
Functional Consequences of Glucagon-like Peptide-1
Receptor Cross-talk and Trafficking*

Received for publication, July 1, 2014, and in revised form, November 25, 2014 Published, JBC Papers in Press, December 1, 2014, DOI 10.1074/jbc.M114.592436

Sarah Noerklit Roed‡1, Anne Cathrine Nøhr§, Pernille Wismann‡, Helle Iversen‡, Hans Bräuner-Osborne§2,
Sanne Moeller Knudsen‡, and Maria Waldhoer‡

From the ‡Department of Incretin Biology, Novo Nordisk A/S, 2760 Maaloev and the §Department of Drug Design and
Pharmacology, Faculty of Health and Medical Sciences, University of Copenhagen, DK-1165 Copenhagen, Denmark

Background: Receptor trafficking and cross-talk regulate 7TM/GPCR signaling capacity.
Results: Inhibition of GLP-1R internalization in the presence of GIPR reduces GLP-1R signaling.
Conclusion: GLP-1R internalization is essential for full receptor functionality and is abrogated upon cross-talk with GIPR.
Significance: GLP-1R cross-talk with GIPR has functional consequences for GLP-1R signaling.

The signaling capacity of seven-transmembrane/G-protein-
coupled receptors (7TM/GPCRs) can be regulated through
ligand-mediated receptor trafficking. Classically, the recycling
of internalized receptors is associated with resensitization,
whereas receptor degradation terminates signaling. We have
shown previously that the incretin glucagon-like peptide-1
receptor (GLP-1R) internalizes fast and is primarily resensitized
through recycling back to the cell surface. GLP-1R is expressed
in pancreatic islets together with the closely related glucose-
dependent insulinotropic polypeptide (GIPR) and glucagon
(GCGR) receptors. The interaction and cross-talk between
coexpressed receptors is a wide phenomenon of the 7TM/GPCR
superfamily. Numerous reports show functional consequences
for signaling and trafficking of the involved receptors. On the
basis of the high structural similarity and tissue coexpression,
we here investigated the potential cross-talk between GLP-1R
and GIPR or GCGR in both trafficking and signaling pathways.
Using a real-time time-resolved FRET-based internalization
assay, we show that GLP-1R, GIPR, and GCGR internalize with
differential properties. Remarkably, upon coexpression of the
internalizing GLP-1R and the non-internalizing GIPR, GLP-1-
mediated GLP-1R internalization was impaired in a GIPR con-
centration-dependent manner. As a functional consequence
of such impaired internalization capability, GLP-1-mediated
GLP-1R signaling was abrogated. A similar compromised sig-
naling was found when GLP-1R internalization was abrogated
by a dominant-negative version of dynamin (dynamin-1 K44E),
which provides a mechanistic link between GLP-1R trafficking
and signaling. This study highlights the importance of receptor
internalization for full functionality of GLP-1R. Moreover,
cross-talk between the two incretin receptors GLP-1R and GIPR
is shown to alter receptor trafficking with functional conse-
quences for GLP-1R signaling.

The importance of the incretin hormone glucagon-like pep-
tide-1 (GLP-1)3 in regulating post-prandial blood glucose levels
has been known for decades (1). Likewise, the impaired incretin
function in type 2 diabetes is commonly accepted and has led to
the development of stable GLP-1 analogs for the treatment of
type 2 diabetes (2). On the pancreatic �-cell, GLP-1 exhibits its
insulinotropic function via the GLP-1 receptor (GLP-1R),
which is a member of the family B seven-transmembrane/G-
protein-coupled receptors (7TM/GPCRs), together with the
incretin glucose-dependent insulinotropic polypeptide (GIPR)
and glucagon (GCGR) receptors (3). Insulin secretion is known
to result from GLP-1-mediated activation of GLP-1R, whereby
numerous intracellular second messenger pathways are initi-
ated, i.e. the G�s-mediated intracellular cAMP pathway, cal-
cium mobilization, and MAPK pathway (4 – 6).

The signaling capacity of a 7TM/GPCR can be regulated
through ligand-mediated receptor internalization and subse-
quent intracellular receptor sorting, i.e. either recycling back to
the cell surface or degradation (7). Classically, 7TM/GPCR
internalization is initiated by ligand-mediated phosphorylation
of the activated receptor, followed by recruitment of �-arres-
tins, which uncouple the receptor from the G-protein (desen-
sitization). The receptor then internalizes through either
clathrin-mediated (8) or non-clathrin-mediated (9) path-
ways, thereby terminating receptor signaling. However, this
classical view has recently been challenged because persistent
signaling from internalized receptors of both families A (10)
and B (11, 12) has been reported. This suggests that the traffick-
ing properties of a 7TM/GPCR dictate the signaling proficien-
cies of a given receptor in a much more complicated manner
than previously anticipated. We (13) and others (14) have pre-
viously reported that GLP-1R is a fast internalizing and recy-
cling receptor, yet the functional consequences of GLP-1R traf-
ficking are still largely unknown.
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The signaling capacity of an individual 7TM/GPCR can
moreover be regulated through cross-talk with other receptors.
For instance, the physical interaction of 7TM/GPCRs in homo-
and heteromeric receptor complexes has been shown to be a
broad and general phenomenon within family B (15). Hetero-
merization between GLP-1R and the closely related GIPR has
been reported to result in cross-talk with functional conse-
quences for GLP-1R signaling (16, 17). In addition, heteromer-
ization between GLP-1R and GCGR has been described (18).
Because GLP-1R, GCGR, and GIPR are all (i) members of the
family B 7TM/GPCRs based on their structural and sequential
similarity, (ii) involved in blood glucose homeostasis regula-
tion, and (iii) expressed in pancreatic islets (3), a functional
cross-talk between these receptors could be anticipated. In this
study, we investigated the functional consequences of GLP-1R
cross-talk with the closely related GCGR and GIPR.

EXPERIMENTAL PROCEDURES

Materials—Cell culture medium (DMEM) with GlutaMAX-I
and 4.5 g/liter D-glucose, DMEM/nutrient mixture F-12 with
L-glutamine and 2.438 g/liter sodium bicarbonate, Dulbecco’s
PBS without CaCl2 and MgCl2, penicillin/streptomycin,
Versene, Opti-MEM I with GlutaMAX-I, Lipofectamine 2000,
Hanks’ balanced salt solution with CaCl2 and MgCl2 (HBSS),
FBS, and 10% Pluronic F-68 were purchased from Invitrogen.
N-terminally SNAP-tagged human GLP-1R, SNAP-tagged
human GIPR, SNAP-tagged human GCGR, Tag-lite SNAP-
Lumi4-Tb, and the cAMP dynamic 2 and Cellul’erk (phospho-
ERK1/2) kits were purchased from Cisbio Bioassays (Codolet,
France). White opaque OptiPlate-96 and OptiPlate-384 and
sterile and tissue culture-treated white opaque 96-well micro-
plates were purchased from PerkinElmer Life Sciences. HEPES,
fluorescein, and probenecid were purchased from Sigma-Al-
drich. The FLIPR calcium 5 assay kit and FLIPR Tetra 384-well
clear non-sterile pipette tips were purchased from Molecular
Devices. Corning BioCoat poly-D-lysine black clear-bottom
384-well plates were purchased from Fisher Scientific. Polypro-
pylene V-shaped 384-well microplates were purchased from
Greiner Bio One. Human embryonic kidney cells (HEK293)
were purchased from American Type Culture Collection. Coel-
enterazine 400A (DeepBlueC) was purchased from Biotium.
COS-7 cells were kindly provided by Professor Ulrik Gether
(University of Copenhagen, Copenhagen, Denmark). All
ligands were prepared in-house using standard methods. The
dynamin-1 K44E-HA plasmid was kindly provided by Profes-
sor Jennifer Whistler (University of California, San Fran-
cisco). Plasmids encoding GCGR, GIPR, HA-�2-adrenergic
receptor (�2AR), GLP-1R-RLuc8, �-arrestin-2-GFP, and
pcDNA3.1 were available in-house.

Cell Culture and Transfection—HEK293 and COS-7 cells
were cultured in DMEM supplemented with 10% heat-inacti-
vated FBS and in DMEM/nutrient mixture F-12 (1:1) supple-
mented with 10% heat-inactivated FBS plus 1% penicillin/strep-
tomycin, respectively, in a humidified 5% CO2 air incubator at
37 °C. For all experiments, cells were transiently transfected 2
days prior to the assay using Lipofectamine 2000.

Real-time Receptor Internalization—Real-time internaliza-
tion experiments were carried out using a time-resolved FRET-

based assay as described previously (13). For studies of single-
receptor internalization, HEK293 cells were transfected in
25-cm2 culture flasks with equal amounts (1.5 �g) of SNAP-
GLP-1R, SNAP-GIPR, or SNAP-GCGR plasmid. COS-7 cells
were transfected in 96-well plates (0.05 �g/well). The SNAP-
GLP-1R construct has previously been reported to retain full
binding to GLP-1 (13). Likewise, the SNAP tags on both the
GCGRs and GIPRs did not compromise ligand binding (data
not shown). HEK293 cells used for studying cross-talk or inter-
nalization inhibition were cotransfected in 25-cm2 culture
flasks with (i) SNAP-GLP-1R and pcDNA3.1, GCGR, GIPR, or
HA-�2AR plasmid in a 1:1 (1.5:1.5 �g) DNA ratio; (ii) SNAP-
GLP-1R and GIPR plasmids in varying DNA ratios ranging
from 1:0 (0.5:0 �g) to 1:1 (0.5:0.5 �g); or (iii) SNAP-GLP-1R and
dynamin-1 K44E-HA plasmids in a 1:2 (1.5:3.0 �g) DNA ratio.
In short, transiently transfected cells were seeded in sterile col-
lagen-coated 96-well microplates and cultured overnight. Sur-
face-expressed N-terminally SNAP-tagged receptors were
labeled with 100 nM Tag-lite SNAP-Lumi4-Tb (donor) in Opti-
MEM I for 60 min at 37 °C. Subsequently, cells were washed
with HBSS supplemented with 10 mM HEPES and 0.1% Plu-
ronic F-68 (HBSS buffer) and supplemented with 100 �M pre-
heated fluorescein (acceptor). The cells were stimulated with
preheated ligands diluted in HBSS buffer, and receptor inter-
nalization was measured every 6 min at 37 °C in an EnVision
2104 multilabel reader (PerkinElmer Life Sciences). Real-time
traces of receptor internalization were assessed by plotting the
donor/acceptor ratio versus time. For concentration-response
curves, the area under the curve (AUC) of the real-time traces
was calculated and plotted against ligand concentration. For
coexpression studies, the data were baseline-corrected to com-
pensate for the varying response levels resulting from repeated
transient transfections. In addition, data were normalized to
the maximum response generated from the SNAP-GLP-1R �
pcDNA3.1 cotransfection for each experimental repeat.

�-Arrestin-2 Recruitment Assay—Bioluminescence reso-
nance energy transfer saturation experiments for measuring
�-arrestin-2 recruitment were carried out as described previ-
ously (19). In short, HEK293 cells were transiently cotrans-
fected in 25-cm2 culture flasks with �-arrestin-2-GFP, GLP-1R-
RLuc8, and pcDNA3.1, GCGR, GIPR, or HA-�2AR plasmid in a
6:1:1 (8.5:1.5:1.5 �g) DNA ratio. The cells were cultured for 2
days prior to harvesting and thorough resuspension in HBSS
buffer. Ligands were diluted in HBSS, and the cells were stim-
ulated for 15 min at room temperature in the dark. The biolu-
minescence and fluorescence signals were measured using a
Mithras LB 940 plate reader (Berthold Technologies, Bad Wild-
bad, Germany) following automatic addition of the luciferase
substrate DeepBlueC diluted in 30% EtOH. The data were plot-
ted as acceptor/donor ratio (GFP/DeepBlueC) versus concen-
tration and normalized to the maximum response generated
from the SNAP-GLP-1R � pcDNA3.1 cotransfection.

cAMP and Phospho-ERK Signaling Assays—cAMP and phos-
pho-ERK (pERK) accumulation was measured using the cAMP
dynamic 2 and Cellul’erk (phospho-ERK1/2) kits, respectively.
HEK293 cells were transiently cotransfected in 25-cm2 culture
flasks with (i) SNAP-GLP-1R and pcDNA3.1, GCGR, GIPR, or
HA-�2AR plasmid in a 1:1 (1.5:1.5 �g) DNA ratio; (ii) SNAP-
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GLP-1R and GIPR plasmids in varying DNA ratios ranging
from 1:0 (0.5:0 �g) to 1:1 (0.5:0.5 �g; for cAMP measurements
only); or (iii) SNAP-GLP-1R and dynamin-1 K44E-HA plas-
mids in a 1:2 (1.5:3.0 �g) DNA ratio. Cells were seeded in sterile
polylysine-coated 96-well microplates and cultured overnight.
The next day, cells were washed twice with HBSS buffer prior to
incubation and reconstitution in HBSS buffer at 37 °C for 30
min or 2 h for cAMP or pERK experiments, respectively. For
cAMP experiments, the buffer was supplemented with 500 �M

isobutylmethylxanthine. The reconstituted cells were stimu-
lated with preheated ligands diluted in HBSS buffer at 37 °C for
30 min or 5 min for cAMP or pERK experiments, respectively.
The ligands were then aspirated, and the cells were lysed imme-
diately in cold lysis buffer for 30 min. The lysates were trans-
ferred to a 384-well plate and incubated with the fluorescently
labeled antibodies provided in the kit for 2 h in the dark at room
temperature prior to reading with the EnVision 2104 multilabel
reader. For cAMP experiments, the concentration of cAMP pro-
duced was interpolated from a standard curve. The data were plot-
ted as concentration-response curves and normalized to the max-
imum response generated from the SNAP-GLP-1R � pcDNA3.1
cotransfection.

Calcium Signaling Assay—Calcium signaling was measured
in real-time using the FLIPR calcium 5 assay kit. HEK293 were
transiently cotransfected in 25-cm2 culture flasks with (i)
SNAP-GLP-1R and pcDNA3.1, GCGR, or GIPR plasmid in a
1:1 (1.5:1.5 �g) DNA ratio or (ii) SNAP-GLP-1R and dynamin-1
K44E-HA plasmids in a 1:2 (1.5:3.0 �g) DNA ratio. Cells were
seeded in sterile 384-well microplates and cultured overnight.
The next day, the cells were incubated for 1 h at 37 °C with
component A dissolved in HBSS buffer supplemented with 250
mM probenecid. Cells were then stimulated with the ligands
diluted in HBSS buffer, and the signal was read every 2 s using the
FLIPR Tetra system. From the real-time calcium signaling traces,
the maximum response for each concentration was calculated and
baseline-subtracted, and the data were normalized to the maxi-
mum response generated from the SNAP-GLP-1R � pcDNA3.1
cotransfection. Data were then plotted as a concentration-re-
sponse curve.

Receptor Expression—Receptor expression was measured
either as emission from terbium-labeled SNAP-tagged surface-
expressed receptors or using a whole cell radioligand binding
assay. For receptor expression measured by fluorescence,
HEK293 and COS-7 cells were transiently transfected with
equal amounts of SNAP-GLP-1R/SNAP-GIPR/SNAP-GCGR
(1.5 �g in 25-cm2 culture flasks) or SNAP-GLP-1R/SNAP-
GIPR (0.05 �g in 96-well plates) plasmids, respectively. As
in the internalization assay, surface-expressed N-terminally
SNAP-tagged receptors were labeled with 100 nM Tag-lite
SNAP-Lumi4-Tb in Opti-MEM I for 60 min at 37 °C. Subse-
quently, cells were washed with HBSS buffer, and donor emis-
sion was measured in the absence of ligand using the EnVision
2104 multilabel reader during the internalization assay. Recep-
tor expression is presented as the integrated AUC from these
curves. For receptor expression measured by whole cell radio-
ligand binding, HEK293 cells were transiently cotransfected in
25-cm2 culture flasks with (i) SNAP-GLP-1R and pcDNA3.1,
GCGR, GIPR, or HA-�2AR plasmid in a 1:1 (1.5:1.5 �g) ratio;

(ii) SNAP-GLP-1R and GIPR plasmids in varying DNA ratios
ranging from 1:0 (0.5:0 �g) to 1:1 (0.5:0.5 �g); or (iii) SNAP-
GLP-1R and GIPR plasmids in a 1:1 (1.5:1.5 �g) ratio. Cells were
cultured in 96-well plates and incubated overnight at 4 °C with
240 pM 125I-GLP-1 or 125I-GIP and increasing concentrations of
unlabeled GLP-1 or GIP diluted in ice-cold HBSS buffer. The
following day, unbound ligand was washed off, and the cells
were lysed in 0.1 M NaOH prior to addition of MicroScint-40.
The radioactivity was measured as cpm in a TopCount NXT
gamma counter (PerkinElmer Life Sciences) and plotted as (i �
ii) Bmax in cpm or (iii) receptor number (in millions)/cell (cal-
culated as described previously (20)).

Data and Statistical Analysis—Concentration-response
curves were fitted to a simple log (agonist) versus response
regression in GraphPad Prism (version 6.00, GraphPad Soft-
ware, La Jolla, CA). Statistical analyses were performed in
GraphPad Prism using a two-sided Student’s t test for compar-
ison of two samples or one-way analysis of variance, followed by
Dunnett’s post-test for comparisons of two or more sample
groups with a control group. p � 0.05 was considered statisti-
cally significant.

RESULTS

Real-time Internalization of GCGR and GIPR in Comparison
with GLP-1R—Utilizing a novel time-resolved FRET-based
real-time internalization assay, we previously showed that
GLP-1R is a potent and fast internalizing receptor (13). GLP-1R
shares �40% sequence similarity with GCGR and GIPR. Due to
the impact of trafficking on 7TM/GPCR signaling capacity, we
first investigated the internalization properties of GCGR and
GIPR (Fig. 1). SNAP-GLP-1R (Fig. 1A), SNAP-GCGR (Fig. 1B),
or SNAP-GIPR (Fig. 1C) was transiently expressed in HEK293
cells, and real-time receptor internalization was measured in
response to increasing concentrations of GLP-1, glucagon, or
GIP, respectively. In contrast to the potent GLP-1-induced
GLP-1R internalization (Fig. 1A), GCGR internalization was
induced only by high glucagon concentrations (�1 �M) (Fig.
1B). Notably, GIP concentrations even in the �M range were not
sufficient to induce significant GIPR internalization (Fig. 1C).
These different internalization properties were not caused by
different expression levels of the three receptors (Fig. 1C, inset).
To rule out any cell line-dependent differences in receptor
internalization properties, we repeated the internalization
experiment in COS-7 cells. As observed in HEK293 cells, GLP-1
potently induced GLP-1R internalization (Fig. 1D), whereas
GIP failed to induce GIPR internalization (Fig. 1E). Similar to
HEK293 cells, these differences were not caused by different
receptor expression levels (Fig. 1E, inset). Thus, these data
reveal diverse trafficking properties of the three otherwise
highly related family B receptors.

Coexpression of GLP-1R with GCGR or GIPR Alters GLP-1R
Internalization—The interaction of structurally related 7TM/
GPCRs in homo- and heteromers can alter the function of the
involved receptors through receptor cross-talk. For example,
heteromerization of the fast internalizing �2AR with the non-
internalizing �-opioid receptor inhibits �2AR internalization
and furthermore decreases �2AR-mediated MAPK signaling
(21). Oligomerization of the family B 7TM/GPCRs is a general
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phenomenon (15), and heteromerization of GLP-1R with both
GIPR and GCGR has been reported (16 –18). On the basis of the
differences in GLP-1R, GCGR, and GIPR internalization abili-
ties (Fig. 1), we hypothesized that cross-talk between the potent
internalizing GLP-1R with the weakly internalizing GCGR or
the non-internalizing GIPR would alter GLP-1R internaliza-
tion. Real-time GLP-1R internalization was examined in
HEK293 cells upon coexpression of pcDNA3.1 (Fig. 2A, trans-
fection control), GCGR (Fig. 2B), GIPR (Fig. 2C), or the unre-
lated �2AR (Fig. 2D, negative control). In the presence of
GCGR, GLP-1R internalization efficacy was significantly
reduced (Emax � 43.1 � 5.7%, p � 0.0001) (Fig. 2, B and E) in
comparison with when GLP-1R was expressed alone (Emax �
100 � 0.0%) (Fig. 2A). Coexpression of GLP-1R with GIPR
inhibited GLP-1R internalization (Emax � 11.1 � 2.1%, p �
0.0001) (Fig. 2, C and E). In contrast, the presence of the unre-
lated �2AR did not alter GLP-1R internalization (Emax � 90.0 �
8.1%) (Fig. 2, D and E), indicating that altered GLP-1R traffick-
ing is not a result of cotransfection in itself. Likewise, GLP-1R
expression levels remained unchanged upon the respective
cotransfections (Fig. 2F). Taken together, these data indicate
that the presence of both GCGR and GIPR impairs GLP-1R
internalization.

�-Arrestin-2 Recruitment to GLP-1R Is Altered upon Receptor
Cross-talk—The classical mechanism of 7TM/GPCR internal-
ization involves C-terminal receptor phosphorylation, followed
by recruitment and binding of �-arrestins (8). In line with this,
GLP-1R activation has been reported to mediate �-arrestin
recruitment (19, 22).

Because cross-talk between GLP-1R and GCGR or GIPR
alters GLP-1R internalization (Fig. 2), we next determined
whether coexpression of GLP-1R with GCGR or GIPR also
affects �-arrestin-2 recruitment to GLP-1R. HEK293 cells were
transfected with GLP-1R-RLuc8, �-arrestin-2-GFP, and
pcDNA3.1, GCGR, GIPR, or the unrelated �2AR. GLP-1-in-
duced recruitment of �-arrestin-2 to GLP-1R was measured in
bioluminescence resonance energy transfer saturation experi-
ments (Fig. 3). Cotransfection of GLP-1R with GCGR (Emax �
87.0 � 3.0%) or �2AR (Emax � 86.1 � 3.7%) did not significantly
alter recruitment of �-arrestin-2 to GLP-1R compared with
cotransfection with pcDNA3.1 (Emax � 100 � 0.0%). In con-
trast, the presence of GIPR (Emax � 63.0 � 6.3%) significantly
reduced the efficacy of GLP-1-mediated recruitment of �-ar-
restin-2 to GLP-1R (p � 0.001) (Fig. 3). These data suggest
reduced recruitment of �-arrestin-2 to GLP-1R mediated by
the presence of GIPR. This correlates well with the observation
that GLP-1R internalization was impaired upon coexpression
with GIPR.

Cross-talk between GLP-1R and GCGR or GIPR Has Func-
tional Consequences on GLP-1R Signaling—GLP-1R is coupled
mainly to G�s, and GLP-1-mediated cAMP production is an
important prerequisite for insulin secretion from pancreatic
�-cells (1). Because (i) 7TM/GPCR trafficking is thought to be
an important regulator of receptor signaling and (ii) GLP-1R
internalization is altered in the presence of GCGR or GIPR (Fig.
2), we next examined whether the presence of either GCGR or
GIPR could alter the downstream signaling from GLP-1R.

FIGURE 1. Diverse internalization profiles of GLP-1R, GCGR, and GIPR. Real-time receptor internalization in response to increasing concentrations of ligand
(log10 (M)) was measured in HEK293 cells (A–C) and COS-7 cells (D and E) transfected with equal amounts of N-terminally SNAP-tagged receptor plasmids. A and
D, GLP-1-stimulated SNAP-GLP-1R internalization. B, glucagon-stimulated SNAP-GCGR internalization. C and E, GIP-stimulated SNAP-GIPR internalization. C
and E insets, no differences in receptor expression of GLP-1R (white bars), GCGR (striped bar), and GIPR (black bars) were observed, measured as total donor signal
from surface-expressed receptors in the absence of ligand and plotted as AUC of the donor signal over time. Data represent means � S.D. from one repre-
sentative (A–E) or means � S.E.M. (C and E insets) out of three individual experiments carried out in triplicates.
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cAMP accumulation was measured in HEK293 cells trans-
fected with GLP-1R and either GCGR or GIPR following stim-
ulation with increasing concentrations of GLP-1 for 30 min
(Fig. 4A). Coexpression of GLP-1R with GIPR significantly
reduced GLP-1-mediated cAMP accumulation (p � 0.05) (Fig.
4A). In comparison, the presence of GCGR did not affect
GLP-1R cAMP accumulation (Fig. 4A and Table 1).

In addition to cAMP, several other second messengers have
been reported to be activated in response to GLP-1 stimulation
in �-cells, including proteins of the MAPK pathway and cal-
cium mobilization (4 – 6). Hence, we next measured the effects
of GIPR and GCGR coexpression on GLP-1R-mediated pERK
and calcium signaling. GLP-1R-mediated ERK phosphoryla-
tion was measured in HEK293 cells upon cotransfection with
either GCGR or GIPR in response to 5 min of stimulation with
increasing concentrations of GLP-1 (Fig. 4B). Coexpression
of GLP-1R with either GCGR or GIPR significantly impaired
GLP-1R pERK signaling (p � 0.0001) (Fig. 4B and Table 1).
GLP-1R-mediated calcium accumulation was measured in real-

time in HEK293 cells upon cotransfection with either GCGR or
GIPR and is presented as the maximum response as a function
of GLP-1 concentration (Fig. 4C). Upon cotransfection with
GCGR, a significant decrease in GLP-1R efficacy was observed
(p � 0.01) (Fig. 4C). Notably, GLP-1R calcium signaling was
even further impaired in the presence of GIPR (p � 0.001) (Fig.
4C and Table 1). Taken together, these data suggest substantial
functional consequences of cross-talk between GLP-1R and
GIPR, thereby resulting in decreased cAMP, pERK, and calcium
accumulation. In comparison, GCGR did not affect cAMP
accumulation emanating from GLP-1R, but reduced GLP-1R-
mediated pERK and calcium signaling.

Cross-talk between GLP-1R and GIPR at Various Receptor
Ratios—Our data suggest that the presence of GIPR has a neg-
ative impact on GLP-1R internalization (Fig. 2), �-arrestin
recruitment (Fig. 3), and signaling (Fig. 4). Because GLP-1R and
GIPR are physiologically coexpressed in �-cells (23) and have
been reported to heteromerize (16, 17), we further investigated
the cross-talk between GLP-1R and GIPR. To closer mimic the

FIGURE 2. GLP-1R internalization is impaired in the presence of GCGR or GIPR. GLP-1R internalization in response to increasing concentrations of GLP-1
(log10 (M)) was measured in real-time in HEK293 cells cotransfected with a 1:1 ratio of SNAP-GLP-1R and pcDNA3.1 (A), GCGR (B), GIPR (C), or �2AR (D). E,
concentration-response curves of AUC from the real-time internalization traces. Cotransfection of SNAP-GLP-1R with either GCGR (f) or GIPR (Œ) significantly
reduced receptor internalization compared with cotransfection with pcDNA3.1 (E) or �2AR (�) (p � 0.0001). F, no differences in GLP-1R expression were
observed upon coexpression with pcDNA3.1 (white bar), GCGR (striped bar), GIPR (black bar), or �2AR (dotted bar), measured as radioligand binding to whole
cells and plotted as Bmax in cpm. Data represent means � S.D. from one representative (A–D) or means � S.E.M. (E and F) from a minimum of three independent
experiments carried out in triplicates.
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natural expression of these receptors in �-cells, we repeated the
internalization and cAMP accumulation measurements with a
decreased concentration of plasmid used for transfection and a
varied ratio between GLP-1R and GIPR ranging from 1:0 to 1:1.
Upon titration with increasing concentrations of GIPR, a con-
centration-dependent decrease in GLP-1R internalization was
observed (Fig. 5, A–D), which was significant at a 1:0.25 GLP-
1R/GIPR ratio (p � 0.01) (Fig. 5E). Likewise, a tendency for
a concentration-dependent decrease in GLP-1R-mediated
cAMP accumulation was observed in the presence of increasing
GIPR concentrations (Fig. 5F). In addition, we observed that
GLP-1R expression decreased upon coexpression with increas-
ing GIPR concentrations, which was significant at a 1:0.5 GLP-
1R/GIPR ratio (p � 0.05) (Fig. 5G). However, at comparable
GLP-1R expression levels (pcDNA3.1 Bmax � 570 � 74 cpm
(Fig. 2A) versus 1:1 Bmax � 570 � 32 cpm (Fig. 5D)), GLP-1R
exhibited full internalization when expressed alone (Fig. 2A),
whereas GLP-1R internalization was significantly inhibited in
the presence of GIPR (Fig. 5D). Taken together, these data sup-
port a GIPR-mediated decrease in GLP-1R internalization and
cAMP accumulation in a GIPR concentration-dependent man-
ner. In addition, a GIPR concentration-dependent decrease in
GLP-1R expression was observed. This suggests that GIPR has
a dual role in regulating the function of GLP-1R by altering both
its expression and internalization properties.

Consequences of GLP-1R and GIPR Cross-talk—Next, we
examined any differences in signaling of the structurally similar
GLP-1R and GIPR, as well as any cross-activation of the recep-
tors. We first examined the main signaling pathway for both
receptors (i.e. cAMP production) upon individual expression or
coexpression of the two receptors.

cAMP production mediated by GLP-1R or GIPR upon indi-
vidual expression in HEK293 cells was measured in response to
GLP-1 or GIP stimulation, respectively (Fig. 6A). In comparison
with GLP-1-stimulated GLP-1R cAMP production, GIP-stim-

ulated GIPR cAMP production exhibited a significantly re-
duced efficacy (p � 0.0001) and potency (p � 0.01) (Fig. 6A and
Table 2). These differences were not caused by different expres-
sion levels of the two receptors (Fig. 6D). As a control, no cross-
activation of GLP-1R by GIP or of GIPR by GLP-1 was meas-
ured (Fig. 6A and Table 2), in correlation with previous studies
(24). Upon coexpression of GLP-1R with GIPR, GIP-stimulated
GIPR cAMP production was unaffected (Fig. 6B). In contrast,
GLP-1-stimulated GLP-1R cAMP production was significantly
impaired with regard to both efficacy (p � 0.0001) and potency
(p � 0.0001) (Fig. 6B and Table 2), thereby mimicking the sig-
naling profile of GIPR.

In a recent study, GIP stimulation was reported to disrupt the
heteromerization between GLP-1R and GIPR (16). Thus, we
next tested whether co-stimulation of GLP-1 and GIP alters the
GIPR-mediated impairment of GLP-1R cAMP production
(Figs. 4A and 6B) and internalization (Fig. 2). Upon coexpres-
sion of GLP-1R with GIPR, co-stimulation with increasing con-
centrations of GLP-1 and a constant saturating concentration
of GIP did not influence the impaired GLP-1R cAMP produc-
tion (Fig. 6B and Table 2). Likewise, the reduced capacity of
GLP-1R to internalize upon coexpression of GIPR (Emax �
10.9 � 1.80%, p � 0.0001) was not affected when the receptors
were co-stimulated with increasing concentrations of GLP-1 in
the presence of a saturating concentration of GIP (Emax �
12.1 � 2.92%, p � 0.0001) (Fig. 6C).

These data suggest that GLP-1R-mediated cAMP produc-
tion in general is more efficient and potent compared with
GIPR cAMP production. Upon coexpression of the two recep-
tors, GLP-1-induced GLP-1R cAMP production was reduced
and mimicked GIPR signaling with a lower efficacy and
potency. Co-stimulation with both GLP-1 and GIP did not
influence the impaired GLP-1R cAMP production and inter-
nalization mediated by the presence of GIPR.

GLP-1R Internalization Is Essential for Full Receptor
Functionality—7TM/GPCR internalization is classically
thought to be linked to receptor desensitization (8). In line
with this, inhibition of receptor internalization is suggested to
result in increased signaling. However, in this study, we have
shown that GIPR-mediated loss of GLP-1R internalization (Fig.
2) was correlated with decreased cAMP, calcium, and pERK
accumulation (Fig. 4), which is in conflict with the classical view
of internalization-mediated desensitization. However, recent
studies suggest a potential new paradigm with signaling from
internalized functional 7TM/GPCRs (25, 26). Thus, we wanted
to investigate whether altering GLP-1R internalization would
affect receptor signaling. Like other 7TM/GPCRs, GLP-1R is
expected to internalize either through clathrin-dependent or
clathrin-independent (27) pathways, both of which rely on
dynamin activity (28). We thus tested whether a dominant-
negative mutant of dynamin, dynamin-1 K44E (29), could
inhibit GLP-1R internalization. HEK293 cells were cotrans-
fected with SNAP-GLP-1R and either pcDNA3.1 (Fig. 7A,
transfection control) or dynamin-1 K44E (Fig. 7B), and recep-
tor internalization was measured in real-time in response to
increasing GLP-1 concentrations. GLP-1-mediated GLP-1R
internalization was fully inhibited upon cotransfection with
dynamin-1 K44E (p � 0.0001) (Fig. 7, B and C). Thus, GLP-1R

FIGURE 3. �-Arrestin-2 recruitment to GLP-1R is impaired in the presence
of GIPR. GLP-1-stimulated recruitment of �-arrestin-2 to GLP-1R was mea-
sured using a bioluminescence resonance energy transfer (BRET) saturation
assay. HEK293 cells were cotransfected with a 6:1:1 ratio of �-arrestin-2-GFP,
GLP-1R-RLuc8, and pcDNA3.1 (E), GCGR (f), GIPR (Œ), or �2AR (�) and stim-
ulated with increasing concentrations of GLP-1 for 15 min prior to measure-
ment. Cotransfection of GLP-1R with GIPR significantly reduced recruitment
of �-arrestin-2 to GLP-1R (p � 0.001). Data represent means � S.E.M. from five
independent experiments carried out in duplicates.
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internalization can be blocked by inhibiting dynamin-mediated
endocytic pathways.

Next, we tested whether inhibition of GLP-1R internaliza-
tion has a functional consequence on receptor signaling.
GLP-1-mediated cAMP production was measured in
HEK293 cells in the presence or absence of dynamin-1 K44E
(Fig. 7D). In its presence, cAMP production efficacy was signifi-
cantly decreased (Emax � 59.5 � 3.4%) compared with GLP-1R
signaling upon coexpression with pcDNA3.1 (Emax � 100 � 0.0%,
p � 0.05). Likewise, both GLP-1R-induced ERK phosphorylation
(Emax �100�0.0%) (Fig. 7E) and calcium signaling (Emax �116�
6.6%) (Fig. 7F) were significantly reduced in the presence of
dynamin-1 K44E (Emax � 48.8 � 3.6%, p � 0.0001; and Emax �
65.1 � 8.5%, p � 0.01, respectively). These data show that inhibi-
tion of GLP-1R internalization results in reduced receptor signal-
ing, thereby indicating the importance of GLP-1R internalization
for full receptor functionality.

DISCUSSION

In this study, we investigated the implications of cross-talk
between GLP-1R and GIPR or GCGR, with a focus on the func-
tional consequences of receptor trafficking and signaling. The
potent internalizing GLP-1R shares high structural as well as
functional similarity with GCGR and GIPR. Here, we found that
despite these similarities, the three receptors exhibit differen-
tial internalization properties (Fig. 1). Previous studies have
reported GCGR internalization but with varying potencies
(30 –32). In addition, two studies reported GIPR internalization
at varying degrees, ranging from 10 to 60% (16, 33).

Interestingly, our data show that coexpression of GLP-1R
with GCGR or GIPR impaired GLP-1R internalization to a

degree corresponding to the internalization properties of the
individual receptors (Fig. 2). In line with this, �-arrestin-2
recruitment to GLP-1R was reduced in the presence of GIPR
(Fig. 3). Previous studies have reported altered trafficking of
7TM/GPCRs upon heteromerization (34). For example, �2AR
heteromerization with either the internalizing �-opioid recep-
tor or the non-internalizing �-opioid receptor alters �2AR
internalization without affecting ligand binding properties.
Thus, �2AR and the �-opioid receptor co-internalize upon acti-
vation of either of the receptors, whereas �2AR heteromeriza-
tion with the �-opioid receptor completely blocks the internal-
izing properties of �2AR (21). From our data, it can be
speculated that heteromerization of the internalizing GLP-1R
with the non-internalizing GIPR traps the heteromer on the cell
surface, hereby inhibiting co-internalization of the two recep-
tors in a similar manner to the �2AR/�-opioid receptor
heteromer.

On the basis of the general consensus regarding a functional
importance of 7TM/GPCR internalization, we hypothesized
that the inhibiting effect of GCGR and GIPR on GLP-1R inter-
nalization would also affect GLP-1R signaling. Indeed, upon
coexpression of GLP-1R with GIPR, we observed inhibition of
cAMP, pERK, and calcium accumulation. In contrast, coex-
pression of GLP-1R with GCGR significantly inhibited only
pERK and calcium signaling but not cAMP production (Fig. 4).
The higher impact of GCGR on GLP-1R-mediated ERK phos-
phorylation compared with cAMP accumulation may be due to
the per se lower capacity of GLP-1 to stimulate ERK phosphor-
ylation. Overall, GIPR had a more prominent impact on
GLP-1R signaling compared with GCGR. However, GIPR also
had a stronger effect on GLP-1R internalization and �-arres-
tin-2 recruitment, again suggesting a direct link between recep-
tor internalization and signaling. For receptor cross-talk to
have physiological relevance, receptor coexpression in endoge-
nous cells is essential. GLP-1R and GIPR coexpress on pancre-
atic �-cells (23). To our knowledge, there are no concluding
reports suggesting that GLP-1R and GCGR are coexpressed
endogenously in any cell type, although there is an ongoing
debate regarding the presence of both GLP-1Rs and GCGRs on
�-cells (23, 35–38). Thus, theoretically, GIPR resembles a more

FIGURE 4. Impaired GLP-1R signaling in the presence of GCGR or GIPR. HEK293 cells were cotransfected with a 1:1 ratio of SNAP-GLP-1R and pcDNA3.1 (E),
GCGR (f), or GIPR (Œ) and stimulated for 30 min prior to measurement of cAMP production (A) or 5 min prior to measurement of ERK accumulation (B). C,
calcium accumulation was measured in real-time and is plotted as concentration-response curves of the maximum response from the real-time signaling
traces. cAMP production was significantly impaired in the presence of GIPR (p � 0.05). ERK accumulation was significantly impaired in the presence of GIPR and
GCGR (p � 0.0001). Calcium accumulation was significantly impaired in the presence of GCGR (p � 0.01) and even further impaired in the presence of GIPR (p �
0.001). Data represent means � S.E.M. from a minimum of three independent experiments carried out in triplicates.

TABLE 1
GLP-1R signaling is impaired in the presence of GCGR and GIPR
The efficacy of GLP-1R signaling upon coexpression with pcDNA3.1, GCGR, or
GIPR is presented as a percentage of the maximum signal obtained from cotrans-
fection with pcDNA3.1. Values are means � S.E.M. from a minimum of three
individual experiments carried out in triplicates.

Emax

cAMP pERK Calcium

%
pcDNA3.1 100 � 0.0 100 � 0.0 116 � 6.6
GCGR 111 � 14.6 35.8 � 2.5 66.4 � 4.2
GIPR 63.0 � 4.7 26.9 � 2.2 25.0 � 8.2
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FIGURE 5. Concentration-dependent decrease in GLP-1R function in the presence of GIPR. GLP-1R internalization in response to increasing concentrations
of GLP-1 (log10 (M)) was measured in real-time in HEK293 cells cotransfected with varying SNAP-GLP-1R/GIPR ratios: 1:0 (A), 1:0.25 (B), 1:0.5 (C), or 1:1 (D). E,
concentration-response curves of AUC from the real-time internalization traces. Internalization of SNAP-GLP-1R (1:0, E) was significantly reduced upon
cotransfection with GIPR in ratios of 1:0.25 (f; p � 0.01), 1:0.5 (�; p � 0.01), and 1:1 (Œ; p � 0.01). Data represent means � S.D. from one representative (A–D)
or means � S.E.M. (E) out of five independent experiments carried out in triplicates. F, GLP-1R-mediated cAMP accumulation was measured in response to
increasing concentrations of GLP-1 for 30 min and is plotted as the maximum response upon coexpression with GIPR in ratios of 1:0 (white bar), 1:0.25 (striped
bar), 1:0.5 (dotted bar), and 1:1 (black bar) (p � 0.05). Data represent means � S.E.M. from three independent experiments carried out in triplicates. G, expression
of SNAP-GLP-1R (white bar) was unaffected by cotransfection with GIPR in a 1:0.25 ratio (striped bar), but was significantly decreased upon cotransfection with
GIPR in a 1:0.5 ratio (dotted bar; *, p � 0.05) and a 1:1 ratio (black bar; *, p � 0.05), measured as radioligand binding to whole cells and plotted as Bmax in cpm.
Data represent means � S.E.M. from two independent experiments carried out in triplicates.

FIGURE 6. Reduced cAMP production and internalization properties of GLP-1R in the presence of GIPR are not influenced by ligand co-stimulation.
cAMP production mediated by GLP-1R and GIPR following 30 min of ligand stimulation was measured upon individual expression (A) or coexpression (B) in
HEK293 cells transfected with equal amounts of SNAP-GLP-1R and GIPR plasmids. A, upon individual receptor expression, GLP-1 stimulation of GLP-1R (E)
resulted in significantly higher cAMP production compared with GIP-stimulated GIPR (‚; p � 0.0001). No cross-activation of GLP-1R by GIP (ß) or of GIPR by
GLP-1 (�) was observed. B, upon coexpression of GLP-1R and GIPR, GIP-stimulated GIPR signaling (Œ) was unaffected, whereas GLP-1-stimulated GLP-1R
signaling (●) was significantly reduced (p � 0.0001). Co-stimulation with GLP-1 and 100 nM GIP (�) did not rescue the impaired GLP-1R signaling. Data represent
means � S.E.M. from a minimum of two independent experiments carried out in duplicates. C, ligand-stimulated GLP-1R internalization was measured in
real-time in HEK293 cells transfected with SNAP-GLP-1R or cotransfected with SNAP-GLP-1R and GIPR in a 1:1 ratio. In comparison with GLP-1-stimulated
GLP-1R internalization upon individual expression (E), GLP-1R internalization was significantly reduced upon coexpression with GIPR (●; p � 0.0001). Co-stim-
ulation with GLP-1 and 1 �M GIP (�) did not rescue the impaired GLP-1R internalization. Data represent means � S.E.M. from three independent experiments
carried out in triplicates. D, no differences in GLP-1R expression (white bar) and GIPR expression (black bar) were measured using radioligand binding to whole
cells. Data are plotted as million receptor number/cell (Million no. pr. cell). Data represent means � S.E.M. from three independent experiments carried out in
duplicates.
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physiological relevant interaction partner for GLP-1R. When
varying the ratio between GLP-1R and GIPR, we observed a
GIPR concentration-dependent decrease in internalization and
a similar tendency for GLP-1R-mediated cAMP accumulation.
This supports a functional impact of cross-talk between
GLP-1R and GIPR.

Coexpression of GLP-1R and GIPR has been reported to res-
cue the expression of a dysfunctional GIPR mutant. Hence, the
physical assembly of GLP-1R and GIPR in a heteromeric com-
plex was suggested to take place during the receptor maturation
process in a ligand-independent manner (17). In comparison,
Schelshorn et al. (16) reported a ligand-dependent GLP-1R/
GIPR heteromer that was induced by GLP-1 and disrupted by
GIP stimulation. Along with these findings, impaired �-arrestin
recruitment to GLP-1R mediated by the presence of GIPR was
rescued upon co-stimulation with GLP-1 and GIP. In our stud-
ies, co-stimulation with GLP-1 and GIP did not rescue either
the impaired GLP-1R cAMP accumulation or the inhibited
receptor internalization seen upon coexpression of the two

receptors (Fig. 6). Hence, our data suggest a ligand (i.e. GIP)-
independent cross-talk between GLP-1R and GIPR. Addition-
ally, this study emphasizes a correlation between GIPR-medi-
ated inhibition of GLP-1R internalization and altered signaling.
We showed that inhibition of GLP-1R internalization using
dynamin-1 K44E resulted in significantly reduced GLP-1-stim-
ulated cAMP accumulation via this receptor (Fig. 7). A similar
reduction in cAMP accumulation (and also insulin secretion)
upon inhibition of GLP-1R internalization was recently re-
ported by Kuna et al. (39). Hence, we suggest that GLP-1R
internalization is an important mechanism for full receptor
functionality.

In conclusion, this study highlights a previously unappreci-
ated cross-talk between the two main incretin receptors,
GLP-1R and GIPR, which are responsible for regulating glu-
cose-dependent insulin secretion. Furthermore, our data
emphasize the importance of GLP-1R internalization for full
receptor functionality. Due to the coexpression of the two
incretin receptors in pancreatic �-cells, the inhibitory effect of

TABLE 2
GLP-1R and GIPR cAMP accumulation upon individual expression or coexpression
The efficacy and potency of GLP-1R and GIPR cAMP accumulation upon individual receptor expression or coexpression were normalized to the maximum signal obtained
from GLP-1R upon individual expression. Efficacies are presented as a percentage of maximum GLP-1R signaling, and potencies are presented as EC50 values. Values are
means � S.E.M. from a minimum of two individual experiments carried out in duplicates. NA, data not available.

GLP-1 GIP GLP-1 � GIP
Emax EC50 Emax EC50 Emax EC50

% pM % pM % pM

GLP-1R 100 � 0.01 23.0 � 0.7 1.9 � 0.1 NA NA NA
GIPR 3.5 � 0.4 NA 49.1 � 3.2 38.4 � 1.7 NA NA
GLP-1R � GIPR 44.2 � 4.9 58.9 � 2.6 44.4 � 2.8 38.7 � 4.9 44.2 � 3.5 NA

FIGURE 7. Inhibition of GLP-1R internalization results in impaired signaling. GLP-1R internalization in response to increasing concentrations of GLP-1
(log10 (M)) was measured in real-time in HEK293 cells cotransfected with SNAP-GLP-1R and either pcDNA3.1 in a 1:1 ratio (A) or dynamin-1 K44E in a 1:2 ratio (B).
C, concentration-response curves of AUC from real-time internalization traces. GLP-1R internalization was significantly inhibited upon cotransfection with
dynamin-1 K44E (�; p � 0.0001) compared with cotransfection with pcDNA3.1 (E). Data represent means � S.D. from one representative (A and B) or means �
S.E.M. (C) out of four independent experiments carried out in triplicates. D–F, GLP-1-stimulated GLP-1R signaling was measured in HEK293 cells cotransfected
with SNAP-GLP-1R and either pcDNA3.1 in a 1:1 ratio (E) or dynamin-1 K44E in a 1:2 ratio (�). GLP-1R-mediated cAMP accumulation (D; p � 0.05), pERK
accumulation (E; p � 0.0001), and calcium accumulation (F; p � 0.01) were significantly impaired in the presence of dynamin-1 K44E compared with pcDNA3.1
Data represent means � S.E.M. from a minimum of three independent experiments carried out in triplicates.
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GIPR on GLP-1R function could be highly physiologically rele-
vant. In fact, GIPR knock-out mice show an increased sensitiv-
ity to GLP-1R function in islets, which is independent of a com-
pensatory up-regulation of either GLP-1 secretion or GLP-1R
expression (40). Based on our data, it could be speculated that in
the absence of GIPRs in GIPR knock-out mice, GLP-1R is a fully
internalizing and thus highly functional receptor. In line with
this, changes in the GLP-1R versus GIPR expression ratio (e.g.
during the development of diabetes) can be anticipated to mod-
ify the cross-talk between these two receptors. Further studies
are needed to determine the interplay between GLP-1R and
GIPR in primary cells and in vivo.
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