrane rafts [336]. Partitioning of 

several GPCRs into DRMs has been reported [319, 323]. Similarly to palmitoylation levels, 

some GPCRs are predominantly localised in DRMs under basal conditions, whereas others 

undergo agonist-dependent segregation into DRMs [323]. Nevertheless, although 

palmitoylation might regulate GPCR targeting to cholesterol-enriched nanodomains, not all 

palmitoylated receptors are raft-associated [318], indicating that palmitoylation is not always 

sufficient for nanodomain targeting [323, 336]. Indeed, caveolin 1 partitioning into DRMs is 

not affected after removal of its paltmitoylation sites by mutagenesis [246]. In this context, 

protein oligomerisation has been reported as an additional mechanism to increase the raft 
affinity of proteins [316, 323, 337].  

Cholesterol and palmitate have been suggested to act together to mediate GPCR 

dimerisation to influence GPCR function [318]. Interestingly, a recent study by Zheng et al. 

[338] assessed the effects of cholesterol and palmitoylation on the dimerisation and G 
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protein signalling of the μ-opioid receptor OPRM1. The authors of this study reported that 

inhibition of cholesterol synthesis reduced both receptor dimerisation and signalling. 

Concomitantly, they demonstrated that mutagenesis of the palmitoylated cysteine residue 

in OPRM1 also decreased receptor dimerisation and G protein coupling.  Additionally, the 

palmitoylated-deficient OPRM1 mutant was found to associate more weakly with 

cholesterol. The authors concluded that cholesterol-palmitoyl interactions module OPRM1 

signalling by facilitating receptor dimerisation and G protein coupling [338].  

Palmitoylation of GLP-1R has been previously reported [339]. Particularly, substitution of 

the cysteine 438 in the cytoplasmic tail of the GLP-1R was shown to inhibit GLP-1R 

palmitoylation and reduce the ability of GLP-1R agonists to induce AC stimulation [339]. 

Prompted by this, as well as by the fact that the nanoscale organisation of GLP-1R within 

the lipid bilayer of pancreatic b-cells remains largely unexplored, we investigated the roles 

that cholesterol and palmitoylation play in the dynamic lateral organisation of the GLP-1R at 

the plasma membrane. Additionally, since GPCR post-translational modifications have been 

reported to partially mediate the differential GPCR responses induced by biased agonists, 

we also assessed the effects of exendin-4-based modified GLP-1R agonists, previously 

developed and characterised by us [175], on GLP-1R palmitoylation and nanodomain 

partitioning. 
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6.2. RESULTS 
6.2.1. GLP-1R Palmitoylation is Modulated by Exendin-4 
GLP-1R has previously been shown to be palmitoylated at cysteine 438 of its cytoplasmic 

tail. Therefore, we first assessed whether this post-translational modification is constitutive 

or induced by agonist-dependent receptor activation. Remarkably, in CHO-SNAP-GLP-1R 

cells, while basal GLP-1R palmitoylation was extremely low, receptor stimulation with 

exendin-4 significantly enhanced the palmitoylation levels (Fig. 6.1A) of glycosylated GLP-

1Rs (Fig. 6.1B). It is worth mentioning that glycosylated GLP-1Rs constitute the functional 

pool of the receptor at the plasma membrane, which gets activated in response to exendin-

4. Consistently, tunicamycin treatment, which blocks N-linked glycosylation, also inhibits 
GLP-1R cell surface expression (Fig. 6.1C).  

We also repeated the palmitoylation assay in the more physiologically relevant mouse b-cell 

line MIN6B1-SNAP-GLP-1R, further confirming exendin-4-induced SNAP-GLP-1R 

palmitoylation (Fig. 6.1D). Importantly, treatment of MIN6B1-SNAP-GLP-1R cells with the 

palmitoylation inhibitor 2-bromopalmitate completely blocked exendin-4-induced GLP-1R 

palmitoylation, confirming the specificity of our palmitoylation assay (Fig. 6.1D).
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Figure 6.1: GLP-1R palmitoylation is modulated by exendin-4. A: Western Blot analysis of 
SNAP-GLP-1R input fraction (IF) and palmitoylated fraction (PF) in CHO-SNAP-GLP-1R cells 
treated with vehicle or 100 nM exendin-4 (Ex-4) for 10 minutes (n=2 independent experiments). B:  
Western Blot analysis following overnight treatment with tunicamycin at the indicated concentrations 
showing inhibition of SNAP-GLP-1R glycosylation in CHO-SNAP-GLP-1R cells. The two GLP-1R 
bands that migrate at different molecular weights ( ̴75 and  ̴65 kDa) in the absence of tunicamycin 
correspond to differentially glycosylated forms of the receptor, whereas the band that appears after 
tunicamycin treatment ( ̴50 kDa) corresponds to unglycosylated receptor (n=2 independent 
experiments). C: Representative confocal images of surface and total SNAP-GLP-1R levels in 
MIN6B1-SNAP-GLP-1R cells incubated overnight in vehicle or 10 µg/ml of tunicamycin. Green: 
SNAP-Surface 488; Red: SNAP-Cell TMR-Star; Blue: nuclei (DAPI). Size bars: 100 µm. D: Western 
Blot analysis of SNAP-GLP-1R input fraction (IF) and palmitoylated fraction (PF) in MIN6B1-SNAP-
GLP-1R cells incubated overnight in the absence or presence of 200 µM 2-bromopalmitate (2-BP) 
followed by stimulation with 100 nM Ex-4 for 10 minutes (n=2 independent experiments). 
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6.2.2. Ex-4 Induces GLP-1R Redistribution into Plasma Membrane 
Nanodomains 
 
Agonist binding and activation induces lateral reorganisation of some GPCRs, including 

receptor clustering and changes in receptor diffusion kinetics [314]. Considering that 

palmitoylation might modulate receptor clustering at the plasma membrane, we next 

estimated the degree of GLP-1R cell surface clustering before and after treatment with 

exendin-4. Clustering of GLP-1R was examined on intact 2D sheets of apical membranes, 

ripped-off from adherent MIN6B1-SNAP-GLP-1R cells, and labelled with the membrane-

impermeable BG-SS-PEG4-biotin SNAP-tag probe followed by 10-nm gold-conjugated 

streptavidin, onto EM grids. EM analysis of membrane gold particle distributions showed 

increased clustering of SNAP-GLP-1Rs upon exendin-4 stimulation, measured as a 
decrease in distances between neighbouring gold particles (Fig. 6.2A and B). 

Following agonist binding, some GPCRs are sorted into specific detergent-resistant dynamic 

membrane nanodomains where they signal more efficiently [314]. Receptor clustering might 

be triggered by segregation into these nanodomains, which in turn would increase the 

intermolecular proximity between receptors. To validate this hypothesis, SNAP-GLP-1R 

levels were measured in purified detergent-resistant and detergent-soluble fractions from 

total membrane preparations of MIN6B1-SNAP-GLP-1R cells. Upon exendin-4 treatment, 

we found that GLP-1R recruitment to flotillin-enriched detergent-resistant fractions was 

enhanced compared to vehicle conditions, indicating that exendin-4 stimulation triggers 

receptor sorting into membrane nanodomains (Fig. 6.2C, quantified in Fig. 6.2D). 

Additionally, exendin-4-induced GLP-1R nanodomain partitioning was verified in HEK293 
cells expressing SNAP-GLP-1R (HEK293-SNAP-GLP-1R) (Fig. 6.2E) 
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Figure 6.2: Exendin-4 induces GLP-1R redistribution into plasma membrane nanodomains. 
A: Representative EM images showing gold-labelled SNAP-GLP-1R (arrows) distribution within 2D 
plasma membrane sheets extracted from MIN6B1-SNAP-GLP-1R cells. Cells were labelled with BG-
SS-Biotin SNAP-tag probe + Streptavidin 10 nm-gold and then treated with vehicle or 100 nM 
exendin-4 (Ex-4) for 2 minutes. B: EM quantification of gold particle distances to the nearest 
neighbour from 2D plasma membrane sheets extracted from MIN6B1-SNAP-GLP-1R cells from (A). 
Data is from a minimum of n=1,000 gold particles per condition C: Western Blot analysis of SNAP-
GLP-1R distribution within total membrane (TMF), detergent-resistant (DRF) and detergent-soluble 
(DSF) fractions isolated from MIN6B1-SNAP-GLP-1R cells. Cells were either treated with vehicle 
(Veh) or 100 nM Ex-4 for 2 minutes. Flotilin was used as a marker of detergent-resistant rafts (n=3 
independent experiments) D: Quantification of SNAP-GLP-1R protein levels (from C) within DRF 
fractions of MIN6B1-SNAP-GLP-1R cells treated with Veh or Ex-4 (n=3 independent experiments). 
E: Western Blot analysis of SNAP-GLP-1R distribution within TMFs, DRFs and DSFs isolated from 
HEK293-SNAP-GLP-1R cells. Cells were treated with Veh or 100 nM Ex-4 for 2 minutes. Flotillin 
was used as a marker of detergent-resistant rafts. Data are expressed as mean ± SEM. * p<0.05, 
*** p<0.001. P values were determined by unpaired (B) or paired t-test (D). N.B.: Figs. 2A and 2B 
were made from data obtained by Dr Thomas Burgoyne at UCL. Figs. 2C-E were made from data 
obtained by Dr William Laughlin at Imperial College London (ICL). 
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6.2.3. GLP-1R Clustering Within Membrane Nanodomains Favours GLP-
1R Signalling 

GPCR nanoscale clustering within membrane rafts favours dynamic protein-protein 

interactions, including those between receptors as well as with their signalling effectors 

[320]. In fact, plasma membrane nanodomains are often referred to as signalling “hotspots”, 

facilitating GPCR interaction with specific G proteins [320, 321]. In order to test whether this 

is also the case for SNAP-GLP-1R-containing plasma membrane nanodomains, we 

measured G protein distribution in purified detergent-resistant and detergent-soluble 

fractions from MIN6B1-SNAP-GLP-1R cells transfected with a plasmid encoding YFP-

tagged GaS subunit. We observed that GaS-YFP was predominantly enriched within 

detergent-resistant fractions both in the absence and presence of exendin-4 (Fig. 6.3A). 

Additionally, to confirm if the cAMP/PKA pathway is preferentially activated within these 

liquid-ordered nanodomains, we measured changes in localised and total cAMP/PKA 

activity using different FRET-based conformational biosensors: AKAR4-Lyn (PKA sensor 

targeted to cholesterol-rich nanodomains [340]), AKAR4-NES (PKA biosensor targeted to 

the cytosol by a C-terminal nuclear export sequence, NES)  and TEpacvv (total cAMP 

biosensor [341]). Consistent with agonist-dependent GLP-1R partitioning into membrane 

nanodomains, exendin-4 induced cAMP elevation and PKA activity preferentially from 

membrane rafts (Fig. 6.3B).  

 

 
 
 
 
 
 
 
 
Figure 6.3: GLP-1R Clustering Within Membrane Nanodomains Favours GLP-1R Signalling. 
A: Western Blot analysis showing Gas-YFP distribution within total membrane (TMF), detergent-
resistant (DRF) and detergent-soluble (DSF) fractions isolated from MIN6B1-SNAP-GLP-1R cells. 
Cells were transiently transfected with Gas-YFP and then treated with vehicle (Veh) or 100 nM 
exendin-4 (Ex-4) for 2 minutes. Flotillin was used as a marker of detergent-resistant rafts. B: Dose-
responses for Ex-4-induced PKA activation within liquid-ordered nanodomains (AKAR4-Lyn, n=11) 
or cytosol (AKAR4-NES, n=5) as well as for Ex-4-induced total cellular cAMP generation (TEpacvv, 
n= 15) in CHO-SNAP-GLP-1R cells. Ex-4-induced changes in cAMP/PKA activity was determined 
by FRET and calculated as the AUC of FRET ratios sequentially measured over 30 minutes and 
normalised to baseline. * p<0.05, ** p<0.01. P values were determined by comparing potency values 
(log EC50) by one-way ANOVA with Tukey’s test. N.B.: Fig. 3A was made from data obtained by Dr 
William Laughlin at ICL. Fig. 3B was made from data obtained by Dr Ben Jones at ICL. 
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6.2.4. Ligand-Induced Receptor Palmitoylation and Plasma Membrane 
Redistribution is Receptor Specific 

Considering the variability between GPCRs, agonist-dependent modulation of 

palmitoylation and membrane nanodomain segregation needs to be studied for every 

individual receptor. Indeed, we found that, unlike GLP-1R, the closely related class B GPCR 

GIPR is highly constitutively palmitoylated. These results are consistent with findings of 

other GPCRs undergoing agonist-independent palmitoylation [331]. Furthermore, GIP 

stimulation does not further enhance GIPR palmitoylation (Fig. 6.4A) or segregation into 

detergent-resistant fractions (Fig. 6.4B) indicating that the agonist-dependent effect is an 
individual feature of the GLP-1R.  

 

 

Figure 6.4: Ligand-Induced Receptor Palmitoylation and Plasma Membrane Distribution is 
Receptor-Specific. A: Western Blot analysis of SNAP-GIPR input (IF) and palmitoylated fractions 
(PF) in CHO-SNAP-GIPR cells treated with vehicle or 100 nM GIP for 10 minutes (n=1). B: Western 
Blot analysis showing SNAP-GIPR distribution within total membrane (TMF), detergent-resistant 
(DRF) and detergent-soluble (DSF) fractions isolated from INS-1 832/3 GIPR KO cells expressing 
SNAP-GIPR after treatment with vehicle (Veh) or 100 nM GIP for 2 minutes (n=2 independent 
experiments). N.B.: Fig. 4B was made from data obtained by Dr Stravoula Bitsi, ICL. 
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disrupted plasma membrane domain organisation through acute depletion of cholesterol by 

cellular treatment with methyl-β-cyclodextrin (MβCD) [342]. We first confirmed that 

cholesterol depletion was efficiency achieved by staining cell membranes with the 

cholesterol binding agent filipin (Fig. 6.5A). We then assessed whether cholesterol 

GIP GIP GIPVeh Veh Veh

TMF DRF DSFIF PF IF PF

Vehicle GIP

A B

75 kDa -



 

 149 

sequestration by MβCD affects GLP-1R endocytosis. Confocal microscopy analysis of 

MIN6B1-SNAP-GLP-1R cells showed that cell treatment with MβCD significantly reduced 

exendin-4-induced SNAP-GLP-1R internalisation (Fig. 6.5B).  

Our results suggest that conservation of membrane nanodomain organisation is essential 

for exendin-4-induced SNAP-GLP-1R endocytosis. Notably, b-arrestins are required for 

internalisation of some GPCRs, acting as clathrin adaptors linking activated GPCRs with the 

endocytosis machinery [96, 191]. However, in a previous study, we only observed a small 

and transient delay on SNAP-GLP-1R internalisation in cells lacking both b-arrestin 

isoforms, suggesting that b-arrestins play a minor role in GLP-1R endocytosis. In the light 

of our newest results indicating a critical role for membrane nanodomain organisation in 

GLP-1R endocytic internalisation, the contribution of both b-arrestins to GLP-1R 

endocytosis was re-evaluated in the presence or absence of MβCD. As previously observed, 

confocal analysis of SNAP-GLP-1R localisation showed nearly no differences in exendin-4 

ability to promote SNAP-GLP-1R internalisation between wild type and b-arrestin-1/2 

knockout HEK293 SNAP-GLP-1R cells. Conversely, SNAP-GLP-1R internalisation was 

similarly blocked in both cell types upon treatment with MβCD, confirming the relevant 

importance of preserved plasma membrane architecture for GLP-1R endocytosis (Fig. 
6.5C). 

In view of the non-requirement of b-arrestin-1/2 for GLP-1R internalisation, we decided to 

further investigate other possible endocytic factors involved in this process. Based on our 

screening results (Chapter 3) [225], we inferred that GLP-1R would be mainly endocytosed 

through a clathrin-dependent mechanism. Interestingly, as stated before in Chapter 3, GLP-

1R has previously been shown to interact in vitro with AP2 [233]. AP2 is a clathrin adaptor 

involved in CCP formation [109] also acting as a cargo adaptor by promoting cargo 

recruitment into CCPs either through direct recognition and binding to specific sorting signals 

located within the cytoplasmic domain of transmembrane receptors [120, 190], or through 

indirect interactions with other clathrin adaptors such as the b-arrestins [96]. Thus, we 

conducted TIRF microscopy analysis in HEK293-SNAP-GLP-1R cells transiently 

transfected with a plasmid encoding HA-tagged AP2. Upon stimulation with Ex-4, we 

observed SNAP-GLP-1Rs clusters largely colocalising with AP2-containing plasma 

membrane hotspots in HEK293-SNAP-GLP-1R cells. Similarly, supporting our premise that 

GLP-1R internalisation occurs through a clathrin-dependent pathway that does not require 

the presence of b-arrestins, SNAP-GLP-1Rs were found to colocalise to the same extent 
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within plasma membrane AP2 hotspots in HEK293-SNAP-GLP-1R cells lacking both b-

arrestins (Fig. 6.5D). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5: Membrane Nanodomain Organization is Required for Effective GLP-1R 
Endocytosis. A: Representative confocal images of cholesterol levels evaluated by filipin staining 
in CHO-SNAP-GLP-1R cells labelled with SNAP-Surface 549 followed by treatment for 1 hour with 
vehicle, 10 mM MβCD or MβCD saturated with cholesterol. Note that MβCD treatment did not affect 
cell surface SNAP-GLP-1R levels. Size bars: 10 µm. B: Representative confocal images of exendin-
4 (Ex-4)-induced SNAP-GLP-1R internalisation in MIN6B1-SNAP-GLP-1R cells. Cells were labelled 
with SNAP-Surface 549 probe (red) and pre-treated with or without 10 mM MβCD for 1 hour followed 
by stimulation with 100 nM Ex-4 for 15 minutes. Blue: nuclei (DAPI). Size bars: 10 µm. C: 
Representative confocal images of Ex-4-induced SNAP-GLP-1R internalisation in HEK293-SNAP-
GLP-1R WT or β-arrestin-1/2 KO cells labelled and treated as in (B). Red: SNAP-Surface 549; Blue: 
nuclei (DAPI). Size bars: 10 µm. D: TIRF microscopy analysis of Ex-4-induced SNAP-GLP-1R 
endocytosis in HEK293-SNAP-GLP-1R WT or β-arrestin-1/2 KO cells. Cells were transiently 
transfected with a HA-tagged AP2 μ2 subunit construct (µ2-HA-WT), followed by labelling with 
SNAP-Surface 488 (green) and stimulation with 100 nM Ex-4 for 1 minute prior to fixation and 
immunofluorescence for HA (red). Size bars: 10 µm. 
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6.2.6. Substitution of the Cysteine 438 Residue Within the GLP-1R 
Cytoplasmic Tail Blocks Ex-4-dependent GLP-1R Palmitoylation 

The GLP-1R has previously been shown to be mono-palmitoylated at the C-terminal 

cysteine 438 residue (C438) in CHO cells [339]. Furthermore, GLP-1R pamitoylation at 

C438 was found to be required for efficient GLP-1-induced cAMP generation [339]. We 

therefore decided to characterise the functional role of GLP-1R palmitoylation in pancreatic 

b-cells. With that purpose, a mutant GLP-1R construct (C438A) was generated by site-

directed mutagenesis, replacing the GLP-1R C-terminal cysteine (C) 438 residue with 

alanine (A). Firstly, to confirm that substitution of C438 by A in the wild type receptor blocked 

agonist-dependent palmitoylation, we assessed the effects of the C438A substitution on 

SNAP-GLP-1R palmitoylation levels. Accordingly, we found that exendin-4 was not able to 

induce palmitoylation of C438A mutant GLP-1Rs (Fig. 6.6A). In parallel, the total and surface 

expression levels of both wild type and mutant receptors were assessed by Western blotting 

and confocal microscopy, with no significant differences detected, suggesting that, as for 

other GPCRs [332], constitutive GLP-1R palmitoylation is not required for the correct GLP-

1R trafficking to the plasma membrane (Fig. 6.6B and C). Furthermore, to verify that the 

GLP-1R C438A mutant conserved a similar pharmacological profile to the wild type receptor, 

we conducted kinetic binding experiments that revealed similar binding affinities to exendin-

4 (Fig. 6.6D). 
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Figure 6.6: Substitution of the Cysteine 438 Residue Within the GLP-1R Cytoplasmic Tail 
Blocks Ex-4-induced GLP-1R Palmitoylation. A: Western Blot analysis of exendin-4 (Ex-4)-
induced SNAP-GLP-1R palmitoylation in CHO-SNAP-GLP-1R wild type (WT) or C438A cells treated 
for 10 minutes with 100 nM Ex-4. IF: input fractions; cUF: cleaved unbound fractions; cBF: cleaved 
bound fractions (corresponding to the palmitoylated receptor pool); pUF: preserved unbound 
fractions; pBF: preserved bound fractions (n=2 independent experiments). B: Western Blot analysis 
of SNAP-GLP-1R WT or C438A total protein levels. Tubulin was used as a loading control (n=3 
independent experiments). C: Quantitative analysis of SNAP-GLP-1R WT or C438A surface levels 
(right) and representative confocal images (left) from INS-1 832/3 GLP-1R KO β-cells stably 
expressing SNAP-GLP-1R WT or C438A. Green: SNAP-Surface 488; Blue: nuclei (DAPI). Size bars: 
10 µm; (n=3 independent experiments). D: Surface binding affinity (expressed as log Kd) of Ex-4-
FITC to SNAP-GLP-1R WT or C438A measured by TR-FRET in Lumi-4-Tb-labelled CHO-SNAP-
GLP-1R WT or C438A cells (n=4 independent experiments). Data are expressed as mean ± SEM. 
ns: non-significant. P values were determined by paired t-test (C and D). N.B.: Fig. 6D was made 
from data obtained by Dr Ben Jones, ICL. 
	
6.2.7. Exendin-4-induced GLP-1R Clustering Within Membrane 
Nanodomains is Regulated by C438 Palmitoylation 
Since cholesterol-palmitoyl interactions might facilitate receptor targeting to cholesterol-

enriched membrane nanodomains [318], we assessed whether blockage of receptor 

palmitoylation in the GLP-1R C438A mutant affects receptor clustering and membrane 

distribution. EM analysis of receptor distribution on fixed 2D plasma membrane sheets from 

gold-labelled HEK293-SNAP-GLP-1R cells revealed that the C438A mutation decreased 
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receptor clustering upon exendin-4 stimulation (Fig. 6.7A and B). Next, we assessed SNAP-

GLP-1R C438A membrane targeting to detergent-resistant fractions in INS-1 832/3 GLP-1R 

knockout (KO) rat pancreatic β-cells, generated by CRISPR/Cas9 [177], and modified to 

stably express SNAP-GLP-1R WT or C438A, allowing us to avoid the confounding effects 

associated with co-expression of two distinct receptor forms. Consistent with a reduced 

clustering effect of exendin-4, exendin-4-dependent recruitment of the palmitoylation-

deficient SNAP-GLP-1R to detergent-resistant membrane fractions was decreased 
compared to SNAP-GLP-1R wild type (Fig. 6.7C). 

 

Figure 6.7: Exendin-4-induced GLP-1R Clustering Within Membrane Nanodomains is 
Reduced with the C438A Mutant. A: Representative EM images showing exendin-4 (Ex-4)-
induced gold-labelled SNAP-GLP-1R (arrows) distribution within 2D plasma membrane sheets 
extracted from HEK293-SNAP-GLP-1R wild type (WT) or C438A cells. Cells were labelled with BG-
SS-Biotin SNAP-tag probe + Streptavidin 10-nm gold and stimulated with 100 nM Ex-4 for 2 minutes. 
B: EM quantification of gold particle distances to the nearest neighbour from 2D plasma membrane 
sheets from A. Data is from a minimum of n=300 gold particles per condition. C: Western Blot 
analysis showing SNAP-GLP-1R distribution within total membrane (TMF), detergent-resistant 
(DRF) and detergent-soluble (DSF) fractions isolated from INS-1 832/3 GLP-1R KO cells stably 
expressing SNAP-GLP-1R WT or C438A and stimulated with 100 nM Ex-4 for 2 minutes. Data are 
expressed as mean ± SEM. **** p<0.0001. P values were determined by unpaired t-test (B). N.B.: 
Figs. 7A and B were made from data obtained by Dr Thomas Burgoyne, UCL. Fig. 7C was made 
from data obtained by Dr Stavroula Bitsi, ICL. 
 
6.2.8. Exendin-4-induced GLP-1R Signalling and Trafficking is Impaired 
in Palmitoylation-deficient GLP-1R Mutants 

Receptor palmitoylation has previously been shown to influence GPCR signalling [246, 338, 

339]. Therefore, we determined the effects of blocking SNAP-GLP-1R palmitoylation on 

GLP-1R signalling in rat pancreatic b-cells. We found exendin-4-induced cAMP generation 

significantly reduced in the C438A mutant compared to wild type SNAP-GLP-1R in INS-1 

832/3 GLP-1R KO cells (Fig. 6.8A). Consistently, this reduction in cAMP levels was 
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associated with a significant decrease in the potentiation of insulin secretion upon exendin-
4 stimulation (Fig. 6.8B). 

We further characterised SNAP-GLP-1R C438A mutant by determining its effects on GLP-

1R trafficking in INS-1 832/3 GLP-1R KO cells by confocal analysis, which revealed that 

internalisation of the SNAP-GLP-1R C438A mutant was transiently delayed compared to 

wild type receptor following exendin-4 stimulation (Fig. 6.8C). Of note, plasma membrane 
recycling of the SNAP-GLP-1R C438A mutant was not significantly affected (Fig. 6.8D). 

 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 6.8: Exendin-4-induced GLP-1R Signalling and Trafficking is Impaired in the 
Palmitoylation-deficient GLP-1R Mutant. A: Incretin-induced cAMP following 10 minutes 
treatment with exendin-4 (Ex-4) + 500 μM IBMX in INS-1 832/3 GLP-1R KO cells stably expressing 
SNAP-GLP-1R wild type (WT) or C438A (n=4 independent experiments). 3 parameter-fit shown, 
Emax compared by paired t-test. * p<0.05. B: Incretin-stimulated insulin secretion in INS-1 832/3 GLP-
1R KO cells stably expressing SNAP-GLP-1R WT or C438A. Cells were treated for 16 hours with 
either 11 mM glucose (G11) or G11 + 100 nM Ex-4. Insulin stimulation index (ISI) corresponds to 
the secreted insulin with G11 + Ex-4 over G11 alone (n=4 independent experiments). 3 parameter-
fit shown, Emax compared by paired t-test. * p<0.05. C: Representative confocal images of Ex-4-
induced SNAP-GLP-1R (green) internalisation in INS-1 832/3 GLP-1R KO cells stably expressing 
SNAP-GLP-1R WT or C438A. Cells were stimulated with 100 nM Ex-4 for 15 minutes. Green: SNAP-
Surface 488; Blue: nuclei (DAPI). Size bars: 10 µm. D: Representative confocal images of Ex-4-
induced SNAP-GLP-1R (green) plasma membrane recycling in INS-1 832/3 GLP-1R KO cells stably 
expressing SNAP-GLP-1R WT or C438A. Cells were stimulated with 100 nM Ex-4 for 1 hour followed 
by agonist washout and subsequent treatment with 10 µM of the GLP-1R antagonist exendin(9-39). 
Green: SNAP-Surface 488; Blue: nuclei (DAPI). Size bars: 10 µm. Data are expressed as mean ± 
SEM. * p<0.05. N.B.: Figs. 8A and B were made from data obtained by Dr Ben Jones, ICL. 
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6.2.9. GLP-1R Biased Agonists with Differential Binding Kinetic Profiles 
Modulate GLP-1R Trafficking  

During the course of the present PhD project, we have characterised a panel of exendin-4-

based biased GLP-1R agonists with single amino acid substitutions exhibiting different 

abilities to promote GLP-1R internalisation and recycling [175]. Remarkably, we found that 

compounds of the panel with reduced propensities for GLP-1R internalisation displayed 

better insulinotropic efficacies when compared to the reference ligand exendin-4. Notably, 

these effects on insulin secretion were only apparent upon prolonged agonist 

administrations. Compounds with reduced potential for receptor desensitisation via 

internalisation, despite being acutely less potent, enabled greater glucose control in mice, 

harbouring greater therapeutic ability upon sustained administration. From this panel of 

agonists, we selected one peptide exhibiting reduced internalisation and a defective b-

arrestin response when compared to exendin-4, namely ex-phe1, and one with the opposite 
bias effects, ex-asp3, for further study.  

To better characterise these GLP-1R biased agonists, we analysed the effects of ex-phe1 

and ex-asp3 on GLP-1R trafficking by FACS [175]. Measurements of the rate of SNAP-GLP-

1R internalisation and recycling in MIN6B1-SNAP-GLP-1R cells revealed distinct trafficking 

profiles between the two selected biased GLP-1R agonists: we observed that SNAP-GLP-

1R internalised rapidly when activated by exendin-4 or ex-asp3, while endocytosis was 

much slower with ex-phe1 (Fig. 6.9A). Additionally, GLP-1R exhibited a slow plasma 

membrane recycling rate in response to exendin-4, which was even slower with ex-asp3. 

On the contrary, SNAP-GLP-1R was rapidly recycled following stimulation with ex-phe1 (Fig. 
6.9B).  

Given that ligands with different on/off binding kinetics might differentially control receptor 

internalisation and recycling rates, these were measured in CHO-SNAP-GLP-1R cells for 

the abovementioned biased agonists. We found that ex-phe1 bound the slowest to GLP-1R 

(Fig. 6.9C) and exhibited a short residence time (Fig. 6.9D). As a result, ex-phe1 binds to 

the GLP-1R with the lowest affinity (Fig. 6.9E). Of note, agonist residence time indicates the 

period of time that a specific ligand remains bound to its receptor and is calculated from the 

rate of dissociation from the receptor (1/koff) [343]. Conversely, the residence time of ex-

asp3 was the longest (Fig. 6.9D), and, despite exhibiting a slower association rate than 

exendin-4 (Fig. 6.9C), ex-asp3 binds with the highest affinity to the GLP-1R (Fig. 6.9E). 

These results establish a potential correlation between agonist binding kinetics and receptor 
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recycling. Indeed, dissociation of ligand-receptor complexes, promoted by the endosomal 

acidic environment, precedes receptor recycling and resensitisation [344]. Therefore, it is 

likely that the fast receptor dissociation rate (or short residence time) of ex-phe1 contributes 

to promote a rapid SNAP-GLP-1R recycling. Conversely, the slower receptor dissociation 

rate of ex-asp3 potentially reduces the rate of GLP-1R recycling versus exendin-4. 

Importantly, these differences in GLP-1R trafficking and binding kinetics were found to be 

physiologically relevant, as they resulted in different GLP-1R signalling outputs [175]. Ex-

phe1 was shown to promote a greater potentiation of insulin release over time compared to 

exendin-4 and exp-asp3 (Fig. 6.9F). Of note, long-term agonist incubations mimic in vivo 

drug exposure, considering that exenatide is twice-daily administered [31]. The improved 

insulinotropic efficacy exhibited by ex-phe1 is therefore pharmacologically relevant, as it 
supports prolonged GLP-1R signalling effects on insulin secretion
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Figure 6.9: GLP-1R Biased Agonists with Different Binding Kinetics Elicit Different GLP-1R 
Trafficking Profiles. A: Percentage of SNAP-GLP-1R internalisation in MIN6B1-SNAP-GLP-1R 
cells treated with 100 nM of the indicated agonist (n=3 independent experiments). B: Percentage of 
SNAP-GLP-1R recycling in MIN6B1-SNAP-GLP-1R cells stimulated for 15 minutes with 100 nM of 
the indicated agonist to induce internalisation, followed by treatment with exendin(9-39) to block 
further internalisation (n=5 for Ex-4 and n=3 for ex-phe1 and ex-asp3 independent experiments). C-
E: Agonist (unlabelled) association rate constant (Kon) (C), residence time (D) and surface binding 
affinity (expressed as log Kd) (E) measured by TR-FRET in competition with exendin-4 (Ex-4)-FITC 
in Lumi-4-Tb-labelled CHO-SNAP-GLP-1R cells after inhibition of receptor internalisation using a 
cocktail of metabolic inhibitors (n=5 independent experiments). F: Time-course of incretin-stimulated 
insulin secretion in INS-1 832/3 cells. Insulin stimulation index (ISI) corresponds to the secreted 
insulin with 11 mM glucose (G11) + Ex-4 over G11 alone (n=5 independent experiments). Data are 
expressed as mean ± SEM. * p<0.05, ** p<0.01, *** p<0.001. P values were determined by two-way 
randomized block ANOVA with Dunnett’s test versus Ex-4 (A and F), or one-way ANOVA with 
Dunnett’s test versus Ex-4 (C-E). N.B.: Figs. 9C-F were made from data obtained by Dr Ben Jones, 
ICL. 
 
6.2.10. GLP-1R Palmitoylation and Membrane Nanodomain Partitioning 
are Modulated by Biased Agonism  

Biased agonists can elicit differential signalling responses through activation of the same 

GPCR. Several factors have been shown to contribute to agonist-mediated biased 

signalling, including differential GPCR post-translational modifications and membrane 

GPCR distribution [345, 346]. Indeed, various ligands have been shown to promote different 

ubiquitination patterns at the same receptor [146]. Furthermore, receptor distribution at the 

plasma membrane was reported to be differentially regulated by distinct agonists of the μ-

opioid receptor [346]. Interestingly, a relationship between receptor post-translational 

modifications and nanodomain partitioning has been proposed in order to explain OPRM1 

biased signalling [345]. Based on these premises and considering that the effects on GLP-

1R trafficking and signalling of biased agonists are very similar to those described here upon 

modulation of membrane nanodomain or GLP-1R palmitoylation, we next asked whether 

ex-phe1 and/or ex-asp3 might differentially modulate GLP-1R palmitoylation and membrane 
nanodomain recruitment compared to exendin-4. 

Therefore, we determined the palmitoylation levels of SNAP-GLP-1R in response to each 

agonist in CHO-K1-SNAP-GLP-1R cells. We found that ex-asp3, a high affinity agonist 

biased towards b-arrestin-1/2 recruitment and with the ability to promote rapid GLP-1R 

internalisation, induced SNAP-GLP-1R palmitoylation to a higher extent than exendin-4, 

whereas GLP-1R palmitoylation levels were remarkably reduced upon stimulation with ex-

phe1, a low affinity agonist defective in b-arrestin-1/2 recruitment and inducing a slow GLP-

1R internalisation profile (Fig. 6.10A). Concomitantly, recruitment of Ex-4-GLP-1R and ex-

asp3-GLP-1R complexes to detergent-resistant fractions was significantly increased 



 

 158 

compared to that of ex-phe1-GLP-1R complexes (Fig. 6.10B and C). Thus, a potential 

relationship between the degree of GLP-1R palmitoylation under the control of the biased 

agonists and its recruitment to membrane rafts can be inferred from these results. 

Figure 6.10: GLP-1R Palmitoylation and Membrane Nanodomain Partitioning is Modulated by 
Biased Agonism. A: Western Blot analysis of SNAP-GLP-1R input fraction (IF) and palmitoylated 
fraction (PF) in CHO-SNAP-GLP-1R wild type (WT) or C438A cells treated with vehicle, or 100 nM 
of the indicated agonist for 10 minutes (n=2 independent experiments). B: Western Blot analysis 
showing SNAP-GLP-1R distribution within total membrane (TMF), detergent-resistant (DRF) and 
detergent-soluble (DSF) fractions isolated from MIN6B1-SNAP-GLP-1R cells stimulated with 
vehicle, or 100 nM of the indicated agonist for 2 minutes. Transferrin receptor (TfR), which has been 
reported to segregate into non-raft regions of the plasma membrane, was used as a maker of non-
raft enrichment, whereas flotillin was a marker of detergent-resistant rafts (n=4 independent 
experiments). C: Quantification of SNAP-GLP-1R protein levels (from B) within DRFs of the indicated 
agonist in MIN6B1-SNAP-GLP-1R cells. Data are normalised to vehicle (n=4 independent 
experiments), and expressed as mean ± SEM. * p<0.05. P values were determined by one-way 
ANOVA with Dunnett’s test versus Ex-4 (C). N.B.: Figs. 10B and C were made from data obtained 
by Dr William Laughlin, ICL. 
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6.2.11. GLP-1R Binding to the Positive Allosteric Modulator BETP Alters 
the Pharmacological Effects of ex-phe1  

Thus far, our results suggest that agonist binding affinities might modulate their capacity to 

induce recruitment of activated receptors to cholesterol-rich nanodomains. The latest 

premise is based on our observations showing a reduced ability of ex-phe1, the low affinity 

agonist, to promote SNAP-GLP-1R membrane nanodomain targeting compared to exendin-

4 and ex-asp3. In this context, we have previously observed that 2-(Ethylsulfinyl)-4-[3-

(phenylmethoxy)phenyl]-6-(trifluoromethyl)-pyrimidine (BETP), a positive allosteric 

modulator (PAM) of GLP-1R, has the capacity to increase the residence time of orthosteric 

GLP-1R agonists [175]. Indeed, we observed that BETP binding to GLP-1R increased the 

residence time of exendin-4 to the GLP-1R [175]. Therefore, we investigated whether 

modulating ex-phe1 binding kinetics by co-addition of BETP would affect ex-phe1 capacity 

to induce GLP-1R clustering and nanodomain targeting. 

In this context, it is worth mentioning that BETP, by means of its interaction with the GLP-

1R intracellular face, covalently modifies both cysteines 438 and 347, although only the 

covalent binding of BETP to cysteine 347 seems to be required to exert its allosteric actions 

[347]. Thus, we hypothesised that BETP, through its binding to GLP-1R cysteine 438, which 

represents the putative GLP-1R palmitoylation site, might block the covalent attachment of 

palmitate to the GLP-1R. Indeed, as anticipated, exendin-4-induced palmitoylation was 

significant reduced in the presence of BETP (Fig. 6.11A). Therefore, BETP also represents 

an opportunity to independently study the effects of GLP-1R palmitoylation on downstream 
events.  

We next determined the effects of BETP on ex-phe1-induced GLP-1R clustering. EM 

analysis of gold-labelled 2D membrane sheets from MIN6B1-SNAP-GLP-1R cells revealed 

that co-application of ex-phe1 with BETP increased ex-phe1 capacity to promote GLP-1R 

clustering compared to ex-phe1 alone (Fig. 6.11B and C). Therefore, we then assessed 

SNAP-GLP-1R localisation to detergent-resistant membrane fractions in the absence or 

presence of BETP by Western blotting. As previously observed in Fig. 10B, ex-phe1 

stimulation resulted in reduced targeting of SNAP-GLP-1R to detergent-resistant fractions 

in MIN6B1-SNAP-GLP-1R cells compared to exendin-4. However, when cells were co-

stimulated with BETP, ex-phe1-induced SNAP-GLP-1R recruitment to cholesterol-enriched 

nanodomains was similar to that of exendin-4 (Fig. 6.11D). Given that BETP alters the 

binding kinetics of orthosteric GLP-1R agonists, the binding affinity of ex-phe1 to the GLP-
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1R in the presence of BETP was determined and compared to ex-phe1 alone. We found 

that ex-phe1 dissociated significantly more slowly from the GLP-1R in the presence of BETP 

(Fig. 6.11F), although its association rate was also slower (Fig. 6.11E) and, as a result, the 

binding affinities of ex-phe1 with or without BETP were not significantly different (Fig. 

6.11G). Although the exact mechanism by which BETP slows ex-phe1 dissociation from 

GLP-1R is not yet clear, it is possible that BETP, by increasing ex-phe1-induced GLP-1R 

clustering, concomitantly affects agonist rebinding. Agonist rebinding is the process 

whereby a ligand, instead of diffusing away upon receptor dissociation, binds again to a 

nearby available receptor, prolonging agonist-mediated effects [343]. Consistently with our 

results, the localisation of some GPCRs in cholesterol-enriched membrane nanodomains 

has been associated with increased receptor binding affinities [323]. 
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Figure 6.11: Effect of BETP on GLP-1R Clustering, Nanodomain Partitioning and Agonist 
Binding Kinetics. A: Western Blot analysis of SNAP-GLP-1R input fraction (IF) and palmitoylated 
fraction (PF) in CHO-SNAP-GLP-1R cells stimulated with 100 nM exendin-4 (Ex-4) for 10 minutes 
in the presence or absence of 10 µM BETP (n=2 independent experiments). B: Representative EM 
images showing gold-labelled SNAP-GLP-1R (arrows) distribution within 2D plasma membrane 
sheets extracted from MIN6B1-SNAP-GLP-1R cells. Cells were labelled with BG-SS-Biotin SNAP-
tag probe + Streptavidin 10-nm gold and treated with 100 nM ex-phe1 for 2 minutes in the presence 
or absence of 10 µM BETP. C: EM quantification of gold particle distances to the nearest neighbour 
from 2D plasma membrane sheets extracted from MIN6B1-SNAP-GLP-1R cells. Data is from a 
minimum of n=155 (- BEPT) or n=330 (+BETP) gold particles per condition. D: Western Blot analysis 
showing SNAP-GLP-1R distribution within total membrane (TMF), detergent-resistant (DRF) and 
detergent-soluble (DSF) fractions isolated from MIN6B1-SNAP-GLP-1R cells stimulated with 
vehicle, 100 nM Ex-4, ex-phe1 or ex-phe1 + 10 µM BETP for 2 minutes. Flotillin was used as a 
marker of detergent-resistant rafts. E-G: Ex-phe1-FITC +/- 10 µM BETP association rate constant 
(Kon) (E), dissociation rate constant (Koff) (F) and surface binding affinity (expressed as log Kd) (G) 
measured by TR-FRET in Lumi-4-Tb-labelled HEK293-SNAP-GLP-1R cells (n=4 independent 
experiments). Data are expressed as mean ± SEM. * p<0.05. P values were determined by unpaired 
t-test (B) or paired t-test (E-G). N.B.: Figs. 11B and C were made from data obtained by Dr Thomas 
Burgoyne, UCL. Fig. 11D was made from data obtained by Dr William Laughlin, ICL. Figs. E-G were 
made from data obtained by Dr Ben Jones, ICL. 
 

Finally, we investigated whether BETP was able to reverse the previously observed reduced 

internalisation of ex-phe1-GLP-1R complexes. With that purpose, we conducted confocal 

microscopy experiments using FITC-conjugates of either exendin-4 or ex-phe1, in 

combination with a fluorescent SNAP-tag Surface probe, allowing us to simultaneously 

monitor the endocytic behaviours of both agonist and receptor in MIN6B1-SNAP-GLP-1R 

cells. As anticipated, we observed that stimulation with ex-phe1-FITC resulted in a higher 

plasma membrane retention of SNAP-GLP-1R compared to exendin-4-FITC. However, co-

addition of BETP with ex-phe1-FITC promoted the rapid internalisation of ex-phe1-FITC-

GLP-1R complexes, in an exendin-4-like manner (Fig. 6.12A). Of note, BETP alone did not 
affect GLP-1R internalisation per se (Fig. 6.12B). 

Additionally, BETP was still able to trigger the rapid internalisation of the SNAP-GLP-1R 

C438A mutant when co-applied with ex-phe1 (Fig. 6.12C), which is consistent with the 

current view that the pharmacological effects of BETP are principally mediated through its 

binding to cysteine 347 rather than 438. The latest result also indicates that, although GLP-

1R palmitoylation at C438 contributes to receptor internalisation, it is either not an absolute 

requirement for adequate GLP-1R endocytosis, or can be substituted by BETP binding to 

C347. However, and as observed for exendin-4, cholesterol depletion by MbCD treatment 

blocked BETP-induced internalisation of ex-phe1-GLP-1R complexes (Fig. 6.12D), implying 

that the effects of BETP on SNAP-GLP-1R internalisation are still reliant on a preserved 

cholesterol-dependent GLP-1R membrane compartmentalisation. Additionally, as 
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previously observed with exendin-4, ex-phe1-induced SNAP-GLP-1R internalisation in the 

presence of BEPT occurs through a clathrin-dependent pathway that involves engagement 

of the clathrin adaptor AP2 (Fig. 6.12E), and does not require the presence of b-arrestins 

(Fig. 6.12F). 

 

 
 
 
Figure 6.12: Effect of BETP on GLP-1R internalisation. A: Representative confocal images of 
agonist-induced SNAP-GLP-1R (red) internalisation in MIN6B1-SNAP-GLP-1R cells. Cells were 
stimulated with 100 nM of the indicated FITC-agonist (green) with or without 10 µM BETP for 10 
minutes. Red: SNAP-Surface 549; Blue: nuclei (DAPI). Size bars: 10 µm. B: Representative confocal 
images of BETP-induced SNAP-GLP-1R (red) internalisation in MIN6B1-SNAP-GLP-1R cells. Red: 
SNAP-Surface 549; Blue: nuclei (DAPI). Size bars: 10 µm. C: Representative confocal images of 
agonist-induced SNAP-GLP-1R internalisation in HEK293 (top) or CHO-K1 (bottom) cells stably 
expressing SNAP-GLP-1R WT or C438A. Cells were stimulated with 100 nM of ex-phe1 (HEK293) 
or ex-phe1-FITC (green) (CHO-K1) for 10 minutes with or without 10 µM BETP. Green: SNAP-
Surface-488 (HEK293); Red: SNAP-Surface 549 (CHO-K1); Blue: nuclei (DAPI). Size bars: 10 µm. 
D: Representative confocal images of ex-phe1-FITC-induced SNAP-GLP-1R (red) internalisation in 
HEK293-SNAP-GLP-1R cells. Cells were labelled with SNAP-Surface 549 (red) and pre-incubated 
for 1 hour in the presence or absence of 10 mM MβCD followed by stimulation with 100 nM ex-phe1-
FITC (green) for 10 minutes with or without 10 µM BETP. Blue: nuclei (DAPI). Size bars: 10 µm. E: 
TIRF microscopy analysis of ex-phe1-induced SNAP-GLP-1R internalisation in MIN6B1-SNAP-
GLP-1R cells. Cells were transiently transfected with AP2 µ2-HA-WT, followed by labelling with 
SNAP-Surface 488 (green) and stimulation with 100 nM ex-phe1 for 1 minute in the presence or 
absence of 10 µM BETP prior to immunofluorescence for HA (red). Size bars: 10 µm. F: 
Representative confocal images of Ex-4-induced SNAP-GLP-1R internalisation in HEK293-SNAP-
GLP-1R WT or β-arrestin-1/2 KO cells labelled with SNAP-Surface 549 (red) and stimulated with ex-
phe1-FITC (green) for 40 minutes in the presence or absence of 10 µM BETP.  Blue: nuclei (DAPI). 
Size bars: 10 µm.  
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6.3. DISCUSSION 
	
GLP-1R is an important pharmacological target for type 2 diabetes management. Although 

GLP-1R signalling cascades are well characterised, it is now appreciated that spatial 

(location) and temporal (duration) control of signalling play important roles, adding another 

level of complexity to the already complicated regulation of GPCR signalling [165, 172]. In 

this context, the localisation of GPCRs in discrete regions of the plasma membrane, known 

as membrane nanodomains [320, 323], is key to the spatial compartmentalisation of 

signalling, which is thought to increase the efficiency and specificity of GPCR signalling 

[320]. Notably, receptor-receptor, receptor-lipid and receptor-protein interactions modulate 

receptor lateral distribution within the plasma membrane [314, 336, 337]. Additionally, 

related mechanisms, including receptor internalisation [165, 314], desensitisation [165] and 

post-translational modifications [345], also contribute to the spatiotemporal regulation of 

GPCR signalling. Here, we have shown that ligand-induced compartmentalisation of GLP-

1Rs in cholesterol-enriched plasma membrane nanodomains is a key process for the 

spatiotemporal regulation of GLP-1R signalling in pancreatic b-cells, with membrane rafts 

potentially representing the cellular sites linking GLP-1R signalling and endocytosis. We 

have also provided evidence that GLP-1R clustering within these membrane nanodomains 

is modulated by ligand-receptor binding kinetics, receptor palmitoylation and presence of 
cholesterol.  

The results reported here reveal that agonist-dependent activation of GLP-1R significantly 

increases GLP-1R palmitoylation at C438 as well as its clustering within membrane rafts, 

indicating that GLP-1R is reorganised from the basal state upon agonist binding. 

Interestingly, we found that the closely related class B GIPR is highly constitutively 

palmitoylated in an agonist-independent fashion. Concomitantly, GIPR was found to be 

constitutively enriched in detergent-resistant membranes, suggesting a correlation between 

elevated GIPR palmitoylation basal levels and its constitutive recruitment to membrane rafts. 

The functional consequences of basal palmitoylation and nanodomain segregation on GIPR 

constitutive activity remain to be investigated but, notably, the basal activity of GIPR has 

been reported to be higher than that of the GLP-1R [348]. Overall, these results highlight 

the necessity to investigate receptor distribution patterns separately for each individual 

receptor.  
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Membrane compartmentalisation might lead to the preferential accumulation of receptors 

and their signalling partners in small nanodomains, while simultaneously restricting the 

access of other signalling proteins, contributing to a better regulation of local GPCR 

responses [314, 349]. The increased local concentration of receptors and their signalling 

effectors leads to the formation of signalling “hotspots”, locally potentiating the efficiency 

and speed of GPCR signalling cascades [320]. In agreement with these observations, we 

found that GaS proteins were predominantly concentrated in detergent-resistant membranes 

from pancreatic b-cells. Furthermore, exendin-4-induced cAMP/PKA activation was 

preferentially detected within membrane rafts, suggesting that nanodomain recruitment is 

physiologically relevant for GLP-1R signalling. This premise was further supported by the 

fact that mutagenesis of the palmitoylated cysteine 438 acutely dampens GLP-1R activity 

and insulin secretion while concomitantly reducing its targeting to detergent-resistant 
membranes. 

Our results also showed that biased signalling at the GLP-1R might be partially elicited via 

dynamic modulation of GLP-1R palmitoylation and membrane raft targeting. Consistently, 

we observed significant differences in GLP-1R palmitoylation levels and membrane 

distribution patterns between biased exendin-4 agonists, which are also associated with 

differential receptor binding affinities and trafficking profiles capable of modulating the 

capacity of the receptor to potentiate insulin secretion [175]. Particularly, we found that ex-

asp3, which elicited the highest GLP-1R binding affinity and triggered a rapid GLP-1R 

internalisation, greatly induced GLP-1R palmitoylation and membrane raft segregation 

compared to exendin-4. On the contrary, ex-phe1, which exhibited the lowest binding affinity 

to GLP-1R and induced a slow GLP-1R endocytosis profile, promoted a modest to absent 

increase of GLP-1R palmitoylation that was associated with a reduced GLP-1R membrane 

raft recruitment compared to exendin-4. Considering that the effects of ex-phe1 on GLP-1R 

palmitoylation levels were negligible, we hypothesised that blocking GLP-1R palmitoylation 

would recapitulate the effects of ex-phe1 on GLP-1R trafficking and signalling.  

Intriguingly, although the palmitoylation-deficient GLP-1R C438A mutant reduced GLP-1R 

clustering within membrane rafts as well as GLP-1R internalisation, these effects were 

relatively mild compared to those displayed by ex-phe1 stimulation. Furthermore, the greater 

insulinotropic efficacy observed with ex-phe1 upon prolonged incubations (Fig. 9F) was no 

longer observed with the C438A mutant (Fig. 8B). Conspicuously, the differences within their 

insulin secretory capacities might be potentially interpreted as a result of their different 

trafficking profiles. Ex-phe1 stimulation, by reducing GLP-1R endocytosis while 
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simultaneously increasing its recycling, might result in a better preservation of a significant 

pool of resensitised receptors not targeted to lysosomes for degradation, leading to a greater 

long-term potentiation of insulin secretion. It is worth highlighting that we did not detect any 

changes in the binding affinity of exendin-4 to SNAP-GLP-1R wild type versus C438A, 

whereas ex-phe1 binds with lower affinity to the GLP-1R compared to exendin-4, and 

therefore this might contribute to the failure of the C438A mutant to fully recapitulate ex-

phe1-dependent effects on GLP-1Rs. Additionally, this suggests that palmitoylation, 

although it increases the GLP-1R affinity for rafts, is not sufficient for GLP-1R raft targeting. 

Indeed, not all palmitoylated proteins are raft-associated [336]. Furthermore, co-application 

of BETP with ex-phe1 induced GLP-1R clustering and segregation into detergent-resistant 

membranes despite the fact that BEPT concomitantly reduces GLP-1R palmitoylation levels 

via its binding to cysteine 438. It might be possible that BETP binding at C438, by means of 

increasing its GLP-1R hydrophobicity, can functionally substitute for the absence of the 

palmitic acid incorporation at this residue, with this in turn promoting GLP-1R translocation 

to membrane rafts. Although this hypothesis was not directly assessed here, we found this 

scenario unlikely since the slow internalisation of the C438A mutant induced by ex-phe1 

was still reversed upon addition of BETP. Furthermore, these latest result is consistent with 

previous findings showing that BETP allosteric actions are predominantly mediated through 

its binding to cysteine 347 [347]. This does not however exclude the potential for chemical 

affinity of BETP for rafts that might supersede the need for C438 palmitoylation, and might 
occur even when BETP is only bound at the C347 site. 

The different phenotypes observed between ex-phe1 and C438A mutant also imply that the 

differential regulation of GLP-1R plasma membrane distribution between the biased 

exendin-4-based GLP-1R agonists is only partially controlled by their different effects on 

GLP-1R palmitotylation levels. Therefore, it is likely that various factors are involved in 

modulating the effects of these agonists on GLP-1R recruitment to membrane nanodomains 

as well as signalling. Raft assembly is a highly dynamic and reversible process, stabilised 

through multiple protein-protein weak interactions upon a stimulus such as receptor-ligand 

interactions [316, 322]. Therefore, clustering/oligomerisation of receptors might contribute 

to stabilise raft assembly while concomitantly increasing their affinity for rafts and thus 

increasing their raft residence times [316]. In fact, BETP, which increases GLP-1R clustering 

upon ex-phe1 stimulation, was able to recruit ex-phe1-GLP-1R complexes to detergent-

resistant membranes to the same extent as exendin-4. Additionally, activated receptors 

might interact with scaffolding proteins, promoting the coalescence of individual rafts into 

larger and more stable raft clusters that might contribute to signal amplification [316]. 
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Furthermore, interactions of raft proteins with the underlying actin cytoskeleton can further 

stabilise membrane assemblies by restricting protein lateral diffusion [314, 316]. Thus, 

distinct ligands with different binding kinetics might differentially influence GLP-1R function 

by inducing specific GLP-1R conformations that favour palmitoylation and/or stabilise 

specific receptor-receptor interactions. Additionally, they might also potentially promote 

specific receptor-protein interactions with scaffolding proteins or with components of the 

actin cytoskeleton [314]. 

Ligand-induced GLP-1R redistribution within membrane nanodomains is also relevant for 

the control of its internalisation. Consistently, we found that acute cholesterol depletion with 

MbCD dramatically impaired agonist-induced GLP-1R internalisation. Furthermore, the 

different GLP-1R trafficking profiles induced by the biased exendin-4 agonists closely 

correlate with the changes in GLP-1R membrane raft recruitment observed with these 

agonists. Indeed, exendin-4 and ex-asp3 significantly enhanced GLP-1R recruitment to 

detergent-resistance membranes while promoting a rapid GLP-1R internalisation. On the 

contrary, ex-phe1-GLP-1R complexes were modestly targeted to membrane rafts and slowly 

internalised. Furthermore, BETP, by means of increasing GLP-1R clustering and 

nanodomain segregation, was able to induce the rapid internalisation of ex-phe1-GLP-1R 

complexes. However, BETP effects on GLP-1R internalisation were blunted upon MbCD 

treatment, indicating the importance of maintaining cholesterol-enriched nanodomains for 

adequate GLP-1R endocytosis. Additionally, ligand-induced GLP-1R internalisation seems 

to mainly occur through a clathrin-dependent pathway that relies on interactions with the 

clathrin adaptor AP2, likely via the putative AP2 binding domain within the GLP-1R 

cytoplasmic tail [233] and/or other adaptors such as HIP1 (Chapter 4), and does not require 

interactions with b-arrestins. It remains to be clarified whether the receptor directly accesses 

CCPs from cholesterol-enriched nanodomains as it has been shown for some other 

receptors [350] or, alternatively, following agonist-dependent nanodomain recruitment, the 

receptor eventually exits the rafts to be internalised via neighbouring CCPs, as it has also 

been shown to occur in certain instances [351]. Future experiments to assess whether the 

GLP-1R is able to recruit endocytic proteins, such as HIP1, AP2 or clahtrin to DMRs [350] 
will contribute to elucidate the precise molecular mechanism.  

In summary, in this chapter we have provided evidence that the plasma membrane 

environment occupied by the GLP-1R significantly influences GLP-1R signalling and 

trafficking in pancreatic b-cells. Particularly, we have demonstrated that GLP-1R clustering 

and compartmentalisation in cholesterol-rich membrane nanodomains is physiologically 
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relevant for the spatiotemporal regulation of GLP-1R signalling as well as for its 

internalisation. Additionally, we have determined that this mechanism can be regulated 

through the modulation of agonist binding affinities with either biased GLP-1R agonists or 
with the PAM BEPT. 
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CHAPTER VII 

CONCLUSIONS AND GENERAL DISCUSSION 
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7.1 GENERAL DISCUSSION 

T2D is a chronic disease characterised by impaired insulin secretion and insulin action 

(insulin resistance) in peripheral tissues [47, 352, 353], representing 90% of total diabetes 

cases [354]. The prevalence of T2D has dramatically increased worldwide over the recent 

years and is now considered one of the biggest ongoing pandemic diseases [355]. The rapid 

pace of this epidemic is correlated with an increase in obesity rates [354]. T2D complications 

include blindness, kidney failure, hear attacks, stroke and lower limb amputations and was 

considered the seventh cause of death in 2016 (World Health Organization), hence the 

importance of developing new therapies to combat the disease. In this context, incretin-

based therapies have arisen as appealing therapeutic approaches to treat T2D [31]. In 

particular, GLP-1R agonists, which mimic the actions of the GLP-1 incretin peptide by 

binding to GLP-1Rs, are capable of enhancing glucose-induced insulin secretion and 

reducing blood glucose levels [31, 356]. Additionally, activation of GLP-1R by these 

pharmacological agonists is associated with various beneficial non-glycaemic effects, 

including weight loss, improvements in b-cell function and cardioprotection [22, 31]. 

Furthermore, GLP-1R agonists might additionally have therapeutic potential for the 

treatment of other related diseases [356]. In fact, GLP-1R agonists have been proposed as 

neuroprotective therapeutic drugs for the treatment of neurodegenerative diseases [357]. In 

particular, exendin-4 is currently undergoing clinical trials to determine its efficiency as a 

potential drug in the treatment of Parkinson´s disease [358]. Thus, GLP-1R has become an 
important medical GPCR.  

GPCRs are the largest family of signalling receptors, regulating multiple physiological 

processes [63]. GPCR downstream signalling is spatially and temporally regulated [160, 

166, 188]. At the plasma membrane, GPCR lateral organisation contributes to the fine-

tuning of receptor signalling by modulating the magnitude of signalling and the coupling to 

their signalling partners [314]. GPCR segregation into specialised surface domains is tightly 

regulated by the physical properties of the lipid bilayer in which they are embedded, 

receptor-receptor interactions and receptor interactions with intracellular scaffolding proteins 

and with the actin cytoskeleton [314, 320]. Upon ligand binding, GPCR signalling at the 

plasma membrane is often followed by receptor internalisation into the endocytic pathway 

[162]. GPCRs traverse the endocytic pathway in a regulated manner, determining their 

subcellular localisation [165, 216]. Importantly, GPCR signalling at different intracellular 

locations might have differential signalling consequences, resulting in distinct cellular 

outcomes [160, 165]. Therefore, the spatiotemporal compartmentalisation of receptor 
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signalling along the endocytic pathway might serve as a mechanism to discriminate among 

the multitude of extracellular signals that converge on a single cell, allowing ligand- and 

receptor-specific responses [165]. Overall, endocytic receptor trafficking and signalling are 

intimately linked [160, 162, 165, 216]. Importantly, considering that deregulation of receptor 

trafficking might lead to aberrant receptor signalling and disease development [165, 359, 

360], understanding the complex interaction between the endocytic machinery and receptor 

signalling is of great interest. Furthermore, the interplay between receptor signalling and 

endocytic regulation might have enormous potential in the drug discovery field, contributing 

to the design of more selective drugs capable to control receptor signalling outputs 
spatiotemporally [165].  

Although GLP-1R signalling has been extensively explored [74], the endocytic mechanisms 

involved in the spatiotemporal control of GLP-1R signalling are still poorly understood. 

Therefore, the main objective of my PhD project has been the study of the molecular 

mechanisms that control GLP-1R endocytosis and post-endocytic sorting in pancreatic b-

cells upon its activation, and the impact of these mechanisms on GLP-1R signalling and 

insulin secretion. With that purpose, we began by screening a mouse-specific membrane 

trafficking siRNA library, targeting 29 genes, in order to identify and select those endocytic 

factors relevant for GLP-1R trafficking and signalling in mouse b-cells. Additionally, we have 

investigated the role that the plasma membrane lipid environment plays in the control of 

GLP-1R lateral organisation and function. For that, different experimental approaches, 

including a palmitoylated-deficient GLP-1R receptor mutant, cholesterol depletion, biased 

agonism and allosteric regulation, were used. Notably, we have mainly used exendin-4 and 

exendin-4-based biased agonists in order to elucidate the pharmacological effects of GLP-

1R activity in pancreatic b-cells rather than to determine the physiological effects of 

endogenous GLP-1, as our focus has been the analysis of drug action and the development 
of new therapeutic approaches to improve T2D treatment.  

Within this PhD project, we have identified nine endocytic factors, based on their effects on 

insulin secretion upon gene silencing by RNAi, which represent potential relevant 

modulators of GLP-1R function (Fig. 7.1). Amongst them, we have found three factors, 

dynamin1 [232], AP2 [115, 230], and clathrin [115], involved in CCP formation and clathrin-

dependent receptor internalisation that, following their knockdown, positively regulated GLP-

1R activity, enhancing exendin-4-induced insulin secretion. We conclude that these 

candidates, by regulating GLP-1R endocytosis and therefore surface levels of the receptor, 

are able to influence GLP-1R signalling and hence b-cell incretin responses. Additionally, 
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the fact that reducing the expression levels of these endocytic factors affected GLP-1R 

activity suggest that CME is the GLP-1R major route of entry into the cell. Such premise is 

reinforced by our TIRF microscopy experiments showing that GLP-1R extensively localises 

within plasma membrane AP2 hotspots. Concomitantly, our results showing that cholesterol 

depletion dramatically impaired GLP-1R endocytosis upon agonist stimulation suggest that 
the plasma membrane lateral organisation is also critical to sustain GLP-1R internalisation.  

 

Figure 7.1: A hypothetical model of ligand-induced GLP-1R signalling and trafficking through 
the endocytic pathway. Ligand binding increases GLP-1R palmitoylation and triggers GLP-1R 
recruitment to membrane rafts, where signalling effectors such as G proteins are preferentially 
concentrated, resulting in G protein activation and initiation of plasma membrane cAMP signalling. 
Subsequently, GRKs mediate GLP-1R phosphorylation, leading to the recruitment of b-arrestin to 
the activated GLP-1R, which results in cAMP plasma membrane signalling termination (GLP-1R 
desensitisation) and potentiation of ERK1/2 phosphorylation. GLP-1R recruitment to clathrin-coated 
pits, possibly via direct interactions with AP2 and HIP1, promotes its internalisation, a process that 
is dependent on cholesterol plasma membrane abundance. GLP-1R is then transported to Rab5-
positive sorting endosomes where the receptor can interact with signalling effectors at specific 
membrane endosomal compartments, promoting endosomal cAMP signalling. From sorting 
endosomes, GLP-1R is recycled back to the plasma membrane following dissociation of receptor-
bound ligands and association with SNX27 (presumably in a retromer-dependent manner), resulting 
in cAMP endosomal signalling termination. Concomitantly, SNX1 restricts GLP-1R recycling rates, 
possibly by promoting GLP-1R recycling through a “slow recycling” route. Alternatively, GLP-1R is 
sorted onto ILVs of MVBs followed by its lysosomal degradation. 
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Receptor clustering into CCPs is regulated by different cargo adaptors, including the clathrin 

adaptor AP2 and the accessory protein HIP1 [196, 271]. Considering that GLP-1R has been 

previously reported to interact in vitro with AP2 [227] and that we found GLP-1Rs colocalised 

with AP2 at the plasma membrane upon agonist stimulation, we infer that AP2 might 

contribute to GLP-1R recruitment to CCPs. Nevertheless, additional experiments, including 

pull-down assays as well as FACS and confocal analysis of agonist-induced GLP-1R 

trafficking upon depletion of AP2, would be required to clarify the role of AP2 in GLP-1R 

endocytosis. Additionally, we found that exendin-4-induced GLP-1R internalisation was 

reduced after depletion of HIP1, indicating that HIP1 might also act as a GLP-1R cargo 

adaptor. Nevertheless, in this study we have not directly assessed whether the effects of 

HIP1 silencing on GLP-1R endocytosis are mediated through a direct or an indirect 

mechanism. In this regard, although our confocal experiments have not shown direct GLP-

1R colocalisation with HIP1 (See Chapter IV, Fig. 10B), these were performed upon 15 

minutes of exendin-4 stimulation, when the receptor was already extensively internalised, 

and therefore, it remains possible that HIP1 and GLP-1Rs directly interact at the plasma 

membrane at shorter times following agonist incubation. Additional TIRF microscopy 

analyses or pull-down assays might contribute to better clarify the functional interaction 

between HIP1 and the GLP-1R. Interestingly, Gottfried et al. [269]  found that HIP1 only 

colocalises with a specific subpopulation of CCPs showing reduced motility and prolonged 

lifetimes, which might correspond to “active” pits [269]. Therefore, it is possible that both 

AP2 and HIP1 regulate GLP-1R internalisation in a cooperative manner and that HIP1 

interactions with the GLP-1R might contribute to enhance GLP-1R targeting to a subset of 

functional CCPs. On the other hand, AP2 and clathrin recruitment to liposomal membranes 

were reduced in HIP1-/- mice [271] and, therefore it is possible that HIP1, by enhancing the 

plasma membrane targeting of AP2 and clathrin, indirectly modulates GLP-1R 
internalisation.  

Our results also showed that HIP1, in addition to regulating GLP-1R endocytosis, controls 

GLP-1R coupling to GaS proteins, influencing GLP-1R activity. Furthermore, the fact that a 

HIP1 mutant not recruited to CCPs was able to restore GLP-1R signalling despite impaired 

GLP-1R internalisation indicates that HIP1 principally regulates GLP-1R activity at the 

plasma membrane level. Interestingly, we have also provided several evidences indicating 

that GLP-1R segregation into specific detergent-resistant lipid membrane nanodomains is a 

key process in the regulation of ligand-induced GLP-1R signalling. Indeed, we found that 

the reduced recruitment to detergent-resistant membrane fractions of the palmitoylation-
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deficient GLP-1R C438A mutant versus wild type GLP-1Rs was associated with a 

decreased GLP-1R activity and insulin secretion. Concomitantly, we also showed that GaS 

proteins were predominantly concentrated in these detergent-resistant membrane rafts. 

Therefore, it is tempting to speculate that HIP1 might modulate GLP-1R coupling to GaS by 

regulating GLP-1R lateral organisation, targeting GLP-1R to specific membrane 

compartments that are essential for signal transduction. Interestingly, HIP1 harbours a C-

terminus talin-like or THATCH domain, which is involved in the binding to actin filaments 
[264], although it has been shown to exhibit a weak binding affinity to F-actin [266]. 

Nevertheless, it is possible that HIP1 modulates GLP-1R nanodomain recruitment by 

interacting with components of the actin cytoskeleton, contributing, in addition to receptor 

binding kinetics, palmitoylation and receptor-receptor interactions, to the stabilisation of 

membrane rafts. Supporting this premise, single molecule analysis of b2AR and the a2a-

adrenergic receptor (A2AR) showed that their diffusion at the plasma membrane was at 

least partially restricted by the physical barriers provided by the cortical cytoskeleton [361]. 

Future experiments investigating the effects of HIP1 on GLP-1R plasma membrane 

organisation and membrane raft recruitment are required in order to better understand the 
mechanism by which HIP1 modulates GLP-1R signalling. 

Interestingly, in HD, the interaction between HIP1 and the mutated huntingtin (mhtt) protein 

is weakened, suggesting a possible role for HIP1 in contributing to HD progression. On the 

other hand, the functional consequences of aberrant HIP1-mhtt association on HIP1 

function, and ultimately on GLP-1R activity, are unknown. Intriguingly, patients with HD are 

prone to develop diabetes mellitus, displaying impaired insulin secretion and insulin 

sensitivity [362]. Development of diabetes has also been confirmed in mouse models of HD, 

associated with impaired insulin secretion and loss of b-cell mass [363]. Moreover, mutated 

huntingtin inclusions have been observed in pancreatic b-cells from HD mice [363, 364]. 

Remarkably, treatment of HD mice with exendin-4 resulted in a reduction of mutated 

huntingtin inclusions in the brain and in b-cells, and was associated with an increase in mice 

survival rates [365]. Therefore, it is possible that treatment of HD patients with GLP-1R 

agonists could have beneficial effects by ameliorating glucose intolerance in the brain as 

well as by alleviating b-cell dysfunction.  

Our FACS trafficking assays revealed that, upon GLP-1R activation by exendin-4, the 

receptor undergoes rapid internalisation, with at least 80% of the total receptor internalised 

within the first 15 minutes of stimulation, while exhibiting slow recycling rates. Receptor 

recycling is a key trafficking process that modulates receptor signalling responses through 
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regulation of endosomal residence times and signalling, as well as receptor resensitisation 

rates, which leads to recovery of cell surface receptor responsiveness. Several mechanisms 

have been reported to regulate receptor recycling, including endosomal acidification, which 

potentially triggers dissociation of receptor-bound ligands; endosomal ligand processing 

[366]; endosomal recruitment of SNX27-retromer complex [301, 310] and interactions with 

several members of the SNX family [152]. Interestingly, in this PhD project we found that 

GLP-1R recycling is modulated by some of these mechanisms that might act together, 
ultimately determining GLP-1R recycling rates.  

On one hand, our results showing that a fast-dissociating agonist, exhibiting shorter 

residence times, ex-phe1, enhanced GLP-1R recycling compared to a slow-dissociation 

agonist with longer residence times, ex-asp3, suggest that agonist binding kinetics, in 

addition to endosomal acidification, influence GLP-1R resensitisation by differentially 

facilitating dissociation of ligand-receptor complexes. In this context, it is interesting to 

mention that a recent study has reported that endosomal ligand processing by the zinc 

membrane-bound metalloprotease Endothelin Converting Enzyme 1 (ECE-1) is required for 

GLP-1R recycling and resensitisation [367]. This study showed that depletion of ECE-1 

expression by RNAi or inhibition of its activity using a selective ECE-1 inhibitor, impaired 

GLP-1R resensitisation while concomitantly increasing cAMP levels and ERK activity upon 

ligand removal [367]. Interestingly, only GLP-1 endosomal processing was found to be ECE-

1-dependent, while exendin-4-induced GLP-1R resensitisation was not affected by inhibition 

of ECE-1. Therefore, it is possible that the different binding affinities displayed by exendin-

4 and GLP-1 (with exendin-4 exhibiting a higher affinity to GLP-1R compared to GLP-1, data 

not shown) might contribute to the differential ligand processing by ECE-1, which might 

result in the different recycling profiles observed between exendin-4 and GLP-1 (SNAP-

GLP-1R recycles slower when exposed to exendin-4 compared to GLP-1, data not shown) 

[367]. Thus, it would be interesting to determine if other metalloproteases might be involved 

in exendin-4 endosomal proteolysis and if the differential ligand processing also accounts 

for the different trafficking profiles observed between exendin-4-modified biased agonists. 

On the other hand, we have also identified two members of the SNX family, SNX1 and 

SNX27, that interact with the GLP-1R acting as key regulators of GLP-1R endosomal 

sorting. Particularly, we have demonstrated that SNX27 regulates GLP-1R recycling to the 

plasma membrane in a retromer-dependent manner, preventing its lysosomal targeting, 

while concomitantly terminating GLP-1R endosomal signalling. Conversely, we found that 

SNX1, by restricting GLP-1R recycling rates, controls GLP-1R plasma membrane recycling. 
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Interestingly, two different kinetic endosomal recycling routes have been reported: a “fast 

recycling route”, where the receptor is directly recycled to the plasma membrane from the 

sorting endosomes, and a “slow recycling route”, where the receptor traverse the ERC 

before recycling to the plasma membrane. In this context, we have observed that GLP-1R 

co-localises with Rab11 [175], which is an ERC marker involved in receptor recycling to the 

plasma membrane [106]. Therefore, exendin-4-stimulated GLP-1R might recycle via the 

“slow route”, through Rab11 recycling endosomes, a process which might be regulated by 

SNX1 [368], but might preferentially recycle through alternative faster pathways when 
stimulated by other GLP-1R agonists.  

In summary, in this PhD project we have shed light on the molecular mechanisms that 

control GLP-1R trafficking and ultimately affect GLP-1R activity in pancreatic b-cells. In the 

future, it is hoped that further investigations building up on some of the knowledge acquired 

within this PhD project will contribute to a greater understanding of the biological action of 

the GLP-1R and related class B GPCRs with key roles in the control of metabolic processes 

which will eventually lead to new avenues on how the action of these receptors can be 
harnessed in the fight against T2D, obesity and other related human metabolic disorders.    

7.2 CONCLUSIONS 

1. Upon ligand binding, GLP-1R is mainly internalised via a cholesterol- and clathrin-

dependent pathway in pancreatic b-cells. 

2. b-arrestins-1/2 are involved in GLP-1R desensitisation but are not required for its 

internalisation. 

3. HIP1 regulates GLP-1R coupling to GαS proteins and might function as a cargo adaptor, 

linking ligand-induced GLP-1R activation at the plasma membrane with clathrin-dependent 

internalisation. 

4. SNX1 and SNX27 interact in vitro with GLP-1R in endosomes upon agonist stimulation, 

modulating GLP-1R endosomal sorting and signalling in pancreatic b-cells. 

5. SNX1 regulates GLP-1R endosomal exit, controlling GLP-1R plasma membrane recycling 
and resensitisation rates. 

6. SNX27 acts as endosomal cargo adaptor, regulating GLP-1R endosome-to-plasma 
membrane recycling and therefore preventing its entry into the degradative pathway. 



 

 176 

7. SNX27-mediated GLP-1R recycling attenuates GLP-1R endosomal signalling. 

8. GLP-1R trafficking and signalling are differentially modulated by biased exendin-4 
agonists with different binding kinetic profiles. 

9. GLP-1R palmitoylation at cysteine 438 is modulated by ligand binding. 

10. Agonist stimulation induces GLP-1R plasma membrane redistribution, triggering GLP-

1R clustering within detergent-resistant membrane nanodomains in a cholesterol-

dependent manner.  

11. GLP-1R membrane raft targeting is required for ligand-induced signal transduction and 
internalisation. 

12. Biased signalling at GLP-1R is partially exerted via dynamic modulation of GLP-1R 
palmitoylation and membrane nanodomain recruitment. 
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Abstract 

 

The GLP-1 receptor (GLP-1R) is a key target for type 2 diabetes (T2D) treatment. Since 

endocytic trafficking of agonist-bound receptors is one of the most important routes for 

regulation of receptor signaling, a better understanding of this process may facilitate the 

development of new T2D therapeutic strategies. Here, we have screened 29 proteins with 

known functions in G protein-coupled receptor trafficking for their role in GLP-1R 

potentiation of insulin secretion in pancreatic beta cells. We identify five (clathrin, dynamin1, 

AP2, SNX27 and SNX1) that increase and four (HIP1, HIP14, GASP-1 and Nedd4) that 

decrease insulin secretion from murine insulinoma MIN6B1 cells in response to the GLP-1 

analogue exendin-4. The roles of Huntingtin-interacting protein 1 (HIP1) and the endosomal 

sorting nexins SNX1 and SNX27 were further characterized in mouse and human beta cell 

lines and human islets. While HIP1 was required for the coupling of cell surface GLP-1R 

activation with clathrin-dependent endocytosis, the sorting nexins were found to control the 

balance between GLP-1R plasma membrane recycling and� lysosomal degradation, and, in 

doing so, determine the overall beta cell incretin responses. We thus identify key modulators 

of GLP-1R trafficking and signaling that might provide novel targets to enhance insulin 

secretion in T2D. 
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The glucagon-like peptide-1 (GLP-1) receptor (GLP-1R) is a key type 2 diabetes therapeutic 

target (1). Upon agonist binding, GLP-1Rs signal through stimulatory G proteins (Gs) to raise 

intracellular cAMP levels and modulate insulin secretion from pancreatic beta cells.  

 

As with other G protein-coupled receptors (GPCRs), GLP-1R signaling is tightly regulated 

through endocytic trafficking (2). Activated GLP-1Rs are rapidly internalized and recycled to 

the plasma membrane, or distributed throughout endocytic compartments (3). Despite the 

pivotal role of trafficking in GPCR signaling, neither the molecular details nor the key factors 

responsible for GLP-1R endocytosis and post-endocytic sorting have been thoroughly 

investigated.  

 

Trafficking of the wider GPCR family has, however, been extensively characterized (4). 

Following agonist binding and G protein recruitment, GPCRs undergo phosphorylation, β-

arrestin recruitment, signal termination and sorting into clathrin-coated pits (CCPs) for 

internalization (5). β-arrestin recruitment also results in a second wave of signaling (6). Post-

endocytic GPCR sorting is critical for the spatiotemporal regulation of signaling (7), and 

involves numerous molecular players, including receptor post-translational modifications (8), 

interactions with endosomal sorting complex required for transport (ESCRT) (9), PDZ 

domain-containing proteins (10), small GTPases (11), and membrane curvature-inducing 

sorting nexins (SNXs) (12). Additionally, while endocytosis has long been associated with 

signal attenuation, recent evidence indicates that signaling also occurs from endosomes (13).  

 

In this study, we have screened 29 factors known for their roles in GPCR trafficking to 

identify those that modulate incretin-stimulated insulin secretion (ISIS). Our approach 

identifies nine factors as key regulators of incretin responses. We have further characterized 
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Huntingtin-interacting protein 1 (HIP1), an endocytic factor involved in Huntington’s disease 

(HD) (14), and the sorting nexins SNX1 and SNX27, endosomal factors associated with the 

multiprotein retromer complex (15), in GLP-1R signaling and beta cell function.  

 

Research Design and Methods 

 

�����������	
��
����

Mouse MIN6B1 (derived from MIN6 (16)) cells were maintained as described (17). Stable 

MIN6B1-SNAP-GLP-1R and Chinese Hamster Ovary (CHO)-K1-SNAP-GLP-1R cells were 

generated by pSNAP-GLP-1R transfection, G418 selection and fluorescence-activated cell 

sorting (FACS) after labeling with SNAP-Surface 488 (New England Biolabs). CHO-K1-

GLP-1R-RLuc8 cells were generated by pGLP-1R-RLuc8 transfection, G418 selection and 

individual clone screening by luciferase assay. Human EndoC-βH1 cells were cultured as 

described (18). 

 

Human islet studies were approved by the National Research Ethics Committee London 

(REC07/H0711/114). Islets isolated from normoglycaemic donors with appropriate consent 

and ethical approval were cultured as described (19). See Supplementary Table 1 for donor 

details. 

�

����	�����	���	����

Cells were labeled with 1 µM fluorescent SNAP-Surface probe (New England Biolabs) in 

HEPES-bicarbonate buffer (120 mM NaCl, 4.8 mM KCl, 24 mM NaHCO3, 0.5 mM 

Na2HPO4, 5 mM HEPES, 2.5 mM CaCl2, 1.2 mM MgCl2, 5% CO2, pH 7.4) plus 3 mM 

glucose and 1% BSA, stimulated with 100 nM exendin-4 plus 11 mM glucose, fixed and 

Page 4 of 58Diabetes



 5 

imaged with a Zeiss LSM-780 inverted confocal microscope with a 63x/1.4 numerical 

aperture oil-immersion objective and analyzed in Image J. 

 

��	��	�������������

For static cAMP, cells were incubated in media with indicated glucose ± 100 nM exendin-

4/GLP-1 supplemented with isobutylmethylxanthine (IBMX) as indicated. Results were 

expressed ������ baseline [cAMP] in IBMX. Note that exendin-4 cAMP responses were not 

affected by glucose concentration (Supplementary Fig. 1). For exendin-4 dose-responses, 

CHO-SNAP-GLP-1R cells were stimulated without phosphodiesterase inhibitors, and a curve 

fitted to a 4-parameter logistic fit. For endosomal cAMP, cells were treated with 100 nM 

exendin-4 for 15 min to allow internalization, followed by washing and 60 min in 10 µM 

GLP-1R antagonist exendin(9-39) plus 10 µM trafficking inhibitor monensin and indicated 

IBMX concentration, and results normalized to [cAMP] after 15 min exendin-4. Cyclic AMP 

was measured by cAMP Dynamic 2 homogeneous time-resolved fluorescence-based (HTRF) 

assay (Cisbio Bioassays) in a PHERAstar reader (BMG Labtech).  

 

For cAMP Förster resonance energy transfer (FRET), cells were transfected with cAMP 

sensor Citrine/Cerulean-Epac2-camps (20) and imaged in HEPES-bicarbonate buffer plus 3 

mM glucose and 100 µM IBMX before and after addition of 100 nM exendin-4. Wavelengths 

were 440 nm (excitation), 470 nm and 530 nm (emission, Cerulean and Citrine, respectively). 

FRET is Cerulean/Citrine fluorescence normalized to baseline before exendin-4.�

 

�����������	����������
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MIN6B1-SNAP-GLP-1R cells were labeled with 1 µM cleavable BG-SS-488 SNAP-Surface 

probe (a gift from New England Biolabs) and stimulated with 100 nM exendin-4 before 

trafficking assays (21). 

 

Briefly, to measure receptor internalization, cells were cooled at 4°C to arrest endocytosis 

after incubation at 37°C for the indicated times, or put at 4°C (t=0 min), and treated with ice-

cold alkaline Tris/NaCl/EDTA (TNE) buffer (100 mM NaCl, 50 mM Tris-HCl, pH 8.6) ± 

100 mM sodium 2-sulfanylethanesulfonate (MesNa), a membrane-impermeable reducing 

agent, to strip surface-exposed label (+MesNa) or for total receptor (-MesNa). For recycling, 

cells were incubated with exendin-4 for 15 min, arrested at 4°C, MesNa-treated, incubated 

for 30 min with 10 µM exendin(9-39) to prevent further internalization, and subjected to a 

second round of surface label removal.  

 

Cells were processed by FACS using a BD LSR II flow cytometer (10,000 cells/sample) and 

analyzed with FlowJo: median fluorescence emission at 525 nm from living, single cells was 

measured, with highly auto-fluorescent cells excluded by dual fluorescence measurements at 

525 and 585 nm.   

 

The percentage of internalized receptor was calculated as follows:  

 

��������	 �
�����	� � − ��������	 �
�����	� �
1 − ��������	 �
�����	� �

× 100 
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Where ������	 and �
����	 are median fluorescence ± MesNa at time �� or �� (0 min). The 

% recycled receptor was calculated by subtracting residual median fluorescence following the 

recycling protocol from that measured at t=15 min, and normalizing it to % internalized 

receptor at t=15 min. 

 

���	������	���	����

MIN6B1-SNAP-GLP-1R cells on Thermanox coverslips (Agar Scientific) were labeled with 

2 µM SNAP-Surface biotin (a gift from New England Biolabs), and 5 µg/ml NaN3-free Alexa 

Fluor 488 Streptavidin, 10 nm colloidal gold (Molecular Probes) and stimulated with 100 nM 

exendin-4. Conventional EM was performed as described (22). Ultrathin 70 nm sections were 

cut ����	
� with a diamond knife (DiATOME) and imaged on a FEI Tecnai G2 Spirit TEM. 

Images were acquired in a CCD camera (Eagle), and gold particles quantified in Image J. 

 

��
�����	�������������

Cells were pre-incubated at 37°C in a Krebs-HEPES-bicarbonate (KHB) buffer [140 mM 

NaCl, 3.6 mM KCl, 1.5 mM CaCl2, 0.5 mM MgSO4, 0.5 mM NaH2PO4, 2 mM NaHCO3, 10 

mM HEPES, and 1% BSA (MIN6B1); 460 mM NaCl, 20 mM KCl, 4 mM CaCl2, 4 mM 

MgCL2, 96 mM NaHCO3 and 0.2% BSA (EndoC-βH1); 5% CO2, pH 7.4] plus 3 mM 

(MIN6B1) or 0.5 mM (EndoC-βH1) glucose, then incubated for 1 h at 37°C in KHB buffer 

plus 11 mM (MIN6B1) or 15 mM (EndoC-βH1) glucose ± 100 nM exendin-4/GLP-1 and 

supernatants and cell extracts recovered. Insulin was measured as described (23) and 

expressed as insulin stimulation index (ISI) relative to 11 or 15 mM glucose alone. Human 

islet assays were performed as described (19).  

 

��������������
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MIN6B1 cells were incubated overnight with serum-free media plus 25 mM glucose and 0.5 

mM palmitate/BSA ± 100 nM exendin-4, processed with In Situ Cell Death Detection Kit 

(Roche), and imaged, with ≥500 cells counted per experiment. 

�

	 ���������	������!�"�����������	���

Transient cDNA/siRNA transfections were performed with Lipofectamine 2000 (Life 

Technologies), for 48 and 72 h, respectively; See Supplementary Table 2 for a plasmid list. 

Mouse RNAi sequences were ON-TARGETplus Non-targeting Control Pool and 

SMARTpools from a Cherry-pick RNAi Library (Dharmacon); See Supplementary Table 3 

for details. Hamster RNAi sequences were 5’CATAATAACCAGAAGATGATT3’ (SNX1) 

and 5’GAACAAGACTGAAGAGGGATT3’ (SNX27). 

 

For HIP1 lentiviral small hairpin RNA (shRNA), a control and five human HIP1 shRNA 

constructs (Dharmacon) based on target sequences from The RNAi Consortium 

(Supplementary Fig. 6A) were transfected onto HEK293T to assess knockdown efficiency. 

Two constructs displaying the highest knockdown were selected for lentiviral particle 

production. Intact human islets were infected at multiplicity of infection (MOI) 20, and 

cultured for 72 h before analysis.  

 

Stable EndoC-βH1 SNX shRNA sublines were generated by infection with lentiviral particles 

expressing shRNA duplexes previously cloned into pLKO.3G. See Supplementary Fig. 11A 

for target sequence details. 

 

����#�������	������
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Lentiviruses were generated in HEK293T cells by co-transfection of shRNA with envelope 

and packaging vectors. Viral supernatants were harvested and purified by 20% sucrose 

gradient ultracentrifugation.  

  

��������	���
$%
����������&
����������

Ca
2+

 imaging was performed as described (24). Islets loaded with 10 µM Fluo-2 in HEPES-

bicarbonate buffer plus 11 mM glucose were imaged by sequential perifusion of 100 nM 

exendin-4 (15 min) and 20 mM KCl (4 min). Emitted signals (510–540 nm) were captured at 

30 min
-1

 frame rates, and normalized by average baseline fluorescence. 

 

'
�������#����"�

qRT-PCR was performed using standard methodologies, with SYBR Green primers designed 

using Primer Express. 

 

�
��(!�)��������

MIN6B1-SNAP-GLP-1R cells were stimulated with 100 nM exendin-4, cross-linked with 2 

mM 3,3′-dithiodipropionic acid di(N-hydroxysuccinimide ester) (DSP, Sigma), quenched 

with 20 mM Tris-HCl (pH 7.5) and lysed in 20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM 

EGTA, 0.5% Triton X-100 plus cOmplete mini EDTA-free protease inhibitor (Roche) and 

phosphatase inhibitor (Sigma) cocktails. Lysates were pre-cleared with Protein G-Agarose 

beads (Roche), and incubated with SNAP-Capture Pull Down Resin beads (New England 

Biolabs). Beads were washed x5, resuspended in urea sample buffer (100 mM Tris-HCl pH 

6.8, 2.5% SDS, 4 M urea, 50 mM DTT, 0.05% bromophenol blue) and incubated for 10 min 

at 37°C before immuno-blotting.  
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*���������
�(+�������

Lysates fractioned by SDS-PAGE under reducing conditions were immuno-blotted using 

standard methodologies. Antibodies are listed in Supplementary Table 4.  

�

,���
����	�	�������	����������������-,"��.����
������������

CHO-GLP-1R-RLuc8 cells were transfected with increasing amounts of SNX27-GFP and 

BRET assays performed as described (25). Briefly, 5 µM coelenterazine � was added, and 

bioluminescence and fluorescence recorded at 475 and 530 nm in a Flexstation 3 plate reader 

(Molecular Devices). Average BRET ratios were calculated as 530 nm / 475 nm signals, and 

net BRET values obtained by subtracting basal BRET ratio of GLP-1R-Rluc8 alone.  

 

��������	�����������

GraphPad Prism 7.0 was used for data analyses. ANOVA or two-tailed t-tests were 

performed throughout. Paired analyses were used in experiments with matched designs.  

 

Results 

 

"�����	�������/��(0"�������	����"��
�������

Twenty-nine factors with known effects in GPCR trafficking were selected (Supplementary 

Table 5), including regulators of post-translational modifications (HIP14, Cbl, Nedd4); β-

arrestins; clathrin-dependent (Intersectin1, HIP1, Epsin1, Eps15, AP2, clathrin, dynamin1) 

and clathrin-independent (Arf6, caveolin1) endocytosis modulators; early endosome 

biogenesis (Rab5a, AnnexinA2) and signaling (APPL1, SARA) factors; PDZ domain or 

retromer-associated factors (WASH, NHERF1, SNX27, SNX1); ESCRT associated factors 

(Hrs, Tsg101, ALIX); recycling (Rab11a, Rab4a), late endosome (GASP-1) and lysosomal 
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(v-ATPase subunit) components. Gene expression was confirmed in MIN6B1 cells with the 

exception of caveolin1, which was below detection levels (Supplementary Fig. 2A).  

 

Candidates were silenced by RNAi (Supplementary Fig. 2B) in a MIN6B1 subline stably 

expressing SNAP-tagged human GLP-1R, MIN6B1-SNAP-GLP-1R, where follow-up 

trafficking studies could be performed. Insulin secretion in response to the stable GLP-1 

analog exendin-4 was measured (Fig. 1). Factors with <10% effect were discarded in a first 

round of screening (Fig. 1A). From the remaining factors, we identified five (SNX27, 

dynamin1, AP2, clathrin, and SNX1) that increased and four (HIP1, Nedd4, HIP14, and 

GASP-1) that decreased ISIS upon gene silencing (Fig. 1B, C). We selected the factors with 

the strongest effect, i.e. Huntingtin-interacting protein 1 (HIP1) and the sorting nexin SNX27 

(together with its retromer partner, SNX1), for further analysis. 

 

1��0����
������/��(0"�������	�����!���������

We first determined the effect of HIP1 silencing on GLP-1R trafficking with a FACS 

trafficking assay in MIN6B1-SNAP-GLP-1R cells (see Research Design and Methods and 

Fig. 2A for details). We measured a small but significant reduction in exendin-4-induced 

SNAP-GLP-1R internalization in HIP1 ������ control RNAi (Fig. 2B), without effect on 

recycling (Supplementary Fig. 3). This internalization delay was confirmed by confocal (Fig. 

2C) and electron microscopy (Fig. 2D, quantified in Fig. 2E). 

 

Whilst the MIN6B1-SNAP-GLP-1R subline allows correlation between secretion and�

trafficking, it over-expresses the GLP-1R compared to parental MIN6B1 cells 

(Supplementary Fig. 4). Experiments were therefore repeated in the more physiological 

MIN6B1 cells and primary human islets. HIP1 RNAi (Fig. 3A) caused a significant decrease 
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in insulin secretion in MIN6B1 in response to exendin-4 (Fig. 3B), as well as to the natural 

agonist GLP-1 (Supplementary Fig. 5), while glucose-stimulated insulin secretion (GSIS) 

was unaffected (Fig. 3C). Reduced GLP-1R signaling was confirmed by both static and 

dynamic (FRET) cAMP experiments (Fig. 3D, E). There was also a significant reduction in 

the protection against glucolipotoxicity-induced apoptosis by exendin-4 following HIP1 

knockdown (Fig. 3F, G). 

 

For human islets, we selected two HIP1 shRNA constructs with high knockdown efficiency 

(Supplementary Fig. 6A, B) to produce lentiviral particles. Efficient silencing was confirmed 

in human EndoC-βH1 beta cells plus dispersed (Supplementary Fig. 6C, D) as well as intact 

human islets (Fig. 4A, B), where functional studies were performed. HIP1 silencing 

significantly decreased ISIS (Fig. 4C) without affecting GSIS (Supplementary Fig. 6E). 

Exendin-4-induced cytosolic Ca
2+

 rises were also decreased (Fig. 4D, E) while Ca
2+

 response 

to KCl was unaffected (Fig. 4F).  

 

We next determined the effect of HIP1 knockdown on β-arrestin recruitment (Fig. 5A). 

Recruitment of β-arrestins to SNAP-GLP-1R was not detected under vehicle conditions 

(Supplementary Fig. 7), but was clearly present after 5 min exendin-4 in Control but highly 

reduced in HIP1 RNAi-treated MIN6B1-SNAP-GLP-1R cells. 

 

Then we performed a pull-down assay to isolate factors interacting with SNAP-GLP-1R 

following HIP1 RNAi (Fig. 5B). We isolated β-arrestin-1-mYFP and β-arrestin-2-GFP in 

complex with SNAP-GLP-1R after 5 min exendin-4 in control cells, confirming that GLP-1R 

recruits both arrestin isoforms, but this association was impaired after HIP1 knockdown. 

Additionally, we detected binding of GLP-1R to GαS-YFP in Control but not in HIP1 RNAi-
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treated cells, as well as reduced binding to tyrosine kinase Src, normally recruited to agonist-

bound GLP-1R via β-arrestin-1 (26). 

 

Finally, we performed a rescue experiment by expressing human full-length or mutant HIP1 

deleted for the clathrin-binding domain in Control or HIP1 RNAi-treated MIN6B1 cells (Fig. 

5C). As expected, full-length but not clathrin-binding deficient HIP1 restored the capacity of 

SNAP-GLP-1R to internalize with exendin-4 (Fig. 5D). However, both forms of HIP1 

rescued ISIS from HIP1-depleted cells to a similar extent (Fig. 5E), despite reduced levels of 

expression of clathrin-binding domain-deleted ������ full-length HIP1 (Fig. 5C). 

 

��20��!���2$3�"��
�����/��(0"�"�	�	�����!���
�����	������

In the second part of the study, we analyzed the roles of SNX1 and SNX27 in GLP-1R 

trafficking and signaling. We noticed a high degree of co-localisation (Fig. 6A) and protein 

interaction (Fig. 6B) between SNAP-GLP-1R and GFP-tagged SNX1 and SNX27, which was 

greater for SNX27-GFP. We confirmed the interaction between GLP-1R-RLuc8 and SNX27-

GFP by BRET (Fig. 6C). This interaction was still present for mutant SNX27 either bearing a 

point mutation in the NPxY-binding domain or lacking the PDZ domain (Supplementary Fig. 

8).  

 

We next analyzed GLP-1R trafficking by FACS following SNX silencing. Surprisingly, 

while down-regulation of both SNXs increased ISIS (Fig. 1) and cAMP (Supplementary Fig. 

9) in MIN6B1-SNAP-GLP-1R cells, SNX1 knockdown ��
��	��, while SNX27 knockdown 

�
��	��� SNAP-GLP-1R plasma membrane recycling (Fig. 7A, B). No effects on 

internalization were detectable. It has been reported that SNX27 silencing, while reducing 

receptor recycling, can increase signaling from endocytic compartments (27). To test this 
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hypothesis, we measured exendin-4-induced cAMP production specifically from internalized 

receptors (Fig. 7C). This revealed a significant increase following SNX27, but not SNX1, 

knockdown, suggesting that cAMP increases after SNX1 and SNX27 silencing have different 

subcellular origins. We also performed a degradation assay to measure SNAP-GLP-1R levels 

before and after exendin-4 stimulation, but did not detect any significant impact of either 

SNX RNAi (Fig. 7D). Thus, modest reductions in SNX expression (Supplementary Fig. 2B) 

primarily impact GLP-1R recycling, without affecting basal or exendin-4-induced lysosomal 

degradation.  

 

We next confirmed our findings in parental MIN6B1 cells where, following mild (~40%) 

SNX1 or SNX27 down-regulation (Fig. 7E), ISIS was again significantly increased (Fig. 7F).  

 

SNX27 depletion has been linked to reductions in basal receptor levels (28; 29). To 

investigate whether a higher degree of knockdown might also cause similar effects for GLP-

1R, we performed SNX knockdown experiments using a subline of readily transfectable 

CHO-K1 cells stably expressing SNAP-GLP-1R (CHO-SNAP-GLP-1R, Supplementary Fig. 

10), where SNX knockdown efficiency was ~70% (Fig. 8A). Exendin-4 cAMP dose response 

curves showed that, while the maximal response was increased following SNX1 down-

regulation, this was now ���
� after SNX27 knockdown (Fig. 8B, left). We also 

overexpressed each SNX fused to GFP and compared cAMP responses to exendin-4 with 

those for GFP alone (Fig. 8B, right). SNX1-GFP reduced, while SNX27-GFP increased, 

maximal cAMP increases, effectively reversing the silencing results. Under these knockdown 

conditions, SNX27 RNAi-treated cells failed to sustain endosomal cAMP increases (Fig.  

8C), and displayed reduced basal levels of SNAP-GLP-1R as well as increased exendin-4-

induced receptor degradation (Fig. 8D). 
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Finally, we confirmed these results in stable SNX shRNA-expressing EndoC-βH1 human 

beta cells with silencing efficiencies of ~80% (Fig. 8E and Supplementary Fig. 11A, B). 

Exendin-4-induced cAMP and insulin responses were again increased following SNX1 

silencing, and a small but significant decrease was measured for SNX27 knockdown (Fig. 8F, 

G, also shown for GLP-1 responses in Supplementary Fig. 11C, D). Endosomal cAMP was 

again not increased in SNX27 ������ control or SNX1 down-regulated EndoC-βH1 cells 

(Fig. 8H). 

 

Discussion 

 

Trafficking factors can radically alter GPCR signaling outputs (4). The GLP-1R has long 

been recognized as an important beta cell pharmacological regulator and, therefore, 

understanding the mechanisms that determine its downstream signaling is of considerable 

importance. 

 

Here, we have deployed a screen to identify trafficking factors with promising effects on 

insulin secretion downstream of GLP-1R. Importantly, the screen silencing degree was quite 

modest (20-70%, Supplementary Fig. 2B), further emphasizing the likely significance of the 

factors identified. Among factors that increased secretion after knockdown we identified 

three, dynamin1, AP2 and clathrin, involved in CCP formation (30). This, together with the 

undetectable caveolin1 expression level in MIN6B1 cells, and the reported interaction 

between GLP-1R and AP2 (31), suggests that the main route of GLP-1R internalization is 

clathrin-dependent. 
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A recent report (32) has shown that near-complete abrogation of receptor internalization with 

dominant negative dynamin1 leads to ���
� GLP-1R signaling. The apparent discrepancy 

between this and our results may be related to the modest knockdown level achieved here for 

dynamin1. We hypothesize that a modest reduction in receptor internalization would preserve 

endosomal while allowing increased cell surface receptor signaling, resulting in overall 

signaling� increases. In contrast, near-complete inhibition of internalization might have 

detrimental effects due to complete abrogation of endosomal signaling and unmitigated β-

arrestin-dependent cell surface receptor desensitization.  

 

Silencing of individual β-arrestins had no significant effect on ISIS in our screen. This is in 

agreement with a recent report (33) showing normal GLP-1-induced insulin secretion in β-

arrestin-2 knockout mice, and might reflect some degree of redundancy between β-arrestin 

isoforms (although we note that β-arrestin-2 is >10-fold more expressed in MIN6B1 than β-

arrestin-1: see Supplementary Fig. 2A). Alternatively, there may be compensation between 

increased plasma membrane but reduced β-arrestin-dependent or endosomal signaling. 

Among factors that reduced ISIS following knockdown, we found some involved in post-

translational modifications, such as the palmitoyl transferase HIP14 (34), or the ubiquitin 

ligase Nedd4 (35), as well as the late endosomal signaling factor GASP-1 (36). 

 

Silencing of HIP1, an endocytic factor involved in clathrin-dependent receptor internalization 

(37), gave the strongest effect by decreasing ISIS, in contrast to other CCP components. This 

correlates with previous reports linking HIP1 with enhanced receptor activity and increased 

signaling (38). Loss of HIP1 also led to reduced exendin-4-induced SNAP-GLP-1R 

internalization, cAMP and cytosolic Ca
2+

 responses. Biochemical and structural studies have 

led to a “two-step” model of class B1 GPCR activation where, following agonist binding to 
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free receptor, this “collides” with free G proteins (39), initiating the G protein signaling 

cascade. Our pull-down assays suggest that, in the absence of HIP1, GLP-1R displays 

reduced G protein coupling, providing a mechanistic explanation for the observed reductions 

in receptor signaling and insulin secretion. As a result, there is impaired recruitment of β-

arrestins and downstream factors such as Src.  

 

Our rescue experiment not only confirms the importance of HIP1, but also unveils a role in 

coupling of GLP-1R activation with clathrin-dependent endocytosis. HIP1 role in 

internalization appears not to be required for cell surface receptor signaling, as even with 

impaired internalization, HIP1 mutants unable to bind to clathrin rescued ISIS to the same 

extent as full-length HIP1 in HIP1-depleted cells. Notably, this was achieved despite reduced 

expression of mutant ������ full-length HIP1, indicating that, in agreement with results 

obtained here for other CCP factors, reduced GLP-1R internalization when HIP1 is otherwise 

functional for receptor activation increases ISIS.    

 

HIP1 interacts with the protein huntingtin in neurons, which, in its mutated form in the 

neurodegenerative syndrome HD, cannot associate with HIP1. Of interest is that patients with 

HD also present with impaired glucose handling, at least partially due to beta cell dysfunction 

(14). This dysfunction, and the general neurodegeneration, is alleviated by treatment with 

GLP-1R agonists including exendin-4 (40). While the effects of mutated huntingtin are 

complex and pleiotropic, it is possible that part of the glucose dysfunction is linked to 

deregulation of GLP-1R signaling and hence directly ameliorated by pharmacological GLP-

1R activation. 
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Additionally, knockdown of the two sorting nexins in our screen, SNX27 and SNX1, led to 

increased exendin-4-induced cAMP and insulin secretion in MIN6B1-SNAP-GLP-1R cells. 

SNX1 interacts ��� ����� with the C-terminal domain of GLP-1R (41), and we demonstrate 

here this interaction in beta cells. SNX1 plays an important role in GPCR sorting towards 

degradation (42), but it has also been implicated in GPCR recycling modulation without 

affecting lysosomal turnover (43). Our findings are consistent with a role for SNX1 on 

restricting the rate of GLP-1R recycling without affecting overall degradation, leading to 

consistent increases on GLP-1R signaling and ISIS following its down-regulation.  

 

SNX27, on the other hand, is involved in membrane tubulation and receptor sorting from 

early to recycling endosomes (44). Here we have found, for the first time, that GLP-1R 

strongly associates and interacts with SNX27 in beta cells. This is somewhat surprising as 

most associations of GPCRs with SNX27 are mediated by interactions between the SNX27 

PDZ domain and PDZ-binding motifs at receptor C-terminal domain (45). The GLP-1R does 

not contain a canonical PDZ-binding motif, and, consequently, binds to SNX27 after deletion 

of its PDZ domain. While the domain involved in binding between GLP-1R and SNX27 is 

not elucidated, it is interesting to note that a second receptor barcode, formed of sequence 

determinants or conserved phosphorylation sites, has recently been revealed to dramatically 

enhance interactions between GPCRs and SNX27 (45). 

 

SNX27 serves as a cargo adaptor for retromer-mediated transport to the cell surface (46), 

and, accordingly, we found a significant reduction in GLP-1R cell surface recycling 

following SNX27 knockdown. Intriguingly, despite reduced cell surface levels, GLP-1R 

signaling remained elevated in MIN6B1 and MIN6B1-SNAP-GLP-1R cells. Concomitantly, 

we found elevated signaling from internalized receptors, indicating that SNX27 integrates 
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plasma membrane recycling and retromer-mediated GLP-1R signal termination, as seen for 

other GPCRs such as the parathyroid hormone receptor (47). Direct association of retromer 

with GLP-1Rs might occur via structural similarity of the VPS26 retromer subunit to β-

arrestins (48), perhaps explaining the association between GLP-1R and SNX27 in the 

absence of a PDZ-binding motif. 

 

Depletion of SNX27 is associated with defective constitutive receptor recycling and 

increased lysosomal turnover (49; 50). The results from MIN6B1-SNAP-GLP-1R cells 

imply, however, that under mild SNX27 knockdown, sufficient basal levels of GLP-1R are 

maintained to enable overall incretin-induced cAMP increases, with compensatory 

mechanisms such as increased GLP-1R translation likely. Indeed, under these conditions, we 

did not detect a significant decrease in basal levels of SNAP-GLP-1R. However, with more 

efficient SNX27 knockdown, such as in CHO-SNAP-GLP-1R cells, basal SNAP-GLP-1R 

levels were significantly reduced, in agreement with continuous missorting of receptors to 

degradative compartments. As a consequence, in these and in EndoC-βH1 SNX27 shRNA 

cells, GLP-1R signaling and ISIS were blunted, and elevated endosomal cAMP no longer 

detected. 

 

In conclusion, we have identified nine endocytic factors as regulators of ISIS of potential 

importance for GLP-1R responses in health and diabetes. We show that one of them, HIP1, is 

required for establishment of plasma membrane incretin responses, while SNX1 and SNX27 

control GLP-1R recycling and turnover, determining overall GLP-1R outputs. Agents that 

affect interactions between these trafficking regulators and the GLP-1R may in the future 

provide interesting new targets to improve the efficacy of incretin-based T2D therapies. 
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Abbreviations 

CCPs: clathrin-coated pits 

DSP: 3,3′-dithiodipropionic acid di(N-hydroxysuccinimide ester 

EE: early endosome 

Epac2: Exchange Protein directly Activated by cAMP 2  

ESCRT: endosomal sorting complex required for transport  

FACS: fluorescence-activated cell sorting  

FRET: Förster resonance energy transfer  
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G11: 11 mM glucose  

GLP-1: glucagon-like peptide-1 

GLP-1R: glucagon-like peptide-1 receptor 

GPCRs: G protein-coupled receptors 

GRKs: G protein-coupled receptor kinases  

Gs: stimulatory G proteins  

GSIS: glucose-stimulated insulin secretion  

HD: Huntington’s disease 

HIP1: Huntingtin-interacting protein 1 

HTRF: homogeneous time-resolved fluorescence 

IBMX: isobutylmethylxanthine  

ISI: insulin stimulation index  

KHB: Krebs-HEPES-bicarbonate  

LE: late endosome 

MesNa: sodium 2-sulfanylethanesulfonate 

MOI: multiplicity of infection  

MVB: multivesicular body 

PKA: protein kinase A  

PM: plasma membrane 

shRNA: small hairpin RNA  

SNXs: sorting nexins  

TNE: Tris/NaCl/EDTA 

TRC: The RNAi Consortium  

TUNEL: terminal deoxynucleotidyl tansferase dUTP nick end labelling  
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Figure Legends 

 

Figure 1. RNAi screen of GPCR endocytic trafficking regulators in MIN6B1-SNAP-

GLP-1R cells. A: First round screen of incretin-stimulated insulin secretion (ISIS) following 

RNAi silencing of 29 candidate trafficking regulators. Results are expressed as mean ± SEM 

of insulin stimulation index (ISI) for each candidate of exendin-4 in 11 mM glucose (G11) 

relative to G11 alone, and normalized to Control RNAi for each candidate; �=3. Grey bar 

represents 10% cut-off effect on ISI ��� Control RNAi. B: Further analysis of ISIS following 

knockdown of 18 candidates selected from the initial screen; Results expressed as above; 

�=3-8. Factors with significant up-regulated secretion after RNAi are depicted in blue, while 

those with significant RNAi-induced down-regulation of secretion are in red. C: Individual 

results for each of the factors from (B) presenting a significant ISIS effect after knockdown, 

relative to paired Control RNAi experiments. Data are expressed as mean ± SEM of exendin-

4 plus G11 ISI relative to G11 alone; �=3-8, *p<0.05 and **p<0.01, two-tailed paired t-tests. 

Individual data points are shown. 

 

Figure 2. Role of HIP1 in GLP-1R trafficking in MIN6B1-SNAP-GLP-1R cells. A: 

Schematic showing the protocol for FACS analysis of SNAP-GLP-1R trafficking. B: 

Percentage of SNAP-GLP-1R internalization following treatment with 100 nM exendin-4 in 

Control ��� HIP1 RNAi-treated MIN6B1-SNAP-GLP-1R cells; data are expressed as mean ± 

SEM, �=3, *p<0.05 and ***p<0.001, two-way randomized block ANOVA with Sidak’s test. 

C: Confocal microscopy results showing SNAP-Surface-488-labelled SNAP-GLP-1R (green) 

in Control ��� HIP1 RNAi-treated MIN6B1-SNAP-GLP-1R cells after 15 min stimulation 

with 100 nM exendin-4. Nuclei (DAPI), blue; size bars, 10 µm. D: Electron microscopy 

localization of SNAP-GLP-1R (gold particles, arrows) in Control ��� HIP1 siRNA-

transfected MIN6B1-SNAP-GLP-1R cells treated as above; size bars, 1 µm. After 15 min 
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stimulation with exendin-4, the receptor is present in the MVB/LE/lysosomal compartment in 

Control RNAi but is still primarily localized to PM/EEs following HIP1 RNAi; PM: plasma 

membrane; EE: early endosome; MVB: multivesicular body; LE: late endosome. E: Gold-

particle quantification of percentage of SNAP-GLP-1R in each subcellular organelle; data are 

expressed as mean ± SEM,� �=2, *p<0.05, two-tailed paired t-test. PM: plasma membrane; 

EE: early endosome; MVB LM: multivesicular body limiting membrane; MVB ILV: 

multivesicular body intraluminal vesicles; Tub/RE: tubular/recycling endosome; LE: late 

endosome. 

 

Figure 3. Effect of HIP1 RNAi on incretin responses from MIN6B1 cells. A: Knockdown 

efficiency determined by qRT-PCR in MIN6B1 cells at 48 h, relative to Control RNAi; Data 

are expressed as mean ± SEM, �=8, ****p<0.0001, two-tailed t-test. Individual data points 

are shown. B: Exendin-4-stimulated insulin secretion of Control ��� HIP1 RNAi-treated 

MIN6B1 cells. Data are expressed as mean ± SEM of exendin-4 plus G11 ISI relative to G11 

alone; �=4, *p<0.05, two-tailed paired t-test. Individual data points are shown. C: Glucose-

stimulated insulin secretion of Control ��� HIP1 RNAi-treated MIN6B1 cells from (B). Data 

are expressed as mean ± SEM of insulin secreted at G11 as percentage of total insulin; �=4, 

non-significant (n.s.), two-tailed paired t-test. Individual data points are shown. D: Incretin-

induced cAMP following 1 h treatment with 100 nM exendin-4 + 100 µM IBMX in Control 

��� HIP1 RNAi-treated MIN6B1 cells. Data are expressed as mean ± SEM of exendin-4 + 

100 µM IBMX relative to 100 µM IBMX alone; �=5, *p<0.05, two-tailed paired t-test. 

Individual data points are shown. E: cAMP FRET time-course response (left) and area under 

the curve (AUC, right) for 10 min stimulation with 100 nM exendin-4 plus 100 µM IBMX in 

Control ��� HIP1 RNAi-treated MIN6B1 cells. Data is normalized to baseline (recorded for 5 

min prior to exendin-4 addition) and expressed as mean ± SEM; �=8 cells from 4 
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independent experiments, **p<0.01, two-tailed paired t-test. Individual data points are 

shown. F: Percentage of TUNEL-positive MIN6B1 cells following overnight incubation with 

0.5 mM palmitate/BSA in the presence or absence of 100 nM exendin-4 (Ex-4). Data are 

mean ± SEM; �=5, *p<0.05, two-tailed paired t-test. Individual data points are shown. G: 

Percentage of TUNEL-positive MIN6B1 cells transfected with Control ��� HIP1 siRNA 

following overnight incubation with 0.5 mM palmitate/BSA + 100 nM exendin-4. Data are 

mean ± SEM; �=7, *p<0.05, two-tailed paired t-test. Individual data points are shown. 

TUNEL staining in untreated (no palmitate or exendin-4 added) cells was typically < 5%. 

 

Figure 4. Effect of HIP1 knockdown on incretin responses from human donor islets. A: 

Knockdown efficiency determined by qRT-PCR at 72 h from intact human islets infected 

with human HIP1 shRNA lentiviruses, relative to Control shRNA infection; �=2; HIP1 

shRNA TRCN0000033446: TRCN446; HIP1 shRNA TRCN0000033447: TRCN447; 

*p<0.05 ��� Control shRNA, two-tailed paired t-test. Individual data points are shown. B: 

Western blot analysis of HIP1 levels (top) from lysates of intact human islets infected with 

lentiviruses for Control shRNA or HIP1 shRNA TRCN446 or TRCN447 for 72 h, with 

Tubulin as loading control (bottom). C: ISIS from human donor islets infected with Control 

��� HIP1 shRNA lentiviruses TRCN446 or TRCN447. Data are expressed as mean ± SEM of 

exendin-4 + G11 ISI relative to G11 alone; �=4, *p<0.05 and **p<0.01���� Control shRNA, 

one-way randomized block ANOVA with Dunnett’s test. Individual data points are shown. 

D: Ca
2+

 time-course responses from Fluo-2-loaded human islets infected with Control ��� 

HIP1 shRNA lentivirus TRCN446 following sequential stimulations with exendin-4 (100 

nM, 15 min) and KCl (20 mM, 4 min). E, F: AUC corresponding to exendin-4 (E) or KCl (F) 

responses from (D), calculated from data normalised to baseline. Data are expressed as mean 
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± SEM; �= 3 (9-13 islets imaged per experiment), *p<0.05 and non-significant (n.s.), two-

tailed paired t-test. Individual data points are shown. 

 

Figure 5. Regulation of GLP-1R activation by HIP1. A: Confocal microscopy showing co-

localization of SNAP-GLP-1R and either β-arrestin-1-mYFP (Barr1-mYFP) or β-arrestin-2-

GFP (Barr2-GFP) in Control (top) or HIP1 RNAi-treated MIN6B1-SNAP-GLP-1R cells 

(bottom) following 5 min of 100 nM exendin-4 exposure. β-arrestin-1-mYFP or β-arrestin-2-

GFP (green), SNAP-GLP-1R (labeled with SNAP-Surface-549, red), nuclei (DAPI), blue; 

size bars, 10 µm.  B: SNAP-Capture pull-down of SNAP-GLP-1R with β-arrestin-1-mYFP, 

β-arrestin-2-GFP or GαS-YFP, from lysates of Control ��� HIP1 RNAi-treated MIN6B1-

SNAP-GLP-1R cells after 5 min exposure to 100 nM exendin-4 (top). Pulled-down proteins 

analyzed by Western blot for GFP/mYFP, β-arrestin-1/2 and Src. Original lysates analyzed 

by Western blot for SNAP to assess levels of SNAP-GLP-1R and Tubulin as loading control 

(bottom). C: Western blot analysis of human HIP1 levels (top) in lysates from Control or 

mouse HIP1-RNAi-treated MIN6B1 cells re-transfected with empty pcDNA3.1 or plasmids 

expressing human full-length HIP1 (pcDNA3/FLHIP1) or mutant HIP1 with deleted clathrin-

binding domain (pcDNA3/HIP1/∆LD); with Tubulin as loading control (bottom). Note that 

cells were re-transfected with DNA plasmids 24 h after initial RNAi transfection and further 

incubated for 48 h before experiments; and that the HIP1 antibody used in this study 

primarily detects human rather than mouse HIP1. D: Confocal microscopy results showing 

SNAP-Surface-488-labeled SNAP-GLP-1R (green) in HIP1 RNAi-treated MIN6B1-SNAP-

GLP-1R cells re-transfected with plasmids as in (C) following 15 min stimulation with 100 

nM exendin-4. Nuclei (DAPI), blue; size bars, 10 µm. E: ISIS of Control ��� HIP1 RNAi-

treated MIN6B1 cells re-transfected with each of the 3 plasmids shown in (C) and (D). Data 
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are expressed as mean ± SEM of exendin-4 + G11 ISI relative to G11 alone; �=3, *p<0.05���� 

Control shRNA + pcDNA3.1, one-way randomized block ANOVA with Dunnett’s test. 

 

Figure 6. Association of SNAP-GLP-1R with SNX1-GFP and SNX27-GFP. A: Confocal 

microscopy showing co-localization of SNAP-GLP-1R and either SNX1-GFP or SNX27-

GFP in MIN6B1-SNAP-GLP-1R cells following 15 min treatment with 100 nM exendin-4. 

SNX1-GFP or SNX27-GFP (green), SNAP-GLP-1R (labeled with SNAP-Surface-549, red), 

nuclei (DAPI), blue; size bars, 10 µm. B: SNAP-Capture pull-down of SNAP-GLP-1R with 

either SNX1-GFP or SNX27-GFP from MIN6B1-SNAP-GLP-1R cell lysates after 15 min 

exposure to 100 nM exendin-4 or GLP-1. Pulled-down proteins analyzed by Western blot for 

GFP, original lysates immuno-blotted to assess levels of expression of GFP-tagged SNX 

constructs. C: Saturation curves from BRET ratios with the indicated amounts of SNX27-

GFP plasmid DNA in CHO-GLP-1R-RLuc8 cells following 15 min treatment with 100 nM 

exendin-4. Data is mean ± SEM; �=3. 

 

Figure 7. Effect of SNX1 and SNX27 RNAi on GLP-1R trafficking and incretin 

responses from MIN6B1 cells. A, B: Percentage of SNAP-GLP-1R internalization (top) and 

recycling (bottom) following treatment with 100 nM exendin-4 in Control ��� SNX1 (A) or 

SNX27 (B) RNAi-treated MIN6B1-SNAP-GLP-1R cells; data are expressed as mean ± SEM, 

�=3, *p<0.05 and **p<0.01; two-tailed paired t-test. Individual data points are shown for 

recycling. C: Incretin-induced cAMP specifically from GLP-1Rs internalized into 

endosomes, measured after 15 min treatment with 100 nM exendin-4 followed by washout 

and 60 min incubation in 10 µM exendin(9-39) plus 10 µM trafficking inhibitor monensin 

and 500 µM IBMX in Control ��� SNX1 or SNX27 RNAi-treated MIN6B1-SNAP-GLP-1R 

cells. Data are expressed as mean ± SEM of results normalized to 15 min exendin-4; �=4, 
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*p<0.05, one-way randomized block ANOVA with Dunnett’s test. Individual data points are 

shown. D: Western blot analysis of SNAP-GLP-1R levels in Control ��� SNX1 or SNX27 

RNAi-treated MIN6B1-SNAP-GLP-1R cells before and after exposure to 100 nM exendin-4 

for the indicated times. Cells were pre-treated for 1 h with 100 µg/ml of cycloheximide 

before exendin-4 treatment. Lysates were analyzed by Western blot with anti-SNAP to assess 

levels of SNAP-GLP-1R (top) and Tubulin as loading control (bottom). A degradation band 

corresponding to deletion of the receptor C-terminal domain is typically detected under all 

conditions analyzed. E: SNX1 and SNX27 knockdown efficiencies determined by qRT-PCR 

(at 48 h, top) and Western blotting (at 72 h, bottom) in MIN6B1 cells, relative to Control 

RNAi; Data are expressed as mean ± SEM, �=4, **p<0.01, two-tailed t-test. Individual data 

points are shown. F: ISIS of Control ��� SNX1 (top) or SNX27 (bottom) RNAi-treated 

MIN6B1 cells. Data are expressed as mean ± SEM of exendin-4 + G11 ISI relative to G11 

alone; �=6 for SNX1 RNAi and �=5 for SNX27 RNAi, *p<0.05, two-tailed paired t-test. 

Individual data points are shown. 

 

Figure 8. Effect of SNX1 and SNX27 RNAi on incretin responses from CHO-SNAP-

GLP-1R and EndoC-βH1 cells. A: SNX1 (left) and SNX27 (right) knockdown efficiencies 

in CHO-SNAP-GLP-1R cells determined by qRT-PCR at 48 h, relative to Control RNAi; 

Data are expressed as mean ± SEM, �=4, **p<0.01 and ***p<0.001, two-tailed t-test. 

Individual data points are shown. B: cAMP responses from CHO-SNAP-GLP-1R cells 

treated with Control ��� SNX1 or SNX27 RNAi (left) or expressing GFP vs. SNX1-GFP or 

SNX27-GFP (right), following 15 min exendin-4 incubation; Results normalized to forskolin 

responses, 4-parameter logistic fit of mean data ± SEM; �=4, *p<0.05, **p<0.01 and 

****p<0.0001 ��� Control RNAi or empty GFP, two-way randomized block ANOVA with 

Dunnett’s test. C: Incretin-induced cAMP specifically from GLP-1Rs internalized into 
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endosomes, measured after 15 min treatment with 100 nM exendin-4 followed by washout 

and 60 min incubation in 10 µM exendin(9-39) plus 10 µM trafficking inhibitor monensin in 

Control ��� SNX1 or SNX27 RNAi-treated CHO-SNAP-GLP-1R cells. Data are expressed as 

mean ± SEM of results normalized to 15 min exendin-4; �=5, non-significant, one-way 

randomized block ANOVA with Dunnett’s test. Individual data points are shown. D: Western 

blot analysis of SNAP-GLP-1R levels in Control ��� SNX1 or SNX27 RNAi-treated CHO-

SNAP-GLP-1R cells before and after exposure to 100 nM exendin-4 for 6 h. Lysates were 

analyzed by Western blot with anti-SNAP to assess levels of SNAP-GLP-1R (top) and with 

Tubulin as loading control (bottom). A degradation band corresponding to deletion of the 

receptor C-terminal domain is typically detected under all conditions analyzed. E: SNX1 

(left) and SNX27 (right) knockdown efficiencies in Control ��� SNX1 or SNX27 EndoC-βH1 

shRNA sublines determined by Western blotting, with Tubulin as loading control (bottom). 

F: Exendin-4-induced cAMP following 15 min treatment with 100 nM exendin-4 plus 500 

µM IBMX in Control ��� SNX1 or SNX27 shRNA EndoC-βH1 sublines. Data are expressed 

as mean ± SEM of exendin-4 + 500 µM IBMX relative to 500 µM IBMX alone; �=6, 

*p<0.05, one-way randomized block ANOVA with Dunnett’s test. Individual data points are 

shown. G: Exendin-4-stimulated insulin secretion of Control ��� SNX1 or SNX27 shRNA 

EndoC-βH1 sublines. Data are expressed as mean ± SEM of exendin-4 + 15 mM glucose 

(G15) ISI relative to G15 alone; �=6, *p<0.05, one-way randomized block ANOVA with 

Dunnett’s test. Individual data points are shown. H: Incretin-induced cAMP specifically from 

GLP-1Rs internalized into endosomes, measured as in (C) but in Control ��� SNX1 or SNX27 

shRNA EndoC-βH1 sublines. Data are expressed as mean ± SEM of results normalized to 15 

min exendin-4; �=5, non-significant, one-way randomized block ANOVA with Dunnett’s 

test. Individual data points are shown. 
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Online Supplemental Materials  

 

 

Supplementary Table 1: Origin and characteristics of human islets donors. 

 

 

Supplementary Table 2: List and origin of plasmids included in the study. 

Arrival date Isolation Centre Donor Age Sex BMI (kg/m²)
17.01.17 Pisa 64 Male 24.5
10.02.17 Milan 57 Female 26.0
15.02.17 Edmonton (Shapiro) 51 Male 29.4
23.02.17 Edmonton (Macdonald) 38 Male 42.6
14.03.17 Pisa 42 Male 32.6
23.03.17 Milan 49 Female 20.6
24.03.17 Edmonton (Shapiro) 33 Female 46.5
23.05.17 Oxford 46 Female 35.0
18.09.17 Pisa 84 Male 23.2
25.10.17 Oxford 57 Male 24.0
03.11.17 Geneva 51 Female 44.1

Plasmid Name Source
pSNAP-GLP-1R Cisbio Bioassays

Cloned from GLP-1R-GFP (Alessandro Bisello, University of Pittsburgh) 
into pcDNA3.1-RLuc8 (Aylin Hanyaloglu, Imperial College London)

β-arrestin-1-mYFP Robert Lefkowitz, Addgene plasmid #36916
β-arrestin 2-GFP Aylin Hanyaloglu, Imperial College London

GαS-YFP Catherine Berlot, Addgene plasmid #55781
SNX1-GFP Hiromichi Shirataki, Dokkyo Medical University, Japan

SNX27-GFP Isabel Mérida, National Center for Biotechnology, Spain
SNX27ΔPDZ-GFP Isabel Mérida, National Center for Biotechnology, Spain

SNX27 W475A-GFP Isabel Mérida, National Center for Biotechnology, Spain
pMD2.G Didier Trono, Addgene plasmid #12260
psPAX2 Didier Trono, Addgene plasmid #12259

pcDNA3/FLHIP1 Theodora Ross, Addgene plasmid #29587
pcDNA3/HIP1/ΔLD Theodora Ross, Addgene plasmid #31253

pLKO.3G Christophe Benoist & Diane Mathis, Addgene plasmid # 14748

pGLP-1R-RLuc8
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Supplementary Table 3: Mouse siRNA sequences for the trafficking genes 

included in the screen. A mixture of four pre-designed siRNA sequences with 

antisense strand seed regions modified to destabilize off-target activity were used. 

 

 

Supplementary Table 4: List of antibodies used in the study. 

 

Candidate name siRNA sequence 1 siRNA sequence 2 siRNA sequence 3 siRNA sequence 4
SNX27 GAACCAGGUAAUAGCGUUU CAAAUUAGCUGCACGUAUA ACGGUUACUGUCAGAGUUA GCAAAAUAGGGCACUGAUA

Dynamin1 GCGUGUACCCUGAGCGUGU UGGUAUUGCUCCUGCGACA GGGAGGAGAUGGAGCGAAU GCUGAGACCGAUCGAGUCA
AP2 CCACAAUGAGCCUCCGAAU GGUAGUGACUGCAGCGACU CACUAGGUGUGGUCAGUUA GCGAUGAUGUGCAGGGCUA

Clathrin light chain GGAAAGCAAUCCAUACAGA UCAGAAGAAUUGCUGCUUA GACAAAUUCAUCUGCAUUA ACAAAGCAAUCCAGUUCUA
SNX1 UUACCGAUGUUCAGAAGUA GCGCUGGUCUCCUUAAGAU UGAAUCAUCCCACCAUGUU AAUCUCGGGUGACUCAGUA
Rab5a AGAAGCCAGUGUUGUAGUA GCACAAGCAGCCAUAGUUG UGUGAUAGCUUUGUCAGGA UUAGAAGACUUACGCUUAA

Caveolin1 GCUAUUGGCAAGAUAUUCA GCACAUCUGGGCGGUUGUA GCAAAUACGUGGACUCCGA GUCCAUACCUUCUGCGAUC
Epsin1 ACGAUAAGGAAGAGCGGAU GGUGUGAAUGUGCGGGAGA UCUCAGACUUCGACCGACU CGGCGUCAGAUGAAGAAUA
ALIX GAACCUAGCAACUGCGUAU ACAUAGUGUUUGCACGGAA GCUACAACCCCUACGCAUA AGCCAGAAGUUCACGGAUU
Rab4a GGUCAUCGGAAAUGCGGGA GAUAAUAAAUGUCGGUGGU GUGAACAGCCAGUGCGUUU UGUCCGAGACUUACGAUUU

NHERF1/EBP50 AGAUCUGCCUCCAGCGAUA GGGACCAGAAUGAGGCCGA CCAGGAGAAGUCCGAACAA GUCCAAAUGGCUACGGCUU
WASH ACAGCAACACGGCGGAAUA GAGGAGAAAUUGUUCGAUG GCACAUUCAGGAACGUUUA GAAUACGGCUCCAUCUUUA

Hrs CAAGAUACCUCAACCGGAA AAGCAUCACUGCCGAGCAU CGUACAAUAUGCAGAAUCU AGACAGACUCUCAGCCCAU
SARA GUAUAAAGCAAACGGAAAA ACAGAGAGGAAACGAGAAU AUGAAUGGGUCCACGGAAA CUAAAUGAGAUGAGUGAUA

β-arrestin-1 UGGAUAAGGAGAUCUAUUA GGAGAACCCAUCAGCGUUA UCAUAGAGCUUGACACCAA ACGGGAAGCUCAAGCAUGA
Tsg101 CUUAAUGCCUUGAAACGAA GUACAAUCCCAGUGCGUUA CUGUCAAUGUCAUCGCUAU AGAGAUGGUCACCCGCUUA
Eps15 CAGCAGUAAUACAUCGGUA CAGCCAACUUCAACGAACA AGAAAGUUACUCCGAGAUU CUGGAAGGGUGUUGGCGUU
APPL1 GGUCAAGGAGGCAGGCGUA GGAACAAGAUAACGAUAUA GGACAGAGUUAGCGUGUAC GAUCGUAGGGCAUCAGAAA

Intersectin1 CCAGAACGAUGACGAACUA GCAAAGAGCAGGAGCGGUU GAGAGAGCCAAGCCGGAAA GGAAGGGCUACAAGCGCAA
Rab11a GUACAGGGCUAUAACGUCU UAAGAGUGAUUUACGUCAU GCGACGACGAGUACGACUA UAACAGAGAUAUACCGCAU

β-arrestin-2 GGGCCUGUCUUUCCGCAAA CUACUUGAAGGACCGGAAA AUACCAACCUCAUCGAAUU GUGCCAAAUCAAUAGAAGA
Cbl GAGAAUCAACUCAGAACGA CGUUUGGGUCAGUGGGCUA CCGGAUUACUAAAGCUGAU CGUCAGUCAUAUAUAGAUU

V-ATPase subunit A1 UGAUUAACCGGGAGCGGAU AGACAUCUUAUCCGGAAUA CGAGAUGGGAAGAGGCGCA GCUAAGAACAUCCGCGUCU

AnnexinA2 GCUCAGUUAUUGACUACGA GGACAUUGCCUUCGCCUAU CCAGUAUGAUGCUUCGGAA GCAAAGGGCAGACGAGCAG
Arf6 CAAACGGGGUGGGGUAAUA CUGACAUUUGACACGAAUA CGGCAUUACUACACCGGGA GGGUCUGAUCUUCGUGGUA

GASP-1 CCGAGAAAUUCGCGAGCAU ACGCAAACCUGGCAAUCAA GAGACUAUCAGUAAACAUA GCGAGAAGCUUGCAGUGAU
HIP14 GGGUUACGAUGUACGGCAA GAUGAGUACGAGACCGAAA GUUAAUGUAUGGUGGCGUU AGAACCUCUUGGUCGGAAA
Nedd4 GGAAGGACCUACUACGUAA GAAUAUUCUGCUACGGAUA GGAUGAUGGAUUCGGAAAA CUACGAAUCCUUUGACGAA
HIP1 ACAGAGGUAUAGCAAGUUA GGAGAAUGCUGACGUCACA CAUCCAAGGUGAAAGCGAA CGAAAUGGCUGACACAGAU

Name Species Source Dilution
Anti-GFP Rabbit ab290, Abcam 1/1000

Anti-β-arrestin-1/2 Rabbit D24H9, Cell Signaling 1/1000
Anti-SNAP tag Rabbit New England Biolabs 1/500

Anti-Src Rabbit 2108, Cell Signaling 1/1000
Anti-HIP1 Mouse 4B10, Novus Biologicals 1/500
Anti-SNX1 Rabbit ab134126, Abcam 1/500

Anti-SNX27 Rabbit NBP1-45283, Novus Biologicals 1/1000
Anti-α-Tubulin Mouse T5168, Sigma Aldrich 1/1000

IgG-HRP Goat Santa Cruz Biotechnology 1/5000
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Supplementary Table 5: List of screened candidate proteins with main known 

GPCR trafficking roles.  

 

 

 

 

 

 

 

 

 

Candidate name Trafficking function

SNX27 Retromer associated, PDZ domain, receptor sorting and recycling

Dynamin1 GTPase, actin binding, clathrin-coated pit scission

AP2 Clathrin adaptor complex subunit, cargo selection

Clathrin light chain Vesicle scaffold, clathrin-coated pit structure

SNX1 PX domain, receptor sorting to lysosomes or recycling endosomes, retromer-associated Golgi retrograde transport

Rab5a Small GTPase, early endosome biogenesis and function, recruitment of Rab7 and endosomal maturation

Caveolin1 Scaffolding protein, caveolae component, plasma membrane domian sorting

Epsin1 Membrane curvature factor, PIP2-binding, clathrin-coated pit formation

ALIX ESCRT-associated protein, cargo sorting and intraluminal vesicle (ILV) formation in endosomes

Rab4a Small GTPase, receptor sorting and recycling to the plasma membrane, fast recycling pathway

NHERF1/EBP50 Adaptor molecule, PDZ domain, protein complex assembly, binds actin machinery, receptor recycling

WASH Arp2/3 activator of actin polymerisation, receptor sorting, retromer associated, regulates endosomal fission

Hrs ESCRT-0 complex member, ubiquitinated cargo recognition in early endosomes

SARA FYVE domain protein, downstream signal transduction from early endosomes

β-arrestin-1 Agonist-mediated receptor desensitization, receptor internalisation, endosomal signalling

Tsg101 ESCRT-1 complex member, biogenesis of the multivesicular body (MVB), ILV formation

Eps15 Scaffolding adaptor protein, clathrin-coated pit component

APPL1 Early endosome associated, signal transduction factor

Intersectin1  Receptor internalisation, dynamin-binding, coordinates endocytic traffic with actin assembly

Rab11a Small GTPase, receptor slow recycling throught perinuclear recycling compartment

β-arrestin-2 Agonist-mediated receptor desensitization, receptor internalisation, endosomal signalling

Cbl E3 ubiquitin ligase, receptor ubiquitination, regulates receptor lysosomal degradation

V-ATPase subunit A1 Vacuolar ATPase, organelle acidification, lysosomal function

AnnexinA2 Endosome biogenesis, regulation of membrane and actin dynamics

Arf6 Small GTPase, cytoskeleton remodeling, plasma membrane recycling, clathrin-independent endocytosis

GASP-1 Modulation of lysosomal transport of receptors, post-endocytic sorting 

HIP14 Palmitoyl transferase, receptor palmitoylation, endocytosis factor, interaction with huntingtin (htt) 

Nedd4 E3 ubiquitin ligase, receptor signalling regulation, ubiquitination of endocytic factors

HIP1 Binds clathrin-pit components, interacts with htt, receptor signaling coupling with clathrin-mediated endocytosis
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Supplementary Figure 1. Effect of glucose on exendin-4-induced cAMP 

responses. A: Incretin-induced cAMP in MIN6B1 cells following 15 min treatment 

with 100 nM exendin-4 plus 100 µM IBMX in the indicated glucose concentrations. 

Data are expressed as mean ± SEM of exendin-4 plus 100 µM IBMX relative to 100 

µM IBMX alone; n=8, non-significant, two-tailed paired t-test. B: As for (A) but in 

EndoC-βH1 cells treated with 100 nM exendin-4 + 500 µM IBMX in the indicated 

glucose concentrations. Data are expressed as mean ± SEM of exendin-4 plus 500 µM 

IBMX vs. 500 µM IBMX alone; n=4, non-significant, two-tailed paired t-test. 

Individual data points are shown. 
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Supplementary Figure 2. Screen candidates gene expression levels. A: Level of 

expression for each candidate gene included in the RNAi screen in MIN6B1 cells. 

Data are expressed as mean ± SEM, n=2, gene expression determined by qRT-PCR 

relative to beta actin (Actb). B: Degree of silencing achieved for each gene tested in 

the RNAi screen in MIN6B1-SNAP-GLP-1R cells. Expression assessed by qRT-PCR 

48 h post-transfection. Data are expressed as mean ± SEM relative to Control RNAi, 

n=2. 
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Supplementary Figure 3. Percentage of SNAP-GLP-1R recycling in Control vs. 

HIP1 RNAi-treated MIN6B1-SNAP-GLP-1R cells. Recycling measured at 30 min 

following a 15 min exendin-4 pulse to induce internalization, in the presence of 

exendin(9-39) to block further endocytosis; data are expressed as mean ± SEM n=3, 

non-significant (n.s.), two-tailed paired t-test. Individual data points are shown. 
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Supplementary Figure 4. Level of expression of GLP-1R in MIN6B1-SNAP-

GLP-1R relative to parental MIN6B1 cells. Expression levels determined by qRT-

PCR for mouse (MIN6B1) vs. human (MIN6B1-SNAP-GLP-1R) GLP-1R mRNA. 

Data are expressed as mean ± SEM relative to MIN6B1 levels; n=12, ***p<0.001, 

two-tailed paired t-test. Individual data points are shown. 
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Supplementary Figure 5. GLP-1-stimulated insulin secretion of Control vs. HIP1 

RNAi-treated MIN6B1 cells. Data are expressed as mean ± SEM of GLP-1 plus 11 

mM glucose (G11) ISI relative to G11 alone; n=5, *p<0.05, two-tailed paired t-test. 

Individual data points are shown. 
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Supplementary Figure 6. Lentiviral HIP1 shRNA additional experiments. A: 

Target sequences for The RNAi Consortium (TRC) lentiviral HIP1 shRNA 

constructs. B, C: Knockdown efficiency relative to Control shRNA after 72 h for the 

5 TRC lentiviral HIP1 shRNA constructs in HEK293T cells (B), and following 
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infection with packaged lentiviral particles from 2 selected HIP1 shRNA sequences in 

human EndoC-βH1 beta cells (C). Data are expressed as mean ± SEM; n=2, *p<0.05 

and **p<0.01 vs. Control shRNA, one-way ANOVA with Dunnett’s test. D: 

Knockdown efficiency determined by qRT-PCR at 72 h from dispersed human islets 

infected with human HIP1 shRNA lentiviruses, relative to Control shRNA infection; 

n=8 for HIP1 shRNA TRCN0000033446 (TRCN446) and n=6 for HIP1 shRNA 

TRCN0000033447 (TRCN447), *p<0.05 and **p<0.01 vs. Control shRNA, one-way 

randomized block ANOVA with Dunnett’s test. Individual data points are shown. E: 

Glucose-stimulated insulin secretion responses from Fig. 4C. Data are expressed as 

mean ± SEM of insulin secreted at G11 as percentage of total insulin; n=4, non-

significant (n.s.) vs. Control shRNA, one-way randomized block ANOVA with 

Dunnett’s test. Individual data points are shown. 
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Supplementary Figure 7. Confocal microscopy of SNAP-GLP-1R and β-arrestin 

constructs under vehicle conditions. SNAP-GLP-1R (labeled with SNAP-Surface-

549, red) and either β-arrestin-1-mYFP (Barr1-mYFP) or β-arrestin-2-GFP (Barr2-

GFP) in Control (top) or HIP1 RNAi-treated (bottom) MIN6B1-SNAP-GLP-1R cells 

without stimulation. Nuclei (DAPI), blue; size bars, 10 µm.   
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Supplementary Figure 8. SNAP-GLP-1R interactions with mutant SNX27-GFP 

vectors. A: Confocal microscopy showing co-localization of SNAP-GLP-1R and 

GFP-tagged SNX27 NPxY (W475A) or ΔPDZ mutants in MIN6B1-SNAP-GLP-1R 

cells following 15 min treatment with 100 nM exendin-4. SNX27-GFP mutants 

(green), SNAP-GLP-1R (labeled with SNAP-Surface-549, red), nuclei (DAPI), blue; 

size bars, 10 µm. B: SNAP-Capture pull-down of SNAP-GLP-1R with mutants from 

(A) in MIN6B1-SNAP-GLP-1R cell lysates after 15 min exposure to 100 nM 

exendin-4 or GLP-1. Pulled-down proteins analyzed by Western blot for GFP, 

original lysates immuno-blotted to assess levels of expression of GFP-tagged SNX27 

mutant constructs. 
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Supplementary Figure 9. Exendin-4-induced cAMP responses in Control vs. 

SNX1 or SNX27 RNAi-treated MIN6B1-SNAP-GLP-1R cells. Cells were exposed 

to 10 min exendin-4 at 100 nM plus 500 µM IBMX. Data are expressed as mean ± 

SEM of exendin-4 plus 500 µM IBMX relative to 500 µM IBMX alone; n=4, *p<0.05 

vs. Control RNAi, one-way randomized block ANOVA with Sidak’s test. Individual 

data points are shown. 
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Supplementary Figure 10. SNAP-GLP-1R localisation in CHO-SNAP-GLP-1R 

cells. Confocal microscopy results showing SNAP-Surface-549-labelled SNAP-GLP-

1R (red) in CHO-SNAP-GLP-1R cells before and after 30 min stimulation with 100 

nM exendin-4. Nuclei (DAPI), blue; size bars, 10 µm. 
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Supplementary Figure 11. Additional experiments in EndoC-βH1 SNX shRNA 

sublines. A: Target sequences for the Control and SNX shRNA constructs used to 

generate the EndoC-βH1 shRNA sublines. B: Knockdown efficiencies relative to 

Control shRNA in EndoC-βH1 SNX1 (left) or SNX27 (right) shRNA sublines. Data 

are expressed as mean ± SEM; n=4, ***p<0.01, two-tailed paired t-test. Individual 

data points are shown. C: GLP-1-induced cAMP following 15 min treatment with 100 
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nM GLP-1 plus 500 µM IBMX in Control vs. SNX1 or SNX27 shRNA EndoC-βH1 

sublines. Data are expressed as mean ± SEM of GLP-1 plus 500 µM IBMX relative to 

500 µM IBMX alone; n=6, *p<0.05, one-way randomized block ANOVA with 

Dunnett’s test. D: GLP-1-stimulated insulin secretion of Control vs. SNX1 or SNX27 

shRNA EndoC-βH1 sublines. Data are expressed as mean ± SEM of GLP-1 plus 15 

mM (G15) glucose ISI relative to G15 alone; n=5, *p<0.05, one-way randomized 

block ANOVA with Dunnett’s test. Individual data points are shown. 
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Glucagon-like peptide-1 receptor (GLP-1R) activation promotes insulin secretion from pan-

creatic beta cells, causes weight loss, and is an important pharmacological target in type 2

diabetes (T2D). Like other G protein-coupled receptors, the GLP-1R undergoes agonist-

mediated endocytosis, but the functional and therapeutic consequences of modulating GLP-

1R endocytic trafficking have not been clearly defined. Here, we investigate a series of biased

GLP-1R agonists with variable propensities for GLP-1R internalization and recycling. Com-

pared to a panel of FDA-approved GLP-1 mimetics, compounds that retain GLP-1R at the

plasma membrane produce greater long-term insulin release, which is dependent on a

reduction inβ-arrestin recruitment and faster agonist dissociation rates. Such molecules elicit

glycemic benefits in mice without concomitant increases in signs of nausea, a common side

effect of GLP-1 therapies. Our study identifies a set of agents with specific GLP-1R trafficking

profiles and the potential for greater efficacy and tolerability as T2D treatments.
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M
any G protein-coupled receptors (GPCRs) undergo
agonist-mediated endocytosis1. Surprisingly, this pro-
cess does not always result in the termination of

intracellular signaling, with several receptors known to generate
responses from the endosomal compartment2–6. Control of
receptor trafficking might therefore be a useful strategy to enable
sustained signaling, with significant implications for drug
development7.
In this study, we have investigated the role of receptor traf-
ficking in glucagon-like peptide-1 receptor (GLP-1R) agonism, an
important treatment modality for type 2 diabetes (T2D) which
improves pancreatic beta cell function and insulin sensitivity8.
The GLP-1R is rapidly internalized when activated by its cognate
agonist9, but the effect of internalization and subsequent post-
endocytic trafficking on overall GLP-1 responses is not clear.
Sustained signaling by internalized GLP-1Rs has been reported,
but without increasing insulin release10. The latter study also
identified lysosomes as a major post-endocytic GLP-1R destina-
tion, raising the possibility that prolonged agonist exposure might
result in GLP-1R degradation. In contrast, a proportion of GLP-
1Rs is recycled back to the plasma membrane (PM)9, an
important resensitization mechanism11.
Here we develop a series of peptides closely related to the GLP-
1 homolog exendin-4, used clinically as exenatide12, but with
widely varying trafficking properties. We use these to establish a
robust relationship between GLP-1R trafficking and insulin
release in a manner not predicted by the standard pharmacolo-
gical potency testing for cyclic adenosine monophosphate
(cAMP), a primary second messenger coupling GLP-1R activa-
tion to insulin secretion13. We examine the role of receptor
binding kinetics andβ-arrestin-biased signaling in the observed
trafficking profiles, identifying a linked set of agonist character-
istics optimally suited for insulin secretion, not shared by GLP-1R
agonists in the current clinical use. Wefind thatβ-arrestin
recruitment to GLP-1Rs during sustained agonist exposure has
the opposite effect on insulin release to the known positive role of
β-arrestin-1 during acute GLP-1R stimulation in beta cells14. We
also uncover how the rate of receptor agonist dissociation within
the endosomal compartment predicts the rate of receptor recy-
cling, itself a key determinant of sustained insulin secretion.
Finally, we explore the therapeutic potential of these peptides
in a mouse model of T2D, uncovering a divergence between
agonist-specific insulin release and appetite reduction. Nausea is a
side effect which affects 30–50% of patients taking GLP-1R
agonists at clinically licensed doses15, with higher doses glyce-
mically more effective but consistently associated with unac-
ceptable tolerability16–19. By selectively augmenting insulin
release, modulation of GLP-1R trafficking may be a viable strat-
egy to achieve greater metabolic control in T2D without
increasing the rate of unwanted side effects, such as nausea.

Results
GLP-1R trafficking controls pharmacological insulin release.
Interaction between the surface regions of receptor transmem-
brane helices and the agonist N-terminus is critical for the acti-
vation of class B GPCRs, including the GLP-1R20. Based on this,
we synthesized a panel of exendin-4 analogs with single amino
acid substitutions close to the N-terminus, which we hypothe-
sized could modulate receptor trafficking and/or signaling (Sup-
plementary Fig.1a). Using the SNAP-tag system, in which the
GLP-1R N-terminus contains a small genetically encoded tag to
allow specific labeling of surface receptors, we measured the dose
responses for the agonist-induced cell surface loss of human GLP-
1R in CHO-K1 cells, identifying the analogs with different net
internalization efficacy than the reference compound exendin-4

(Supplementary Fig.1b). When these compounds were tested in
INS-1 832/3 beta cells21with a prolonged incubation to mimic
in vivo drug exposure, we found that compounds exhibiting
higher internalization also had reduced maximal insulin release
(Fig.1a, Supplementary Fig.1c). Several compounds with reduced
internalization exhibited improved insulinotropic efficacy vs.
exendin-4. To avoid identifying a species-specific effect, we also
used MIN6B1 beta cells22and found a similar relationship
between internalization and insulin release, albeit less marked
(Fig.1b, Supplementary Fig.1c). Notably, this effect was not
apparent with shorter incubations (Fig.1c, d). Furthermore, the
potential for this therapeutically desirable property was not sug-
gested from the measurement of acute cAMP responses in CHO-
GLP-1R cells, a standard in vitro metric for GLP-1R agonist
performance in drug development23, where the more insulino-
tropic compounds displayed reduced potency vs. exendin-4
(Supplementary Fig.1b, c).
One peptide with reduced internalization and improved
insulinotropism, exendin-phe1, and one with opposing charac-
teristics, exendin-asp3, were selected for further studies (Fig.1e,
f). The increased internalization of exendin-asp3 vs. exendin-4
was relatively small but reproducible. Additional dose response
and kinetic analyses indicated that the differences in insulin
release emerged only after several hours of incubation (Fig.1g–i).
Greater insulin release with exendin-phe1 was unlikely to result
from cross-reactivity with other incretin receptors, as it was
blocked with the GLP-1R orthosteric antagonist exendin(9-39)
(Supplementary Fig.2a). In accordance with its reduced capacity
for stimulating insulin release, exendin-asp3 failed to reduce
apoptosis following glucolipotoxicity24or endoplasmic reticulum
stress25, both involved in T2D pathogenesis. However, anti-
apoptotic responses to exendin-phe1 were no greater than for
unmodified exendin-4 (Supplementary Fig.2b, c).
Overall, thesefindings suggests that under pharmacologically
relevant conditions, GLP-1R agonists that induce less internaliza-
tion achieve greater maximal insulin release.

Endocytosis and post-endocytic sorting of GLP-1R. To better
characterize the agonist-related differences in GLP-1R trafficking,
we performed further experiments with SNAP-GLP-1R stably
expressed in CHO-K1 and MIN6B1 cells. Using diffusion
enhanced resonance energy transfer (DERET26), we observed
rapid loss of cell surface SNAP-GLP-1Rs when exposed to
exendin-4 and exendin-asp3, but much slower internalization
with exendin-phe1 (Supplementary Fig.3a, b). Similar results
were seen by theflow cytometric measurement of internalized
receptor reversibly labeled withfluorescent SNAP-tag probes
prior to stimulation, with residual surface receptor probe
removed before detection27, in MIN6B1 (Fig.2a, b) and CHO-K1
cells (Supplementary Fig.3c). Thefindings were corroborated by
confocal microscopy (Fig.2d and Supplementary Fig.3e).
In the latter assays, performed to measure internalization at
earlier time-points, the modestly greater internalization originally
seen with exendin-asp3 (Supplementary Fig.1b, performed with a
longer incubation of 90 min), was not replicated. An explanation
for this discrepancy was suggested by the differences in SNAP-
GLP-1R recycling, reduced with exendin-asp3 vs. exendin-4
(Fig.2c, Supplementary Fig.3d and3f, g), which might result in
progressively greater loss of cell surface receptors over time, despite
similar acute endocytosis rates. Recycling was in contrast rapid
with exendin-phe1. In order to monitor the intracellular
translocation of agonists, as well as GLP-1Rs, we usedfluorescently
labeled exendin-4, exendin-phe1, and exendin-asp3 conjugates,
withfluorescein isothiocyanate (FITC) at position K12, which we
previously found useful for labeling GLP-1R28. Potencies for all
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FITC-conjugates were within 1 log unit of the unmodified ligand
(Supplementary Fig.4a, b); exendin-phe1 was most affected by the
introduction of the FITC group. In keeping with the fast recycling
rate with exendin-phe1, immunofluorescence analysis showed
increased exendin-phe1-FITC accumulation in Rab11-positive
recycling endosomes29, compared to exendin-4-FITC and
exendin-asp3-FITC (Fig.2e). As FITCfluorescence is pH-
dependent, we analyzed the pH differences in the internalized
FITC-agonist environment by measuring theirfluorescence in cells
treated with or without bafilomycin, a vacuolar-type H+ATPase
which restores neutral endosomal pH30. The relative signal change
induced by bafilomycin for each ligand was used to determine its
local pH, using a pH calibration for each compound. We found
that internalized exendin-phe1-FITC was situated in the least, and
exendin-asp3-FITC in the most, acidic endosomes (Supplementary
Fig.4c-e), suggesting that each ligand may induce differential
endosomal GLP-1R sorting. This was further corroborated by
ultrastructural analysis of SNAP-GLP-1R subcellular distribution
by electron microscopy, which revealed greater receptor localiza-
tion to tubular recycling endosomes and PM following exendin-
phe1 vs. exendin-4 treatment, while the latter resulted in increased
localization to late endosomes and lysosomes (Fig.2f, g and
Supplementary Fig.5a).
With these differences in mind, we measured SNAP-GLP-1R
degradation in CHO-SNAP-GLP-1R and MIN6B1-SNAP-GLP-
1R cells by immunoblotting. After 4 and 16 h exposure to
exendin-4, significant degradation was noted in both cell types, as
indicated by disappearance of the band corresponding to full-
length SNAP-GLP-1R. Whilst no additional degradation was

observed with exendin-asp3, this was noticeably reduced with
exendin-phe1 (Fig.2h, Supplementary Fig.5c).
Finally, we determined the net surface GLP-1R downregulation
with prolonged agonist incubations by confocal microscopy and
flow cytometry. In MIN6B1-SNAP-GLP-1R (Fig.2i–k), wild-type
MIN6B1, and INS-1 832/3 cells (Supplementary Fig. 5d-h),
overnight treatment with exendin-phe1 resulted in the relative
preservation of surface GLP-1R vs. exendin-4, in keeping with their
acute trafficking differences. Loss of surface receptors was more
pronounced for exendin-asp3 than for exendin-4 in some, but not
all assays. In CHO-SNAP-GLP-1R cells, a small but reproducible
increase in surface downregulation potency was seen with exendin-
asp3, as measured by cell surface ELISA (Supplementary Fig.5b).
These studies indicate how agonist-specific endocytosis and

recycling influences the surface and total cellular GLP-1R over
prolonged exposure times. However, the relatively small differ-
ences with exendin-asp3 suggest that additional mechanisms
beyond receptor trafficking may be involved in the blunted
insulin secretory response with this compound.

Prolonged cAMP signaling and homologous desensitization.
Intuitively, reduced loss of surface GLP-1R with exendin-phe1
should permit greater access to extracellular ligand during con-
tinuous exposure, with fast recycling ensuring that the receptors are
maintained in a sensitized state. These conditions might facilitate
continual re-stimulation of GLP-1R to maintain the ongoing insulin
release, as suggested by the trajectory of insulin accumulation in
Fig. 1h. Accordingly, in INS-1 832/3 and MIN6B1 cells,
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accumulation of cAMP (with a low concentration of 3-isobutyl-1-
methylxanthine (IBMX) to prevent cAMP degradation) was greater
with exendin-phe1 than with exendin-4 and exendin-asp3 (Fig.3a,
b). In a further set of experiments, IBMX (at a higher dose) was
added only for thefinal 10 min out of the 16 h incubation for a
point estimate of cAMP synthesis rate; again, cAMP generation was
greatest with exendin-phe1, and least with exendin-asp3 (Fig.3c). In
MIN6B1 cells, cAMP production after extended treatment with
exendin-4 and exendin-asp3 was marginally reduced compared to
the vehicle (Fig.3d). This might reflect the extensive GLP-1R
degradation noted in Fig.2h, leading to a loss of GLP-1R

constitutive activity or capacity to respond to locally produced
GLP-131.Interestingly,whentheseexperimentswerewidenedto
include other test agonists, a similar pattern was observed to that of
chronic insulin secretion in Fig.1a; namely, maximal (1 µM agonist)
cAMP production increased as maximal internalization fell, but
reached a plateau beyond which further decrease in internalization
did not yield additional increase in cAMP efficacy. As weak agonists
tend to become partial agonists when receptor density is limited32,
this may indicate failure of the slowly internalizing compounds to
maximally exploit the residual surface receptors; accordingly, when
asupramaximaldose(1µM)ofexendin-4(tofullyactivate
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remaining surface receptors) wasaddedinadditiontoIBMXafter
prior incubation with each test agonist, a linear relationship between
internalization and cAMP response was restored (Fig.3e). We found
no evidence of downregulation in the overall cellular capacity to
generate cAMP, as responses to the direct adenylate cyclase activator
forskolin were unchanged after prolonged agonist stimulation
(Fig.3f, g). We also measured the response to rechallenge with GLP-
1afteragonistexposure,washout,andresensitization.Pretreatment
with all agonists resulted in a blunted cAMP response to GLP-1 in
INS-1 832/3 cells, this being least marked with exendin-phe1
(Fig.3h). Homologous desensitization was also reduced with
exendin-phe1 in CHO-GLP-1R cells, as measured by intracellular
Ca2+release (Fig.3i).
Thus, we found that agonists that preserve higher levels of
surface and total receptor, either by reduced internalization,
increased recycling, or both, allow responsiveness retention
during continuous or interrupted stimulation. This effect appears,
however, to be limited by concomitant reductions in the inherent
efficacy of ligand-bound receptors such that the peak efficacy
does not continue to increase throughout the full range of
internalization.

Role of GLP-1R biased signaling. We next investigated further
the agonist-specific factors that might explain the marked dif-
ferences in trafficking and secretion highlighted above. GPCR
endocytosis is in many cases dependent on the recruitment of
β-arrestins, which interact with clathrin adaptors to promote
internalization via clathrin-coated pits33. Of note, the role of
β-arrestins in GLP-1R trafficking is unclear, as loss ofβ-arrestin-1
does not affect GLP-1R internalization14,34;on the other hand,
enhancingβ-arrestin-2 action by the overexpression of G protein
receptor kinase 5 (GRK5) increases GLP-1R endocytosis35.
β-arrestins also mediate noncanonical signaling via ERK1/2 and
other kinases, which, for the GLP-1R, is linked to insulin secre-
tion and inhibition of beta cell apoptosis14,36. In this context, the
concept of biased agonism37has emerged, in which ligands can
selectively engage in different intracellular pathways, potentially
allowing specific cellular responses. We therefore measured
G protein-dependent cAMP generation andβ-arrestin-1 and -2
recruitment with exendin-4, exendin-phe1, and exendin-asp3 at
two time-points to avoid kinetic artefacts38, and calculated the
pathway bias byfitting the response data to a modified form of
the operational model of agonism39(Fig.4a–d). We found that
exendin-phe1 favored G protein signaling, whilst exendin-asp3
favoredβ-arrestin recruitment. To exclude any artifacts from an
irreversible interaction betweenβ-arrestin and receptor in the

PathHunter assay, we visualized GFP-taggedβ-arrestin-2 in
MIN6B1-SNAP-GLP-1R cells, showing that exendin-4 and
exendin-asp3, but not exendin-phe1, induce robust translocation
to SNAP-GLP-1R-positive PM and endosomes (Fig.4e). We
repeated bias analysis with the full panel of agonists forβ-
arrestin-2 (Supplementary Fig.1b and6a-c). As for internaliza-
tion, biased signaling was highly predictive of
maximal agonist-induced insulin release, with compounds
biased away fromβ-arrestin-2 recruitment the most effective
(Fig.4f).β-arrestin-1 maximal responses closely mirrored those
ofβ-arrestin-2 (Supplementary Fig.6d). Of note, exendin-phe1
acted as a competitive antagonist against the β-arrestin
response to GLP-1 itself, suggesting that it might reduce the
in vivoβ-arrestin recruitment by endogenous GLP-1 (Supple-
mentary Fig.6e, f).
Combined with our trafficking and insulin release results, these

data show a canonical role forβ-arrestin recruitment in promoting
GLP-1R endocytosis and desensitization. However, GLP-1R
internalization was previously found to be independent ofβ-
arrestin-114,34, and a positive role forβ-arrestin-1 in stimulating
insulin release has been reported14. We explored this further by
depleting cells of bothβ-arrestin isoforms to better represent the
loss of recruitment of bothβ-arrestins seen with exendin-phe1.
We found that prolonged exendin-4-induced insulin secretion was
increased in INS-1 832/3 and MIN6B1 cells after treatment with
small interfering RNA (siRNA) to silence bothβ-arrestins, and
also in human EndoC-βH140beta cells lentivirally transduced with
β-arrestin-1 andβ-arrestin-2 small hairpin RNA (shRNA)
(Fig.4g–i, Supplementary Fig.7a-e). While GLP-1R internaliza-
tion was reduced after dual arrestin siRNA in MIN6B1-SNAP-
GLP-1R cells (Supplementary Fig.7f,g), this effect was more
modest than agonist-related differences. To investigate whether
this partial effect was due to an incomplete knockdown, we
performed experiments in HEK293 cells with bothβ-arrestin
isoforms deleted by CRISPR-Cas941. Interestingly, we found that,
whilst exendin-4-induced SNAP-GLP-1R internalization was
delayed inβ-arrestin-less vs. wild-type HEK293 cells, extensive
endocytosis was still achieved with longer incubations (Supple-
mentary Fig.7h), with no effect on GLP-1R recycling. Never-
theless, cAMP signaling in response to exendin-4 was enhanced in
β-arrestin-less cells, as evidenced by the increased potency relative
to wild-type, as well as a tendency to increased efficacy over time
(Supplementary Fig.7i, j).
These observations suggest that during pharmacological GLP-
1R agonism, the net effect ofβ-arrestin recruitment is to reduce
prolonged insulin release. However, this may not be exclusively
through modulation of receptor trafficking.

Fig. 2GLP-1R agonist trafficking in MIN6B1-SNAP-GLP-1R cells.aSchematic for GLP-1R internalization and recycling measurements by FACS after labeling

with cleavable SNAP-Surface probe.bAgonist-induced GLP-1R internalization in MIN6B1-SNAP-GLP-1R cells,n=3, two-way randomized block ANOVA

with Dunnett’s test vs. exendin-4.cGLP-1R recycling in MIN6B1-SNAP-GLP-1R cells 30 min after an initial 15 min agonist pulse to induce internalization;

recycling measured in the presence of exendin(9-39) to block further endocytosis,n=5 (exendin-4) or 3 (exendin-phe1 and -asp3), one-way ANOVA with

Dunnett’s test vs. exendin-4.dConfocal images indicating GLP-1R internalization in MIN6B1-SNAP-GLP-1R cells, 30 min agonist incubation after SNAP-

Surface-488 labeling, representative image fromn=3 experiments; scale bars, 8μm.eImmunofluorescence showing increased co-localization of exendin-

phe1-FITC vs. exendin-4-FITC and exendin-asp3-FITC with Rab11-positive recycling endosomes after 60 min agonist exposure, representative image from

n=2 experiments; scale bars, 4μm. Individual red and green channels shown in Supplementary Fig.12.fRepresentative electron micrographs showing

subcellular localization of SNAP-GLP-1R (labeled with cleavable SNAP-Surface-biotin plus streptavidin-10 nm gold, arrows), 60 min agonist exposure; scale

bars, 0.1μm; larger area micrographs shown in Supplementary Fig.5a.gGold-particle quantification fromf;n=3 experiments, pairedt-tests. PM plasma

membrane, EE early endosome, MVB LM multivesicular body limiting membrane, MVB ILV multivesicular body intraluminal vesicle, Tub/RE tubular/

recycling endosome, LE late endosome.hImmunoblots showing SNAP-GLP-1R (~73 kDa) levels in MIN6B1-SNAP-GLP-1R cells after 4 and 16 h agonist

exposure, representative ofn=3 experiments. A smaller band possibly corresponding to deletion of GLP-1R C-terminal domain is detected under all

conditions analyzed.iConfocal images demonstrating agonist-induced surface GLP-1R downregulation in MIN6B1-SNAP-GLP-1R cells; surface receptor

labeled after 16 h agonist treatment; scale bar, 100μm.jQuantification of experiments fromi,five images analyzed per condition fromn=3 coverslips,

mean cellularfluorescence indicated, one-way ANOVA with Dunnett’s test vs. exendin-4.kAs forj, but quantified by FACS in separate experiments,

results normalized to vehicle control,n=4, one-way randomized block ANOVA with Dunnett’s test vs. exendin-4. Agonists applied at 100 nM. *p< 0.05,

***p< 0.001, by statistical test indicated above. Error bars indicate SEM
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Role of GLP-1R binding kinetics. The length of time that an
agonist remains bound to its receptor, or residence time, is an
important factor influencing the duration of drug action and a
suggested driver of sustained signaling from internalized recep-
tors7. Residence time is defined by the rate of dissociation from
the receptor (1/koff), so we used time-resolved Forster resonance
energy transfer (TR-FRET) to measure agonist-binding kinetics
in CHO-SNAP-GLP-1R cells. Here, FITC-conjugated agonists act
as FRET acceptors when bound to GLP-1Rs labeled with lan-
thanide (terbium) SNAP-tag probes42. We monitored the real-
time cell surface dissociation of exendin-4-FITC, exendin-phe1-
FITC, and exendin-asp3-FITC in the presence of exendin(9-39),
havingfirst inhibited endocytosis using a cocktail of metabolic
inhibitors9(Fig.5a, Supplementary Fig.8a, b). Exendin-phe1-
FITC dissociated the fastest (short residence time), and exendin-
asp3-FITC the slowest (long residence time). To exclude arti-
factual alterations by the FITC group, we performed kinetic-
binding experiments with unlabeled agonists, in competition with

exendin-4-FITC, and defined both association rate constants and
residence times43with consistent effects (Fig.5b–d).
We also analyzed whether the agonists would differ in their
propensity to remain bound to GLP-1R in endosomes. Exendin-
4-FITC and exendin-phe1-FITC co-localized with SNAP-GLP-1R
(Fig.5e), but to determine the persistence of agonist–receptor
complexes, we adapted our TR-FRET binding assay to include
reversible labeling using cleavable SNAP-biotin complexed to
streptavidin-terbium to label the surface GLP-1Rs and, after
internalization with different FITC-agonists, stripping residual
surface receptors of label to ensure that FRET was derived only
from internalized receptors (see Fig.5f for explanation). The
ratiometric FRET signal takes account of differences in the
number of internalized receptors, and is indicative of avidity of
binding. We observed that exendin-asp3 remained bound with
highest avidity and exendin-phe1, the least (Fig.5g). As agonist
dissociation within endosomes is a determinant of post-endocytic
targeting to recycling or degradative pathways44, these
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expressed relative to response without agonist pretreatment,n=4.fResponse to 10µM forskolin (FSK) in INS-1 832/3 cells pretreated with indicated

agonist for 16 h, 10 min stimulation plus 500µM IBMX,n=5.gAs forf, but with MIN6B1 cells,n=5.hHomologous desensitization in INS-1 832/3 cells

exposed to the indicated agonist for 24 h, washout, 1 h resensitization, and rechallenge ± GLP-1 100 nM,n=5, one-way randomized block ANOVA with

Dunnett’s test vs. exendin-4.iCytosolic Ca2+response to the indicated doses of GLP-1 in PathHunter CHO-GLP-1R cells exposed to 1µM agonist for 90

min before a 30 min resensitization period, expressed as peak fold change from baseline reading,n=5. *p< 0.05, **p< 0.01, ***p< 0.001 by statistical test

defined in the text. Error bars indicate SEM
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observations may explain the contrasting recycling patterns of
exendin-phe1 vs. exendin-asp3.
To explore through an alternative strategy whether GLP-1R
binding kinetics influence PM recycling and insulin secretion, we
utilized the GLP-1R allosteric modulator 4-(3-(benzyloxy)phe-
nyl)-2-(ethylsulfinyl)-6-(trifluoro-methyl)pyrimidine (BETP),
which alters the residence time of orthosteric GLP-1R agonists45.
We confirmed that exendin-4 residence time is increased by
BETP, without changes in the association rate (Fig.5h, i). In
CHO-SNAP-GLP-1R cells, BETP slowed GLP-1R recycling after
exendin-4 exposure, with minimal effect on internalization

(Fig.5j, k). In contrast to its known potentiating effect on insulin
secretion with the GLP-1 metabolite and weak agonist GLP-1(9-
36)NH2

46, BETP paradoxically reduced the exendin-4-induced
insulin secretion with prolonged incubations (Fig.5l). This did
not appear to be through changes to signal bias, as BETP at this
dose did not affect cAMP orβ-arrestin-2 recruitment responses
(Fig.5m, n). Therefore, via its effects on GLP-1R binding kinetics
and trafficking, BETP reduces the agonist responsiveness when
exposed for extended periods. This observation holds implica-
tions for the design and therapeutic use of positive GLP-1R
allosteric modulators.
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Overall, thesefindings show that GLP-1R recycling is influenced
by persistence of agonist binding within the endosomal compart-
ment, resulting in enhanced insulin-releasing properties of fast-
dissociating agonists which maintain an adequate population of cell
surface receptors over prolonged periods.

Exendin-phe1 outperforms other GLP-1R agonists. We next
compared the pharmacological characteristics and beta cell actions
of exendin-phe1 with those of other clinically approved GLP-1R
agonists, including Lixisenatide, Liraglutide, Semaglutide, and
Dulaglutide. In comparison to the marked differences between N-
terminally substituted exendin-4 agonist responses, differential
effects on binding kinetics,β-arrestin recruitment, internalization,
and recycling were relatively modest within these licensed com-
pounds, albeit statistically significant in some cases (Fig.6a-f). We

also performed principal component analysis38as a further way to
compare the overall agonist responses across several readouts.
Exendin-phe1 was clearly separated from other GLP-1R agonists
(Fig.6g), as expected from its distinct signaling and trafficking
responses. Furthermore, exendin-phe1 was the most efficacious
insulin secretagogue when tested in parallel with extended incu-
bations (Fig.6h). We noted that Semaglutide and Dulaglutide, for
which the residence times were shorter than other compounds and
also induced modestly increased recycling, were closest to ex-phe1
in this insulin release assay (albeit consistently less efficacious). By
contrast, Lixisenatide, which exhibited long residence times and
slow recycling, was the least effective.
Therefore, compared to other GLP-1R agonists, exendin-phe1
possesses advantageous pharmacological properties that max-
imizes insulin secretion.
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Exendin-phe1 responses in human islets. To gain insight into
whether the beta cell effects of exendin-phe1 might translate to
humans, we compared the responses of exendin-4 and exendin-
phe1 in intact human islets. With prolonged agonist treatment,
relative preservation of surface GLP-1Rs was detected with
exendin-phe1 (Fig.7a). Accordingly, exendin-phe1 induced less
homologous desensitization, as measured by cytosolic Ca2+and
cAMP increases (Fig.7b–f), and was a more powerful secreta-
gogue than exendin-4 during long incubations (Fig.7g). We note
that even during acute incubations, in the majority of matched
experiments, exendin-phe1 was more insulinotropic than exen-
din-4, but this trend did not reach statistical significance (Fig.7h).

GLP-1R trafficking is relevant in vivo. We next investigated the
therapeutic potential of exendin-phe1 in mice fed with a high fat
and high sucrose (HFHS) diet, an animal model of T2D. Wefirst
established that a single injection of exendin-phe1 led to greater
lowering of blood glucose over 8 h compared to exendin-4
(Supplementary Fig.9a, b). Intraperitoneal glucose tolerance tests
(IPGTTs) were then performed at 0, 4, and 8 h after 2.4 nmol
kg−1agonist administration, revealing a strikingly persistent anti-
hyperglycemic effect of exendin-phe1 vs. exendin-4, associated
with greater insulin release (Fig.8a–c). Importantly, there were
no pharmacokinetic differences between agonists that could
explain this differential effect (Fig.8d). As well as stimulating
insulin release, GLP-1R agonists promote satiety and reduce food
intake, leading to weight loss. Intriguingly, despite clear differ-
ences in beta cell effects, appetite suppression was similar for each
treatment (Fig.8e); however, pica (consumption of nonnutritive
materials), a rodent correlate of nausea47, was more frequently
observed with exendin-4 administration (Fig.8f, Supplementary
Fig.9c), as determined by behavioral testing48. None of the
treatments led to conditioned taste aversion (Supplementary
Fig.9d), as also reported elsewhere in GLP-1R agonists admi-
nistered peripherally in mice49. Key results were repeated at a
lower dose of 0.24 nmol kg−1, comparable to that of exenatide
when used clinically in humans after allometric scaling (Supple-
mentary Fig.9e-j). By extending the in vivo screening to other
panel agonists with IPGTTs performed in lean mice, we unveiled
an inverse relationship between glucose lowering and internalized
receptor (Supplementary Fig.9k, Fig.8g).
Therefore, we found that the enhanced insulinotropic effect of
exendin-phe1 in vitro is recapitulated in a mouse model of T2D,
suggesting that GLP-1R trafficking plays a role in determining the
responses to therapeutic GLP-1R agonists in vivo.

Chronic administration study. Finally, to determine whether
exendin-phe1 beta cell effects persist with chronic administration,
we administered agonists continuously to HFHS-fed mice for
2 weeks via subcutaneous minipumps, using a relatively low dose
of agonist (0.24 nmol kg−1day−1) to reduce the weight-
dependent effects. Fasting glucose reductions were apparent
with both treatment groups by the end of the study (Fig.9a).
However, when assessed by IPGTT, chronic exendin-4
treatment at this dose failed to exert significant effects on glu-
cose tolerance, whereas exendin-phe1 remained effective (Fig.9b,
c). Pharmacokinetic differences were again excluded (Fig.9d).
Cumulative food intake and body weight reduction with either of
the agonists were no different from vehicle (Fig.9e, f), consistent
with a divergence between beta cell and central effects of exendin-
phe1. Note that the minor degree of weight loss in all groups is
commonly seen with the implantation of osmotic minipumps due
to nonspecific stress50.
In view of the recent interest in GLP-1R agonism as a
nonalcoholic fatty liver disease treatment, we evaluated liver
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histology after chronic treatment, showing greater steatosis
resolution with exendin-phe1 (Fig.9g, Supplementary Fig.9h).
This interesting finding, occurring without weight loss, is
consistent with preclinical and clinical studies showing
weight-independent effects of GLP-1R agonism on liver steato-
sis51–53.
Therefore, metabolic improvements from acute and chronic
administration of exendin-phe1 exceeded those of exendin-4. The
pharmacology of this compound may be an effective approach to
improve therapeutic outcomes without loss of tolerability.

Discussion
In this study, we have identified how single amino acid sub-
stitutions to exendin-4 can dramatically enhance insulin secretion
via modulation of GLP-1R binding kinetics, biased signaling, and
trafficking. Findings from human islets and an in vivo T2D model

suggest that these compounds may have the potential to improve
T2D treatment. These effects were achieved under reduced acti-
vation of noncanonical signaling pathways including receptor
internalization andβ-arrestin recruitment, an initially surprising
observation as these have previously been linked to increased
GLP-1R responses when measured acutely10,14,36. However, our
study focuses specifically on pharmacological aspects of GLP-1R
agonism, with prolonged incubations deliberately chosen to
mimic in vivo drug exposure, and knockdown of bothβ-arrestin
isoforms to better approximate the response to exendin-phe1 and
related agonists. We propose that the effects of cumulative loss of
surface receptor with fast-internalizing, slow-recycling, lysosome-
targeting agonists, along with increases inβ-arrestin-induced
desensitization, become more apparent with time, eventually
overriding any positive effects associated with noncanonical sig-
naling. Ourfindings do not exclude a positive role for endosomal
signaling orβ-arrestin-1 recruitment in acute responses to

0 20 40 60

0

10

20

30

40

Time (min)

Gl
uc
os
e 
(
m
M)

**
******

0 20 40 60

0

10

20

30

40

Time (min)

Gl
uc
os
e 
(
m
M)

** * **

****** ***

0 20 40 60

0

10

20

30

40

Time (min)

Gl
uc
os
e 
(
m
M)

*********

* * NS

0

500

1000

1500

Gl
uc
os
e 
A
U
C

(
m
M.
mi
n)

*

***
NS

*

0 2 4 6 8

0

1

2

3

Time (h)

C
u
m
ul
ati
v
e

f
o
o
d i
nt
ak
e 
(
g)

0

1

2

3

Pl
as
m
a i
ns
uli
n

(
n
g/
ml
)

** ***

0

1

2

3

Pl
as
m
a i
ns
uli
n

(
n
g/
ml
)

NS **

0

1

2

3

Pl
as
m
a i
ns
uli
n

(
n
g/
ml
)

NS ***

Baseline 10 min post IP glucose

Vehicle ex4 ex-phe1

0 h

0 h 4 h 8 h

4 h 8 h

0.01

0.1

1

Timepoint

[
Ex
e
n
di
n]
 (
p
m
ol/
ml
) NS NS

0 50 100

0

500

1000

GLP-1R internalization
max (%)

A
U
C 
gl
uc
os
e

(
m
M.
mi
n)

ex-asp3

ex4

ex-phe1

0 h

4 h

8 h

0

2

4

6

Pi
c
a 
(
n
u
m
b
er
 
of

o
bs
er
v
ati
o
ns
)

*

ex
-p
he
1

Ve
hi
cl
e

ex
4

4 h 8 h

ex
-p
he
1

Ve
hi
cl
e

ex
4

ex
-p
he
1

Ve
hi
cl
e

ex
4

ex
-p
he
1

Ve
hi
cl
e

ex
4

R2 = 0.63, p = 0.04

ex
-p
he
1

Ve
hi
cl
e
ex
4

a b

c d

e f g

Fig. 8Antidiabetic effects of exendin-phe1 in vivo.aBlood glucose during IPGTT (2 mg kg−1glucose) performed in HFHS mice at the indicated time-points

after intraperitoneal (IP) injection of agonist (2.4 nmol kg−1),n=10/group except vehicle group at 4/8 h (n=9), two-way repeat measures ANOVA with

Tukey’s test, with significance vs. exendin-4 shown.bAUC determined froma, relative to baseline glucose att=0, the two-way ANOVA with Dunnett’s

test vs. 0 h.cPlasma insulin before and 10 min after IP administration of glucose (2 g kg−1) in HFHS mice, at indicated time-point after IP injection of

agonist (2.4 nmol kg−1),n=10/group except vehicle 0 h (n=8) and 4 h vehicle/exendin-4 (n=9), two-way repeat measures ANOVA with Sidak’s test.d

Plasma drug level at indicated time-points after IP injection of agonist (24 nmol kg−1),n=4 per group, two-way repeat measures ANOVA with Sidak’s test.

eCumulative food intake in fasted HFHS mice after IP injection of agonist (2.4 nmol kg−1),n=8/group.fObserved pica behavior in fasted lean mice

treated with IP agonist (2.4 nmol kg−1),n=8/group, Mann–Whitney test comparing exendin-4 vs. exendin-phe1. gRelationship between agonist-induced

GLP-1R internalization efficacy (Supplementary Fig.1) and glucose lowering during IPGTT (Supplementary Fig.10g), assessed as AUC relative to glucose at

t=0, relationship quantified by linear regression. *p< 0.05, **p< 0.01, ***p< 0.001, by statistical test indicated above. Error bars indicate SEM

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03941-2 ARTICLE

NATURE COMMUNICATIONS|(2018)9:1602 |DOI: 10.1038/s41467-018-03941-2|www.nature.com/naturecommunications 11

www.nature.com/naturecommunications
www.nature.com/naturecommunications


physiological GLP-1, but highlight how the kinetic context must
be taken into account when exploiting noncanonical pathways
during drug development. The relevance of this observation
extends to the wider family of GPCRs, with individual effects
almost certainly receptor-specific, as bothβ-arrestin-biased54and
G protein-biased55ligands have proved effective for individual
receptors in preclinical studies.
Our study reveals how agonist-related differences in GLP-1R
surface loss are predictive of prolonged signaling and secretory
responses. It was apparent, however, that agonists diverged both
in internalization and recycling capacity, both of which contribute
to the net changes to GLP-1R PM residence over time. We were
therefore not able to differentiate the relative contribution of each
to the overall insulinotropic response. Receptor endocytosis, an
intermediate step toward downregulation, is also necessary for
resensitization via dephosphorylation and recycling11,thus,
totally inhibiting endocytosis will likely result in reduced signal-
ing as surface receptors become desensitized viaβ-arrestin
recruitment. Indeed, previous reports indicate that GLP-1R sig-
naling is blunted when dynamin-dependent endocytosis is
inhibited chemically10or genetically56. Adapting these studies to
investigate how endocytosis inhibition impacts prolonged insulin
secretion is challenging due to the nonspecific effects of chemical
approaches57, as well as the role of dynamin in insulin granule
exocytosis58. Also, rapid desensitization of surface receptors that
are prevented from entering the endocytic pathway may be less
relevant with agonists such as exendin-phe1, for whichβ-arrestin
recruitment is markedly reduced. We provide evidence here for
the importance of recycling via our studies with BETP, which
reduced recycling without affecting acute signaling or endocy-
tosis, and accordingly reduced exendin-4-induced insulin secre-
tion. In the future, further insights into this question may be

gained by identification of additional proteins with specific roles
in GLP-1R sorting along the endocytic pathway as targets for
genetic manipulation. A caveat when interpreting our results is
that in many cases we treated cells with relatively high doses of
agonist in order to establish differences in maximal response.
Nevertheless, in vitro exendin-phe1-induced insulin release
exceeded that of exendin-4 in the low nanomolar range (Fig.1g),
suggesting that the mechanisms we unveiled are likely active at
doses corresponding to those in vivo59, and indeed were sup-
ported by our own in vivo results. Overall, the net effect of agonist
trafficking differences on surface and total receptor down-
regulation, however achieved, appears highly relevant to patterns
of insulin release.
We found here that agonist trafficking properties, as well as

insulin secretion, mirroredβ-arrestin recruitment propensity,
contrasting with some14,33(but not all34) previous work sug-
gesting thatβ-arrestins do not impact GLP-1R trafficking14,34,35,
as well as reports of coupling of GLP-1R to insulin secretion via
β-arrestin-114(although notβ-arrestin-260). The potential for
redundancy betweenβ-arrestin isoforms prompted us to inves-
tigate the effect of depleting bothβ-arrestins together. Suggesting
that variableβ-arrestin recruitment of our agonists may indeed
influence their capacity for pharmacological insulin secretion,
insulin release from dualβ-arrestin knockdown was consistently
increased. This was corroborated by a marked effect on cAMP
signaling inβ-arrestin-less HEK293 cells, which progressively
diverged with longer exendin-4 treatment, reminiscent of the
effect of exendin-phe1 on beta cell cAMP production. Interest-
ingly however, a more modest effect was seen on GLP-1R
endocytosis whenβ-arrestins were ablated, suggesting that the
role of desensitization byβ-arrestins supersedes their role in GLP-
1R trafficking. This is relevant to our studies with exendin-asp3,
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for which differences in loss of surface GLP-1R vs. exendin-4
were small; bias towardsβ-arrestin-induced desensitization is an
additional factor that could explain the reduced insulinotropic
efficacy of this compound.
Recently, a biased GLP-1R agonist with reducedβ-arrestin-1
recruitment was described as poorly insulinotropic in vivo61,
contrasting with our observations for exendin-phe1 and several
other analogs. The reasons for this disparity are not clear, but
methodological differences are likely as we specifically sought
evidence of beta cell desensitization by performing delayed
IPGTTs. Furthermore, while both our study and that of Zhang
et al.58identified bias betweenβ-arrestin and G protein signaling,
there are undoubtedly further intracellular signaling pathways
linking GLP-1R to insulin release which may differ but were not
measured in either study. Untargeted or semi-targeted approa-
ches, such as phospho-proteomic or kinomic analyses may be
required to highlight agonist-related differences in global signal-
ing networks, as for other GPCRs, such as the angiotensin II type
1 receptor62.
We did not elucidate the specific GLP-1R interactions made by
N-terminally modified exendin-4 analogs responsible for their
marked differences in signaling and trafficking. A large muta-
genesis study identified key residues in the GLP-1R surface region
which either interact with the ligand or assist with propagation of
occupancy to the cytosol20. The end of the ligand N-terminus,
most relevant to our biased analogs, was less well defined in the
homology model derived from this and other data. Further
reciprocal mutagenesis studies will be required to identify key
interactions responsible for the contrasting effects of exendin-
phe1, exendin-asp3 and other analogs, facilitating future design of
agonists with even greater selectivity. Major advances in the
understanding of the structure of class B GPCRs have recently
been made, including for the GLP-1R63,64. It is hoped these may
eventually allow identification of receptor conformations asso-
ciated with selective engagement of particular intracellular
effectors.
Despite efficacious beta cell effects of exendin-phe1 in vivo vs.

exendin-4, both peptides performed similarly for appetite sup-
pression, indicating that while exendin-phe1 matches the weight-
lowering properties of exendin-4, it exhibits additional selective
promotion of beta cell-mediated glycemic benefits. The
mechanisms responsible for this dichotomy remain to be estab-
lished. One possibility is that GLP-1R endocytosis is required for
agonist uptake by the brain via hypothalamic tanycytes, as
described for leptin65. As GLP-1R agonists mediate their appetite-
reducing effects within the central nervous system, the trafficking
phenotype of exendin-phe1 could result in reduced brain pene-
tration, mitigating against presumed advantageous effects on
neuronal GLP-1R desensitization. Notably, mice lacking GLP-1R
exhibit reduced brain uptake of fluorescently labeled
Liraglutide66.
The potential clinical relevance of thisfinding relates to the

dose-limiting effect of nausea with existing GLP-1R agonists.
Atotalof30–50% of patients taking this class of drug at
clinically licensed doses experience nausea15.Carefulanalyses
of trial withdrawal statistics suggest that nausea may in fact be
underrecorded, and is strongly associated with treatment
discontinuation67.Moreover,severalclinicalstudiesshowthat
glycemia improves when doses are increased but with unac-
ceptable rates of gastrointestinal adverse events16–18,sug-
gesting that maximum benefits from GLP-1R agonism are in
fact not realized with current treatments. In contrast, the
powerful beta cell action of exendin-phe1 provides a potential
means to avoid tolerability issues associated with high doses of
other agents, and might therefore be a novel therapeutic
option for T2D.

Methods
Peptides. Exendin-4, exendin(9-39), and GLP-1 (7–36)NH2were from Bachem;
Liraglutide, Lixisenatide, and Dulaglutide from Imperial College Healthcare NHS
Trust pharmacy; and custom peptides from Insight Biotechnology.

Cell culture and generation of stable cell lines. PathHunter CHO-GLP-1R
β-arrestin-1/-2 reporter cell lines (DiscoverX) were maintained in the manu-
facturer’s Culture Medium. INS-1 832/3 were maintained in RPMI-1640 at 11 mM
D-glucose, supplemented with 10% fetal bovine serum (FBS), 10 mM HEPES, 2 mM
L-glutamine, 1 mM pyruvate, 50 µMβ-mercaptoethanol, and 1% penicillin/strep-
tomycin21.MIN6B1 cells (a kind gift from Prof. Philippe Halban, University of
Geneva, Switzerland) were maintained in DMEM at 25 mMD-glucose supple-
mented with 15% FBS, 50 µMβ-mercaptoethanol, and 1% penicillin/streptomy-
cin22. Stable CHO-SNAP-GLP-1R and MIN6B1-SNAP-GLP-1R cells were
generated by transfecting pSNAP-GLP-1R (Cisbio) into wild-type CHO-K1
(ECACC) or MIN6B1, G418 (1 mg ml−1) selection, and single-cell sorting by
fluorescence-activated cell sorting (FACS) following SNAP-Surface-488 (New
England Biolabs) labeling. Wild-type (ECACC) andβ-arrestin-less HEK293 cells41

stably expressing SNAP-GLP-1R were generated by G418 selection and maintained
in DMEM at 25 mMD-glucose supplemented with 10% FBS and 1% penicillin/
streptomycin. Stable EndoC-βH1 shRNA cell sublines were generated by infection
of the parental EndoC-βH1 line40with lentiviral particles expressing shRNA
duplexes previously cloned into pLKO.3G (Addgene #14748). See Supplementary
Table1for shRNA target sequences. Lentiviruses were generated by co-transfection
of each shRNA construct with envelope plus packaging vectors (pMD2.G, Addgene
#12260 and psPAX2, Addgene #12259) and viral supernatants purified by ultra-
centrifugation onto 20% sucrose gradients. EndoC-βH1 sublines were maintained
in DMEM at 5 mMD-glucose supplemented with 2% BSA, 50 µMβ-mercap-
toethanol, 10 mM nicotinamide, 5.5μg ml−1transferrin, 6.7 ng ml−1sodium sele-
nite, and 1% penicillin/streptomycin40. Mycoplasma testing was performed yearly.

Human islet isolation and culture. Human islet studies were approved by the
National Research Ethics Committee London (REC 07/H0711/114). Islets were
obtained from normoglycemic donors, according to the local ethics rules (including
next-of-kin consent) and isolation techniques, and cultured in RPMI supplemented
with 5.5 mMD-glucose, 10% FCS, 100 U penicillin, 100μg streptomycin, and 0.25
μgμl−1fungizone (37 °C, 5% CO2)

28. Experiments were performed with randomly
allocated, size-matched islets. Donor characteristics and isolation center details are
indicated in Supplementary Table2.

cAMP assays. Cyclic AMP accumulation was determined by HTRF (cAMP
Dynamic 2, Cisbio). CHO-SNAP-GLP-1R were stimulated at 37 °C in serum-free
DMEM. For dose responses, a full GLP-1 curve was included to establish the assay
Emaxwith curvefitting to a four-parameterfit. INS-1 832/3 and MIN6B1 cells were
stimulated in serum-free media plus 3 mM glucose and IBMX as indicated, with
results expressed relative to time-point-specific IBMX-only baseline.

β-arrestin recruitment assay. PathHunter CHO-GLP-1Rβ-arrestin-1 and -2
reporter cell lines were used, following the manufacturer’s instructions; in short,
cells were stimulated in the manufacturer’s stimulation buffer for the indicated
time period at 37 °C, before addition of the chemiluminescent substrate and
luminescence read after a further 60 min incubation at room temperature. A full
GLP-1 dose response was included to establish the assayEmax.

Quantitation of bias. Bias between cAMP,β-arrestin-1, andβ-arrestin-2 responses
was determined using a modified operational model of agonism. Concentration
response data wasfitted with described equations39to derive transduction ratios
(τ/KA) for each agonist and pathway. Log (τ/KA) values were normalized by sub-
tracting log (τ/KA) for exendin-4 in each pathway, givingΔlog (τ/KA). To deter-
mine the bias between the two pathways,Δlog (τ/KA) values were subtracted,
yieldingΔΔlog (τ/KA). Statistical analysis was performed by determiningΔlog
(τ/KA) for each agonist and experiment, and propagating error from averageΔlog
(τ/KA) from several experiments to calculate 95% confidence intervals (CI); sta-
tistical significance was inferred if the 95% CI ofΔΔlog (τ/KA) estimate did not
cross zero.

Cell surface labeling plate reader trafficking. GLP-1R internalization and
recycling in CHO-SNAP-GLP-1R cells was measured by surface labeling with anti-
GLP-1R antibody or the SNAP-tag probe Lumi4-Tb (Cisbio). For antibody label-
ing, after treatments at 37 °C, cells were placed on ice to arrest further endocytosis
beforefixation, and the surface GLP-1R was detected by ELISA with monoclonal
anti-human GLP-1R antibody68(Mab 3F52, Developmental Studies Hybridoma
Bank (DSHB), 1/100) plus horseradish peroxidase (HRP)-conjugated rabbit
anti-mouse secondary (ab97046, Abcam, 1/5,000). 3,3′,5,5′- tetramethylbenzidine
(TMB) substrate was added and the absorbance was read at 450 nm after 1 M HCl
addition. For Lumi4-Tb, cells were labeled at 40 nM at 4 °C, followed by time-
resolved (TR)fluorescence measurement in a Molecular Devices i3x (excitation
335 nm, emission 620 nm). Residual surface expression was determined from
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peptide- vs. control-treated wells. Recycling was measured by comparing the
surface receptor immediately after internalization vs. a further period of recycling
with agonist washed off and replaced with 10μM exendin(9-39); and recycling
calculated as percentage recovery of surface GLP-1R in the recycling plate vs.
surface receptor loss in the internalization plate.

DERET assay. GLP-1R internalization in real-time26was measured in CHO-
SNAP-GLP-1R cells labeled with Lumi4-Tb and incubated with 24μMfluorescein
in HBSS. TRfluorescence was serially read with a Flexstation 3 (Molecular Devi-
ces), with 340 nm excitation, 520 nm (cut-off 495 nm) and 620 nm (cut-off 570 nm)
emission, 400μs delay and 1500μs integration time. To prevent endocytosis,
metabolic inhibitors (10 mM NaN3, 20 mM 2-deoxyglucose)

9were added 20 min
before labeling completion and maintained throughout the experiment when
indicated. Surface receptor loss was calculated from 620 nm over 520 nm signals.

Surface dissociation kinetics. Binding of FITC-agonist to SNAP-GLP-1R was
measured in real-time by TR-FRET42. CHO-SNAP-GLP-1R cells were labeled with
Lumi4-Tb plus metabolic inhibitors as above. FITC-agonists were added for the
last 30 min. Agonist dissociation was monitored immediately after washing in 10
μM exendin(9-39) by TR-FRET at 37 °C, with 50μs delay and 300μs integration
time, and binding quantified as 520 nm over 620 nm signal after nonspecific
binding subtraction with excess (10μM) unlabeled agonist. To calculate dissocia-
tion kinetics, a one-phase exponential decay function wasfitted to specific binding
data.

Competitive association kinetics. TR-FRET was monitored on simultaneous
addition of four or more concentrations of unlabeled agonist plus 10 nM exendin-
4-FITC to CHO-SNAP-GLP-1R cells labeled with Lumi4-Tb and pre-incubated
with metabolic inhibitors. Association and dissociation rate constants were
calculated using the kinetics of competitive binding algorithm in GraphPad
Prism43. Residence time=1/koff;Kd=koff/kon.

Endosomal binding. CHO-SNAP-GLP-1R cells were labeled with 5 µM
BG-SS-biotin, a cleavable SNAP-Surface probe containing a disulfide bond between
O6-benzylguanine and biotin moieties (a gift from New England Biolabs) plus
streptavidin-terbium cryptate (Cisbio, 0.24 µg ml−1active moiety). FITC-agonist
was added for 30 min at 37 °C to induce internalization, then removed and washed
with cold HBSS to arrest further endocytosis, and cells treated with 500 mM ice-
cold sodium 2-sulfanylethanesulfonate (MesNa), a membrane-impermeable redu-
cing agent, in alkaline TNE buffer (100 mM NaCl, 50 mM Tris-HCl, pH 8.6) to
cleave BG-SS-biotin specifically from cell surface receptors. Exendin(9-39) was
then added to block further surface receptor binding. FRET between FITC-agonist
and terbium-labeled internalized SNAP-GLP-1R was measured as above.

Endosomal pH investigation. The effect of pH on FITC-agonistfluorescence was
determined asfluorescence intensities [485 nm excitation, 520 nm emission (cut-off
495 nm)] of agonist solutions at specific pHs and datafitted using linear regression.
CHO-SNAP-GLP-1R cells were pretreated ± 100 nM bafilomycin to generate
neutral endosomal pH30and exposed to 100 nM FITC-agonists for 30 min at 37 °C
to induce internalization. After washing, internalized agonistfluorescence was
measured over 60 min. Average pH of endosomal compartments was estimated
using the relative signal change ± bafilomycin (bafilomycin assumed to achieve a
pH of 7.4) in conjunction with pH calibration for each FITC-agonist.

Immunofluorescence and confocal microscopy. Cells were labeled at 37 °C with
1μM SNAP-Surface 488 in HEPES-bicarbonate buffer (120 mM NaCl, 4.8 mM
KCl, 24 mM NaHCO3, 0.5 mM Na2HPO4, 5 mM HEPES, 2.5 mM CaCl2, and 1.2
mM MgCl2, saturated with 95% O2/5% CO2, pH 7.4) plus 3 mM glucose and 1%
BSA, stimulated with agonists at 11 mM glucose for the indicated times,fixed and
processed for immunofluorescence with mouse anti-Rab11 (610657, BD Bios-
ciences, 1/20) or anti-rodent GLP-1R monoclonal antibody (Mab 7F38, DSHB, 2
μgμl−1) plus Alexa Fluor 546 secondary (Life Technologies, 1/200), mounted in
Prolong Diamond antifade reagent with 4,6-diamidino-2-phenylindole (Life
Technologies) and imaged with a Zeiss LSM-780 inverted confocal laser-scanning
microscope in a×63/1.4 numerical aperture oil-immersion objective and analyzed
in Image J. Surface GLP-1R downregulation was measured from images taken with
fixed microscope settings throughout the experiment using a×20 objective. Mean
intensities were quantified from several images per treatment following thresh-
olding to cell-occupied areas.

Human islet histology. Human islets were incubated overnight in medium plus
11 mM glucose ± 100 nM agonist prior to transfer to 4 °C to arrest endocytosis and
labeling with 1μM exendin-FITC, PFAfixation, 70% ethanol dehydration and
suspension in 4% agarose small plugs. Once set, plugs were dehydrated through a
serial ethanol gradient and HistoChoice (Sigma) before paraffin embedding with
the Histoembedder station (Leica) and cutting to 1 µm sections with a Leica Jung
RM2035 microtome.

Sections were dewaxed and stained with a rabbit polyclonal anti-FITC (711900,
Thermo Fisher Scientific, 1/100) plus secondary Alexa Fluor 488 antibody (Life
Technologies, 1/200), and guinea pig anti-human insulin (A0564, Dako, 1/1000)
plus secondary Alexa Fluor 546 antibody (Life Technologies, 1/1000) prior to
confocal imaging as above.

FACS trafficking. MIN6B1-SNAP-GLP-1R or CHO-SNAP-GLP-1R cells were
pre-incubated in HEPES-bicarbonate buffer plus 3 mM glucose and 1% BSA before
labeling at 37 °C with 1μM cleavable BG-SS-488 SNAP-Surface probe (a gift from
New England Biolabs) and stimulation with 100 nM agonist in HEPES-bicarbonate
buffer plus 11 mM glucose and 1% BSA, and trafficking assays performed as fol-
lows27: Briefly, for receptor internalization, cells were placed at 4 °C to arrest
endocytosis following incubation at 37 °C for the indicated times, or directly put at
4 °C for 0 min time-point, and treated with ice-cold alkaline TNE buffer ± 100 mM
MesNa to strip surface-exposed label (plus MesNa) or to measure total labeled
receptor (minus MesNa). For recycling, cells were incubated with agonists at 37 °C
for 15 min, followed by endocytosis arrest at 4 °C, surface label removal as above,
30 min incubation at 37 °C with 10μM exendin(9-39) to prevent further inter-
nalization, and a second round of surface label removal at 4 °C.
For surface downregulation, labeling was performed with SNAP-Surface-488 in

MIN6B1-SNAP-GLP-1R cells beforefixation, or with anti-rodent GLP-1R (2μg
μl−1) infixed MIN6B1 and INS-1 832/3 cells plus FITC-conjugated anti-mouse
secondary (F0257, Sigma, 1/200).
Cells were resuspended in ice-cold PBS plus 0.1% BSA and processed using a

BD LSR IIflow cytometer (10,000 cells/sample) for receptor trafficking, or BD
LSRFortessa X-20 for surface downregulation. The data was analyzed with FlowJo:
medianfluorescence emission at 525 nm from living, single cells was measured. For
MIN6B1-SNAP-GLP-1R, highly auto-fluorescent cells were excluded by dual 525
and 585 nmfluorescence measurement.
The percentage of internalized receptor was calculated as follows:
Equation (1)

FþMe txðÞ=FMe txðÞð Þ FþMe t0ðÞ=FMe t0ðÞð Þ

1 FþMe t0ðÞ=FMe t0ðÞð Þ
1́00;

whereF+Me(t) andF−Me(t) are medianfluorescence ± MesNa at timetx(15, 30, or
60 min) ort0(0 min). The percentage of recycled receptor was calculated by
subtracting residual medianfluorescence following the recycling protocol from that
measured att=15 min, and normalizing to the percentage of internalized receptor
at the samet=15 min time-point.

Degradation assay. Cells were treated in serum-free medium plus 11 mM glucose
± agonist (100 nM) before lysis (20 mM Tris base, 150 mM NaCl, 1 mM EDTA, 1
mM EGTA, 0.5% Triton X-100 plus complete mini EDTA-free protease inhibitor
(Roche)), addition of urea sample buffer (100 mM Tris-HCl pH 6.8, 2.5% SDS, 4 M
urea, 100 mM DTT, 0.05% bromophenol blue), 10 min incubation at 37 °C and
immunoblotting.

Electron microscopy. MIN6B1-SNAP-GLP-1R cells cultured on Thermanox
coverslips (Agar Scientific) were labeled with 2μM cleavable SNAP-Surface biotin
probe in HEPES-bicarbonate buffer plus 3 mM glucose and 1% BSA, followed by
incubation with 5μg ml−1NaN3-free Alexa Fluor 488 Streptavidin, 10 nm colloidal
gold conjugate (Molecular Probes) and stimulation with 100 nM agonist in buffer
plus 11 mM glucose. Conventional EM was performed as described69. Briefly, cells
werefixed, processed, mounted on Epon stubs, polymerized at 60 °C, and 70 nm
sections cut en face with a diamond knife (DiATOME) in a Leica Ultracut UCT
ultramicrotome before examination on an FEI Tecnai G2-Spirit TEM. Images were
acquired in a charge-coupled device camera (Eagle), and gold particles quantified
in at leastfive cells per experiment using Image J.

Insulin secretion assays. Cells were pre-incubated overnight in 3 mM glucose
medium. For INS-1 832/3, agonists were added in HBSS (acute incubations) or
complete medium (prolonged incubations), at 11 mM glucose, at the time of
seeding into plates. MIN6B1 were treated as INS-1 832/3 but in Krebs-HEPES-
bicarbonate (KHB) buffer (140 mM NaCl, 3.6 mM KCl, 1.5 mM CaCl2, 0.5 mM
MgSO4, 0.5 mM NaH2PO4, 2 mM NaHCO3, 10 mM HEPES, and 1% BSA; satu-
rated with 95% O2/5% CO2; pH 7.4). EndoC-βH1 sublines were treated as INS-1
832/3.
For human islets, acute incubations were performed in KHB buffer at the

indicated concentration of glucose ± agonist28. Overnight incubations were
performed in complete RPMI plus 11 mM glucose ± 100 nM agonist. Samples were
obtained for secreted and, where indicated, total insulin, and analyzed by HTRF
(Cisbio). Percentage of release was calculated, and agonist-stimulated results
expressed relative to 11 mM glucose alone as insulin stimulation index.

Caspase and TUNEL assays. INS-1 832/3 cells were exposed overnight to thap-
sigargin (1μM) in serum-free RPMI plus 11 mM glucose. Apoptosis was
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determined using Caspase Glo 3/7 (Promega). Signal was expressed relative to
thapsigargin-only wells.
MIN6B1 cells were incubated overnight with serum-free media plus 25 mM

glucose and 0.5 mM palmitate/BSA ± 100 nM agonists,fixed, processed with the In
Situ Cell Death Detection Kit, TMR red (Roche), and imaged as above. Five images
were taken in random areas and a minimum of 500 cells counted per experiment.

Calcium assay in CHO-GLP-1R cells. PathHunter GLP-1R cells were loaded with
calcium dye (Calcium 6, Molecular Devices) in HBSS plus 20 mM HEPES and 2.5
mM probenecid ± 1μM agonist for 90 min at 37 °C. Agonist was washed and fresh
dye added for 30 min. Fluorescence before and after robotic addition of GLP-1 was
serially read using a Flexstation 3 with 485 nm excitation, 525 nm emission (cut-off
515 nm), and expressed relative to average baseline to establish fold change, with
GLP-1 concentration response data analyzed by four-parameterfit.

Human islet calcium imaging. Ca2+imaging was performed as described29.
Briefly, islets were incubated for 1 h with Fluo-2 (10 µM) in HEPES-bicarbonate
buffer plus 11 mM glucose. For homologous desensitization, islets were pre-
incubated overnight with 100 nM agonist. Fluorescent signals were normalized
usingF/FbaselinewhereFisfluorescence at a given time-point andFbaselineis average
fluorescence between 2 and 4 min.

RNA interference. siRNA transfections were performed with Lipofectamine 2000
for 72 h. Sequences for MIN6B1 were ON-TARGET plus Non-targeting Control
Pool and ON-TARGET plus Mouse Arrb1 and Arrb2 SMARTpools (Dharmacon).
For INS-1 832/3, Silencer Select siRNA (Thermo Fisher Scientific) targeting rat
Arrb1 (ID: 129662) and Arrb2 (ID: 129665), or negative control siRNA, were used.
See Supplementary Table1for siRNA target sequences.

Quantitative PCR. Knockdown efficiency was determined by qRT-PCR using
standard methodologies. For INS-1 832/3, Rn01648673_m1 (Arrb1) and
Rn01456874_g1 (Arrb2) Taqman probes were used, with 18S as endogenous
control. For MIN6B1, SYBR Green primers were designed using PerlPrimer. See
Supplementary Table3for qRT-PCR primer sequences.

SDS–PAGE and western blotting. Samples were fractioned by SDS–PAGE on 8%
gels under reducing conditions, immunoblotted onto nitrocellulose membranes
(GE Healthcare) and bands detected by enhanced chemiluminescence (GE
Healthcare) ontofilms developed on a Xograph Compact X5 processor.
Antibodies were primaries rabbit anti-β-arrestin-1/2 (D24H9, Cell Signaling,

1/1000), rabbit anti-SNAP tag (New England Biolabs, 1/500), mouse anti-α-tubulin
(T5168, Sigma, 1/1000), rabbit anti-β-actin (4970, Cell Signaling, 1/1000), and
mouse anti-GAPDH (6C5, Merck, 1/10,000); and IgG-HRP secondaries (Santa
Cruz Biotechnology).

Animal studies. All animal procedures were approved by the British Home Office
under the UK Animal (Scientific Procedures) Act 1986 (Project Licence 70/7596).
Male C57BL/6 J mice (8–10 weeks, Charles River) were maintained at 21–23 °C and
light-dark cycles (12:12 h schedule, lights on at 07:00). Ad libitum access to water
and normal chow (RM1, Special Diet Services) or a HFHS diabetogenic diet (AIN-
76A, TestDiet) was provided unless otherwise stated. HFHS animals were initially
group housed (5 per cage) for >4 months before transfer to single cages. Treat-
ments were randomly allocated according to body weight. Group sizes of 8–10 were
deemed adequate to detect treatment-related differences as per initial dose-finding
glycaemia. During experiments, one researcher was aware of treatment allocation
but others were blinded. No animals were excluded from the analysis.

Dose-finding glycaemia study. HFHS mice were fasted for 2 h before IP injection
of 50μl agonist or vehicle (0.9% NaCl). Blood samples were obtained at indicated
time-points, and glucose measured using a Contour glucose meter (Bayer).

Intraperitoneal glucose tolerance tests. Mice were fasted overnight (HFHS
mice) or the morning of the procedure (lean mice). Agonist was administered by IP
injection, andD-glucose (2 g kg−1) injected IP immediately, 4 or 8 h afterwards.
Tail vein samples were obtained for immediate glucose measurement as above, or
into lithium heparin-coated microvette tubes for plasma insulin measurement
using a mouse insulin-specific HTRF (Cisbio).

Pharmacokinetic study. Plasma agonist concentration after a single IP injection
(24 nmol kg−1) was measured with an exendin-4 C-terminus-specific ELISA
(Phoenix Pharmaceuticals), a peptide region that does not differ between agonists,
hence equally detecting exendin-4 and exendin-phe1 (confirmed by analysis of
known concentrations of each agonist).

Acute food intake study. Mice were fasted overnight and access to their
normal diet was returned after IP agonist injection with weight monitoring of food
intake.

Behavioral satiety study. Lean mice were fasted overnight before IP agonist
injection. Observers were blinded to treatment allocation. A 30 min after agonist
injection, diet was returned. Behavior of each mouse was observed for 5 s every 3
min for 60 min. Behaviors were classified as feeding, drinking, pica (consumption
of nonnutritive material), activity (locomotor, rearing, grooming), or stationary.
Number of observations of each behavior per mouse was recorded.

Conditioned taste aversion study. Lean mice were trained to consume their daily
water requirements over 1 h, then given access to saccharin-sweetened Kool-Aid,
followed immediately by IP injection of a potentially aversive stimulus (vehicle,
agonist, or LiCl 0.15 M in a volume equivalent to 2% body weight as positive
control). After 24 h recovery, mice were given a free choice of water or Kool-Aid.
Taste preference was calculated as Kool-Aid/totalfluid consumed.

Chronic administration study. Subcutaneous osmotic minipumps (ALZET
model 2004, Charles River)filled with agonist or vehicle (0.9% NaCl) to ensure
delivery of a weight-adjusted dose of 0.24 nmol kg−1day−1were inserted under
gas anesthesia. Mice and diet were weighed 1 day post-surgery and body and
food weight measured at indicated intervals. IPGTTs were performed on day 14
and mice sacrificed by decapitation during fasting. As the exendin-4 ELISA
above was not sensitive enough to detectcirculating drug levels at this dose, a
separate cohort of lean animals received 2.4 nmol−1kg−1day−1agonist via
osmotic minimpump and, with samples taken after 16 days and exendin-4 levels
analyzed as above.

Liver histology. Liver tissue was PFA-fixed and dehydrated in 70% ethanol.
Heaematoxylin- and eosin-stained sections were scored by a histopathologist
blinded to treatment allocation using the Nonalcoholic Activity Score70with fat
scored 0–3, ballooning 0–2, and lobular inflammation 0–2.

Statistical testing. GraphPad Prism 6.0 was used for all analyses. Curvefitting and
bias calculation were performed as described above in the relevant Methods sec-
tion. For in vitro experiments, intra-experimental replicate mean was treated as a
single replicate. ANOVAs or two-tailedt-tests were performed throughout, with
data visually confirmed as approximately normally distributed. Dunnett’s post-hoc
tests were performed for specifically comparing agonist responses with exendin-4,
and Tukey’s for differences between all groups. Other post-hoc tests are indicated
in thefigure legends.

Data availability. Data supporting thefindings of this manuscript are available
from the corresponding authors upon reasonable request. Non-normalized data
sets from selected results are shown in Supplementary Fig.10. Full scans of blots
presented in cropped form in the manuscript are shown in Supplementary Fig.11.
Individual red and green channels of RBG images from the mainfigures are shown
in Supplementary Fig.12.
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