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CCR6 is a G protein-coupled receptor (GPCR) that recognizes a single chemokine ligand, 
CCL20 and is primarily expressed by leukocytes. Upon ligand binding, CCR6 activates 
Gαi heterotrimeric G proteins to induce various potential cellular outcomes through 
context-specific cell signaling. It is well known that differential phosphorylation of Ser 
and Thr residues in the C-terminal domains or intracellular loops of GPCRs can generate 
barcodes that regulate GPCR function by regulating the recruitment of β-arrestins. In this 
study, we demonstrate that ligand binding to CCR6 induces receptor phosphorylation 
at Ser/Thr residues in the C-terminal tail, rather than intracellular loops. Using muta-
genesis experiments, we determined that distinct clusters of Ser/Thr residues in the 
C-terminal domain differentially regulate CCL20-induced signaling and cellular response. 
Substituting the Thr360/Ser361/Thr363 cluster or the Ser370/Ser371 cluster with Ala 
residues modulated cellular response upon CCL20 stimulation. Notably, receptor inter-
nalization, chemotaxis, F-actin distribution, transient ERK1/2 activation, and β-arrestin 
2 recruitment were oppositely affected by mutating the two clusters, suggesting that 
phosphorylation of CCR6 C-terminal Ser/Thr residues directs the cell signaling response 
upon receptor activation. Moreover, activated CCR6 weakly recruited β-arrestin 1 in 
comparison with β-arrestin 2, and the two arrestin proteins seemed to play overlapping 
but distinct roles in mediating CCL20/CCR6-induced cellular responses. Taken together, 
the effects of site-specific Ser/Thr phosphorylation on CCR6 demonstrate the existence 
of barcodes on the protein that dictate the activation of different cell signaling profiles 
and lead to distinct biological outcomes.

Keywords: ccr6, g protein-coupled receptor, mutagenesis, receptor phosphorylation, β-arrestins

inTrODUcTiOn

CCR6 is a chemokine receptor, which belongs to the G protein-coupled receptor (GPCR) super-
family. The protein is mainly expressed on immature dendritic cells, B cells, and effector/memory 
T cells (1–4). Of particular interest, CCR6 has been shown to be an exclusive chemokine recep-
tor on Th17 cells (5–8) and group 3 innate lymphoid/ILC3 cells (9, 10), suggesting a role for the 
receptor in a number of inflammatory and autoimmune diseases (6, 11, 12), especially those related 
to mucosal immunity (13–15). CCL20 is the only known chemokine ligand for CCR6 (2, 4, 16). 
Upon binding to CCL20, CCR6 on leukocytes initiates signal transduction via activation of the Gαi 
family of heterotrimeric G proteins (16, 17). Furthermore, like most classical chemokine receptors, 
the downstream signaling of CCR6 has been shown to involve activation of calcium mobilization, 
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PLC-β, phosphatidylinositol 3-kinase/Akt, ERK1/2 phosphoryla-
tion, and actin polymerization (2, 3, 17–21).

It is well known that upon GPCR activation, certain Ser and 
Thr residues within intracellular loops or the C-terminal domains 
of the receptors are phosphorylated by G protein-activated 
receptor kinases (GRKs) or secondary messenger kinases, such 
as PKA or PKC. These phosphorylated intracellular domains of 
GPCRs then recruit β-arrestins (β-arrestin 1 and/or β-arrestin 2)  
to uncouple the receptor from heterotrimeric G proteins and 
facilitate receptor internalization and desensitization (22–24). 
Although β-arrestins play a well-defined role in terminating 
G-protein-mediated signaling, these multifunctional adaptors 
have also been reported to function as scaffolds for many signaling 
molecules, including mitogen-activated protein kinase (MAPK), 
c-Src, and Akt, among others (22). The site-specific phosphoryla-
tion of C-terminal Ser/Thr residues in GPCRs often selects for a 
specific spatiotemporal pattern of adaptor and signaling molecule 
associations that exist within the wide-ranging repertoire of an 
individual GPCR. Thus, it is important to delineate the effects of 
C-terminal phosphorylation sites on the biological consequences 
of GPCR activation (25–28).

Similar to other GPCRs, the C-terminal domains of many 
chemokine receptors contain Ser/Thr residues that are phospho-
rylated upon ligand stimulation and increase binding affinity for 
arrestin proteins (29, 30). Although C-terminal phosphorylation 
of chemokine receptors is critical for chemokine-induced inter-
nalization, the effects of phosphorylation on receptor-mediated 
intracellular signaling and biological function vary with receptor 
and cell types. Previous studies have provided details regarding 
the biological functions of phosphorylation on the C-terminal tail 
for CXCR1, CXCR2, CXCR3, CXCR4, CCR5, and CCR7 (31–36). 
However, the role of the C-terminal tail in CCR6-mediated sign-
aling has not yet been reported.

To better understand how specific Ser/Thr residues in the 
C-terminal domain of CCR6 regulate protein function, we 
generated a series of CCR6-Jurkat stable cell lines that express 
CCR6 with alanine mutations at certain Ser/Thr residues. Using 
these constructs, we demonstrated that different C-terminal 
Ser/Thr phosphorylation sites in CCR6 are distinctly involved 
in the regulation of CCR6-activation-mediated effects, includ-
ing receptor internalization, cell migration, F-actin distribu-
tion, and ERK1/2 activation. In addition, we showed that the 
activated CCR6 recruits both β-arrestin 1 and β-arrestin 2, but 
with different affinities. Notably, β-arrestin 1 and β-arrestin 2 
appear to play discrete roles in modulating CCR6 activity. Thus, 
phosphorylation of individual C-terminal Ser/Thr residues and 
β-arrestin recruitment combine to determine the landscape of 
CCR6 functionality, indicating that a phospho-barcode dictates 
distinct signaling outcomes and directs the biological function 
of the receptor.

MaTerials anD MeThODs

cell culture and Transfection
Jurkat cells (human T  cell lymphoblast-like cell line) were 
transfected with the plasmid, pCIneo (Promega, Madison, WI, 

USA), encoding human HA-tagged CCR6-wild-type (WT) or 
HA-tagged CCR6 mutants. Multiple clones were established by 
FACS Aria cell sorter (Becton Dickinson, San Joes, CA, USA). 
CCR6-expressing Jurkat cells were maintained in RPMI 1640 
medium supplemented with 10% FBS, 2  mM l-glutamine, 
NEAA, 1  mM sodium pyruvate, 5.5  µM β-mercaptoethanol 
and 1 mg/ml G418 (Life Technologies, Grand Island, NY, USA). 
β-Arrestin 2-GFP-expressing U2OS cells were maintained in 
minimum essential medium supplemented with 10% FBS, 
2 mM l-glutamine and 0.4 mg/ml G418. HEK293T and U2OS 
cells were maintained in Dulbecco’s modified Eagle’s medium 
supplemented with 10% FBS and 2  mM l-glutamine. Jurkat 
cells were transfected with 500 nM non-targeting control siRNA 
(Dharmacon, Lafayette, CO, USA), β-arrestin 1 siRNA (target 
sequence: CTCGACGTTCTGCAAGGTCTA) or β-arrestin 2 
siRNA (target sequence: CTCGAACAAGATGACCAGGTA) 
(Qiagen, Germantown, MD, USA) by electroporation using a BTX 
Pulse Generator ECM 630 system (Genetronics, Inc., San Diego, 
CA, USA). Electroporation conditions were 260  mV, 725  mΩ, 
and 1, 050 μF. U2OS and HEK293T cells were transfected with 
plasmids encoding HA-tagged CCR6-WT or HA-tagged CCR6 
mutants using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA) according to manufacturer’s instruction.

constructs
FLAG-tagged rat β-arrestin 1 was obtained as a gift from Dr. Lee 
Yuan Liu-Chen (Temple University, Philadelphia, PA, USA). Rat 
β-arrestin 1 was amplified using specific primers and then puri-
fied. Purified product was digested and ligated into pEGFP-N1 
vector between the HindIII and PstI sites to generate rat β-arrestin 
1-GFP. Human β-arrestin 2 was amplified from Jurkat cDNA 
template. The reverse amplification primer contained a sequence 
encoding the flag epitope. Amplified product was purified, 
digested and ligated into the pEGFP-N1 vector or pcDNA3.1/
Zeo (+) vector at HindIII and EcoRI sites to generate human 
β-arrestin 2-flag-GFP or β-arrestin 2-flag. Construction of the 
N-terminal HA-tagged CCR6-WT described previously (37). 
This construct was used as a template to generate various CCR6 
mutants, in which C-terminal Ser/Thr residues were replaced with 
Ala through the use of a QuikChange site-directed mutagenesis 
kit (Stratagene). The forward and reverse primers used for ampli-
fication of β-arrestin 1, β-arrestin 2, or site-directed mutagenesis 
of CCR6 are shown in Table S1 in Supplementary Material.

cell stimulation and erK Phosphorylation
Jurkat cells stably expressing wild-type CCR6 (WT-CCR6) or 
mutant CCR6 were fasted at a density of 2 × 106 cells/ml for 4–6 h 
in fasting medium (RPMI medium containing 0.5% BSA, 2 mM 
l-glutamine, 0.1 mM non-essential amino acids, 1 mM sodium 
pyruvate, 5.5  µM β-mercaptoethanol, and 10  mM HEPES) 
with or without 0.1 µg/ml pertussis toxin (PTx) (List Biological 
Laboratories, Campbell, CA, USA) in a 37°C incubator. Cells were 
then harvested, resuspended at a density of 1–2 × 107 cells/ml in 
fasting medium, aliquoted to 100 µl of cell suspension per vial, and 
prewarmed on a heat block. Subsequently, cells were stimulated 
with 100  ng/ml CCL20 (PeproTech Inc., Rocky Hill, NJ, USA) 
for the indicated time periods and immediately immersed in a 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


3

Lu et al. Functional Significance of CCR6 Carboxyl-Terminal  Ser/Thr Residues

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 415

dry ice/ethanol bath for 3–5 s to stop the reaction. Following two 
washes with cold PBS, cells were lysed in lysis buffer containing 
50 mM Tris–Cl, pH 7.4, 150 mM NaCl, 1% Triton, 1 mM EDTA, 
1  mM EGTA, 10% glycerol, and protease inhibitor cocktail 
(Roche, Basel, Switzerland) and phosphatase inhibitor cocktail II 
(Sigma-Aldrich, St. Louis, MO, USA). Cell lysates were subjected 
to 9% SDS-PAGE followed by immunoblot analysis using rabbit 
anti-phospho ERK1/2 and mouse anti-ERK1/2, rabbit anti- 
phospho MEK, rabbit anti-phospho c-Raf, or rabbit anti-β-arrestin 
1/2 (Cell Signaling Technology, Danvers, MA, USA). To analyze 
receptor desensitization, cells that were stimulated with a lower 
concentration of CCL20 for 3 min (WT-CCR6 and 4A-CCR6) or 
10 min (3A-CCR6 and 34A-CCR6) were treated with a secondary 
stimulation at higher CCL20 concentration for the indicated time 
periods. After the stimulation was stopped, cells were lysed and 
subjected to 9% SDS-PAGE and immunoblot analysis.

receptor internalization and recycling
Jurkat cells stably expressing WT-CCR6 or mutant CCR6 were 
suspended at a density of 3 × 106 cells/ml in fasting medium and 
stimulated with 100 ng/ml CCL20 at 37°C. Samples of the cell 
suspension (100  µl) were harvested at the indicated times and 
incubated in a dry ice/ethanol bath for 3–5 s to stop the reaction. 
After one wash with ice-cold FACS buffer (1% FBS, 10 mM HEPES, 
and 0.1% NaN3 in HBSS), cells were stained with PE-conjugated 
mouse anti-CCR6 or with an isotype control (BD Biosciences, 
San Jose, CA, USA). Stained cells were analyzed using a flow 
cytometer FACS Canto (Becton Dickinson). Internalization 
of CCR6 was inversely calculated as the percentage of CCR6 
remaining on the cell surface after stimulation. To analyze recep-
tor recycling, WT-CCR6 or mutant CCR6-expressing Jurkat 
cells were pretreated with DMSO or 10  µg/ml cycloheximide 
(Calbiochem, Billerica, MA, USA) in fasting medium for 15 min 
at 37°C followed by stimulation with 100  ng/ml CCL20 for 
15 min. After washing three times, cells were further incubated 
in fasting medium containing DMSO or 10 µg/ml cycloheximide 
for the indicated time periods and then harvested for surface 
CCR6 staining. Data represent the mean  ±  SEM from at least 
three independent experiments.

chemotaxis
Chemotaxis was assayed using 6.5-mm Transwell tissue culture 
inserts with 5-µm pores (Corning Inc., Corning, NY, USA). 
Jurkat cells stably expressing WT-CCR6 or mutant CCR6 were 
suspended at a density of 1 × 107 cells/ml in RPMI 1640 contain-
ing 10 mM HEPES and 0.5% BSA, and pre-warmed for 30 min 
at 37°C. One hundred microliters of cell suspension were added 
to the insert, which was contained in a well with 600 µl medium 
with or without 50 ng/ml CCL20. Cells were then incubated for 
60 or 90 min at 37°C in a CO2 incubator. After the incubation, 
cells that migrated to the bottom wells were collected, pelleted 
and counted.

F-actin Polymerization analysis
Jurkat cells stably expressing WT-CCR6 or mutant CCR6 were 
suspended in fasting medium at a density of 1 × 107 cells/ml and 
aliquoted at 100  µl of cell suspension per reaction. Cells were 

stimulated with 100 ng/ml CCL20 for the indicated time periods 
and immediately fixed and stained by the addition of 1  ml of 
phalloidin staining buffer [1% BSA, 0.2% Triton, 4% paraform-
aldehyde, and 1 U of Alexa 488 tagged phalloidin (Invitrogen)] 
on ice for 20 min. After three washes with 0.1% Triton X-100/
PBS, cells were analyzed using a flow cytometer FACS Canto. To 
determine cell polarization and F-actin distribution, Jurkat cells 
stably expressing WT-CCR6 or mutant CCR6 were seeded on 
10 µg/ml fibronectin (Chemicon) coated coverslips by gravity in 
a 37°C incubator for 45 min. Cells were then stimulated with or 
without 100 ng/ml CCL20 for 10 min, fixed by 4% paraformalde-
hyde at room temperature for 10 min, permeabilized with 0.1% 
Triton/PBS for 3 min, washed three times with PBS, incubated 
in blocking buffer (1% BSA/PBS) for 10 min, and stained with 
2.5 U/ml Alexa 488-conjugated phalloidin at room temperature 
for 15  min. After three washes with PBS, cells were counter-
stained with 0.5 µg/ml DAPI (Invitrogen) for 5 min. Coverslips 
were mounted on microscope slides using fluorescence mounting 
medium (DAKO Cytomation, Glostrup, Denmark) and viewed on 
an LSM700 confocal system (Carl Zeiss, Oberkochen, Germany). 
Two-dimensional projection images were created from z-stacks 
acquired using ZEN 2008 software (Carl Zeiss).

immunofluorescence staining and 
confocal Microscopy
U2OS cells stably expressing β-arrestin 2-GFP (6  ×  104) were 
grown on 0.1  mg/ml poly-l-lysine-coated coverslips (Sigma-
Aldrich) in a 24-well plate. Cells were transfected with WT-CCR6 
or various mutant CCR6 constructs for 24  h, after which they 
were surface stained with mouse anti-CCR6 antibody (BD 
Biosciences) for 20 min at room temperature, washed and then 
stimulated with 100 ng/ml CCL20 for indicated times at 37°C. 
Subsequently, cells were fixed with 4% paraformaldehyde for 
10  min at room temperature, permeabilized with 0.1% Triton 
X-100/PBS for 5 min, washed three times with PBS, blocked with 
3% BSA/PBS for 30 min, and stained with goat anti-mouse IgG 
conjugated with Alexa 594 (Invitrogen) for 1  h. After washing 
three times with PBS, cells were counterstained with 0.5 µg/ml 
DAPI, mounted and viewed on an LSM700 confocal system. For 
detection of β-arrestin 1 and CCR6, U2OS cells that had been 
co-transfected with the WT-CCR6 or various mutant CCR6 and 
β-arrestin 1-GFP constructs underwent similar experimental 
procedures as described earlier. For subcellular CCR6 detection, 
U2OS transfected with WT-CCR6 or various mutant CCR6 
constructs for 24  h underwent surface CCR6 staining, CCL20 
stimulation, fixation, permeabilization, and blocking as described 
earlier. Following CCR6 labeling, cells were stained with rabbit 
anti-EEA1 or rabbit anti-lamp1 (Cell Signaling Technology) for 
1.5  h at room temperature, washed three times with PBS, and 
further incubated with goat anti-rabbit IgG F(ab′)2 conjugated 
with Alexa 488 and goat anti-mouse IgG conjugated with Alexa 
594 (Invitrogen) for 1 h at room temperature. Cells were counter-
stained with DAPI and observed on an LSM700 confocal system.

immunoprecipitation of ha-ccr6
HEK293T  cells (2  ×  106) were seeded in 6  cm-dish and co-
transfected with HA-tagged WT-CCR6 or various mutant CCR6 
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34A-CCR6 (T360A, S361A, T363A, S370A, and S371A), 234A-CCR6 (S353A, S357A, T360A, S361A, T363A, S370A, and S371A), and AA-CCR6 (all C-terminal 
Ser/Thr residues were replaced with Ala).
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and β-arrestin 1-flag, β-arrestin 2-flag, or β-arrestin 2-flag-GFP 
for 24  h. Cells were trypsinized, resuspended at a density of 
~1 × 107 cells/ml in fasting medium, stimulated with 100 ng/ml  
CCL20 for the indicated time, incubated in a dry ice/ethanol 
bath to stop reaction and lysed with lysis buffer for 30–60 min 
on ice. After centrifugation at 12,000 × g for 10 min, superna-
tants (~1  mg) were pre-cleared with protein A agarose beads 
(Millipore, Billerica, MA, USA) for 1 h at 4°C. Pre-cleared lysates 
were incubated with anti-HA affinity gel (Sigma-Aldrich) for 
3 h at 4°C and the immunoprecipitates were washed, denatured 
with Laemmli buffer for 30 min at 50–55°C and subjected to 9% 
SDS-PAGE, followed by western blotting with rabbit anti-flag M2 
(Sigma-Aldrich) or Rat anti-HA 3F10 (Roche).

Phospho-labeling
HEK293T  cells (5  ×  106) in 10  cm-dish were transfected with 
HA-tagged WT-CCR6 or AA-CCR6 constructs for 24  h. Cells 
were fasted in phosphate-free DMEM medium containing 0.5% 
BSA and 10 mM HEPES for 3 h at 37°C, after which they were 
trypsinized and resuspended in phosphate-free DMEM at a 
density of 1 × 107 cells/ml. Cells were metabolically labeled with 
60 μCi/ml of P32 for 1.5 h at 37°C followed by stimulation with 
100 ng/ml CCL20 for 0 or 5 min. Cells were washed, lysed with 
RIPA buffer, and subjected to immunoprecipitation of HA-tagged 
CCR6 using anti-HA affinity gel as described earlier. The 
immunoprecipitates were run on 9% SDS-PAGE and P32 signals 
were detected and quantified by Typhoon 9410 image system 
(Amersham BioScience, Piscataway, NJ, USA).

statistical analysis
Unpaired Student’s t-tests were applied to evaluate the differences 
between experimental groups. p ≤ 0.05 was considered statisti-
cally significant.

resUlTs

ser/Thr residues within the c-Terminal 
Domain of ccr6 are Phosphorylated upon 
ccl20 stimulation
Ligand binding to GPCRs induces the phosphorylation of Ser/
Thr residues in the C-terminal tails of the receptors (38). Recent 
studies have shown that specific phosphorylation patterns in 

these C-terminal domains lead to distinct biological effects  
(25, 26, 28, 39). To determine the C-terminal Ser/Thr residues that 
are phosphorylated in CCL20-bound CCR6, we metabolically 
labeled HA-tagged CCR6 transfectants with [32P]-orthophosphate 
and stimulated cells with CCL20 followed by immunoprecipita-
tion of CCR6 with anti-HA. The phosphorylation of WT-CCR6 
was readily detected upon CCL20 stimulation (Figure S1 in 
Supplementary Material). However, the phosphorylation of 
mutant CCR6 (AA-CCR6), in which all Ser/Thr residues in the 
C-terminal tail were mutated into Ala, was completely absent. 
This result indicates that the CCL20-induced phosphorylation 
of CCR6 is limited to Ser/Thr residues in the C-terminal tail 
and does not extend to residues within intracellular loops. To 
study the effect of C-terminal Ser/Thr residue clusters on CCR6 
biological function, we generated a series of CCR6 C-terminal 
Ser/Thr mutants, shown in Figure 1. We grouped the 11 Ser/Thr 
residues at the C-terminus of CCR6 into four clusters, designated 
1–4 (ordered from the N- to C-terminus). Various CCR6 mutants 
were constructed with the grouped Ser/Thr residues systemati-
cally replaced by Ala. In the 3A-CCR6 construct, Thr360, Ser361, 
and Thr363 (cluster 3) were mutated to Ala. For the 4A-CCR6 
construct, Ser370 and Ser371 (cluster 4) were mutated to Ala. For 
the 34A-CCR6 construct, Ser/Thr residues in both cluster 3 and 
cluster 4 were mutated to Ala. For the 234A-CCR6 construct, Ser-
353 and Ser-357 (cluster 2) plus Ser/Thr residues in cluster 3 and 
cluster 4 were mutated to Ala. For the AA-CCR6, all C-terminal 
Ser/Thr residues were mutated to Ala. To make a more valid 
comparison of biological effects among WT-CCR6 and CCR6 
mutants, we established stable clones for each CCR6 mutant in 
Jurkat cells by choosing clones that expressed comparable levels 
of surface receptor (Figure S2 in Supplementary Material).

ser/Thr residue clusters in the 
c-Terminal Domain of ccr6 Differentially 
regulate ccl20-induced ccr6 
internalization and recycling
Receptor phosphorylation on the C-terminal tail is known 
to be a prerequisite for the internalization of GPCRs (40). To 
identify C-terminal Ser/Thr residues that are critical for CCR6 
internalization, we treated WT-CCR6 and various CCR6 
mutants with CCL20 for up to 30 min. The kinetics of receptor 
internalization were assessed by determining the loss of surface 
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FigUre 2 | C-terminal Ser/Thr clusters in CCR6 differentially regulate 
CCL20-induced CCR6 internalization. Jurkat cells stably expressing wild-type 
CCR6 or various CCR6 mutants were stimulated with 100 ng/ml CCL20 for 
the times indicated. Cells were washed with ice-cold FACS buffer and stained 
with PE-conjugated mouse anti-CCR6 or with an isotype control. Surface 
receptor levels were measured using flow cytometry. Internalization of CCR6 
is reflected by the percentage of CCR6 remaining on surface after 
stimulation.
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receptor using flow cytometry. Surface 4A-CCR6 was internalized 
most rapidly and efficiently among CCR6 mutants (Figure  2). 
Approximately 91.14  ±  3.14% of the 4A-CCR6 surface receptor 
was internalized as early as 1  min after CCL20 stimulation, an 
effect which was sustained at least for 30  min (Figure  2). Even 
when compared with WT-CCR6, 4A-CCR6 showed much more 
efficient internalization. On the other hand, 3A-CCR6, 34A-CCR6, 
234A-CCR6, and AA-CCR6 mutants exhibited slower inter-
nalization kinetics when compared with WT-CCR6 or 4A-CCR6 
(Figure  2). The relative efficiency of receptor internalization for 
the constructs was: 4A-CCR6 > WT-CCR6 > 234A-CCR6 ≈ 34A-
CCR6 > AA-CCR6 > 3A-CCR6 (Figure 2). Notably, the kinetics 
of receptor internalization reached a stationary phases after stimu-
lation with CCL20 for 1 min in 4A-CCR6, 4 min in WT-CCR6, 
and 15–20  min in 3A-CCR6, 34A-CCR6, 234A-CCR6, and 
AA-CCR6-expressing cells. The stationary phases may result from 
the steady-state balance of several variables, including the rates of 
internalization, recycling, degradation or synthesis of receptors. 

Taken together, the data showed that phosphorylation of cluster 3 
(Thr360, Ser361, and Thr363) is critical for CCL20-induced CCR6 
internalization, while the phosphorylation of cluster 4 (Ser370 and 
Ser371) hinders CCL20-induced CCR6 internalization.

Following internalization, receptors are either recycled to 
the cell surface or targeted to lysosomes for degradation. To 
investigate the effects of C-terminal Ser/Thr residues on CCR6 
intracellular trafficking, we stimulated WT-CCR6 or various 
CCR6 mutant-expressing transfectants with CCL20 and com-
pared the surface receptor levels in the presence or absence of the 
protein synthesis inhibitor, cycloheximide (CHX). Transfectants 
expressing WT-CCR6 or various CCR6 mutants were subjected 
to CCL20 stimulation for 15  min, followed by the removal of 
CCL20 and further incubation for the indicated times. After 
CCL20 was removed, the patterns of receptor trafficking were 
not affected by CHX in cells expressing WT-CCR6, 3A-CCR6, 
or 4A-CCR6 (Figure 3A), suggesting that the reappearance of 
these receptors on the cell surface does not require new protein 
synthesis. However, only a minor portion of receptors were 
recycled, and recycling occurred to different extents for different 
constructs (WT-CCR6: 25%, 3A-CCR6: 16.5%, and 4A-CCR6: 
2.6%). Also, after an initial burst of recycling, the surface levels 
of protein were sustained throughout the rest of the experiments 
(Figure 3A). In contrast to these three constructs, the surface 
levels of 34A-CCR6 were gradually increased in vehicle-treated 
cells, while CHX-treated cells showed a surface expression profile 
that was similar to WT-CCR6, 3A-CCR6, and 4A-CCR6 (12.3% 
receptors were recycled). This result suggests that the reappear-
ance of 34A-CCR6 on the cell surface requires de novo protein 
synthesis. From these data, we conclude that WT-CCR6 and 
CCR6 mutants are partially recycled and that Ser/Thr residues 
in cluster 3 and cluster 4 may work in concert to prevent de novo 
protein synthesis of CCR6. In addition, immunofluorescence 
staining revealed that almost all of the observable internalized 
WT-CCR6, 3A-CCR6, 4A-CCR6, and 34A-CCR6 proteins 
were targeted to EEA1+ early endosomes (Figure  3B), with 
some signal colocalizing with LAMP1+ lysosomes (indicated 
by arrows, Figure 3C). Taken together, our results indicate that 
CCR6 receptors are partially recycled to the cell surface, and 
some internalized CCR6 is further targeted to lysosomal deg-
radation. Moreover, the different clusters of Ser/Thr residues in 
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FigUre 3 | The destination of internalized wild-type CCR6 (WT-CCR6) and CCR6 mutant proteins. (a) Jurkat cells stably expressing WT-CCR6 or various CCR6 
mutants were pretreated with DMSO or 10 µg/ml cycloheximide for 15 min at 37°C followed by stimulation with 100 ng/ml CCL20 for 15 min. After washing, cells 
were further incubated in medium containing DMSO or 10 µg/ml cycloheximide for the indicated times. Cells were then harvested and subjected to surface CCR6 
staining. Surface levels of CCR6 were quantified by flow cytometry. Data represent the mean ± SEM from four independent experiments. (B,c) U2OS cells were 
transfected with WT-CCR6 or various CCR6 mutant constructs for 24 h. Cells were then stimulated with CCL20 for 5 or 20 min, fixed, permeabilized, and stained for 
human CCR6 (red) along with rabbit anti-EEA1 [green, (B)] or rabbit anti-lamp1 [green, (c)]. Cells were observed using LSM700 confocal system. Scale bar = 5 µm.
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FigUre 4 | CCR6 C-terminal Ser/Thr clusters differentially regulate 
CCL-20-induced chemotaxis. (a) Jurkat cells stably expressing wild-type 
CCR6 (WT-CCR6) or various CCR6 mutants were analyzed by transwell 
migration assays. The data are expressed as percentage of input cells that 
migrated to the lower chamber in the absence of CCL20. (B) WT-CCR6 or 
various CCR6 transfectants were analyzed by transwell migration assays. 
The data are expressed as percentage of input cells that migrated to the 
lower chamber containing 50 ng/ml CCL20. Data represent the mean ± SEM 
from four independent experiments (**p < 0.01 and ***p < 0.001 vs. 
WT-CCR6).
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the C-terminal domain of CCR6 regulate the extent of receptor 
recycling to some degree.

ser/Thr residue clusters Differentially 
regulate ccl20-induced chemotaxis
A major biological function of chemokine receptors is to stimu-
late leukocyte migration into infected and/or inflamed tissues 
(41). Many studies have demonstrated that chemokine receptor 
signaling activates small GTPase and actin polymerization, which 
collectively regulate leukocyte migration. We first examined 
whether different CCR6 mutants showed different degree of 
random migration. Performing a chemotaxis assay in the absence 
of CCL20, we found that the random migration of different CCR6 
mutants varied (Figure 4A). The random migration of various 
transfectants was less then 2% of input cells; however, 4A-CCR6, 
34A-CCR6, and 234A-CCR6 transfectants showed significantly 
reduced random migration compared with WT-CCR6 trans-
fectants, while 3A-CCR6 transfectants showed similar random 
migration as WT-CCR6 transfectants (Figure 4A). We then per-
formed a chemotaxis assay in the presence of CCL20 and found 
that 3A-CCR6 transfectants displayed an enhanced chemotactic 
activity, while 4A-CCR6 transfectants showed reduced chemotac-
tic activity compared with WT-CCR6 transfectants (Figure 4B). 
These results suggest that Ser/Thr residues in cluster 3 and cluster 
4 of CCR6 oppositely regulate cell migration. We observed that 
all transfectants with cluster 4 mutations (4A-CCR6, 34A-CCR6, 
234A-CCR6, and AA-CCR6) showed reduced chemotaxis 
activity as compared with WT-CCR6 transfectants (Figure 4B), 
regardless of whether cluster 3 was mutated. Since cluster 4 
mutations were able to reverse the increased cell migration from 
cluster 3 mutations, we infer that Ser/Thr residues in cluster 4 may 
predominately regulate cell migration. Because 4A-CCR6, 34A-
CCR6, and 234A-CCR6 transfectants showed reduced random 
migration (Figure 4A) as well as reduced directional migration 
(Figure 4B), the reduced random migration might also contri-
bute, in part, to the reduced chemotactic activity.

ser/Thr residue clusters Differentially 
regulate ccl20-induced actin 
Polymerization
For directional migration to occur, actin polymerization must be 
regulated to create cell protrusions at the leading edge (42). Given 
our observation that C-terminal Ser/Thr residues regulated 
chemotaxis (Figure  4), we hypothesized that the phosphoryla-
tion of the CCR6 C-terminal tail may be involved in regulating 
actin polymerization. We measured the global F-actin levels in 
transfectants expressing WT-CCR6 and various CCR6 mutants 
using phalloidin staining followed by FACS analysis. Stimulating 
WT-CCR6 or various mutant CCR6 receptors with CCL20-
induced rapid actin polymerization, peaking at 15 s; however, the 
kinetics and magnitude of F-actin accumulation varied among the 
constructs (Figure 5A). Compared with WT-CCR6 transfectants, 
the level of F-actin in 3A-CCR6 transfectants was more rapidly 
increased and still peaked at 15 s, but the peak level was sustained 
until 30  s and then very gradually declined (Figure  5A). The 
sustained actin polymerization in 3A-CCR6 transfectants may 

be associated with the increased chemotactic activity shown in 
Figure  4. The levels of F-actin in 4A-CCR6 transfectants were 
transiently increased, with a strong peak at 15  s and a rapid 
decline. The maximal magnitude was approximately three-fold 
greater than that of WT-CCR6 transfectants. Although 4A-CCR6 
transfectants displayed a higher magnitude of actin polymeriza-
tion than WT-CCR6 transfectants, the same 4A-CCR6 transfect-
ants had reduced chemotactic activity. Interestingly, the levels 
of F-actin in 34A-CCR6 were rapidly increased and remained 
elevated throughout the experiment (Figure 5A), suggesting that 
34A-CCR6 transfectants failed to undergo actin depolymeriza-
tion. Disturbing the dynamics of actin polymerization and depo-
lymerization in 34A-CCR6 transfectants may contribute to the 
observed impairment in chemotactic activity. Taken together, the 
altered random cell migration as well as directional cell migration 
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FigUre 5 | CCR6 C-terminal Ser/Thr clusters affect CCL20-induced actin polymerization. (a) Jurkat cells stably expressing wild-type CCR6 (WT-CCR6) or various 
CCR6 mutants were stimulated with 100 ng/ml CCL20 for the indicated times, fixed by 4% formaldehyde, stained with phalloidin conjugated with Alexa 488, and 
subjected to flow cytometry analysis. (B) Jurkat cells stably expressing WT-CCR6 or various CCR6 mutants were seeded on 10 µg/ml fibronectin-coated coverslips 
and stimulated with 100 ng/ml CCL20 for 10 min, fixed by 4% formaldehyde, and stained with Alexa 488-conjugated phalloidin. Images were obtained on an 
LSM700 confocal microscope. Scale bar = 10 µm. (c) Percentage of polarized cells per field was calculated (n = 6–24). ***p < 0.001 compared with WT-CCR6.

8

Lu et al. Functional Significance of CCR6 Carboxyl-Terminal  Ser/Thr Residues

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 415

(Figure  4) indeed associate with the altered actin dynamics of 
3A-CCR6, 4A-CCR6, and 34A-CCR6 transfectants (Figure 5).

To further investigate whether the actin polymerization in 
WT-CCR6 and various mutant CCR6 transfectants affected cell 
polarization upon CCL20 stimulation, we analyzed intracellular 
F-actin distribution with confocal microscopy after phalloidin 
staining (Figure  5B). WT-CCR6 and various mutant CCR6 
transfectants were seeded on fibronectin-coated coverslips and 
stimulated with CCL20 for 10  min. In the absence of CCL20 
stimulation, the basal levels of F-actin were equally distributed 
in the periphery (data not shown). Upon CCL20 stimulation, 
WT-CCR6 and 3A-CCR6 transfectants induced the forma-
tion of lamellipodia, in which F-actin was concentrated at the 
leading edge (Figure 5B). The formation of this type of leading 
edge is expected to effectively promote directional migration. 
Interestingly, we found that 4A-CCR6 transfectants displayed 
compromised lamellipodium structure with thinner lamella, 
which might explain the relative inability of these tranfectants to 
migrate. Furthermore, 34A-CCR6 transfectants displayed strong 
actin polymerization that was evenly distributed around the cell 
periphery and thus failed to form a leading edge to promote 
directional migration (Figure 5B). The percentage of polarized 
cells with lamellipodia formation were quantified from each 
group, producing data that mirrored the chemotaxis profiles for 
the transfectants (Figure  5C). Together, these results suggest 
that Ser/Thr residues in the C-terminal domain of CCR6 can 
impact F-actin formation/accumulation to control directional 

cell migration. Furthermore, the Ser/Thr residues in cluster 3 
and cluster 4 appear to work in concert to dynamically and spati-
otemporally regulate actin polymerization and depolymerization 
to promote cell migration.

ser/Thr residue clusters Differentially 
regulate ccl20-induced erK1/2 
Phosphorylation
To determine whether the phosphorylation of CCR6 C-terminal 
Ser/Thr residues affects the activation of known signaling 
effectors, we examined ERK1/2 activation in WT-CCR6 and 
various mutant CCR6 transfectants after CCL20 stimulation. 
Western blot analysis showed that CCL20-mediated ERK1/2 
phosphorylation peaked at 1  min in WT-CCR6 and mutant 
CCR6 transfectants. The intensity and persistence of ERK1/2 
activation varied among the transfectants (Figure 6A; Figure S3 
in Supplementary Material). ERK1/2 activation was transiently 
induced in WT-CCR6 and 4A-CCR6 transfectants, with no 
signal detected as early as 3 min after stimulation. However, in 
3A-CCR6 transfectants, ERK1/2 activation gradually declined 
after peaking at 1  min. Strikingly, ERK1/2 phosphorylation 
was sustained at peak levels for at least 5  min in 34A-CCR6 
transfectants (Figure 6A). We then examined the activation of 
signaling molecules upstream of ERK activation. The CCL20-
induced activation of MEK and c-Raf was largely consistent with 
CCL20-induced ERK1/2 activation (Figure 6A).
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FigUre 7 | CCR6 C-terminal Ser/Thr clusters differentially regulate CCL 
20-induced desensitization. Jurkat cells stably expressing wild-type CCR6, 
4A-CCR6 (a), 3A-CCR6 or 34A-CCR6 (B) were stimulated with 10, 30, or 
100 ng/ml CCL20 for 0, 1, or 3 min. Three minutes (a) or 10 min  
(B) after the first stimulation, the cells were subjected to a second stimulation 
with 100 ng/ml CCL20 for 1 or 3 min. After the second stimulation, cell 
lysates were collected and used for immunoblotting with anti-phospho 
ERK1/2 (ERK-p) and anti-total ERK (tERK) antibodies.

FigUre 6 | CCR6 C-terminal Ser/Thr clusters differentially regulate 
CCL20-induced ERK1/2 phosphorylation. (a) Jurkat cells stably expressing 
wild-type CCR6 (WT-CCR6) or various CCR6 mutants were fasted and then 
stimulated with 100 ng/ml CCL20 for 0, 1, 3, or 5 min. Cell lysates were 
analyzed by immunoblotting using anti-phospho-ERK1/2 (ERK-p), anti-total 
ERK, anti-phospho-MEK (MEK-p), and anti-phospho-c-Raf (c-Raf-p).  
(B) Jurkat cells stably expressing WT-CCR6 or various CCR6 mutants were 
pretreated with 100 ng/ml pertussis toxin for 4 h followed by stimulation with 
100 ng/ml CCL20. Lysates were subjected to immunoblotting analysis.
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Chemokine receptor signaling is mediated predominantly 
through coupling to the Gαi family of heterotrimeric G proteins 
(41, 43). Therefore, we used PTx, an inhibitor of Gαi coupling to 
GPCRs, to examine whether CCR6 C-terminal Ser/Thr mutants 
require Gαi to activate ERK1/2. As expected, PTx pretreatment 
completely abolished CCL20-mediated ERK1/2 activation in 
WT-CCR6 transfectants (Figure 6B), confirming that this action 
is Gαi-dependent. Similarly, Gαi-dependent ERK1/2 activation 
was also observed in 4A-CCR6 transfectants. Interestingly, PTx 
failed to completely inhibit CCL20-induced ERK1/2 activation 
in 3A-CCR6 and 34A-CCR6 transfectants, and this loss of Gαi 
dependence was particularly apparent in 34A-CCR6 transfectants 
(Figure 6B). Thus, an inability to phosphorylate Ser/Thr residues 
in cluster 3, or in cluster 3 and cluster 4, may introduce some 
independence from the Gαi signaling pathway, which may poten-
tially result in the sustained signaling observed in Figure  6A. 
Overall, these results suggest that phosphorylation of Ser/Thr 
residues in cluster 3 (Thr360, Ser361, and Thr363) may regulate 
the termination of CCR6 signaling, and that cluster 4 (Ser370 and 
Ser371) may enhance the termination signal. Furthermore, since 
the onset of ERK1/2 activation was not measurably affected in 
the mutants, the phosphorylation of CCR6 C-terminal Ser/Thr 
clusters may only act to terminate the signaling and not affect the 
initiation of CCL20-mediated ERK1/2 activation.

ccr6 c-Terminal ser/Thr clusters 
Differentially affect receptor 
Desensitization
It is well known that upon ligand stimulation, the phospho-
rylation of Ser/Thr residues in the C-terminal domain of GPCRs 

leads to receptor desensitization (22–24). We investigated which 
clusters of CCR6 C-terminal Ser/Thr residues are responsible for 
CCR6 desensitization. Because CCL20-stimulated WT-CCR6 
and various CCR6 mutants to induce Gαi-mediated ERK1/2 
phosphorylation (Figure 6B), we examined receptor desensitiza-
tion by measuring ERK1/2 activation. The kinetics of CCL20-
mediated induction of ERK1/2 activation in WT-CCR6 and 
various mutant CCR6 transfectants were variable and the time 
required to turn off ERK1/2 phosphorylation also varied among 
transfectants (Figure  6A). Therefore, we designed desensitiza-
tion experiments with these differences in mind. For WT-CCR6 
and 4A-CCR6 transfectants, cells were stimulated with CCL20 
for 3 min followed by a second stimulation. On the other hand, 
3A-CCR6 and 34A-CCR6 transfectants were stimulated with 
CCL20 for a longer time (10 min) to allow the signal to dimin-
ish before the second stimulation. Transfectants were initially 
stimulated for with 10, 30, or 100 ng/ml CCL20, or left untreated. 
CCL20 (100 ng/ml) was then introduced for the second stimula-
tion and the degree of receptor desensitization was determined 
by measuring ERK1/2 phosphorylation levels. Transfectants that 
received only the first CCL20 stimulation showed the anticipated 
patterns of ERK1/2 phosphorylation (Figure  7, lanes 1, 2, 6, 
and 10). After the second stimulation with 100  ng/ml CCL20, 
WT-CCR6 transfectants that were initially stimulated with 10, 
30, or 100 ng/ml exhibited reductions in ERK1/2 activity of 63.4, 
86.9, and 99.9%, respectively (Figure  7A, lane 4 vs. 10; lane 8 
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vs. 10; lane 12 vs. 10). Interestingly, 4A-CCR6 transfectants 
that were initially stimulated with 10, 30, or 100 ng/ml CCL20 
and then received a second stimulation with 100 ng/ml CCL20 
exhibited a complete loss of ERK1/2 activity, suggesting that Ser/
Thr residues in cluster 4 play a role in desensitization (Figure 7A, 
lower blots). By contrast, 3A-CCR6 and 34A-CCR6 failed to show 
evidence of desensitization upon the second CCL20 stimulation 
(Figure 7B, lane 2 vs. 4; lane 6 vs. 8; lane 10 vs. 12), suggesting that 
Ser/Thr residues in cluster 3 are required for CCL20-mediated 
receptor desensitization. Taken together, these results suggest 
that phosphorylation of C-terminal cluster 4 regulates receptor 
desensitization, whereas phosphorylation of C-terminal cluster 3 
contributes to receptor desensitization.

ccr6 Phosphorylation recruits  
β-arrestins
The recruitment of non-visual arrestins, β-arrestin 1 and β-arrestin 
2, to phosphorylated GPCRs is important for receptor inter-
nalization, desensitization and signaling transduction (22, 44).  
We used immunoprecipitation and immunofluorescence assays 
to examine whether β-arrestin 1 and β-arrestin 2 were recruited 
to CCR6 upon CCL20 stimulation. HEK293T  cells were co-
transfected with plasmid encoding HA-tagged WT-CCR6 and 
another plasmid encoding β-arrestin 1-flag or β-arrestin 2-flag. 
The transfectants were stimulated with CCL20, and after harvest-
ing, cell lysates were subjected to immunoprecipitation of CCR6 
using anti-HA agarose, followed by western blotting for β-arrestin 
1-flag and β-arrestin 2-flag. Western blot analysis showed that 
activated CCR6 recruited both β-arrestin 1-flag and β-arrestin 
2-flag; however, the CCR6 interaction with β-arrestin 2-flag was 
stronger than the interaction with β-arrestin 1-flag (Figure 8A). 
We further examined which clusters of Ser/Thr residues are 
critical for the recruitment of β-arrestin 2. Lysates from CCL20-
stimulated HEK293T transfectants co-expressing β-arrestin 
2-flag-GFP and HA-tagged WT-CCR6 or various CCR6 mutants 
were subjected to the immunoprecipitation assay. β-Arrestin 
2-flag-GFP showed stronger and more sustained association with 
4A-CCR6 compared with WT-CCR6. However, the association of 
β-arrestin 2-flag-GFP with 3A-CCR6, 34A-CCR6, or 234A-CCR6 

was weaker than its association with WT-CCR6. In particular, 
3A-CCR6 showed the weakest association with β-arrestin 2-flag-
GFP (Figure 8B).

We further confirmed the association of CCR6 with β-arrestin 
2 by immunofluorescence analysis. U2OS cells that stably 
expressed β-arrestin 2-GFP were transfected with expression 
plasmids encoding WT-CCR6 or various mutant CCR6 recep-
tors. The transfectants were stained with fluorescence conjugated 
anti-CCR6 antibody followed by CCL20 stimulation. After stimu-
lation, cells were fixed, stained for CCR6 and observed under a 
confocal microscope. Upon CCL20 stimulation, β-arrestin 2-GFP 
formed punctate structures that were colocalized with internalized 
WT-CCR6 (Figure 8C). CCL20-stimulated 4A-CCR6 recruited 
β-arrestin 2-GFP more thoroughly and formed more stable 
β-arrestin 2-GFP punctate structures (Figures 8C,D) compared 
with CCL20-stimulated WT-CCR6. By contrast, β-arrestin 2-GFP 
was poorly recruited by either 3A-CCR6 or 34A-CCR6 upon 
CCL20 stimulation (Figure  8C). Taken together, these results 
suggest that C-terminal cluster 3 (Thr360, Ser361, and Thr363) is 
important for the recruitment of β-arrestin 2 to phosphorylated 
CCR6 upon CCL20 stimulation, while the phosphorylation of 
cluster 4 (Ser370 and Ser371) seems to prevent the recruitment 
of β-arrestin 2.

β-arrestin 1 and β-arrestin 2 Play Distinct 
roles in ccr6-Mediated signaling
Since we had demonstrated that C-terminal Ser/Thr phosphoryla-
tion impacts CCR6 internalization, chemotaxis, and ERK1/2 acti-
vation (Figures 2–7), and that β-arrestin 1 and β-arrestin 2 were 
able to associate with CCR6 (Figure 8), we next examined the role 
of endogenous β-arrestin 1 and β-arrestin 2 in CCR6-mediated 
events. We used siRNA to knockdown endogenous β-arrestin 1 
and/or β-arrestin 2 and then examined CCL20-induced recep-
tor internalization, chemotaxis, and ERK1/2 activation. FACS 
analysis showed that knockdown of β-arrestin 1 promoted CCR6 
internalization, whereas knockdown of β-arrestin 2 attenuated 
CCR6 internalization (Figure  9A). Knockdown of β-arrestin 1 
enhanced CCR6-mediated cell migration, whereas knockdown 
of β-arrestin 2 had no effect on cell migration (Figure  9B). 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FigUre 8 | CCR6 C-terminal Ser/Thr clusters are critical for interaction with β-arrestin 2. (a) HEK293T cells were transfected with HA-wild-type CCR6 (WT-CCR6) 
along with β-arrestin 1-flag or β-arrestin 2-flag. After 24 h, the cells were then stimulated with 100 ng/ml CCL20 for 0 or 5 min. After stimulation, cells were lysed, 
and cell lysates were immunoprecipitated with anti-HA agarose followed by western blotting for the flag and HA tags. (B) HEK293T cells were transfected with 
pEGFP-β-arrestin 2-flag along with HA-tagged WT-CCR6 or various CCR6 mutants. After 24 h, cells were stimulated with CCL20 for 0, 5, or 20 min. After CCL20 
stimulation, cells were collected and lysed followed by immunoprecipitation and immunoblotting. (c) U2OS cells stably expressing β-arrestin 2-GFP (green) were 
transfected with WT-CCR6 and various CCR6 mutants for 24 h. Cells were stained with anti-CCR6 antibody followed by stimulation with 100 ng/ml CCL20 for 5 min 
(c) or 20 min (D). After stimulation with CCL20, cells were fixed and stained with anti-mouse-Alexa 594 (red) and DAPI (blue). Images were obtained by LSM700 
confocal microscopy. Scale bar = 10 µm.
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FigUre 9 | β-Arrestin 1 and β-arrestin 2 play distinct roles in the CCL20-induced CCR6 internalization, cell migration, and ERK1/2 phosphorylation. (a) Jurkat cells 
stably expressing wild-type CCR6 were transfected with non-targeting (Ctrl), β-arrestin 1, or β-arrestin 2 siRNAs for 40 h. Cells were stimulated with CCL20 and 
analyzed for CCR6 internalization (a), cell migration (B), or ERK phosphorylation (c). (D) The ratio of phosphorylated ERK to total ERK was calculated from western 
blot quantification. Data represent the mean ± SEM from five independent experiments (ns, not significant, *p < 0.05 and **p < 0.01 vs. si-Ctrl).

12

Lu et al. Functional Significance of CCR6 Carboxyl-Terminal  Ser/Thr Residues

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 415

Altogether, these results suggest that β-arrestin 1 and β-arrestin 
2 play different roles in CCR6-mediated internalization and cell 
migration.

Given that β-arrestins function as scaffolds for facilitating 
GPCR-mediated MAPK activation (23), we also examined the 
role of β-arrestin 1 or β-arrestin 2 on CCR6-mediated ERK1/2 
activation. Our data showed that knockdown of β-arrestin 2 
significantly increased CCL20-induced ERK1/2 activation, while 
knockdown of β-arrestin 1 slightly increased CCL20-induced 
ERK1/2 activation (Figures 9C,D). Therefore, we conclude that 
β-arrestin 2 negatively regulates CCR6-mediated ERK1/2 activa-
tion. Interestingly, knockdown of both β-arrestin 1 and β-arrestin 
2 produced a similar pattern of ERK1/2 activation as knockdown 
of β-arrestin 1 alone. These results may account for our earlier 
observation that ERK1/2 activation was reduced compared with 
WT-CCR6 in 4A-CCR6 transfectants after CCL20 stimulation. 
This effect would be predicted based on promotion of β-arrestin 
2 binding with receptors (Figures 8B–D). Taken together, these 
results revealed that both β-arrestin 1 and β-arrestin 2 are able to 
bind phosphorylated CCR6; however, β-arrestin 1 seems to play 
a regulatory role in CCR6-mediated receptor internalization and 
cell migration, while β-arrestin 2 seems to play a regulatory role 
in internalization and transient ERK1/2 activation.

DiscUssiOn

CCR6 is a signature chemokine receptor for Th17  cells (5–8), 
which have been shown to be associated with many inflammatory 

diseases (6, 11, 12). Elucidating the underlying signaling that 
controls the biological function of CCL20/CCR6 may provide 
important insights that aid in the development of novel therapeu-
tic approaches for Th17-mediated inflammatory diseases. In this 
study, we demonstrated that distinct clusters of Ser/Thr residues 
in the CCR6 C-terminus differentially regulate the biological 
functions of the receptor. We further demonstrated that β-arrestin 
1 and β-arrestin 2 also differentially regulate CCR6-mediated 
functions. Through our mutagenesis experiments, we identified 
a stretch of C-terminal Ser/Thr residues in cluster 3 (Thr360, 
Ser361, and Thr363) as being important for internalization, 
desensitization, and transient ERK activation. We also identified 
a stretch of C-terminal Ser/Thr residues in cluster 4 (Ser370 and 
Ser371) as being critical for ERK activation, chemotaxis, F-actin 
distribution. In addition, we found that β-arrestin 2 associates 
with the CCR6 C-terminal tail through cluster 3 Ser/Thr residues 
to positively regulate receptor internalization and negatively 
regulates transient ERK1/2 activation, while β-arrestin 1 seems 
to weakly associate with CCR6 and may be involved in negatively 
regulating receptor internalization and CCR6-mediated cell 
migration. In sum, differential biological effects mediated by 
distinct phosphorylation of Ser/Thr residues on the C-terminal 
tail of CCR6 are shown in Figure 10.

Interestingly, mutating Ser/Thr residues in cluster 3 (Thr360, 
Ser361, and Thr363) and cluster 4 (Ser370 and Ser371) produced 
opposing effects. Compared with WT-CCR6, ligand-stimulated 
4A-CCR6 exhibited enhanced receptor internalization and 
desensitization, and decreased chemotaxis, actin polymerization 
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FigUre 10 | The summary of the differential biological effects mediated by distinct phosphorylation of Ser/Thr residues on the C-terminal tail of CCR6. 3A-CCR6 
(Thr360, Ser361, and Thr363 were mutated into Ala) and 4A-CCR6 (Ser370 and Ser371 were mutated into Ala) differentially regulate CCR6-mediated biological 
effects.
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and ERK1/2 activation. By contrast, CCL20-stimulated 3A-CCR6 
exhibited decreased internalization and desensitization with 
increased effects on chemotaxis, actin polymerization and 
sustained activation of ERK1/2 (Figures 2, 4, 5B,C, 6A, 7 and 
8B). These two Ser/Thr clusters within the C-terminal domain of 
CCR6 may comprise a regulatory code that is capable of positively 
and negatively regulating CCR6 biological functions. It has been 
reported that different GRKs may phosphorylate distinct Ser/Thr 
residues in the C-terminal tail of GPCRs, significantly affecting 
the topology and charge of the intracellular face of receptors. 
These physical changes, in turn, may then determine the confor-
mation of recruited β-arrestins and trigger specific, but disparate, 
downstream signaling (25, 26, 45). It is plausible that Ser/Thr 
residues in cluster 3 and cluster 4 of the CCR6 C-terminus may be 
phosphorylated by different GRKs, corresponding to the differ-
ent biological functions of each cluster. In addition, a very recent 
study has provided an example where different GPCR-β-arrestin 
conformations mediate distinct functional outputs (46). Thus, 
the phosphorylated Ser/Thr residues in cluster 3 and cluster 4 
may similarly alter the structure of CCR6, which may then adopt 
functionally relevant conformations within CCR6-β-arrestin 
complexes, and thereby produce distinct biological outputs.

Phosphorylation of the C-terminal domain and intracellular 
loops in GPCRs is required for β-arrestin recruitment that drives 
receptor internalization and desensitization (22, 47). Based on 
the stability of interactions between GPCRs and β-arrestins, 
GPCRs are divided into two classes (48). Class A GPCRs, such 

as β2-adrenergic receptor (β2AR), transiently interact with 
β-arrestins and tend to undergo rapid recycling after stimulation. 
By contrast, class B GPCRs, such as angiotensin receptor subtype 
1a (AT1aR), stably interact with β-arrestins and tend to exhibit 
slow recycling/endosomal sorting (48, 49). In our immunopre-
cipitation and immunofluorescence experiments, we found that 
activated CCR6 is able to form complexes with β-arrestin 2-GFP, 
and complex formation was observed to peak around 5 min, with 
a rapid decline up to 20 min (Figure 8). Based on the transient 
nature of this binding profile, CCR6 can be classified as a class A 
GPCR. Interestingly, the activated mutant, 4A-CCR6, shows an 
enhanced and prolonged interaction with β-arrestin 2-GFP, with 
almost completely absent recycling to the cell surface (Figure 3). 
Thus, the 4A-CCR6 mutant should be considered as a class B 
GPCR. It is somewhat striking that the inability to phosphorylate 
two serine residues (Ser 370 and Ser 371) at the CCR6 C-terminus 
could switch the receptor type from class A to class B. Given that 
cluster 3 is required for β-arrestin 2 binding and that cluster 3 
phosphorylation in the absence of cluster 4 phosphorylation 
results in a stabilized interaction with β-arrestin 2, it is plausible 
that phosphorylation of cluster 4 may play a role in preventing 
excess phosphorylation of cluster 3. This type of phosphoryla-
tion tempering may be a key factor which makes CCR6 a class 
A GPCR.

G protein-coupled receptor-induced ERK activation can be 
Gαi-dependent and/or β-arrestin dependent (50), and the dura-
tion and intensity of ERK1/2 activation are crucial determinants 
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in the cellular response to GPCR activation (51). β-Arrestin 
association with the C-terminal tail of GPCRs has been shown to 
positively regulate ERK activation (50). As such, class B GPCRs, 
such as AT1aR, strongly bind β-arrestins and exhibit prolonged 
ERK activation (52, 53), whereas class A GPCRs, such as β2AR, 
transiently bind β-arrestins and exhibit less persistent β-arrestin-
mediated ERK activation. Surprisingly, activated 4A-CCR6 shows 
stable and prolonged association with β-arrestin 2, but it does not 
show sustained ERK1/2 activation. Instead, the ligand-stimulated 
ERK1/2 activation level was lower than WT-CCR6 (Figures 6A 
and 8B). By contrast, activated 3A-CCR6 weakly associates with 
β-arrestin 2, but it stimulates enhanced and sustained ERK1/2 
activation (Figures 6A and 8B). This set of observations is of spe-
cial interest because very few reports have shown that β-arrestin 
binding negatively correlates with G protein-dependent ERK1/2 
activation (54). However, GPCR-mediated ERK activation is 
known involve complex molecular signaling. In fact, GPCR 
stimulation of ERK activation may reflect heterogeneous signal-
ing events that are receptor and cell-type dependent, resulting 
in fine spatial and temporal control of the ERK signal (55). For 
example, a recent study has shown that the muscarinic receptor, 
M1R, regulates ERK activation by two modes of arrestin binding. 
First, β-arrestin provides a scaffold and activates ERK when it sta-
bly binds to phosphorylated M1R. By contrast, however, transient 
binding of β-arrestin reduces ERK activation via the recruitment 
of a protein phosphatase (56). Since we observed that CCL20/
CCR6-induced ERK activation is transient (Figures 6, 7 and 9), 
we speculate that CCR6-induced ERK activation may be initially 
Gαi-dependent. Subsequently, the activated ERK may bind 
β-arrestin scaffolds, which also recruit protein phosphatase to 
diminish ERK activity. This potential explanation would account 
for our dual observations that 4A-CCR6 shows the strongest 
interaction with β-arrestins, but has the weakest ERK activation 
(Figure 6), and that β-arrestin 2 knockdown results in increased 
ERK1/2 activation (Figure 9).

Although β-arrestin 1 and β-arrestin 2 show high sequence and 
structural homology, they have strikingly differential functionali-
ties (45, 54, 57). In our study, we also observed that β-arrestin 1 
and β-arrestin 2 play distinct roles in CCR6-mediated functions 
(Figure 9). Knockdown of β-arrestin 2 results in reduced CCR6 
internalization (Figure 9A), suggesting that β-arrestin 2 is critical 
for this process. The mutagenesis experiments showed that acti-
vated 3A-CCR6 failed to interact with β-arrestin 2 (Figure 8B). 
It is plausible that CCR6 activation induces phosphorylation of 
Ser/Thr residues in cluster 3, allowing the binding of β-arrestin-2, 
and subsequently driving CCR6 internalization (Figure 2) and 
desensitization (Figure 7). On the other hand, our data show that 
β-arrestin 1 weakly interacts with activated CCR6 (Figure 8A) and 
that this arrestin interacts equally with all CCR6 mutants. Thus, 
the specific binding motif that allows CCR6 to bind β-arrestin 
1 is still unidentified (Figure  8A; Figure S4 in Supplementary 
Material). Whether the weak association of β-arrestin 1 with 
activated CCR6 may interfere with the recruitment of β-arrestin 
2 is an open question that requires further investigation.

The major function of chemokine receptor signaling is to 
stimulate leukocyte migration. Rearrangement of the actin  

cytoskeleton is an early cellular event that is required for 
chemokine-induced cell polarization and cell migration. 
Moreover, coordination of sequential actin assembly and dis-
assembly is required to drive directional cell migration (42). Our 
data showed that CCL20 stimulation induces a rapid accumula-
tion of intracellular F-actin that is different in magnitude and 
kinetics between WT and various mutant CCR6-expressing cells 
(Figure 5). Stimulation of 3A-CCR6, 4A-CCR6, and 34A-CCR6 
alters actin rearrangement, suggesting that distinct C-terminal 
Ser/Thr phosphorylation events regulate actin polymerization, 
depolymerization, and chemotaxis. Peculiarly, if the phospho-
rylation of CCR6 C-terminal Ser/Thr residues regulates actin 
polymerization and chemotaxis, it may be predicted that knock-
down of β-arrestins would impair actin polymerization and cell 
migration as well. However, knockdown of β-arrestin 2 had no 
effect on cell migration and knockdown of β-arrestin 1 increased 
cell migration. Thus, the question of how distinct C-terminal Ser/
Thr phosphorylation events regulate cell migration will require 
further study.

Our study provides novel insight into how clusters of C-terminal  
Ser/Thr residues in CCR6 are involved in regulating CCL20-
induced receptor internalization, cellular chemotaxis and 
ERK1/2 activation. In line with the barcode hypothesis that 
has been previously advanced (28, 39), our findings indicate 
that site-specific phosphorylation of Ser/Thr residues in CCR6 
can elicit different signaling outcomes. These barcode-directed 
outcomes may be mediated by β-arrestins and/or other proteins. 
Indeed, we demonstrated that β-arrestin 1 and β-arrestin 2 play 
coordinated but distinct roles in mediating cellular responses to 
CCR6 activation.

In general, similar mechanisms govern the signal transduction 
of all chemokine receptors except atypical chemokine receptors; 
however, chemokines may activate distinct signaling pathways 
in various contexts, such as in different cell types. A single 
chemokine may bind to multiple receptors on distinct cells to 
induce different signaling and biological function. Furthermore, 
cell-specific signaling machinery and individual ligands may 
confer differential affinity and/or structural motifs for receptor 
binding to downstream effector molecules, leading to distinct 
biological outcomes. For example, the two cognate ligands for 
CCR7 (CCL19 and CCL21) induce differential signaling path-
ways in dendritic cells (31). Stimulation of receptors for CXCL8, 
CXCR1, and CXCR2, also give rise to distinct functional outcomes 
in RBL-2H3 cells (36). For CXCR4, Ser/Thr phosphorylation 
has been reported on the C-terminal domain (33, 34) or/and on 
intracellular loops 2 or 3 (34) to transduce CXCL12-mediated 
biological effects in HEK293 cells. In this study, we show that Ser/
Thr phosphorylation of CCR6 occurs on the C-terminal domain. 
Given that chemokines and chemokine receptors are involved 
in many inflammatory diseases, chemokine receptors have been 
widely investigated as therapeutic agents. Our study and others 
demonstrate that for potential drug-targeting application, specific 
signaling outcomes for each chemokine receptor should be care-
fully investigated in the context of target cell types. By doing so, 
investigators may develop promising druggable target molecules 
for inflammatory diseases.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


15

Lu et al. Functional Significance of CCR6 Carboxyl-Terminal  Ser/Thr Residues

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 415

aUThOr cOnTriBUTiOns

M-YL designed and performed experiments, analyzed data, and 
wrote the manuscript. S-SL performed experiments. S-LC per-
formed experiments. FL supervised and designed experiments, 
analyzed data, and wrote the manuscript.

acKnOWleDgMenTs

The authors thank Dr. Marcus Calkins for critical reading of the 
manuscript.

FUnDing

The study was supported by grants from National Science Council 
in Taiwan (NSC99-2320-B-001-007-MY3).

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00415/
full#supplementary-material.

reFerences

1. Greaves DR, Wang W, Dairaghi DJ, Dieu MC, Saint-Vis B, Franz-Bacon K, 
et al. CCR6, a CC chemokine receptor that interacts with macrophage inflam-
matory protein 3alpha and is highly expressed in human dendritic cells. J Exp 
Med (1997) 186:837–44. doi:10.1084/jem.186.6.837 

2. Liao F, Alderson R, Su J, Ullrich SJ, Kreider BL, Farber JM. STRL22 is a recep-
tor for the CC chemokine MIP-3alpha. Biochem Biophys Res Commun (1997) 
236:212–7. doi:10.1006/bbrc.1997.6936 

3. Liao F, Shirakawa AK, Foley JF, Rabin RL, Farber JM. Human B  cells 
become highly responsive to macrophage-inflammatory protein-3 alpha/
CC chemokine ligand-20 after cellular activation without changes in CCR6 
expression or ligand binding. J Immunol (2002) 168:4871–80. doi:10.4049/
jimmunol.168.10.4871 

4. Power CA, Church DJ, Meyer A, Alouani S, Proudfoot AE, Clark-Lewis I, et al. 
Cloning and characterization of a specific receptor for the novel CC chemo-
kine MIP-3alpha from lung dendritic cells. J Exp Med (1997) 186:825–35. 
doi:10.1084/jem.186.6.825 

5. Acosta-Rodriguez EV, Rivino L, Geginat J, Jarrossay D, Gattorno M, 
Lanzavecchia A, et al. Surface phenotype and antigenic specificity of human 
interleukin 17-producing T helper memory cells. Nat Immunol (2007) 
8:639–46. doi:10.1038/ni1467 

6. Hirota K, Yoshitomi H, Hashimoto M, Maeda S, Teradaira S, Sugimoto N, 
et  al. Preferential recruitment of CCR6-expressing Th17  cells to inflamed 
joints via CCL20 in rheumatoid arthritis and its animal model. J Exp Med 
(2007) 204:2803–12. doi:10.1084/jem.20071397 

7. Potzl J, Botteron C, Tausch E, Pedre X, Mueller AM, Mannel DN, et al. Tracing 
functional antigen-specific CCR6 Th17  cells after vaccination. PLoS One 
(2008) 3:e2951. doi:10.1371/journal.pone.0002951 

8. Singh SP, Zhang HH, Foley JF, Hedrick MN, Farber JM. Human T cells that 
are able to produce IL-17 express the chemokine receptor CCR6. J Immunol 
(2008) 180:214–21. doi:10.4049/jimmunol.180.1.214 

9. Kim HY, Lee HJ, Chang YJ, Pichavant M, Shore SA, Fitzgerald KA, et  al. 
Interleukin-17-producing innate lymphoid cells and the NLRP3 inflam-
masome facilitate obesity-associated airway hyperreactivity. Nat Med (2014) 
20:54–61. doi:10.1038/nm.3423 

10. Van Maele L, Carnoy C, Cayet D, Ivanov S, Porte R, Deruy E, et al. Activation 
of Type 3 innate lymphoid cells and interleukin 22 secretion in the lungs 
during Streptococcus pneumoniae infection. J Infect Dis (2014) 210:493–503. 
doi:10.1093/infdis/jiu106 

11. Annunziato F, Cosmi L, Santarlasci V, Maggi L, Liotta F, Mazzinghi B, et al. 
Phenotypic and functional features of human Th17 cells. J Exp Med (2007) 
204:1849–61. doi:10.1084/jem.20070663 

12. Kleinewietfeld M, Puentes F, Borsellino G, Battistini L, Rotzschke O,  
Falk K. CCR6 expression defines regulatory effector/memory-like cells within 
the CD25(+)CD4+ T-cell subset. Blood (2005) 105:2877–86. doi:10.1182/
blood-2004-07-2505 

13. Cook DN, Prosser DM, Forster R, Zhang J, Kuklin NA, Abbondanzo SJ, 
et  al. CCR6 mediates dendritic cell localization, lymphocyte homeostasis, 
and immune responses in mucosal tissue. Immunity (2000) 12:495–503. 
doi:10.1016/S1074-7613(00)80201-0 

14. Lin YL, Ip PP, Liao F. CCR6 deficiency impairs IgA production and dysregu-
lates antimicrobial peptide production, altering the intestinal flora. Front 
Immunol (2017) 8:805. doi:10.3389/fimmu.2017.00805 

15. Salazar-Gonzalez RM, Niess JH, Zammit DJ, Ravindran R, Srinivasan A, 
Maxwell JR, et  al. CCR6-mediated dendritic cell activation of pathogen- 
specific T cells in Peyer’s patches. Immunity (2006) 24:623–32. doi:10.1016/j.
immuni.2006.02.015 

16. Baba M, Imai T, Nishimura M, Kakizaki M, Takagi S, Hieshima K, et  al. 
Identification of CCR6, the specific receptor for a novel lymphocyte-directed 
CC chemokine LARC. J Biol Chem (1997) 272:14893–8. doi:10.1074/jbc.272. 
23.14893 

17. Sullivan SK, McGrath DA, Liao F, Boehme SA, Farber JM, Bacon KB. MIP-
3alpha induces human eosinophil migration and activation of the mitogen- 
activated protein kinases (p42/p44 MAPK). J Leukoc Biol (1999) 66:674–82. 
doi:10.1002/jlb.66.4.674 

18. Brand S, Olszak T, Beigel F, Diebold J, Otte JM, Eichhorst ST, et al. Cell differ-
entiation dependent expressed CCR6 mediates ERK-1/2, SAPK/JNK, and Akt 
signaling resulting in proliferation and migration of colorectal cancer cells. 
J Cell Biochem (2006) 97:709–23. doi:10.1002/jcb.20672 

19. Webb A, Johnson A, Fortunato M, Platt A, Crabbe T, Christie MI, et  al. 
Evidence for PI-3K-dependent migration of Th17-polarized cells in response 
to CCR2 and CCR6 agonists. J Leukoc Biol (2008) 84:1202–12. doi:10.1189/
jlb.0408234 

20. Lin SL, Chien CW, Han CL, Chen ES, Kao SH, Chen YJ, et al. Temporal pro-
teomics profiling of lipid rafts in CCR6-activated T cells reveals the integration 
of actin cytoskeleton dynamics. J Proteome Res (2010) 9:283–97. doi:10.1021/
pr9006156 

21. Shirakawa AK, Liao F, Zhang HH, Hedrick MN, Singh SP, Wu D, et  al. 
Pathway-selective suppression of chemokine receptor signaling in B  cells 
by LPS through downregulation of PLC-beta2. Cell Mol Immunol (2010) 
7:428–39. doi:10.1038/cmi.2010.46 

22. Lefkowitz RJ, Shenoy SK. Transduction of receptor signals by beta-arrestins. 
Science (2005) 308:512–7. doi:10.1126/science.1109237 

23. Luttrell LM, Lefkowitz RJ. The role of beta-arrestins in the termination and 
transduction of G-protein-coupled receptor signals. J Cell Sci (2002) 115:455–65. 

24. Pierce KL, Premont RT, Lefkowitz RJ. Seven-transmembrane receptors. Nat 
Rev Mol Cell Biol (2002) 3:639–50. doi:10.1038/nrm908 

25. Kim J, Ahn S, Ren XR, Whalen EJ, Reiter E, Wei H, et al. Functional antagonism 
of different G protein-coupled receptor kinases for beta-arrestin-mediated 
angiotensin II receptor signaling. Proc Natl Acad Sci U S A (2005) 102:1442–7. 
doi:10.1073/pnas.0409532102 

26. Ren XR, Reiter E, Ahn S, Kim J, Chen W, Lefkowitz RJ. Different G protein- 
coupled receptor kinases govern G protein and beta-arrestin-mediated signal-
ing of V2 vasopressin receptor. Proc Natl Acad Sci U S A (2005) 102:1448–53. 
doi:10.1073/pnas.0409534102 

27. Violin JD, Ren XR, Lefkowitz RJ. G-protein-coupled receptor kinase speci-
ficity for beta-arrestin recruitment to the beta2-adrenergic receptor revealed 
by fluorescence resonance energy transfer. J Biol Chem (2006) 281:20577–88. 
doi:10.1074/jbc.M513605200 

28. Nobles KN, Xiao K, Ahn S, Shukla AK, Lam CM, Rajagopal S, et al. Distinct 
phosphorylation sites on the beta(2)-adrenergic receptor establish a barcode 
that encodes differential functions of beta-arrestin. Sci Signal (2011) 4:ra51. 
doi:10.1126/scisignal.2001707 

29. Busillo JM, Armando S, Sengupta R, Meucci O, Bouvier M, Benovic JL. 
Site-specific phosphorylation of CXCR4 is dynamically regulated by multiple 
kinases and results in differential modulation of CXCR4 signaling. J Biol Chem 
(2010) 285:7805–17. doi:10.1074/jbc.M109.091173 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00415/full#supplementary-material
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00415/full#supplementary-material
https://doi.org/10.1084/jem.186.6.837
https://doi.org/10.1006/bbrc.1997.6936
https://doi.org/10.4049/jimmunol.168.10.4871
https://doi.org/10.4049/jimmunol.168.10.4871
https://doi.org/10.1084/jem.186.6.825
https://doi.org/10.1038/ni1467
https://doi.org/10.1084/jem.20071397
https://doi.org/10.1371/journal.pone.0002951
https://doi.org/10.4049/jimmunol.180.1.214
https://doi.org/10.1038/nm.3423
https://doi.org/10.1093/infdis/jiu106
https://doi.org/10.1084/jem.20070663
https://doi.org/10.1182/blood-2004-07-2505
https://doi.org/10.1182/blood-2004-07-2505
https://doi.org/10.1016/S1074-7613(00)80201-0
https://doi.org/10.3389/fimmu.2017.00805
https://doi.org/10.1016/j.immuni.2006.02.015
https://doi.org/10.1016/j.immuni.2006.02.015
https://doi.org/10.1074/jbc.272.
23.14893
https://doi.org/10.1074/jbc.272.
23.14893
https://doi.org/10.1002/jlb.66.4.674
https://doi.org/10.1002/jcb.20672
https://doi.org/10.1189/jlb.0408234
https://doi.org/10.1189/jlb.0408234
https://doi.org/10.1021/pr9006156
https://doi.org/10.1021/pr9006156
https://doi.org/10.1038/cmi.2010.46
https://doi.org/10.1126/science.1109237
https://doi.org/10.1038/nrm908
https://doi.org/10.1073/pnas.0409532102
https://doi.org/10.1073/pnas.0409534102
https://doi.org/10.1074/jbc.M513605200
https://doi.org/10.1126/scisignal.2001707
https://doi.org/10.1074/jbc.M109.091173


16

Lu et al. Functional Significance of CCR6 Carboxyl-Terminal  Ser/Thr Residues

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 415

30. Cheng ZJ, Zhao J, Sun Y, Hu W, Wu YL, Cen B, et  al. Beta-arrestin differ-
entially regulates the chemokine receptor CXCR4-mediated signaling and 
receptor internalization, and this implicates multiple interaction sites between 
beta-arrestin and CXCR4. J Biol Chem (2000) 275:2479–85. doi:10.1074/
jbc.275.4.2479 

31. Hjorto GM, Larsen O, Steen A, Daugvilaite V, Berg C, Fares S, et  al. 
Corrigendum: differential CCR7 targeting in dendritic cells by three naturally 
occurring CC-chemokines. Front Immunol (2017) 8:89. doi:10.3389/fimmu. 
2017.00089 

32. Huttenrauch F, Nitzki A, Lin FT, Honing S, Oppermann M. Beta-arrestin 
binding to CC chemokine receptor 5 requires multiple C-terminal receptor 
phosphorylation sites and involves a conserved Asp-Arg-Tyr sequence motif. 
J Biol Chem (2002) 277:30769–77. doi:10.1074/jbc.M204033200 

33. Luo J, Busillo JM, Stumm R, Benovic JL. G protein-coupled receptor kinase 3 
and protein kinase C phosphorylate the distal C-terminal tail of the chemok-
ine receptor CXCR4 and mediate recruitment of beta-arrestin. Mol Pharmacol 
(2017) 91:554–66. doi:10.1124/mol.116.106468 

34. Roland J, Murphy BJ, Ahr B, Robert-Hebmann V, Delauzun V, Nye KE, et al. 
Role of the intracellular domains of CXCR4 in SDF-1-mediated signaling. 
Blood (2003) 101:399–406. doi:10.1182/blood-2002-03-0978 

35. Dagan-Berger M, Feniger-Barish R, Avniel S, Wald H, Galun E, Grabovsky V, 
et al. Role of CXCR3 carboxyl terminus and third intracellular loop in receptor- 
mediated migration, adhesion and internalization in response to CXCL11. 
Blood (2006) 107:3821–31. doi:10.1182/blood-2004-01-0214 

36. Richardson RM, Marjoram RJ, Barak LS, Snyderman R. Role of the cytoplas-
mic tails of CXCR1 and CXCR2 in mediating leukocyte migration, activation, 
and regulation. J Immunol (2003) 170:2904–11. doi:10.4049/jimmunol.170. 
6.2904 

37. Ai LS, Liao F. Mutating the four extracellular cysteines in the chemokine 
receptor CCR6 reveals their differing roles in receptor trafficking, ligand bind-
ing, and signaling. Biochemistry (2002) 41:8332–41. doi:10.1021/bi025855y 

38. Krupnick JG, Benovic JL. The role of receptor kinases and arrestins in G 
protein-coupled receptor regulation. Annu Rev Pharmacol Toxicol (1998) 
38:289–319. doi:10.1146/annurev.pharmtox.38.1.289 

39. Butcher AJ, Prihandoko R, Kong KC, McWilliams P, Edwards JM, Bottrill A, 
et al. Differential G-protein-coupled receptor phosphorylation provides evi-
dence for a signaling bar code. J Biol Chem (2011) 286:11506–18. doi:10.1074/
jbc.M110.154526 

40. Shenoy SK, Lefkowitz RJ. Trafficking patterns of beta-arrestin and G  
protein-coupled receptors determined by the kinetics of beta-arrestin deubi-
quitination. J Biol Chem (2003) 278:14498–506. doi:10.1074/jbc.M209626200 

41. Thelen M, Stein JV. How chemokines invite leukocytes to dance. Nat Immunol 
(2008) 9:953–9. doi:10.1038/ni.f.207 

42. Pollard TD, Borisy GG. Cellular motility driven by assembly and disassembly of 
actin filaments. Cell (2003) 112:453–65. doi:10.1016/S0092-8674(03)00120-X 

43. Thelen M. Dancing to the tune of chemokines. Nat Immunol (2001) 2:129–34. 
doi:10.1038/84224 

44. Kohout TA, Lefkowitz RJ. Regulation of G protein-coupled receptor kinases 
and arrestins during receptor desensitization. Mol Pharmacol (2003) 63:9–18. 
doi:10.1124/mol.63.1.9 

45. Shukla AK, Xiao K, Lefkowitz RJ. Emerging paradigms of beta-arrestin- 
dependent seven transmembrane receptor signaling. Trends Biochem Sci 
(2011) 36:457–69. doi:10.1016/j.tibs.2011.06.003 

46. Cahill TJ III, Thomsen AR, Tarrasch JT, Plouffe B, Nguyen AH, Yang F, 
et  al. Distinct conformations of GPCR-beta-arrestin complexes mediate 
desensitization, signaling, and endocytosis. Proc Natl Acad Sci U S A (2017) 
114:2562–7. doi:10.1073/pnas.1701529114 

47. Stoffel RH III, Pitcher JA, Lefkowitz RJ. Targeting G protein-coupled receptor 
kinases to their receptor substrates. J Membr Biol (1997) 157:1–8. doi:10.1007/
s002329900210 

48. Oakley RH, Laporte SA, Holt JA, Caron MG, Barak LS. Differential affinities 
of visual arrestin, beta arrestin1, and beta arrestin2 for G protein-coupled 
receptors delineate two major classes of receptors. J Biol Chem (2000) 
275:17201–10. doi:10.1074/jbc.M910348199 

49. Oakley RH, Laporte SA, Holt JA, Barak LS, Caron MG. Association of 
beta-arrestin with G protein-coupled receptors during clathrin-mediated 
endocytosis dictates the profile of receptor resensitization. J Biol Chem (1999) 
274:32248–57. doi:10.1074/jbc.274.45.32248 

50. Tohgo A, Choy EW, Gesty-Palmer D, Pierce KL, Laporte S, Oakley RH, et al. 
The stability of the G protein-coupled receptor-beta-arrestin interaction 
determines the mechanism and functional consequence of ERK activation. 
J Biol Chem (2003) 278:6258–67. doi:10.1074/jbc.M212231200 

51. Pouyssegur J, Volmat V, Lenormand P. Fidelity and spatio-temporal control 
in MAP kinase (ERKs) signalling. Biochem Pharmacol (2002) 64:755–63. 
doi:10.1016/S0006-2952(02)01135-8 

52. Ahn S, Shenoy SK, Wei H, Lefkowitz RJ. Differential kinetic and spatial patterns 
of beta-arrestin and G protein-mediated ERK activation by the angiotensin II 
receptor. J Biol Chem (2004) 279:35518–25. doi:10.1074/jbc.M405878200 

53. Ge L, Ly Y, Hollenberg M, DeFea K. A beta-arrestin-dependent scaffold 
is associated with prolonged MAPK activation in pseudopodia during 
protease-activated receptor-2-induced chemotaxis. J Biol Chem (2003) 278: 
34418–26. doi:10.1074/jbc.M300573200 

54. Vibhuti A, Gupta K, Subramanian H, Guo Q, Ali H. Distinct and shared roles 
of beta-arrestin-1 and beta-arrestin-2 on the regulation of C3a receptor sig-
naling in human mast cells. PLoS One (2011) 6:e19585. doi:10.1371/journal.
pone.0019585 

55. May LT, Hill SJ. ERK phosphorylation: spatial and temporal regulation 
by G protein-coupled receptors. Int J Biochem Cell Biol (2008) 40:2013–7. 
doi:10.1016/j.biocel.2008.04.001 

56. Jung SR, Kushmerick C, Seo JB, Koh DS, Hille B. Muscarinic receptor regulates 
extracellular signal regulated kinase by two modes of arrestin binding. Proc 
Natl Acad Sci U S A (2017) 114:E5579–88. doi:10.1073/pnas.1700331114 

57. Ahn S, Wei H, Garrison TR, Lefkowitz RJ. Reciprocal regulation of angioten-
sin receptor-activated extracellular signal-regulated kinases by beta-arrestins 
1 and 2. J Biol Chem (2004) 279:7807–11. doi:10.1074/jbc.C300443200 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Lu, Lu, Chang and Liao. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, 
distribution or reproduction in other forums is permitted, provided the original 
author(s) and the copyright owner are credited and that the original publication in 
this journal is cited, in accordance with accepted academic practice. No use, distribu-
tion or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1074/jbc.275.4.2479
https://doi.org/10.1074/jbc.275.4.2479
https://doi.org/10.3389/fimmu.2017.00089
https://doi.org/10.3389/fimmu.2017.00089
https://doi.org/10.1074/jbc.M204033200
https://doi.org/10.1124/mol.116.106468
https://doi.org/10.1182/blood-2002-03-0978
https://doi.org/10.1182/blood-2004-01-0214
https://doi.org/10.4049/jimmunol.170.
6.2904
https://doi.org/10.4049/jimmunol.170.
6.2904
https://doi.org/10.1021/bi025855y
https://doi.org/10.1146/annurev.pharmtox.38.1.289
https://doi.org/10.1074/jbc.M110.154526
https://doi.org/10.1074/jbc.M110.154526
https://doi.org/10.1074/jbc.M209626200
https://doi.org/10.1038/ni.f.207
https://doi.org/10.1016/S0092-8674(03)00120-X
https://doi.org/10.1038/84224
https://doi.org/10.1124/mol.63.1.9
https://doi.org/10.1016/j.tibs.2011.06.003
https://doi.org/10.1073/pnas.1701529114
https://doi.org/10.1007/s002329900210
https://doi.org/10.1007/s002329900210
https://doi.org/10.1074/jbc.M910348199
https://doi.org/10.1074/jbc.274.45.32248
https://doi.org/10.1074/jbc.M212231200
https://doi.org/10.1016/S0006-2952(02)01135-8
https://doi.org/10.1074/jbc.M405878200
https://doi.org/10.1074/jbc.M300573200
https://doi.org/10.1371/journal.pone.0019585
https://doi.org/10.1371/journal.pone.0019585
https://doi.org/10.1016/j.biocel.2008.04.001
https://doi.org/10.1073/pnas.1700331114
https://doi.org/10.1074/jbc.C300443200
http://creativecommons.org/licenses/by/4.0/

	The Phosphorylation of CCR6 on Distinct Ser/Thr Residues in the Carboxyl Terminus Differentially Regulates Biological Function
	Introduction
	Materials and Methods
	Cell Culture and Transfection
	Constructs
	Cell Stimulation and ERK Phosphorylation
	Receptor Internalization and Recycling
	Chemotaxis
	F-Actin Polymerization Analysis
	Immunofluorescence Staining and Confocal Microscopy
	Immunoprecipitation of HA-CCR6
	Phospho-Labeling
	Statistical Analysis

	Results
	Ser/Thr Residues within the C-Terminal Domain of CCR6 Are Phosphorylated upon CCL20 Stimulation
	Ser/Thr Residue Clusters in the C-Terminal Domain of CCR6 Differentially Regulate CCL20-Induced CCR6 Internalization and Recycling
	Ser/Thr Residue Clusters Differentially Regulate CCL20-Induced Chemotaxis
	Ser/Thr Residue Clusters Differentially Regulate CCL20-Induced Actin Polymerization
	Ser/Thr Residue Clusters Differentially Regulate CCL20-Induced ERK1/2 Phosphorylation
	CCR6 C-Terminal Ser/Thr Clusters Differentially Affect Receptor Desensitization
	CCR6 Phosphorylation Recruits 
β-Arrestins
	β-Arrestin 1 and β-Arrestin 2 Play Distinct Roles in CCR6-Mediated Signaling

	Discussion
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


