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Background: TLQP-21 is a bioactive peptide for which the receptor(s) are unknown.
Results:We demonstrate that C3AR1 is a receptor for TLQP-21.
Conclusion:Many of the effects of TLQP-21 can be explained by C3AR1 activation.
Significance: These results provide a bridge linking the regulation of metabolism and the activation of complement in rodents.

TLQP-21, a peptide derived from VGF (non-acronymic) by
proteolytic processing, has been shown to modulate energy
metabolism, differentiation, and cellular response to stress.
Although extensively investigated, the receptor for this endog-
enous peptide has not previously been described. This study
describes the use of a series of studies that show G protein-cou-
pled receptor-mediatedbiological activity ofTLQP-21 signaling
in CHO-K1 cells. Unbiased genome-wide sequencing of the
transcriptome from responsive CHO-K1 cells identified a prior-
itized list of possible G protein-coupled receptors bringing
about this activity. Further experiments using a series of defined
receptor antagonists and siRNAs led to the identification of
complementC3a receptor-1 (C3AR1) as a target for TLQP-21 in
rodents. We have not been able to demonstrate so far that this
finding is translatable to the human receptor. Our results are in
line with a large number of physiological observations in rodent
models of food intake and metabolic control, where TLQP-21
shows activity. In addition, the sensitivity of TLQP-21 signaling
to pertussis toxin is consistent with the known signaling path-
way of C3AR1. The binding of TLQP-21 to C3AR1 not only has
effects on signaling but also modulates cellular functions, as
TLQP-21 was shown to have a role in directing migration of
mouse RAW264.7 cells.

The vgf (non-acronymic) gene encodes a protein that under-
goes multiple processing events resulting in a number of bioac-
tive peptides (1). vgf knock-out mice are hypermetabolic, sug-
gesting that VGF plays a significant role in the control of energy
metabolism (2). Among the many peptides studied after this
initial observation, TLQP-21 attracted particular attention
(3–5). Indeed, intracerebroventricular injection of this peptide

induces an increase in resting energy expenditure (3) and pre-
vents high-fat diet-induced weight gain (6). This peptide
increases amylase release by rat isolated pancreatic lobule and
acinar cells (7). TLQP-21 was also reported to play a role in
lipolysis (8). Injection of TLQP-21 decreases gastric acid secre-
tion (9) and gastric emptying (10) in rats. This effect was further
explored by Brancia et al. (11), who demonstrated that
TLQP-21 is expressed in the ECL (enterochromaffin-like) and
somatostatin cells of the stomach, strongly suggesting the exis-
tence of a physiological control loop. In addition, TLQP-21 has
been shown to promote glucose-stimulated insulin secretion
and to protect primary rat pancreatic islet cells from thapsi-
gargin-induced apoptosis (12). TLQP-21 has also been shown
tomodulatemammotrophic cell differentiation in the GH3 cell
line (13). Beyond its contribution tometabolism, TLQP-21 was
reported to play a role in stress responses in vivo (14) and in the
male reproductive system by stimulating the hypothalamic-
pituitary-gonadal axis (15). Therefore, identifying a receptor for
TLQP-21 would facilitate the understanding of the regulation
of metabolism and might point to novel entry points for phar-
macological intervention. Increasing evidence points toward
such a membrane receptor for TLQP-21 (8, 13, 16).
RNA-Seq is a recent technique that can be used to analyze

changes in gene expression across the entire transcriptome (17,
18). This technology is nowbeing applied to a rapidly increasing
number of organisms (19) and presents distinct advantages
over microarrays, including greater sensitivity and a much
higher dynamic range. Beyond the ability of RNA-Seq to mon-
itor gene expression, it can identify novel transcripts, novel iso-
forms, alternative splice sites, allele-specific expression, and
rare transcripts (18). As RNA-Seq does not require a reference
genome to gain useful transcriptomic information, it can be
particularly useful in non-model species that have not had their
genomes sequenced yet.
In this work, we describes the measurement of a G protein-

coupled receptor (GPCR)3-mediated activity for TLQP-21 in
two different rodent cell lines. A set of different techniques
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(including unbiased transcriptome sequencing of the genes
expressed in these cell lines, followed by antagonist and siRNA
screening to identify the putative receptor, all subsequently
supported by recombinant expression of the receptor showing
signaling) has been used to demonstrate that the TLQP-21
activity in these two cell lines is mediated by complement C3a
receptor-1 (C3AR1). Originally, C3AR1 was thought to be
restricted to the innate immune response, having a role in the
complement cascade, but its participation has been extended to
roles in cancer (20), neurogenesis (21), and hormone release
from the pituitary gland (22). Consistent with its role in metab-
olism, c3ar1 knock-out mice are transiently resistant to diet-
induced obesity and are protected against high-fat diet-induced
insulin resistance (23). The observations we made describe a
novel ligand/receptor association and provide insight into the
interconnection between inflammation and metabolism.

EXPERIMENTAL PROCEDURES

Human C3a was purchased from Calbiochem. Rat TLQP-21
was purchased from Tocris, Phoenix, and Bachem, and human
TLQP-21 was from Bachem. 125I-Labeled human complement
C3a was from PerkinElmer Life Sciences. All cell culture media
and reagents were purchased from Invitrogen unless stated
otherwise.
Fluo-4 Calcium Assay—CHO-K1 cells were seeded either

onto poly-D-lysine-coated 384-well plates (CELLCOAT, Greiner
bio-One) for other cells, non-coated 384-well plates (Costar)
were used. 24 h before the experiment, cells were seeded at a
concentration of 10,000 cells/well for a total of 50 �l. On the
day of the experiment, the medium was manually removed
and replaced with 40 �l of 1.6 �M Fluo-4/AM (Molecular
Probes) in dilution buffer consisting of 20mMHEPES, Hanks’
balanced salt solution, and 0.1% BSA (Calbiochem) and supple-
mented with 2.5mM probenecid (Sigma) for 1 h at 37 °C and 5%
CO2. Cells were subsequently washed with 20 mM HEPES,
Hanks’ balanced salt solution, and 2.5 mM probenecid with a
BioTek cell washer, leaving 30 �l of buffer covering the cells.
Calcium-induced fluorescence was detected using a Hamamatsu
FDSS7000 system. Base-line fluorescencewasmeasured, followed
bypipetting15�l of3�concentratedcompound-containingsolu-
tion onto the cells. Calcium-induced fluorescence was measured
60 times every 1 s and then 40 times every 2 s. The data were
calculated as �F/F (maximum of response � base line/base-line
signal). Foreachassay, valueswereobtained inquadruplicates, and
dataareexpressedasmeans�S.D.For the priming protocol, we
activated the cells with 100 �M ATP, monitored the signal as
indicated above, and let the cells rest for 30 min. The cells
were then activated by the ligand as described above. We
used a positive control mixture (each at a final concentration
of 1 �M) containing ATP (Tocris), lysophosphatidic acid 18:1
(Cayman Chemical), sphingosine 1-phosphate (Tocris), car-
bachol (Sigma), and bradykinin (Tocris).
RNA-Seq of Cell Lines—Total RNA was isolated from

CHO-K1 and CCL39 cells using an RNeasy micro kit (Qiagen).
RNA-Seq libraries were prepared using an Illumina RNA prep
kit and sequenced using the Illumina HiSeq 2000 platform. A
total of 750 million 76-bp end reads were mapped to the Chi-
nese hamster genome (24) usingTopHatAligner (version 1.3.3)

(25), a RNA-Seq mapping software specifically designed for
detecting splice junctions between exons and based on the fast
NGS mapper Bowtie (26). TopHat parameters were set to
default. Final transcript levels of all known hamster genes were
calculated in fragments/kb of exon/million fragments mapped
by counting the number of mapped and spliced reads to exons,
normalized by the length of the exons, and averaged over all
used exons for each transcript. On average, 87% of the total
reads (equivalent to 654million sequences) weremapped to the
genome. The Cuffdiff tool from the Cufflinks package (version
1.1.0) (27)was then used to detect the transcriptswhose expres-
sion statistically changed between the CHO-K1 andCCL39 cell
types. For the correct interpretation of the GPCR expression
profiling, this class of genes was re-annotated with a reciprocal
best hit approach using the BLASTn algorithm (BLAST e-value
cut-off of 10�10) (28) on a total of 433 human non-olfactory
GPCR genes collected from Ensembl (version 64, based on
Homo sapiens GRCh37). This bioinformatics approach led us
to the identification of putative hamster GPCR genes.
Finding the Complete vgf Transcript by RNA-Seq—To char-

acterize the sequence of the hamster vgf gene, transcriptomic
data were reanalyzed with an unbiased de novo assembly
approach using Trinity software (version r2012-05-18) (29) on
a serverwith 1TB of RAM.As described previously by Jiménez-
Guri et al. (19) and Grabherr et al. (29), Trinity proved to be a
reliable approach to reconstruct transcriptomes in organisms
with an incomplete genome sequence, in this case, hamster.
PCR—Genomic DNA (isolated from CHO-K1 cells using an

DNeasy mini kit (Qiagen)) and cDNA (synthesized from puri-
fied total RNA using a high-capacity cDNA synthesis kit (Invit-
rogen)) were used as templates for PCR amplification of ham-
ster TLQP-21 with sense primer 5�-ACACTGCAGCCACCC
GCA TCC TCG and reverse primer 5�-GCG CGC AGG TGG
CAA CGC GTG. After 35 cycles of amplification, the PCR
products were purified and subcloned for sequencing using a
Zero Blunt� TOPO� PCR cloning kit (Invitrogen).
siRNA Experiment—Three independent siRNA duplexes for

each candidate gene were designed (2 � 21-mer with a 5�–3�-
dTdT overhang) and purchased fromMicrosynthAG (Balgach,
Switzerland). Transfection was performed in a 96-well format
using Lipofectamine 2000 (Invitrogen). 0.5 �l of Lipofectamine
reagent was diluted in 50 �l of Opti-MEM I and added to 50 �l
of Opti-MEM I containing 40 pmol of siRNA. After 15min, 200
�l of a CHO-K1 cell suspension diluted to 2 � 105 cells/ml was
added to each well. The transfection mixture was then trans-
ferred in four wells for a quadruplicate measurement in a 384-
well plate for calcium measurement. Cells were grown for 24 h
before the response of the cells to TLQP-21 was monitored
using the calcium flux assay.
Screening of GPCR Antagonists—A panel of 110 compounds

known to inhibit 90 GPCRs was tested for activity in CHO-K1
cells upon TLQP-21 stimulation. Cells were incubated with 30
�M antagonists for 15 min and then stimulated with 1 �M

(EC80) TLQP-21. Compounds causing �70% inhibition of the
TLQP-21 response were retested over a range of concentra-
tions to determine their IC50 values.
Cloning—HamsterC3AR1cDNAwasamplified fromCHO-K1

cDNA by PCR (forward primer 5�-CACCATGGAGTCTTTCT-
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CTGCTGAC and reverse primer 5�-TACATCTGTACTCAAA-
TTGT) and subcloned into the pcDNA3.1D-TOPO-V5-His vec-
tor (Invitrogen). The expression vector was sequenced to confirm
integrityof the coding sequence.The sameprocedurewasused for
ratC3AR1 (cDNAfromO-342cells usedas templatewith forward
primer 5�-CACCATGGAGTCTTTCACTGCTGACACC and
reverse primer 5�-CACATCCGTACTCATATGG), for human
C3AR1 (forward primer 5�-CACCATGGCGTCTTTCTCTGCT
and reverse primer 5�-CACAGTTGTACTATTTCTTTC), and
for mouse C3AR1 (cDNA from RAW264.7 cells used as template
with forward primer 5�-CACCATGGAGTCTTTCGATGCTG-
ACACC and reverse primer 5�-CACATCTGTACTCATATTG).
Stable Cell Lines—C3AR1 expression vectors were trans-

fected in HEK293 cells (ATCC CRL-1573). 2.5 �g of plasmid
was transfected in one well of a subconfluent 6-well plate using
Lipofectamine 2000. 24 h after transfection, cells were trans-
ferred to a 10-cm dish and grown in selective medium contain-
ing 0.4 mg/ml G418 (Invitrogen) until emergence of resistant
colonies. A limiting dilution was carried out on this cell popu-
lation to obtain single clones expressing C3AR1.
Membrane Preparation—CHO-K1 or hamster C3AR1-ex-

pressing HEK293 cells were grown to confluence, harvested in
PBS containing 5 mM EDTA, and centrifuged at 1000 � g for 5
min at 4 °C before freezing (�80 °C). Frozen pellets were
homogenized with a 30-ml Sartorius glass homogenizer vessel
in ice-cold Tris buffer (20 mM Tris-HCl (pH 7.7) and 5 mM

EDTA) containing Complete protease inhibitor mixture
(RocheApplied Science) before centrifugation at 30,000� g for
30min at 4 °C. The resulting pellet was washed, and the process
was repeated once more before the pellet was resuspended in
ice-cold 20 mMHEPES (pH 7.4). The protein content was eval-
uated (Pierce BCA protein assay kit), and membrane aliquots
were kept frozen at �80 °C until used.
Binding Assay—CHO-K1 or hamster C3AR1-expressing

HEK293 cell membranes (10–50 �g/ml) were incubated for 60
min at room temperature in 50 mM Tris (pH 7.4), 5 mMMgCl2,
1 mM CaCl2, and 0.5% BSA in a final volume of 200 �l with
125I-labeled C3a and the test compound. Nonspecific binding
was defined in the presence of aminimumof 30 nMhumanC3a.
The reactionwas stopped by rapid filtration through aUniFilter
GF/B presoaked with polyethyleneimine (0.5%), followed by
three successive washes with ice-cold buffer. Filters were then
counted in a microplate scintillation counter (TopCount NXT,
PerkinElmer Life Sciences) with 65% efficiency. Data were
analyzed by nonlinear regression using GraphPad Prism 6
software. For displacement studies, rat TLQP-21, human
TLQP-21, and human C3a were diluted in water at final con-
centrations of 10�5–10�12 M and tested against 125I-labeled
C3a at 8 pM. Inhibition constants were calculated according
to the Cheng-Prusoff equation (using GraphPad Prism 6
software): Ki � IC50/(1 � (L/KD)), where IC50 is the inhibi-
tory concentration 50, L is the ligand concentration, and KD
is the dissociation constant of the radioligand.
Migration Assay—Rat TLQP-21 and SB290157 (Calbio-

chem) dilutions were prepared at the indicated concentrations
in migration medium (serum-free RAW264.7 growth medium:
RPMI 1640 medium, 1%minimal Eagle’s medium nonessential
amino acid solution, 1% sodium pyruvate, 0.1% 2-mercapto-

ethanol, 1% penicillin/streptomycin (Bioconcept), and 10%
FCS (Bioconcept)) and distributed in quadruplicates at 160
�l/well to the lower chamber of a CIM-Plate 16 device
(ACEA Bioscience). After locking the upper and lower
chambers together, 30 �l of migration medium was added to
each well. The CIM-Plate 16 device was then loaded onto an
xCELLigence RTCA DP analyzer (ACEA Bioscience) and
equilibrated for 1 h at 37 °C. In the meantime, 	70% conflu-
ent RAW264.7 cells were washed with PBS and detached
with enzyme-free cell dissociation buffer; and after centri-
fugation, the cells were resuspended in migration medium.
Cells were counted and adjusted to 0.5 � 106 cells/ml. Once
the equilibration with medium was complete, the background
measurement was performed, and 100 �l of cell suspension was
added to each well of the upper chamber. To allow the cells to
sediment and settle, theCIM-Plate 16devicewas left at roomtem-
perature for 30 min. After loading the plate again onto the
xCELLigence RTCA DP analyzer at 37 °C, the electrical imped-
ance was measured in 5-min intervals for 8 h. The slope of the
normalized cell index was then monitored as a measure of cell
migration.

RESULTS

CalciumFlux in CHO-K1 andO-342Cells Reveals a Pertussis
Toxin-sensitive TLQP-21 Receptor—Direct activation of CHO-K1
cells by rat or human TLQP-21 did not lead to measurable Fluo-
4-based calcium detection (data not shown). This suggests that
TLQP-21 does not activate a Gq-coupled receptor in these cells.
However, it is possible to redirect non-Gq coupling to a calcium-
releasing pathway by presensitization of the cells with a strong
stimulus, a process called priming (30). Priming CHO-K1 cells
with 100 �M ATP revealed a TLQP-21-driven signal when using
Fluo-4 (Fig. 1A). This signal was more potent with rat TLQP-21
than with the human peptide (91 and 276 nM, respectively). The
amplitude of this response is significant, as it compares with the
endogenous response of these cells to 100�MATP (�F/F� 2.8 in
the same experiment). Such a large signal suggests that the recep-
tor is either highly expressed or efficiently coupled to intracellular
signaling pathways. The TLQP-21-mediated increase in intracel-
lular calcium flux could be blocked by pertussis toxin (PTX), indi-
cating that the receptor could be either a Gi- or a Go-coupled
receptor (Fig. 1A). To gain a better understanding of the nature of
the activated signaling pathways, we screened for additional
TLQP-21-responsive cell lines and further interrogated classical
GPCR pathways. For example, another hamster cell line (CCL39)
was unresponsive to rat TLQP-21, as shown in Fig. 1B. However,
we identified another rodent ovary cell line (O-342) as being
responsive toTLQP-21 (Fig. 1C). In this rat cell line, TLQP-21 has
a slightly higher EC50 of 347 nM.
TheTLQP-21Receptor Is neitherGs- norGi-coupled—TLQP-

21-directed signaling mediated by cAMP or inositol phos-
phate accumulation could not be detected in CHO-K1 cells
(data not shown). This indicates that the TLQP-21 receptor
endogenously expressed in CHO-K1 cells is not Gs-, Gi-, or
Gq-coupled.
RNA-Seq of CHO-K1 Cells—To gain deeper insight into the

molecular mechanisms underlying the TLQP-21-induced activ-
ity, high-throughput RNA-Seq was performed on CHO-K1
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(TLQP-21-responsive) and CCL39 (TLQP-21-nonresponsive)
cells. The recently published hamster genome (24) was used to
interpret the results produced by RNA-Seq. Expression values
(fragments/kb of exon/million fragments mapped) generated
by sequencing were further validated by quantitative RT-PCR
(data not shown). These values indicate that these two cell lines
express different GPCRs. We speculated that the candidate
GPCR target for TLQP-21 would show higher expression in
CHO-K1 cells compared with CCL39 cells. Table 1 displays the
21 candidates prioritized by this reasoning. The sequence of the
hamster vgf gene reported in databases (XM_003500965) is
truncated. In particular, the part of the sequence encoding the
TLQP-21 peptide is missing. This analysis of the hamster tran-
scriptome enabled the identification of the full transcript
sequence (KF309065). To validate this transcript, we chose to
amplify part of it (containing TLQP-21). As expected, it was
possible to amplify a segment ofDNAof the anticipated size (63
bp) fromboth genomicDNAand cDNAderived fromCHO-K1
cells. Subsequent sequencing of these PCR-amplified frag-
ments confirmed the transcript sequence from our RNA-Seq
results. Protein sequence alignment (Fig. 2) showed that the
hamster, mouse, and rat TLQP-21 peptide sequences are iden-
tical to each other but differ from the human sequence.
Antagonist Screen in CHO-K1 Cells—To test the hypothesis

that the TLQP-21 receptor could be a knownGPCR, we sought
to inhibit the TLQP-21 response in CHO-K1 cells with a panel
of well characterized antagonists (data not shown). The most
effective antagonist was SB290157, a compound described as a
C3AR1 antagonist (31). Subsequent concentration-response
experiments with the selected candidates confirmed that

SB290157 was the most potent antagonist, with an IC50 of 200
nM (Fig. 3A).
TLQP-21 Response in O-342 Cells Is Inhibited by a C3AR1

Antagonist—Because O-342 cells also respond to TLQP-21
after priming with ATP, we speculated that these cells would
express the homologous receptor present in CHO-K1 cells.
Testing SB290157 in this cell line showed that it also acts as an
antagonist of TLQP-21-induced activity (Fig. 3B). Performing
quantitative RT-PCR under standard conditions on three bio-
logical replicates showed thatO-342 cells expressC3AR1with a
medianCt of 27.5 (which is significant, being slightly above 10%
of the housekeeping transcript hprt1) (data not shown).
siRNA Screen of CHO-K1 Cells—To further test the gene tar-

gets suggested by the transcriptomic analysis, we attempted to
attenuate the expression of the top candidates using siRNAs.
Table 2 lists the siRNAs used. Of the 63 siRNAs tested against
the 21 candidate genes, the only gene knockdown that consis-
tently reduced the TLQP-21 mediated response was achieved
with siRNAs targeting C3AR1 (Fig. 4).
Heterologous Expression inHEK293Cells of Hamster and Rat

C3AR1—C3AR1 expression in CHO-K1 and O-342 cells, the
potent inhibition of the TLQP-21-directed signal by SB290157,
and the signal attenuation by C3AR1 siRNAs all lead to the
hypothesis that C3AR1 could be the receptor for TLQP-21. To
further test this hypothesis, the hamster and rat C3AR1 genes
were cloned and expressed in HEK293 cells. Fig. 5 (B–E) shows
that recombinantly expressed C3AR1 was able to elicit a C3a
signal in HEK293 cells after priming the cells with ATP. This
experiment also demonstrates that TLQP-21 is a ligand for
both hamster and rat C3AR1. In contrast, untransfected
HEK293 cells did not respond to either human C3a or rat
TLQP-21 (data not shown). Untransfected CHO-K1 cells
responded to human C3a, as expected (Fig. 5A). As for the
TLQP-21 response, the calcium signal could be inhibited by
PTX.
TLQP-21 Binds to Hamster C3AR1—The ability of human

125I-labeled C3a to selectively bind the hamster C3a receptor

FIGURE 1. TLQP-21-induced calcium fluxes measured in several cell lines.
A, calcium measurements of rat (● and E) and human (f and �) TLQP-21
without (● and f) or with (E and �) PTX in CHO-K1 cells after ATP priming. B,
calcium measurements of positive control (Œ; ATP, bradykinin, carbachol,
sphingosine 1-phosphate, and lysophosphatidic acid 18:0) and rat (●) TLQP-
21-triggered responses after ATP priming in CCL39 cells. C, calcium measure-
ments of rat TLQP-21-triggered responses after ATP priming in O-342 cells. All
data are represented as signal � base line/base-line signal (�F/F) � S.D.

TABLE 1
List of the 21 GPCRs overexpressed in CHO-K1 cells compared with
CCL39 cells
Expression values are represented in reads/kb/million � S.D.

Symbol
RefSeq

accession no.
CHO-K1
cells

CCL39
cells

ADORA2A XM_003508085 1.62 � 0.09 0.25 � 0.08
AGTR2 XM_003510186 0.72 � 0.12 0 � 0
BAI2 XM_003498391 0.21 � 0.03 0.04 � 0.02
C3AR1 XM_003510173 16.7 � 0.49 0.08 � 0.06
CALCR XM_003496968 2.53 � 0.05 0.15 � 0.15
CCR7 XM_003510487 3.52 � 0.3 0.1 � 0.02
CD97 XM_003501912 6.45 � 0.41 0.73 � 0.13
GPR132 XM_003498768 0.33 � 0.05 0.06 � 0.04
GPR133 XM_003513353 5.48 � 0.27 0.16 � 0.04
GPR182 XM_003507483 0.7 � 0.04 0.03 � 0.02
GPR3 XM_003511439 1.18 � 0.22 0.07 � 0.04
GPR37L1 XM_003498854 0.14 � 0.07 0.02 � 0.03
GPR56 XM_003509803 23.41 � 1.1 2.46 � 0.6
GRPR XM_003507926 0.12 � 0.03 0 � 0
HCRTR1 XM_003498389 0.38 � 0.02 0.04 � 0.02
OLFML2B XM_003506879 8.86 � 0.7 1.57 � 0.09
OPN1SW XM_003497518 0.2 � 0.05 0 � 0
OPRL1 XM_003512353 0.11 � 0.05 0.01 � 0.02
PTGER4 XM_003503296 1.02 � 0.02 0.06 � 0.03
TAS2R16 XM_003504354 0.12 � 0.05 0.01 � 0.02
TMEM185A XM_003499435 13.11 � 0.73 0.74 � 0.19
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was evaluated. Dose-dependent, specific, and saturable binding
of the radiolabeled material was observed in CHO-K1 mem-
brane preparations (Fig. 6A). Such specific binding was also
observed in HEK293 cells expressing recombinant hamster
C3AR1 (Fig. 6B). In contrast, no specific binding was observed
in untransfected HEK293 cells. Specific binding represented
70–90% of the total binding for a protein concentration of 50
�g/ml, which was then routinely used (data not shown). Char-
acterization of the receptor pharmacology was further assessed
in competition studies. As shown in Fig. 6 (C andD), inhibition-
binding isotherms of 125I-labeled C3a (8 pM) were monophasic.
Human full-length C3a displayed picomolar affinities (Table 3)
in bothCHO-K1 andHEK293 cells expressing hamster C3AR1.
Human and rat TLQP-21 fully displaced 125I-labeled C3a in the
high-nanomolar range in CHO-K1 and hamster C3AR1-ex-

pressing HEK293 cell membranes with comparable values.
Human TLQP-21 was 5-fold less potent than rat TLQP-21 in
both assays (Table 3).
RAW264.7 Cell Migration—C3AR1 is expressed in immune

cells, in particular cells of the monocytic lineage (32). The
mouse RAW264.7 cell line is often used to probe various phys-
iological responses, such as TNF� release or migration. First,
using real-timePCR,we confirmed that theC3AR1 transcript is
highly expressed in these cells (data not shown). The logical
consequence of this observation is that RAW264.7 cells would
be expected tomigrate toward a gradient of C3a (Fig. 7A). Next,
the effect of a TLQP-21 gradient on cell migration was tested.
Fig. 7B shows that RAW264.7 cellsmigrated toward aTLQP-21
gradient in a concentration-dependent manner. As is often the
case for migration, this effect is bell-shaped, probably due to

FIGURE 2. Multiple alignment of VGF proteins from selected species. Shown is the hamster VGF complete coding sequence aligned with human
(NP_003369), rat (NP_112259), and mouse (NP_001034474) VGF proteins. The TLQP-21 sequence is indicated by a gray bar.
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receptor desensitization or internalization. To assess C3AR1
involvement in the TLQP-21 migration process, we treated the
cells with increasing concentrations of SB290157. As demon-
strated in Fig. 7C, the C3AR1 antagonist inhibited the TLQP-
21-driven migration in a dose-dependent manner.

DISCUSSION

In this study, we have described the identification and char-
acterization of TLQP-21-mediated signaling activity in two
rodent cell lines, leading to the discovery of its cognate recep-
tor. In agreement with a recent report (16), we observed that
CHO-K1 cells responded to TLQP-21 by an increase in intra-
cellular calcium. However, to obtain a robust signal, this

required facilitated coupling using ATP priming, indicating
that the TLQP-21 receptor is not a Gq-coupledGPCR. The lack
of cAMP modulation, as well as the PTX sensitivity, implied
that the G protein mediating these effects was likely to be Go.
The second cell line identified in this work to respond to
TLQP-21 was the rat cell line O-342. Interestingly, like
CHO-K1 cells, O-342 cells are of ovarian origin, suggesting a
potential novel role of TLQP-21 in reproduction. This appears
to be consistent with a recent publication reporting TLQP-21
effects on reproduction in female rats (33).
To identify the TLQP-21 receptor, the CHO-K1 cell line was

chosen because of the amplitude of the calcium response in
these cells and the ease with which they can be manipulated.
However, one negative aspect of this cell line is that a compre-
hensive transcriptome study has not previously been per-

FIGURE 3. Inhibition of TLQP-21 activity by SB290157. A, calcium measure-
ment after ATP priming of CHO-K1 cells. Shown is the concentration inhibi-
tion curve of SB290157 for 1 �M rat TLQP-21 (●) and 1 �M positive control (Œ;
ATP, bradykinin, carbachol, sphingosine 1-phosphate, and lysophosphatidic
acid 18:0). B, concentration inhibition curve of SB290157 for 1 �M rat TLQP-21
generated by Fluo-4-based calcium measurement after ATP priming of O-342
cells. All data are represented as signal � base line/base-line signal (�F/F) �
S.D.

TABLE 2
siRNAs used in C3AR1 knockdown (5�3 3� direction)

Name Sense Antisense

C3AR1_1 GTGTACCAGTATTTGTATAdTdT TATACAAATACTGGTACACdTdT
C3AR1_2 CTACCAGAAAGCAATTCTAdTdT TAGAATTGCTTTCTGGTAGdTdT
C3AR1_3 CCGTGACCTGATCACTATAdTdT TATAGTGATCAGGTCACGGdTdT

FIGURE 4. Down-modulation of the TLQP-21 response by selected
siRNAs. Shown is the calcium response to rat TLQP-21 in CHO-K1 cells upon
siRNA knockdown of the 21 selected GPCR candidates (three siRNAs each).
Data are presented as a percentage of the rat TLQP-21 response in untrans-
fected CHO-K1 cells. A number is allocated for each GPCR, which corresponds
to the values in Table 1.

FIGURE 5. TLQP-21 activity on C3AR1. A, calcium measurement of the
human C3a response in CHO-K1 cells after ATP priming in the presence (E) or
absence (●) of PTX. B, calcium measurement of the response to human C3a in
HEK293 cells expressing hamster C3AR1 after ATP priming. C, calcium meas-
urement in response to rat TLQP-21 (●) and human TLQP-21 (f) in HEK293
cells expressing hamster C3AR1 after ATP priming. D, calcium measurement
in response to human C3a in HEK293 cells expressing rat C3AR1 after ATP
priming. E, calcium measurement in response to rat TLQP-21 in HEK293 cells
expressing rat C3AR1 after ATP priming. All data are represented as signal �
base line/base-line signal (�F/F) � S.D.
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formed. Indeed, because hamsters are not commonly used as
animal models, most traditional tools for molecular genetics
are missing. RNA-Seq is a relatively recent technology that
enables the generation of transcriptome-wide expression data
without having to design oligonucleotide probes as required for
microarray or PCR-based technologies. Another advantage of
RNA-Seq, highlighted in this study, is the ability of this method
to handle sequences missing in the reference dataset. This is
how it was possible to establish, for the first time, the full
sequence of the vgf transcript in hamster. TheTLQP-21 peptide
sequence is identical in hamster, rat, and mouse, whereas the
human peptide displays significant differences (Fig. 2). These
differences may account for the differences observed between
the response of rat and human TLQP-21 in CHO-K1 cells. Uti-
lizing the recently published CHO genome (24) in combination
with RNA-Seq enabled us to explore the CHO-K1 transcrip-
tome to identify the GPCRs expressed in this cell line. The
CCL39 hamster cell line was chosen as a negative control, as

TLQP-21-mediated signaling was not observed in these cells.
As we hypothesized that the TLQP-21 receptor is a Go-coupled
receptor, we restricted our transcriptional analysis to GPCRs.
Comparing the CHO-K1 and CCL39 transcriptomes allowed
us to generate a prioritized list of potential GPCRs for TLQP-
21. The availability of the genome-wide transcriptome data
then allowed us to design RNAi tools for each of the prioritized
receptors for knockdown of receptor expression. TLQP-21 sig-
naling was subsequently monitored. This approach was com-
plemented by using pharmacological tool compounds to mod-
ulate receptor-mediated signaling. As GPCRs make up one of
the largest families of drug targets, there are many compounds
known to modulate GPCR activity (34). A set of known GPCR
antagonists was assembled and used to probe the TLQP-21
response in CHO-K1 cells. The results from both receptor
knockdown and pharmacological approaches are consistent
with the receptor mediating this effect being C3AR1. Recombi-
nant receptor expression in HEK293 cells further demon-
strated that both the hamster and rat C3AR1 receptors con-
ferred responsiveness to TLQP-21. Finally, direct biochemical
evidence showingTLQP-21 binding tomembrane preparations
containing recombinantly expressed C3AR1 further supports
this target/ligand pair. The binding results with recombinantly
expressed receptors are consistent with the C3a displacement
observed with TLQP-21 in untransfected CHO-K1 cells.
Although surprising at first sight, the fact that TLQP-21 sig-

naling is being mediated by C3AR1 is consistent with many
earlier observations. First, C3AR1 was described to mediate Go

FIGURE 6. TLQP-21 binding studies. A, saturation plot of human 125I-labeled C3a using CHO-K1 membranes. ‚, total; �, nonspecific; ●, specific. B, saturation
plot of human 125I-labeled C3a using membranes of HEK293 cells expressing hamster C3AR1. ‚, total; �, nonspecific; ●, specific. C, inhibition-binding
isotherms of 125I-labeled C3a in CHO-K1 membrane preparations. D, inhibition-binding isotherms of 125I-labeled C3a in hamster C3AR1-expressing HEK293
membrane preparations. Œ, human C3a; ●, rat TLQP-21; f, human TLQP-21. Data are represented as means � S.D.

TABLE 3
Summary of inhibition concentrations necessary to displace 50%
of bound 125I-labeled human C3a
Values are presented as means � S.D. from three independent experiments.

IC50 � S.D.
CHO-K1
cells

Hamster C3AR1-expressing
HEK293 cells

nM
Human C3a 0.048 � 0.004 0.048 � 0.010
Rat TLQP-21 20.42 � 3.87 28.66 � 9.71
Human TLQP-21 98.20 � 11.98 113.9 � 29.27
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signaling (35). Second, the knock-out mice for C3AR1 display a
metabolic phenotype with a transient resistance to diet-in-
duced obesity and are protected from high-fat diet-induced
insulin resistance and liver steatosis (23). This genetic observa-
tion was later confirmed by pharmacological intervention (36).
The phenotype is also reminiscent of observations with vgf
knock-out mice (2, 37). Third, both TLQP-21 and C3a/C3AR1
modulate pituitary gland activity. Indeed, C3a increases prolac-
tin secretion (as well as growth hormone and ACTH) by rat
anterior pituitary cells (22). This is in line with the recently
reported mammotrophic effect of TLQP-21 in GH3 cells (13).
The TLQP-21 effect could indeed be mediated by C3AR1, as it
has been demonstrated that this receptor is highly expressed in
secretory cells from the pituitary gland and the known cell lines
GH3 and AtT20 (22). Although more speculative, it is intrigu-
ing to consider that vgf can be induced by various factors,
including NGF (38), and that C3a has been described to have
some effects on neurogenesis (39, 40).
The fourth argument in favor of a physiological relevance of

this newly discovered ligand/receptor pair comes from the
study of adipocyte physiology. Indeed, TLQP-21 was described
to be able to increase lipolysis in primary adipocytes and to bind
to primary adipocytes and 3T3-L1 membranes (8). Mamane et
al. (23) have shown that C3AR1 is highly expressed in primary
adipocytes and is up-regulated in mice given a high-fat diet.
C3AR1 was also reported to be expressed in both differentiated
and undifferentiated mouse 3T3-L1 embryonic fibroblast cell
lines (36); however, C3a inhibited lipolysis instead of increasing

it. At this stage, we can only speculate why TLQP-21 and C3a
would induce signaling in these cells but the response would be
different. It is possible that these cells express a different
TLQP-21 receptor. It would be worth testing the C3AR1 antag-
onists on the TLQP-21 response in 3T3-L1 cells to dissect this
effect further.
It is worth mentioning that, due to the exceptionally large

second extracellular loop in C3AR1, the binding and hence the
signaling of C3a are not well understood. Indeed, it was estab-
lished that the docking site also resides in the second extracel-
lular loop but is clearly separable from the activation site, lead-
ing to the possibility that other ligands might exist for C3AR1
(41). It is also possible that, in a different cellular context,
TLQP-21 could act as a weak partial agonist, whereas C3a
would fully activate C3AR1.
Our observations further support the implication of C3AR1

in metabolism, but they also suggest that TLQP-21 could have
inflammatory or migration effects on myeloid cells. Here, we
have demonstrated that TLQP-21 was able to inducemigration
of RAW264.7 cells, a mouse monocytic cell line, and that this
effect could be blocked by the C3AR1 receptor antagonist
SB290157. It may be that TLQP-21 has evolved to allow activa-
tion of the chemoattractant function of C3AR1 without the
need for activation of the whole of the complement cascade.
It is worth noting that we could not demonstrate TLQP-21

signaling in HEK293 cells expressing human C3AR1, whereas
C3a did induce a response comparable to the one observedwith
hamster and rat C3AR1 (data not shown). The C3AR1 protein

FIGURE 7. Effect of TLQP-21 on RAW264.7 cell migration. A, migration of RAW264.7 cells induced by increasing concentrations of human C3a. B, migration
of RAW264.7 cells induced by increasing concentrations of rat TLQP-21. C, concentration-dependent inhibition of rat TLQP-21-induced migration by the C3AR1
antagonist SB290157. y axis values correspond to the slope/h.
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sequence contains an exceptionally long and variable second
extracellular loop. That, as well as the fact that human
TLQP-21 is very different from the rodent version (100% iden-
tity between rat, mouse, and hamster), could indicate that the
TLQP-21/C3AR1 physiological interaction has been changed
during evolution. It is also possible that a different processing
leading to a longer peptide is preferred in humans. It is impor-
tant to note, however, that a previous report described a
TLQP-21 effect on human pancreatic islet cells (12). A second
hypothesis is of course that there is another receptor other than
C3AR1 mediating TLQP-21 effects. Finally, it is also conceiva-
ble that human C3AR1 requires a particular cellular context or
coreceptor missing in HEK293 cells.
In conclusion, the results presented in this study support the

hypothesis that the TLQP-21 peptide is a selective natural ago-
nist of the chemoattractant C3AR1 in rodents. These results
could provide newperspectives regarding the physiological role
of the TLQP-21 peptide.
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