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ABSTRACT 

GPR101 is an orphan G protein-coupled receptor that promotes growth hormone secretion in the 

pituitary. The microduplication of the GPR101 gene has been linked with the X-linked acrogigantism, 

or X-LAG, syndrome. This disease is characterized by excessive growth hormone secretion and 

abnormal rapid growth beginning early in life. Mechanistically, GPR101 induces growth hormone 

secretion through constitutive activation of multiple heterotrimeric G proteins. However, the full 

scope of GPR101 signaling remains largely elusive. Herein, we investigated the association of 

GPR101 to multiple transducers and uncovered an important basal interaction with Arrestin 2 (β-

arrestin 1) and Arrestin 3 (β-arrestin 2). By using a GPR101 mutant lacking the C-terminus and cell 

lines with an Arrestin 2/3 null background, we show that the arrestin association leads to 

constitutive clathrin- and dynamin-mediated GPR101 internalization. To further highlight GPR101 

intracellular fate, we assessed the colocalization of GPR101 with Rab protein markers. Internalized 

GPR101 was mainly colocalized with the early endosome markers, Rab5 and EEA-1, and to a lesser 

degree with the late endosome marker Rab7. However, GPR101 was not colocalized with the 

recycling endosome marker Rab11. These findings show that the basal arrestin recruitment by 

GPR101 C-terminal tail drives the receptor constitutive clathrin-mediated internalization. 

 

Abbreviations: AC, Adenylate cyclase; AF488, Alexa Fluor 488; AKAP, A-kinase anchor protein; Ala, Alanine; AP-

2, β2 adaptin subunit of adaptor protein-2; AVP, Vasopressin; β2AR, β2-adrenoceptor; cAMP, Cyclic adenosine 

monophosphate; CCF, Cross-correlation factor; CHX, Cycloheximide; Co-IP, Co-immunoprecipitation; 

CRISPR/Cas 9, Clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9; DAG, 

Diacylglycerol; EEA-1, Early endosome antigen-1; ER, Endoplasmic reticulum; FEME, Fast endophilin-mediated 

endocytosis; FLuc, Firefly luciferase; GEF, Guanine nucleotide exchange; GFP, Green fluorescent protein; GH, 

Growth hormone; GPCR, G protein-coupled receptor; GRKs, GPCR kinases; HA, Hemagglutinin; HEK293, 

Human embryonic kidney 293; ICL, Intracellular loop; IP3, Inositol triphosphate; ISO, Isoproterenol; LgBiT, 

Large subunit of the nanoluciferase enzyme; NLuc, Nanoluciferase; PKA, Protein kinase A; PKC, Protein kinase 

C; Ser, Serine; Thr, Threonine; V1aR, Vasopressin 1a receptor; V1P1R, Vasoactive intestinal peptide 1 receptor; 

V2R, Vasopressin 2 receptor; WB, Western blot; WGA, Wheat germ agglutinin; WT, Wild-type; X-LAG, X-linked 

acrogigantism. 
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Intracellularly, GPR101 concentrates in the endosomal compartment and is degraded through the 

lysosomal pathway. In conclusion, we uncovered a constitutive intracellular trafficking of GPR101 

that potentially represents an important layer of regulation of its signaling and function. 

1. Introduction 

GPR101 is a G protein-coupled receptor (GPCR) that has no known validated endogenous ligand and 

is thus considered orphan[1], [2]. GPCRs constitute the largest family of membrane proteins (350 

members, excluding the 500 olfactory receptors) and are implicated in virtually all physiological 

processes. GPCRs attract a lot of interest due to their impressive track record as drug targets. Indeed, 

as much as 30 % of our therapeutic arsenal targets one of them directly[3]. However, many members 

of the family are understudied and have an elusive function and more than 100 of them are still 

orphan[4]. Thus, the elucidation of GPCR signaling and function as well as the discovery of their 

ligand is highly relevant in health and diseases. 

On the cell surface, GPCRs act as information hubs across the membrane. Their activation by 

extracellular ligands trigger signaling pathway and a cellular response to changing environment. 

Most of them share a common activation scheme where different conformations spontaneously 

adopted by the receptors are stabilized and enriched by ligands. Active conformations bind to 

heterotrimeric G proteins composed of a Gα and a Gβγ subunits that exchange their Gα bound GDP for 

a GTP and dissociate to propagate the signal[5]. Various pathways can be activated depending on 

the nature of the Gα subunits: Gi/o and Gs modulate negatively and positively adenylate cyclase (AC) 

and cyclic adenosine monophosphate (cAMP) levels, Gq/11 leads to the release of diacylglycerol (DAG) 

and inositol triphosphate (IP3) that results in [Ca2+]i release from internal stores while G12/13 notably 

drives RhoA activation through the binding and stimulation of Rho-guanine nucleotide exchange 

(GEF) factors[6]. 

Active ligand-receptor complexes can be phosphorylated, on the intracellular loop (ICL) 3 and the C-

terminal tail, principally by GPCR kinases (GRKs), protein kinase A (PKA) and protein kinase C (PKC), 

triggering arrestin recruitment[7]. These scaffolding proteins desensitize the receptor by blocking G 

protein coupling and promote the internalization of the receptor[8]. Four arrestins have been 

described, Arrestin 1 and 4 that are only found in retinal tissues and Arrestin 2 and 3 (also known as 

β-Arrestin 1 and 2, respectively) that have an ubiquitous expression[9]. Besides their role in 

desensitization and internalization, arrestins also contribute to downstream GPCR signaling, 

although G proteins are required to initiate arrestin-mediated signaling[10], [11], [12], [13]. The most 

well characterized mechanism for arrestin-triggered internalization involves the recruitment to 

clathrin-coated pits through interactions with the β2 adaptin subunit of adaptor protein-2 (AP-

2)[14]. A simplified classification proposes that two main types of GPCRs exist regarding their 

interactions with arrestins. Class A [β2 adrenergic receptor (β2AR), vasopressin 1a receptor (V1aR), 

…] transiently interact with arrestins and are rapidly recycled back to the membrane while class B 

[Vasopressin V2 receptor (V2R), Prostaglandin EP4 receptor, vasoactive intestinal peptide 1 receptor 

(V1P1R), …] form more stable complexes and display a slow recycling profile or are degraded[15], 
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[16]. In addition to their different intracellular fate, class A have greater affinity for Arrestin 3 over 

Arrestin 2 while class B display a more balanced affinity profile between the two non-visual 

arrestins[15]. Beside these well-established processes, various reports have demonstrated that 

GPCRs can also be internalized through clathrin-coated pits in an arrestin-independent manner[17], 

[18], [19]. In addition, the use of non-coated vesicles in an arrestin-dependent or independent 

manner has been described[20]. These alternative clathrin-independent internalization 

mechanisms rely for example on the formation of caveolae[21], [22], [23], [24] or the newly described 

fast endophilin-mediated endocytosis (FEME) pathway[25]. Once internalized, the receptor is 

typically sorted to different endocytic compartments, that can be delineated with the small GTPases 

Rab[26]. Rab5 plays important roles in directing GPCRs from the plasma membrane to the 

intracellular compartment and are typically used as markers for early endosomes. Rab7 participates 

to the formation of late endosomes (or lysosomes) that are part of the receptor degradation 

pathway, while Rab11 and Rab4 are markers for the slow and fast recycling pathway, 

respectively[27]. 

GPR101 is predominantly expressed in the brain, notably in the hypothalamus, but also in other 

tissues such as the pituitary[28], [29]. In 2014, a microduplication of the locus (Xq26.3) containing 

the GPR101 gene was shown to be associated with the X-linked acrogigantism (X-LAG) syndrome[30], 

[31]. This aggressive disease is characterized by infant-onset growth hormone (GH) hypersecretion, 

pituitary hyperplasia and tumorigenesis[32]. Recently, we provided seminal insights into the 

GPR101 signaling by showing that it is coupled to three families of G proteins, namely Gs, Gq/11 and 

G12/13. Furthermore, we showed that in somatotropes, the specialized pituitary GH-secreting cells, 

GPR101 drives GH secretion through the constitutive activation of both Gs and Gq/11 and plays a 

relevant role in the control of growth in health and disease[29]. Interestingly, these pro-secreting 

effects are observed with no GPR101-mediated effects on cell proliferation, although it is a 

traditional hallmark of Gs overactivation in somatotropes, suggesting a compartmentalized 

signaling. Notwithstanding, the functions of GPR101 seem to be linked to its high level of constitutive 

activity, which is the capacity for a GPCR to signal in the absence of ligands[28], [29]. 

Given its high potential as an innovative drug target and its established role in GH secretion, we 

sought to gain additional insight into GPR101 primary coupling and how it impacts its cellular 

location and trafficking. 

In the present study, we identified through different pharmacological assays that GPR101 recruits 

both Arrestin 2 and 3 in a constitutive manner. We performed antibody feeding experiments and 

imaging to show that GPR101 is constitutively internalized. Furthermore, by using Arrestin 2/3-

depleted cells and GPR101 mutants devoid of arrestin recruitment capabilities, we evidenced that 

this internalization is the result of the basal arrestin binding to the receptor. Post-endocytic sorting 

analysis revealed that GPR101 is mainly directed through the clathrin pathway to degradation. 
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2. Materials and methods 

2.1. REAGENTS 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated. The 

following commercially available antibodies were used for several applications: anti-FLAG clone M2 

(mouse, Cat. No F3165) from Sigma-Aldrich (St. Louis, MO, USA), anti-HA tag (rabbit, Cat. No 3724), 

Anti-HSP90 (rabbit, Cat. No 4877), anti-VCL (rabbit, Cat. No 13901), anti-mouse IgG (H + L) F(ab’)2 

Fragment AF488 Conjugate (Cat. No 4408), rabbit anti-GM130 antibody (Cat. No 12480 T), anti-rabbit 

IgG Fab2 AF647 (Cat No 4414), anti-mouse IgG horseradish peroxidase (HRP)-linked antibody (Cat. 

No 7076) and anti-rabbit IgG HRP-linked antibody (Cat. No 7074) from Cell Signaling Technology 

(Danvers, MA, USA). The endosomal marker antibody sampler kit (Cat. No 12666) containing 

monoclonal antibodies against the human caveolin-1, human clathrin heavy chain protein, human 

EEA-1 protein, human Rab5A protein, human Rab7 protein and human Rab11 protein, was 

purchased from Cell Signaling Technology (Danvers, MA, USA). D-luciferin sodium salt (Cat. No 

14682) was from Cayman Chemicals (Ann Arbor, MI, USA). Coelenterazine-h (Cat. No 1-361304-200) 

was from Regis Technologies (Morton Grove, IL, USA). 

2.2. MOLECULAR CLONING AND PLASMID CONSTRUCTION 

Human GPR101 and β2AR were amplified from human embryonic kidney 293 (HEK293) cell genomic 

DNA. Vasopressin 2 receptor (V2R) was amplified from Human ORFeome (Version 7.1, 

https://horfdb.dfci.harvard.edu/hv7/). All receptors were cloned into the pIRESpuro vector 

(Clontech Laboratories, Mountain View, CA, USA) (for stable transfections) and/or pcDNA3.1 

(Invitrogen Corporation, Carlsbad, CA, USA) (for transient transfections) after addition of the FLAG 

epitope (DYKDDDDK) at the N-terminus, unless specified otherwise. 

GPR101 and V2R were cloned directly into the firefly luciferase assay vector containing a linker (L) 

and firefly luciferase amino acid 413–549 (Fc) (already described in[33], [34]) to give GPR101-LFc and 

V2R-LFc constructs. Human Arrestin 2 was amplified from HEK293 cDNA, rat Arrestin 3 from Arrestin 

3-GFP and fused with a linker (L) and firefly luciferase amino acid 1–415 (Fn) to give arrestin 2/3-FnL 

constructs[33], [34]. The pGloSensorTM-22F cAMP (cAMP GloSensorTM) plasmid was obtained from 

Promega Corporation (Madison, WI, USA). The following plasmids were from Addgene (Cambridge, 

MA, USA): HA-Dynamin 1 K44A (#34683, a gift from Sandra Schmid), Arrestin 3-GFP (#35411, a gift 

from Robert Lefkowitz[35]) Sec16B-GFP (#66607, a gift from David Stephens[36]) and Sec23A-GFP 

(#66609, a gift from David Stephens[37]). AKAP-RFP was a generous gift from Dr. Stephanie 

Herkenne. Gs-LgBiT, Gq-LgBiT, G11-LgBiT, G12-LgBiT, G13-LgBiT, Gz-LgBiT, Go-LgBiT, Gi1-LgBiT, Gi2-

LgBiT, Gi3-LgBiT and Arrestin 3-LgBiT constructs are already described [38], [39]. For GPR101-NP, a 

small fragment of the nanoluciferase enzyme (NP) was fused at the C-terminus of the GPR101 

sequence, preceded by a flexible linker (sequence: 

GGGAATTCTGGCTCGAGCGGTGGTGGCGGGAGCGGAGGTGGAGGGTCGTCAGGT), yielding GPR101-NP 

construct. A FLAG epitope was added to the N-terminus of the GPR101 sequence. Mutations and 
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truncations were introduced by using the Q5 Site-Directed Mutagenesis Kit (Cat. No E0554S, New 

England Biolabs, MA, USA). The sequence of all plasmids was validated by sanger sequencing (GIGA 

genomic platform, Liege, Belgium). 

2.3. CELL CULTURE AND TRANSFECTION 

HEK293 cells (ATCC, Manassas, VA, USA) were grown in Dulbecco’s Modified Eagle Medium (DMEM, 

Cat. No L0106, Biowest, Nuaillé, France) supplemented with 10 % fetal bovine serum (FBS, Cat. No 

P40-37500, lot P160105, International Medical Products, Belgium), 1 % penicillin/streptomycin (Cat. 

No DE17-603E, Lonza, Basel, Switzerland) and 2 mM L-glutamine (Cat. No 0550, Biowest, Nuaillé, 

France) at 37 °C and 5 % CO2. Stable FnL-arrestin 3 and pGlo HEK293 cell lines were selected with 

hygromycin B Gold (320 µg ml−1, InvivoGen, San Diego, CA, USA) and puromycin (1 µg ml−1, 

InvivoGen, San Diego, CA, USA). The resulting clones were selected for expression of GPR101 and 

arrestin by FACS analysis. CRISPR/Cas 9 generated HEK293 ΔArrestin 2/3 have been described 

previously[39], [40]. For transient transfections, 48 h before the experiment, cells were transfected 

with plasmids using calcium phosphate precipitation method, unless stated otherwise. All 

experiment were carried out with cells between passage 3 and 15. In the current study, we rely on a 

single cell type as we do not investigate the biology of HEK293 cells but use them as recipient for 

transfected receptors. 

2.4. GLOSENSOR CAMP ASSAY 

Variations of cAMP levels were measured with the GloSensor™ technique according to the 

manufacturer’s instructions (Promega Corporation, Madison, WI, USA) and previous description[40], 

[41]. Briefly, HEK293 cells stably expressing the GloSensor plasmid 22F were transiently transfected 

with 15 µg of plasmid containing GPR101 (WT or △Cter mutant). 48 h later, cells were detached and 

incubated 1 h in the dark at 37 °C in HBSS assay buffer (120 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO4, 

10 mM HEPES; pH 7.4, 10 mM glucose) containing 3-isobutyl-1-methylxanthin (IBMX, 100 µM) and D-

luciferin (50 µM). Then, 100,000 cells per well were distributed into 96-well plates (Cat. No 655075, 

microplate, PS, 96-well, F-bottom, white, lumitrac, Greiner bio-one, Kremsmünster, Austria). 

Luminescence was directly recorded for 30 min on a Centro XS3 LB 960 reader (Berthold 

Technologies, Bad Wildbad, Germany). For endocytosis experiments, FLAG-GPR101-transfected 

cells were treated with various concentrations of dynasore (0.1, 1, 10 and 50 µM) or vehicle 

(1 %DMSO) for 30 min at 37 °C, before measuring luminescence. 

2.5. MEASUREMENT OF G PROTEIN OR ARRESTIN 3 RECRUITMENT AT THE 

GPR101 RECEPTOR WITH THE NANOLUCIFERASE COMPLEMENTATION ASSAY 

HEK293 cells were seeded in 10 cm dishes and they were co-transfected with 7.5 µg GPR101-NP or 

empty plasmid (MOCK condition) and either the G protein (Gs, Gq, G11, G12, G13, Gz, Go, Gi1, Gi2 or Gi3)-

LgBiT or the Arrestin 3-LgBiT plasmids. 24 h later, cells were detached and medium was replaced by 

phosphate-buffered saline (PBS) solution containing the nanoluciferase substrate (Coelenterazine-
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h, 5 μM). After a 30 min incubation at 37 °C, cells were distributed in 96-well plates (Cat. No 655075, 

microplate, PS, 96-well, F-bottom, white, lumitrac, Greiner bio-one, Kremsmünster, Austria) at a 

density of 50,000 cells per well, and luminescence was directly recorded for 30 min on a Centro XS3 

LB 960 reader (Berthold Technologies, Bad Wildbad, Germany). 

2.6. MEASUREMENT OF ARRESTIN RECRUITMENT BY THE FIREFLY LUCIFERASE 

COMPLEMENTATION ASSAY 

HEK293 cells stably expressing FnL-Arrestin 3 or transiently transfected with FnL-Arrestin 2 were 

transfected with different amounts (0, 7.5, 15 and 30 μg) of the plasmid DNA coding for GPR101 (WT 

or mutants) or other receptors (V2R WT, V2R R3.50H) fused to the C-terminal part of the luciferase 

(GPCR-LFc) in 10 cm dishes. After 48 h incubation, cells were detached and medium was replaced 

with HBSS buffer (120 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO4, 10 mM HEPES; pH 7.4). After addition of 

D-luciferin (50 μM), luminescence was measured for 30 min on a Centro XS3 LB960 plate reader 

(Berthold Technologies, Bad Wildbad, Germany). 

2.7. DETERMINATION OF RECEPTOR EXPRESSION BY FLOW CYTOMETRY 

The expression level of FLAG-GPR101 (WT or mutants) or other receptors was determined using flow 

cytometry. In brief, cells were seeded in 10 cm dishes and 24 h later transfected with various 

amounts of receptor plasmids (0, 7.5, 15 and 30 μg). 48 h after, cells were detached, washed, and 

incubated with a primary mouse monoclonal anti-FLAG antibody (1:1000) for 45 min at 4 °C in FACS 

buffer [1 % bovine serum albumin (BSA) in PBS]. After washing, cells were incubated with AF488-

conjugated anti-mouse antibody (1:1000) in FACS buffer for 45 min at 4 °C in the dark. For the 

determination of total expression, cells were fixed for 40 min in 1 % paraformaldehyde (PFA) at 4 °C, 

and then incubated for 15 min with 0.3 % saponin (Cat. No S4521, Sigma-Aldrich, St. Louis, MO, USA) 

at 4 °C in FACS buffer to allow cell permeabilization, before antibody addition [mouse anti-FLAG 

(1:1000) and AF488-coupled anti-mouse antibody (1:1000)]. After several washing steps, cells were 

left in 200 μl FACS buffer, and analyzed using the FACSVerseTM flow cytometer (BD Biosciences, 

Franklin Lakes, NJ, USA). Data were acquired on the FlowJoTM software (BD Biosciences, Franklin 

Lakes, NJ, USA). 

2.8. IMMUNOFLUORESCENCE 

FLAG-GPR101-expressing HEK293 cells were grown on poly-D-lysine treated glass coverslips at 37 °C 

in 5 % CO2 for 24 h. After washing with PBS, cells were fixed for 10 min at room temperature in PBS 

containing 4 % PFA. Then, cells were incubated with 50 mM NH4Cl to quench the fluorescence. Cells 

were permeabilized at room temperature for 15 min with PBS containing 0.5 % saponin. After wash, 

cells were blocked in PBS containing 5 % FBS and 0.5 % saponin for 60 min, and then incubated with 

an anti-FLAG antibody (1:1000) and each of the endosomal markers [clathrin (1:50), caveolin-1 

(1:200), Rab5A (1:200), EEA-1 (1:200), Rab7 (1:100) and Rab11 (1:50)] diluted in blocking buffer for 2 h 

at room temperature. Cells were subsequently washed three times in PBS prior to incubation with 
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secondary antibodies. Anti-mouse AF488-conjugated antibody (1:1000 dilution) was used for 

detection of FLAG-tagged receptors while anti-rabbit AF647-conjugated antibody (1:1000 dilution) 

was used for detection of endosomal markers. After 2 h of incubation at room temperature, cells 

were washed three times in PBS and glass coverslips were mounted using ProLongTM Gold Antifade 

Mountant containing DAPI (Cat. No P36931, ThermoFisher Scientific, Waltham, MA, USA). 

For the plasma membrane staining, cells were washed, fixed and subsequently incubated with 

wheat germ agglutinin (WGA, AF647 conjugate, 5 µg ml−1, Cat. No W32466, ThermoFisher Scientific, 

Waltham, MA, USA) at 37 °C for 10 min, before antibody staining. 

For colocalization with Arrestin 3, FLAG-GPR101-expressing HEK293 cells were transfected with 

Arrestin 3-GFP plasmid and receptor labeling was performed by using a primary rabbit anti-FLAG 

antibody (1:1000 dilution) and a secondary anti-rabbit antibody conjugated to AF647 (1:1000 

dilution). 

For endocytosis inhibition studies, FLAG-GPR101-expressing HEK293 were transfected with 

pcDNA3.1 HA-Dynamin 1 K44A or treated with pitstop 2 (25 µM, Cat. No SML1169, Sigma-Aldrich, St. 

Louis, MO, USA), dynasore (50 µM, Cat. No 324410, Sigma-Aldrich, St. Louis, MO, USA), chloroquine 

(200 µM, Cat. No C6628, Sigma-Aldrich, St. Louis, MO, USA) and hyperosmotic sucrose (0.5 M, Cat. No 

S0389, Sigma-Aldrich, St. Louis, MO, USA) for 30 min at 37 °C in the assay buffer (20 mM HEPES at pH 

7.5, 140 mM NaCl, 1 mM CaCl2, 1 mM MgSO4, 5.5 mM glucose and 0.5 % BSA) before the 

immunofluorescence staining. The cycloheximide (CHX, Cat. No C7698, Sigma-Aldrich, St. Louis, MO, 

USA) was used at a concentration of 10 µg ml−1 for 4 h in a serum-free medium, while MG132 (Cat. No 

C2211, Sigma-Aldrich) and Heclin (Cat. No SML1396, Sigma-Aldrich) were used at a concentration of 

10 µM for 2 h at 37 °C. Cells were visualized and image acquisition was performed on a NIKON A1R 

(Nikon, Shinjuku, Tokyo, Japan) confocal microscope (oil immersion objective, ×60 magnification). 

2.9. ANTIBODY FEEDING INTERNALIZATION 

For receptor internalization assays, HEK293 cells stably expressing FLAG-GPR101 were cultured in 

10 cm plates and serum-starved before experiment. Cell surface receptors were labeled with a 

mouse anti-FLAG antibody (1:1000 dilution) for 30 min on ice in assay buffer (DMEM, 0.5 % BSA, 

10 mM HEPES, pH 7.4). The unbound antibody was washed away with cold assay buffer, and then 

cells were incubated in assay buffer at 37 °C for different periods of time (0, 5, 15, 30, 45, 60 and 

75 min). Cells were washed with PBS containing 0.5 % BSA, and the remaining cell surface receptors 

were detected with an anti-mouse antibody conjugated to AF488 (1:1000 dilution). The relative 

amount of receptor remaining on the surface at each time point was quantified using the 

FACSVerseTM flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and analyzed using FlowJo 

software (BD Biosciences, Franklin Lakes, NJ, USA). FLAG-β2AR expressing HEK293 cells were serum-

starved for 30 min and then treated with vehicle or Isoproterenol (ISO, 10 µM) for 15 min at 37 °C. 

Following internalization of the receptor, cells were washed three times (to remove cell surface-

bound ligand) and incubated in assay buffer at 37 °C for 35 min to detect recycling levels of the 

receptor. 



Published in : Biochemical Pharmacology (2024), vol. 220, 116013 

DOI: 10.1016/j.bcp.2023.116013 

Status : Postprint (Author’s version)  

 

 

 

2.10. CO-IMMUNOPRECIPITATION 

HEK293 cells were seeded in 10 cm culture dishes and co-transfected with 15 µg of FLAG-GPR101 (or 

empty vector MOCK) and 15 µg of HA-tagged Arrestin 2 (or Arrestin 3) constructs in pcDNA3.1 vectors. 

48 h after transfection, cells were serum-starved and washed with ice-cold PBS and homogenized in 

cold RIPA lysis buffer (Cat. No 89900, ThermoFisher Scientific, Waltham, MA, USA) containing 1 % of 

protease (Cat. No 04694159001, Roche, Basel, Switzerland) and phosphatase (Cat. No 04906837001, 

Roche, Basel, Switzerland) inhibitors for 30 min at 4 °C. The homogenates were placed on a rotator 

for 30 min at 4 °C and clarified by centrifugation 10 min at 10,000 × g and 4 °C. An aliquot of the 

supernatant fraction was used for analysis of the total cell lysate (input) and the remaining sample 

(900µg) was used for co-immunoprecipitation. A mouse anti-FLAG antibody (5µg, Cat. No 8146, Cell 

Signaling Technology, Danvers, MA, USA) was added to the sample and incubated for 1 h at 4 °C on 

a rotating platform. The complex was then incubated with Protein A/G PLUS-Agarose beads (Cat. No 

2003, Santa Cruz Biotechnology, Dallas, Texas, USA) for 1 additional hour at 4 °C on a rotating 

platform. The complex was subsequently washed 3–4 times in washing buffer, and elution was 

performed with 2x Laemmli buffer. After centrifugation, the supernatant was removed and loaded 

onto a Tris glycine 4–10 % SDS-PAGE gel (100 V, 2 h), before transfer onto nitrocellulose membranes 

(100 V, 90 min). Protein immunodetection on membranes was assessed by using overnight at 4 °C a 

rabbit anti-HA antibody (dilution 1:1000) against the HA-tagged Arrestins. The primary antibody was 

detected using a secondary anti-rabbit IgG HRP-linked antibody (dilution 1:1000) for 1 h and the 

membranes were developed with Amersham ECL Plus chemiluminescent detection (Cat. No 

RPN2232, GE Healthcare, Little Chalfont, UK) and images were acquired using the ImageQuant 

LAS4000 system (GE Healthcare, Little Chalfont, UK). For Co-IP experiments with the FLAG-V2R 

receptor, cells were treated with vehicle or Vasopressin (AVP, 100 nM, Cat. No AS-24289, Eurogentec, 

Seraing, Belgium) for 10 min before lysis. 

2.11. DATA ANALYSIS 

Data were analyzed using GraphPad Prism v.6 (GraphPad Software, San Diego, CA, USA), Microsoft 

Excel [Microsoft Office, Microsoft®, USA, version 16.16.24 (200713)] and ImageJ v.1.47 (National 

Institute of Health, USA) bundled with Java 1.8.0_172. JACop plugin for Image J was used to 

calculate the Pearson’s correlation coefficient and the Van Steensel’s cross correlation function 

(CCF) and to analyze images for the colocalization experiments. The Pearson’s correlation 

coefficient provides information on the intensity distribution within the colocalizing region. 

Pearson’s coefficients range from +1 to −1, with +1 representing a positive correlation 

(colocalization), −1 representing a negative correlation (exclusion), and 0 representing no 

relationship. Values from 0 to 0.1: No colocalization; From 0.1 to 0.3: Weak colocalization; From 0.3 

to 0.5: Medium colocalization; From 0.5 to +1: Strong colocalization. 

The Van Steensel’s CCF shows how the Pearson’s coefficient changes after shifting the red image 

voxels over the green image. The Pearson's coefficient is then plotted as the function of pixelshift 

(δ). By observing the shape of this cross-correlation function (CCF) plot as function of this shift, it can 

be determined if the signals of the two channels are actually positively correlated (peak at the 
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center), mutually exclude each other (dip at the center), or simply overlap randomly (no features 

visible). Statistical analysis was performed with statistical significance determined at the following 

levels: not significant: p > 0.05; significant: p < 0.05. If the data followed a Gaussian distribution, we 

compared them using unpaired t-test. However, if the normal distribution of data or the 

homogeneity of their standard deviation was not verified, we compared them using the 

nonparametric Mann-Whitney U test. 

3. Results 

3.1. GPR101 CONSTITUTIVELY RECRUITS ARRESTIN 2 AND ARRESTIN 3 

Previous investigations have established that GPR101 constitutively activates several G protein-

dependent pathways[37]. However, a comprehensive profiling of its interaction with transducers 

has not been reported. Thus, we established a fingerprint of GPR101 interacting partners with our 

previously described Nanoluciferase (NLuc) complementation assay[38]. It consists in splitting the 

NLuc in two parts, a small 13 amino acid peptide fused with the receptor C-terminus with a spacer 

and the large moiety (LgBiT) fused with G proteins or arrestins. We could confirm a constitutive 

interaction of the receptor with Gs, Gq, G11, G12 and G13 (Fig. 1A). In addition, we detected a previously 

unreported constitutive recruitment of Arrestin 3 (Fig. 1A). 



Published in : Biochemical Pharmacology (2024), vol. 220, 116013 

DOI: 10.1016/j.bcp.2023.116013 

Status : Postprint (Author’s version)  

 

 

 

Fig. 1. GPR101 constitutively recruits arrestin 2 and arrestin 3. A-B. Constitutive recruitment of different 

transducers (Gs, Gq, G11, G12, G13, Gz, Go, Gi1, Gi2, Gi3 and Arrestin 3) by GPR101-NP measured with a nanoluciferase 

(NLuc) complementation assay. A. The results are represented as a percentage of MOCK-transfected cells. n = 4 

independent experiments. B-C. Constitutive recruitment of Arrestin 2 (B) and Arrestin 3 (C) by increasing 

concentrations of GPR101 (0, 7.5, 15 and 30 µg), measured with a firefly luciferase (FLuc) complementation 

assay. The expression levels following transfection of identical amounts of plasmids were determined 

experimentally by Flow cytometry. The receptors V2R and V2R R3.50H were used as negative and positive 

control, respectively. n = 6 independent experiments. D. Co-immunoprecipitation of FLAG-GPR101 (or MOCK) 

with anti-FLAG beads followed by immunodetection of HA-tagged Arrestin 2 or Arrestin 3 with anti-HA 

antibody on WB membranes. HSP90 (90 kDa) was used as the housekeeping protein for WB. Shown are 

representative pictures of three independent experiments. E. Co-immunoprecipitation of the non-

constitutively active receptor FLAG-V2R with HA-tagged Arrestin 2 or Arrestin 3. FLAG-V2R-transfected cells 

were stimulated with AVP (100 nM) or vehicle for 10 min at 37 °C. The housekeeping protein VCL (124 kDa) was 

used as a loading control for WB. Shown are representative pictures of three independent experiments. F. 

Description of the GPR101 C-terminal tail (from to K471 to P508) as predicted by the GPCRdb 

(https://www.GPCRdb.org). The different point mutations of Ser/Thr residues are indicated. G. Arrestin 3 
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recruitment mediated by GPR101 WT and mutants (△Cter, S483A, S501A, S504A, T490A, T494A and T506A) was 

measured with a FLuc complementation assay. p values were calculated by comparing each mutant with the 

WT receptor. n = 4 independent experiments. H. cAMP levels recorded after transient transfection of GPR101 

WT or △Cter (15 µg) in HEK293 cells. p value was calculated by comparing cAMP levels of △Cter mutant to 

those of the WT receptor. n = 4 independent experiments. All data are Mean ± S.D. Arr 3: Arrestin 3; AUC: Area 

under curve; AVP: Vasopressin; C-Ter: C-terminus domain; H8: Helix 8; HSP 90: Heat shock protein 90; IB: 

antibody used for blotted membrane; IP: immunoprecipitated fraction; MW: Molecular weight; R.L.U: Relative 

luminescence unit; S: Serine; T: Threonine; VCL: Vinculin; WT: Wild-type. For statistical analysis of all data, p 

values were calculated using a two-sided Mann-Whitney U test and are indicated in the graphs. For statistical 

significance, the following limits were set: p > 0.05: not significantly different; p < 0.05: statistically significant. 

To further document the interaction between GPR101 and arrestins, we first resorted to an in-house 

bioluminescent complementation assay based on the split of firefly luciferase (FLuc) to monitor 

GPR101-arrestin interaction in living cells[34], [42]. We fused the C-terminal part of FLuc to GPR101 

C-terminus (to obtain GPR101-LFc) and the N-terminal part of FLuc to the N-terminal side of Arrestin 

2 or 3 (FnL-Arr). We observed that in the presence of increasing amount of GPR101 expression, the 

Arrestin 2 and Arrestin 3-dependent luciferase signal was increased (Fig. 1B and C). V2R, a typical 

class B strong binder of Arrestin 2 and 3 devoid of significant constitutive activity[15], [34], [43], was 

used as a negative control (Fig. 1B and C). To estimate the level of GPR101 constitutive activity in the 

arrestin pathway, we compared with the V2R R3.50H mutant (designation of residues follows the 

Ballesteros and Weinstein system[44]), which is referred to as a receptor with high constitutive 

arrestin recruitment[43]. Although the activities cannot be compared directly as the levels of 

expression were different, we observed that the level of GPR101-mediated Arrestin 2 and 3 

recruitment was in a similar range than that of V2R R3.50H (Fig. 1B and C). To further confirm these 

observations, we examined the ability of GPR101 to co-immunoprecipitate with arrestins. Human 

embryonic kidney 293 (HEK293) cells were transiently transfected with GPR101 fused with a N-

terminal FLAG epitope (FLAG-GPR101) and arrestin fused with a hemagglutinin (HA) tag. The cell 

lysates were treated with beads coated with an anti-FLAG antibody. The observed co-

immunoprecipitation (co-IP) revealed by an anti-HA western blot (WB) confirmed the formation of a 

constitutive receptor-arrestin complex (Fig. 1D). As a comparison, the V2R was co-

immunoprecipitated with Arrestin 2 and Arrestin 3 following stimulation for 10 min at 37 °C with the 

agonist Vasopressin (AVP, 100 nM) or vehicle (Fig. 1E). Interestingly, unstimulated GPR101 formed 

similar levels of Arrestin complex compared to activated V2R. 

Next, we sought to detail the mode of association between GPR101 and arrestins. We generated a 

receptor mutant devoid of its C-terminal tail (GPR101 ΔCter, Fig. 1F), which is one of the canonical 

GPCR anchor domains for arrestins[45], [46]. We observed in our FLuc complementation assay that 

GPR101 ΔCter mutant had a drastically reduced recruitment of Arrestin 3 compared to wild-type 

(WT) receptor (Fig. 1G, p = 0.0286). Importantly, the constitutive increase of cAMP levels, measured 

with a Glo sensor system[40], was similar in GPR101 WT and GPR101 ΔCter (p = 0.0571). This result 

demonstrates that the GPR101 ΔCter constitutive activity is preserved and that the mutant has lost 

its ability to interact with Arrestin 3 (Fig. 1H). Arrestin affinity for receptor C-tail increases with the 

presence of phosphorylated serine (Ser or S) or threonine (Thr or T)[45]. The GPR101 C-terminus 

comprises 3 Ser (S483, S501 and S504) and 3 Thr (T490, T494 and T506) (Fig. 1F, source: GPCRdb). 
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Thus, to identify the key residues essential for the association of the active receptor with Arrestin 3, 

we replaced with an alanine (Ala or A) each of these putative Ser/Thr phosphorylation sites present 

on GPR101 C-terminal tail (Fig. 1G). The serines S483 and S501 seemed to play a more critical role in 

the interaction with Arrestin 3 as their recruitment was significantly lower (p = 0.0286 for both 

mutants compared to WT receptor). None of the other mutants tested affected significantly Arrestin 

3 recruitment. These data suggest that the interaction between arrestins and GPR101 necessitates 

prior phosphorylation of the C-tail, a classical feature for a GPCR[46]. 

3.2. ARRESTIN BINDING TO GPR101 LEADS TO CONSTITUTIVE INTERNALIZATION 

Given the canonical function of arrestins in GPCR desensitization and internalization, we reasoned 

that the constitutive recruitment of arrestins by GPR101 could have an impact on the receptor 

cellular distribution. Therefore, we transfected HEK293 cells with the FLAG-GPR101 and first 

analyzed the receptor localization by confocal microscopy. These experiments revealed that, 

although the receptor was present at the cell surface membrane (labeled with wheat germ 

agglutinin, WGA) (Fig. 2A, upper panel, non-permeabilized cells), a substantial proportion of the 

fluorescent signal was located in intracellular endosome-like vesicles (Fig. 2A, lower panel, 

permeabilized cells), suggesting that GPR101 is internalized from the cell surface into the cytoplasm 

with a punctate distribution. In order to quantify these observations, we determined the total and 

cell surface expression levels of FLAG-GPR101 by flow cytometry (Fig. 2B). About 28 % of cells 

expressing FLAG-GPR101 on the cell surface exhibited 1.58-fold more fluorescence than the negative 

control (MOCK) (Fig. 2B, left panel, non-permeabilized cells). However, total expression levels of 

FLAG-GPR101 corresponded to 5.60-fold increase in fluorescence in comparison with MOCK-

expressing cells (Fig. 2B, right panel, permeabilized cells). To specifically examine the GPR101 

internalization dynamics, we performed anti-FLAG antibody feeding experiments (Fig. 2C). In this 

experiment, cell surface-expressed receptors were fed with a primary anti-FLAG antibody and 

detected using a secondary antibody conjugated to Alexa Fluor 488 (AF488) by flow cytometry. At 

4 °C, a temperature known to block endocytosis, the primary anti-FLAG antibody labeled all the 

surface FLAG-GPR101 receptors (100 %). Then, when cells were incubated at 37 °C, the percentage 

of cell surface receptors decreased over time (Fig. 2C). These results show that following primary 

antibody labeling, incubation at 37 °C for 5 min was sufficient to induce significant constitutive 

endocytosis of GPR101. At the end of the incubation period (75 min), the immunoreactivity at the 

cell membrane was significantly reduced to 47.40 ± 5.13 % (p = 0.0079 for FLAG-GPR101 surface 

expression at 37 °C compared with 4 °C) (Fig. 2C) and had been transferred to the intracellular 

compartment. As a control, FLAG-tagged β2AR was also tested. β2AR is a well-characterized receptor 

known to internalize[47] mainly upon agonist stimulation. Here, we stimulated the receptor for 

15 min at 37 °C with Isoproterenol (ISO), a reference agonist (Fig. 2D). After washing out the ligand, 

the receptor was allowed to recover at the cell surface and the percentage of expression significantly 

increased over time to reach 79.80±3.11 % at 75 min (p = 0.0159 for FLAG-β2AR surface expression at 

37 °C compared with 4 °C). Correspondingly, FLAG-β2AR showed no internalization and recycling 

when stimulated with the vehicle alone at 4 °C or 37 °C (Fig. 2D). To causally link the observed 

internalization with arrestin action, we transfected HEK293 cells with FLAG-GPR101 and Arrestin 3 
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fused to the green fluorescent protein (Arrestin 3-GFP). Cells co-expressing FLAG-GPR101 and 

Arrestin 3-GFP exhibited a significant colocalization within intracellular compartments under basal 

conditions, indicative of constitutive interaction (Fig. 2E). 

Fig. 2. GPR101 cellular distribution. A. Cells were transiently transfected with a FLAG-tagged human GPR101 

receptor, fixed in 4 % PFA and stained with an anti-FLAG antibody (in green). The nucleus is stained with DAPI 

and appears in blue. The plasma membrane is stained with wheat germ agglutinin (WGA, in red). Upper panel: 

The cell surface receptor was labeled with a mouse anti-FLAG and an anti-mouse antibody conjugated to 

AF488 by using the non-permeabilized protocol (without detergent). Lower panel: Mild detergent (saponin) 

was added to the buffer to permeabilize the membrane and allow intracellular labeling of the receptor. Shown 

are representative images of three independent experiments. Insets show high magnification of the regions 

indicated by white rectangles and yellow arrows indicate FLAG-GPR101 location. Scale bar: 10 µm (×60 



Published in : Biochemical Pharmacology (2024), vol. 220, 116013 

DOI: 10.1016/j.bcp.2023.116013 

Status : Postprint (Author’s version)  

 

 

 

magnification). B. HEK293 cells were transfected with MOCK or FLAG-GPR101 plasmid. Cell surface (left panel) 

and total receptor (right panel) expression was determined by using a primary anti-FLAG and a secondary 

AF488-conjugated anti-mouse antibody and analyzed by flow cytometry. The histograms of FLAG-GPR101-

transfected cells (green) were overlaid with those of MOCK-transfected cells (grey). The x axis indicates the 

fluorescence intensity in a logarithmic scale and the y axis indicates the normalized cell number (count). n = 3 

independent experiments. C. Internalization properties of GPR101 estimated by antibody feeding experiments 

were performed with the anti-FLAG antibody. HEK293 cells were transfected with FLAG-GPR101 WT plasmid. 

48 h later, surface receptors were prelabeled with an anti-FLAG at 4 °C and excess of antibody was removed by 

several washing steps. After washing, cells were then incubated at 37 °C to allow internalization. Cell surface 

receptors were detected by anti-mouse antibody coupled to AF488 at different time-points (0, 5, 15, 30, 45, 60 

and 75 min). 100 % represents the percentage of receptors present at the surface at 4 °C. n = 5 separate 

experiments. For each time-point, p values were calculated by comparing the cell surface expression of FLAG-

GPR101 at 37 °C with its expression at 4 °C. D. Cell surface FLAG-tagged ß2AR were treated with vehicle or 

isoproterenol (ISO, 10 µM) and measured with antibody labeling and flow cytometry. n = 5 independent 

experiments. For each time-point, p values were calculated by comparing the two groups, FLAG- ß2AR 

stimulated with vehicle (at 37 °C) and FLAG- ß2AR stimulated with ISO (at 37 °C). E. HEK293 cells were cultured 

on poly-D-lysine coated coverslips and transfected with FLAG-GPR101 and Arrestin 3-GFP plasmids. Cells were 

washed, fixed and imaged using a confocal microscope (FLAG-GPR101: Red; Arrestin 3-GFP: Green; DAPI: Blue). 

Representative images of experiments performed at least three times are shown. The arrows indicate 

representative colocalization signals. Scale bar: 10 µm (×60 magnification). The enlarged image of the selected 

area (rectangle) is shown in the fifth column (zoom). All data are Mean ± S.D. For statistical analysis of all data, 

p values were calculated using a two-sided Mann-Whitney U test and are indicated in the graphs. For statistical 

significance, the following limits were set: p > 0.05: not significantly different; p < 0.05: statistically significant. 

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 

Next, we determined by confocal microscopy the cellular distribution of the GPR101 ΔCter mutant, 

that possesses a N-terminal FLAG-tag. In stark contrast with what we observed in WT receptors (Fig. 

2A and B), we noticed a markedly reduced FLAG signal inside the cell with a clustering of the receptor 

at the cell membrane in permeabilized cells (Fig. 3A, lower panel). The overall intensity and 

distribution of the signal in these cells was comparable to non-permeabilized cells prepared in 

parallel (Fig. 3A, upper panel). These results suggest that the C-terminus domain of GPR101 is 

involved in the internalization of the receptor. To demonstrate the arrestin implication in the 

internalization of GPR101, we repeated these experiments with WT FLAG-GPR101 transfected in cells 

genetically engineered by clustered regularly interspaced short palindromic repeats/CRISPR-

associated protein 9 (CRISPR/Cas9) to lack both Arrestin 2 and 3 (HEK293 △Arrestin 2/3)[46], [47]. 

Like what was observed with the GPR101 △Cter mutant, we were unable to evidence by confocal 

microscopy the presence of the receptor in the intracellular compartment (Fig. 3B). We attributed 

the restricted expression of the receptor at the cell membrane of HEK293 △Arrestin 2/3 to the lack 

of Arrestin 2 and 3 in these cells. We quantified these observations for FLAG-GPR101 △Cter 

expression by FACS and could see an increase of 3.15-fold in fluorescence at the surface (77.20 % of 

positive in non-permeabilized cells) in comparison to the MOCK condition (Fig. 3C, left panel). We 

also observed an increase of 4.08-fold in fluorescence for FLAG-GPR101 △Cter total expression in 

the permeabilized cells (Fig. 3C, right panel). The FLAG-GPR101 △Cter mutant showed about 3-fold 
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increase of surface expression compared to WT receptor (Fig. 3D, left panel). However, the total 

expression levels of both constructs appeared to be similar (Fig. 3D, right panel). Feeding 

experiments were repeated on the HEK293 △Arrestin 2/3 transfected with WT FLAG-GPR101. The 

internalization of FLAG-GPR101 in HEK293 △Arrestin 2/3 monitored at 37 °C was negligible 

compared to the HEK293 WT transfected with the same conditions (Fig. 3E). 
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Fig. 3. Constitutive GPR101 internalization is mediated by arrestins. A. HEK293 cells transiently transfected 

with FLAG-GPR101 ΔCter and labeled (in green) with (upper panel) or without (lower panel) permeabilization 

were imaged by confocal microscopy. The nucleus is stained with DAPI (blue) and the plasma membrane is 
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labeled with wheat germ agglutinin (WGA, red). Representative images of experiments performed at least 

three times are shown. Scale bar: 10 µm (×60 magnification). B. HEK293 △Arrestin 2/3 were transiently 

transfected with WT FLAG-GPR101. Cells were labeled with (upper panel) or without (lower panel) 

permeabilization. Representative images of experiments performed at least three times are shown. Scale bar: 

10 µm (×60 magnification). C. Cell surface and total expression of FLAG-GPR101 △Cter was performed by flow 

cytometry. The histograms of FLAG-GPR101 △Cter-transfected cells (brown) were overlaid with those of 

MOCK-transfected cells (grey). The x axis indicates the fluorescence intensity in a logarithmic scale and the y 

axis indicates the normalized cell number (count). n = 6 independent experiments. D. Quantification of surface 

(left panel) and total (right panel) FLAG-GPR101 signals. The quantified FLAG-GPR101 △Cter signal was 

normalized to that of FLAG-GPR101 WT. n = 4 independent experiments. E. △Arrestin 2/3 and WT HEK293 cells 

were transfected with FLAG-GPR101. After 48 h, surface receptors were prelabeled with an anti-FLAG antibody 

at 4 °C and allowed to internalize at various time points (0, 5, 15, 30 and 60 min) at 37 °C. Flow cytometry 

experiments were performed to detect the FLAG epitope tag introduced into the extracellular N-terminal 

domain of GPR101. 100 % represents the receptor present at the cell surface at 4 °C. n = 5 independent 

experiments. For each time-point, p values were determined by comparing the cell surface expression of FLAG-

GPR101 in HEK293 WT and △Arrestin 2/3 cells at 37 °C. All data are Mean ± S.D. For statistical analysis of all 

data, p values were calculated using a two-sided Mann-Whitney U test and are indicated in the graphs. For 

statistical significance, the following limits were set: p > 0.05: not significantly different; p < 0.05: statistically 

significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 

3.3. GPR101 IS DISPATCHED TO EARLY ENDOSOMES THROUGH THE CLATHRIN 

PATHWAY 

Next, we aimed at tracking the receptor intracellular trafficking and determine the nature of the 

intracellular vesicles where GPR101 was located. To find out which endocytosis pathway was 

responsible for GPR101 internalization, we first used clathrin as a marker for the clathrin-mediated 

pathway and caveolin-1 as a marker for the caveolin-mediated pathway[47], [48]. GPR101 was 

markedly colocalized with clathrin within the cells (Fig. 4A, Van steensel’s cross correlation factor 

(CCF) peak at 0.573) but not with caveolin (Fig. 4B, weak colocalization with CCF peak at 0.202). 

Furthermore, we sought to dissect the endocytic mechanisms for GPR101 and estimated the degree 

of receptor internalization when the cells were treated with Pitstop 2 (inhibitor of clathrin-

dependent endocytosis[48], [49]), dynasore (inhibitor of dynamin activity that is necessary for 

clathrin-mediated endocytosis[50]) and sucrose (inhibitor of clathrin-mediated endocytosis[51]) or 

transfected with Dynamin K44A[52], a dominant negative version of dynamin (Fig. 4C). As shown by 

confocal microscopy, the treatment by these inhibitors increased the expression of GPR101 at the 

cell membrane in comparison with controls (vehicle or MOCK-treated cells) (Fig. 4C). Taken together, 

these data suggest that the increase in the cell surface expression of GPR101 is attributable to the 

inhibition of clathrin and dynamin activity, which prevents endocytosis. We quantified these 

findings by FACS analysis and we detected a significant increase in cell surface expression of FLAG-

GPR101 in cells treated with these endocytosis inhibitors (pitstop 2, dynasore, sucrose and Dyn 

K44A) compared with their respective controls (Fig. 4D). For instance, the fluorescence for FLAG-

GPR101-expressing cells treated with dynasore showed a 4-fold increase compared with vehicle-
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treated cells (Fig. 4E). Next, to assess the impact of GPR101 localization on its signaling, we measured 

the impact of the inhibition of internalization on the cAMP levels. As shown in Fig. 4F, treatment of 

GPR101-transfected cells with various concentrations of dynasore increased cAMP production 

compared to the vehicle. Overall, our data indicate that GPR101 is internalized through a clathrin 

and dynamin-dependent process and that GPR101-mediated increase of cAMP takes place primarily 

at the plasma membrane. Importantly, we also evaluated the receptor presence in the nucleus or 

other organelles and uncovered an absence of localization in the nucleus and only weak or marginal 

colocalization with other organelles. GM130 was used for the Golgi apparatus (CCF peak at 0.283), 

Sec16B and Sec23A for the endoplasmic reticulum (ER) (CCF peak at 0.259 and 0.227) and A-kinase 

anchor protein (AKAP)-RFP for mitochondria (CCF peak at 0.240) (Fig. 5A – D). 
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Fig. 4. GPR101 is internalized through a clathrin-dependent process. A-B. HEK293 cells were transiently 

transfected with FLAG-GPR101 and imaged by confocal microscopy following co-staining with an anti-FLAG 

(green) and anti-clathrin (red, A) or anti-caveolin (red, B) antibodies. Yellow arrows indicate representative 

colocalization signals. The enlarged images of the selected area (white rectangle) are shown in the fifth image 
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(zoom). C. HEK293 cells expressing FLAG-GPR101 were subjected to treatment with vehicle (1 % DMSO), 

pitstop 2 (25 µM), dynasore (50 µM) and hyperosmotic sucrose (0.5 M) for 30 min at 37 °C. FLAG-GPR101-

transfected HEK293 cells were also transfected with the dynamin K44A mutant (or MOCK). The 

immunofluorescent staining of FLAG-GPR101 was performed with the non-permeabilized protocol. Blue: DAPI; 

Green: FLAG-Gpr101. Representative images of experiments performed at least three times are shown. Scale 

bar: 10 µm (×60 magnification). D. Cell surface expression of FLAG-GPR101 was measured by flow cytometry. 

The histograms of FLAG-GPR101-transfected cells stimulated with 50 µM dynasore (Dyn, green) were overlaid 

with those treated with vehicle (1 % DMSO, grey) at 37 °C for 30 min. The x axis indicates the fluorescence 

intensity in a logarithmic scale and the y axis indicates the normalized cell number (count). n = 6 independent 

experiments. E. Quantification of surface FLAG-GPR101 signals after treatment by different endocytosis 

inhibitors (pitstop 2, dynasore, sucrose and Dyn K44A). The quantified FLAG-GPR101 signal of each inhibitor 

was normalized to that of the control (ctrl). n = 4 independent experiments. p values were calculated by 

comparing the cell surface expression of FLAG-GPR101 following the treatment by endocytosis inhibitors and 

their controls. F. cAMP levels recorded after treatment of FLAG-GPR101+ transfected HEK293 cells by different 

concentrations of dynasore (0.1, 1, 10 and 50 µM) or vehicle (DMSO). For each concentration, p value was 

calculated by comparing cAMP levels of dynasore to those of the vehicle. n = 4 independent experiments. All 

data are Mean ± S.D. AUC: Area under curve. For statistical analysis of all data, p values were calculated using 

a two-sided Mann-Whitney U test and are indicated in the graphs. For statistical significance, the following 

limits were set: p > 0.05: not significantly different; p < 0.05: statistically significant. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. GPR101 is not present in the Golgi apparatus, endoplasmic reticulum and mitochondria. A-D. 

Immunofluorescent co-staining of FLAG-GPR101 with A) GM130 (Golgi apparatus marker), B) Sec16B-GFP 

(endoplasmic reticulum marker), C) Sec23A-GFP (endoplasmic reticulum marker) and D) AKAP-RFP 

(mitochondria marker). DAPI is stained in blue. n = 3 separate experiments. Scale bar: 10 μm (×60 

magnification). GFP: Green fluorescent protein; RFP: Red fluorescent protein. Insets show high magnification 

of the regions indicated by white rectangles. Scale bar: 10 µm (×60 magnification). (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 

Next, we proceeded to further investigate the colocalization of GPR101 with different markers for 

endosomes, notably Rab proteins. Visual examination of the images suggests a prominent overlap 

of the internalized GPR101 with Rab5 as well as with early endosome antigen-1 (EEA-1), which 

suggests its presence in early endosomes (Fig. 6A and B). These findings were substantiated by 

quantification of the colocalization using the Pearson’s coefficient (0.767 for Rab5 and 0.633 for EEA-

1, both values greater than 0.5). Furthermore, by using JACoP plugin in ImageJ[53], [54], [55], we 
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performed the Van Steensel’s analysis and found that the CCF peaked at 0.767 (Rab5 colocalization) 

and 0.633 (EEA-1 colocalization) for constitutively internalized GPR101 and the bell-shaped curve 

was centered on the pixelshift (δ) = 0. Furthermore, the decrease in CCF with increasing X-axis offset 

between the two channels confirmed the specific overlay of the two signals. Through such analyses, 

these results show a positive correlation and a strong colocalization between GPR101 and Rab5 or 

EEA-1, indicating that after the internalization of GPR101, the vesicles are dispatched to early 

endosomes. 
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Fig. 6. Internalized GPR101 is dispatched to early and late endosomes. A-C. Immunofluorescent co-

staining of FLAG-GPR101 with Rab5 (early endosome marker, A), EEA-1 (early endosome marker, B) and Rab7 

(late endosome marker, C). Blue: DAPI; Green: FLAG-GPR101; Red: Endosomal markers. In all images, insets 

show high magnification of the regions indicated by white rectangles. Yellow arrows indicate representative 

colocalization signals. Representative images from three independent experiments are shown. Scale bar: 

10 μm (×60 magnification). Van Steensel’s CCF analysis was performed by using the JACoP plugin in Image J 

and the cross correlation factor (CCF) is shown as function of the pixelshift (δ) for the colocalization of FLAG-

GPR101 with Rab5, EEA-1 and Rab7, respectively. For the quantification, a total of n = 30 images from three 

independent experiments were used. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 

3.4. GPR101 IS MAINLY SORTED THROUGH THE LYSOSOMAL DEGRADATION 

PATHWAY 

To establish the fate of the receptor, we performed the labeling of Rab7 and Rab11 together with 

FLAG-GPR101. We observed a marked overlap in localization between internalized GPR101 and Rab7 

(Fig. 6C). The specificity of the colocalization was also confirmed using the Van Steensel’s 

quantification analysis, which resulted in a CCF peak at 0.660. These results suggest that GPR101 is 

associated with Rab7 and sorted to late (or lysosomal) endosomes. However, only a negligible 

colocalization of internalized GPR101 with Rab11 was observed (CCF peak at 0.220) (Fig. 7A). Thus, 

GPR101 appeared to be primarily absent from the recycling endosomes. As a comparison, we 

analyzed the intracellular fate of the β2AR upon agonist-induced endocytosis (following stimulation 

with 10 µM ISO). β 2AR is known to be sorted through recycling endosomes and was used as a positive 

control of this endosomal route[56]. The colocalization of β2AR with the recycling marker Rab11 was 

confirmed by our experiment (Fig. 7B, CCF peak at 0.584). 
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Fig. 7. GPR101 is mainly sorted through the lysosomal degradation pathway and not recycled back to 

the membrane. A. Immunofluorescent co-staining of FLAG-GPR101 with Rab11 (recycling endosome marker). 

B. Colocalization studies of FLAG-ß2AR (stimulated with 10 µM of isoproterenol) and Rab11. Blue: DAPI; Green: 

FLAG; Red: Rab11. Insets show high magnification of the regions indicated by white rectangles. Yellow arrows 

indicate representative colocalization signals. Representative images from three independent experiments 

are shown. Scale bar: 10 μm (×60 magnification). Van Steensel’s CCF analysis was performed by using the 

JACoP plugin in Image J and the cross correlation factor (CCF) is shown as function of the pixelshift for 

colocalization of FLAG-GPR101 or FLAG-ß2AR (stimulated with 10 µM of isoproterenol) with Rab11. For the 

quantification, a total of n = 30 images from three independent experiments were used. C. HEK293 cells 

expressing FLAG-GPR101 were subjected to treatment with vehicle (1 % DMSO), chloroquine (200 µM, 30 min), 

MG132 (10 µM, 2 h) and Heclin (10 µM, 2 h) at 37 °C. The immunofluorescent staining of FLAG-GPR101 was 

performed in the non-permeabilized protocol. Blue: DAPI; Green: FLAG-Gpr101. Representative images of 

experiments performed at least three times are shown. Scale bar: 10 µm (×60 magnification). D. FLAG-GPR101 

transfected HEK293 cells were treated with cycloheximide (CHX, 10 µg ml−1, 4 h). The immunofluorescent 

staining of FLAG-GPR101 and WGA was performed with the permeabilized protocol. Blue: DAPI; Green: FLAG-

Gpr101; Red: WGA. Representative images of experiments performed at least three times are shown. Scale bar: 

10 µm (×60 magnification). (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 

To further confirm that GPR101 is sorted to lysosomal compartments, we pretreated FLAG-GPR101-

transfected cells with chloroquine that blocks proteolytic enzymes by elevating the pH of 

lysosomes[57]. We observed that GPR101 expression was increased at the plasma membrane in 

chloroquine-treated cells, thus excluding the possibility that this receptor was not detected in 

lysosomes because it had been immediately degraded (preventing accumulation) (Fig. 7C). 

Furthermore, as ubiquitination is known to target many GPCRs for lysosomal or proteasomal 

degradation[58], we performed the same experiment by treating the cells with MG132 (proteasome 

and ubiquitination inhibitor[59]) or Heclin (a HECT E3 ubiquitin ligase inhibitor[60]). As shown in Fig. 

7C, MG132 or Heclin increased the levels of GPR101 cell surface expression compared to the vehicle. 

Thus, after transiting in early endosomes, GPR101 is dispatched for the lysosomal degradation 

pathway and not recycled back to the membrane. To determine the intracellular origin (recycling vs 

newly synthesized receptors) of the receptors observed at the plasma membrane after 

internalization, we pretreated FLAG-GPR101-transfected cells for a period of 4 h with cycloheximide 

(CHX, a protein synthesis inhibitor[61]). We observed a significant loss of receptors at the cell surface 

(Fig. 7D) in CHX-treated cells compared to the vehicle control, suggesting that GPR101 is not recycled 

to the plasma membrane and that de novo synthesis plays a major role in the appearance of the 

receptor at the cell surface. 

4. Discussion 

In this report, we unveil the constitutive recruitment of arrestins to the orphan receptor GPR101 and 

describe how it impacts the receptor cellular location and trafficking. We found that GPR101 is 

constitutively internalized through the basal recruitment of Arrestin 2 and 3 in a clathrin-mediated 

manner. We identified the C-terminal tail of the receptor as critically involved in the interaction with 
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arrestins and hence internalization. This mechanism involving arrestins and clathrin constitutively 

relocates the receptor principally to early endosomes and is then directed to the lysosomal pathway. 

Interestingly, other constitutively active orphan receptors have been reported to bind arrestins[62], 

[63]. 

Using a C-terminally truncated mutant of GPR101, we were able to show that the C-terminal residues 

of GPR101 are required for constitutive Arrestin 3 recruitment by GPR101 but not for G protein 

activation. This supports the general idea that membrane-distal parts of the GPCR C-tail are not 

always directly involved in efficient G protein coupling[64]. Structural and biophysical studies have 

demonstrated that the C-terminal tails of the family A, rhodopsin-like, GPCRs are functionally 

important for facilitating the association of the receptor with various cellular proteins (such as 

arrestins) and thereby regulating receptor desensitization, endocytosis, and intracellular signaling. 

Furthermore, truncation of the C-terminal tail resulted in a mutant that was almost exclusively 

present on the cell surface. This cell surface expression could largely be attributed to the lack of 

arrestin recruitment leading to the inhibition of internalization. Point mutations of Ser and Thr 

residues present in GPR101 C-tail resulted in mutants where the Arrestin 3 recruitment was only 

slightly affected compared to the WT receptors. Therefore, none of the phosphorylated residues is 

individually critical for the recruitment of arrestins. This is in line with published literature where the 

current paradigms, for example the Flute model, state that arrestins are able to recognize a wide 

range of phosphorylation patterns of GPCRs, contributing to their diverse functions[65]. Different 

patterns of phosphorylation have already been validated such as PX(X)PXXP (where P is the 

phosphorylated residue and X any amino acid)[66], [67] and more recently PXPP[68], [69]. 

Interestingly, GPR101 possesses a PX(X)PXXP motif (S501, S504 and T506) that may serve for arrestin 

binding and activation. Our findings suggest that the receptor presence at the membrane is highly 

regulated. Thus, it is tempting to speculate that GPR101 may function, at least in part, as a versatile 

signaling unit driving basal tone in various pathways to regulate physiological processes such as GH 

secretion. Interestingly, another constitutively active orphan GPCR, GPR3, has been recently 

proposed to be a regulator for brown adipose tissue function[70]. 

The process of internalization is a well-described phenomenon to desensitize most GPCRs[70]. It was 

initially thought that this mechanism was a way to mitigate over-activation of the receptor by 

extracellular ligands[71]. More recently, the signaling activity of receptor in intracellular 

compartment gained a growing interest[72], [73]. Over the years, it has become evident that GPCR 

signaling is much more complex than once believed. For most receptors, a variety of ligands and 

intracellular signaling pathways are available, and numerous regulatory mechanisms are thus 

required for obtaining specific biological responses. The process of receptor trafficking plays a 

critical role in regulating GPCR function by controlling the level of receptors in the cell membrane 

hence controlling the number of receptors that are available for activation of extracellular ligands. 

Receptor trafficking includes the maturation and insertion of newly synthesized receptors in the cell 

membrane as well as the internalization of receptors from the surface and the subsequent 

intracellular sorting. 
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Here, we show that GPR101 is clustered mainly in early endosomes following internalization. Our 

results are in accordance with other studies reporting that in clathrin-mediated internalization, 

receptors are targeted to the early endosomes and are usually downregulated through an ubiquitin-

dependent sorting process[74]. In contrast, the caveolin-dependent endocytosis leads mainly to 

rapid receptor turnover and recycling[75]. Although further studies in a more physiological context 

would shed more light on this, we cannot exclude at this stage that the constitutive internalization 

of GPR101 has some physiological importance besides desensitization. We may hypothesize that, 

given its high level of constitutive activity, the receptor presence at the cell surface should be tightly 

controlled. In this context, although we cannot completely exclude marginal contribution of the 

slow-recycling pathway, constitutive internalization and degradation would serve as a cellular 

mechanism to mitigate GPR101-mediated signaling tonus. Another GH secretagogue, ghrelin 

receptor, is known to constitutively internalize as an integral part of its cellular physiology, although 

it is recycled to the membrane under certain circumstances [76]. 
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