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WHIM (warts, hypogammaglobulinemia,
infections, and myelokathexis) syn-
drome is an immune deficiency linked in
many cases to heterozygous mutations
causing truncations in the cytoplasmic
tail of CXC chemokine receptor 4
(CXCR4). Leukocytes expressing trun-
cated CXCR4 display enhanced re-
sponses to the receptor ligand CXCL12,
including chemotaxis, which likely im-
pair their trafficking and contribute to
the immunohematologic clinical mani-
festations of the syndrome. CXCR4 de-
sensitization and endocytosis are de-
pendent on B-arrestin (Barr) recruitment

to the cytoplasmic tail, so that the trun-
cated CXCR4 are refractory to these
processes and so have enhanced G
protein—dependent signaling. Here, we
show that the augmented responsive-
ness of WHIM leukocytes is also ac-
counted for by enhanced parr2-
dependent signaling downstream of the
truncated CXCR4 receptor. Indeed, the
WHIM-associated receptor CXCR41013
maintains association with parr2 and
triggers augmented and prolonged
pBarr2-dependent signaling, as revealed
by ERK1/2 phosphorylation kinetics. Evi-
dence is also provided that CXCR41013-

mediated chemotaxis critically requires
Barr2, and disrupting the SHSK motif in
the third intracellular loop of CXCR41013
abrogates pBarr2-mediated signaling, but
not coupling to G proteins, and normal-
izes chemotaxis. We also demonstrate
that CXCR41913 spontaneously forms het-
erodimers with wild-type CXCR4. Ac-
cordingly, we propose a model where
enhanced functional interactions be-
tween parr2 and receptor dimers ac-
count for the altered responsiveness of
WHIM leukocytes to CXCL12. (Blood.
2008;112:34-44)

Introduction

The G-protein—coupled receptor (GPCR) CXC chemokine receptor
4 (CXCR4) and its ligand, the stromal cell-derived factor-1
(CXCL12/SDF-1), regulate leukocyte hematopoiesis and traffick-
ing.! They initiate signal transduction by activating heterotrimeric
Gapy-proteins, which then act on effectors to trigger downstream
cellular responses.>? CXCL12 also elicits processes causing recep-
tor desensitization, which results in the uncoupling from G-proteins
and involves phosphorylation of the CXCR4 cytoplasmic tail
(C-tail) by protein kinase C and GPCR kinases (GRKs) and
interaction of the phosphorylated receptor with 3-arrestins (Barrs).>>
Barrs then target desensitized CXCR4 to clathrin-coated pits for
endocytosis. Barrs also link GPCRs to the stimulation of additional
signaling molecules, including members of the mitogen-activated
protein kinase (MAPK) family.® Studies on CXCR4 have demon-
strated that B-arrestin2 (Barr2) strengthens activation of the p38
and extracellular signal-regulated kinase (ERK) MAPKs and
CXCL12-induced chemotaxis.>”-

WHIM (warts, hypogammaglobulinemia, infections, and my-
elokathexis) syndrome (WS) is a rare immunodeficiency disease
linked to CXCR4 dysfunctions and is characterized by warts,
recurrent bacterial infections, hypogammaglobulinemia, lymphope-
nia, and myelokathexis, a severe neutropenia with abnormal
retention of mature neutrophils in the bone marrow (BM).>!0 WS,
most often inherited as an autosomal-dominant trait, is linked in
many cases to heterozygous mutations in CXCR4, so that receptors
with truncations of the C-tail are expressed and likely coexist with

wild-type receptors (CXCR4™) in patients’ cells.!!"13 WHIM leuko-
cytes have enhanced responses to CXCL12,12 and this might
affect their trafficking and thus contribute to the clinical manifesta-
tions of the WS. For instance, WHIM neutrophils have enhanced
chemotactic responsiveness to CXCL12,'12 which may contribute
to their abnormal sequestration in the BM.!* When expressed in
model cells, the WHIM-associated C-tail-truncated receptors
(CXCR4™) are refractory to desensitization and internalization and
exhibit enhanced activity, as do receptors in patients’ cells, thus
suggesting that the abnormal behavior of WHIM leukocytes is due
to the mutant receptor dysfunctions.!’'215 Nevertheless, the way in
which CXCR4™ function prevails over that of CXCR4%' in WHIM
leukocytes is unknown.

The molecular basis of the functional alterations in CXCR4™
also remains incompletely understood. Truncation of the receptor
C-tail eliminates phosphorylation sites,* and it was therefore
anticipated that this would diminish Barr binding for desensitiza-
tion and internalization and hence prolong the activity of receptors
and ultimately increase their chemotactic responsiveness to
CXCL12. However, this assumption is partly challenged by the fact
that CXCR4 requires Parr2 for signaling, including chemotaxis.
Indeed, lymphocytes from Barr2-deficient mice fail to be desensi-
tized in response to CXCL12, but have decreased chemotactic
responses.® Here, we show that the inability of CXCR4 to be
desensitized and internalized, per se, cannot account for the
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enhanced chemotaxis in WS. CXCR4™ preserves functional interac-
tions with Barr2, and Barr2-mediated signaling contributes to the
enhanced CXCLI12-mediated migration of WHIM leukocytes.
Evidence is also provided that CXCR4™ spontaneously forms
heterodimers with CXCR4%. Overall, we propose that enhanced
Barr2-mediated signaling and heterodimerization between CXCR4™
and CXCR4" are processes whereby responsiveness to CXCL12 is
altered in WS.

Methods

Cell culture, cDNA constructs, and transfections

The HEK 293T (HEK) and A0.01 T cells and the CXCR4!13 receptor were
described previously.!! The CXCR4"YA53 mutant lacking the SHSK motif is
from Dr A. Brelot (Institut Cochin, Paris, France), previously referred to as
CXCR4.AICL3-A or AI3-A.1017 The CXCR4!%/%/A53 cDNA was constructed
using the CXCR4"723 cDNA as a template. The GFP-CXCR4'°3, GFP-
CXCR4"/A53_ and GFP-CXCR401%/A53 ¢DNAs were constructed using the
previously described T7-GFP-CXCR4"*' cDNA.!" The CXCR4 cDNAs were
cloned into the pTRIP vector, and stable expression of receptors was
achieved using a lentiviral-based strategy.'® The pB-arrestin2-eGFP and
pN1-eGFP plasmids previously reported!® were from Dr S. Marullo
(Institut Cochin). The CXCR4-Rluc, CXCR4-YFP, and CXCR4!93-YFP
cDNAs were obtained using the CXCR4"' cDNA as a template and cloned
in frame at the C-tail with the humanized Renilla luciferase (Rluc) or the
yellow fluorescent protein (YFP) variant of the green fluorescent protein
(GFP) into the pCDNA3/CMV-RLuc or the pcDNA3/CMV-GFP Topaze
vectors previously described?® (from Dr R. Jockers, Institut Cochin). The
GABAg,-YFP receptor (GBR2-YFP) expression vector is from Dr M.
Bouvier (Université de Montréal, QC). Transient transfections of plasmids
were performed using the calcium phosphate—DNA coprecipitation method,
the transfection reagent FuGene 6 (Roche, Indianapolis, IN), or the Amaxa
Nucleofector technology (Amaxa, K6ln, Germany). Barr2-specific SMART-
pool and siCONTROL nontargeting no. 1 small interfering RNA (Dharma-
con, Lafayette, CO) were transfected in HEK and in A0.01 cells using
DharmaFECT 1 (Dharmacon) and the Amaxa Nucleofector technology,
respectively. Expression of Barr2, Barrl, and lactate dehydrogenase (LDH)
was assessed by Western blot analysis using a rabbit anti-serum to Barr2
(from Dr R. J. Lefkowitz, Durham, NC), a rabbit anti-Barrl mAb
(Epitomics, Burlingame, CA) and a sheep anti-human LDH polyclonal Ab
(Biodesign, Kennebunk, ME).

Patient and sample processing

Pedigree and clinical features of the patient with WHIM (P2) were
described.! The clinical course of the disease was fatal, and the patient died
in early 2007. All participating institutions’ ethics committee approved this
study, and the patient gave consent for the investigation in accordance with
the Declaration of Helsinki.

Immunoprecipitation assays

In some experiments, 10 X 10° cells were treated with the disuccinimidyl
suberate (DSS) cross-linker (Pierce, Rockford, IL) at a final concentration
of 1 mM for 60 minutes at room temperature (RT). The reaction was
stopped by addition of 20 mM Tris-HCI (pH 7.4) for 15 minutes at RT and
washing once in the same buffer. Cells were then washed in PBS and lysed
in 0.2 mL ice-cold lysis buffer (LB; 30 mM HEPES, 100 mM KCI, 20 mM
NaCl, 2 mM MgCl,, 5% glycerol, 2% heptanetriol [Fluka, Buchs,
Switzerland], 0.5% laurylmaltoside, 5 pM GDP, 1 pM microcystin
[Sigma-Aldrich, St Louis, MO], 1 mM orthovanadate, and protease
inhibitors [Roche]) for 30 minutes at 4°C. Precleared lysates were
incubated overnight at 4°C with the anti-CXCR4 mAb 12GS5 precoated on
v-bind sepharose beads (GE Healthcare, Little Chalfont, United Kingdom).
After 3 washes in LB, immunoprecipitated receptors were eluted in
SDS-PAGE sample buffer (25 mM Tris-HCI [pH 6.8], 5% glycerol, 1.5%

B-ARRESTIN-MEDIATED SIGNALING IN WHIM SYNDROME 35

SDS, and 0.1% bromophenol blue) for 45 minutes at 37°C, detected by
Western blot analysis using the anti-CXCR4 SZ1567 rabbit polyclonal
antibody (from Dr M. Thelen, Bellinzona, Switzerland), and quantified
using a LAS-1000 CCD camera and Image Gauge 3.4 software (both Fuji
Film, Tokyo, Japan).

Functional evaluation of receptors

Receptor cell-surface expression was determined by flow cytometric
analysis as described!! using the phycoerythrin (PE)-conjugated 12G5
mAb (BD Biosciences, San Jose, CA). Chemotaxis, receptor down-
modulation, and [**S]-GTPyS-binding assays were described.!"?! For
ERK1/2 phosphorylation, cells were serum-starved for 4 hours and then
stimulated by CXCLI12 at 37°C in RPMI supplemented with 20 mM
HEPES (4 X 10° cells/mL). The reaction was stopped by adding ice-cold
RMPI and brief centrifugation at 4°C; cells were then lysed in ice-cold lysis
buffer (20 mM Tris-HCI [pH 7.4], 140 mM NaCl, 1 mM EDTA, and 1%
NP40, supplemented with phosphatase and protease inhibitors). After
centrifugation, ERK2 and phosphorylated ERK1/2 were detected in the
supernatants by Western blot analysis using ERK2 (D-2; Santa Cruz
Biotechnology, Santa Cruz, CA) and phospho-p44/42 MAPK (E10; Cell
Signaling Technology, Danvers, MA) mAbs.

Fluorescence imaging

Experiments were performed as described previously.?? Briefly, HEK cells
expressing CXCR4™ or its derivative mutants were plated on polylysine-
coated glass coverslips at 37°C in CO,. Cells were fixed in 4% paraformal-
dehyde in PBS at room temperature for 10 minutes. After washing with
PBS, cells were mounted in Vectashield medium (Vector Laboratories,
Burlingame, CA). Images were acquired with a Zeiss microscope (Zeiss
Axioplan 2 imaging; Carl Zeiss, Oberkochen, Germany) using a Plan
Apochromat 63X/1.4 oil-immersion objective and were collected with a
cooled CCD camera (Axiocam HRc; Carl Zeiss, Jena, Germany) using the
Zeiss Axiovision 4.4 imaging acquisition software and the Zeiss ApoTome
system (Carl Zeiss, Gottingen, Germany). Image processing was performed
with Adobe Photoshop CS 8.0.1 software (Adobe Systems, San Jose, CA).

Microplate BRET assays

HEK cells expressing RLuc- and YFP-tagged receptors were washed once
with PBS, and 1 to 2 X 10° cells were distributed into 96-well optiplates
(PerkinElmer, Waltham, MA). Coelenterazine H substrate (Interchim,
Montlugon, France) was added (5 wM), and readings were performed with a
microplate reader Mithras LB940 (Berthold Technologies, Bad Wildbad,
Germany), which allows the sequential integration of the signals detected at
480 (= 20) nm and 530 (* 20) nm for luciferase and YFP light emissions,
respectively. The bioluminescence resonance energy transfer (BRET)
signal represents the ratio of the light intensity emitted at 530 nm over the
light intensity emitted at 480 nm, and is corrected by subtracting the
background signal detected with the RLuc-tagged receptor expressed alone.
BRET signals were measured for increasing YFP/RLuc intensity ratios,
expressed as a percentage of the maximal BRET signal (BRETmax), and
analyzed with Prism software (GraphPad, San Diego, CA) using nonlinear
regression applied to a single binding site model.

Results
CXCR41913 mediates Barr2-dependent chemotaxis

As Barr2 is needed for CXCR4-mediated chemotaxis,”8 we
hypothesized that CXCR4™ preserves functional interactions with
Barr2. In siblings with WS, we identified the CXCR4'0!3 receptor
lacking the last 15 residues of the C-tail as a result of a S338X
substitution.!! We stably expressed CXCR4!93 or CXCR4* in
HEK cells, and association of receptors with Barr2 was assessed
using coimmunoprecipitation studies following transfection of
these cells with a plasmid encoding GFP-tagged Barr2 (Barr2-GFP;
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Figure 1. The WHIM-type receptor CXCR41%'3-mediated chemotaxis is dependent upon Barr2. (A) The CXCR4'°'3 or its counterpart with the entire C-tail CXCR4" was
stably expressed at similar levels in HEK cells, as assessed by flow cytometric analysis using the PE-conjugated anti-CXCR4 mAb 12G5. These cells were then transiently
transfected using the calcium phosphate—DNA coprecipitation method either with pN1-eGFP (N1) or pparr2-eGFP (Barr2-GFP). Efficiency of transfection was in the same
range for both cell types, with 40% to 60% of transfected cells, as deduced from flow cytometric counting of cells with green fluorescence. At 48 hours after transfection, cells
were treated (+) or not (—) with 100 nM CXCL12 before immunoprecipitating of receptors. Receptors and Barr2-GFP in the immunoprecipitates were detected by Western blot
analysis using the anti-CXCR4 SZ1567 and anti-Barr2 polyclonal antibodies (n = 3). (B) At 48 hours after transfection, 3 x 10° transfected cells in 150 pL DMEM
supplemented with 20 mM HEPES and 1% BSA were added to the upper chamber of a 8-um-pore polycarbonate Transwell culture insert, and cell migration toward the
indicated CXCL12 concentrations placed in the lower chamber proceeded for 4 hours at 37°C in humidified air with 5% CO,. The fraction of cells that migrated across the
polycarbonate membrane was assessed by flow cytometry and was calculated as follows: [(number of cells migrating to the lower chamber in response to CXCL12) / (number
of cells added to the upper chamber at the start of the assay)] X 100. The percentage of input cells with green fluorescence that migrated to the lower chamber was compared
with that of input CXCR4"!- and N1-expressing cells that migrated toward 0.1 nM CXCL12 (arbitrarily set at 1, and accounting for, on average, 2% of input cells). Spontaneous
migrations were marginal in these experiments. The data are means plus or minus SEM (n = 3). (C) Migration of Barr2-GFP— or N1-eGFP—expressing leukocytes from a
healthy donor (CTRL) or a patient with WHIM with the CXCR41013 receptor was assessed as in panel B using a 5-um-pore polycarbonate Transwell culture insert and RPMI
supplemented with HEPES and BSA as a migration medium. The percentage of input cells with green fluorescence that migrated to the lower chamber was compared with that
of input N1-expressing control cells that migrated toward 0.3 nM CXCL12. Leukocytes were isolated as described'! and transfected using the Amaxa Nucleofector technology.
(D) CXCR4"- or CXCR41013-expressing HEK cells were transfected with siRNA targeting Barr2 or control siRNA (NT). At 48 hours after transfection, cell lysates were prepared
and expression of Barr2, Barr1, or LDH was assessed by Western blot analysis as described in “Methods.” (E) Chemotaxis of siRNA-treated cells was carried out as in panel B.
The data represent means plus or minus SEM (n = 2).

Figure 1A). Barr2-GFP could be isolated from the CXCR41013 We thus evaluated the effect of Barr2 expression on migra-
immunoprecipitates. CXCL12 poorly changed the degree of coim-  tion of CXCR4"- or CXCR4!913-expressing HEK cells toward
munoprecipitation, but Barr2 recruitment to CXCR41913 was higher CXCL12. Cells were transfected with Barr2-GFP or the pN1-
under basal conditions compared with CXCR4". Altogether, the eGFP vector, and CXCL12-induced migration of cells with
data suggest that CXCR4!%13 maintains association with Barr2 and  green fluorescence was counted (Figure 1B). Following Barr2-
preserves [arr-mediated signaling. GFP expression, the sensitivity of CXCR4Y-expressing cells to
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CXCL12 was strongly increased (ie, the maximal effective
concentration of CXCL12 was decreased, as reported).” As we
previously described,!! CXCR4!93-expressing cells demon-
strated enhanced chemotaxis. In addition, CXCR4!°13 exhibited
higher chemotactic responses with Barr2-GFP. Using this ap-
proach, we observed that Barr2 also regulates CXCL12-induced
migration of leukocytes from a healthy individual (CTRL) or a
patient with WHIM carrying the CXCR41913 receptor (Figure
1C). Notably, WHIM leukocytes displayed stronger chemotactic
responses in the presence of Barr2-GFP. Overall, this suggests
that the CXCR4!913/Barr2 interactions contribute to the en-
hanced chemotaxis mediated by the receptor.

We directly investigated this possibility using siRNA target-
ing Parr2, which reduced almost 65% of endogenous Parr2
amounts in CXCR4"¥- or CXCR4!8-expressing cells (Figure
1D), while expression of Barrl or LDH was not altered.
Silencing Barr2 expression dramatically reduced the chemotaxis
of CXCR4"- or CXCR4!0B-expressing cells (Figure 1E). Of
note, the chemotactic responses of CXCR4!°13 were no longer
augmented in Barr2-depleted cells, thus indicating that Barr2 is
critically required for the enhanced chemotactic responsiveness
of CXCR4193_expressing cells to CXCL12.

Enhanced CXCR4'%'3-mediated chemotaxis depends on the
SHSK motif in ICL3 of the receptor

Barr2 was described to interact with the third intracellular loop
(ICL3) of CXCR4. Located in the N-terminal portion of ICL3 is an
SHSK motif that is needed for mobilization of intracellular
calcium!®!7 and G protein—independent stimulation of Jak2/STAT3
in response to CXCL12.'¢ Therefore, we asked whether this motif
also plays a role in the enhanced CXCR4!913-mediated chemotaxis
(Figure 2). We transduced AO0.01 cells, which do not express
CXCR4,3 to express similar amounts of CXCR4%" or CXCR41013
or their counterparts lacking the SHSK motif, CXCR4*/A3 or
CXCR4!013/A3 gt the cell surface (Figure 2A). Cells were then
evaluated for their ability to migrate toward different CXCL12
concentrations (Figure 2B). CXCR4!°13-expressing cells displayed
significantly stronger chemotaxis at the lowest CXCL12 concentra-
tions compared with cells expressing CXCR4" or the SHSK-
deleted receptors. The differences in migration were less apparent
at higher CXCL12 concentrations, thus indicating that the decrease
of the maximal effective chemotactic concentration of CXCL12 is
a mechanism whereby CXCR4!%13 enhances responsiveness of
cells to the chemokine. Compared with CXCR4"-expressing cells,
cells expressing the CXCR4!01%413 receptor lacking both the C-tail
and the SHSK motif did not exhibit enhanced CXCL12-induced
migration. This indicates that the SHSK motif is needed for the
enhanced chemotaxis mediated by CXCR41013,

Deleting the SHSK motif of CXCR41913 does not impair G
protein coupling efficiency

Migration of CXCR4¥- or CXCR4!%3-expressing cells in response
to CXCL12 was fully abrogated in the presence of PTX (Figure
2B), thus indicating that receptor-mediated chemotaxis is depen-
dent upon activation of G; proteins. As deletion of the SHSK motif
has been reported to prevent CXCR4 from activating G; protein—
dependent signals,'®!” we explored whether removing the SHSK
motif of CXCR41°3 impairs coupling to G proteins, thereby
providing a molecular basis to explaining our data showing that this
motif is required for the enhanced chemotactic responses of this
receptor. We thus measured CXCLI12-induced 33S-GTPvyS
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Figure 2. CXCR4'%3-mediated chemotaxis depends on the SHSK motif of the
receptor. (A) A0.01 T cells were transduced to express identical amounts of
CXCR4", CXCR41013, or the receptors lacking the SHSK motif, CXCR4"Ai3, or
CXCR41013/A3_ The panel shows typical cell-surface expression levels of CXCR4"t
(solid line) and CXCR41013 (dotted line), as assessed by flow cytometric analysis
using PE-conjugated 12G5, compared with parental cells (filled peak). The inset
depicts the expression levels of CXCR41013 (), CXCR4"YA3 (M), and CXCR41013/Ai3
(N) compared with that of CXCR4" arbitrarily set at 100% ([J). Data are means plus
or minus SEM (n = 8). (B) Transduced cells were subjected to CXCL12-induced
chemotaxis as in Figure 1C. The transmigrated cells recovered in the lower chamber
were counted by flow cytometry. The data (means = SEM; n = 3) represent
chemotactic indexes that were calculated as follows: (number of cells that migrated
toward CXCL12) / (number of cells that migrated spontaneously). Spontaneous
migrations were in the same range for all cell populations, reaching 4.4% plus or
minus 1.8%, 3.8% plus or minus 2.2%, 4.2% plus or minus 2.2%, and 3.6% plus or
minus 0.6% of input CXCR4"-, CXCR41013., CXCR4W/AS- and CXCR41013/Ai3.
expressing cells, respectively. As also shown in the panel, pretreating CXCR4"- or
CXCR4'%"3-expressing cells with Bordetella pertussis toxin (PTX) at 0.5 pM for
90 minutes abrogated CXCL12-dependent migration. *P < .05 compared with cells
with the other receptors in unpaired one-tailed Student ttest.

binding to activated G, subunit—containing membranes from HEK
cells expressing similar amounts of CXCR4", CXCR4!013
CXCR4WWAB or CXCR4!913/A3 (Figure 3A,B). Exposure of mem-
branes from CXCR4"-expressing cells to CXCL12 promoted a
dose-dependent 3>S-GTPyS binding (Figure 3C), with a half-
maximal effective concentration (ECsy) in the nanomolar range
(ECsp = 18 = 4 nM). Truncation of the C-tail in CXCR4!013
improved to some extent CXCL12-induced coupling efficiency and
potency of the receptor (ECso =12 =2 nM), as reported.!!
By comparison, CXCL12 demonstrated a dramatically reduced
efficiency to activate G proteins from CXCR4YVAB together with a
slightly diminished potency (ECsy = 35.6 = 2 nM), thus indicating

20z Ae 81 uo 3sanb Aq pd y£000080E | 08UZ/066.621/VE/L/Z) L/sPd-BloIuE/pOO|qABU SuoleDligndyse//:dly woly papeojumod



38 LAGANEetal

BLOOD, 1 JULY 2008 - VOLUME 112, NUMBER 1

A B Figure 3. The C-tail and the SHSK motif of CXCR4
regulate activation of G proteins and receptor down-
] modulation. (A,B) CXCR4™, CXCR41013 CXCR4wA3,
100 f 100 J . ; ) )
. ] — Wt . —— WUAI3 and CXCR410134i3 were transiently expressed in HEK
2 0] | ——-1013 3 g0 ———- 1013/Ai3 cells. Flow cytometric analysis using PE-conjugated
5 — 5 12G5 confirmed similar expression levels of receptors at
ha 60 o the cell surface. Staining of parental cells was used as a
8 ] K] negative control (filled peaks). (C) CXCL12-induced
|4 402 4 [¥5S]GTPyS binding to membranes from these cells
E ] B :i;’, transiently expressing CXCR4% (M), CXCR4'013 ([J),
& 20 d . K] CXCR4wAi3 (@), or CXCR41013/A8 (O) is shown. Mem-
1 ! ' branes were incubated in assay buffer containing 0.1 nM
0] 4 ' - [35S]GTP+S and the indicated concentrations of CXCL12.
100 10 102 108 104 100 101 102 103 104 The data, which are representative of 4 independent
Receptor expression Receptor expression experiments performed in‘ triplicate, are expressed asa
(PE fluorescence intensity) (PE fluorescence intensity) percentage of the basal binding to CXCR4""-expressing
membranes. (D) Receptor expression levels following
C D stimulation with 200 nM CXCL12 for 45 minutes at 37°C
140 are shown. Results (means = SD; n = 3) indicate the
mwt 1001 c/ns. amount of receptor that remains at the surface of HEK
= 1204 01013 S — cells expressing CXCR4" (CJ), CXCR4'013 (mmm),
S 100 ® wt/Ai3 = 904 _— 1}&}23 CXCR4"YA (M), or CXCR4101¥ A8 () after incubation
‘5’-’_ g0 © 1013/Ai3 -% . ”l‘ 1013;Ai3 with CXCL12 compared with untreated cells (n.s.; ).
= o .
5 = 70
< 404 2
£ &
5 204 g 60
m ol ~
50

T T T T T T
-90 -85 -80 -75 -7.0 6.5
CXCLI12 (log, M)

a role for the SHSK motif in regulating G protein coupling.
Unexpectedly, deleting the SHSK motif together with the C-tail in
CXCR4 (CXCR4!013413) corrected coupling efficiency to a level
equivalent to that observed with CXCR4%t or CXCR41013_ although
the ECsq values remained slightly altered (ECsy = 36.8 = 3 nM).

The SHSK motif prevents CXCR4 from constitutive
desensitization and down-modulation

We thus hypothesized that the impaired ability of CXCR4*VA3 to
activate G proteins results from an increased desensitization due to
a favored recruitment of Barrs to the receptor C-tail. Association of
Barrs with the CXCR4 C-tail targets the receptor to clathrin-coated
pits for endocytosis.* Thus we asked whether the SHSK motif
could regulate CXCR4 internalization, with the anticipation that
the CXCR4"WAB3 mutant lacking this motif might display an
enhanced endocytosis. We quantified the amount of receptors
remaining at the surface of HEK cells stably expressing CXCR4™,
CXCR4!013) CXCR4"AB or CXCR4'013A3 afier exposure to
CXCL12 (Figure 3D). The chemokine induced down-modulation
of 35% to 40% of cell-surface CXCR4™, but failed to trigger
endocytosis of the C-tail-truncated receptors, CXCR4!913 or
CXCR4!013/A3 - Surprisingly, CXCR4%A3 was also apparently
impaired in its ability to be internalized in response to CXCL12.
We next transfected HEK cells expressing the CXCR4 variants
with Barr2-GFP and then determined cell-surface expression of
receptors in GFP*-gated cells in the presence or absence of
CXCL12 (Figure 4A,B). Barr2-GFP moderately altered basal cell-
surface expression of CXCR4"™, and enhanced the receptor down-
modulation by CXCL12 by up to 60%. In contrast, Barr2-GFP
expression affected neither basal nor CXCL12-induced down-
modulation of CXCR4!913 and CXCR4!013453 thus emphasizing
that association with the C-tail is critical for Parrs to regulate
CXCR4 endocytosis. Finally, Barr2-GFP expression resulted in a
remarkable down-modulation of CXCR4"VA13 (approximately 55%)
that was poorly increased by CXCL12 (Figure 4B). Receptor

cell-surface expression as a function of Barr2-GFP expression was
further studied following transitory cotransfection assays in HEK
cells. As depicted in Figure 4C, a proportion of the CXCR4"-
expressing cells with a high Barr2-GFP content exhibited down-
modulation of receptors. This effect was absent in cells expressing
the C-tail-truncated receptors CXCR4!013 and CXCR4!1013/4i3
(Figure 4D,F), but was dramatically magnified in the cells express-
ing CXCR4"YAB (Figure 4E). This basal down-modulation of
CXCR4"A13 gtrongly suggests that Barr2 constitutively interacts
with the receptor C-tail (ie, in an agonist-independent manner),
thus providing an explanation for how CXCR4"VA3 is impaired in
its ability to activate G proteins.

Other GPCRs that undergo constitutive Barr-mediated desensi-
tization accumulate intracellularly due to constitutive association
with Barr2.2* Similarly, using fluorescence microscopic imaging of
HEK cells stably expressing GFP-tagged receptors, we demon-
strated that CXCR4"VA13 Jocalized to a higher extent in the cytosol
than its wild-type counterpart (Figure 4G). As expected, fluores-
cence in cells expressing GFP-CXCR4!013 or GFP-CXCR4!013/Ai3
originated mainly from the plasma membrane. Overall, these
findings uncover a critical role for the SHSK motif both in
preventing CXCR4 from constitutive desensitization and in stabiliz-
ing receptor expression at the cell surface.

Our data also indicate that the C-tail truncation of CXCR4"VAi3,
which results in the CXCR4!013/A3 receptor, is sufficient to prevent
constitutive desensitization and internalization. However,
CXCR4!013/A3 does not trigger enhanced CXCL12-induced migra-
tion (Figure 2), so that it could be that the refractoriness to
desensitization and endocytosis does not account per se for the
enhanced chemotaxis mediated by CXCR41013,

CXCR41913 triggers enhanced and sustained parr2-dependent
signaling that depends on the SHSK motif

The archetypal role for Barr in signaling is to act as a scaffold for
the ERK1/2 MAPK cascade.® As the enhanced chemotaxis of
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Figure 4. The SHSK motif prevents CXCR4 from constitutive down-modulation. (A,B) Effects of garr2 on cell-surface expression of CXCR4"t (A), CXCR41013 (A),

CXCR4"¥Ai8 (B), and CXCR4101%/418 (B). HEK cells stably expressing either of the CXCR:
of receptors without ((J) or with treatment with 200 nM CXCL12 for 45 minutes at 37°C

4 variants were transiently transfected with pN1-eGFP (N1) or Barr2-GFP. Expression
(M) was then assessed by flow cytometry. Results (means = SD; n = 3) are receptor

expression at the surface of GFP*-gated cells, expressed as percentage of the values in GFP*, pN1-eGFP—transfected cells in the absence of CXCL12 (100%). (C-F) The dot
plots from flow cytometric assays represent cell-surface expression of CXCR4" (C), CXCR41013 (D), CXCR4"/A3 (E), or CXCR41013/A13 (F) as a function of Barr2-GFP
expression (ie, GFP fluorescence intensity) in transiently cotransfected HEK cells. Experiments (n = 3) were carried out 48 hours after transfection. (G) Fluorescence
microscopic imaging of HEK cells stably expressing the GFP-tagged CXCR4 variant receptors.

WHIM cells depends on Parr2, we hypothesized that increased
intensity and/or duration of Barr2-dependent signaling occur in
WHIM cells. As a first support of this assumption, CXCL12-
induced ERK1/2 phosphorylation was dramatically enhanced in
leukocytes from a patients with WS harboring CXCR41%3 com-
pared with a healthy individual (Figure 5A).

Next, we compared the time course of CXCL12-stimulated
ERK1/2 activation in A0.01 cells expressing similar amounts of
CXCR4™, CXCR4!03 CXCR4"AB  or CXCR4'013A53 (Figure
5B,C). In CXCR4"-expressing cells, CXCL12-induced ERK1/2
phosphorylation was rapid and transient, reaching a maximum at
2 minutes and then declining over time. In CXCR4!°13-expressing

cells, ERK1/2 activation was increased at 2 minutes and persisted
at longer time points. Interestingly, CXCR4!013/A53 which similarly
to CXCR41013 Jacks CXCL12-mediated desensitization and endocy-
tosis, triggered an early peak of ERK1/2 phosphorylation that was
also enhanced, but the amount of activated ERK1/2 returned
rapidly to levels close to those observed in CXCR4Y-expressing
cells. This indicates that refractoriness of receptors to desensitiza-
tion does not contribute to the overall sustained duration of the
ERK1/2 phosphorylation observed in CXCR4'93-expressing cells.
In contrast, the SHSK motif of CXCR4!%13 is involved in this
process. ERK1/2 activation at 2 minutes was strongly reduced
in cells expressing the constitutively desensitized receptor
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Figure 5. Enhanced and sustained CXCR4'°'3-mediated ERK1/2 activation
depends on the SHSK motif. (A) A representative experiment out of 2 showing
CXCL12-induced ERK1/2 activation in leukocytes from a healthy subject (CTRL) or a
patient with WHIM harboring CXCR41013, with (+) or without (—) 30 nM CXCL12 for
2 minutes at 37°C. Cell lysates were immunoblotted for ERK2 and phosphorylated
ERK1/2, and data were quantified as P-ERK/ERK2 ratios. (B,C) Time course of
CXCL12-induced ERK1/2 phosphorylation in transduced A0.01 T cells expressing
similar amounts of CXCR4"t, CXCR41013, CXCR4"/Ai3, or CXCR41013/Ai3 (Figure 2A).
Cells were stimulated with 30 nM CXCL12 for 2, 5, or 15 minutes, or unstimulated (0),
and the ERK2 and phosphorylated ERK1/2 content in the cell lysates was analyzed
as in panel A. Immunoblots for ERK2 and phosphorylated ERK1/2 from a representa-
tive experiment are depicted in panel B. The values in panel C (means = SEM;
n = 3) represent ERK1/2 activation quantified as P-ERK/ERK2 ratios in cells
expressing CXCR4"!, CXCR41013, CXCR4"A3| or CXCR41013/A8  expressed as a
percentage of the ERK1/2 activation in CXCR4"-expressing cells at 2 minutes of
stimulation (100%).

CXCR4"A3 and remained at a low level over 15 minutes. This
result, together with the fact that CXCR4'0!3 and CXCR4!1013/4i3
elicited an enhanced signal at 2 minutes, strongly suggests that the
early peak of CXCL12-mediated ERK1/2 activation is primarily
dependent upon coupling to G proteins and as such is sensitive to
desensitization.

The time course of ERK1/2 activation mediated by CXCR41013
resembles those reported for other GPCRs,>?¢ which stimulate
ERK1/2 by 2 distinct pathways: one depending on G protein
activation, which is transient and occurs shortly after ligand
stimulation, and the other, which is a G-protein—independent,
Barr-mediated pathway, leading to a slower but much more
prolonged ERK1/2 activation. Thus, we evaluated whether Parr2
could contribute to the sustained duration of the CXCR4!1013-
mediated ERK1/2 activation. Reduction of endogenous [arr2
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Figure 6. Effects of parr2 siRNA on CXCR4'%3-mediated ERK1/2 activation.
A0.01 T cells expressing CXCR4" or CXCR41%13 were nucleoporated with siRNA
targeting Barr2 or control siRNA (NT). At 48 hours after transfection, cells were
stimulated or not with 10 nM CXCL12 for 15 (B,C) or 2 minutes (C). Cell lysates were
prepared, and 20 p.g of proteins was used to visualize expression of Barr2 (A) and
ERK1/2 phosphorylation (B,C). Representative results (n = 3) are shown in panels A
and B. (C) ERK1/2 phosphorylation is expressed as a ratio of activated ERK1/2 over
total ERK2, and ratios with Barr2 siRNA are compared with those from cells with
control siRNA (arbitrarily set at 1). Results are means plus or minus SEM.

amounts (approximately 40%) in CXCR4%- or CXCR41013-
expressing A0.01 cells (Figure 6A) effectively diminished the
prolonged CXCL12-induced ERK1/2 activation in CXCR4013-
expressing cells to levels comparable with those measured in
CXCR4%-expressing cells (Figure 6B). This suggests that (arr2
contributes to the enhancement of the ERK1/2 phosphorylation
observed in CXCR4193-expressing cells at the late time points.
Barr2 depletion also attenuated to some extent CXCR4"-mediated
ERK1/2 activation at 15 minutes of stimulation. Nonetheless, when
experiments were repeated at 2 minutes after CXCL12 stimulation,
Barr2 depletion did not reduce ERK1/2 activation (Figure 6C), thus
indicating that PBarr2 does not contribute to the early ERK1/2
phosphorylation mediated by CXCR4" or CXCR41013, ERK1/2
activation at 2 minutes was even higher in Barr2-silenced cells,
thus suggesting that Barr2 can exert a dual effect on ERK1/2
activation downstream of these receptors (ie, preventing the early
activation of ERK1/2 and triggering it at later time points).

Spontaneous heterodimerization between CXCR41013 and
CXCR4wt

Heterozygous mutations of CXCR4 in WS lead to the expression of
CXCR4™, which likely coexist with CXCR4" in patients’ cells.!!
These cells have enhanced CXCL12-induced chemotaxis and
ERK1/2 phosphorylation, as do CXCR4™-expressing cell lines,
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Figure 7. CXCR4"t and CXCR41%'3 form constitutive A
heterodimers. (A) Coimmunoprecipitation of CXCR41013
and CXCR4"t. HEK cells stably expressing CXCR4" (wt)
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were transfected or not with a CXCR41913 receptor

variant fused to GFP at its N-tail (1013GFP). At 48 hours |
after transfection, cells were incubated without (left and
right panels) or with (left panel) 100 nM CXCL12 for
15 minutes in PBS at 37°C and treated or not with the
DSS covalent cross-linker; receptors were immunoprecipi-
tated using the anti-CXCR4 mAb 12G5. Immunoprecipi-
tated receptors were analyzed by Western blotting as
described in Figure 1. Left and right panels are represen-
tative experiments performed with 2 different GFP-
CXCR41013 to CXCR4" ratios (R), which were calculated
using a LAS-1000 CCD camera with the Image Gauge
3.4 software. Experiments with parental cells (P) are also
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thus suggesting that CXCR4™ alters the CXCR4™ functioning in
WHIM cells. In line with this, CXCR4!°13 was found to prevent
CXCL12-induced endocytosis of CXCR4",!! thus implying that
the receptors heterodimerize when they coexist in the same cell.

To investigate this possibility, we used HEK cells expressing
CXCR4* with or without the GFP-CXCR4!913 receptor, and
association of receptors was assessed using coimmunoprecipitation
studies with the DSS cross-linker (Figure 7). In the absence of
DSS, immunodetection of precipitated receptors revealed bands
with molecular weights close to those expected for monomeric
CXCR4* (41 kDa) and GFP-CXCR41913 (approximately 59 kDa).
Following cross-linking of CXCR4" receptors, we detected addi-
tional bands of higher molecular masses (88 and 123 kDa)
corresponding to CXCR4%"' dimers and trimers. Similar results
were obtained with CXCR4!013 (data not shown). CXCL12 did not
alter the degree of receptor association, thus confirming previous
works showing that CXCR4 exists as constitutive oligomers.?”-?8 In
the presence of GFP-CXCR4193 we detected a new molecular
species at approximately 100 kDa that was not altered by CXCL12,
thus indicating that CXCR4" and CXCR4'°"3 form constitutive
heterodimers. The relative abundance of heterodimers was higher
than that of CXCR4* or GFP-CXCR4!°3 homodimers (barely
detectable at approximately 128 kDa), thus suggesting that het-
erodimers are preferentially formed. Quantification of immunoreac-
tive bands when both receptors are expressed at a 1:1 ratio (Figure
7A right panel) reveals that the extent of heterodimer formation
was 2-fold higher compared with CXCR4"* homodimers, which is
an expected result if CXCR4" has the same propensity to
self-associate or to interact with CXCR41013,

We explored this issue in intact cells using BRET-based titration
experiments, as described for CXCR4?%% and other receptors.30-3?
CXCR4% was fused at the C-tail with Renilla luciferase used as an

T O T T T
120 160 200 240 0 20 40 60 80

YFP/RLuc

energy donor (CXCR4"'-RLuc) and then expressed at a constant
amount in HEK cells together with increasing concentrations of
C-tail-tagged CXCR4* (Figure 7B) or CXCR4!'913 (Figure 7C)
with the BRET acceptor YFP. Then, the extent of energy transfer
between RLuc and YFP was plotted as a function of increasing
acceptor-donor ratios. As previously reported,?$2° CXCR4" ho-
modimerization is indicated by BRET signals between CXCR4"'-
RLuc and CXCR4"-YFP that varied as a hyperbolic function,
reaching an asymptote when all CXCR4"-RLuc molecules are
associated with CXCR4"-YFP. In contrast, coexpressing CXCR4"'-
RLuc with YFP alone resulted in nonspecific signals that pro-
gressed linearly (Figure 7B). Energy transfer between CXCR4%'-
RLuc and CXCR4!'913-YFP also increased hyperbolically with the
YFP/RLuc ratios, thus confirming that the receptors spontaneously
form heterodimers. The BRETj, values, which correspond to the
acceptor-donor ratios resulting in half-maximal saturation of RLuc
and represent the propensity of the protomers to interact with one
another,® were found to be in the same range for CXCR4W
homodimer and CXCR4"/CXCR4!'13 heterodimer formation
(BRETsy = 21.7 = 2.1 and 9.4 % 1.6, respectively). In contrast,
CXCR4"-RLuc barely associated with the unrelated GPCR, GBR2-
YFP, as previously reported,” and as revealed by substantially
right-shifted titration curves (BRETsy, > 100; Figure 7C). Overall,
these results extend to intact cells that CXCR4"/CXCR41013
heterodimers form as efficiently as CXCR4%* homodimers.

Discussion

CXCL12/CXCR4 regulate migration, homing, and retention of
leukocytes within primary lymphoid organs and leukocyte ho-
meostasis in the periphery.! For instance, the BM constitutively
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expresses CXCL12, and disrupting interaction of the chemokine
with CXCR4 cause leukocytosis, with the release of hematopoietic
progenitor cells, neutrophils, and lymphocytes into the blood.3*3
In contrast, increased expression of CXCR4 at the surface of
leukocytes augments responsiveness to CXCL12 and improves
their accumulation in the BM.!43637 Individuals with WS suffer
from lymphopenia and neutropenia that presumably favor the
development of infections and warts. Heterozygous mutations of
CXCR4 causing truncations of the receptor C-tail in WS are linked
to enhanced responsiveness of leukocytes to CXCL12,!12 thus
suggesting that the clinical manifestations may be due to alterations
in CXCR4 functioning. In line with this, expression of WHIM-type
mutated CXCR4 in healthy human CD34* stem cells enhances
chemotactic responses to CXCL12 and BM engraftment of these
cells in a nonobese diabetic/severe combined immunodeficient
(NOD/SCID) mouse xenograph model, and myeloid cells with the
mutant receptor exhibit reduced release in the blood.!* These data
support the notion that increased CXCL12-induced chemotaxis,
possibly together with greater adherence properties,'? contribute to
the abnormal sequestration of WHIM neutrophils in the BM. The
CXCR4™ receptors, including CXCR41!913 are refractory to desen-
sitization and internalization (this work and others'!19), and it has
been anticipated that these results are due to the removal of Ser/Thr
residues in the CXCR4 C-tail that are needed for GRK- and
Barr-mediated down-modulation of the receptor.* Due to the
impaired desensitization, the receptors activate G proteins more
efficiently (Figure 3; Balabanian et al'') and have improved
G protein—dependent signals in response to CXCLI12, such as
calcium mobilization!*!3 or the early ERK1/2 phosphorylation
(Figure 5). However, our findings now reveal that physical and
functional interactions of CXCR4™ receptors with Parr2 are
actually preserved, and together with heterodimerization with
CXCR4™, are mechanisms by which CXCR4 activity is altered in
WHIM cells and the chemotactic responsiveness to CXCL12 is
enhanced.

We found that the enhanced CXCR4!913-mediated chemotaxis is
not exclusively related to the impaired receptor desensitization and
internalization, but critically requires Parr2-dependent signaling
that depends on the SHSK motif in ICL3 of the receptor. Indeed,
using ERK1/2 phosphorylation as a readout, we demonstrated that
Barr2-dependent signaling is enhanced and prolonged downstream
of CXCR4!013, Removing the SHSK motif from CXCR41013
abolished Barr2-dependent signaling (ie, the late ERK1/2 phosphor-
ylation; Figure 5) and the enhanced chemotactic responsiveness
(Figure 2), although the resulting receptor (CXCR4!013/A13) retains
G protein—dependent signaling together with defective desensitiza-
tion and internalization (Figures 3-5). A clue to explaining the
requirement for the SHSK motif in the enhanced CXCR4!013-
mediated chemotaxis may lie in its ability to help Barr2 to act as a
platform for the recruitment and the functional regulation of
molecules involved in this signaling pathway.’® The requirement
for Barrs in CXCR4-mediated chemotaxis was first documented in
cells from Parr2-deficient mice or after inhibition of Barr2 ex-
pression by siRNA,”8 and Barr2 expression has also been found
to strengthen the CXCLI12-induced chemotaxis of CXCR4-
expressing HEK cells.” Here, we demonstrate that the last
15 residues of the CXCR4 C-tail are not required for Parr2 to
regulate CXCL12-mediated chemotaxis. Indeed, CXCR4!013-
mediated chemotaxis is substantially attenuated in Barr2-deficient
cells and conversely is increased after (arr2 overexpression.
Moreover, Parr2 expression magnifies the enhanced migration of
WHIM leukocytes (Figure 1). Barr is involved in chemotaxis
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induced by other GPCRs, including chemokine receptors,’-?!
angiotensin-II type la receptor (AT ,R),* and protease-activated
receptor-2 (PAR-2);*%4! in some cases this process can occur
independently of G protein coupling. Regarding CXCR4, Barr2 is
more likely to be involved in a G protein—dependent chemotaxis, as
this process requires the release of G-y subunits from activated G;
proteins? and is abrogated by PTX, which inactivates G; proteins
(Figure 2B). In fact, Barrs can influence chemotaxis downstream of
activated GPCRs by virtue of their ability to temporally coordinate
and spatially control signaling of molecules involved in cytoskel-
eton reorganization, including members of the MAPK family,
RhoA, PI3K, and actin-binding proteins.®® To take PAR-2-
mediated chemotaxis as an example, Barrs bound to activated
receptors sequester phosphorylated ERK1/2 along with the actin-
filament—severing protein cofilin to locally control actin assembly/
disassembly at the leading edge of migrating cells.***> Both ERK
and p38 MAPKSs were found to be regulated by Barr2 downstream
of activated CXCR4.>7 However, regulation of CXCR4-mediated
migration by either of these 2 proteins differs between cell types
(our unpublished observations, April 2004 and September
2007),7*345 thus suggesting that the components of the Barr2-
dependent signaling pathway involved in cell migration may be
cell-type specific. Recently, interactions between CXCR4 and the
actin-binding protein filamin-A were suggested to play a role in
regulating CXCL12-induced activation of the RhoA/ROCK path-
way, myosin light chain phosphorylation, cofilin activity, and
finally chemotaxis.* Interestingly, filamin-A was first identified as
a PBarr-binding protein that provides a link between GPCR-induced
Barr-mediated signaling and cytoskeletal regulation.*”8 This raises
the possibility that the filamin-A—dependent signaling cascade may
be set in motion downstream of activated CXCR4™.

Here, we report that CXCL12-induced ERK1/2 phosphoryla-
tion is enhanced in leukocytes from a patient with WS with
CXCR4'913 (Figure 5A), and we confirm in A0.01 cells the
causative role of CXCR4!°13, Phosphorylated ERK1/2 plays roles
in numerous cellular activities, including migration, cell prolifera-
tion, and cell survival; these depend on its duration, intensity, and
subcellular compartmentalization.** Cytoplasmic and nuclear
ERK1/2 have different functions and Parr retains ERK1/2 in the
cytoplasm,®*3! alters the time course of ERK1/2 phosphorylation,
and can modify ultimately the transcriptional response to receptor
activation.’> These observations together with our results raise the
possibility that ERK1/2-mediated responses are different in WHIM
and control cells. In line with this, a recent study has revealed that
CXCLI12 acts as an antiapoptotic factor for circulating neutrophils
from patients with WHIM, but not for neutrophils from a healthy
individual, and the MEKI1 inhibitor PD98059 suppressed this
effect, thus indicating that survival of WHIM cells may be linked to
MEK activation and the subsequent ERK1/2 phosphorylation.>3

Previous studies have shown that Barr2 interacts with the C-tail
and ICL3 of CXCR4,’ and the results shown here allow for the
possibility that the SHSK motif is required for Barr2 binding to
ICL3. The deletion of either the C-tail or the SHSK motif allowed
us to propose that each domain is dispensable for Barr2 binding,
and that the interactions of Parr2 with either of these regions of
CXCR4 can mediate distinct functions. Regulation of receptor
desensitization and internalization is mediated by the receptor
C-tail, and Parr2 does not trigger endocytosis of the C-tail-
truncated receptors CXCR4!913 and CXCR4!0343 On the con-
trary, the C-tail is dispensable for Barr2-mediated signaling, but
this process requires the integrity of ICL3. Our observations that
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CXCR4!913 exhibits enhanced Barr-mediated signaling are consis-
tent with a model where the interactions between Barr2 and ICL3
of CXCR4!%13 are favored. It has been proposed that the C-tail
covers ICL3 in the CXCR4%!inactive state and then moves away to
expose the loop when the receptor is activated.>* Accordingly,
truncation of the CXCR4 C-tail might continuously expose ICL3
for Barr binding, thus providing a molecular basis for the enhanced
constitutive interactions that CXCR41913 exhibits with Barr2 (Fig-
ure 1). Alternatively, but not exclusively, in accordance with a
sequential multisite binding model, Barr2 may associate with
both or either of the 2 regions of CXCR4 when Parr2 encounters
the receptor, so that truncation of the C-tail in CXCR4!%13 results in
the privileged association with ICL3. This model is in line with our
data showing that in the converse situation, in which the SHSK
motif of CXCR4" is deleted (giving rise to CXCR4YVAB)  the
receptor is constitutively desensitized and internalized (Figures 3
and 4), possibly due to constitutive interactions of Barr with the
C-tail. Indeed, deleting the C-tail in CXCR4"VAi3 (CXCR4!013/Ai3)
abolishes constitutive desensitization and internalization. Thus,
these results explain previous works showing that deleting the
SHSK motif prevents CXCR4 from activating G; protein—
dependent signals,'®!” and uncover a key role for the SHSK motif
in preventing CXCR4 from desensitization. They also suggest that
Barrs bound to ICL3 and G proteins engage together on the
receptor to concomitantly activate distinct Barr- and G protein—
dependent signals.

Evidence is accumulating that GPCRs exist as dimers or as larger
oligomers,>® and our results extend previous work showing that CXCR4
also forms constitutive oligomers.?’? Dimerization plays roles in
numerous receptor functions, including ligand binding,”” G protein
coupling,*®*® and endocytosis,® and GPCRs can form heterodimers
with new pharmacologic properties compared with homodimers.’
Here, we show that CXCR4"/CXCR4!913 heterodimers form as effi-
ciently as CXCR4"" homodimers and are at least 2-fold more abundant
than homodimers when both receptors coexist in the same cell at a 1:1
ratio, thus suggesting that CXCR4"/CXCR4!0!3 heterodimers prevail in
the cells of patients with WHIM. These data also explain how
CXCR4!93 has a dominant-negative effect on CXCR4* endocytosis.!!
Similarly to CXCR4!%53, other endocytosis-resistant GPCRs have been
reported to prevent internalization by the formation of heterodimers,%!-62
and in some cases this process could result from impaired Parr
recruitment by the heterodimers. These data are consistent with the
notion that binding of Barrs to GPCRs would require homodimer
formation. As an example, activation of both subunits in an M3
muscarinic receptor dimer is required for Barr recruitment, and associa-
tion of this receptor with a mutated M3 receptor lacking Barr binding
abrogates this recruitment.%®> Similarly, one can speculate that Barr2
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must engage 2 CXCR4 molecules with an intact C-tail for an efficient
receptor endocytosis, so that this process is impaired when CXCR4™
associates with CXCR4113, On the other hand, expression of CXCR41013
in model cells reproduces the CXCR4 dysfunctions detected in WHIM
leukocytes, thus suggesting that CXCR4"/CXCR4!913 heterodimers
behave similarly to CXCR4!913 homodimers, and as such maintain the
interactions with Barr2 for signaling. In other words, it might be that a
single CXCR4!°13 receptor in the CXCR4!°3 homodimer or the
CXCR4YYCXCR41913 heterodimer preserves its ability to bind Barr2,
thus providing a mechanism by which CXCR4™ alters the functioning
of CXCR4"in WHIM leukocytes.
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