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 Myeloma cell adhesion dependent on α4β1 integrin is crucial for progression of 

multiple myeloma (MM). The α4β1-dependent myeloma cell adhesion is upregulated 

by the chemokine CXCL12, and pharmacological blockade of the CXCL12 receptor 

CXCR4 leads to defective myeloma cell homing to bone marrow (BM). Sphingosine-1-

phosphate (S1P) regulates immune cell trafficking upon binding to G-protein-coupled 

receptors. Here we show that myeloma cells express S1P1, a receptor for S1P. We 

found that S1P upregulated the α4β1-mediated myeloma cell adhesion and 

transendothelial migration stimulated by CXCL12. S1P promoted generation of high-

affinity α4β1 that efficiently bound the α4β1 ligand VCAM-1, a finding that was 

associated with S1P-triggered increase in talin-β1 integrin association. Furthermore, 

S1P cooperated with CXCL12 for enhancement of α4β1-dependent adhesion 

strengthening and spreading. CXCL12 and S1P activated the DOCK2-Rac1 pathway, 

which was required for stimulation of myeloma cell adhesion involving α4β1. 

Moreover, in vivo analyses indicated that S1P contributes to optimize the interactions of 

MM cells with the BM microvasculture and for their lodging inside the bone marrow. 

The regulation of α4β1-dependent adhesion and migration of myeloma cells by 

CXCL12-S1P combined activities might have important consequences for myeloma 

disease progression. 

 

Keywords: Multiple myeloma, Chemokines, Cell adhesion and migration, Integrins, 

Bone marrow, Signalling  
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INTRODUCTION 

In multiple myeloma (MM) malignant plasma cells home to and accumulate in 

different niches within the bone marrow (BM) microenvironment [1-3]. The 

chemokine-receptor axis CXCL12-CXCR4 and the integrins α4β1 and α5β1 have been 

proposed to mediate myeloma cell trafficking to the BM [4,5]. The in vivo relevance of 

CXCL12-CXCR4 in MM is highlighted by the fact that the CXCR4 inhibitor 

AMD3100 impairs homing of myeloma cells by disrupting their interaction with the 

BM microenvironment [6,7]. CXCL12 binding to CXCR4 triggers inside-out signalling 

leading to α4β1- and α5β1-dependent stimulation of myeloma cell adhesion [4]. α4β1-

mediated myeloma cell adhesion is crucial for MM progression in vivo, as anti-α4 

antibodies inhibit this adhesion and the development of MM and associated osteolysis 

[8,9]. Moreover, cell adhesion-mediated drug resistance in MM involves α4β1 activity 

[10,11].  

 Sphingosine-1-phosphate (S1P) is a lipid produced during sphingolipid turnover, 

that is generated by sphingosine kinase-catalysed phosphorylation of sphingosine [12-

14], and dephosphorylated by S1P phosphatases or degraded by S1P lyases [14]. S1P is 

found in plasma and lymph, mainly produced by red blood cells and by the lymphatic 

endothelium [15,16] [17]. The five S1P receptors (S1P1 through S1P5) belong to the G 

protein-coupled receptor family, and among them, S1P1 controls lymphocyte egress 

from thymus, spleen and lymph nodes (LN) [16,18-24], as well as plasma cell egress 

from LNs [25]. The first clues for S1P involvement in lymphocyte egress came from 

studies with the S1P analogue FTY720 phosphate, which binds to four out of the five 

S1P receptors, including S1P1 [19,26]. Similarly to S1P1 deficiency, FTY720 promotes 

lymphopenia due to T cell sequestration in LNs [19,20]. 
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 Besides controlling egress from secondary lymphoid organs (SLO), S1P1 

regulates immature B cell and hematopoietic progenitor cell egress from BM [27-29]. 

Importantly, S1P1 also facilitates integrin activation during T cell homing to SLO 

[23,30], and supports CXCR4-dependent migration and BM homing of human CD34
+ 

progenitor cells [31]. Finally, recent data showed that S1P stimulates α4β1-dependent 

CFU-GM adhesion to BM stroma  [32]. 

 There is increasing evidence for S1P involvement in cancer progression. Thus, 

S1P regulates tumor cell growth and survival, as well as tumor cell invasion and 

metastasis [33,34]. Sphingosine kinase 1 expression is augmented in non-Hodgkin’s 

lymphoma [35], and a significant cohort of leukaemia samples displayed S1P1 and 

S1P5 overexpression [36]. Interestingly, high levels of S1P1 on T-lymphoblastic 

lymphoma cells led to changes in cell adhesion [37]. A potential role for S1P on 

myeloma cell trafficking has not yet been studied. In the present study we have 

investigated whether S1P can influence CXCL12-promoted myeloma cell migration and 

adhesion involving α4β1 and α5β1. Our results indicate that S1P activates these 

integrins and cooperate with CXCL12 to increase myeloma cell adhesion strengthening 

and spreading, suggesting that the combined actions of these stimuli might control 

myeloma cell trafficking and therefore influence MM progression.  
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MATERIALS AND METHODS 

Cells, transfections and RT-PCR. CD138
+
 primary myeloma cells were purified (88-

95% purification) from the mononuclear fractions of BM samples from patients with 

active MM using CD138 microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). 

MM-BM stroma cultures were generated as described [38], and used at passage 3. This 

study was approved by the Institutional Review
 
Board of the University Hospital of 

Salamanca, and by the Scientific
 
and Ethics Committee of the Spanish Program for the 

Study and Treatment of Malignant
 
Hemopathies. siRNA were nucleofected using 

solution V and programs T-01 and O-23 (Amaxa, Cologne, Germany)  for NCI-H929 

and MM1.S, respectively, and transfectants assayed 22 h post-transfectiond [39]. For 

RT-PCR, cells were lysed, RNA extracted and reverse transcribed as documented [39]. 

Oligonucleotide sequences are provided in the Supporting Information. The PCR 

profiles consisted of 35 cycles of 1-min melting at 94ºC for 1 min, followed by 

annealing at 60ºC for 45 sec for S1P1 or 64ºC for 1 min for S1P4, and elongation at 

72ºC during 30 sec for S1P1 or 1 min for S1P4. Aliquots of each sample were amplified 

using the same conditions with human GAPDH primers. 

Detection of S1P activity in MM-BM samples and myeloma cells. K562 cells 

transfected with the S1P1-HA vector were used as sensors for S1P presence in the 

different samples. Transfectants were incubated for 16 h with whole MM-BM aspirates 

(0.5 ml), MM-BM plasma (obtained after ficoll-paque gradient; 0.5 ml), or serum-free 

supernatants from purified CD138
+
 or NCI-H929 cells. The MM-BM stroma or co-

cultures of MM-BM stroma/NCI-H929 cells were incubated in serum-free medium for 

24 h before collecting the supernatants for subsequent incubation with S1P1-HA 

transfectants. Finally, transfectants were subjected to flow cytometry with anti-S1P1 

antibodies (see supporting information). 
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Cell adhesion, migration and soluble binding assays. For static adhesions, cells were 

placed on wells coated with CXCL12 together with either plasma fibronectin (Roche 

Diagnostics, Penzberg, Germany), fibronectin fragments FN-80 (contains the RGD 

sequence), or FN-H89 (contains the CS-1 domain) [39,40], or with VCAM-1, and 

plates incubated for 2 min at 37ºC in the absence or presence of soluble S1P, as 

described [39]. Attachment to MM-BM stroma was also for 2 min at 37ºC, but adding 

soluble stimuli. Adhesions were quantified with a fluorescence analyzer. Flow chamber 

adhesion assays were performed as reported [41]. Briefly, myeloma cells with or 

without S1P were infused into flow chambers containing co-immobilized VCAM-1 and 

CXCL12. Rolling cells firmly attaching for at least 20 sec were expressed as stable 

arrest, whereas tethering cells that did not arrest at any moment were expressed as 

rolling cells. To evaluate shear resistance, cells were allowed to attach, and then were 

subjected to sequential flow rate increases. Myeloma cell migration across TNF-α-

treated human umbilical vein endothelial cells (HUVEC) and chemotaxis assays were 

done as described [42], and migrated cells counted by flow cytometry. For soluble 

binding, transfectants were stimulated for 20 sec with CXCL12 and/or S1P before 

adding VCAM-1-Fc, which was detected by flow cytometry [39]. In binding 

experiments using the 15/7 mAb, cells were exposed for 30 sec to the different stimuli 

before addition of the antibody. 

Cellular spreading, GTPase and actin polymerization assays. Cell spreading on FN-

H89 was analyzed by Nomarski and by interference reflexion microscopy (IRM), and 

percentage of cell spreading was determined from a significant number of cells from 

different fields of view (n=2500-3000) [43]. GTPase assays were performed as reported 

[39]. Briefly, cells exposed to CXCL12 were lysed, and aliquots separated for total lysate 

controls and for incubation with GST-PAK-CD (for active Rac1) or GST-Ral-GDS (for 
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active Rap1) fusion proteins and glutathione-agarose beads. Bound proteins were eluted 

and subjected to immunoblotting using anti-Rac1 or anti-Rap1 antibodies. Cellular F-

actin content was measured by flow cytometry following a single permeabilization, 

fixation and staining step [4]. 

Intravital microscopy and in vivo myeloma cell lodging in the bone marrow. 

MM1.S cells were incubated for 12 h with S1P (250 nM) or medium alone, and receptor 

internalization was confirmed by flow cytometry. Cells were then washed and labelled 

with DiD Vybrant cell labeling Kit (Molecular Probes, Eugene, OR, USA), and 5x10
6
 

labelled cells injected intravenously into NOD/SCID mice in each group. 30 min after 

injection, mice were sacrificed and the total number of MM1.S cells migrating to the 

BM of the two femurs was determined by flow cytometry. For intravital microscopy 

analyses, 5x10
6
 CFSE-labelled NCI-H929 cells transfected with control or S1P1 siRNA 

were injected intravenously at the time of imaging through a catheter placed in the left 

carotid artery. Five week-old NOD/SCID mice were prepared for intravital imaging of 

the calvarial bone as indicated previously [44], and images acquired using a Leika 

DM6000 epifluorescence microscope. Collecting venules (Cv) and sinusoid (S) have 

been anatomically defined before, and are functionally associated with early 

engraftment in mouse models [44,45]. The number of rolling and adherent cells 

(arrested >3 s), as well as hemodynamic parameters were analyzed by blind off-line 

video analysis. For each vessel we measured the maximum blood velocity (Vmax) from 

the fastest free-flowing cells, as well as vessel diameter (Dv), mean velocity (Vmean) 

and wall shear rate (WSR) by applying the following formulas: Vmean=Vmax/(2-ε
2
), 

where ε=Dc/Dv, and the cell diameter (Dc) for NCI-H929 cells is 8 µm. WSR = 

8(Vmean/Dv), and Vcrit = Vmean × ε(2 – ε). Any cell traveling below Vcrit was 

considered to be rolling on the vessel wall. Cells that remained stationary for 3 seconds 
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or more were considered arrested. The fraction of cells that rolled or arrested according 

to these criteria were scored from the movies. Animal procedures were performed in 

accordance with guidelines of the Ethical Committee at CNIC. 

Statistical analyses. Data were analyzed by one-way analysis of variance (ANOVA), 

followed by Tukey-Kramer multiple comparisons. In both analyses, the minimum 

acceptable level of significance was p< 0.05. 
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RESULTS 

Expression of S1P receptors on myeloma cells. The myeloma cell lines NCI-H929, 

MM1.S, U266 and RPMI 8226 expressed S1P1, as well as traces of S1P4, as detected 

by RT-PCR (Figure 1A). Expression of S1P1 and S1P4 was nearly undetectable in 

OPM-2 myeloma cells. Moreover, CD138
+
 myeloma cells purified from 6 different BM 

aspirates from MM patients (MM-BM) expressed S1P1 and low amounts of S1P4 

(Figure 1B, left). Flow cytometry analyses revealed surface expression of S1P1 in all 

MM-BM CD138
+
 myeloma cell samples, which was consistently slightly lower than 

CXCR4 surface expression (Figure 1B, right). Molt-4 T cells were used as positive 

controls for detection of S1P receptors. 

 Recent data showed that S1P is present in the BM microenvironment [32]. As 

S1P binding to S1P1 leads to receptor internalization [18], we employed a S1P1
+
 cell 

line in a flow cytometry bioassay to determine if S1P activity could be found in MM-

BM samples. We chose K562 cells transfected with S1P1-HA (K562/S1P1-HA) 

(Supporting information, Figure 1A), as they responded to low S1P concentrations in 

the bioassay (Supporting information, Figure 1B). Exposure of K562/S1P1-HA 

transfectants to different unprocessed MM-BM samples or to their corresponding 

plasma resulted in 45-75% reduction of surface S1P1-HA expression (Figure 1C, left). 

Likewise, supernatants from MM-BM stroma or from NCI-H929/MM-BM stroma co-

cultures also reduced S1P1-HA expression by 50-60% (Figure 1C, right). In contrast, 

supernatants from purified CD138
+ 

or NCI-H929 myeloma cells did not alter S1P1-HA 

membrane expression (Figure 1C). These results reveal the presence of S1P in the MM-

BM microenvironment, and indicate that stromal cells represent a source for S1P. 

S1P upregulates CXCL12-stimulated myeloma cell migration. Neither NCI-H929, 

MM1.S or CD138
+
 MM-BM cells migrated towards S1P in chemotaxis chamber assays 
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(Figure 2A). Instead, they migrated to CXCL12, as previously reported [4]. 

Interestingly, S1P significantly stimulated CXCL12-triggered myeloma cell chemotaxis 

in 30 min assays (Figure 2A), although this effect was lost after longer incubations (see 

Supporting information, Figure 1C), indicating that S1P effect was transient. S1P did 

not alter CXCR4 or β1 integrin expression (Supporting information, Figure 1D), and 

CXCL12 did not affect S1P1 expression (not shown).  

 To investigate potential cross-talks between CXCR4 and S1P1, we performed 

chemotaxis assays using NCI-H929 cells transfected with CXCR4 or S1P1 siRNA, 

which reduced CXCR4 or S1P1 surface expression by 60 and 70%, respectively (Figure 

2B). Chemotaxis to CXCL12 was abolished in CXCR4-silenced transfectants, but was 

fully retained in S1P1 siRNA transfectants (Figure 2C). Furthermore, upregulated of 

chemotaxis by combination of CXCL12 and S1P was reversed in S1P1-depleted 

transfectants to levels similar to control counterparts migrating to CXCL12 alone, while 

CXCR4 silencing blocked transfectant chemotaxis to the combined stimuli. These 

results indicate that S1P requires CXCR4-dependent signalling to upregulate CXCL12-

triggered myeloma cell migration. 

 To functionally assess CXCL12 and S1P activities in MM-BM stroma 

supernatants, we used these supernatants as stimuli in chemotaxis assays using CXCR4- 

or S1P1-silenced myeloma cells. Migration of CXCR4 and S1P1 siRNA transfectants to 

the stroma supernatants was inhibited by 75% and 50%, respectively, compared to 

control siRNA transfectants (Figure 2D), indicating that MM-BM stroma supernatants 

contain functional CXCL12 and S1P activities. 

S1P stimulates CXCL12-promoted myeloma cell adhesion involving integrins αααα4ββββ1 

and αααα5ββββ1. Next, we exposed myeloma cells to S1P in integrin-dependent static 

adhesion assays. The α4β1 ligands FN-H89 and VCAM-1, the α5β1 ligand FN-80, as 
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well as total fibronectin were immobilized with or without CXCL12, and adhesion 

assays performed for 2-min periods, as chemokine-activated cell adhesion is best 

detected using short times. S1P alone did not induce myeloma cell attachment to any of 

these ligands, but it significantly upregulated CXCL12-promoted adhesion (Figure 3A, 

B). This was independent of the potential presence of fatty acids in the BSA included in 

the adhesion medium (Supporting information, Figure 2A). Combination of CXCL12 

and S1P increased OPM-2 cell adhesion to FN-H89, but enhancement was non-

significant (p>0.05; not shown). Increase in myeloma cell adhesion to VCAM-1 was 

already detected at 50-100 nM S1P concentrations (Supporting information, Figure 2B). 

The S1P analogue FTY720 [14] had by itself no effect on myeloma cell adhesion, but it 

increased CXCL12-stimulated attachment, albeit with lower potency than S1P 

(Supporting information, Figure 2C). As NCI-H929 and MM1.S cells generally gave 

the best responses to CXCL12/S1P in chemotaxis and adhesion assays, we used these 

cells in the foregoing experiments.  

 Similarly to cell migration, stimulation of α4β1-mediated cell adhesion by 

CXCL12 was fully preserved in S1P1-silenced transfectants, whereas it was blocked in 

CXCR4-knockdown cells (Figure 3C). Further upregulation of adhesion by CXCL12/ 

S1P was reduced in S1P1-depleted cells to levels similar to control siRNA transfectants 

stimulated with CXCL12 alone.  

 CXCL12 or S1P promoted myeloma cell binding of 15/7, a mAb that recognizes 

a β1 integrin activation epitope on α4β1 [46], as well as the binding of VCAM-1-Fc 

(Figure 4A). In addition, combining both stimuli further increased the binding, 

revealing the acquisition of high-affinity α4β1 conformations. Control experiments 

indicated that anti-α4 antibodies blocked VCAM-1-Fc binding to stimulated cells (not 

shown). 
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 Talin interaction with integrin β subunits is associated with integrin activation 

[47]. Co-immunoprecipitation assays revealed that talin-β1 association was enhanced by 

CXCL12 or S1P in myeloma cells, and further augmented upon exposure to both 

chemoattractants (Figure 4B, left). Increased talin-β1 association was inhibited in S1P1-

depleted transfectants (Figure 4B, right), stressing S1P involvement in promoting 

integrin activation. As chemokines trigger the association between their receptors and 

Gα subunits of heterotrimeric proteins, we analyzed CXCR4-Gαi association in cells 

incubated with S1P. Interestingly, CXCR4-Gαi association triggered by CXCL12 was 

stronger by combined CXCL12 and S1P (Figure 4C), suggesting that S1P may 

potentiate CXCL12-dependent signalling, which could represent a mechanism 

accounting for upregulation of α4β1-dependent adhesion.  

 Adhesion assays under shear stress revealed that S1P alone was unable to 

promote NCI-H929 and MM1.S firm arrest on VCAM-1, and thus most cells mainly 

rolled (Figure 5A). Instead, CXCL12 immobilized with VCAM-1 induced strong cell 

arrest. We could not detect further increases of cell arrest by S1P over that promoted by 

CXCL12, which might reflect the already high adhesion level triggered by CXCL12. 

Control experiments showed adhesion blockade by cell pre-treatment with pertussis 

toxin or anti-α4 mAb (not shown). Notably, when flow was stopped and cells allowed 

to settle, myeloma cells that attached to VCAM-1 after exposure to CXCL12/S1P 

developed higher resistance to detachment at increased shear stress than those incubated 

with CXCL12 alone (Figure 5B). 

  Interestingly, S1P could not trigger cell spreading, whereas CXCL12 promoted 

robust spreading that was stronger with the combined stimuli (Figure 5C). In addition, 

the extent of polymerized actin, a process required for cell spreading and migration, was 

also higher in cells incubated with both stimuli (Figure 5D). Together, these data 
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indicate that S1P promotes high-affinity α4β1 conformations in myeloma cells, but 

needs CXCL12 to stimulate adhesion strengthening and spreading leading to adhesion 

stabilization. 

DOCK2-Rac1 signalling is required for CXCL12- and CXCL12/S1P-stimulated 

myeloma cell adhesion. CXCL12 activates the GTPase Rac1 in myeloma cells [42,48]. 

DOCK2 is a scaffolding protein that regulates actin dynamics by promoting Rac 

activation [49]. DOCK2 silencing in NCI-H929 cells led to defective Rac1 activation in 

response to S1P, CXCL12 or both, and to a blockade of stimulation of cell adhesion to 

VCAM-1 (Figure 6A, B). Furthermore, CXCL12- or CXCL12/S1P-stimulated cell 

attachment to VCAM-1 was abrogated in Rac1-depleted cells (Figure 6C), together 

indicating that activation of α4β1-dependent myeloma cell adhesion requires DOCK2-

Rac1 signalling.  

 Activation of the GTPase Rap1 by chemokines has been linked to lymphocyte 

integrin activation [50]. NCI-H929 cells displayed rapid Rap1 activation in response to 

CXCL12, S1P or both (Figure 6D).  Contrary to DOCK2 or Rac1, Rap1 silencing did 

not affect stimulation of myeloma cell attachment to VCAM-1 when exposed to 

CXCL12 or CXCL12/S1P (Figure 6E), indicating that upregulated adhesion does not 

require Rap1 activation.  

S1P upregulates CXCL12-stimulated myeloma cell adhesion to MM stroma and 

transendothelial migration involving αααα4ββββ1 and αααα5ββββ1. CXCL12-promoted adhesion 

of NCI-H929 and CD138
+
 MM-BM cells to MM-BM stroma was enhanced by S1P and 

it was dependent on both α4β1 and α5β1, whereas S1P alone did not trigger adhesion 

(Figure 7A). CXCR4 silencing blocked CXCL12- or CXCL12/S1P-induced cell 

attachment to BM stroma, while S1P1 depletion reduced the adhesion promoted by both 

stimuli to the levels of control siRNA transfectants stimulated by CXCL12 (Figure 7B).  
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Moreover, S1P further increased  α4β1-mediated myeloma cell transendothelial 

migration to CXCL12, whereas no migration was detected with S1P alone (Figure 7C).  

Role of S1P during myeloma cell trafficking to BM. The CXCL12-CXCR4 axis 

mediates in vivo myeloma cell homing to BM [6,7]. To investigate S1P1 contribution to 

in vivo MM cell migration, we measured the lodging in the BM of NOD-SCID mice of 

labelled MM1.S cells whose S1P1 surface expression had been down-regulated by pre-

incubation with S1P (Figure 7D, top). S1P treatment led to a modest, but statistically 

significant reduction in MM1.S cell lodging (mean 22% inhibition, p<0.05) (Figure 7D, 

bottom). A slight increase (20%) in S1P-treated cells in blood was detected compared to 

control ones, but differences were not statistically significant (p>0.05, not shown). To 

identify mechanisms by which S1P1 contributes to MM cell lodging, we performed 

intravital imaging of NOD/SCID BM microcirculation at the time of injection of 

fluorescently-labelled myeloma cells. Both the capacity to roll and firmly arrest on the 

BM microvasculature were reduced in S1P1-silenced cells relative to control 

transfectants (Figure 7E; table 1; supporting information Figure 3, and videos 1-3). 

Collectively, these results indicate that S1P1-derived signals are important for optimal 

MM cell interaction with the BM microvasculature under physiological flow conditions, 

and for their efficient migration inside the BM.  
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DISCUSSION 

Adhesion of myeloma cells involving α4β1 is crucial for MM progression [8,9], 

and mediates cell adhesion-dependent drug resistance [10,11]. CXCL12 activates α4β1 

in myeloma cells through inside-out signalling [4], which is likely the target of 

AMD3100, a CXCR4 inhibitor that impairs myeloma cell homing to BM [6].  

S1P regulates hematopoietic progenitor and plasma cell localization in the BM 

[25,29]. Here we show that CD138
+
 MM-BM cells express S1P1, in agreement with 

previous results [51] and with MM cell transcriptome profiles from the Oncomine 

database. Furthermore, we found that MM-BM stromal cells secrete S1P. Notably, S1P 

enhanced myeloma cell chemotaxis promoted by CXCL12, as well as chemokine-

triggered cell adhesion mediated by α4β1 and α5β1. In addition, CXCL12-activated 

myeloma cell transendothelial migration involving α4β1 function was also stimulated 

by S1P. Finally, we found that S1P1 is needed for optimal interaction of MM cells with 

the BM microvasculature in vivo, contributing to their lodgement inside the BM 

Experiments with S1P1- or CXCR4-silenced myeloma cells revealed that S1P 

requires CXCR4-dependent signalling to upregulate cell adhesion and migration 

triggered by CXCL12. Thus, following CXCR4 depletion, S1P was unable to induce 

CXCL12-stimulated cell adhesion or migration, whereas S1P1-silenced cells retained 

full CXCL12 responsiveness. Interestingly, S1P increased CXCR4-Gαi association 

triggered by CXCL12, suggesting that S1P acts by enhancing CXCL12-dependent 

signalling leading to upregulated myeloma cell adhesion and migration.  

 Although S1P by itself could not increase α4β1-dependent myeloma cell 

adhesion, it promoted α4β1 high-affinity conformations. Moreover, S1P alone or 

combined with CXCL12 stimulated talin-β1 association, an additional indication of 

integrin activation [47]. Besides increasing α4β1 affinity, a requirement during the 
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initial phases of adhesion, our cell detachment analyses in flow chambers revealed that 

the subsequent adhesion strengthening step involving increased avidity was also 

targetted by S1P, but only in combination with CXCL12. Furthermore, the later cell 

spreading phase in the adhesion cascade was also increased by S1P acting together with 

CXCL12. Therefore, our data indicate that S1P upregulates chemokine-activated 

myeloma cell adhesion by further stimulating or maintaining high-affinity α4β1 

conformations at early cell attachment steps, and by working together with CXCL12 to 

increase adhesion strengthening and cell spreading. Our results are in line with previous 

data showing that combined chemokine receptor and S1P1 activation increases α4β1- 

and LFA-1-mediated T cell attachment to endothelium [52]. Similarly, FTY720 was 

found to support CXCR4-dependent migration and BM homing of progenitor cells 

involving α4β1 function [31], and S1P1 absence attenuated chemokine-promoted, 

integrin-mediated firm arrest on high endothelial venules, resulting in decreased cell 

homing to LNs [23]. 

 Investigation of pathways required for stimulation of α4β1-mediated myeloma 

cell adhesion revealed that activation of DOCK2-Rac1 signalling is needed for 

CXCL12- and CXCL12/S1P-promoted cell attachment. We previously reported that 

CXCL12 activates Rac1 in myeloma cells [42], and we show here that Rac1 is also 

activated by S1P in these cells, consistent with earlier data on S1P-triggered Rac1 

activation in vascular endothelium [53]. We demonstrate that DOCK2 is upstream of 

Rac1 activation in myeloma cells, and controls upregulated α4β1-dependent cell 

adhesion by CXCL12 and S1P. Earlier results revealed that DOCK2
-/-

 B cells in LNs are 

deficient in chemokine-promoted  adhesion to VCAM-1 [54]. Interestingly, these cells 

displayed reduced motility inside the LN B cell follicle and defective F-actin 

polymerization due to S1P [55], again stressing the important role of DOCK2 in cell 
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trafficking involving integrin function. Although we have not studied which adhesion 

steps require DOCK2-Rac1 activation in myeloma cells, based on our previous results 

with T cells silenced for both proteins [39,41], it is likely that the adhesion 

strengthening and spreading are the steps mostly affected. Recent work also reported a 

Rac1 involvement in myeloma cell adhesion to fibronectin [48], although the 

experimental conditions were significantly different from ours (2 h versus 2 min 

adhesions in our conditions). Together, our results indicate that activation of DOCK2-

dependent signalling leading to stimulation of α4β1 function could control the 

trafficking of myeloma cells and affect disease progression. 

 Both CXCL12 and S1P activated Rap1 in myeloma cells, yet Rap1 depletion did 

not affect the upregulated α4β1-dependent adhesion. Chemokine-activated T cell 

adhesion involving Rap1 is mostly associated with LFA-1-mediated attachment [50], 

whereas α4β1-dependent adhesion regulated by Rap1 was proposed [50], but also found 

not to be required [56]. In murine mature B cells, expression of RapGAPII impaired 

chemokine-triggered adhesion to VCAM-1 [57]. Conversely, our results indicate that 

Rap1 activation by chemokines in human myeloma cells is uncoupled to the stimulation 

of α4β1-mediated adhesion. 

 Our in vivo data indicate that S1P participates in MM cell lodging in the BM. 

S1P present in plasma might pre-activate α4β1 on circulating myeloma cells, but firm 

adherence on endothelium will still require CXCL12 actions. Therefore, cooperation 

between S1P and CXCL12 could be important for myeloma cell arrest on BM 

endothelium. Indeed, our results show that S1P1 contributes to optimal rolling and firm 

arrest of MM cells onto the BM microvasculature under conditions of physiological 

flow. In an in vivo context, α4β1 pre-activation by S1P might facilitate rolling on 

VCAM-1 or MadCAM-1 [58] present on the BM endothelium [59], while constitutive 
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CXCL12 expression in the BM could complete firm arrest and extravasation in this 

tissue. Inside the BM microenvironment, S1P might contribute to myeloma cell 

localization by stimulating adhesion to fibronectin and to stromal VCAM-1 dependent 

on CXCL12. It is possible that high myeloma cell adhesion inside BM due to CXCL12-

S1P actions could increase cell survival, or it might also render these cells more 

resistant to drug-induced apoptosis [10]. S1P1 promotes B cell release from BM when 

CXCR4 signalling is weakened [28]. Therefore, S1P gradients from BM niches with 

low amounts of CXCL12 to high S1P levels in blood may constitute a mechanism 

facilitating myeloma cell egress from BM for further tissue colonization. 

 In conclusion, our results identify S1P as a factor stimulating myeloma cell 

adhesion in combination with CXCL12, a finding that should shed more light on the 

trafficking of myeloma cells during MM progression. Interestingly, FTY720 induces 

apoptosis in MM cells [60], and thus it will be interesting to study potential connections 

between this observation and our results.  
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TABLES 

Table 1. Hemodynamic parameters of BM microvessels used for in vivo intravital  

microscopy analyses. The velocity of the fastest free-flowing cells (Vmax) was 

determined in each microvessel. Vessel diameters (Dv) were measured using a digital 

caliper, and mean and critical velocities (Vmean and Vcrit) and wall shear rates (WSRs) 

were calculated as described in Methods. Data are mean ± SEM. 
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FIGURE LEGENDS 

Figure 1. Expression of S1P receptors on myeloma cells. (A, B, left) The myeloma 

cell lines NCI-H929, MM1.S, U266, RPMI-8226 and OPM-2, the T cell line Molt-4, 

and CD138
+
 myeloma cells purified from 6 different bone marrow aspirates (MM-BM) 

were tested by RT-PCR for S1P1 or S1P4 expression. (B, right) MM-BM CD138
+
 cells 

were analyzed by flow cytometry for S1P1 and CXCR4 expression. Vertical line 

denotes the mean fluorescence intensity of the control antibody. Shown is a 

representative result out of five different samples. (C, left) K562-S1P1-HA transfectants 

were either left unstimulated (Control), incubated for 16 h with S1P (100 nM) or with 

supernatants from CD138
+
 MM cells, with whole MM-BM samples or with MM-BM 

plasma. Subsequently, cells were subjected to flow cytometry for detection of S1P1 

expression, as specified in Methods. Results from 4 different MM-BM samples are 

shown. (Right) Same transfectants were either left unstimulated, incubated with S1P or 

with supernatants from NCI-H929 or MM-BM stroma cultures, or with supernatants 

from co-cultures of NCI-H929 and MM-BM stroma. S1P1 expression was assessed as 

in (C). Results from 3 different MM-BM stroma samples are shown.  

Figure 2. S1P upregulates CXCL12-stimulated myeloma cell migration. (A) 

Myeloma cells were subjected for 30 min (NCI-H929 and MM1.S) or 1 h (CD138
+
 

MM-BM cells) to chemotaxis assays in response to the indicated stimuli. (B) NCI-H929 

cells were transfected with control, CXCR4 or S1P1 siRNA, and transfectants subjected 

to flow cytometry to analyze CXCR4 and S1P1 expression. Dashed lines show mean 

fluorescence intensity values obtained with control antibodies. (C, D) NCI-H929 siRNA 

transfectants were tested in chemotaxis assays to the indicated stimuli (C), or analyzed 

in chemotaxis assays to supernatants of two different MM-BM stroma samples (D). 

Data from (A) and (C) represent mean values +/-SD (n=3). Data shown on (D) represent 
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mean values +/-SD from duplicate measurements of one representative experiment out 

of three performed. 
***

Migration was significantly stimulated compared to control cells 

(Medium), p<0.001, or 
**

p<0.01. 
∆∆∆

Migration was significantly stimulated compared to 

samples exposed to CXCL12 alone, p<0.001,
 ∆∆

p<0.01 or 
∆
p<0.05. 

♦♦♦
Migration was 

significantly inhibited, p<0.001, or 
♦
p<0.05. 

Figure 3. S1P upregulates CXCL12-stimulated myeloma cell adhesion to αααα4ββββ1 and 

αααα5ββββ1 integrin ligands. (A, B) NCI-H929, MM1.S, U266, RPMI-8226 and CD138
+
 

MM-BM cells were subjected to static adhesion assays to the indicated integrin ligands 

immobilized without (Medium) or with CXCL12, in the absence or presence of soluble 

S1P (250 nM). (C) NCI-H929 cells were transfected with control, CXCR4 or S1P1 

siRNA and tested in adhesion assays to FN-H89. Adhesion data represent mean values 

+/-SD from at least three experiments done with triplicate samples. 
**

Adhesion was 

significantly upregulated compared to unstimulated cells (Medium), p<0.01, or 
*
p<0.05. 

∆∆∆
Adhesion was significantly increased compared to samples exposed to CXCL12 

alone, p<0.001, 
∆∆

 p<0.01 or 
∆
 p<0.05. 

♦♦
Adhesion was significantly inhibited, p<0.01, 

or 
♦
p<0.05.  

Figure 4. S1P and CXCL12 promote generation of high-affinity αααα4ββββ1 

conformations. (A) NCI-H929 cells were treated with or without S1P, CXCL12 or 

Mn
2+

, followed by incubation with 15/7 mAb or with VCAM-1-Fc, and analysis of cell 

binding by flow cytometry. Insert numbers represent mean fluorescence intensity 

values. A representative result out of three independent experiments is shown. (B) Non-

transfected NCI-H929 cells (left), or cells transfected with the indicated siRNA (right) 

were incubated for 1 min at 37ºC with medium or with the indicated stimuli, and 

subjected to immunoprecipitation with control (Ctr) or TS2/16 anti-β1 mAbs, followed 

by immunoblotting with antibodies to polyclonal anti-β1 or monoclonal talin antibodies. 
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Numbers below gels indicate fold induction in arbitrary units. Representative results out 

of three experiments are displayed. (C) NCI-H929 cells were exposed to the indicated 

stimuli and analyzed by immunoprecipitation with control or anti-CXCR4 antibodies, 

followed by western blotting with antibodies to Gαi or CXCR4. A representative 

experiment out of two performed is shown. 

Figure 5.  Stimulation of αααα4ββββ1-dependent myeloma cell adhesion strengthening 

and spreading by combined CXCL12 and S1P activities.  (A) NCI-H929 and MM1.S 

cells incubated in the absence or presence of S1P were perfused in flow chambers 

coated with VCAM-1 immobilized without (Medium) or with CXCL12. Cells were then 

analyzed for rolling and stable cell arrest (A), or for cell detachment after increasing 

shear rates (B) (n=3). Data is presented as indicated in Methods. 
***

Adhesion was 

significantly stimulated compared to cells exposed to medium alone, p<0.001 (A). 

**
Shear resistance data (B) show a representative result out of three independent 

experiments. (C) NCI-H929 myeloma cells were exposed to the indicated stimuli and 

subjected to adhesion to FN-H89. Attached cells were fixed and images captured with 

an inverted microscope. Shown are images from two representative fields per condition 

(left). (Right) 
***

Spreading was significantly increased with respect to control cells 

(Medium), p<0.001, or to cells exposed to CXCL12 alone, 
∆∆

p<0.01. (D) NCI-H929 

cells incubated with the indicated stimuli were subjected to flow cytometry to determine 

F-actin content, as stated in Methods. 

Figure 6. The DOCK2-Rac1 signalling pathway, but not Rap1, is required for 

stimulation by CXCL12 or CXCL12/S1P of αααα4ββββ1-mediated myeloma cell adhesion. 

(A) NCI-H929 myeloma cells were transfected with control or DOCK2 siRNA, and 

subjected to RT-PCR (top), or to Rac1 GTPase assays in response to the indicated 

stimuli (bottom). (B) Control or DOCK2 siRNA transfectants were tested in VCAM-1 
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adhesion assays in the presence of the shown stimuli. (C) Cells were transfected with 

control or with the indicated Rac1 siRNA, and subjected to RT-PCR (top) or to VCAM-

1 adhesion assays (bottom). (D) NCI-H929 cells were incubated for 1 min at 37ºC with 

the shown stimuli, and subjected to Rap1 GTPase assays. (E) Cells were transfected 

with Rap1 or control siRNA and transfectants subjected to immunoblotting (top), or 

tested in adhesion assays to VCAM-1 in the presence of the indicated stimuli. Adhesion 

data represent mean values +/-SD from three (B and C) or four (E) experiments with 

triplicate samples. 
***

Adhesion was significantly upregulated compared to unstimulated 

cells (Medium), p<0.001, 
**

p<0.01 or 
*
p<0.05. 

∆∆∆
Adhesion was significantly increased 

p<0.001, or 
∆
p<0.05, compared to cells incubated with CXCL12 alone.

 ♦♦♦
Adhesion was 

significantly inhibited compared to that achieved by control siRNA transfectants, 

p<0.001. 

Figure 7. S1P upregulates CXCL12-promoted myeloma cell adhesion to MM-BM 

stroma and transendothelial migration involving integrins αααα4ββββ1 and αααα5ββββ1. S1P 

role in in vivo myeloma cell BM lodging. (A) Myeloma cells were exposed to the 

indicated stimuli (CXCL12, 150-200 ng/ml; S1P, 250 nM), and subjected to adhesion to 

MM-BM stroma, in the absence or presence of function-blocking antibodies to α4, α5 

or β1 integrins, or control (Ctr) antibodies. (B) NCI-H929 cells were transfected with 

control, CXCR4 or S1P1 siRNA, exposed to the indicated stimuli and tested in adhesion 

to MM-BM stroma. (C) Cells were subjected to transendothelial migration assays in 

response to the stated stimuli, in the absence or presence of the indicated antibodies. 

Adhesion and migration data represent mean values +/-SD from experiments with 

triplicate samples (A, C, n=3; B, n=2). 
***

Adhesion or migration was significantly 

upregulated compared to cells exposed to medium, p<0.001, 
**

p<0.01, or 
*
 p<0.05. 

∆∆
Adhesion or migration was significantly higher than samples exposed to CXCL12 
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alone, p<0.01, or 
∆
p<0.05. 

♦♦♦
Adhesion was significantly inhibited, p<0.001, or 

♦♦
p<0.01. (D, top) MM1.S cells were incubated with medium (Control) or with S1P and 

analyzed by flow cytometry for the expression of S1P1, CXCR4 or β1 integrin. 

(Bottom) Same cells were then labelled with DiD and injected into NOD/SCID mice. 

The number of myeloma cells that lodged in the BM was determined by flow 

cytometry. (Left) Representative dot-plots. (Right) Relative number of cells lodged in 

the bone marrow. Mean ± SEM; n=4 mice; * p<0.05. (E) In vivo rolling and arrest of 

MM cells on the BM microvasculature. NCI-H929 cells transfected with siControl or 

siS1P1 were fluorescently labeled and injected into NOD/SCID mice prepared for 

intravital imaging of the calvarial bone marrow. Micrographs are representative images 

of the collecting venules (Cv) and sinusoids (S) that irrigate the BM from each 

experimental group. Free flowing (arrowhead) and arrested cells (*) can be visualized 

against the autofluorescent bone and dark vessels. Bar graphs show the percentage of 

passing cells that rolled (defined as those moving below the Vcrit, as described in the 

Methods section) or arrested for 3 sec or longer. Bars represent Mean ± SEM values 

obtained from the analysis of 21-22 venules from 3-4 mice. *, p <0.05, One-tailed t test. 

Scale bar = 100 µm. 
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SUPPORTING INFORMATION 

MATERIALS AND METHODS 

Myeloma cell lines, antibodies and reagents. The human myeloma cell lines NCI-

H929, MM1.S,  U266, RPMI 8226 and OPM-2, the T cell line Molt-4, and K562 

erythroleukemia cells were cultured in RPMI 1640 medium and 10% fetal bovine serum 

(Biowhittaker, Verviers, Belgium). Control P3X63, anti-α4 HP2/1, anti-β1 TS2/16 and 

Lia1/2.1 mAb were gifts from Dr. Francisco Sánchez-Madrid (Hospital de la Princesa, 

Madrid, Spain). Polyclonal anti-β1A antibodies and the anti-β1 mAb 15/7 were gifts 

from Drs. Guido Tarone and Ronen Alon (Turin University, Italy; and Weizmann 

Institute of Science, Rehovot, Israel, respectively). Anti-Rac1 and anti-α5 antibodies 

were from BD Biosciences Pharmingen (San Diego, CA), anti-talin, anti-HA and anti-β-

actin from Sigma-Aldrich (St Louis, MO), and anti-Rap1 and anti-Gαi from Santa Cruz 

Biotechnology (Santa Cruz, CA). Antibodies against S1P1 were purchased from Santa 

Cruz Biotechnology and R&D Systems (Minneapolis, MN). Specificity was validated 

using K562 transfected with the S1P1 cDNA. Anti-CXCR4 antibodies and CXCL12 

were obtained from R&D Systems, S1P from Alexis Biochemicals (Carlsbad, CA), 

FTY720 phosphate from Cayman Chemical (Ann Arbor, MI) and fatty acid-free BSA 

from Sigma. 

RNA interference, vectors and RT-PCR. siRNA for DOCK2 [38], Rac1.1 and Rac1.2 

(targeted to bases 529-550 and 383-404, respectively, on rac1 gene sequence), S1P1 

(targeted to bases 532-553), CXCR4 (targeted to bases 601-622), Rap1 (targeted to 

bases 103-123 on Rap1A gene sequence), or control siRNA [39] were purchased from 

Ambion (Austin, TX) or from Dharmacon (Lafayette, CO). S1P1-HA or Rap1-HA 

vectors in pcDNA3.1 were from The Missouri S&T cDNA Resource Center (Rolla, 

MO). Amplification of DOCK2 was performed as described {Garcia-Bernal, 2006 
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#664}, whereas S1P1 and S1P4 amplifications were performed using the following 

primers: S1P1 forward, 5’-GGCTGGAACTGCATCAGTGCG-3’, reverse, 5’-

GAGCAGCGCCAGCGACTTCTCAGAGC-3’; S1P4 forward, 5’-

CCTTCAGCCTGCTCTTCACT-3’, reverse, 5’-AAGAGGATGTAGCGCTTGGA-3’.  

Immunoprecipitation and immunoblotting. Cells were lysed (Triethanolamine pH 8.0 

20 mM, NaCl 150 mM, EDTA 1 mM, digitonin 1%, in the presence of protease and 

phosphatase inhibitors), and supernatants incubated with antibodies followed by coupling 

to protein G-Sepharose (Sigma). Proteins were resolved by SDS-PAGE, transferred to 

membranes and incubated with primary antibodies and horseradish peroxidase-

conjugated secondary antibodies. Proteins were visualized using SuperSignal 

chemiluminiscent substrate (Pierce, Rockford, IL).  

Flow cytometry. Cells (2-3x105) were incubated for 30 min with primary antibodies, 

and upon the washing steps, Alexa 488-conjugated anti-mouse secondary antibodies 

(Molecular Probes) were added and samples incubated for additional 30 min. Cells were 

subsequently analyzed in a Coulter Epics XL cytofluorometer. 
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FIGURE LEGENDS 

Figure S1. S1P1 internalization in K562 cells expressing transfected S1P1, and S1P 

role in myeloma cell migration. (A) K562 cells were left untransfected, or transfected 

with S1P1-HA or Rap1-HA vectors (The Missouri S&T cDNA Resource Center, Rolla, 

MO), followed by immunoblotting with anti-HA antibodies. (B) K562 cells expressing 

S1P1-HA were incubated for 16 h with the indicated concentrations of S1P and 

subsequently subjected to flow cytometry with anti-S1P1 antibodies. (C) NCI-H929 

myeloma cells were subjected for the indicated times to chemotaxis assays in response 

to the shown stimuli. A representative result out of four independent experiments is 

shown. (D) NCI-H929 cells were incubated with S1P for the indicated times and 

subsequently analyzed by flow cytometry using antibodies to CXCR4 or β1 integrin.  

Figure S2. Upregulation by S1P and FTY720 of CXCL12-promoted myeloma cell 

adhesion mediated by the integrin αααα4ββββ1. (A) NCI-H929 myeloma cells were 

subjected to adhesion to FN-H89 immobilized without (Medium) or with CXCL12, in 

the absence or presence of soluble S1P (left), or to chemotaxis assays (right), using fatty 

acid-free BSA in the adhesion/migration medium. (B) NCI-H929 myeloma cells were 

subjected to adhesion assays to VCAM-1 immobilized without (Medium) or with 

CXCL12, in the absence or presence of the indicated concentrations of soluble S1P. (C) 

NCI-H929 cells were subjected to adhesion assays to FN-H89 immobilized without 

(Medium) or with CXCL12, in the absence or presence of the indicated concentrations 

of soluble FTY720 or S1P. ***Adhesion was significantly upregulated compared to 

unstimulated cells (Medium), p<0.001. ∆∆Adhesion was significantly increased 

compared to samples exposed to CXCL12 alone, p<0.01, or ∆p<0.05. 
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