
Receptor sequestration in response to β-arrestin-2
phosphorylation by ERK1/2 governs steady-state levels
of GPCR cell-surface expression
Justine S. Paradisa, Stevenson Lya,b, Élodie Blondel-Tepaza, Jacob A. Galana,c,1, Alexandre Beautraita, Mark G. H. Scottd,
Hervé Enslend, Stefano Marullod, Philippe P. Rouxa,c,2, and Michel Bouviera,b,2

aInstitute for Research in Immunology and Cancer, Université de Montréal, Montréal, QC H3C 1J4, Canada; bDepartment of Biochemistry and Molecular
Medicine, Université de Montréal, Montréal, QC H3C IJ4, Canada; cDepartment of Pathology and Cell Biology, Université de Montréal, Montréal, QC H3C IJ4,
Canada; and dInstitut Cochin, Inserm U1016, CNRS UMR8104, Université Paris Descartes, Sorbonne Paris Cité, 75014 Paris, France

Edited by Solomon H. Snyder, Johns Hopkins University School of Medicine, Baltimore, MD, and approved August 13, 2015 (received for review May 5, 2015)

MAPKs are activated in response to G protein-coupled receptor
(GPCR) stimulation and play essential roles in regulating cellular
processes downstream of these receptors. However, very little is
known about the reciprocal effect of MAPK activation on GPCRs.
To investigate possible crosstalk between the MAPK and GPCRs,
we assessed the effect of ERK1/2 on the activity of several GPCR
family members. We found that ERK1/2 activation leads to a
reduction in the steady-state cell-surface expression of many
GPCRs because of their intracellular sequestration. This subcellular
redistribution resulted in a global dampening of cell responsive-
ness, as illustrated by reduced ligand-mediated G-protein activa-
tion and second-messenger generation as well as blunted GPCR
kinases and β-arrestin recruitment. This ERK1/2-mediated regula-
tory process was observed for GPCRs that can interact with
β-arrestins, such as type-2 vasopressin, type-1 angiotensin, and
CXC type-4 chemokine receptors, but not for the prostaglandin F
receptor that cannot interact with β-arrestin, implicating this scaf-
folding protein in the receptor’s subcellular redistribution. Com-
plementation experiments in mouse embryonic fibroblasts lacking
β-arrestins combined with in vitro kinase assays revealed that
β-arrestin-2 phosphorylation on Ser14 and Thr276 is essential for
the ERK1/2-promoted GPCR sequestration. This previously uniden-
tified regulatory mechanism was observed after constitutive acti-
vation as well as after receptor tyrosine kinase- or GPCR-mediated
activation of ERK1/2, suggesting that it is a central node in the
tonic regulation of cell responsiveness to GPCR stimulation, acting
both as an effector and a negative regulator.
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The ERK/MAPK pathway (1, 2) traditionally has been linked
to the activation of receptor tyrosine kinases (RTKs) (3, 4),

but in recent years, G protein-coupled receptor (GPCR)-medi-
ated ERK/MAPK activation also has been shown to play impor-
tant roles (5). Such convergence on the ERK/MAPK signaling
module generates multiple opportunities for regulating cross-
talk between GPCR and RTK signaling, and many distinct mo-
lecular mechanisms have been described (6). GPCRs activate the
ERK/MAPK pathway via both G protein-dependent (canonical)
and -independent (noncanonical) pathways. The canonical path-
way can involve diverse Gα and/or Gβγ subunits that cause
ERK1/2 activation through various downstream effectors, such as
PI3K and exchange protein directly activated by cAMP (EPAC),
as well as PKA and PKC (7–11). Among the noncanonical mech-
anisms, engagement of β-arrestins (βarrs) scaffolding the ERK/
MAPK module has attracted considerable attention (12–14).
For both canonical (15) and noncanonical (16, 17) pathways,
transactivation of RTKs downstream of some GPCRs also has
been shown to contribute to ERK1/2 regulation. Particularly, di-
rect recruitment of βarrs to several RTKs (18), including insulin-
like growth factor receptor (IGFR) (19, 20), insulin receptor (IR)

(21), and epidermal growth factor receptor (EGFR) (22–24),
following activation of either RTK or GPCR also results in
ERK1/2 activation, emphasizing the central role of βarrs in con-
trolling ERK1/2 activity.
For classical G protein-mediated signaling, several processes

controlling the duration of the signal have been elucidated, in-
cluding both homologous and heterologous desensitizations. The
former involves phosphorylation of the activated receptor by
GPCR kinases (GRKs) leading to the high-affinity binding of
βarrs to the activated receptor, uncoupling of the receptor from
G proteins, and subsequent internalization (25–27). Heterolo-
gous desensitization occurs upon activation of second messen-
ger-dependent kinases such as PKA or PKC and may or may not
be followed by receptor internalization (28, 29). Although, as
mentioned above, ERK1/2 activation now is recognized as a
main signaling module in both G protein- and βarr-dependent
pathways, very little is known about the possible adaptive mech-
anisms resulting from the activation of these kinases. In one
study (30), phosphorylation of βarr1, but not βarr2, by ERK1/2
was proposed to inhibit the agonist-promoted translocation of
βarr1 to the β2-adrenergic receptor, preventing its endocytosis.
More recently, ERK1/2-promoted phosphorylation of rat βarr2
was shown to stabilize the complex between the B2-bradykinin
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receptor and βarr2, thereby slowing the recycling of the receptor
to the plasma membrane after agonist-promoted endocytosis
(31). Although these data point to possible feedback roles for the
ERK/MAPK pathway in receptor trafficking, they also raise
important questions about the general role that ERK1/2 acti-
vation may play in GPCR activity.
Here we investigated the influence of ERK1/2 activation on

GPCR responsiveness using the chemokine CXC type-4 receptor
(CXCR4) as a model. We found that activation of the ERK/
MAPK pathway results in decreased CXCR4 signaling upon
stimulation by its native agonist, CXC type-12 (CXCL12). This
reduced responsiveness resulted from the direct phosphorylation
of βarr2 by ERK1/2 on two Ser/Thr residues, ultimately leading
to the constitutive intracellular redistribution of the receptor.

This previously unidentified regulatory mechanism is not re-
stricted to CXCR4 and is shared by other GPCRs that are able to
interact with βarrs. Our study therefore unravels an adaptive
mechanism leading to a general dampening of cell responsive-
ness to GPCR stimulation in response to the activation of the
ERK/MAPK by either RTKs or GPCRs.

Results
Activation of the ERK/MAPK Pathway Decreases CXCR4 Agonist-
Induced Gi Activation. Gi protein activation downstream of ago-
nist (CXCL12) stimulation of CXCR4 was examined in the
presence or absence of upstream modulators of the ERK/MAPK
pathway. G protein activation was monitored using an assay
based on bioluminescence resonance energy transfer (BRET)

Fig. 1. ERK/MAPK pathway activation reduces Gi activation and second-messenger production as well as GRK2 and βarr2 translocation in response to CXCR4
activation. (A) Schematic representation of the BRET-based ligand-induced Gi activation assay. (B and C) CXCL12-promoted Gi activation measured by BRET in
HEK293T cells cotransfected with HA-CXCR4, Gαi1-RLucII, Gβ1, and Gγ2-GFP10, without (Control) or with either Flag-Ras CA or Flag-Ras DN (B) or Flag-MEK CA
or Flag-MEK DN (C). BRET400-GFP10 between Gαi1-RLucII and Gγ2-GFP10 was measured after the addition of coel-400a, 3 min following the addition of
CXCL12. Data are expressed as agonist-promoted BRET (ΔBRET; see Fig. S1A). (D) Schematic representation of the Obelin-based Ca2+ mobilization assay. (E
and F) The increase in CXCL12-promoted intracellular calcium measured in HEK293T cells transfected with Obelin-Cherry in the absence (Control) or presence
of the indicated Ras and MEK mutants. Luminescence was measured every second for 60 s after the injection of CXCL12 or calcium ionophore A23187. Bars
represent the area under the curve calculated from the kinetics curves (Fig. S1B). (G and J) Schematic representations of the BRET-based ligand-induced GRK2
(G) and βarr2 (J) translocation. (H, I, K, and L) CXCL12-promoted BRET was measured in HEK293T cells transfected with CXCR4-RLucII and GRK2-GFP10 (H and I)
or βarr2-GFP10 (K and L), in the absence (Control) or presence of the indicated Ras or MEK mutants. BRET400-GFP10 between CXCR4-RLucII and GRK2-GFP10
or βarr2-GFP10 was measured after the addition of coel-400a, 15 min after the addition of CXCL12. Data are expressed as agonist-promoted BRET (ΔBRET; see
Fig. S1 C and D). In all cases, data shown represent the mean ± SEM of three independent experiments and were normalized to 100% of the control condition.
Expression of CA or DN forms of Flag-Ras or Flag-MEK and the total ERK1/2 and ERK1/2 activation status [(p)ERK1/2], was assessed by immunoblotting.
Representative experiments are shown below the graphs.*P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant.
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that detects the agonist-promoted separation of Gαi1 and Gγ2 in
intact cells (Fig. 1A) (32). CXCL12 induces a rapid decrease in
BRET signal between Gαi1-91RLucII and GFP10-Gγ2 in cells
coexpressing the unmodified CXCR4 and Gβ1 (Fig. S1A).
Constitutively active (CA) forms of H-Ras [Ras-CA (Ras-G12V)]
andMAPK/ERK kinase 1 (MEK1) [MEK-CA (MEK-S218/222D)],
which promote ERK1/2 activation (33), diminished CXCL12-
induced activation of Gi compared with cells expressing an empty
vector or the dominant-negative (DN) forms of H-Ras [Ras-DN
(Ras-S17N)] andMEK1 [MEK-DN (MEK-K97A)] (Fig. 1 B andC).
Subsequently the effect of modulating the ERK/MAPK pathway
on the CXCL12-evoked calcium response was examined using
the Obelin biosensor (34) as a calcium reporter in HEK293T
cells that endogenously express low levels of CXCR4 (Fig. 1D
and Fig. S1B). The expression of both Ras-CA and MEK-CA
reduced CXCL12-induced calcium mobilization, but Ras-DN did
not (Fig. 1 E and F). In contrast, calcium mobilization triggered
by the calcium ionophore A23187 was unaffected by modulation
of the ERK/MAPK pathway (Fig. 1 E and F), indicating that
CXCR4-dependent signaling is selectively reduced by activated
ERK1/2. Because CXCR4-mediated calcium mobilization is a
Gi-dependent response (35, 36), these findings demonstrate that
activation of the ERK/MAPK pathway significantly reduces Gi
activation and downstream calcium signaling upon CXCR4
stimulation. The larger reduction in the calcium response com-
pared with the Gi activation signal most likely reflects the dif-
ferent assay modes (i.e., the greater number of spare receptors in
the BRET-based Gi activation assay that requires exogenous
CXCR4 coexpression).

Activation of the ERK/MAPK Pathway Decreases Agonist-Induced
GRK2 and βarr2 Translocation. To investigate further the effect of
ERK1/2 activation on CXCR4 signaling, we assessed CXCL12-
promoted GRK2 and βarr2 translocation by BRET using CXCR4-
RLucII and either GRK2-GFP10 or βarr2-GFP10 constructs (Fig.
1 G and J and Fig. S1 C and D). Coexpression of Ras-CA and
MEK-CA, but not Ras-DN and MEK-DN, decreased the trans-
location of GRK2 and βarr2 following CXCR4 stimulation (Fig. 1
H, I, K, and L). Thus, in addition to blunting Gi responses, acti-
vation of the ERK/MAPK pathway greatly reduces GRK2 and
βarr2 translocation.

ERK1/2 Activation Decreases CXCR4 Localization at the Cell Surface.
The decrease in Gi activation and the reduced translocation of
GRK2 and βarr2 could result either from a general loss of the
receptor’s ability to respond productively to CXCL12 or from a
reduced number of receptors at the cell surface. To test the latter
possibility directly, we assessed the effect of stimulating the ERK/
MAPK pathway on CXCR4 cell-surface expression by dual-flow
cytometry (dual FACS). This approach allows the measurement of
cell-surface receptor density (reflected by HA immunoreactivity)
as a function of total receptor number [reflected by the venus
YFP (vYFP) fluorescence] in unpermeabilized HEK293T cells
stably expressing HA-CXCR4-vYFP (Fig. 2A). Using this system,
we found that Ras-CA and MEK-CA, but not Ras-DN and MEK-
DN, led to a 70% reduction in the number of CXCR4 at the cell
surface (Fig. 2 B and C).
To validate these findings further, we imaged the distribution

of CXCR4-YFP by confocal fluorescence microscopy in HeLa
cells. As shown in Fig. 3A, in the absence of ERK/MAPK acti-
vation, CXCR4 is localized mainly at the cell surface. Expression
of either Ras-CA (Fig. 3B) or MEK-CA (Fig. 3D) resulted in a
substantial loss of cell-surface receptors and the appearance of a
punctate intracellular fluorescence signal indicating that activa-
tion of the ERK/MAPK pathway triggers the redistribution of
CXCR4 to intracellular vesicles. The DN forms of Ras and MEK
were without effect on CXCR4 distribution (Fig. 3 C and E).
Semiquantification of the receptor redistribution using ImageJ

software (37) was performed by selecting transversal sections
of the cells that allow definition of the plasma membrane and
intracellular compartment (Fig. 3, Right). These data (Fig. S2)
support the FACS results demonstrating that activation of the
ERK/MAPK pathway promotes a significant subcellular re-
distribution of CXCR4 from the cell surface to the intracellular
compartment.

Acute Stimulation of the ERK/MAPK Pathway Results in CXCR4
Intracellular Sequestration and Blunted Signaling. Next, we evalu-
ated the effects of pharmacological and endogenous agonists of
the ERK/MAPK pathway (38, 39) on the subcellular distribution
and signaling capacity of CXCR4. Acute stimulation with phor-
bol 12-myristate 13-acetate (PMA) or EGF resulted in a weaker
CXCL12-promoted recruitment of βarr2 (Fig. 4A) and an ∼ 20%
reduction in the proportion of cell-surface receptors in the ab-
sence of agonist stimulation (Fig. 4B). Interestingly, the kinetics
of surface-receptor loss paralleled that of ERK1/2 activation,
being transient with EGF stimulation and sustained with PMA
stimulation, peaking at 15 or 30 min, respectively (Fig. 4C).
Stimulation of the vasopressin type-2 receptor (V2R), a GPCR
known to activate ERK1/2 strongly (40), also was found to in-
duce CXCR4 sequestration to the same extent as EGF and PMA
stimulation (Fig. 4D). In all cases, inhibition of ERK1/2 activa-
tion with the selective MEK1/2 inhibitor PD184352 (41) restored
the initial proportion of cell-surface CXCR4 confirming that
ERK1/2 activation is functionally correlated with the loss of cell-
surface receptors. The effect of EGF stimulation on cell-surface
receptors also was tested in the T-lymphoid cell line SUP-T1 that
endogenously expresses CXCR4 (Fig. 4E). Indeed, FACS analysis
using a monoclonal antibody directed against the extracellular
domain of the human CXCR4 showed a significant EGF-evoked
loss of cell-surface CXCR4, indicating that this modulation also is
observed with endogenous receptors. Taken together, these data
indicate that both acute and sustained stimulation of the ERK1/2

Fig. 2. Activation of the ERK/MAPK pathway reduces cell-surface expression
of CXCR4. (A) Schematic representation of the receptor cell-surface expres-
sion assay. PM, plasma membrane. (B and C) Cell-surface CXCR4 levels were
detected in HEK293T cells stably expressing HA-CXCR4-vYFP transfected
without (Control) or with the indicated Ras and MEK mutants. Cells were
labeled with a primary anti-HA and secondary Alexa 647-coupled chicken
anti-mouse IgG antibodies, without permeabilization. Cell-surface expres-
sion of HA-CXCR4-vYFP in the absence of CXCL12 stimulation was measured
by dual-flow cytometry. vYFP emission represents CXCR4 total expression;
Alexa Fluor 647 emission represents CXCR4 plasma membrane expression.
The relative cell-surface expression (the ratio of Alexa:vYFP mean emissions)
is calculated from the YFP+ cell population and is expressed as a percentage
of the control condition. Data shown represent the mean ± SEM of three
independent experiments. Expression of CA or DN forms of Flag-Ras or Flag-
MEK and total ERK and ERK1/2 activation status [(p)ERK1/2] was assessed by
immunoblotting. Representative experiments are shown below the graphs.
**P < 0.01; NS, not significant.
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signaling pathway promote CXCR4 redistribution, but, as would
be expected, long-lasting activation results in more dramatic ef-
fects, reaching as much as 70% in the 48 h following the expres-
sion of constitutively active Ras and MEK mutants.

The ERK/MAPK Pathway Negatively Modulates Several GPCRs. Our
results indicate that cell-surface CXCR4 density is negatively
regulated upon activation of ERK1/2 by several agonists and
in different cell types. To determine whether this regulatory
mechanism can be generalized to other GPCRs, we assessed the
effect of MEK-CA on three additional GPCRs, the vasopressin
(V2R), the angiotensin (AT1R), and the prostaglandin (FP)
receptors. To do so, we monitored G protein-mediated signaling,
GRK2 and βarr2 recruitment, and cell-surface density. As shown
in Fig. 5 A and B, we found that expression of MEK-CA, but not
MEK-DN, led to a reduction in V2R and AT1R surface density.
This loss of cell-surface receptors (60% for the V2R and 80% for
the AT1R) resulted in diminished agonist-promoted recruitment
of GRK2 and βarr2 as well as a blunted signaling response
(cAMP production for V2R and Ca2+ mobilization for AT1R).
The extent of signal reduction differed between the two re-
ceptors, probably reflecting distinct levels of coupling efficiency
and spare receptors for the signaling pathways considered. No
such negative regulation was observed for the FP receptor (Fig.
5C, Left and Right), indicating that only certain GPCRs are
negatively regulated by ERK1/2. Interestingly, unlike CXCR4,

V2R, and AT1R, the agonist stimulation of the FP receptor does
not promote βarr2 translocation to the receptor (42) (Fig. 5C,
Center), suggesting that the ERK1/2-dependent regulatory pro-
cess may involve βarr2.

β-Arrestin Is Required for the ERK1/2-Dependent Cellular Redistribution
of GPCRs. To confirm the role of βarr2 in the subcellular re-
distribution of CXCR4 in response to ERK1/2 activation, we
analyzed CXCR4 cell-surface expression in mouse embryonic
fibroblasts (MEFs) derived from WT and βarr1/2-KO animals
(43). As was consistent with our observations in HEK293T,
HeLa, and SupT1 cells, we found that activation of ERK1/2 led
to a significant decrease in the proportion of CXCR4 at the cell
surface in WTMEFs (Fig. 6A). Notably, this modulation was lost
completely in βarr1/2-KO MEFs (Fig. 6A). Reintroducing βarr2
or βarr1 (Fig. 6B) in βarr1/2-KO MEFs by transfection restored
the ERK1/2-promoted loss of cell-surface CXCR4, resulting in
the sequestration of 30 ± 3% and 38 ± 4%, respectively, com-
pared with 52 ± 4% for the WT MEFs. Coexpression of both
βarr1 and βarr2 did not lead to a statistically significant greater
loss of receptors (42 ± 5%), indicating that both βarr1 and βarr2
can promote receptor redistribution following ERK1/2 activation.
Similar to observations in other cell types, expression of Ras-DN
did not affect CXCR4 cell-surface density in βarr1/2-KO MEFs
whether βarr2 was reintroduced or not (Fig. 6C), confirming the
selectivity of action of active Ras.

Fig. 3. Activation of the ERK/MAPK pathway leads
to the redistribution of CXCR4 into intracellular
vesicles (sequestration). CXCR4-YFP localization was
assessed by fluorescence confocal microscopy in
HeLa cells transfected with CXCR4-YFP without (A)
or with (B–E) the indicated Ras (B and C) and MEK
(D and E) mutants. (Scale bars, 10 μm.) Intensity as a
function of the distance along a selected transversal
section (red bar) was assessed using ImageJ soft-
ware. Plots generated from phase-contrast images
were used to identify the coordinates of the plasma
membrane (PM) and the intracellular compartment
of the cell. These coordinates are schematically in-
dicated above the YFP intensity plots. Data shown
are representative of more than 20 cells obtained
from three independent experiments. Quantifica-
tions are presented in Fig. S2. A.U., arbitrary units.
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β-Arrestin Phosphorylation Is Required for ERK/MAPK-Induced CXCR4
Redistribution. To determine if CXCR4 subcellular redistribution

results from the direct phosphorylation of βarr2 by ERK1/2, we
first tested if activated ERK1 could phosphorylate purified βarr2
and βarr1 in vitro. As shown in Fig. 6D, ERK1 induced a robust
incorporation of [32P] in both βarr1 and βarr2, with βarr2 appearing
to be a better substrate. Quantification of 32P incorporation re-
vealed saturable phosphorylation with stoichiometry approaching
2 (mol/mol) for βarr1 and 2.5 for βarr2, consistent with the presence
of at least two phosphorylation sites. We then analyzed phospho-
βarr2 by MS to identify the ERK1 phosphorylation sites. MS/MS
sequencing revealed the presence of βarr2-derived phosphopep-
tides containing Thr276 (Fig. S3A). This position corresponds to
one of the potential ERK1/2 consensus sites (Ser/Thr-Pro) (44) in
βarr2 (Ser14, Ser264, and Thr276) (Fig. S3B). Unphosphorylated
peptides containing the other potential sites were detected at
much lower abundance, but Ser14 had been identified previously
as being phosphorylated in Jurkat cells (45). It should be noted
that all putative sites are evolutionarily conserved in βarr2 (Fig.
S3C), but only Ser14 and Thr276 are found in both βarr1 and
βarr2 (Fig. S3D), underscoring the likelihood of their importance
for βarr function. As shown in Fig. S3B, in silico analysis of residues’
accessibility using molecular modeling of βarr2 from its crystal
structure [Protein Data Bank (PDB) ID code 3P2D] with the
Molecular Operating Environment software (MOE) (46) suggests
that in the basal inactivated state Thr276 is exposed to the solvent
and consequently could be easily accessible to protein kinases. In
contrast, Ser14 is buried in the core of the protein and probably
would require reorganization of the molecular environment to be
phosphorylated.
To determine the role of βarr2 phosphorylation in ERK1/

2-dependent GPCR regulation, Ser14, Ser264, and Thr276 were
replaced individually by unphosphorylatable alanine residues
(S14A, S264A, and T276A). Then these βarr2 mutants were tested
for their ability to restore CXCR4 modulation upon ERK1/2 ac-
tivation in βarr1/2-KO cells. As shown in Fig. 6E, in contrast to
βarr2-WT or βarr2-S264A, the expression of βarr2-S14A or βarr2-
T276A failed to restore any significant ERK1/2-promoted CXCR4
sequestration, suggesting that phosphorylation of both residues
has a role in this mechanism. These results are supported further
by the observation that the expression of a mutant form of βarr2
harboring phosphomimetic residues at positions Ser14 and Thr276
(S14D/T276D; S/T2D) was sufficient to decrease CXCR4 cell-
surface localization in the absence of activation (Fig. 6F).
Both S14A/T267A (S/T2A) and S/T2D βarr2 mutant forms
maintained their ability to be recruited to CXCR4 upon activation
of the receptor by its natural ligand CXCL12 (Fig. S4), confirming
their functionality. Together, these results suggest that βarr2
phosphorylation at Ser14 and Thr276 via an ERK1/2-dependent
mechanism promotes CXCR4 redistribution, thus dampening
GPCR signaling.

Discussion
Our data demonstrate that ERK1/2 activation leads to the se-
questration of GPCRs into intracellular vesicles, functionally
resulting in the loss of cell responsiveness to GPCR stimulation.
This phenomenon appears to be conserved among a subclass of
GPCRs that recruit βarr2 in response to agonist activation. In-
deed, our results show that ERK1/2 activation also affects the
distribution of V2R and AT1R (43), but not FP, which un-
dergoes endocytosis in a βarr-independent manner (42). Con-
sistently, we found that receptor redistribution requires the
phosphorylation of βarr2 by ERK1/2, unraveling an uncharac-
terized molecular mechanism for crosstalk between ERK1/2 and
GPCR signaling.
The ERK1/2-dependent intracellular redistribution of GPCRs

was observed in response to constitutive activation of the MAPK
pathway (by active forms of MEK1 and H-Ras), stimulation of
ERK1/2-activating GPCRs (V2R) or RTKs (EGFR), or pharmaco-
logical activation of the ERK/MAPK pathway (by PMA). Receptor

Fig. 4. Acute pharmacological activation of the ERK/MAPK pathway blunts
CXCR4 signaling by reducing receptor cell-surface localization. (A) CXCL12-
promoted βarr2 translocation is measured by BRET in HEK293T cells transfected
with CXCR4-RLucII and βarr2-GFP10. Cells were pretreated with PD184352 for
30 min before stimulation with EGF for 15 min or with PMA for 30 min.
BRET400-GFP10 between CXCR4-RLucII and βarr2-GFP10 was measured after
the addition of coel-400a, 15 min following the addition of CXCL12. (B) CXCR4
cell-surface expression levels were assessed by dual-flow cytometry in HEK293T
cells stably expressing HA-CXCR4-vYFP that were pretreated or not with
PD184352 for 30 min before stimulation with EGF for 15 min or with PMA for
30 min. (C) Kinetics of CXCR4 cell-surface level reduction and ERK1/2 activation
following EGF or PMA treatments. (D) Kinetics of the reduction of CXCR4
cell-surface levels and ERK1/2 activation in HEK293T cells transfected with
HA-CXCR4-vYFP and myc-V2R pretreated or not with PD184352 for 30 min
before stimulation with AVP for the indicated time. (E) CXCR4 cell-surface
expression level in SupT1 cells treated or not with EGF for 15 min. In all cases,
data shown represent the mean ± SEM of at least three independent experi-
ments and are normalized to 100% of the control conditions. Total ERK1/2 and
ERK1/2 activation status [(p)ERK1/2] were assessed by immunoblotting. *P <
0.05; **P < 0.01; ***P < 0.001; NS, not significant.
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sequestration resulted in a loss of cell responsiveness to GPCR ag-
onists, as assessed by G-protein activation, second-messenger gener-
ation, and GRK and βarr recruitment. This phenomenon represents
a heterologous desensitization process that had not been appreciated
until now. Because many GPCRs activate ERK1/2, it could be hy-
pothesized that this mechanism also contributes to the homologous
desensitization of such receptors.
PKC activation with different phorbol esters, including PMA,

was shown previously to promote the endocytosis of several
GPCRs, including CXCR4 (47–49). These results have been
attributed to a potential PKC-mediated phosphorylation of the
receptor itself, but a direct link between receptor phosphoryla-
tion and its PMA-induced endocytosis had not been established.
Our data demonstrate that PMA-stimulated CXCR4 endocytosis
requires ERK1/2 activation, suggesting that the mechanism elu-
cidated in the present study may explain the effect of PMA on
the endocytosis of many GPCRs.
The ERK1/2-induced sequestration of GPCRs into cytoplas-

mic vesicles could result from either accelerated constitutive
endocytosis or reduced recycling from endosomes to the plasma
membrane. Given the classical role of βarr in the endocytosis
process, the first possibility appears more likely. This idea is
supported by the observation that ERK1/2 activation led to the
sequestration of V2R, a receptor that does not undergo signifi-
cant recycling following endocytosis (50). Whether the modula-
tion of constitutive endocytosis results from an increased affinity
of ERK1/2-phosphorylated βarrs for unliganded receptors or for
other proteins involved in the endocytic process remains to be
determined. Interestingly, one of the putative ERK1/2 phos-
phorylation sites identified in βarr2, Ser14, is located in close
proximity to two lysine residues, Lys11 and Lys12. These lysines
bind the phosphate moieties of the phosphorylated receptors and
can facilitate the transition to the high-affinity receptor–βarr
binding state (51). Therefore it could be hypothesized that the
phosphorylation of Ser14 may mimic the phosphorylated re-

ceptor, thus promoting a high-affinity interaction with an inac-
tive, nonphosphorylated receptor.
The causal link between ERK1/2 activation and steady-state

receptor redistribution is supported by the complete inhibition
of the PMA- and EGF-induced CXCR4 sequestration by the
MEK1/2 inhibitor PD184352. Moreover, the kinetics of CXCR4
redistribution paralleled that of ERK1/2 activation, with both
ERK1/2 activation and receptor sequestration being sustained
for PMA but transient for EGF stimulation. The rescue experi-
ments using nonphosphorylatable forms of human βarr2 or βarr2
harboring phosphomimetic residues further establishes the link
between βarr2 phosphorylation and receptor sequestration. The
lack of redistribution of FP, a receptor that cannot recruit βarr2,
also is consistent with the central role of βarr2 in ERK1/2-pro-
moted receptor relocalization.
Our results suggest the involvement of two putative ERK1/2

phosphorylation sites in βarr2, Ser14 and Thr276, because their
mutation to alanine residues blocked ERK1/2-promoted CXCR4
sequestration, whereas their replacement by phosphomimetic
aspartate residues mimicked the effect of ERK1/2 activation.
One of these sites, Thr276, was confirmed to be a direct ERK1
phosphorylation site by our MS/MS analysis, whereas Ser14
previously had been shown to be phosphorylated in a large-scale
phosphoproteomic study (45), thus supporting the notion that
ERK1/2 phosphorylates βarr2 on these two residues. Although
these phosphorylation sites are conserved in βarr1, whether βarr1
phosphorylation on these sites also contributes to receptor
redistribution remains to be demonstrated directly. Using 2D
tryptic phosphopeptide mapping, a previous study identified
another serine residue, Ser412, as a direct ERK1/2 phosphory-
lation site in rat βarr1 (30). However, because Ser412 is not
conserved in either rat or human βarr2, it is unlikely that this site
plays any major role in the mechanisms described here. More
recently, Ser178 was proposed as a phosphorylation site for
ERK1/2 in rat βarr2 and was found to modulate the dynamics of

Fig. 5. Activation of the ERK/MAPK pathway blunts
signaling by reducing the cell-surface expression of
V2R and AT1R. cAMP accumulation (GFP10-EPAC-
RLucII) (A, Left), calcium mobilization (Obelin-Cherry)
(B and C, Left), GRK2 recruitment (GRK2-GFP10) (A and
B, Center Left), and βarr2 recruitment (βarr2-GFP10)
(A and B, Center Right and C, Center) were mea-
sured in HEK293T cells transfected with V2R (A),
AT1R (B), or FP (C) along with the appropriate bio-
sensors in the absence (Control) or presence of the
indicated MEK mutants. Cellular activities were
measured by BRET, as in Fig.1, after the addition of
AVP (A), AngII (B), or PGF-2 (C). Cell-surface ex-
pression (A–C, Right) was measured by dual-flow
cytometry in the absence of ligand stimulation as in
Fig. 2. Data shown are the mean ± SEM of at least
three independent experiments and were nor-
malized to the control condition (100%).*P < 0.05;
***P < 0.001; NS, not significant.
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βarr2 within the endosomal compartment (31). However, this
mechanism is distinct from the one we describe, because rat
Ser178 is not conserved in human βarr2.
In the present study, we identified two phosphorylation sites

for ERK1/2 in βarr2 that play a key role in regulating steady-
state cell-surface expression of different GPCRs. Given the large
proportion of GPCRs that interact with βarrs, the observed re-
ceptor sequestration promoted by the ERK1/2-mediated phos-
phorylation of βarr could have a major impact on the tonic
regulation of cell responsiveness to a variety of hormonal stimu-
lations. Because ERK1/2 activation is known to be deregulated in
many pathological diseases, including several cancers, this mecha-
nism could have far-reaching consequences for our understanding
of different pathophysiological processes.

Materials and Methods
Plasmids. The following plasmids were described previously: Flag-MEK1-S218/
222D (52), Gβ1 and GFP10-Gγ2 (53), CXCR4-RLucII (54), CXCR4-YFP (55), Obelin-
Cherry (56), Gαi1-91RLucII, HA-CXCR4, and HA-CXCR4-vYFP (36), GFP10-EPAC-
RLucII and HA-AT1R (57), HA-FP (58), and HA-V2R (59). HA-FP-vYFP and
FP-RLucII were provided by Terrence Hébert, McGill University, Montreal. The
βarr2-GFP10 construct was built by replacing the RLucII sequence from the
previously published βarr2-RLucII (36). vYFP was introduced into pIRESP-HA to
generate the pIRESP-HA-vYFP vector. The FP, V2R, or spAT1R (sp: signal pep-
tide MKTIIALSYIFCLVFA at the N terminus) sequence was introduced into
pIRESP-HA-vYFP to generate pIRESP-HA-FP-vYFP, pIRESP-HA-V2R-vYFP, or
pIRESP-HA-AT1R-vYFP. Human βarr1 and βarr2 cDNA were obtained from the
cDNA Resource Center and were cloned in pCMV-Tag3B (Stratagene) to obtain
myc-tagged proteins, and H-Ras and MEK1 cDNA were cloned in pCMV-Tag2A
(Stratagene) to obtain Flag-tagged proteins. All mutants (βarr2-S14A, -T126A,
-S264A, -S/T2D; H-Ras-G12V, -S17N; and MEK1-K97A) were generated using
the QuikChange (Stratagene) methodology and were verified by sequencing.

Reagents and Antibodies. CXCL12 was purchased from Cedarlane. Arginine
vasopressin (AVP), PGF-2, and angiotensin II (AngII) were purchased from
Sigma-Aldrich. A23187 was purchased from Tocris. The MEK1/2 inhibitor
PD184352 was purchased from Selleck Chemicals. The ERK1/2 activators EGF
and PMA were purchased from Invitrogen and Fisher Scientific, respectively.
Anti-ERK1/2, anti–phospho-ERK1/2 (T202/Y204), and anti-βarr1/2 antibodies
were purchased from Cell Signaling Technologies. Anti-myc and anti-Flag,
antibodies were purchased from Sigma-Aldrich. Anti-human CXCR4 anti-
body was purchased from BioLegend. Anti-HA antibody (HA-11) was pur-
chased from Covance. Anti-mouse Alexa Fluor 647 secondary antibody was
purchased from Invitrogen. All secondary HRP-conjugated antibodies used
for immunoblotting were purchased from Chemicon. All cell culture reagents
were from Wisent.

Cell Culture. HEK293T, HeLa, βarr1/2-KO MEFs, and WT MEFs were cultured
in DMEM supplemented with 10% (vol/vol) FBS, 100 IU/mL penicillin, and
100 μg/mL streptomycin. βarr1/2-KO mice were generated as described (43),
and established MEF cultures were prepared according to the 3T3 protocol of
Todaro and Green (60). For HEK293T HA-CXCR4-vYFP stable cell lines, a YFP+

polyclonal cell population was obtained by flow cytometry cell sorting and was
maintained in DMEM supplemented with 10% (vol/vol) FBS, 100 IU/mL peni-
cillin, 100 μg/mL streptomycin, and 3 μg/mL puromycin. Sup-T1 cells were cul-
tured in RPMI-1640 medium supplemented with 10% (vol/vol) FBS, 100 IU/mL
penicillin, and 100 μg/mL streptomycin.

Transfections. The day before transfections, HEK293T or HEK293T HA-CXCR4-
vYFP cells were seeded in six-well plates at a density of 600,000 cells per well.
Transient transfectionswere performed using linear polyethylenimine 25 kDa
(PEI) (Polysciences, Inc.) as transfection agent, at a PEI:DNA ratio of 3:1. Cells
were maintained in culture for the next 48 h, and BRET experiments were
carried out subsequently. For the transfection of MEFs, cells were seeded in
six-well plates at a density of 600,000 cells per well and on the next day were
transiently transfected using FuGENE HD (Promega), at a FuGENE HD:DNA
ratio of 3:1. Cells were maintained in culture for the next 24 h, and FACS
experiments were carried out subsequently.

BRET Assays. BRET assays were performed as described previously (36, 61). For
BRET480-YFP, proteins were fused to RLuc as energy donor and YFP as ac-
ceptor. Coelenterazine-h (coel-h) (NanoLight Technology) was used as the
luciferase substrate to generate light with a maximal emission peak at

Fig. 6. ERK1/2-dependent βarr2 phosphorylation on S14 and T276 induces
CXCR4 intracellular sequestration. (A–C) CXCR4 cell-surface expression was
assessed by dual-flow cytometry in WT MEFs or βarr1/2-KO MEFs transiently
transfected with HA-CXCR4-vYFP in the absence (Control) or presence of the
indicated Ras mutants (A) and with or without βarr1 and/or βarr2 comple-
mentation (B and C). (D) Phosphorylation of βarrs was performed with
recombinant bovine βarr1 or βarr2 as a substrate and recombinant active
ERK1 in the presence of [γ32P]-ATP for 15 min. The gel was stained with
Coomassie, and 32P incorporation was quantified using a PhosphorImager
(Left) or during kinetics using scintillation counting (Right). The data shown
are representative of three independent experiments. (E and F) CXCR4 cell-
surface expression was assessed by dual-flow cytometry in βarr1/2-KO MEFs
transiently transfected with HA-CXCR4-vYFP, βarr2 WT, or the indicated
βarr2 mutants, with or without Ras CA. Data shown represent the mean ±
SEM of at least three independent experiments and were normalized to the
control condition (100%). Expression of βarr2 WT and mutants were assayed
by immunoblotting. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant.
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480 nm, allowing YFP excitation (maximum at 488 nm). For BRET400-GFP10,
proteins were fused to RLucII (donor) and GFP10 (acceptor). Coelenterazine-
400a (coel-400a) (Biotium) was used as the luciferase substrate to generate
light with a maximal emission peak at 400 nm, allowing GFP10 excitation
(maximum at 400 nm). BRET was measured using a Mithras LB940 Multi-
mode Microplate Reader (Berthold Technologies) equipped with either a
BRET480-YFP filter set (donor 480 ± 20 nm and acceptor 530 ± 20 nm filters) or
a BRET400-GFP10 filter set (donor 400 ± 70 nm and acceptor 515 ± 20 nm
filters). Briefly, cells were seeded the day after transfection in a poly-L-ornithine
(Sigma-Aldrich)–pretreated 96-well microplate (CulturePlate; PerkinElmer Inc.)
and were starved overnight in DMEM for at least 8 h after seeding. The day of
the experiment, cells were incubated with HBSS (Invitrogen) complemented
with 0.1% BSA (HBSS/BSA) and stimulated with ligands (CXCL12: 200 nM; AVP:
100 nM; AngII: 1 μM; PGF-2: 1 μM) for 15 min. Where indicated, cells were
pretreated with PD184352 (10 μM) for 30 min before stimulation with EGF
(25 ng/mL) for 15 min or PMA (100 ng/mL) for 30 min (maximal response) or
for the indicated times (time course). BRET values were collected after the
addition of the luciferase substrate at a final concentration of 2.5 μM. BRET
signals were determined as the ratio of the light emitted by acceptor (YFP or
GFP10) over donor (RLuc or RLucII). The ligand-promoted BRET signal (ΔBRET)
was calculated by subtracting the BRET values obtained in the vehicle condi-
tion from the values measured with ligand. ΔBRET was expressed as a per-
centage of the ΔBRET obtained in the control condition in which the ERK/
MAPK pathway was not modulated by either a mutant or a treatment.

Calcium Measurements. HEK293T cells were transiently transfected with
Obelin-Cherry used as a calcium reporter (34). The day after transfection, cells
were seeded in a poly-L-ornithine–pretreated 96-well microplate to obtain
duplicate plates for ligand or ionophore stimulation. The day of the ex-
periment, cells were washed with HBSS and incubated for 2 h in the dark, at
room temperature, with 1 μM coelenterazine cp (Biotium) diluted in HBSS/
BSA. Luminescence measurements were recorded for 60 s on a FlexStation II
(Molecular Devices) after ligand injection (CXCL12: 200 nM; A23187: 10 μM;
AngII: 1 μM; PGF-2: 1 μM). Kinetics were normalized, setting the maximal
response of the ligand at 100%. Bar graphs were generated from the area
under the curve of each kinetic.

Flow Cytometry. Briefly, 48 h after transfection, HEK293T HA-CXCR4-vYFP
cells were starved overnight in DMEM.Where indicated, cells were pretreated
with PD184352 before EGF or PMA stimulation. Then the cells were rinsed
with ice-cold HBSS and resuspended in HBSS/BSA. Cell-surface receptors were
labeled on ice using a monoclonal anti-HA antibody followed by an anti-
mouse Alexa Fluor 647 secondary antibody. SUP-T1 cells were starved
overnight and then were stimulated with EGF for 15 min, rinsed with ice-cold
HBSS, resuspended in HBSS containing Fc block solution 24G2 (anti-CD16/32-
FcRγ), and stained using an anti-human CXCR4 antibody (PerCP/Cy5.5 anti-
human CD184 clone 12G5; BioLegend) for 45 min on ice. Cells were washed,
resuspended, and analyzed through an LSR II flow cytometer (BD Bio-
sciences) set to detect YFP and Alexa Fluor 647 or PerCP/Cy5.5. Data analysis
was performed using BD FACSDiva software.

Image Acquisition and Analysis. Briefly, HeLa cells were transfected and then
seeded into a μ-Dish (IBIDI; no. 81156). Two days after transfection, epi-
fluorescence confocal microscopy images from single confocal sections
(0.7 μm) were acquired at room temperature with an LSM 510 Meta laser-
scanning confocal microscope (Zeiss) using a Plan Apochromat 100× oil-
immersion objective. All images were acquired using identical parameters. The
colocalization between the membrane and the YFP signal was determined
using ImageJ software (NIH). First, a line crossing a YFP+ cell was drawn on the
phase-contrast image, and the coordinates of the plasma membrane and the
intracellular compartments were determined from the gray intensity profile
along this line. Then the same line was transposed to the YFP image, and
mean fluorescence intensity profiles along this line were obtained. Using the
coordinates of the plasma membrane and the intracellular compartment, total
YFP intensities were calculated, and both the plasma membrane and inner cell
intensities were expressed as a percentage of total intensity along the section
in each condition.

In Vitro Phosphorylation Assays. Phosphorylation assays were performed in
vitro with recombinant bovine βarr1 or βarr2 (gift of Stéphane Laporte, McGill
University, Montreal) as a substrate (3 μg per assay) and recombinant active
ERK1 (100 ng per assay; Millipore; no. 14-439). The reaction products were
subjected to SDS/PAGE, and 32P incorporation was quantified using a Bio-Rad
phosphorimager and MultiGauge software. To calculate the phosphate:sub-
strate ratio, [32P] incorporation in βarr1 or βarr2 was measured using a scin-

tillation counter and was normalized to the specific activity of [32P]ATP in
the reaction.

Immunoblotting. Cell lysates were subjected to SDS/PAGE on 10% acrylamide
gels and electroblotted to PVDF membranes. Blocking and primary and sec-
ondary antibody incubations of immunoblots were performed in Tris-buffered
saline/Tween 20 [10 mM Tris (pH 7.4), 150 mM NaCl, and 0.1% Tween 20]
supplemented with 5% (wt/vol) dry skim milk powder. The primary antibodies
anti-HA, anti-myc, anti-Flag, anti–phospho-ERK1/2, and anti-βarr1/2 were used
according to the manufacturers’ instructions. HRP-conjugated donkey anti-
rabbit and anti-mouse IgGs were used at a dilution of 1:5,000, and immuno-
reactive bands were detected using enhanced chemiluminescence.

Sample Preparation and Trypsin Digestion for LC-MS/MS. The gel slices were
washed two times with 100%acetonitrile for 10min andwith H2O for 20min.
Then the samples were dried using a speed vacuum. Proteins were reduced
in 50 mM ammonium bicarbonate (pH 7.5) containing 10 mM DTT and were
incubated for 1 h at 56 °C, followed by alkylation with 55 mM iodoaceta-
mide for 1 h at 25 °C in the dark. The samples were washed and dried again
as described above. Proteins were digested overnight with sequencing-
grade modified trypsin (enzyme:protein ratio of 1:50) at 37 °C. Peptides from
the gel slices were extracted using 100% acetonitrile. The samples were
evaporated to dryness in a SpeedVac.

Liquid Chromatography and Nanoflow LC-MS/MS. Peptides were injected into a
nanoflow HPLC system (Eksigent; Thermo Fisher Scientific) for online reversed-
phase chromatographic separation. Peptides were loaded in a 5-mm-long trap
column (i.d. 300 μm) in buffer A (0.2% formic acid) and were separated in an
18-cm-long fused silica capillary analytical column (i.d. 150 μm), both packed
with 3-μm 200-Å Magic C18 AQ reverse-phase material (Michrom). Peptides
were eluted by an increasing concentration of buffer B (0.2% formic acid in
acetonitrile) from 5–40% over 100 min. After the gradient elution, the col-
umn was washed with 80% buffer B and re-equilibrated with 5% buffer
B. Peptides were eluted into the mass spectrometer at a flow rate of 600
nL/min. The total run time was ∼70 min, including sample loading and column
conditioning. Peptides were analyzed using an automated data-dependent
acquisition on an LTQ-Orbitrap Elite or Q Exactive mass spectrometer. For
LTQ-Orbitrap Elite analysis, each MS scan was acquired at a resolution of
240,000 FWHM (at 400 m/z) for mass range 300–2,000 with the lock mass
option enabled (m/z: 445.120025) and was followed by up to 12 MS/MS data-
dependent scans on the most intense ions using collision-induced activation
(CID). Automatic gain control (AGC) target values for MS and MS/MS scans
were set to 1e6 (maximum fill time, 500 ms) and 1e5 (maximum fill time,
50 ms), respectively. The precursor isolation window was set to 2 with CID
normalized collision energy of 35; the dynamic exclusion window was set to
60 s. For Q Exactive analysis, each MS scan was acquired at a resolution of
70,000 FWHM (at m/z 200) for mass range 300–2,000, and the 12 most in-
tense peaks were fragmented in the higher-energy collisional dissociation
(HCD) collision cell with normalized collision energy of 25%. AGC target
values for MS and MS/MS scans were set to 1e6, and the dynamic exclusion
window was set to 15 s.

MS Data Acquisition. MS data were analyzed using Mascot Distiller software
and were searched against the UniProtKB protein knowledgebase release
2014_11 database (www.expasy.org) containing 547,085 entries. For database
searching, the enzyme specificity was set to trypsin with the maximum number
of missed cleavages set to 2. The precursor mass tolerance was set to 10 ppm.
Search criteria included a static modification of cysteine residues of +57.0214
Da, a variable modification of +15.9949 Da to include potential oxidation of
methionines, and a modification of +79.966 on serine, threonine, or tyrosine
for the identification of phosphorylation. Ion score cutoff and significance
threshold P values were set to 25 and 0.05, respectively.

Data Analysis and Statistics. All graphs were generated and analyzed using
GraphPad Prism (GraphPad Software Inc.). Data presented are the means ±
SEM of a least three independent experiments. Statistical analysis was
performed using either a paired Student’s t test when two values were
compared or one-way ANOVA with Dunnett’s post hoc test when more
than two values were compared with the control. *P < 0.05, **P < 0.01,
***P < 0.001.
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