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Abstract

Recently, we reported that extracellular ubiquitin functions as another agonist of CXC chemokine 

receptor (CXCR)4. Whereas the cognate CXCR4 ligand, stromal cell-derived factor (SDF)-1α, is 

also a CXCR7 agonist, ubiquitin does not bind to CXCR7. Because both ligands are present in the 

extracellular environment, co-activation of CXCR4 appears to be physiologically relevant. 

CXCR4 mediated effects of ubiquitin, however, are not well understood and consequences of co-

activation of CXCR4 with both ligands are unknown. Utilizing proximity ligation assays and flow 

cytometry, we detected CXCR4, but not CXCR7, on the cell surface of THP-1 cells, which 

suggests that confounding effects of CXCR7 are unlikely. Time course and magnitude of 

reduction of cell surface CXCR4 expression were comparable after stimulation of THP-1 cells 

with both ligands. SDF-1α was more efficacious than ubiquitin to mobilize Ca2+. Co-stimulation 

of THP-1 cells with both ligands resulted in synergistic effects on Ca2+ fluxes at suboptimal ligand 

concentrations. Homologous desensitization of Ca2+ fluxes was detectable with both ligands. 

SDF-1α pre-stimulation desensitized ubiquitin induced Ca2+ fluxes, but not vice versa. Effects of 

SDF-1α and ubiquitin on cAMP levels, Akt and ERK1/2 phosphorylation and chemotactic 

responses were additive. The chemotactic activities of ubiquitin and SDF-1α were sensitive to 

AMD3100, pertussis toxin, U73122, LY94002 and U0126. These data suggest that CXCR4 

activation with SDF-1α and ubiquitin results in partially synergistic effects on cellular signaling 

events and in differential effects on receptor desensitization. The ligand ratio that is present in the 

extracellular environment may contribute to the regulation of CXCR4 mediated functions.
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1. Introduction

CXC chemokine receptor (CXCR)4 and its cognate ligand, stromal cell-derived factor 

(SDF)-1α (CXCL12), play important roles during development and in numerous disease 

processes, such as cancer metastasis, HIV, tissue repair, autoimmune and inflammatory 

diseases. Recently, we and others have reported that extracellular ubiquitin functions as an 

immune modulator and as another CXCR4 agonist [1–4]. Unlike SDF-1α, however, 

ubiquitin does not bind to CXCR7 and both ligands appear to activate CXCR4 through 

different mechanisms and separate binding sites on the receptor [5–7]. Both CXCR4 ligands 

are constitutively expressed in the systemic circulation and increased concentrations of 

SDF-1α and ubiquitin have been reported during infectious and sterile inflammation [1]. 

Whereas the consequences of CXCR4 activation with SDF-1α have been well characterized, 

ubiquitin mediated effects on CXCR4 are less well understood. Furthermore, CXCR4 

appears to exist as a homodimer or as a heterodimer with CXCR7 [8,9], which suggests that 

each dimeric receptor unit might be engaged by a single ligand or simultaneously by the 

same or alternative ligands. CXCR4 mediated signaling events upon simultaneous activation 

with SDF-1α and ubiquitin, however, are unknown. As such an activation pattern appears to 

be physiologically relevant, the purpose of the present study was to assess whether separate 

and simultaneous activation of CXCR4 with SDF-1α and ubiquitin results in distinct effects 

on cell signaling and function in the human monocytic cell line THP-1.

2. Methods

2.1. Cell lines

THP-1 (human monocytic leukemia cells) cells were as described [2,7]. A7r5 (rat aortic 

smooth muscle cells, ATCC) cells were cultured in high glucose Dulbecco’s Modified’s 

Eagle Medium, 10 mg/mL sodium pyruvate, 2 mM L-glutamine, 10% fetal bovine serum, 

100 U/mL penicillin, 100 µg/mL streptomycin.

2.2. Proteins and reagents

SDF-1α was as described [5,7]. Ubiquitin was obtained from R&D Systems. Bovine serum 

albumin, forskolin, AMD3100, pertussis toxin and U73122 were purchased from Sigma, 

LY94002 and U0126 from Cell Signaling and Trichostatin A (TSA) from Selleckchem. The 

Duolink proximity ligation assay was purchased from Olink Bioscience.

2.3. Fluorescence-activated cell sorting (FACS) analyses

Cells were labeled with polyclonal rabbit anti-CXCR4 (Abcam) and polyclonal rabbit anti-

RDC1/CXCR7 (LS-Biolab) in combination with anti-rabbit fluorescein isothiocyanate 

(FITC) conjugated goat IgG (Abcam). Rabbit IgG (R&D Systems) in combination with 

FITC-conjugated anti-rabbit goat IgG (Abcam) were used as a negative control. The 

fluorescence intensities of at least 3×104 cells were recorded and analyzed using the FlowJo 

software (Tree Star).
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2.4. Ca2+ assay

Intracellular calcium (Fluo-4NW Calcium Assay (Molecular Probes)) was measured as 

described [2,5,6].

2.5. cAMP assay

Quantification of cAMP levels was performed in forskolin treated cells as described [5–7].

2.6. Western blotting

Western blotting was performed as described [2,5]. In brief, 3 × 105 THP-1 cells were lysed 

in Laemmli sample buffer and 30 µL of the cell lysates were used for SDS–PAGE. Mouse 

monoclonal anti-phospho-p44/42 MAPK ERK1/2 (Thr202/Tyr204) (Cell Signaling) and 

rabbit monoclonal anti-phospho-Akt (Ser473) (Cell Signaling) were used in combination 

with anti-mouse or anti-rabbit IgG horseradish peroxidase-linked whole antibody (GE 

Healthcare), respectively. Rabbit anti-GAPDH (Cell Signaling) was used in combination 

with anti-rabbit IgG HRP-linked whole antibody (GE Healthcare) as a protein loading 

control.

2.7. Chemotaxis assay

Cell migration was assessed using the ChemoTx 96-well cell migration system, as described 

[5,7]. The chemotactic index (CI) was calculated as the ratio of cells that transmigrated 

through the filter in presence versus the absence (= PBS/control) of the test solutions.

2.8. In situ proximity ligation assays (PLA)

THP-1 cells were fixed on microscopic slides using 4% paraformaldehyde after 

cytospinning (2000 rpm, 10 min). A7r5 cells were grown and fixed on eight well tissue 

culture slides (Nunc). After blocking in 3% BSA/PBS, slides were incubated with rabbit 

anti-CXCR4 (1:400) or rabbit anti-CXCR7 (1:400) at 37 °C for 2 h in a humidifying 

chamber. As an antibody control, slides were incubated with PBS instead of primary 

antibody. Slides were washed and incubated (1 h, 37 °C) with secondary anti-rabbit 

antibodies conjugated with plus and minus Duolink II PLA probes (1:5). After washing, 

slides were then incubated with ligation-ligase solution (30 min, 37 °C) followed by 

incubation with amplification-polymerase solution (2 h, 37 °C), as per manufacturer’s 

protocol. Slides were then mounted with minimal volume of Duolink II Mounting medium 

with 4′,6-diamidino-2-phenylindole (DAPI) for 15–30 min and PLA signals (Duolink In Situ 

Detection Reagents Green (λexcitation/emission 495/527 nm) or Red (λexcitation/emission 598/634 

nm)) were identified as fluorescent spots under a fluorescence microscope using 40×/100× 

objectives.

2.9. Data analyses

Data are expressed as mean ± SE. Data were analyzed with analysis of variance with 

Dunnett’s post-test to control for multiple testing using the GraphPad-Prism 5 software. 

Densitometric quantifications of chemiluminescence signals from Western blotting 

experiments were performed with the ImageLab Version 4.0.1 software (Biorad).
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3. Results

We first evaluated CXCR4/7 cell surface expression in THP-1 and A7r5 cells. A7r5 cells 

were used as a positive control because both receptors are known to be expressed on 

vascular smooth muscle cells [10]. A fluorescence signal for CXCR4 was detectable on 

THP-1 cells in in situ PLA, whereas CXCR7 could not be visualized (Fig. 1A). In contrast, 

PLA fluorescence signals for both receptors were detectable in A7r5 cells (Fig. 1B). 

Similarly, CXCR4, but not CXCR7, was detectable on the cell surface of THP-1 cells by 

FACS analyses, whereas A7r5 cells stained positive for both receptors (Fig. 1C).

Next, we quantified CXCR4 cell surface expression in THP-1 cells after incubation with 

SDF-1α or ubiquitin. Fig. 1D shows typical FACS analyses for CXCR4 at the time point of 

maximal effects of the ligands and Fig. 1E shows the quantification of the changes in 

CXCR4 staining within 60 min of incubation with the CXCR4 agonists. SDF-1α and 

ubiquitin reduced the FACS signal for cell surface CXCR4 time dependently to 55 ± 8% and 

57 ± 7% of control (t = 0 min-100%), respectively. Maximal effects were detectable after 15 

min of incubation. The CXCR4 signal recovered to baseline levels within 60 min of 

incubation with both ligands.

We then analyzed Ca2+ fluxes (Fig. 2A–C), cAMP levels (Fig. 2D) and protein kinase 

phosphorylation (Fig. 2E) in THP-1 cells as read outs for CXCR4 mediated cell signaling. 

SDF-1α, ubiquitin and the combination of both were tested in parallel in all experiments to 

control day to day variations of the overall magnitude of the cellular responses. When 

compared with the Ca2+ fluxes after stimulation with each CXCR4 agonist alone, co-

stimulation with SDF-1α and ubiquitin at an equimolar concentration and a ligand ratio of 

1:1(mol/mol) resulted in enhanced cellular Ca2+ mobilization at ligand concentrations in the 

lower nmolar range (10–20 nM; area under curve (AUC): ubiquitin-290; SDF-1α-502; 

SDF-1α/ubiquitin 1:1 (mol/mol)-1066; Fig. 2A). This effect could not be detected with 

confidence at a 10–20-fold higher ligand concentration (AUC at 200 nM: ubiquitin-524; 

SDF-1α-900; SDF-1α/ubiquitin 1:1 (mol/mol)-1139; Fig. 2B). When THP-1 cells were 

stimulated repetitively with either SDF-1α or ubiquitin, reduced Ca2+ fluxes upon 

subsequent stimulation were detectable at ligand concentrations of 10 nM (Fig. 2C), but not 

at ligand concentrations of 100 pM and 1 nM (not shown). Pre-treatment of THP-1 cells 

with 10 nM SDF-1α resulted in reduced Ca2+ fluxes upon subsequent stimulation with the 

same concentration of ubiquitin. Ubiquitin pre-treatment, however, did not reduce Ca2+ 

mobilization in response to SDF-1α, when compared to the Ca2+ fluxes upon initial 

stimulation with SDF-1α.

The effects of co-incubation of forskolin stimulated THP-1 cells with SDF-1α and ubiquitin 

on cAMP levels are shown in Fig. 2D. When tested at equimolar concentrations, stimulation 

of cells with SDF-1α alone, ubiquitin alone or co-stimulation with both ligands at a ratio of 

1:1(mol/mol) reduced cAMP levels to 49.5 ± 4.7%, 48.9 ± 4.8% and 52 ± 7.3%, 

respectively, when compared with cells in the absence of the CXCR4 ligands (=100%). 

Similarly, ubiquitin, SDF-1α and an equimolar concentration of both ligands at a 1:1(mol/

mol) ratio resulted in comparable increases in Akt and ERK1/2 phosphorylation, as assessed 

by Western blotting (Fig. 2E).
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We then utilized chemotactic movements of THP-1cells as a read out for CXCR4 mediated 

effects on cell function (Fig. 2F). At ligand concentrations of 10 nM, we observed 

chemotactic indices of 6 ± 1.6 for ubiquitin and of 14 ± 2 for SDF-1α. The chemotactic 

index was 18 ± 3 when cells migrated towards a mixture of 10 nM of each CXCR4 agonist. 

The chemotactic activities of SDF-1α and ubiquitin were sensitive to AMD3100, pertussis 

toxin, U73122, LY294002 and U0126, but not to trichostatin A (Fig. 2G).

4. Discussion

Our findings from PLAs and FACS analyses are consistent with the absence of cell surface 

CXCR7 in THP-1 cells which have not been differentiated into a macrophage-like 

phenotype [11]. This suggests that monocytic THP-1 cells are a suitable cell system to study 

the interaction of SDF-1α and ubiquitin on CXCR4, in which possible confounding effects 

of CXCR7, such as scavenging of SDF-1α or CXCR4-CXCR7 heterodimer formation, are 

unlikely.

The degree of CXCR4 cell surface reduction after stimulation of THP-1 cells with SDF-1α 

in the present study is comparable with previous observations [12]. We have shown recently 

that uptake of extracellular ubiquitin into THP-1 cells can be prevented with AMD3100 and 

SDF-1α [2]. Thus, our observation that magnitude and time course of reduction of cell 

surface CXCR4 in SDF-1α and ubiquitin stimulated THP-1 cells were indistinguishable 

suggests that binding of both proteins to CXCR4 induces a uniform pattern of ligand 

induced receptor internalization.

The findings that the effects of both ligands on cAMP levels and protein kinase 

phosphorylations were comparable, whereas the efficacy of SDF-1α to promote intracellular 

Ca2+ mobilization in THP-1 cells was higher than of ubiquitin, is consistent with previous 

observations in various cell lines [2,5,7]. While we could not detect synergy between 

SDF-1α and ubiquitin to reduce cellular cAMP levels or to induce phosphorylation of Akt 

and ERK1/2, we detected synergy to increase intracellular Ca2+ at ligand concentrations 

close to the equilibrium dissociation (Kd) constant of SDF-1α for CXCR4 binding (10–20 

nM) [2,7]. The lack of synergistic effects on Ca2+ fluxes at ligand concentrations of 200 nM 

could be explained by a saturated dose–response relationship at a SDF-1α concentration >5 

times the Kd. We have previously reported that the Kd of ubiquitin for CXCR4 (~100 nM) is 

several fold higher than the Kd of SDF-1α and that SDF-1α competes FITC-labeled 

ubiquitin off the receptor with a Ki that was 50% lower than the Ki for native ubiquitin [2]. 

Thus, an alternative explanation for the lack of synergy at high ligand concentrations could 

be that ubiquitin binding to CXCR4 in the presence of high concentrations of SDF-1α was 

reduced below the functionally relevant threshold.

Furthermore, homologous desensitization of Ca2+ fluxes was detectable for both ligands, but 

only SDF-1α pre-treatment resulted in heterologous desensitization. Signaling of G protein 

coupled receptors is thought to be regulated by internalization, downregulation and 

desensitization [13]. Because changes in CXCR4 cell surface expression upon SDF-1α and 

ubiquitin stimulation of THP-1 cells were comparable, differences in receptor internalization 

and down-regulation upon ligand activation of CXCR4 are unlikely to account for these 
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observations. Thus, our findings could point towards differential regulation of G protein 

coupled receptor kinases, β-arrestin recruitment and ubiquitylation, which may desensitize 

the receptor but may also result in enhanced signaling independent of G proteins [14]. Our 

previous data, which suggested that both ligands interact with CXCR4 through distinct 

mechanisms and separate ligand binding sites on the receptor, could then be interpreted to 

provide a structural basis for agonist selective regulation of CXCR4 signaling [5,6]. Further 

studies are required to test this hypothesis.

Chemokine receptors and their ligands are known to be promiscuous, being able to bind 

multiple receptors/ligands [15]. Various chemokine receptor pairs have been described to 

synergistically enhance common signaling pathways upon co-activation with their ligands, 

which is thought to amplify the inflammatory response. To the best of our knowledge, 

synergy of two different ligands on the same receptor has not been reported previously and 

would add another level of complexity in the regulation of receptor signaling. It should be 

noted, however, that other mechanisms, such as interaction of the ligands with other 

receptors, receptor heterodimer formation or transactivation, could also account for such 

effects.

Our finding that chemotactic activities of SDF-1α and ubiquitin were sensitive to receptor 

blockade by the CXCR4 antagonist AMD3100, to pertussis toxin and inhibitors of 

phospholipase C, phosphatidylinositol 3 kinase and mitogen-activated protein kinase kinase 

1/2, suggest that activation of CXCR4 with both ligands induces very similar pattern of 

cellular signaling events, through which cell function is regulated. The observation that co-

stimulation of THP-1 cells, however, resulted in additive effects on chemotaxis could 

question the functional relevance of synergistic effects of both ligands on Ca2+ fluxes. On 

the other hand, the relationship between Ca2+ fluxes and chemotactic activity may not be 

linear and synergistic effects on other functional read outs of CXCR4 activation are 

possible.

In conclusion, the present study affirms and extends the observation that SDF-1α and 

ubiquitin activate the same signaling cascades downstream of CXCR4. In addition, we 

provide initial evidence that both ligands show partial synergy to activate cell signaling and 

differential effects on receptor desensitization. Whereas the molecular mechanisms 

underlying these events remain to be determined, our data suggest that the actual ligand ratio 

that is present in the extracellular environment contributes to the fine tuning of CXCR4 

mediated functions.
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Fig. 1. 
(A) In situ proximity ligation assays (PLA) to detect CXCR4 and CXCR7 on THP-1 cells. 

The Duolink In Situ Detection Reagent Red was used to visualize CXCR4 (top row) and 

CXCR7 (center row). Bottom row: control, no primary antibody. From left to right: phase 

contrast, PLA – red, DAPI, merged PLA/DAPI and merged phase contrast/PLA/DAPI 

(merge). (B) In situ proximity ligation assays (PLA) to detect CXCR4 and CXCR7 on A7r5 

cells. The Duolink In Situ Detection Reagent Green was used to visualize CXCR4 (top row) 

and CXCR7 (center row). Bottom row: control, no primary antibody. Merged phase 

contrast/PLA/DAPI images (merge) are shown. (C) Detection of CXCR4 and CXCR7 on 

THP-1 (top) and A7r5 cells (bottom) by FACS analyses. Thick red lines: cells labeled with 

rabbit anti-CXCR4/FITC-conjugated anti-rabbit goat IgG. Thick blue lines: cells labeled 

with rabbit anti-CXCR7/FITC-conjugated anti-rabbit goat IgG. Thin gray lines: control – 

cells labeled with rabbit anti-IgG/FITC-conjugated anti-rabbit goat IgG. Gray: unstained 

cells. (D) CXCR4 expression on THP-1 cells 15 min after treatment with 100 nM of the 

CXCR4 ligands or control (PBS) at 37 °C. Red thick line: cells labeled with rabbit anti-

CXCR4/FITC-conjugated anti-rabbit goat IgG, control. Green thick line: cells labeled with 
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rabbit anti-CXCR4/FITC-conjugated anti-rabbit goat IgG, SDF-1α treatment. Blue thick 

line: cells labeled with rabbit anti-CXCR4/FITC-conjugated anti-rabbit goat IgG, ubiquitin 

treatment. Thin gray line: cells stained with rabbit anti-IgG/FITC-conjugated anti-rabbit goat 

IgG, PBS treatment. Gray: unstained cells. (E) Quantification of CXCR4 expression on 

THP-1 cells after ligand treatment by FACS analyses, as in D. Cell surface CXCR4 

expression is expressed as % of untreated control (n = 4–6). Open squares: 100 nM SDF-1α 

treatment. Gray circles: 100 nM ubiquitin treatment. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. 
(A and B) Intracellular Ca2+ fluxes in THP-1 cells after stimulation with equimolar 

concentrations of SDF-1α (gray squares), ubiquitin (open squares) and SDF-1α plus 

ubiquitin 1:1 (mol/mol) (black squares). (A) Ligand concentration 10–20 nM; n = 7 (4 

experiments with 10 nM and 3 experiments with 20 nM ligand concentration) with 5–10 

replicates per experiment and condition. (B) Ligand concentration 200 nM; n = 3 with 5–10 

replicates per experiment and condition. The arrow indicates the time point when SDF-1α/

ubiquitin were added. RFU: relative fluorescence units. (C) Intracellular Ca2+ fluxes in 

THP-1 cells after repetitive stimulation with 10 nM SDF-1α or ubiquitin (n = 3–4 with 5–10 

replicates per experiment and condition). From left to right: initial stimulation with SDF-1α 

(1→SDF-1α); initial stimulation with ubiquitin (1→Ub); subsequent stimulation with 

SDF-1α after initial stimulation with SDF-1α (gray circles; 1→SDF-1α 2→SDF-1α) or 

ubiquitin (black circles; 1→Ub 2→SDF-1α); subsequent stimulation with ubiquitin after 

initial stimulation with ubiquitin (gray circles; 1→Ub 2→Ub) or SDF-1α (black circles; 

1→SDF-1α 2→Ub). The arrows indicate the time points when SDF-1α/ubiquitin were 

added. (D) Reduction of cAMP levels in forskolin stimulated THP-1 cells by 200 pM 

SDF-1α, 200 pM ubiquitin (Ub) or 100 pM SDF-1α plus 100 pM ubiquitin; n = 3. Data are 

expressed as % of untreated cells (=100%). (E) Top: Western blot analyses of Akt and 

ERK1/2 phosphorylation after stimulation (15 min, 37 °C) of THP-1 cells with 200 nM 

ubiquitin (Ub), SDF-1α or 100 nM of both ligands. Bottom: Quantification of the 

chemiluminescence signals after cell stimulation, as shown in the top panel; n = 3. Data are 

expressed as % of untreated cells (=100%). (F) Migration of THP-1 cells towards 10 nM of 

SDF-1α, 10 nM of ubiquitin (Ub) or 10 nM of both ligands. CI: chemotactic index. (G) 

Pharmacological inhibition of SDF-1α (left) and ubiquitin (right) induced chemotaxis in 
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THP-1 cells. AMD3100: chemotaxis in the presence of 10 µM AMD3100. Cells were pre-

incubated with all other inhibitors (pertussis toxin (PTx)-100 ng/mL, 2 h; U73122-5 µM, 30 

min; LY294002-50 µM, 1 h; U0126-10 µM, 30 min; trichostatin A (TSA)-20 µM, 18 h) at 

37 °C, washed and then used for filter migration assays. TSA was used as a negative control. 

Data are expressed as % control (no inhibitor = 100%). * p < 0.05 versus control.
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