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CXCR7 is an atypical chemokine receptor that signals
through �-arrestin in response to agonists without detectable
activation of heterotrimeric G-proteins. Its cognate chemokine
ligand CXCL12 also binds CXCR4, a chemokine receptor of
considerable clinical interest. Here we report that TC14012, a
peptidomimetic inverse agonist of CXCR4, is an agonist on
CXCR7. The potency of �-arrestin recruitment to CXCR7 by
TC14012 is much higher than that of the previously reported
CXCR4 antagonist AMD3100 and differs only by one log from
that of the natural ligand CXCL12 (EC50 350 nM for TC14012,
as compared with 30 nM for CXCL12 and 140 �M for
AMD3100). Moreover, like CXCL12, TC14012 leads to Erk 1/2
activation in U373 glioma cells that express only CXCR7, but
not CXCR4. Given that with TC14012 and AMD3100 two
structurally unrelated CXCR4 antagonists turn out to be ago-
nists on CXCR7, this likely reflects differences in the activa-
tion mechanism of the arrestin pathway by both receptors. To
identify the receptor domain responsible for these opposed
effects, we investigated CXCR4 and CXCR7 C terminus-swap-
ping chimeras. Using quantitative bioluminescence resonance
energy transfer, we find that the CXCR7 receptor core formed
by the seven-transmembrane domains and the connecting
loops determines the agonistic activity of both TC14012 and

AMD3100. Moreover, we find that the CXCR7 chimera bear-
ing the CXCR4 C-terminal constitutively associates with arres-
tin in the absence of ligands. Our data suggest that the CXCR4
and CXCR7 cores share ligand-binding surfaces for the bind-
ing of the synthetic ligands, indicating that CXCR4 inhibitors
should be tested also on CXCR7.

CXCR4 is a seven-transmembrane domain (7TMR)4 che-
mokine receptor of considerable clinical interest, involved in
stem cell homing to bone marrow niches, cancer biology and
metastasis, and HIV infection. Synthetic CXCR4 ligands are
being developed, and the CXCR4 blocker AMD3100 has
reached the clinic for the mobilization of hematopoietic stem
cells from donor bone marrow. The natural CXCR4 ligand,
the chemokine CXCL12 (also called SDF-1), has later been
found to also bind the atypical chemokine receptor CXCR7,
which in addition recognizes the chemokine CXCL11 (also
called I-TAC) (1, 2). CXCR7 is atypical in that no classical
heterotrimeric G-protein signaling pathways are observed and
in that it does not induce chemotaxis of motile cells. How-
ever, CXCR7 sets off G-protein-independent signaling via the
�-arrestin pathway, leading to activation of the Erk 1/2 ki-
nases (3, 4). Functionally, CXCR7 has been implicated in can-
cer cell growth and transendothelial migration (2, 5, 6). In-
triguingly, CXCR7 and CXCR4 can heteromerize, and this
attenuates CXCR4 G-protein signaling (7, 8). Modulation of
CXCR4 has been suggested as a major role of CXCR7 (9).
Given that CXCR4 and CXCR7 share a chemokine ligand,

we have previously tested the effects of AMD3100 on CXCR7
and found that it induces arrestin recruitment at high doses
on this receptor, contrary to its effect on CXCR4 (3). This
finding prompted us to investigate another, structurally unre-
lated CXCR4 inhibitor. T140 is a horseshoe crab
polyphemusin-derived peptidomimetic described as an in-
verse agonist of CXCR4 (10–12). Here we report that
TC14012, a serum-stable derivative of T140 (13), recruits
�-arrestin 2 to CXCR7. Using C terminus-swapping mutants
of CXCR4 and CXCR7, we demonstrate that the CXCR7 core
receptor, formed by the transmembrane helices and the con-
necting loops, but not the CXCR7 C terminus, is the determi-
nant for the agonist activity of structurally unrelated synthetic
CXCR4 blockers on the arrestin pathway mediated by
CXCR7.

EXPERIMENTAL PROCEDURES

Reagents—Recombinant CXCL12 was from PeproTech,
AMD3100 was from Sigma, and [125I]-CXCL12 was from
PerkinElmer Life Sciences. TC14012 was synthesized as de-
scribed (13).
Cell Culture and Transfections—Human embryonic kidney

(HEK) 293E cells were cultured in Dulbecco’s modified Eagle’s
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medium supplemented with 10% fetal bovine serum (Wisent,
Rocklin, CA), 100 units/ml penicillin/streptomycin, and 2 mM

L-glutamine (Invitrogen). Transient transfections were per-
formed in six-well dishes using the polyethylenimine (Poly-
sciences, Warrington, PA) method.
Plasmids—CXCR4-YFP and CXCR7-YFP have been de-

scribed previously (3). Plasmids encoding �-arrestin 2-Rluc (a
generous gift of Michel Bouvier) have been described previ-
ously (15). To generate the C-terminal chimers, a unique
BsiWI restriction site was inserted in CXCR4-YFP and
CXCR7-YFP using the QuikChange Multi site-directed mu-
tagenesis kit (Stratagene), according to the manufacturer’s
instructions. The C-terminal domains were excised by BsiWI/
NotI digestion and ligated into the respective opposite plas-
mid. The BsiWI site was then removed by site-directed mu-
tagenesis, restoring the respective CXCR7 and CXCR4
sequences. The primers used for the site-directed mutagene-
sis were: CXCR4-mut916-BsiWI, 5�-CATCCTCTATGCTTT-
CCTCGTACGCAAATTTAAAACCTCTGCC-3�; CXCR7-
mut955-BsiWI, 5�-CCCTGTCCTCTACAGCTTCATCGTA-
CGCAACTACAGGTACGAGC-3�; CXCR4-X7Cter-WT,
5�-CATCCTCTATGCTTTCCTTAATCGCAACTACAGGT-
ACGAGC-3�; CXCR7-X4Cter-WT, 5�-CCCTGTCCTCTAC-
AGCTTCATCGGAGCCAAATTTAAAACCTCTGCCC-3�.
Radioligand Binding Assays—Cell membrane preparation

and binding assays were performed as described previously
(16) with minor modifications. Briefly, HEK293E cells ex-
pressing the respective receptor were washed once with PBS
and subjected to one freeze-thaw cycle. Broken cells were
then gently scraped in resuspension buffer (50 mM Hepes, pH
7.4, 1 mM CaCl2, and 5 mM MgCl2), centrifuged at 3500 � g
for 15 min at 4 °C, and resuspended in binding buffer (50 mM

Hepes, pH 7.4, 1 mM CaCl2 5 mM MgCl2, 140 mM NaCl, 0.5%
BSA). For competition binding assays, broken cells (1 �g of
protein) were incubated for 1 h at room temperature in bind-
ing buffer with 0.03 nM [125I]-SDF-1� as a tracer and increas-
ing concentrations of competitor. Bound radioactivity was
separated from free ligand by filtration, and receptor-bound
radioactivity was quantified by �-radiation counting.
BRET Measurements—�-Arrestin recruitment was mea-

sured by BRET essentially as described previously (17).
HEK293T cells were cotransfected with 1 �g of receptor-
eYFP construct with 0.05 �g of �-arrestin 2-Rluc. For [accep-
tor]/[donor] titrations, 0.05 �g of �-arrestin 2-Rluc was co-
transfected with increasing amounts of the receptor-eYFP
construct. All transfections were completed to 2 �g/well with
empty vector. Following overnight culture, transiently trans-
fected HEK293 cells were seeded in 96-well, white, clear bot-
tom microplates (ViewPlate; PerkinElmer Life Sciences)
coated with poly(D-lysine) and left in culture for 24 h. Cells
were washed once with PBS, and the Rluc substrate coelen-
terazine h (NanoLight Technology, Pinetop, AZ) was added at
a final concentration of 5 �M to BRET buffer (PBS, 0.5 mM

MgCl2, 0.1% glucose). BRET readings were collected using a
Mithras LB940 plate reader (Berthold Technologies, Bad
Wildbad, Germany) and MicroWin2000 software. BRET
measurement between Rluc and YFP was obtained by sequen-
tial integration of the signals in the 460–500 nm (Rluc) and

510–550 nm (YFP) windows. The BRET signal was calculated
as the ratio of light emitted by acceptor (YFP) over the light
emitted by donor (Rluc). The values were corrected to net
BRET by subtracting the background BRET signal obtained in
cells transfected with the Rluc construct alone. �-Arrestin
recruitment was measured 30 min after ligand addition.
Flow Cytometric Analysis—Receptor cell surface expression

was confirmed by flow cytometry using anti-CXCR7-APC
(clone 358426) and anti-CXCR4-APC (clone 12G5, both from
R&D Systems). Cells were washed three times in ice-cold PBS,
resuspended, and stained with antibody for 30 min at 4 °C.
After a final wash, the cells were resuspended in 0.5%
paraformaldehyde and analyzed using a FACSCalibur Flow
Cytometer (BD Biosciences).
Data Analysis—Data from BRET assays were the mean of

independent experiments, each of which was performed in
triplicate. Curve fitting by nonlinear regression and statistical
analysis was conducted using GraphPad Prism 4 software
(GraphPad Software Inc., San Diego, CA). Statistical signifi-
cance of the differences between more than two groups was
calculated by one-way analysis of variance followed by
Tukey’s post test.

RESULTS

�-Arrestin Recruitment to CXCR7 by TC14012—We previ-
ously found that a small molecule antagonist of CXCR4,
AMD3100, acted as an agonist on CXCR7 in that it induced
recruitment of �-arrestin 2 to the receptor, albeit with low
potency. Based on this finding, we tested whether this prop-
erty was shared by different CXCR4 inhibitors. We thus
tested the ability of TC14012, a serum-stable derivative of the
peptidomimetic T140, to induce recruitment of �-arrestin 2
to CXCR7, using a previously reported BRET-based experi-
mental system (17). As shown in Fig. 1A, TC14012 was found
to be a potent and efficient agonist of �-arrestin recruitment
to CXCR7, with an apparent EC50 of 350 nM. This is almost 3
logs more potent than AMD3100 (EC50 of 138 �M) and ap-
proximately one log less potent than the efficiency of the cog-
nate CXCR7 chemokine ligand CXCL12 in this system (30
nM). The EC50 is in line with the IC50 of TC14012 observed in
radioligand displacement assays using HEK293 cells stably
expressing CXCR7 and radiolabeled CXCL12 (Ki of 157 nM �
36, n � 3, data not shown). These experiments show that the
previously reported capacity of AMD3100 to recruit �-arres-
tin to CXCR7 is shared by a second, structurally unrelated
CXCR4 antagonist. To further confirm signaling downstream
of arrestin (4), we addressed Erk phosphorylation by TC14012
via CXCR7 in untransfected U373 glioma cells that express
endogenous CXCR7 but no CXCR4, unlike HEK293 cells that
express trace amounts of both receptors. TC14012, like
CXCL12, leads to sustained Erk 1/2 phosphorylation in these
cells (supplemental methods and Fig. S1).
Design and Expression of CXCR4-CXCR7 Chimeras—Al-

though limited receptor selectivity of synthetic chemokine
receptor ligands is not uncommon, we were intrigued by the
finding that both shared ligands of CXCR4 and CXCR7 had
antagonistic activity on CXCR4, whereas they agonistically
induced �-arrestin recruitment to CXCR7. Our interpretation
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is that these divergent effects are not fortuitous but rather
indicate differences between the two receptors in the activa-
tion mechanism of �-arrestin recruitment. Such differences
might be due to differences in regulatory determinants for the
recruitment of arrestin encoded by the receptor C termini.
Alternatively, differences between the CXCR4 and CXCR7
cores could entail different ligand-induced receptor rear-
rangements that translate into inhibition of arrestin recruit-
ment in one case but activation in the other.
To address this issue, we constructed chimeric CXCR4-

CXCR7 receptors by exchanging the C-terminal domains of
one receptor onto the other (named CXCR4-Cter7 and
CXCR7-Cter4, supplemental Fig. S2A). All constructs were

expressed at the cell surface and detected by respective mono-
clonal antibodies by flow cytometry (supplemental Fig. S2B).

�-Arrestin Recruitment to Chimeric Receptors Induced by
Natural and Synthetic Ligands—Using the respective recep-
tors/chimeras, we then tested �-arrestin recruitment induced
by the different ligands in dose-response experiments (Fig. 1
and Table 1). Significantly higher BRET was observed with
the CXCR7-Cter4 chimera in the absence of ligand, suggest-
ing constitutive recruitment of arrestin by this chimera. Upon
stimulation with TC14012, CXCR7 and the CXCR7-Cter4
chimera were able to recruit arrestin, whereas CXCR4 and
CXCR4-Cter7 remained silent. A similar pattern was ob-
served with AMD3100. These data show that it is the core of
CXCR7, and not its C terminus, that is responsible for the
CXCR7 response to the synthetic ligands.
The use of quantitative BRET permitted additional obser-

vations concerning the respective responses to CXCL12. The
responses of CXCR7 and the CXCR4-Cter7 chimera were
significantly more potent (EC50 of 30 and 58 nM, respectively)
than those of CXCR4 and the CXCR7-Cter4 chimera (EC50 of
242 and 191 nM, respectively) (CXCR4 versus CXCR7, p �
0.01; CXCR4 versus CXCR4-Cter7 and CXCR7 versus
CXCR7-Cter4, p � 0.05; see also Table 1). This suggests that
unlike the ability to respond to TC14012, the potency of the
response to CXCL12 was determined by the respective C ter-
mini, possibly reflecting their effectiveness in translating li-
gand-induced conformational changes into arrestin recruit-
ment. We cannot formally exclude the possibility that this
was due to the C-terminal YFP BRET-fusion that might affect
the regulatory function of this domain. However, our observa-
tion that the potency of arrestin recruitment to CXCR7 was
identical in an alternative BRET system with unfused CXCR7
and a dual brilliance Rluc-arrestin-YFP fusion (18) (data not
shown) speaks against a role of the fusion for potency and
supports the idea that the receptor C terminus indeed deter-
mines the potency of the arrestin response.
Spontaneous Arrestin Recruitment to CXCR7-Cter4 in Ab-

sence of Ligand—To further evaluate the constitutive BRET
signal yielded by the CXCR7-Cter4 chimera, we performed

FIGURE 1. Effect of natural and synthetic ligands on the �-arrestin re-
cruitment to CXCR4, CXCR7, and receptor chimeras. HEK293 cells tran-
siently coexpressing �-arrestin 2-RLuc as a BRET donor and respective re-
ceptors fused to the BRET acceptor YFP were stimulated with the indicated
concentrations of CXCL12 (gray circles), TC14012 (black circles), or AMD3100
(open circles). Resulting BRET measurements are given as BRETnet. Data are
mean values from 5–9 (CXCL12) or 3–7 (TC14012 and AMD3100) indepen-
dent experiments, each performed in triplicate. Error bars indicate S.E. For
statistical analysis, see Table 1. A, CXCR7; B, CXCR4; C, CXCR7-Cter4;
D, CXCR4-Cter4.

TABLE 1
Curve-fitting parameters of arrestin recruitment to CXCR4, CXCR7, and the respective chimeras
The table summarizes the curve parameters of the activation of arrestin recruitment to the different receptors and chimera by CXCL12, TC14012, and AMD3100
shown in Fig. 1. The differences in EC50 upon stimulation with CXCL12 were statistically significant between CXCR4 and CXCR7 (p � 0.001); CXCR4 and CXCR4-
Cter7 (p � 0.05); and CXCR7 and CXCR7-Cter4 (p � 0.01) (one-way analysis of variance with Tukey’s post test). The difference of the curve bottom between CXCR7-
Cter4 and all other receptors was also significant (p � 0.001). The difference of the curve bottom between CXCR7 and CXCR4 was not statistically significant. The very
high EC50 values observed for AMD3100 (1.5 and 0.5 mM) on CXCR4 and CXCR4-Cter7 may reflect experimental artifacts at extreme doses of the compound (higher
than those applied in our previous report (3)). Alternatively, they may represent weak agonist activity of AMD3100 also on CXCR4, in line with its previous description
as a partial agonist (11, 19). NA, not applicable.
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BRET acceptor/donor titrations in the absence and presence
of 100 nM CXCL12. In the absence of chemokine, CXCR7-
YFP titrations over �-arrestin 2-Rluc yielded a straight line
representing increasing nonspecific bystander BRET (19), in
line with the absence of baseline arrestin recruitment (supple-
mental Fig. S3). However, the CXCR7-Cter4 chimera yielded
a saturable hyperbolic curve, in line with specific BRET result-
ing from spontaneous arrestin recruitment by this chimera. In
curve-fitting analysis, the preferred model for the curve
yielded by CXCR7-Cter4 in the absence of ligand was consis-
tently hyperbolic (p � 0.001, n � 4), unlike for CXCR7, where
the preferred model in the absence of ligand was a straight
line. In the presence of 100 nM CXCL12, [acceptor]/[donor]
titrations of both receptors yielded specific BRET as hyper-
bolic curves. The BRET50 is a measure of the propensity with
which an interaction takes place (19). Remarkably, in simulta-
neous curve fittings, the BRET50 of the CXCR7-Cter4 mutant
is significantly smaller in the presence of the chemokine than
in its absence (p � 0.001 in 3 out of 4 experiments, and p �
0.01 in one 1 out of 4 experiments). This indicates that the
constitutive activity of the CXCR7-Cter4 chimera is further
activated by the presence of CXCL12.

DISCUSSION

The main finding of the present report is that the
polyphemusin derivative TC14012, a CXCR4 inverse agonist
(11, 12), also binds CXCR7 but acts here as an agonist of the
arrestin pathway. Although this is similar to the previously
reported agonist activity on CXCR7 of the structurally unre-
lated CXCR4 inhibitor AMD3100, TC14012 is a much more
potent agonist on CXCR7 (EC50 of 350 nM for TC14012 ver-
sus 140 �M for AMD3100) and only one log weaker than the
natural chemokine agonist CXCL12 (35 nM). Given that
AMD3100 and TC14012 are structurally unrelated and that
both receptors also share a natural ligand, we envision that the
cross-reactivity of both synthetic ligands results from structural
similarities of the ligand-binding surfaces of CXCR4 and
CXCR7.
Lack of selectivity for one given chemokine receptor of syn-

thetic ligands has hampered the development of drug candi-
dates targeting chemokine receptors, and our results suggest
that newly developed CXCR4 inhibitors should also be rou-
tinely tested on CXCR7. However, previous work with differ-
ent T140 analogues (20) and the recent findings that the small
molecule FC131 does not bind to CXCR7 (21) and does not
induce arrestin recruitment to CXCR7 5 indicate that CXCR4
inhibitors do not inherently also bind CXCR7 and that recep-
tor selectivity can be achieved. To our knowledge, synthetic
chemokine receptor ligands that exert opposite effects on two
different receptors are still unreported. Of note, receptor
promiscuity being a hallmark of natural chemokine receptor
ligands, such inverse action on different receptors also exists
among natural chemokine receptor ligands, but the structural
basis for these opposite effects remains yet unknown. Al-
though nonselectivity of synthetic 7TMR ligands is generally
seen as a drawback in drug development, simultaneous ago-

nism on one receptor and antagonism on a second one might
actually be of advantage in specific settings. This emerging
concept especially applies to 7TMRs that functionally and/or
physically interact and that share endogenous ligands. For
example, simultaneous activation of the �-opioid receptor
and inhibition of the �-opioid receptor are desired properties
that have been shown to positively alter the side-effect profile
(tolerance and dependence) of analgesics such as morphine,
which activates both the �-opioid receptor and the �-opioid
receptor (22). In this context, the documented physical and
functional interactions between CXCR4 and CXCR7 (5, 7, 8)
should be kept in mind. CXCR4 inhibition interferes with
cancer biology at multiple steps including cancer cell growth
and dissemination. Moreover, synthetic ligands of CXCR7,
CCX451, CCX754, and CCX771 also reduce tumor growth
and transendothelial migration (2, 6). Interestingly, rather
than being a CXCR7 inhibitor, at least CCX771 turned out to
be a potent activator of arrestin recruitment to CXCR7 (6).
Taken together, these data suggest that simultaneous inhibi-
tion of CXCR4 and activation of CXCR7 might indeed be of
interest in the context of cancer treatment.
The results obtained with CXCR4-CXCR7 C terminus-

swapping chimera identified the receptor core as the determi-
nant for the agonistic activity of TC14012 and AMD3100 on
CXCR7. This finding was unexpected insofar as that for both
CXCR4 and CXCR7, the C terminus is a crucial arrestin re-
cruitment determinant. Phosphorylation of C-terminal serine
residues promotes �-arrestin 2 recruitment to CXCR4 (14),
and deletion of 43 CXCR7 C-terminal residues results in loss
of arrestin recruitment (6). Our finding that the potency of
arrestin recruitment in response to CXCL12 depends on the
receptor C terminus is in line with a regulatory role of this
domain. Although independence of arrestin recruitment
from receptor phosphorylation (but still dependence on
the receptor C terminus) has been described for some
7TMRs, among which is the chemokine scavenger receptor
D6, which constitutively recruits �-arrestin (23), we find
that CXCR7, which has also been suggested to be a chemo-
kine scavenger receptor (24, 25), does not constitutively
recruit �-arrestin. In this context, our finding that the
CXCR7-Cter4 chimera associates with �-arrestin in the
absence of ligand is intriguing and might reflect the overall
greater proclivity of CXCR7 to recruit arrestin.
The opposite effects of TC14012 and AMD3100 on CXCR4

and CXCR7 thus reflect differences between their respective
activation mechanisms of the arrestin pathway that are lo-
cated in the receptor core. Despite growing information about
interactions that contribute to binding of chemokines to their
receptors (mostly involving the structured chemokine core
and the receptor N terminus), the chemokine receptor deter-
minants for activation still remain elusive. Similar to other
studied chemokine-receptor couples, CXCR4 activation re-
quires the flexible N terminus of CXCL12, and in particular,
the lysine and proline residues in positions 1 and 2 (26). How-
ever, to date, and because of the lacking identification of
receptor residues that are directly involved in interactions
with the chemokine N terminus, only speculative models of
chemokine receptor activation have been forwarded. This5 S. Gravel and N. Heveker, unpublished data.
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remains true despite the recent publication of the CXCR4
crystal structure in the presence of small antagonists (27)
(PDB codes 3ODU, 3OE0, 3OE9, and 3OE6). With refer-
ence to earlier models (26), a recent report puts forward
the hypothesis that insertion of the CXCL12 N terminus
into the cavity formed by the CXCR4 transmembrane heli-
ces was required for activation, similar to binding pockets
for small agonists of other class A 7TMRs (28). This is sup-
ported by data that show that AMD3100 prevents interac-
tion of the CXCL12 N terminus with this cavity but not
other receptor-chemokine interactions (28).
Following this model, our results indicate that CXCR7 acti-

vation does not require the CXCL12 N terminus interaction
in the same way as does CXCR4 because activation by the
chemokine is not blocked by the small molecule ligands.
Rather, CXCR7 activation determinants actually overlap with
the AMD3100-CXCR7 and TC14012-CXCR7 interaction de-
terminants because both ligands promote CXCR7 activation.
Intriguingly, with CXCR4, the interactions of both com-
pounds have been mapped to the transmembrane domain/
extracellular loop intersection rather than to the depth of
the transmembrane crevice (11, 29, 30). At least for
AMD3100, a similar binding mode to both CXCR4 and
CXCR7 can be inferred by the conservation of CXCR4 key
residues Asp-171 and Asp-262 for AMD3100 interaction in
CXCR7. It is thus tempting to speculate that CXCR7 acti-
vation determinants are rather close to the surface,
whereas those of CXCR4 are located deeper in the crevice
of the receptor. More work about the respective activation
mechanisms of CXCR4 and CXCR7 by CXCL12 will be
needed to test this hypothesis.
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