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Chemerin C9 peptide induces receptor internalization
through a clathrin-independent pathway
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Aim: The chemerin receptor CMKLR1 is one type of G protein-coupled receptors abundant in monocyte-derived dendritic cells and
macrophages, which plays a key role in the entry of a subset of immunodeficiency viruses including HIV/SIV into lymphocytes and
macrophages. The aim of this work was to investigate how CMKLR1 was internalized and whether its internalization affected cell
signaling in vitro.

Methods: Rat basophilic leukemia RBL-2H3 cells, HEK 293 cells, and Hela cells were used. CMKLR1 internalization was visualized by
confocal microscopy imaging or using a FACScan flow cytometer. Six potential phosphorylation sites (Ser337, Ser343, Thr352, Ser344,
Ser347, and Ser350) in CMKLR1 were substituted with alanine using site-directed mutagenesis. Heterologous expression of wild type

and mutant CMKLR1 allowed for functional characterization of endocytosis, Ca®* flux and extracellular signal-regulated kinase (ERK)

phosphorylation.

Results: Chemerin and the chemerin-derived nonapeptide (C9) induced dose-dependent loss of cell surface CMKLR1-GFP fusion
protein and increased its intracellular accumulation in HEK 293 cells and RBL-2H3 cells stably expressing CMKLR1. Up to 90% of
CMKLR1 was internalized after treatment with C9 (1 umol/L). By using different agents, it was demonstrated that clathrin-independent
mechanism was involved in CMKLR1 internalization. Mutations in Ser343 for G protein-coupled receptor kinase phosphorylation and
in Ser347 for PKC phosphorylation abrogated CMKLR1 internalization. Loss of CMKLR1 internalization partially enhanced the receptor
signaling, as shown by increased Ca** flux and a shorter latency to peak level of ERK phosphorylation.

Conclusion: CMKLR1 internalization occurs in a clathrin-independent manner, which negatively regulated the receptor-mediated Ca**

flux and ERK phosphorylation.

Keywords: chemerin; CMKLR1; GPCR; receptor trafficking; receptor internalization; endocytosis; calcium flux; ERK phosphorylation

Acta Pharmacologica Sinica (2014) 35: 653-663; doi: 10.1038/aps.2013.198; published online 24 Mar 2014

Introduction

The human chemerin receptor (ChemR23 or chemokine
receptor-like 1, CMKLR1) was first reported as a functionally
unknown (orphan) G protein-coupled receptor (GPCR) with
close homology to the C3a, C5a, and formyl peptide recep-
tors, but more distant relation to the subfamilies of chemokine
receptors!” 3. CMKLRI is a coreceptor that plays a key role in
the entry of a subset of immunodeficiency viruses, including
HIV/SIV, into lymphocytes and macrophages?, and its tran-
scripts are abundant in monocyte-derived dendritic cells (DC)
and macrophages. The natural ligand for CMKLR1, chemerin,
was identified by Wittamer and coworkers?”. Meder and
coworkers also identified this ligand and named it as TIG2.
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They reported that this bioactive, circulating TIG2 contains
a specific molecular form consisting of amino acid residues
21 to 154 of the 163 amino acid prepropeptide!*. Chemerin
is structurally and evolutionarily related to cathelicidin pre-
cursors (antibacterial peptides), cystatins (cysteine protease
inhibitors), and kininogens®. Chemerin is secreted as a pre-
cursor with low biological activity and is converted to a potent
and highly specific agonist for CMKLR1?! upon proteolytic
cleavage of its COOH-terminal domain by a variety of prote-
ases'®. Prochemerin is expressed in many tissues, including
the spleen, lymph nodes, and epithelia, and an elevated level
of bioactive chemerin was found in a diverse set of human
inflammatory fluids. Proteases regulate the bioactivity of this
novel mediator during early innate immune responses”, and
primary immune cells, such as human neutrophils, are able to
efficiently convert inactive prochemerin into active chemerin!®.

CMKLRT1 plays an important role in the recruitment and
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trafficking of leukocytes, including plasmacytoid DC and NK
cells® >, In in vitro studies, chemerin was shown to promote
Ca®" mobilization and chemotaxis of immature DCs and mac-
rophages in a CMKLR1-dependent manner®. In a more recent
study, CMKLR1 was shown to mediate resolvin E1 (RvE1)
signaling, although this remains controversial®. It has been
recently reported that binding of RvE1 to CMKLR1 triggers

[11]

protective and anti-inflammatory actions Furthermore,

2 and induces the

recombinant chemerin is an adipokine
phosphorylation of extracellular signal-regulated kinases 1/2
(ERK 1/2) and lipolysis in differentiated 3T3-L1 adipocytes".

Protease processing of prochemerin generates several
peptides®. The nonapeptide “YFPGQFAFS"™ (chemerin-9,
C9), corresponding to the C-terminus of processed human
chemerin minus six amino acids, retains most of the activi-
ties of the full-length chemerin™l. Another peptide, termed
chemerin-15 (C15; 141AGEDPHSFYFPGQFAlSS), lacks the
bioactivity of full-length chemerin and C9"> %, however, it
was reported that C15 displays anti-inflammatory proper-

ties!!”.

The mouse equivalent of C15 was found to enhance
macrophage phagocytosis of microbial particles and apoptotic
cells at low picomolar concentrations”. How C15 activates
CMKLR1 remains to be investigated. Orthologs of chemerin
have been unambiguously found in primates, mammals,
birds, and fish species. The six cysteines that are presumably
involved in disulfide bridge are conserved in all of the spe-
cies. Additionally, the C-terminal nonapeptide of the mature
protein, shown to be important for the biological activity of
human chemerin, is highly conserved in all mammalian spe-
cies examined to date. These findings suggest that the biologi-
cal activities of chemerin may be conserved across mammalian
species!,

Internalization of GPCRs, which occurs through a cellu-
lar process termed endocytosis, plays an important role in
receptor trafficking, receptor removal from cell surface, and
receptor-mediated signaling!”. Although GPCR internaliza-
tion may occur constitutively, in most cases it is triggered
upon ligand binding. In many published reports, GPCR
internalization involves clathrin-coated pits™, but there is an
increasing number of reports showing that GPCRs may also
internalize through clathrin-independent mechanisms, such

as those involving caveolae®'l.

Early studies have shown that
phosphorylation of GPCR in its intracellular loop may be
mediated by G protein-coupled receptor kinase (GRK), protein
kinase C (PKC) or protein kinase A (PKA) and is critical for its
binding to B-arrestins for the termination of GPCR signaling
(desensitization) and receptor internalization™?!, Internal-
ization of CMKLR1 has been reported® *!, but has not been
carefully characterized. We sought to determine what mecha-
nisms were used for the peptide agonist-induced CMKLR1
internalization. Our results showed that CMKLR1 internaliza-
tion is triggered by chemerin and the C9 peptide, but not by
the C15 peptide. A clathrin-independent pathway is involved
in CMKLR1 internalization. Moreover, CMKLR1 internaliza-
tion is not required for ERK phosphorylation, and abolishing
CMKLRT1 internalization alters the kinetics of C9-induced ERK
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phosphorylation.

Materials and methods

Reagents

Cell culture media were obtained from Hyclone (Beijing,
China). Fetal bovine serum and Lipofectamine 2000 reagent
were purchased from Life Technologies (Carlsbad, CA, USA).
Recombinant human chemerin was purchased from Ré&D Sys-
tems (Minneapolis, MN, USA). The C9 derived from human
chemerin was synthesized by ShineGene Molecular Biotech,
Inc (Shanghai, China); the C15 and a scrambled C15 peptide
(sC15, "'DPSQAPFEGFHAFGY') were synthesized by China-
Peptides Co, Ltd (Shanghai, China). Anti-phospho-ERK1/2
and anti-ERK1/2 antibodies were purchased from Cell Sig-
naling Technology (Danvers, MA, USA). FLIPR Calcium 5
reagent was purchased from Molecular Devices (Sunnyvale,
CA, USA).

Cell culture, plasmid preparation and transfection

HeLa cells (CRM-CCL2, ATCC, Manassas, VA, USA) were
maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% heat-inactivated fetal bovine serum. Full-
length human CMKLR1 cDNA was subcloned into the expres-
sion plasmids pcDNA3.1(+) for transfection into HEK 293 and
SFFV.neo for transfection into RBL-2H3. A CMKLR1-GFP
fusion construct was also prepared, by in-frame fusion of full-
length CMKLR1 coding sequence to that of enhanced green
fluorescent protein (EGFP; minus the first codon for methio-
nine), and subcloned into the EcoRI site of the pcDNA3.1(+)
vector. Site-directed mutagenesis was performed on the
c¢DNA of human CMKLR1 and the mutations were verified
by DNA sequencing. HeLa cells were transfected with the
expression plasmids using Lipofectamine 2000 according to
manufacturer’s instructions. The cells were incubated at 37°C
for 24-36 h after transfection prior to performing the func-
tional assays.

To generate stable transfectants, the rat basophilic leuke-
mia RBL-2H3 cell line (CRL-2256, ATCC) and the human
kidney epithelial HEK 293 cell line (CRL-1573, ATCC) were
transfected with the CMKLR1-SFFV.neo and CMKLR1-
pcDNAB3.1(+) plasmids, respectively, using Lipofectamine
2000. Stable transfectants were selected with 500 pg/mL G418
(Life Technologies) and were maintained in the presence of
250 pg/mL G418.

Receptor internalization and fluorescence microscopy

HelLa cells were grown on polylysine-treated glass coverslips
to 60%-80% confluency. The cells were transiently transfected
with the CMKLR1-EGFP expression plasmids (wild type and
mutants). After 24 h, the medium was removed, and the
cells were treated with the ligands (C9, C15 or recombinant
chemerin) in PBS with 0.1% BSA. Internalization was carried
out at 37°C for the the indicated time periods. The ligand was
then removed, and the cells were fixed with 4% paraformalde-
hyde for 20 min. After washing three times with PBS, the cells
were incubated with 5 pg/pL DAPI for 5 min in the dark at



room temperature. To determine the role of clathrin in recep-
tor internalization, the dynamin I mutant S45N was transiently
transfected into HEK 293 cells together with the CMKLR1-
EGFP fusion construct. When indicated, the cells were pre-
treated for 30 min with pharmacological inhibitors including
100 mmol/L monodansylcadaverine (MDC, Sigma-Aldrich, St
Louis, MO, USA), 0.5 mol/L sucrose (Sinopharm, Shanghai,
China), or 5 pg/mL Filipin III (Sigma-Aldrich), prior to ago-
nist stimulation.

Flow cytometry

RBL-2H3 cells stably expressing human CMKLR1 were har-
vested, washed with ice-cold PBS, and resuspended at a den-
sity of 1x10° cells/mL on ice in extracellular buffer (HBSS plus
0.5% BSA and 20 mmol/L HEPES, pH 7.4). The cells were
treated with C9 at concentrations ranging from 0.1 nmol/L
to 1 pmol/L for 25 min at 37°C. After fixation, the cells were
incubated for 1 h with mouse anti-human CMKLR1 antibody
(1:200, R&D Systems), or normal mouse IgG as a negative
control (1:200, Santa Cruz Biotechnology, Dallas, TX, USA),
followed by incubation with a FITC-labeled goat anti-mouse
IgG (H+L) secondary antibody (1:500; Boster, Wuhan, China)
for 1 h on ice. The residual receptors on the cell surface were
detected using a FACScan flow cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA).

Calcium mobilization

HEK 293 cells were transiently transfected with expression
constructs encoding human CMKLR1 or the individual point
mutants. Stable transfectants of RBL-2H3 cells expressing each
of the mutants were also generated. The cells were grown
to 90% confluency in black wall/clear bottom 96-well assay
plates. The transiently transfected cells were treated with
FLIPR Calcium 5 reagent (Molecular Devices) for 1 h at 37°C.
The addition of 1 nmol/L C9 ligand was robotically controlled
and the samples were read using a FlexStation III multi-
reader (Molecular Devices). The cells were excited at 485
nm and were detected at an emission wavelength of 525 nm.
Data were acquired using SoftMax Pro 6 software (Molecular
Devices).

MAP kinase assays and western blotting analysis

Transiently transfected Hela cells expressing either the wild
type (WT) or mutant forms of CMKLR1 were harvested,
resuspended at a density of 8x10° cells/mL in PBS, and stimu-
lated with 10 nmol/L C9 at 37°C for the indicated time. The
samples were lysed in Laemmli sample buffer. Aliquots of
the whole cell extracts were separated on 12% SDS-PAGE and
then electroblotted onto PVDF membranes (EMD Millipore
Corporation, Billerica, MA, USA). ERK and phosphorylated
ERK (p-ERK) were detected by anti-ERK antibodies and
anti-phospho-ERK antibodies (Cell Signaling Technologies),
respectively.

Statistical analysis
The data were analysed using Prism software (ver 5.0,
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GraphPad, San Diego, CA, USA) and are displayed as the
mean+SEM of at least 3 independent experiments. Statistical
significance was calculated using Student ¢-test, and a P value
less than 0.05 was considered significant.

Results

Cell surface expression and agonist-induced internalization of
CMKLR1

The majority of GPCRs are cell surface receptors that undergo
internalization upon agonist stimulation®. To determine the
internalization properties of CMKLR1, a full-length CMKLR1
cDNA was fused to a cDNA of enhanced green fluorescent
protein (EGFP), generating a CMKLR1-EGFP fusion con-
struct. Stable HEK 293 transfectants expressing CMKLR1-
EGFP were prepared with G418 selection. As shown in Figure
1A, CMKLR1-EGFP was detected at the cell periphery in
the absence of an agonist, indicating the cell surface expres-
sion of the fusion protein in the resting cells. Stimulation of
the transfectants with as little as 1 nmol/L of the chemerin-
derived nonapeptide C9 led to the internalization of the
receptors, which was shown as intracellularly trapped green
fluorescence. Efficient and consistent internalization of the
receptor was observed at 100 nmol/L. Receptor internaliza-
tion appeared as early as 15 min after C9 stimulation (data not
shown). As a result, the internalization assays were carried
out for 20-25 min to ensure sufficient uptake of the ligand-
bound receptors.

To exclude the possible interference of the EGFP molecule on
receptor internalization, full-length CMKLR1 was expressed
without the EGFP fusion in stably transfected rat basophilic
leukemia (RBL) cells. The cell surface expression of CMKLR1
in the stable cell line was detected using an antibody against
the receptor, followed by a FITC-labeled secondary antibody.
Flow cytometry fluorescence detection confirmed the cell sur-
face expression of CMKLR1 (Figure 2A). Internalization of
CMKLR1 was shown as a loss of cell surface fluorescence after
incubation with the agonist prior to antibody detection. The
C9 peptide dose-dependently induced CMKLR1 internaliza-
tion at concentrations ranging from 1 nmol/L to 1 umol/L
(Figure 2A). At the highest concentration used, approximately
90% of the cell surface CMKLR1 was internalized based on the
loss of detectable fluorescence.

CMKLR1 is internalized via a clathrin-independent pathway

Endocytosis of a large number of GPCRs is mediated through
clathrin-coated pits™®. We sought to determine whether
CMKLRT1 internalization requires clathrin. The stable HEK293-
CMKLR1-EGEFP cell line was treated with monodansylcadav-
erine (MDC), an inhibitor of the transglutaminase involved
in the internalization of various receptors®! , or with sucrose
for 30 min to prevent the formation of clathrin-coated pits. As
shown in Figure 1B, these agents did not prevent the internal-
ization of CMKLR1-EGFP. Likewise, expression of dynamin
545N, a dominant negative mutant of dynamin I, which is
required for the formation of endocytic vesicles™, did not
interfere with CMKLR1-EGFP internalization (Figure 1B). To
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Figure 1. Agonist-induced internalization of CMKLR1 in transfected HEK
293 cells. (A) CMKLR1-EGFP internalization in stably transfected HEK 293
cells was visualized by confocal microscopy imaging 25 min after treat-
ment with different concentrations of the chemerin-derived nonapeptide
(C9). The images shown are representative of at least 3 independent ex-
periments with similar results. (B) The HEK293-CMKLR1-EGFP cells were
pretreated with MDC (100 mmol/L) or sucrose (0.5 mol/L) for 30 min, or
co-transfected with the dynamin | mutant S45N, to inhibit internalization
through clathrin-coated pits. For comparison, HEK293-CMKLR1-EGFP
cells were also pretreated with Filipin 11l (5 pg/mL) to disrupt caveloae. At
this concentration, Filipin lll did not significantly alter cell viability or migra-
tion (data not shown). After treatment, the cells were stimulated with C9
(100 nmol/L) for 25 min. For cells expressing the S45N mutant, C9 was
added 36 h after transient transfection. CMKLR1-EGFP internalization
was assessed by confocal microscopy imaging as above. Scale bar=10
pm.

verify that the EGFP fusion did not alter CMKLR1 internal-
ization, CMKLR1-RBL cells were treated with sucrose or MDC,
and the loss of cell surface fluorescence was measured using
flow cytometry as described above. Neither sucrose nor MDC
altered the pattern of receptor internalization (Figure 2B).
These results suggest that internalization of CMKLR1 might
not be mediated through clathrin-coated pits. We next inves-
tigated whether caveolae were involved in the endocytosis
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Figure 2. Effects of clathrin-coated pit and caveolae on CMKLR1 inter-
nalization in transfected RBL cells. (A) RBL-2H3 cells stably expressing
CMKLR1 (CMKLR1-RBL) were treated with vehicle (medium) or C9 pep-
tide for 25 min at the indicated concentrations. An anti-human CMKLR1
antibody and FITC-conjugated secondary antibody were added to detect
CMKLR1 that remained on cell surface by flow cytometry. The loss of cell
surface CMKLR1 was calculated based on the geometric mean intensity
of fluorescence; the vehicle (medium)-treated sample was set as 100, and
the normal mouse IgG (mIgG) control was set as 0. The data represent
the mean+SEM from 3 independent experiments. °P<0.05 and °P<0.01
compared to the control (medium). (B) CMKLR1-RBL cells were pretreat-
ed with the indicated inhibitors or vehicle (medium) as described in Figure
1B. The cells were then stimulated with 100 nmol/L of C9 peptide to in-
duce receptor internalization. The loss of cell surface CMKLR1 was calcu-
lated as above. The data represent the mean+SEM from 3 independent
experiments. °P<0.01 vs medium only.

of CMKLR1. The cells were treated with Filipin III, a known
inhibitor of the caveola-mediated endocytosis pathway™" >,
Treatment with 5 pg/mL Filipin III blocked the internalization
of CMKLR1-EGFP (Figure 1B), resulting in a complete rever-
sal of the loss of cell surface CMKLRI1 in the CMKLR1-RBL cells
(Figure 2B). These results suggest that CMKLR1 belongs to a
group of GPCRs that are compartmentalized through caveo-
lae™!l.

Effects of chemerin and chemerin-derived peptides on receptor
internalization

HeLa cells express the recombinant CMKLR1 at lower levels
than HEK 293, allowing better separation of cell surface recep-
tors from those inside the cells. We first determined whether

CMKLR1 could be internalized in HeLa cells. Chemerin and



the C9 peptide induced receptor internalization at 10 nmol/L
(20 min) (Figure 3). The C15 peptide, which is derived from
a stretch of human chemerin sequence (**' AGEDPHSFYFP-
GQFA'™) and does not possess agonistic activity"'?, failed to
stimulate CMKLR1 internalization at 10 nmol/L. When the
cells were first incubated with the C15 peptide for 10 min and
then stimulated with the C9 peptide for 20 min, internalization
of CMKLR1 was blocked. The same effect was seen with C15
pretreatment followed by chemerin stimulation. A scrambled
C15 (sC15, "'DPSQAPFEGFHAFGY") did not stimulate
receptor internalization and did not prevent C9- or chemerin-
induced CMKLRI1 internalization. These results suggest that
the C15 peptide antagonize CMKLR1 internalization, but it
is presently unclear whether this blocking effect occurs at the
receptor or ligand level.

Identification of the structural determinants for agonist-induced
internalization of CMKLR1

The intracellular domains of GPCRs contain Ser and Thr
that are phosphorylated” *! and serve as binding sites for
B-arrestins”!. The GRKs are the major kinases that phos-
phorylate the GPCRs”"*. Additionally, GPCRs may be phos-
phorylated by other kinases including PKA and PKCP I,
Computer analysis™ of the CMKLR1 sequence identified six
potential sites for GRK phosphorylation within the predicted
cytoplasmic tail (Figure 4 and Table 1). Potential phosphory-
lation sites for PKB (Akt) and PKC were also identified (Table
1). We selected two of the five predicted GRK phosphoryla-
tion sites (Ser337 and Ser343), one of the predicted PKB phos-
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Figure 3. Effects of chemerin and chemerin-derived peptides on CMKLR1
internalization. CMKLR1-EGFP internalization was determined in tran-
siently transfected Hela cells after stimulation with vehicle, C9, chemerin,
C15, C15 then C9, C15 then chemerin, sC15, sC15 then C9, and sC15
then chemerin. All ligands were used at 10 nmol/L and each stimulation
lasted for 20 min. Receptor internalization was determined by confocal
microscopy imaging. Representative images from at least 3 independent
experiments are shown. Scale bar=10 ym.

Extracellular

Figure 4. Schematic representation of the CMKLR1 sequence and sites of mutagenesis. A schematic drawing of the seven transmembrane domain
structure of CMKLR1 is shown. The point mutation sites are marked with the reverse color.
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Table 1. Potential sites for phosphorylation in CMKLR1. phorylation sites (Thr352) and three of the PKC phosphoryla-
tion sites (Ser344, Ser347, and Ser350) for alanine substitution

Position Kinase  Sequence Thre-— Risk- o tion 190" using site-directed mutagenesis. Additionally, two serines
shold  Diff oYtosiS  and threonines that did not match any consensus phosphory-

053 S LAKTKKDE T253A _ lation sequence were chosen f9r comp.arisfon (Ser330 in the
314 NPT YVEMG Y314A B C-terminal domain and Thr253 in the third intracellular loop).
330 VALFSRLUN S330A + All of the mutants were expressed on the surface of the tran-
337 GRK VNALSEDTG 21 3.04 S337A + siently transfected HeLa cells (Figure 5), indicating that none
343 GRK DTGHSSYPS 21 313  S343A _ of the point mutations caused significant changes in the global
344 PKC TGHSéYPSH 2.2 2.37  S344A + structure of CMKLR1. Moreover, the mutant receptors were
347 PKC SSYPSHRSF 2.2 3.37  S347A - able to mediate Ca® flux (Figure 6), indicating that their entire

350 PKC PSHRSFTKM 2.2 3.15 S350A + structures were retained.

352 PKB HRSFTKMSS 32 486 T352A + In addition to the above-mentioned potential phosphoryla-

tion sites, point mutations were generated within the NPXXY
The PPSP program* was used for an analysis of the protein sequence

of human CMKLR1. Potential sites for phosphorylation by GRK, PKB
(Akt), and PKC were underlined. Selected sites located in the intracellular
domains, particularly in the cytoplasmic tail, are listed in the table. The
last two columns show the mutations introduced and their effects on
receptor internalization.

motif, which is known to be important for GPCR internaliza-
B3 One of the mutants, Y314A, was analyzed together
with the phosphorylation site mutants using confocal micros-

tion

copy. As expected, alanine substitution abrogated the inter-
nalization of the Y314A mutant receptor (Figure 5). Addition-
ally, alanine substitution at positions 343 (predicted GRK site)

Vehicle Chemerin Vehicle Chemerin

WT

T253A

Y314A

S330A

S337A

Figure 5. Point mutations of CMKLR1 that abrogated the agonist-induced internalization. Hela cells were transfected with individual mutant constructs
as described above and in Table 1. Twenty-four hours after transfection, the cells were stimulated with vehicle, 10 nmol/L of C9, or 10 nmol/L of
chemerin for 20 min. Internalization of the receptors was determined by confocal microscopy imaging. The T253A, Y314A, S343A, and S347A
mutations abrogated receptor internalization, whereas other mutations did not alter receptor internalization. Images shown are representative of at
least three independent experiments. Scale bar=10 uym.
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Figure 6. Calcium mobilization in cells expressing WT and mutant CMKLR1. (A) HEK 293 cells were transiently transfected with constructs encoding
WT human CMKLR1 or different mutants (T253A, Y314A, or S347A) that affected receptor internalization (Figure 5). The cells were loaded with FLIPR
Calcium 5 reagent 36 h after transfection. Agonist (C9; 1 nmol/L) was added at the time indicated by the arrows. The traces represent the real-time
changes in the intracellular calcium concentration, which is shown as the ratio of measurement at 525 nmol/L to the baseline and is expressed as the
mean+SEM of two separate experiments, each experiment was carried out in triplicate. (B) Same as in A but using stable RBL transfectants for each
mutants. A second stimulation of C9 was applied 260 s after the first stimulation. Note that the Ca®* traces returned to baseline sooner than that in
HEK 293 after stimulation. Data are expressed similarly to those in A above.

and 347 (predicted PKC site) also abrogated receptor internal-
ization. In comparison, alanine substitution of other potential

sites for GRK (Ser337) and PKC (Ser344) did not alter receptor
internalization. Interestingly, alanine substitution of Thr253,
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which does not match any consensus sequence for the above
protein kinases, also blocked receptor internalization (Figure
5). These results are summarized in Table 1.

Effects of receptor internalization on CMKLR1-mediated func-
tions

Having generated a number of mutant receptor constructs,
we sought to determine whether CMKLR1 internalization (or
lack thereof) had any impact on receptor-mediated functions.
Calcium mobilization is an early response mediated by a
subclass of GPCRs, including CMKLR1. The four mutant con-
structs with altered receptor internalization were expressed
in HEK 293 cells, and agonist-induced changes in intracellular
Ca”™ concentration were measured. As shown in Figure 6A,
none of the internalization-deficient mutations abrogated the
C9-induced Ca** mobilization. The result suggests that recep-
tor internalization is not a prerequisite for agonist-induced
Ca® mobilization. A close examination identified increased
Ca®" influx with some of the mutants such as S347A, which
may result from a loss of receptor desensitization. This pos-
sibility was tested in stable RBL transfectants expressing the
individual mutants. As shown in Figure 6B, a second Ca*
flux 260 s after the first stimulation was observed, suggesting
a partial loss of desensitization. However, this was not seen
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with the other mutants tested. In parallel experiments, C15
was examined but found unable to stimulate Ca* flux (data
not shown).

We next examined whether receptor internalization is
involved in the agonist-induced ERK phosphorylation. Pub-
lished reports have indicated that B-adrenergic receptor inter-
nalization is required for ERK phosphorylation in a tryosine-
protein kinase-dependent manner®™. However, subsequent
studies have shown that this requirement does not apply to
several other GPCRs"™ *I. In transfected cells expressing WT
CMKLR1, C9 induced the rapid phosphorylation of ERK 1/2,
which became apparent at 2 min and peaked at 5 min. Phos-
phorylation of ERK 1/2 subsided after 5 min (Figure 7). ERK
1/2 phosphorylation did not seem to require the internaliza-
tion of CMKLR1, as the level of phosphorylation remained
similar in the cells expressing the internalization-deficient
mutants (T253A, Y314A, S343A, and S347A). Close examina-
tion revealed changes in the kinetics of ERK 1/2 phosphoryla-
tion, with peak phosphorylation occurring at 2 min instead
of 5 min. To determine whether there is any link between
receptor internalization and the left-shift in the time course,
we examined the two mutants that did not abrogate receptor
internalization (S350A and T352A). As shown in Figure 7, the
time course of ERK phosphorylation in cells expressing these

$343A
P-ERK | — |

Y314A
PERK | & = ==|

ERK | S . il s < | S [ ——— |

37 39
2 2 -
n D )
c w24 c o 2
Q = Q<
T ®© T ®
<= =
LG L)
=] =0
@ 5 14 o5 14
Q= [T
o o
04

0 1 2 5 10 0 1 2 5 10
Time (min) Time (min)
T352A

P-ERKl— _— '—_-- ——'—I

ERKl-— -—— —=|

Relative density
(fold change)

0 1 2 5 10
Time (min)

Figure 7. Effect of CMKLR1 point mutations on the agonist-induced phosphorylation of ERK 1/2. Transiently transfected HelLa cells expressing either
WT or mutant CMKLR1 receptors were harvested 36 h after transfection. The cells were stimulated with 10 nmol/L C9 at 37 °C for the indicated
lengths of time. The samples were separated by SDS-PAGE and blotted onto PVDF membranes, and p-ERK and total ERK were detected using an anti-
phospho-ERK antibody and an anti-ERK antibody, respectively. Representative blots from at least 3 experiments are shown. The relative density of the
ERK bands was quantified and is shown in the bar graphs (the mean+SEM) below the individual blots.
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internalization-capable mutants was similar to that in cells
with the WT CMKLR1. However, the sample size was insuf-
ficient to conclude that these kinetic changes were significant.

Discussion

In this study, we examined the internalization of the chemerin
receptor CMKLR1, a GPCR. Our results show that CMKLR1
internalization is triggered by full-length chemerin and by
the C9 peptide which retains the activity of chemerin. The
C9 peptide induced the dose-dependent internalization of
CMKLR1 that was readily detectable at 1 nmol/L. At a higher
concentration of C9 (1 umol/L), approximately 90% of the
receptors were cleared from the cell surface, suggesting that
highly efficient endocytosis occurred following C9 stimula-
tion. Our results show that intact CMKLR1 without the EGFP
fusion was internalized after C9 stimulation, demonstrating
that fusion of the receptor with EGFP did not alter CMKLR1
internalization. Moreover, the C9-induced CMKLR1 internal-
ization was similar in the three cell lines tested, confirming
that it is not cell type-specific. In contrast to C9, the C15 pep-
tide failed to stimulate the internalization of CMKLR1. C15
was generated by cysteine proteases, following the activation
of prochemerin by serine proteases”. Previous studies have
shown that C15 lacks the ability to induce calcium mobiliza-
tion and chemotaxis through CMKLR1"™ '), but possesses
its anti-inflammatory functions”). Of note, we found that
the addition of the C15 peptide prior to the C9 peptide or
chemerin abrogated CMKLR1 internalization. This effect was
not observed with sC15, a 15-residue peptide with scrambled
sequence, suggesting that C15 might be an antagonist that
blocks the action of C9 and chemerin. One published report
indicated that the C15 peptide may potentiate the phagocyto-
sis of bacterial particles and apoptotic cells by macrophages!”.
Further investigation should determine whether C15 is a par-
tial agonist for CMKLR1, but our data clearly show that it is
not effective in stimulating CMKLR1 internalization even at
micromolar concentrations.

To date, three chemerin receptors have been identified.
Although all of these receptors (CMKLR1, GPR1, and CCRL2)
bind chemerin with high affinity® **’, only CMKLR1 has
been shown to be a fully functional receptor for chemerin.
Exactly how these receptors behave differently remains
unclear. In this study, we examined the structural determi-
nants for CMKLR1 internalization. The C-terminal domain of
CMKLRT1 contains the necessary structures for receptor inter-
nalization, including the NPXXY motif and the consensus sites
for GRK and PKC phosphorylation. The present study was
not intended as a thorough investigation of CMKLR1 phos-
phorylation; however, selective mutations of putative phos-
phorylation sites in CMKLR1 led to the identification of sites
important for receptor internalization. Alanine substitutions
at selected sites effectively abrogated CMKLR1 internalization,
suggesting that these potential phosphorylation sites work
together during receptor internalization. In a study of formyl
peptide receptor 1 (FPR1) internalization, it was discovered
that sequential phosphorylation of its C-terminal domain was
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important for FPR1 internalization, and deletion of one site
could affect the phosphorylation of another site™!. Further
examination of the potential phosphorylation sites in CMKLR1
is required to fully delineate the mechanism of its internaliza-
tion.

Agonist-induced internalization is a major mechanism for
the clearance of cell surface receptors. Several chemokine
receptors, including DARC (Duffy antigen/receptor for che-
mokines), D6 and CCX-CKR, lack the signature sequence for
G protein coupling (DRYLAIV). As a result, the primary func-
tion of these receptors is clearance of chemokines from their
surrounding environment. As for chemerin, one of its recep-
tors, GPR1, is a high affinity receptor but lacks the ability to
efficiently transduce signals®™. Likewise, CCRL2 is devoid of
signaling capability seen in a typical GPCR. However, it also

I In contrast,

fails to provide ligand-scavenging functions
the chemerin receptor CMKLR1 is capable of internalization,
as well as transmembrane signaling. For these GPCRs, inter-
nalization is more than a mechanism for ligand removal; it is
closely associated with receptor signaling. Previous reports
have indicated a requirement of GPCR (eg, B-adrenergic recep-
tor) internalization for ERK phosphorylation®!. In the present
study, CMKLR1 internalization did not appear to be required
for ERK phosphorylation; instead, the absence of CMKLR1
internalization altered the kinetics of ERK phosphorylation
by reducing the time needed to reach peak phosphorylation.
These results suggest that the presence of CMKLR1 on the cell
surface is important for proper signaling, and its internaliza-
tion provides a negative regulatory mechanism for agonist-
induced signaling. The observation that the Y314A mutation,
which affects receptor internalization, results in an ERK phos-
phorylation pattern similar to those of the mutations targeting
the protein kinase phosphorylation sites strongly suggests
that the removal of CMKLR1 from the cell surface might be
responsible for the late appearance (5 min instead of 2 min) of
the ERK phosphorylation peak. Additional experiments are
required for a more detailed analysis of how CMKLR1 phos-
phorylation affects its signaling.

In conclusion, the present study shows that the two
chemerin-derived peptides, C9 and C15, function differently
in triggering CMKLR1 internalization and demonstrates that
multiple phosphorylation events are required for efficient
internalization of the receptor, which occurs through a clath-
rin-independent pathway. These findings provide a founda-
tion for more detailed investigation of CMKLRI1 internaliza-
tion and signaling in the future.
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