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ABSTRACT 43 

Multiple myeloma (MM) and chronic lymphocytic leukemia (CLL) cells must attach to 44 

the BM microvasculature before lodging in the BM microenvironment. Using intravital 45 

microscopy (IVM) of the BM calvariae we demonstrate that the α4β1 integrin is 46 

required for MM and CLL cell firm arrest onto the BM microvasculature, while 47 

endothelial P-selectin and E-selectin mediate cell rolling. Talin, kindlin-3 and ICAP-1 48 

are β1-integrin binding partners which regulate β1-mediated cell adhesion. We show 49 

that talin and kindlin-3 cooperatively stimulate high-affinity and strength of  α4β1-50 

dependent MM and CLL cell attachment, whereas ICAP-1 negatively regulates this 51 

adhesion. A functional connection between talin/kindlin-3 and Rac1 was found to be 52 

required for MM cell attachment mediated by α4β1. Importantly, IVM analyses with 53 

talin- and kindlin-3-silenced MM cells indicate that these proteins are needed for cell 54 

arrest on the BM microvasculature. Instead, MM cell arrest is repressed by ICAP-1.  55 

Moreover, MM cells silenced for talin and kindlin-3 and cultured on α4β1 ligands 56 

showed higher susceptibility to bortezomib-mediated cell apoptosis. Our results 57 

highlight the requirement of α4β1 and selectins for the in vivo attachment of MM and 58 

CLL cells to the BM microvasculature, and indicate that talin, kindlin-3 and ICAP-1 59 

differentially control physiological adhesion by regulating α4β1 activity. 60 

61 
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INTRODUCTION 62 

Multiple myeloma (MM) and chronic lymphocytic leukemia (CLL) are B-cell 63 

neoplasms characterized by malignant cell trafficking to the bone marrow (BM) 1-3. 64 

Myeloma cells accumulate in the BM, leading to bone destruction, anemia, serum 65 

monoclonal gammopathy and immune suppression 4, and their attachment to 66 

components of the BM microenvironment induces cell adhesion–mediated drug 67 

resistance (CAM-DR) 5, 6. Widespread involvement of the bone marrow and the 68 

presence of circulating MM cells in more than 70% of patients at diagnosis indicate that 69 

there is a continuous recirculation of MM cells in the peripheral blood and re-entrance 70 

to multiple areas in the bone marrow niches 7, 8. Homing of MM cells from the 71 

circulation into the BM milieu must begin with stepwise interactions with the BM 72 

microvasculature, involving rolling and firm attachment processes. The initial rolling 73 

step may potentially be mediated by selectins, and it was earlier shown that P-selectin 74 

glycoprotein ligand-1 (PSGL-1)  contributes to the overall MM cell homing to the BM 75 

9. In vitro data suggest that α4β1 and αLβ2 integrins are relevant candidates to mediate 76 

the attachment of circulating MM cells to the BM microvasculature 10-14, but the in vivo 77 

contribution of these integrins has not yet been fully elucidated.  78 

The α4β1 integrin also plays key roles in CLL cell in vitro migration and in vivo 79 

homing to BM and lymph nodes (LN) 15-20. α4β1 expression is associated with the 80 

presence of lymphadenopathy in CLL patients 21, and it was recently shown to be the 81 

strongest predictor of overall survival in CLL 22. αLβ2 displays aberrant chemokine-82 

induced activation in CLL cells 23-25, and it also contributes to CLL cell in vitro 83 

migration 21. The role of αLβ2 in CLL in vivo adhesion is less clear. As in MM, CLL 84 

cell interaction with the BM microenvironment provides survival signals and induces 85 

drug resistance, thus contributing to disease progression 26, 27. 86 
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The α4β1 activity is tightly regulated by inside-out signalling induced upon 87 

chemokine-receptor interactions 28. In MM cells, the small GTPase Rac1 and its 88 

upstream activator DOCK2, as well as RhoA positively regulate this signalling in 89 

response to the chemokine CXCL12, leading to stimulation of α4β1-mediated cell 90 

adhesion 29, 30. A key step in integrin activation in leukocytes is the binding of talin and 91 

the hematopoietic-specific kindlin-3 to the cytoplasmic domain of the integrin β1 92 

subunit 31-33. The talin N-terminal FERM (protein 4.1, ezrin, radixin and moesin) region 93 

binds to the membrane-proximal NPXY/F motif of β subunit cytoplasmic tails. This 94 

causes the spatial separation of the α and β subunits and the extension of the integrin 95 

extracellular domain, leading to the generation of high-affinity integrins and 96 

upregulation of cell adhesion 31, 33. Kindlin proteins also have a FERM domain which 97 

binds to a distinct NXXY/F site in the membrane-distal region of the β cytoplasmic 98 

domain 32, 33. Recent data showed that talin and kindlin-3 have distinct but cooperative 99 

roles during integrin inside-out activation in leukocytes 34. Importantly, talin depletion 100 

leads to reduced chemokine-stimulated leukocyte adhesiveness to α4β1 and αLβ2 101 

ligands 34-38. On the other hand, kindlin-3 regulates chemokine-stimulated leukocyte 102 

adhesion involving αLβ2, and to a lesser extent in attachment mediated by α4β1 34, 39, 103 

40.Therefore, these observations revealed that talin and kindlin-3 are major inside-out 104 

signaling molecules for integrin activation in response to chemokines.  105 

Integrin activation can be counteracted by molecules potentially competing with 106 

talin and kindlin for interaction with β1, such as ICAP-1 41-44. The ICAP-1 107 

phosphotyrosine-binding domain interacts with a valine residue located at position -5 108 

from the NPXY β1 motif 41, 42. Remarkably, ICAP-1-deficient cells display fibronectin 109 

receptors in active conformations and increased cell adhesion to fibronectin 45. 110 

Together, these data raised the possibility that talin, kindlin-3 and ICAP-1 may 111 
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represent important molecules for the regulation of integrin-dependent attachment of 112 

malignant B cells to the BM microvasculature and to components of the BM 113 

microenvironment that potentially contribute to the trafficking and localization of these 114 

cells. 115 

In the present study we have used intravital microscopy to directly examine the 116 

potential involvement of selectins and α4β1 and αLβ2 integrins during the early stages 117 

of in vivo recruitment of MM and CLL cells to the BM. Moreover, using in vivo and in 118 

vitro assays, we have further analyzed if α4β1-dependent MM and CLL cell adhesion is 119 

regulated by talin, kindlin-3 and/or ICAP-1.  120 

121 
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MATERIALS AND METHODS 122 

Patients, cell purification, and cell lines.  Samples from MM and CLL patients were 123 

obtained after informed consent and followed the guidelines from the Ethics committees 124 

of the University Hospital of Salamanca, and 12 de Octubre, Gregorio Marañón and 125 

Puerta de Hierro hospitals (Madrid). The whole study was approved by the Consejo 126 

Superior de Investigaciones Científicas Bioethics Review Board. CD138+ primary 127 

myeloma cells were purified from the mononuclear fraction of BM samples from 128 

patients with active MM using CD138 microbeads (Miltenyi Biotec, Bergisch 129 

Gladbach, Germany). CLL cells were purified from the peripheral blood by Ficoll-130 

Hypaque (Nycomed, Oslo, Norway) centrifugation and, if <93% CD19 expression, 131 

negative selection with anti-CD3-conjugated Dynabeads (Invitrogen Dynal AS, Oslo, 132 

Norway) was employed. The human myeloma cell lines NCI-H929, MM1.S and RPMI 133 

8226, and BM stromal cells HS-27A (ATCC, Manassas, VA), were cultured in RPMI 134 

1640 medium with 10% fetal bovine serum (FBS) (Biowest, Nuaillé, France). The 135 

MEC-1, MEC-2 and EHEB cell lines established from the peripheral blood of two patients 136 

with CLL 46 were purchased from DSMZ (Braunschweig, Germany) and maintained in 137 

IMDM medium (Lonza) with 10% FBS. The Epstein-Barr virus (EBV)–transformed 138 

CO43 and BRO168 cell lines, established from normal B lymphocytes, have been 139 

previously reported 16. Human umbilical vein endothelial cells (HUVECs) were 140 

purchased from Lonza (Verviers, Belgium).  141 

RNA interference, transfections and RT-qPCR.  siRNAs were purchased from 142 

Sigma-Aldrich and sequences are listed in supplementary table 1. Vectors coding for 143 

GFP and GFP-fused Rac V12 were provided by Dr. Francisco Sánchez-Madrid 144 

(Hospital de la Princesa, Madrid, Spain). siRNAs and vectors were nucleofected 145 

(Amaxa, Cologne, Germany) using solution V and programs T-01, O-23 and T-13 for 146 



 7

NCI-H929, MM1.S and MEC-1 cells, respectively, and transfectants assayed 20 h 147 

(NCI-H929) or 20-72 h (MEC-1) post-transfection. For RT-qPCR, RNA was extracted 148 

using TRI-Reagent (Sigma-Aldrich), and reverse transcribed using M-MLV RT 149 

(Promega, Madison, WI). Oligonucleotide sequences are provided in supplementary 150 

table 2, and RT-qPCR was performed using iQ SYBR Green Supermix (Bio-Rad 151 

Laboratories, Hercules, CA). Assays were performed in triplicate, and results 152 

normalized according to the expression levels of TBP (TATA-binding protein) RNA 153 

and expressed by using the LightCycler 480 II software (Roche). 154 

Cell adhesion, migration and apoptosis assays.  For static adhesion assays to α4β1 155 

ligands we followed the described method 47. Briefly, fluorescently-labelled cells were 156 

plated in triplicate on wells coated with CXCL12 or CCL21 together with FN-H89, a 157 

fibronectin fragment which contains the α4β1-binding region called CS-1, or with 158 

recombinant soluble VCAM-1, and plates were incubated for 2 min at 37ºC upon a 159 

short spin. MM cells were also treated with soluble chemokine (1 min) and added to 160 

TNF-α-incubated HS-27A cells for 2 min at 37ºC. Adhesions were quantified with a 161 

fluorescence analyzer (Varioskan Flash Multimode Reader, Thermo Scientific). 162 

Adhesion data is presented relative to control untreated cells, which have been given an 163 

arbitrary value of 100. For flow chamber adhesion assays, we followed the described 164 

protocol 48. Briefly, cells were infused at a flow rate of 1 dyne/cm2 into flow chambers 165 

containing coimmobilized VCAM-1 (800 ng/ml) and CXCL12 (650 ng/ml). Rolling 166 

cells that subsequently firmly attached were expressed as stable arrest, whereas 167 

tethering cells that did not arrest at any moment were expressed as rolling cells. To 168 

evaluate shear resistance, cells were allowed to attach, and then were subjected to 169 

sequential increases of the flow rates. The number of cells remaining bound was 170 

determined as the percentage of total adhered cells after the adhesion step. Cell 171 
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migration across TNF-α-treated HUVEC was done as described49, and migrated cells 172 

counted by flow cytometry. Cell viability was determined on a Coulter Epics XL flow 173 

cytometer (Beckman Coulter, Fullerton, CA), using Annexin V- FITC (Immunostep, 174 

Salamanca, Spain) and propidium iodide (Sigma-Aldrich). Bortezomib (Selleckchem 175 

(Houston, TX) was used at 40 nM. 176 

Intravital microscopy. Five week-old NSG mice prepared for intravital imaging of the 177 

calvarial bone 29, 50, were injected with fluorescently-labelled cells through a catheter 178 

placed in the left carotid artery, and images were acquired using a Leika DM6000 179 

epifluorescence microscope. In the experiments in which we blocked integrins, 5×106 180 

CFSE-labelled MM1.S, NCI-H929, RPMI 8226, MEC-1 and EHEB cells were 181 

incubated for 30 minutes with 5 µg of purified anti-human α4, αL or anti-human PC3 182 

antibodies. Saturation with antibodies was confirmed by flow cytometry (not shown). 183 

To determine endothelial selectin-mediated rolling and adhesion, mice received 184 

intravenously (i.v.) 50 μg of blocking antibodies against E-selectin and/or anti P-185 

selectin 20 min before image acquisition. For CXCR4 inhibition, cells were incubated 186 

with 5 µM of AMD3100 for 3 h, and subsequently washed and immediately i.v.-187 

injected into mice prepared for intravital imaging. For the experiments involving siRNA 188 

transfectants, 5×106 CFSE-labelled cells were injected i.v. at the time of imaging. 189 

Collecting venules (Cv) and sinusoids (S) have been anatomically defined previously, 190 

and are functionally associated with early engraftment in mouse models 50, 51. The 191 

number of rolling and adherent cells, as well as haemodynamic parameters was 192 

analyzed by blind off-line video analysis. For each vessel we measured the maximum 193 

blood velocity (Vmax) from the fastest free-flowing cells, as well as the vessel diameter 194 

(Dv), mean velocity (Vmean) and wall shear rate (WSR), by applying the following 195 

formulae: (Vmean – Vmax)/(2 − ε2), where ε= Dc/Dv, and the cell diameter (Dc) for NCI-196 
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H929 is 8 µm, WSR = 8 (Vmean/Dv) and Vcrit = Vmean x ε(2 –ε). Any cell travelling below 197 

Vcrit was considered to be rolling on the vessel wall. Cells that remained stationary for 3 198 

s or more were considered arrested. The fraction of cells that rolled or arrested 199 

according to these criteria were scored from the movies. An example movie with 200 

MM1.S cells showing cells in free flowing, rolling or arrested is displayed in 201 

Supplemental movie 1. Animal procedures followed the guidelines of the Ethical 202 

Committee at CNIC. 203 

Statistical analyses. Data were analyzed by one-way analysis of variance (ANOVA), 204 

followed by Tukey-Kramer multiple comparisons. In both analyses, the minimum 205 

acceptable level of significance was p<0.05.  206 

207 
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RESULTS 208 

The α4β1 integrin is required for in vivo MM and CLL cell attachment to the BM 209 

microvasculature. We used intravital imaging (IVM) of the calvarial bone of NSG 210 

mice to determine the in vivo role of α4β1 and αLβ2 integrins in the initial adhesive 211 

steps of circulating MM and CLL cells to the BM endothelium. Preliminary analyses 212 

indicated that α4β1 is expressed in MM1.S, NCI-H929 and RPMI 8226 myeloma cells, 213 

as well as in primary CLL cells and in the CLL cell lines MEC-1 and EHEB (not 214 

shown). In addition, we found that cell adhesion to recombinant VCAM-1 is blocked by 215 

the anti-α4 ALC 1/63 mAb (Supplementary Figure 1A, B). NCI-H929 and MEC-1, but 216 

not MM1.S cells express αLβ2 (not shown), and cell attachment to ICAM-1 was 217 

inhibited by the anti-αL R7-1 mAb (Supplementary Figure 1A, B).   218 

IVM analyses showed that pre-incubation with anti-α4 mAb led to a dramatic 219 

inhibition of the firm arrest of fluorescently-labelled MM1.S, NCI-H929, RPMI 8226, 220 

MEC-1 and EHEB cells, as well as of primary CLL cells, to the microvasculature of the 221 

calvarial BM, as compared with attachment of cells incubated with control mAb (Figure 222 

1A-C; Supplementary movies 1-6). Cell rolling was reduced by anti-α4 mAb in MM 223 

cells, whereas decreased rolling was especially detected on EHEB and primary CLL 224 

cells and to a lower extent in MEC-1 cells (Figures 1A-C). We were unable to perform 225 

IVM analyses with primary bone marrow MM cells, as drawing solid and statistically 226 

significant conclusions from these analyses require at least 4x106 cells/condition/mouse, 227 

well above the cell number available from MM-BM sources. Opposite to the anti-α4 228 

mAb, blockade of αL did not inhibit the rolling or firm arrest of MM or CLL cells to the 229 

BM microvasculature (Figures 1A-C). The CXCR4 inhibitor AMD3100 impaired MM 230 

cell attachment to the BM endothelium to an extent similar to that obtained by 231 

inhibition of α4 integrins (Supplementary Figure 2). These results indicate that α4β1 is 232 
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a main integrin mediating in vivo attachment of circulating MM and CLL cells to the 233 

BM microvasculature, an early and limiting step in their homing to the bone marrow. 234 

Role of selectins on the in vivo MM and CLL cell attachment to BM endothelium. 235 

Using a flow cytometry-based assay to measure binding of soluble P- or E-selectin 236 

chimeras (P- or E-selectin/hIgM), which identifies the presence of functional selectin 237 

ligands (Supplementary Figure 3), we found that MM1.S cells express only ligands for 238 

P-selectin, whereas NCI-H929 and MEC-1 cells express ligands for both P- and E-239 

selectin (Figure 2A). We addressed the potential selectin involvement in in vivo MM 240 

and CLL cell tethering onto the BM microvasculature by exposing mice to anti-P- or 241 

anti-E-selectin blocking antibodies before performing IVM analyses. The data revealed 242 

that both antibodies significantly inhibited the rolling and subsequent firm arrest of MM 243 

and CLL cells to the BM endothelium (Figure 2B, C), thus indicating that P- and E-244 

selectin ligands also contribute to the interaction of these cells with the BM 245 

microvasculature. Of note, whereas anti-selectin antibodies inhibited to similar levels 246 

both rolling and firm arrest of MM and CLL cells, anti-α4 mAb impaired their stable 247 

adhesion to a higher extent than rolling, indicating that selectins participate in firm 248 

arrest of MM and CLL cells by mediating rolling, while α4β1 function is important for 249 

both their rolling and firm arrest.  250 

Talin and kindlin-3 positively regulate α4β1-dependent MM cell attachment to the 251 

BM microvasculature and to BM stromal cells. Having identified a central role for 252 

α4β1 in the early adhesive steps of MM and CLL cell migration to the BM, we next 253 

examined if its activity can be regulated by β1-binding proteins in these cells. The 254 

integrin β1 subunit cytoplasmic domain contains docking sites for talin and kindlin-331. 255 

RT-qPCR experiments revealed heterogeneous levels of talin and kindlin-3 mRNAs 256 

amongst different primary MM BM samples (Figure 3A). Additionally, talin and 257 
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kindlin-3 were detected in the MM1.S, NCI-H929 and RPMI 8226 cell lines (Figure 3B, 258 

left; Supplementary Figure 4A). Co-immunoprecipitation experiments indicated that β1 259 

associates with talin and kindlin-3 in NCI-H929 cells, and that the chemokine CXCL12 260 

gradually increases this association (Figure 3B, right). Moreover, talin-β1 assembly was 261 

also detected in MM1.S and RPMI 8226 cells (Supplementary Figure 4B). 262 

 To analyze the role of talin and kindlin-3 in α4β1-mediated MM cell attachment 263 

to the BM microvasculature, we silenced them by RNA interference in NCI-H929 cells 264 

(Figure 3C, left and middle panels; Supplementary figure 4C), and first tested the 265 

knockdown transfectants in static adhesion assays to VCAM-1. Control flow cytometry 266 

experiments indicated that α4, β1 or CXCR4 expression was not significantly altered by 267 

talin or kindlin-3 knocking down (not shown), and that cell viability was similar among 268 

the different transfectants (Supplementary figure 5A). Depletion of either talin or 269 

kindlin-3, or their combined silencing caused a significant reduction in cell attachment 270 

to VCAM-1, compared with control transfectants (Figure 3C, right). CXCL12 271 

upregulated the attachment of control siRNA transfectants to co-immobilized VCAM-1, 272 

whereas the adhesion of single talin or kindlin-3 knockdown transfectants was 273 

approximately half of control transfectant adhesion. Furthermore, depletion of both 274 

proteins completely abolished the CXCL12-stimulated attachment.  275 

 To identify mechanisms that are associated with the defective adhesion of MM 276 

cells silenced for talin and kindlin-3, we first analyzed if their α4β1 affinity was altered. 277 

For this purpose, we performed flow cytometry with the β1 activation-reporter mAb 278 

HUTS-21, which detects α4β1 high-affinity conformations52. Control siRNA 279 

transfectants displayed moderate but significantly induced HUTS-21 mAb binding in 280 

response to CXCL12, whereas binding was inhibited when both talin and kindlin-3 were 281 

silenced (Figure 3D).  Next, we performed adhesion assays under flow conditions 282 
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measuring the cells that rapidly (less than 20 sec) and stably adhere under a shear stress 283 

of 1 dyne/cm2 to VCAM-1 co-immobilized with CXCL12. Of note, talin- and kindlin-3-284 

knockdown MM transfectants displayed a significant decrease in stable cell arrest 285 

compared with control siRNA transfectants (Figure 3E, left). To analyze the α4β1-286 

dependent adhesion strength of these MM transfectants, we subjected cells that had 287 

been attached to VCAM-1/CXCL12 at 1 dyne/cm2, to detachment at sequential 288 

increases of shear stress. Transfectants knock down for both proteins were found to 289 

develop lower resistance to detachment at high shear stress than control siRNA 290 

transfectants (Figure 3E, right).  291 

 To further investigate mechanisms linked to the deficient adhesion of talin- and 292 

kindlin-3-knockdown cells, we analyzed the transfectants for a potentially altered 293 

function of the GTPase Rac1, as we and others have shown that Rac1 was required for 294 

CXCL12-stimulated, α4β1-dependent myeloma cell adhesion 29, 30. To address this 295 

question, we transfected GFP-fused constitutively active forms of Rac (GFP-Rac V12) 296 

together with siRNA for both talin and kindlin-3, and then tested the transfectants in 297 

adhesion assays to VCAM-1 co-immobilized with CXCL12. We found that GFP-Rac 298 

V12 expression reversed the inhibitory effects of talin/kindlin-3 siRNA on the 299 

stimulation of cell adhesion to VCAM-1/CXCL12 (Figure 3F; Supplementary Figure 6).  300 

Importantly, combined talin and kindlin-3 depletion significantly impaired the in 301 

vivo MM cell rolling and firm arrest on the BM microvasculature, as evidenced in IVM 302 

analyses (Figure 3G). Together, these results indicate that both talin and kindlin-3 are 303 

needed for optimal α4β1-dependent attachment of circulating MM cells to the BM 304 

microvasculature, and reveal that these two proteins cooperate to enhance the affinity 305 

and the strength of α4β1-dependent adhesion. Furthermore, the data identify key 306 
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functional connections between Rac1 and talin/kindlin-3 during chemokine-stimulated 307 

MM cell adhesion involving α4β1.  308 

 We next analyzed the potential involvement of talin and kindlin-3 in MM cell 309 

transendothelial migration (TEM) using TNF-α-treated HUVEC. Anti-α4 mAb 310 

inhibited by 60% the CXCL12-upregulated migration of NCI-H929 cells across 311 

HUVEC (Figure 4A, left). Similarly, single talin or double talin-kindlin-3 knockdown 312 

transfectants displayed 50-60% impairment in their TEM, whereas silencing kindlin-3 313 

alone reduced migration to a lower degree (25%) (Figure 4A, right). These data indicate 314 

that talin and to a lower extent kindlin-3 are needed for MM cell TEM involving α4β1. 315 

Once MM cells cross the BM microvasculature, they establish contacts with 316 

extracellular matrix proteins, including fibronectin, as well as with stromal cells of the 317 

BM microenvironment. Depletion of either talin or kindlin-3 caused a significant 318 

reduction in basal and CXCL12-stimulated MM cell attachment to the CS-1/fibronectin 319 

fragment FN-H89, whereas cells silenced for both proteins showed a full blockade of 320 

chemokine-activated adhesion (Figure 4B). Moreover, under conditions where the 321 

adhesion of NCI-H929 cells to HS-27A BM stromal cells was reduced by 50% by anti-322 

α4 mAb (Figure 4C, left), CXCL12-upregulated attachment was significantly inhibited 323 

by single talin or kindlin-3 knocking down, and inhibition was further increased upon 324 

silencing both proteins (Figure 4C, right). These results indicate that α4β1-dependent 325 

adhesion of MM cells to the BM microenvironment is positively regulated by talin and 326 

kindlin-3. 327 

As α4β1-dependent MM cell adhesion has been linked to cell adhesion-328 

mediated drug resistance 5, 6, we searched for potential connections between the 329 

inhibition of cell adhesion to α4β1 ligands observed with talin/kindlin-3 MM 330 

transfectants and MM cell apoptosis mediated by the proteasome inhibitor bortezomib 331 
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(BTZ). Apoptosis levels increased from 30% to 45% in NCI-H929 cells knock down for 332 

both talin and kindlin-3 when they were exposed to BTZ in FN-H89-coated dishes, as 333 

compared with control siRNA transfectants incubated under the same conditions 334 

(Figure 4D). These data indicate that inhibition of positive regulators of α4β1-335 

dependent MM cell adhesion such as talin and kindlin-3 render myeloma cells more 336 

susceptible to BTZ-mediated cell apoptosis. 337 

ICAP-1 negatively regulates α4β1-dependent MM cell attachment to the BM 338 

microvasculature. ICAP-1 binds to the β1 integrin cytoplasmic domain, in possible 339 

competition with kindlin-3 44. Real-time PCR experiments revealed heterogeneous 340 

levels of ICAP-1 mRNA in primary MM bone marrow cells, as well as in the NCI-341 

H929, MM1.S and RPMI 8226 cell lines (Figure 5A, left). Using several commercially-342 

available anti-ICAP-1 antibodies we were unable to detect ICAP-1 protein by 343 

immunoblotting using NCI-H929 cell lysates (not shown). However, anti-β1 mAb co-344 

immunoprecipitated a 23-25 kD protein from these cells which was specifically detected 345 

by anti-ICAP-1 antibodies (Figure 5A, right). Cell exposure to CXCL12 did not 346 

significantly alter the amount of ICAP-1 co-precipitated with β1 (not shown).  These 347 

results suggest that a large portion of ICAP-1 is bound to β1 integrins in NCI-H929 348 

myeloma cells.  349 

Next, we knocked down ICAP-1 in MM cells (Figure 5B, left), and tested 350 

transfectants in adhesion assays to purified α4β1 ligands or to HS-27A BM stromal 351 

cells. Of note, ICAP-1-depleted cells displayed a significant increase in adhesion to 352 

VCAM-1, FN-H89 and HS-27A cells compared to control siRNA-transfectants (Figure 353 

5B, middle and right; and Figure 5C). No alterations in α4β1 expression (not shown) or 354 

in survival (Supplementary figure 5A) were detected in ICAP-1-knockdown MM cells.  355 

Moreover, ICAP-1-depleted cells exhibited a significant increase in HUTS-21 binding 356 
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compared to control transfectants (Figure 5D), revealing that α4β1 switched to high-357 

affinity conformations upon reducing ICAP-1 expression. Importantly, ICAP-1 358 

knocking down in MM cells led to upregulated cell firm arrest onto BM 359 

microvasculature compared to control transfectants, as assessed in IVM analyses 360 

(Figure 5E; and Supplementary video 6). We did not observe any obvious change in cell 361 

rolling in ICAP-1-silenced cells. These data indicate that ICAP-1 represses the α4β1-362 

dependent adhesion of MM cells. 363 

Role of talin, kindlin-3 and ICAP-1 in α4β1-dependent CLL cell adhesion and 364 

transendothelial migration. Real-time PCR experiments showed heterogeneous levels 365 

of talin, kindlin-3 and ICAP-1 mRNAs amongst different primary CLL samples, as well 366 

as in the MEC-1, MEC-2 and EHEB CLL cell lines, and EBV–transformed CO43 and 367 

BRO168 cells established from normal B lymphocytes (Figure 6A; Supplementary 368 

Figure 4D). In addition, talin and kindlin-3 proteins were observed in all these CLL 369 

cells (Figure 6B, left). Co-immunoprecipitation experiments indicated that association 370 

of the β1 subunit with talin and kindlin-3 was enhanced upon incubation for 1.5 min of 371 

MEC-1 cells with the chemokine CCL21 (Figure 6B, right). Importantly, combined 372 

silencing of talin and kindlin-3 led to a significant reduction in MEC-1 cell adhesion to 373 

VCAM-1, both under basal conditions and in the presence of CCL21 (Figure 6C, left 374 

and middle; Supplementary figures 4E and 5B). Furthermore, talin and kindlin-3 375 

depletion partially impaired MEC-1 cell migration across HUVEC using CCL21 as 376 

stimulus (Figure 6C, right). In contrast, ICAP-1-knockdown MEC-1 cells displayed 377 

significantly increased adhesion to VCAM-1 (Figure 6D; and Supplementary figure 378 

5B). Altogether these data indicate that CLL cell adhesion and transendothelial 379 

migration involving α4β1 are differentially regulated by talin, kindlin-3 and ICAP-1. 380 

381 
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DISCUSSION 382 

 Trafficking of MM and CLL cells to the BM and disease progression are 383 

connected by integrin α4β1 activity 53-55 17, 18, 20. Previous in vitro data led to the 384 

proposal that α4β1 could participate in the initial adhesive steps of MM and CLL cell 385 

migration into the BM 13-15. Using intravital microscopy of the BM calvariae of NSG 386 

mice, we demonstrate that α4β1, but not αLβ2, is a major integrin mediating firm arrest 387 

of circulating MM and CLL cells to the BM microvasculature. In addition, we found 388 

that α4β1 also contributes to the preceding MM cell rolling step. Furthermore, our data 389 

reveal that selectin ligands (most likely PSGL-19) on MM and CLL cells mediate 390 

interactions with P-selectin and E-selectin, which are constitutively expressed by the 391 

BM endothelium 56, thus representing the main adhesive events accounting for the 392 

rolling of these cells onto the BM microvasculature. To our knowledge, this is the first 393 

in vivo demonstration showing the involvement of P- and E-selectin and α4β1 in the 394 

rolling and firm arrest steps of circulating MM and CLL cells on the BM endothelium. 395 

Together with our intravital microscopy analyses revealing that CXCR4 blockade 396 

inhibits the MM cell attachment to the BM endothelium, in line with previous data 57, 397 

the present results strongly suggest that CXCL12 exposed on BM endothelial cells 398 

stimulates α4β1 activity of tethered MM cells, together crucially contributing to the 399 

initial steps of MM cell adhesion onto the BM microvasculature.    400 

 Τalin and kindlin-3 bind to the β1 subunit cytoplasmic domain and stimulate the 401 

affinity and avidity of leukocyte integrins 31-33. We show here that talin and kindlin-3 402 

bind to β1 in MM and CLL cells, and that this binding is activated by chemokines. 403 

Moreover, the in vitro adhesion data obtained both under static and flow conditions 404 

 reveal that talin and kindlin-3 positively regulate the attachment of these cells to 405 

VCAM-1, both under basal and chemokine-stimulated conditions. Our results show that 406 
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stimulation of adhesion by these positive regulators is based on induction of α4β1 high-407 

affinity conformations, and also on boosting the strength to the adhesions to VCAM-408 

1/CXCL12. This later response was especially detected in adhesion assays under flow 409 

conditions, providing high relevance to the finding. Further, a functional link between 410 

talin/kindlin-3 and Rac1 during chemokine-stimulated MM cell adhesion to VCAM-1 411 

was found. Characterization of this link should provide additional mechanistic insights 412 

on the regulated MM cell adhesion. These in vitro results are strengthened by intravital 413 

imaging analyses with talin- and kindlin-3-silenced MM cells, which indicate that these 414 

proteins are required for efficient cell arrest on the BM microvasculature. Therefore, our 415 

data support a cooperative model between talin and kindlin-3 for efficient stimulation of 416 

α4β1-dependent MM cell attachment onto the BM endothelium (Figure 7), similar to 417 

the cooperation between these proteins during α4β1- and αLβ2-mediated leukocyte 418 

adhesion 39, 40. As CCL21 is mainly expressed in lymph nodes, whereas no or low 419 

CCL21 has been detected in BM 58, our data with CLL cells depict a putative role for 420 

talin and kindlin-3 in supporting α4β1-dependent CLL cell attachment to and migration 421 

across endothelium in the trafficking of these cells to lymph nodes. 422 

 Examination of the role of talin and kindlin-3 on CXCL12-stimulated migration 423 

of MM cells across endothelium involving α4β1 revealed that this process is highly 424 

dependent on talin and to a lesser extent on kindlin-3. These results pose that talin is 425 

crucial for both α4β1-dependent MM cell attachment to and migration across 426 

endothelium, whereas kindlin-3 is important especially at the attachment step. Notably, 427 

cooperation between talin and kindlin-3 was also observed during attachment of MM 428 

cells to components of the BM microenvironment, as the α4β1-mediated, CXCL12-429 

stimulated MM cell adhesion to CS-1/fibronectin and to BM stromal cells required both  430 
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talin and kindlin-3. These data strongly suggest that once MM cells cross the BM 431 

microvasculature, their lodging in the BM mediated by α4β1 needs talin and kindlin-3 432 

function. Furthermore, our data raise the possibility that talin- and kindlin-3-supported 433 

MM cell adhesion to BM stroma involving α4β1 might contribute to MM disease 434 

progression and possibly to CAM-DR responses. An experimental insight into this later 435 

process revealed that talin/kindlin-3-knockdown MM cells exposed to α4β1 ligands 436 

were more sensitive to cell death induced by bortezomib, highlighting that activators of 437 

α4β1-dependent MM cell adhesion contribute to CAM-DR. Therefore, the molecules 438 

that regulate α4β1-mediated MM cell adhesion to the BM microenvironment might 439 

constitute targets whose therapeutic relevance deserves to be explored. 440 

 In the present study we also addressed whether ICAP-1, a protein thought to 441 

compete with talin and kindlin-3 for binding to the β1 cytoplasmic domain 41-43, thus 442 

acting as a putative integrin repressor 44, could modulate MM and CLL α4β1-dependent 443 

cell adhesion. We found that ICAP-1 was expressed in primary MM and CLL cells, and 444 

importantly, ICAP-1 silencing in MM and CLL cell lines led to remarkable increases in 445 

α4β1-dependent adhesion involving stimulation of the integrin high-affinity 446 

conformations. Moreover, highlighting the regulatory role of ICAP-1, its silencing in 447 

MM cells resulted in enhanced attachment of circulating cells onto the BM 448 

microvasculature during IVM studies. Overall, these results indicate that ICAP-1 449 

negatively regulates α4β1 function in MM cells (Figure 7). Our data represent the first 450 

identification of an endogenous molecule strongly opposing α4β1 activation and 451 

adhesion in MM and CLL cells. Thus, these findings provide an attractive scenario to be 452 

investigated in light of the importance of α4β1 in the progression of these B-cell 453 

malignancies.  454 
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 The proposed model (Figure 7) suggests that the global level of cell adhesion is 455 

likely the balance between the positive signals from talin and kindlin-3 and the 456 

inhibitory actions of ICAP-1. Following talin and kindlin-3 silencing, inactive α4β1 457 

conformations accumulate, perhaps due to enhanced ICAP-1 binding to β1, leading to 458 

reduced α4β1-dependent MM and CLL cell attachment. When ICAP-1 is knocked 459 

down, the balance between positive and negative signals tilts towards higher stimulation 460 

of α4β1 activity by talin and kindlin-3, resulting in enhanced MM and CLL cell 461 

adhesion to the BM endothelium.  462 

The distinct regulation by the β1-interacting partners talin, kindlin-3 and ICAP-1 463 

on MM and CLL cell adhesion involving α4β1 could account for mechanisms 464 

associated with drug resistance and tumor progression in human B-cell malignances. 465 

Thus, targeting intracellular regulators of the α4β1-integrin in combination with present 466 

therapies might exert beneficial effects to overcome the deleterious emergence of 467 

constitutive or transient integrin activation in clonal derivatives of drug-resistant 468 

malignant B-cells. 469 

470 



 21

ACKNOWLEDGMENTS 471 

We thank the multiple myeloma and chronic lymphocytic leukemia patients who 472 

donated samples for this research. We thank Dr. Pedro Lastres for his help in flow 473 

cytometry. We also thank J.M. Adrover for movie editing.  474 

 475 

CONFLICT-OF-INTEREST  476 

The authors declare no conflict of interest.  477 
 478 

AUTHORSHIP  479 

M.M-M, M.L and N.A-M performed experiments and analyzed data. S.S-M, S.I.V and 480 

N.A-S performed some experiments, analyzed data and prepared valuable reagents. 481 

N.G, R.M., J.M-L, I.B. and J.A.G-M collected and provided primary cells from MM 482 

and CLL patients. J.T., A.G-P, A.H and P.S-M designed the research and wrote the 483 

manuscript. All authors reviewed and approved the manuscript. 484 

 485 

 486 
Supplementary information is available at Leukemia's website 487 

 488 

 489 

490 



 22

REFERENCES 491 
 492 

1. Anderson KC, Carrasco RD. Pathogenesis of myeloma. Annu Rev Pathol 2011; 6: 249-493 
274. 494 

 495 
2. Kuehl WM, Bergsagel PL. Molecular pathogenesis of multiple myeloma and its 496 

premalignant precursor. J Clin Invest 2012 Oct 1; 122(10): 3456-3463. 497 

 498 
3. Chiorazzi N, Rai KR, Ferrarini M. Chronic lymphocytic leukemia. N Engl J Med 2005 499 

Feb 24; 352(8): 804-815. 500 

 501 
4. Morgan GJ, Walker BA, Davies FE. The genetic architecture of multiple myeloma. Nat 502 

Rev Cancer 2012 May; 12(5): 335-348. 503 

 504 
5. Damiano JS, Cress AE, Hazlehurst LA, Shtil AA, Dalton WS. Cell adhesion mediated 505 

drug resistance (CAM-DR): role of integrins and resistance to apoptosis in human 506 
myeloma cell lines. Blood 1999 Mar 1; 93(5): 1658-1667. 507 

 508 
6. Noborio-Hatano K, Kikuchi J, Takatoku M, Shimizu R, Wada T, Ueda M, et al. 509 

Bortezomib overcomes cell-adhesion-mediated drug resistance through downregulation 510 
of VLA-4 expression in multiple myeloma. Oncogene 2009 Jan 15; 28(2): 231-242. 511 

 512 
7. Nowakowski GS, Witzig TE, Dingli D, Tracz MJ, Gertz MA, Lacy MQ, et al. 513 

Circulating plasma cells detected by flow cytometry as a predictor of survival in 302 514 
patients with newly diagnosed multiple myeloma. Blood 2005 Oct 1; 106(7): 2276-515 
2279. 516 

 517 
8. Ghobrial IM. Myeloma as a model for the process of metastasis: implications for 518 

therapy. Blood 2012 Jul 5; 120(1): 20-30. 519 

 520 
9. Azab AK, Quang P, Azab F, Pitsillides C, Thompson B, Chonghaile T, et al. P-selectin 521 

glycoprotein ligand regulates the interaction of multiple myeloma cells with the bone 522 
marrow microenvironment. Blood 2012 Feb 9; 119(6): 1468-1478. 523 

 524 
10. Uchiyama H, Barut BA, Chauhan D, Cannistra SA, Anderson KC. Characterization of 525 

adhesion molecules on human myeloma cell lines. Blood 1992 Nov 1; 80(9): 2306-526 
2314. 527 

 528 
11. Lokhorst HM, Lamme T, de Smet M, Klein S, de Weger RA, van Oers R, et al. Primary 529 

tumor cells of myeloma patients induce interleukin-6 secretion in long-term bone 530 
marrow cultures. Blood 1994 Oct 1; 84(7): 2269-2277. 531 

 532 
12. Sanz-Rodriguez F, Ruiz-Velasco N, Pascual-Salcedo D, Teixido J. Characterization of 533 

VLA-4-dependent myeloma cell adhesion to fibronectin and VCAM-1. Br J Haematol 534 
1999 Dec; 107(4): 825-834. 535 



 23

 536 
13. Sanz-Rodriguez F, Hidalgo A, Teixido J. Chemokine stromal cell-derived factor-1alpha 537 

modulates VLA-4 integrin-mediated multiple myeloma cell adhesion to CS-538 
1/fibronectin and VCAM-1. Blood 2001 Jan 15; 97(2): 346-351. 539 

 540 
14. Hideshima T, Chauhan D, Schlossman R, Richardson P, Anderson KC. The role of 541 

tumor necrosis factor alpha in the pathophysiology of human multiple myeloma: 542 
therapeutic applications. Oncogene 2001 Jul 27; 20(33): 4519-4527. 543 

 544 
15. Till KJ, Spiller DG, Harris RJ, Chen H, Zuzel M, Cawley JC. CLL, but not normal, B 545 

cells are dependent on autocrine VEGF and alpha4beta1 integrin for chemokine-546 
induced motility on and through endothelium. Blood 2005 Jun 15; 105(12): 4813-4819. 547 

 548 
16. Redondo-Munoz J, Escobar-Diaz E, Samaniego R, Terol MJ, Garcia-Marco JA, Garcia-549 

Pardo A. MMP-9 in B-cell chronic lymphocytic leukemia is up-regulated by 550 
alpha4beta1 integrin or CXCR4 engagement via distinct signaling pathways, localizes 551 
to podosomes, and is involved in cell invasion and migration. Blood 2006 Nov 1; 552 
108(9): 3143-3151. 553 

 554 
17. Hartmann TN, Grabovsky V, Wang W, Desch P, Rubenzer G, Wollner S, et al. 555 

Circulating B-cell chronic lymphocytic leukemia cells display impaired migration to 556 
lymph nodes and bone marrow. Cancer Res 2009 Apr 1; 69(7): 3121-3130. 557 

 558 
18. Brachtl G, Sahakyan K, Denk U, Girbl T, Alinger B, Hofbauer SW, et al. Differential 559 

bone marrow homing capacity of VLA-4 and CD38 high expressing chronic 560 
lymphocytic leukemia cells. PLoS One 2011; 6(8): e23758. 561 

 562 
19. Binsky I, Lantner F, Grabovsky V, Harpaz N, Shvidel L, Berrebi A, et al. TAp63 563 

regulates VLA-4 expression and chronic lymphocytic leukemia cell migration to the 564 
bone marrow in a CD74-dependent manner. J Immunol 2010 May 1; 184(9): 4761-565 
4769. 566 

 567 
20. Bailon E, Ugarte-Berzal E, Amigo-Jimenez I, Van den Steen P, Opdenakker G, Garcia-568 

Marco JA, et al. Overexpression of progelatinase B/proMMP-9 affects migration 569 
regulatory pathways and impairs chronic lymphocytic leukemia cell homing to bone 570 
marrow and spleen. J Leukoc Biol 2014 Aug; 96(2): 185-199. 571 

 572 
21. Till KJ, Lin K, Zuzel M, Cawley JC. The chemokine receptor CCR7 and alpha4 integrin 573 

are important for migration of chronic lymphocytic leukemia cells into lymph nodes. 574 
Blood 2002 Apr 15; 99(8): 2977-2984. 575 

 576 
22. Bulian P, Shanafelt TD, Fegan C, Zucchetto A, Cro L, Nuckel H, et al. CD49d is the 577 

strongest flow cytometry-based predictor of overall survival in chronic lymphocytic 578 
leukemia. J Clin Oncol 2014 Mar 20; 32(9): 897-904. 579 

 580 



 24

23. Till KJ, Harris RJ, Linford A, Spiller DG, Zuzel M, Cawley JC. Cell motility in chronic 581 
lymphocytic leukemia: defective Rap1 and alphaLbeta2 activation by chemokine. 582 
Cancer Res 2008 Oct 15; 68(20): 8429-8436. 583 

 584 
24. Montresor A, Bolomini-Vittori M, Simon SI, Rigo A, Vinante F, Laudanna C. 585 

Comparative analysis of normal versus CLL B-lymphocytes reveals patient-specific 586 
variability in signaling mechanisms controlling LFA-1 activation by chemokines. 587 
Cancer Res 2009 Dec 15; 69(24): 9281-9290. 588 

 589 
25. Pye DS, Rubio I, Pusch R, Lin K, Pettitt AR, Till KJ. Chemokine unresponsiveness of 590 

chronic lymphocytic leukemia cells results from impaired endosomal recycling of Rap1 591 
and is associated with a distinctive type of immunological anergy. J Immunol 2013 Aug 592 
1; 191(3): 1496-1504. 593 

 594 
26. Redondo-Munoz J, Ugarte-Berzal E, Terol MJ, Van den Steen PE, Hernandez del Cerro 595 

M, Roderfeld M, et al. Matrix metalloproteinase-9 promotes chronic lymphocytic 596 
leukemia b cell survival through its hemopexin domain. Cancer Cell 2010 Feb 17; 597 
17(2): 160-172. 598 

 599 
27. Ten Hacken E, Burger JA. Microenvironment dependency in Chronic Lymphocytic 600 

Leukemia: The basis for new targeted therapies. Pharmacol Ther 2014 Dec; 144(3): 601 
338-348. 602 

 603 
28. Ley K, Laudanna C, Cybulsky MI, Nourshargh S. Getting to the site of inflammation: 604 

the leukocyte adhesion cascade updated. Nat Rev Immunol 2007 Sep; 7(9): 678-689. 605 

 606 
29. Garcia-Bernal D, Redondo-Munoz J, Dios-Esponera A, Chevre R, Bailon E, Garayoa 607 

M, et al. Sphingosine-1-phosphate activates chemokine-promoted myeloma cell 608 
adhesion and migration involving alpha4beta1 integrin function. J Pathol 2013 Jan; 609 
229(1): 36-48. 610 

 611 
30. Azab AK, Azab F, Blotta S, Pitsillides CM, Thompson B, Runnels JM, et al. RhoA and 612 

Rac1 GTPases play major and differential roles in stromal cell-derived factor-1-induced 613 
cell adhesion and chemotaxis in multiple myeloma. Blood 2009 Jul 16; 114(3): 619-614 
629. 615 

 616 
31. Kim C, Ye F, Ginsberg MH. Regulation of integrin activation. Annu Rev Cell Dev Biol 617 

2011; 27: 321-345. 618 

 619 
32. Moser M, Legate KR, Zent R, Fassler R. The tail of integrins, talin, and kindlins. 620 

Science 2009 May 15; 324(5929): 895-899. 621 

 622 
33. Calderwood DA, Campbell ID, Critchley DR. Talins and kindlins: partners in integrin-623 

mediated adhesion. Nat Rev Mol Cell Biol 2013 Aug; 14(8): 503-517. 624 

 625 



 25

34. Lefort CT, Rossaint J, Moser M, Petrich BG, Zarbock A, Monkley SJ, et al. Distinct 626 
roles for talin-1 and kindlin-3 in LFA-1 extension and affinity regulation. Blood 2012 627 
May 3; 119(18): 4275-4282. 628 

 629 
35. Manevich E, Grabovsky V, Feigelson SW, Alon R. Talin 1 and paxillin facilitate 630 

distinct steps in rapid VLA-4-mediated adhesion strengthening to vascular cell adhesion 631 
molecule 1. J Biol Chem 2007 Aug 31; 282(35): 25338-25348. 632 

 633 
36. Garcia-Bernal D, Parmo-Cabanas M, Dios-Esponera A, Samaniego R, Hernan PdlOD, 634 

Teixido J. Chemokine-induced Zap70 kinase-mediated dissociation of the Vav1-talin 635 
complex activates alpha4beta1 integrin for T cell adhesion. Immunity 2009 Dec 18; 636 
31(6): 953-964. 637 

 638 
37. Manevich-Mendelson E, Grabovsky V, Feigelson SW, Cinamon G, Gore Y, Goverse G, 639 

et al. Talin1 is required for integrin-dependent B lymphocyte homing to lymph nodes 640 
and the bone marrow but not for follicular B-cell maturation in the spleen. Blood 2010 641 
Dec 23; 116(26): 5907-5918. 642 

 643 
38. Ebisuno Y, Katagiri K, Katakai T, Ueda Y, Nemoto T, Inada H, et al. Rap1 controls 644 

lymphocyte adhesion cascade and interstitial migration within lymph nodes in RAPL-645 
dependent and -independent manners. Blood 2010 Jan 28; 115(4): 804-814. 646 

 647 
39. Moser M, Bauer M, Schmid S, Ruppert R, Schmidt S, Sixt M, et al. Kindlin-3 is 648 

required for beta2 integrin-mediated leukocyte adhesion to endothelial cells. Nat Med 649 
2009 Mar; 15(3): 300-305. 650 

 651 
40. Manevich-Mendelson E, Feigelson SW, Pasvolsky R, Aker M, Grabovsky V, Shulman 652 

Z, et al. Loss of Kindlin-3 in LAD-III eliminates LFA-1 but not VLA-4 adhesiveness 653 
developed under shear flow conditions. Blood 2009 Sep 10; 114(11): 2344-2353. 654 

 655 
41. Chang DD, Wong C, Smith H, Liu J. ICAP-1, a novel beta1 integrin cytoplasmic 656 

domain-associated protein, binds to a conserved and functionally important NPXY 657 
sequence motif of beta1 integrin. J Cell Biol 1997 Sep 8; 138(5): 1149-1157. 658 

 659 
42. Zhang XA, Hemler ME. Interaction of the integrin beta1 cytoplasmic domain with 660 

ICAP-1 protein. J Biol Chem 1999 Jan 1; 274(1): 11-19. 661 

 662 
43. Degani S, Balzac F, Brancaccio M, Guazzone S, Retta SF, Silengo L, et al. The integrin 663 

cytoplasmic domain-associated protein ICAP-1 binds and regulates Rho family 664 
GTPases during cell spreading. J Cell Biol 2002 Jan 21; 156(2): 377-387. 665 

 666 
44. Bouvard D, Millon-Fremillon A, Dupe-Manet S, Block MR, Albiges-Rizo C. 667 

Unraveling ICAP-1 function: toward a new direction? Eur J Cell Biol 2006 Apr; 85(3-668 
4): 275-282. 669 

 670 



 26

45. Bouvard D, Aszodi A, Kostka G, Block MR, Albiges-Rizo C, Fassler R. Defective 671 
osteoblast function in ICAP-1-deficient mice. Development 2007 Jul; 134(14): 2615-672 
2625. 673 

 674 
46. Stacchini A, Aragno M, Vallario A, Alfarano A, Circosta P, Gottardi D, et al. MEC1 675 

and MEC2: two new cell lines derived from B-chronic lymphocytic leukaemia in 676 
prolymphocytoid transformation. Leuk Res 1999 Feb; 23(2): 127-136. 677 

 678 
47. Garcia-Bernal D, Wright N, Sotillo-Mallo E, Nombela-Arrieta C, Stein JV, Bustelo XR, 679 

et al. Vav1 and Rac Control Chemokine-promoted T Lymphocyte Adhesion Mediated 680 
by the Integrin {alpha}4{beta}1. Mol Biol Cell 2005 Jul; 16(7): 3223-3235. 681 

 682 
48. Garcia-Bernal D, Sotillo-Mallo E, Nombela-Arrieta C, Samaniego R, Fukui Y, Stein 683 

JV, et al. DOCK2 is required for chemokine-promoted human T lymphocyte adhesion 684 
under shear stress mediated by the integrin alpha4beta1. J Immunol 2006 Oct 15; 685 
177(8): 5215-5225. 686 

 687 
49. Parmo-Cabanas M, Bartolome RA, Wright N, Hidalgo A, Drager AM, Teixido J. 688 

Integrin alpha4beta1 involvement in stromal cell-derived factor-1alpha-promoted 689 
myeloma cell transendothelial migration and adhesion: role of cAMP and the actin 690 
cytoskeleton in adhesion. Exp Cell Res 2004 Apr 1; 294(2): 571-580. 691 

 692 
50. Hidalgo A, Weiss LA, Frenette PS. Functional selectin ligands mediating human 693 

CD34(+) cell interactions with bone marrow endothelium are enhanced postnatally. J 694 
Clin Invest 2002 Aug; 110(4): 559-569. 695 

 696 
51. Mazo IB, Gutierrez-Ramos JC, Frenette PS, Hynes RO, Wagner DD, von Andrian UH. 697 

Hematopoietic progenitor cell rolling in bone marrow microvessels: parallel 698 
contributions by endothelial selectins and vascular cell adhesion molecule 1. J Exp Med 699 
1998 Aug 3; 188(3): 465-474. 700 

 701 
52. Luque A, Gomez M, Puzon W, Takada Y, Sanchez-Madrid F, Cabanas C. Activated 702 

conformations of very late activation integrins detected by a group of antibodies 703 
(HUTS) specific for a novel regulatory region (355-425) of the common beta 1 chain. J 704 
Biol Chem 1996 May 10; 271(19): 11067-11075. 705 

 706 
53. Uchiyama H, Barut BA, Mohrbacher AF, Chauhan D, Anderson KC. Adhesion of 707 

human myeloma-derived cell lines to bone marrow stromal cells stimulates interleukin-708 
6 secretion. Blood 1993 Dec 15; 82(12): 3712-3720. 709 

 710 
54. Mori Y, Shimizu N, Dallas M, Niewolna M, Story B, Williams PJ, et al. Anti-alpha4 711 

integrin antibody suppresses the development of multiple myeloma and associated 712 
osteoclastic osteolysis. Blood 2004 Oct 1; 104(7): 2149-2154. 713 

 714 
55. Olson DL, Burkly LC, Leone DR, Dolinski BM, Lobb RR. Anti-alpha4 integrin 715 

monoclonal antibody inhibits multiple myeloma growth in a murine model. Mol Cancer 716 
Ther 2005 Jan; 4(1): 91-99. 717 



 27

 718 
56. Katayama Y, Hidalgo A, Furie BC, Vestweber D, Furie B, Frenette PS. PSGL-1 719 

participates in E-selectin-mediated progenitor homing to bone marrow: evidence for 720 
cooperation between E-selectin ligands and alpha4 integrin. Blood 2003 Sep 15; 102(6): 721 
2060-2067. 722 

 723 
57. Alsayed Y, Ngo H, Runnels J, Leleu X, Singha UK, Pitsillides CM, et al. Mechanisms 724 

of regulation of CXCR4/SDF-1 (CXCL12)-dependent migration and homing in 725 
multiple myeloma. Blood 2007 Apr 1; 109(7): 2708-2717. 726 

 727 
58. Davids MS, Burger JA. Cell Trafficking in Chronic Lymphocytic Leukemia. Open J 728 

Hematol 2012; 3(S1). 729 

 730 

 731 

732 



 28

FIGURE LEGENDS 733 

Figure 1. The α4β1 integrin is required for in vivo MM and CLL cell attachment to 734 

the BM microvasculature. MM cells (NCI-H929, MM1.S and RPMI 8226) (A), and 735 

CLL cells (MEC-1, EHEB and primary cells) (B, C)  were fluorescently labeled and 736 

pre-incubated with control, anti-α4 ALC 1/63 or anti-αL R7-1 mAb, and subsequently 737 

injected into NSG mice prepared for intravital imaging of the calvarial bone marrow. 738 

Micrographs are representative images of the collecting venules (Cv) and sinusoids (S) 739 

that irrigate the BM from each experimental group. Free flowing (arrowhead), rolling (·) 740 

or arrested cells (*) can be visualized against the auto-fluorescent bone and dark vessels. 741 

Bar graphs show the percentage of passing cells that rolled (defined as those moving 742 

below the Vcrit, as described in the Methods section), or arrested for 3 sec or longer. 743 

Bars represent mean ± SEM values obtained from the analysis of 16-20 venules from 4 744 

mice. ***p<0.001, **p<0.01 (one-tailed t test); n.s., non-significant. 745 

Figure 2. Role of P-selectin and E-selectin on the in vivo MM and CLL cell 746 

attachment to BM endothelium. (A) Cells were incubated with fluorescently-labelled 747 

P- or E-selectin/hIgM chimera in the absence or presence of EDTA, and samples 748 

subjected to flow cytometry. Selectin ligands were detected with Cy5-labelled anti-749 

human IgM. (B, C) Cells were analyzed by IVM using NSG mice that had been pre-750 

treated with control antibodies, or with antibodies to E- /and or P-selectin. Micrographs 751 

are representative images of collecting venules and sinusoids irrigating the BM. Bar 752 

graphs show the percentage of rolling or arrested cells. Bars represent mean ± SEM 753 

values obtained from the analysis of 16-20 venules from 4 mice. ***p<0.001, **p<0.01, * 754 

p<0.05; n.s., non-significant. 755 

Figure 3. Role of talin and kindlin-3 in α4β1-dependent MM cell attachment. (A) 756 

Primary CD138+ BM samples from MM patients were analyzed by RT-qPCR for talin 757 
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and kindlin-3 mRNA levels (normalized to the reference gene TBP). (B, left) The 758 

indicated MM cell lines were analyzed by immunoblotting for talin or kindlin-3 759 

expression. Loading control was assessed with anti-vinculin antibodies. (Right) Cells 760 

were serum-starved and incubated for different times in the absence or presence of 761 

CXCL12, and subsequently subjected to immunoprecipitation and immunobloting with 762 

the antibodies shown. (C, left) Cells were nucleofected with the indicated single or 763 

combined siRNA, and transfectants analyzed by western blotting. (Medium) 764 

Densitometric analyses of protein gel bands show the mean ±SD of four independent 765 

experiments. (Right) The different control, talin and kindlin-3 siRNA transfectants were 766 

analyzed in adhesion assays to VCAM-1 co-immobilized with or without CXCL12. (D) 767 

Transfectants were tested by flow cytometry for binding of the anti-β1 HUTS-21 mAb, 768 

in the absence or presence of CXCL12. Adhesions and binding (n= 4) were significantly 769 

inhibited, ***p<0.001, *p<0.05. (E, left) NCI-H929 cells transfected with both talin and 770 

kindlin-3 or with control siRNA were perfused in flow chambers coated with VCAM-1 771 

co-immobilized with CXCL12, and analyzed for rolling and stable cell arrest (n=3). 772 

Data is presented as mean ± SD of cell percentages from the total cell population. 773 

Adhesions were significantly inhibited in comparison with those of control siRNA 774 

transfectants, *p<0.05. (Right) The indicated siRNA transfectants pre-attached onto co-775 

immobilized VCAM-1 and CXCL12 in flow chambers, were subjected to cell 776 

detachment after sequential increases of shear stress. Data show mean ±SD of cell 777 

percentages from the initial number of bound cells remaining attached at the indicated 778 

shear stresses (n=3). (F) NCI-H929 cells were transfected with the indicated siRNA and 779 

GFP vector combinations, and analyzed in adhesion assays to VCAM-1 immobilized 780 

with CXCL12. Adhesion was significantly inhibited, *p<0.05, or rescued, Δp<0.05. (G) 781 

NCI-H929 cells were transfected either with control or with both talin and kindlin-3 782 
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siRNA, and fluorescently-labeled transfectants were subsequently injected into NSG 783 

mice prepared for IVM of the calvarial BM. Bar graphs show the percentage of passing 784 

cells that rolled or arrested, and represent the mean ± SEM values obtained from the 785 

analysis of 16-20 venules from 4 mice. (***p<0.001). 786 

Figure 4. Role of talin and kindlin-3 in α4β1-dependent MM cell transendothelial 787 

migration and in adhesion to fibronectin and BM stroma. (A) NCI-H929 cells pre-788 

incubated with control or anti-α4 mAb (left), or the indicated NCI-H929 siRNA 789 

transfectants (right), were subjected to transendothelial migration towards CXCL12 790 

across TNF-α-incubated HUVEC. Migration was significantly inhibited, ***p<0.001 or 791 

**p<0.01 (n= 6). (B) Control, talin and kindlin-3 siRNA transfectants were analyzed in 792 

adhesion assays to FN-H89 co-immobilized with or without CXCL12. (C) NCI-H929 793 

cells pre-incubated with control or anti-α4 mAb (left), or the indicated NCI-H929 794 

siRNA transfectants (right), were subjected to adhesion to HS-27A BM stromal cells. 795 

Adhesions were significantly inhibited, ***p<0.001, **p<0.01 or *p<0.05 (n= 4). (D) Cell 796 

apoptosis was measured in control and talin/kindlin-3 siRNA NCI-H929 transfectants 797 

incubated for 36 h in FN-H89-coated dishes in the absence or presence of bortezomib 798 

(40 nM). (ΔΔp<0.01, Δp<0.05, n=4). 799 

Figure 5. Increased α4β1-dependent adhesion of ICAP-1-depleted MM cells. (A, 800 

left) Primary CD138+ BM samples from MM patients, or the indicated MM cell lines 801 

were analyzed by RT-qPCR for ICAP-1 mRNA levels (normalized to the reference gene 802 

TBP). (Right) Cells were subjected to immunoprecipitation and immunobloting with the 803 

antibodies shown. (B, left) NCI-H929 cells were nucleofected with the indicated siRNA 804 

and transfectants analyzed by RT-qPCR. Bars represent relative mRNA expression 805 

levels (mean ±SD). Expression was significantly reduced, ***p<0.001 (n=4). NCI-H929 806 

siRNA transfectants were analyzed in adhesion assays to VCAM-1 (n=4; middle) and 807 
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FN-H89 (n=3; right) co-immobilized with or without CXCL12. (C) NCI-H929 siRNA 808 

transfectants were pre-incubated with or without CXCL12 and subjected to adhesion 809 

assays to TNF-α-treated HS-27A stromal cells (n=4). Adhesions were significantly 810 

stimulated, ΔΔΔp<0.001, ΔΔp<0.01 or Δp<0.05. (D) The same siRNA transfectants were 811 

exposed to CXCL12 and tested by flow cytometry for binding of the anti-β1 HUTS-21 812 

mAb (n=5; Δp<0.05). (E) NCI-H929 cells were transfected with control or ICAP-1 813 

siRNA, and labeled cells subsequently injected into mice prepared for IVM. 814 

Micrographs are representative images of collecting venules and sinusoids irrigating the 815 

BM. Bar graphs show the percentage of passing cells that rolled or arrested, and 816 

represent the mean ± SEM values obtained from the analysis of 16-20 venules from 4 817 

mice.  (ΔΔΔp<0.001) 818 

Figure 6. Talin, kindlin-3 and ICAP-1 regulate α4β1-dependent CLL cell adhesion 819 

and transendothelial migration. (A) Analyses by RT-qPCR showing talin, kindlin-3 820 

and ICAP-1 mRNA levels in primary CLL samples (top), as well as in the MEC-1 CLL 821 

cell line and in EBV–transformed CO43 and BRO168 cells (normalized to the reference 822 

gene TBP) (n=4). (B, left) The indicated CLL cells were analyzed by immunoblotting 823 

for talin and kindlin-3 expression. Loading control was assessed with anti-vinculin 824 

antibodies. (Right) Cells were serum-starved and incubated for different times in the 825 

absence or presence of CCL21, and subsequently subjected to immunoprecipitation and 826 

immunobloting with the antibodies shown. (C, left) MEC-1 cells were nucleofected 827 

with both talin and kindlin-3 siRNA, and upon 48 h transfectants were analyzed by 828 

western blotting. Transfectants were subjected to adhesion assays to VCAM-1 co-829 

immobilized with or without CCL21 (middle), or to transendothelial migration towards 830 

CCL21 across TNF-α-treated HUVEC (right). Adhesions and migrations were 831 

significantly inhibited, ***p<0.001 and **p<0.01 (n=4). (D, left) MEC-1 cells were 832 
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nucleofected with control or with the indicated ICAP-1 siRNA, and transfectants 833 

analyzed by RT-qPCR. Bars represent relative mRNA expression levels (mean ±SD). 834 

Expression was significantly reduced, *p<0.05 (n=3). (Right) siRNA transfectants were 835 

analyzed in adhesion assays to VCAM-1 (n=3) co-immobilized with or without 836 

CXCL12. Adhesions were significantly stimulated, ΔΔΔp<0.001. 837 

Figure 7. Working model of regulation of α4β1-dependent MM and CLL adhesion 838 

by talin, kindlin-3 and ICAP-1. After selectin-mediated cell rolling, inside-out 839 

signalling from CXCR4 leads to α4β1-dependent cell arrest on the BM 840 

microvasculature, followed by chemokine-guided cell extravasation and lodging onto 841 

the BM stroma involving α4β1 function (Bottom). A final step of this signalling 842 

involves stimulation of talin and kindlin-3 binding to the β1 cytoplasmic domain, which 843 

results in the generation of α4β1 high-affinity conformations and upregulation of cell 844 

attachment. Rac1 functional links to talin/kindlin-3 further contributes to enhanced cell 845 

adhesion. On the other hand, ICAP-1 represses the adhesion, which might involve 846 

competitive binding and displacement of the talin/kindlin-3 module. The effects of the 847 

silencing of this module or of ICAP-1 in expression of different α4β1 conformations 848 

and on cell adhesion is also shown (top) 849 
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