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The interaction of multiple myeloma (MM)
cells with the bone marrow (BM) milieu
plays a crucial role in MM pathogenesis.
Stromal cell–derived factor-1 (SDF1) regu-
lates homing of MM cells to the BM. In this
study, we examined the role of RhoA and
Rac1 GTPases in SDF1-induced adhesion
and chemotaxis of MM. We found that

both RhoA and Rac1 play key roles in
SDF1-induced adhesion of MM cells to
BM stromal cells, whereas RhoA was
involved in chemotaxis and motility. Fur-
thermore, both ROCK and Rac1 inhibitors
reduced SDF1-induced polymerization of
actin and activation of LIMK, SRC, FAK,
and cofilin. Moreover, RhoA and Rac1

reduced homing of MM cells to BM niches.
In conclusion, we characterized the role
of RhoA and Rac1 GTPases in SDF1-
induced adhesion, chemotaxis, and hom-
ing of MM cells to the BM, providing the
framework for targeting RhoA and Rac1
GTPases as novel MM therapy. (Blood.
2009;114:619-629)

Introduction

Multiple myeloma (MM) is the second most prevalent hematologic
malignancy; it remains incurable, and the median survival time is
3 to 5 years.1,2 The interaction of MM cells with extracellu-
lar matrix (ECM) proteins, bone marrow (BM) stromal cells
(BMSCs), and chemokines in the BM milieu plays a crucial role in
MM pathogenesis and drug resistance.3-5 These molecular events
are triggered either by MM cell adhesion to BMSCs and ECM or by
chemokines.6 We have previously shown that the chemokine
stromal cell–derived factor-1 (SDF1) and its receptor, CXCR4,
regulate chemotaxis and homing of MM cells to the BM.7

Moreover, SDF1 was shown to induce MM proliferation,4 up-
regulate VLA-4–mediated cell adhesion to both fibronectin and
vascular cell adhesion molecule (VCAM)–1,8 and increase chemo-
taxis, invasion, and actin polymerization in MM cells.9

RhoA, Rac1, and CDC42 are guanosine triphosphatase
(GTPases) and members of the Rho-GTPases family, which is a
subfamily of the Ras superfamily.10 Rho GTPases have been
implicated in many basic cellular processes that influence cell
proliferation, motility, chemotaxis, and adhesion.11 RhoA activates
ROCK1 and LIMK to regulate actin cytoskeleton in the formation
of stress fibers12,13 and also induces adhesion14 and migration15 of
cancer cells. Rac1 exerts its activity through phosphorylation and
activation of PAK16 and has been implicated in a wide range of
biologic activities, including the control of cell growth, cytoskel-
etal reorganization, cell migration, and also in adhesion of endothe-
lial cells17 and neurons18 and neutrophils.19 In this study, we
examined the role of RhoA and Rac1 GTPases in SDF1-induced
adhesion and migration of MM cells and sought to elucidate the
cellular mechanism of cytoskeletal changes induced by SDF.

Methods

Reagents

ROCK inhibitor Y27632, Rac1 inhibitor NSC23766, pertussis toxin (PTX),
phosphoinositide-3 kinase (PI3K) inhibitor LY294002, and AKT inhibitor
triciribine were purchased from Calbiochem. Recombinant SDF1, VCAM,
and intercellular adhesion molecule (ICAM) were purchased from R&D.
RhoA and Rac1 activation kits were purchased from Millipore, including
RhoA and Rac1 antibodies. All monoclonal antibodies for Western blotting
and flow cytometry, except RhoA and Rac1, were purchased from Cell
Signaling Technologies.

Cells

Dexamethasone-sensitive human MM cell line MM1s was kindly provided
by Dr Steven Rosen (Northwestern University, Chicago, IL). The RPMI8226
and OPM2 human MM cell lines were purchased from the ATCC.

Primary MM cells and stromal cells were obtained from BM samples
from patients with MM as previously described.20 Informed consent was
obtained from all patients and donors in accordance with the Declaration of
Helsinki. Approval of these studies was obtained by the Dana-Farber
Cancer Institute Institutional Review Board.

Animals

Approval of these studies was obtained by the Dana-Farber Cancer Institute
and Massachusetts General Hospital Institutional Animal Care and Use
Committees. Male 7- to 9-week-old severe combined immunodeficiency
(SCID) mice were obtained from Charles River Laboratories. Anesthesia
was performed by intraperitoneal injections of ketamine/zylazine, and mice
were killed by carbon dioxide inhalation.
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Expression of RhoA, Rac1, and CDC42

Cells (106 cells/mL) from MM1s, RPMI8226, and OPM2 MM cell lines and
3 MM patient samples were fixed and permeablized by an incubation
methanol; treated with either isotype, RhoA, Rac1, or CDC42 mouse
monoclonal antibodies in phosphate-buffered saline (PBS) for 1 hour; and
followed by fluorescein isothiocyanate (FITC)–labeled secondary antibody.
All procedures were performed in ice-cold PBS. Samples were then
analyzed with the use of flow cytometry.

Gene expression profiling of RhoA, Rac1, and CDC42

Gene expression datasets from the Mayo Clinic (GEO accession GSE6477)
were obtained from the Gene Expression Omnibus for analysis and
generated by the use of the Affymetrix U133A platform.21 The data
pertaining to RhoA (probe ID 200059_s_at), Rac1 (probe ID 208641_s_at),
and CDC42 (probe ID 208727_s_at) were extracted for analysis. We
compared the expression in normal plasma cells from BM of 15 normal
subjects and MM cells from BM of 73 newly diagnosed patients with MM.

Cell viability test

Cells (1 � 106 cells/mL) from MM1s and RPMI8226 cell lines, and
CD138� cells from MM patient samples, and peripheral blood mononuclear
cells were cultured with increasing concentrations of Y27632, NSC23766,
or a combination of both for 3 or 24 hours. Cell growth was assessed by the
measurement of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (Chemicon International) dye absorbance.

Adhesion assays in vitro

Fibronectin-coated plates (EMD Biosciences) and plates coated with
recombinant VCAM or ICAM were used. Nontissue culture plates were
coated with recombinant ICAM or VCAM (10 �g/mL) for 24 hours at 4°C
and blocked with 10 mg/mL bovine serum albumin for 1 hour at 37°C. For
the stromal cell and endothelial cell adhesion assay, a confluent monolayer
was generated by plating 104 BMSCs or human umbilical vein endothelial
cells (HUVECs), respectively.

MM1s, OPM2, RPMI8226, and MM patient sample cells (2 � 105

cells/mL) were serum starved for 3 hours, labeled with calcein-AM, and
treated with either Y27632 (25 �mol/L for 3 hours), NSC23766 (25 �mol/L
for 3 hours), a combination of both, or vehicle. In adhesion to recombinant
proteins and HUVEC cells, MM cells were activated with SDF1 (30 nmol/
L), and nonactivated cells were used as controls. Cells were added to plates
coated with fibronectin, VCAM, ICAM, stromal cells, or endothelial cells.
After 2 hours at 37°C, the nonadherent cells were aspirated, wells were
washed with PBS, and fluorescence intensity in the wells was measured by
the use of a fluorometer (Ex/Em � 485/520 nm).

Expression of adhesion molecules on stromal-cell and
MM-cell surfaces

To assess the expression of VCAM and ICAM on the cell surface of stromal cells,
cells (105) were trypsinized for 1 minute at 37°C; washed; incubated with
phycoerythrin (PE) conjugates of Isotype IgG1 control, ICAM, or VCAM
monoclonal antibodies; and analyzed by flow cytometry. To assess the expression
of CXCR4 on MM1s, OPM2, and RPMI8226, cells (106) were washed,
incubated with PE conjugates of isotype IgG1 control or CXCR4 monoclonal
antibodies on ice for 30 minutes, and analyzed by flow cytometry.

To determine the effect of ROCK and Rac1 inhibitors on the expression
of adhesion molecules on MM cells, MM1s cells (106) were treated with
Y27632, NSC23766, or both as described previously, followed by cell
activation with SDF1 (30 nmol/L for 2 hours). Cells were incubated with
PE conjugates of isotype IgG1 control, VLA4, LFA1, or CXCR4 monoclo-
nal antibodies on ice for 30 minutes and analyzed by flow cytometry.

Chemotaxis assay

Chemotaxis was determined by the use of filters (8-micron pore size) for
Transwell migration assay (Costar) according to the manufacturer’s instruc-

tions. MM1s, OPM2, RPMI, and MM patient sample cells (5 � 106

cells/mL) were treated with Y27632, NSC23766, or both as described
previously. Then, cells were placed in the upper migration chambers in the
presence of absence of 30 nmol/L SDF1 in the lower chamber. After 3 hours
of incubation, cells that migrated to the lower chambers were counted by
the use of flow cytometry.

Cell motility

MM1s cells (106 cells/mL) were plated in a 35-mm FluoroDish (WPI).
Nonadherent cells were then aspirated, and adherent cells were treated with
Y27632, NSC23766, or both as described previously. Plates were then left
in a prewarmed chamber of the confocal microscope for equilibration.
SDF1 was added (final concentration of 30 nmol/L) 1 minute after starting
of image capturing, and phase contrast images were taken every second for
10 minutes. Images were compressed to AVI files by the use of ImageJ
software (National Institutes of Health [NIH]).

Actin polymerization

MM1s were treated with Y27632, NSC23766, or both as described
previously and stimulated with 30 nmol/L of SDF1 for 1 minute. Cells were
then fixed in 2% formaldehyde for 15 minutes at room temperature,
permeablized with 0.2% saponin, and stained with 5 �g/mL phalloidin
tagged with either Alexa-Fuor-568 or FITC. Cells stained with phalloidin-
FITC were analyzed by flow cytometry, and cells stained with phalloidin-
Alexa-Fluor-568 were spun onto slides, mounted, and analyzed by confocal
microscopy.

Transient transfection of small interfering RNA (siRNA)

MM1s cells were transiently transfected with RhoA or Rac1 siRNA
SmartPool (Dharmacon) by the use of the Cell Line Nucleofector Kit V
(Amaxa Biosystems) according to the manufacturer’s instructions, as in
previous studies.22 Scrambled siRNA was used as a mock control. After
transfection, MM1s cells were subjected to western blotting, cell prolifera-
tion adhesion to fibronectin, and chemotaxis assays.

Cytoskeletal signaling

MM1s (5 � 106 cells) were serum starved for 3 hours and then stimulated
with 30 nmol/L of SDF1 for 0, 1, 2, and 5 minutes. Moreover, cells were
treated with Y27632, NSC23766, or both as described in “Adhession assays
in vitro” and stimulated with 30 nmol/L of SDF1 for 1 minute.

To test the interaction of RhoA and Rac1 with the PI3K signaling pathway,
MM1s (5 � 106 cells) were serum starved for 3 hours, followed by treatment
with PTX (200 nmol/L for 3 hours), PI3K inhibitor LY294002 (25 �mol/L for
20 minutes), AKT inhibitor triciribine (25 �mol/L for 3 hours) or vehicle, and
then stimulated with 30 nmol/L of SDF1 for 1 minute.

Cells were then washed with ice-cold PBS, lysed on ice, and the
phosphorylation of LIMK, cofilin, FAK, Src, MLC, and AKT and expres-
sion of �-tubulin were detected by immunoblotting. Lysates also were
analyzed for RhoA and Rac1 activation, as described in “RhoA and Rac1
GTPases activation.”

RhoA and Rac1 GTPases activation

Cells were pelleted, rinsed with ice-cold Tris-buffered saline, and lysed
with 200 � L of magnesium lysis buffer. Lysates were then centrifuged, and
protein concentrations were determined by Bradford Reagent (Sigma-
Aldrich) equalized for all samples. Rohtekin or PAK1 agarose-beads
(20 �g) were added to each cell lysate (150 �L) for the pull-down of RhoA
and Rac1 GTPases, respectively. Lysates and beads were incubated for
1 hour with agitation at 4°C. Beads were then pelleted by centrifugation
(10 seconds, 14 000g, 4°C), and supernatant was collected for the detection
of the nonactive form of the GTPases. Beads were washed twice with lysis
buffer, resuspended in 30 �L of 2X Laemmli buffer, and proteins were
detected by the use of immunoblotting as previously described.20
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In vivo flow cytometry

In vivo flow cytometry is a new technology that allows real-time continuous
monitoring of fluorescent cells in the circulation of live animals without the
need to draw blood samples. MM1s cells were treated with Y27632,
NSC23766, or both as described previously and then labeled with
calcein-AM. Nontreated cells were labeled with calcein-red/orange. Equal
numbers (3 � 106 cells) of labeled, treated, and nontreated cells were mixed
in a final volume of 150 �L of media and injected in the tail vein of SCID
mice. Mice were anesthetized, and lasers were focused on an appropriate
arteriole in the mouse ear. The calcein and calcein-red/orange–labeled
circulating cells were excited by 473-nm and 561-nm lasers, and signals
were detected by photomultiplier tubes through 528/19-nm and 610/60-nm
bandpass filters and analyzed with Matlab software. Cell counts were
obtained at least every 5 minutes for 40 minutes.

In vivo confocal imaging

MM cell homing to BM vasculature of the skull was analyzed by the use of
fluorescence confocal microscopy as previously described.23MM1s cells
were treated with Y27632, NSC23766, or both as described previously;
labeled with calcein; and injected to the tail vein of anesthetized SCID mice
with a skin flap in their scalp to expose the underlying dorsal skull surface.

Retro-orbital injection of 20 �L of Evans blue solution was preformed
immediately before imaging. Eight images of the BM niches (2 images for
each niche) were captured 25 minutes after injection, and a map of the BM
niches was consolidated. High-resolution images with cellular detail were
obtained through the intact mouse skull by the use of a 30 � 0.9 NA water
immersion objective lens. Calcein-labeled tumor cells and Evans blue–
containing blood vessels were excited with 491-nm and 638-nm lasers and
detected with photomultiplier tubes through a 528/19-nm and 680/25-nm
bandpass filters, respectively. Images were taken as averaging 30 frames.

Results

Expression of RhoA, Rac1, and CDC42

We first examined the expression level of Rho, Rac, and CDC42 in
MM cell lines and patient samples. Figure 1A and supplemental
Table 1 (available on the Blood website; see the Supplemental
Materials link at the top of the online article) show that both RhoA
and Rac1 were expressed in all MM cell lines and patient samples;
however, the expression of CDC42 was not consistent in all
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Figure 1. Gene expression of the GTPases RhoA, Rac1, and CDC42 and expression of RhoA and Rac1 in MM cell lines and patient samples. (A) Expression of RhoA
and Rac1 in MM cell lines (MM1S, OPM2, and RPMI8226) and 3 MM patient samples demonstrating similar expression of both GTPases in all cell lines and patient samples.
(B) Gene expression of the GTPases RhoA, Rac1, and CDC42, based on NIH Gene Expression Omnibus database under the accession number GSE6691, demonstrating
significant overexpression of RhoA and Rac1, but not CDC42, GTPases in MM samples compared with normal subjects.
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samples: OPM2 and 2 patient samples showed high expression of
CDC42, whereas RMPI8226, MM1S, and 1 patient sample did not
show CDC42 expression.

Gene expression profiling of RhoA, Rac1, and CDC42

Protein expression data obtained by flow cytometry were con-
firmed by the investigation of the mRNA expression of RhoA,
Rac1, and CDC42 in MM by the use of gene expression profiling.
The data showed a significant increase in expression of RhoA and
Rac1, but not CDC42, in MM cells compared with normal plasma
cells (Figure 1B).

Cell viability

Supplemental Figure 1 shows that neither the ROCK inhibitor, Rac1
inhibitor, nor their combination had any effect on cell viability of MM
cell lines or patient samples after 3 hours of treatment. Moreover, at
24 hours of treatment, the ROCK inhibitor did not affect viability of
cells, whereas the half maximal inhibitory concentration for the Rac1
inhibitor was 75 to 100 �mol/L. The combination of both inhibitors was
similar to the effect of the Rac1 inhibitor. On the basis of those results,
we used concentrations (25 �mol/L) of both inhibitors in all experi-
ments to avoid cytotoxic effects.

Adhesion to fibronectin and BMSCs

We next examined the functional role of RhoA and Rac1 in
regulating SDF1-dependent adhesion in MM. Figure 2A and B
show the SDF1-induced adhesion of MM cell lines (MM1S,
OPM2, and RPMI8226) and patients samples, respectively, to
fibronectin, which represents the ECM. Bovine serum albumin
controls were used to demonstrate nonspecific adhesion. Both of
the ROCK and the Rac1 inhibitors reduced MM cell adhesion to
fibronectin, and their combination did not show any additive effect.

BMSCs are known to secrete SDF1, and we did not use SDF1 in
these experiments. Figure 2C shows that both the ROCK and the
Rac1 inhibitors reduced the adhesion of MM cell lines (MM1S,
OPM2, and RPMI8226) and patient samples to BMSCs.

Surface expression of adhesion molecules

We next examined the effect of SDF1 and ROCK and Rac1 inhibitors
on the surface expression of CXCR4, VLA4, and LFA1 on MM1S cells.
We chose VLA4 and LFA1 because they are known to be expressed on
MM1S cells and regulate adhesion in MM.24,25 Figure 3A and supple-
mental Table 2 show that SDF1 induced internalization of CXCR4
receptor as expected, but that none of the inhibitors or their combination
altered the effect of SDF1. In addition, neither SDF1 nor the ROCK and
Rac1 inhibitors changed the surface expression of VLA4 and LFA1. We
further confirmed that the integrins ICAM and VCAM were expressed
on BMSCs, as shown in Figure 3B and supplemental Table 3.

The role of VLA4 and LFA1 in adhesion to BMSCs

We further show in Figure 3C that MM1S cells had minimal
adhesion to immobilized recombinant ICAM, which indicates a
minimal role of LFA1 in adhesion of MM1S cells. However,
MM1S cells had a significantly stronger adhesion to immobilized
recombinant VCAM, indicating that VLA4 plays a major role in
the adhesion of MM cells. The VLA4-VCAM–mediated adhesion
was increased with SDF1 and inhibited with both ROCK and Rac1
inhibitors with no additive effect of the combination. In addition,
Figure 3D shows that a blocking antibody of VLA4 reduced the
adhesion of MM1S cells to BMSCs. ROCK and Rac1 inhibitors did

not have additive effect with the VLA4 inhibitor, suggesting that
they are affecting the same pathway.

Chemotaxis assay

Figure 4A and supplemental Table 4 show the expression of
CXCR4 of the MM cell lines expressed as shift of fluorescence
intensity compared with isotype control. We showed that MM cell
lines demonstrated different levels of CXCR4 expression; MM1S,
OPM2, and RPMI8226 showed low, moderate, and high expression
of CXCR4, respectively. Figure 4B and C show the chemotaxis of
MM cells lines (MM1S, OPM2, and RPMI8226) and patient
samples, respectively. SDF1 induced chemotaxis of all MM cell
lines and patient samples, and the response to SDF1 in MM cell
lines was in correlation with the level of CXCR4 expression.
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Although the treatment with Rac1 inhibitor showed minimal effect
on SDF1 chemotactic effect, treatment with the ROCK inhibi-
tor abolished this effect. The effect of the combination of the
2 inhibitors was similar to the effect of the ROCK inhibitor.

Cell motility

Supplemental Figure 2 demonstrates the effect of SDF1 (which was
added after 1 minute of beginning of image capturing, 15 seconds
into the supplemental videos) on the motility of MM1S cell in the
presence or absence of the inhibitors. The “Control” video file
shows the effect of SDF1 on nontreated MM1S cells, which were
round in shape and had minimal motility before the addition of
SDF1; however, the addition of SDF1 induced cell motility and a
change in shape. The “NS” video shows the effect of SDF1 on cells
pretreated with Rac inhibitor, showing similar results obtained in
the control. The “Y” video shows the effect of SDF1 on cells

pretreated with ROCK inhibitor, showing that the inhibitor abol-
ished the cell motility and shape changes induced by SDF1. The
“Combo” video shows the effect of SDF1 on cells pretreated with
combination of the inhibitors, showing similar results obtained in
the ROCK inhibitor alone.

Actin polymerization

The actin polymerization was tested by detecting the interaction of
phalloidin with F-actin, which was detected by confocal micros-
copy (Figure 4D) and flow cytometry (Figure 4E). We showed that
SDF1 induced significant polarization and actin polymerization.
Both the Rac1 and ROCK inhibitors reduced this effect, whereas
the effect of the ROCK inhibitor was more profound. Moreover, the
ROCK inhibitor, but not the Rac1 inhibitor, prevented the polarization
of actin and production of fillopodia. The effect of both inhibitors
was similar to the effect of the ROCK inhibitor.
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Figure 4. The effect of Rock and Rac1 inhibitors on chemotaxis and actin polymerization. (A) Expression of CXCR4 on MM cell lines (MM1S, OPM2, and RPMI8226)
detected by flow cytometry showing that MM1S, OPM2, and RPMI8226 had low, intermediate, and high expression of CXCR4, respectively. (B) The effect of ROCK and Rac1
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Transient transfection of siRNA

To further confirm the pharmacologic effects of drug, we transiently
knocked-down both Rac1 and RhoA as shown in Figure 5A and B,
respectively, and we tested the effect of the knockdown on the adhesion
and chemotaxis of MM1s cells. Figure 5C shows that knockdown of
either RhoAor Rac1 reduced the adhesion of MM1s cells to fibronectin-
coated plates. Figure 5D shows that only the knockdown of RhoA, but
not Rac1, prevented the chemotactic effect of SDF1 in MM1s cells.

Cytoskeletal signaling

We found that SDF1 induced activation of RhoA and Rac1, as
demonstrated by their binding to GTP, and induced phosphorylation of
LIMK, cofilin, FAK, Src, MLC, and AKT. Figure 6A showed that
maximal activation was obtained at 1 minute after treatment with SDF1.

Figure 6B shows that the ROCK inhibitor increased GTP
activation of RhoA, whereas the Rac1 inhibitor did not alter the
activation of RhoA. The combination of inhibitors showed results
similar to ROCK inhibition. Both ROCK and Rac1 inhibitors
reduced GTP activation of Rac1, and their combination showed an
additive effect. Both inhibitors showed similar inhibition of the
phosphorylation of LIMK, cofilin, FAK, and Src, and their
combination did not induce additive inhibition. The phosphoryla-
tion of MLC was reduced by the ROCK inhibitor but not by the
Rac1 inhibitor, and the combination of the inhibitors showed
similar results to those of ROCK inhibitor alone. The phosphoryla-
tion of AKT was increased by the ROCK inhibitor and not altered
by the Rac1 inhibitor, and the combination of the inhibitors showed
results similar to those of the ROCK inhibitor alone.

To test the interaction of RhoA and Rac1 with the PI3K kinase
signaling pathway, we studied the effect of inhibitors ofAKT (triciribin),
PI3K (LY294002), and Gi-protein (PTX) on the activation of RhoA and
Rac1. Figure 6C shows that activation of RhoA was reduced only by
PTX but not by triciribin or LY294002. The activation of Rac1 was
decreased by all 3 inhibitors, indicating that Rac1 was downstream of all
of them. To confirm the activity of the inhibitors, we showed that PTX
reduced the phosphorylation of AKT and that triciribin and LY294002
abolished it. Moreover, both PTX and LY294002 but not triciribin
reduced SDF1-induced chemotaxis of MM1S cells, as shown in Figure
6D. We then tested the effect of the ROCK and Rac1 inhibitors on
chemotaxis (Figure 5E) and adhesion (Figure 6F) of MM1S cells in the
presence or absence of the PI3K inhibitor LY294002. Figure 6E shows

that the Rac1 inhibitor did not alter the inhibitory effect of LY294002 on
MM1S chemotaxis; however, the ROCK inhibitor had an additive effect
when combined with LY294002. Figure 6F shows that the inhibitory
effect of LY294002 on MM1S cell adhesion was not altered by
combination with the Rac1 inhibitor and slightly decreased by the
ROCK inhibitor.

Homing in vivo

To further investigate the role of RhoA and Rac1 in homing in vivo,
we first tested the effect of the ROCK and Rac1 inhibitors on the
adhesion of MM1S cell to human endothelial cells in vitro. Figure
7A shows that both inhibitors reduced the adhesion of MM1S cells
to HUVEC cells in the presence of SDF1, and their combination
showed similar results to each of the inhibitors alone. Figure 7B
shows the effect of the inhibitors on the number of circulating
MM1S cells after tail vein injection by the use of in vivo flow
cytometry. It shows that almost all nontreated control cells exited
from the circulation 25 minutes after the injection, whereas pretreat-
ment of the cells with either or both of the inhibitors prolonged the
time of circulation of MM1S cells, and approximately 50% of the
cells were still circulating 30 minutes after injection. We further
tested the effect of the inhibitors on homing of MM1S cells to the
BM niches of the mouse skull using in vivo confocal microscopy.
Supplemental Figure 3 shows a schema of the mouse skull and the
structure of BM niches. Figure 7C shows that 25 minutes after the
injection of nontreated MM1S cells, a high number of MM1S cells
were found in the BM niches, whereas at the same time interval,
there was a significantly lower number of MM1S cells pretreated
with the ROCK or Rac1 inhibitors; however, the effect of the
ROCK inhibitor was more profound. The combination of the
inhibitors showed similar results to that obtained with the ROCK
inhibitor. The cells in each image were counted, and the average
number of cells per image obtained. Figure 7D depicts the
difference in the number of cells counted in the BM niches after
treatment with the inhibitors.

Discussion

The adhesion of MM cells to ECM proteins and BMSCs plays a
crucial role in MM pathogenesis and drug resistance.4,5 Studies26,27
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have demonstrated the presence of circulating malignant plasma
cells in more than 70% of patients diagnosed with MM. Homing of
cells from the blood to the BM niches requires active navigation,
and one of the most extensively studied chemokines for homing of
MM cells is SDF1 and its receptor, CXCR4.28,29 To date, the
mechanism in which SDF1 and CXCR4 induce adhesion and
chemotaxis of MM cells to the BM is not fully understood.

Rho GTPases are key regulators of cytoskeletal dynamics and
affect many cellular processes, including cell adhesion and chemo-
taxis. These proteins function by interacting with and stimulating
various downstream targets, including actin, protein kinases, and
phospholipases.30 Rho GTPases have oncogenic activity and

promote cancer-cell invasion and metastasis.31,32 CXCR4 was
shown to induce cell migration of T cells via signaling through Rho
GTPases, which were therefore suggested as a potential pharmaco-
logic target for treatment of human diseases that involve function
of CXCR4.32

In this study, we have tested the role of Rho-GTPases in
SDF1-induced MM cell adhesion, chemotaxis, and homing to the
BM. We first analyzed protein expression of RhoA, Rac1, and
CDC42 in MM cell lines and patient samples using flow cytometry.
We found that RhoA and Rac1 were highly expressed in all MM
cell lines and patient samples, whereas the expression of CDC2 did
not show a uniform level of expression. We further confirmed that
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the mRNA expression of RhoA and Rac1, but not CDC42, GTPases
was greater in MM compared with normal plasma cells. Therefore,
we focused on the role of RhoA and Rac1 GTPases in the adhesion
and chemotaxis of MM cells. Specifically, we used 2 small
molecule-specific inhibitors for Rac1 GTPase and for ROCK (the
main effector protein downstream of RhoA) to block the signaling
of Rac1 and RhoA.33,34 We confirmed that none of these inhibitors
induce cell toxicity at the time used for functional assays (after

3 hours of treatment). Moreover, we used a concentration of both
inhibitors that did not induce cell death at 24 hours of treatment.

To study the role of RhoA and Rac1 in the SDF1-induced
adhesion of MM cell to the BM microenvironment, we tested the
effect of the inhibitors on the adhesion of MM cell lines and patient
samples to fibronectin, representing the ECM proteins. Both of the
RhoA and Rac1 GTPases play key roles in adhesion to ECM.
Moreover, we demonstrated a similar role in the adhesion of MM
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cells to BMSCs, indicating similar targets of adhesion molecules in
the ECM and BMSCs. We characterized the expression of the
integrins VLA4 and LFA1, which were both expressed on MM
cells, and found that the inhibition of RhoA or Rac1 pathways did
not affect the expression of these integrins. Furthermore, we tested
the expression of the substrates of these integrins on BMSCs and
found that both VCAM and ICAM were expressed on the BMSCs.
However, we found that the adhesion of MM cells to recombinant
VCAM was significantly greater than their adhesion to recombi-
nant ICAM and that the inhibitors of GTPases affected only
adhesion to VCAM but not ICAM. These data indicated that
SDF1-induced adhesion was mediated through RhoA and Rac1,
which activated VLA4 and not FLA1. These results were con-
firmed by showing that the inhibitors did not enhance the effect of
VLA4 blocking antibody on adhesion of MM cells. These results
are in accord with previous reports indicating that SDF1 induced
MM cell adhesion through VLA4.8 The combination of the
inhibitors did not induce additional activity in reducing adhesion of
MM cells to fibronectin, BMSCs, and VCAM, suggesting that both
GTPases are in the same signaling pathway.

To test the role of RhoA and Rac1 GTPases in SDF1-induced
chemotaxis of MM cells, we used a Transwell migration assay for
MM cell lines and patient samples. We found that chemotaxis of
MM cells correlated with expression of CXCR4 on those cells and
that inhibition of the RhoA pathway with the ROCK inhibitor
abolished the chemotactic effect of SDF1, whereas inhibiting the
Rac1 pathway minimally affected the chemotaxis of MM cells.
Furthermore, we confirmed this effect by testing the effect of the
inhibitor on MM cell motility induced by SDF1 using confocal
microscopy: inhibiting the RhoA pathway, but not the Rac1
pathway, inhibited MM cell motility induced by SDF1. The
combination of the 2 inhibitors showed an effect similar to that of
the ROCK inhibitor alone, indicating that RhoA, but not Rac1,
GTPase plays a role in MM chemotaxis. The pharmacologic effect
of the Rac1 and ROCK inhibitors were confirmed by transient
down-regulation of Rac1 and RhoA pathways by knowcking down
Rac1 and RhoA, which both showed inhibition of adhesion, but
only knocking down RhoA inhibited chemotaxis.

To investigate the molecular mechanism of the effects men-
tioned previously, we tested the role of SDF1, RhoA, and Rac1 on
activation of key proteins in cytoskeletal signaling. We found that
SDF1 induced actin polymerization and polarization in MM cells,
quantified by flow cytometry and depicted by confocal microscopy.
Both inhibitors reduced the polymerization of actin; however, the
ROCK inhibitor had a more significant effect and abolished actin
polarization. Moreover, SDF1 induced rapid phosphorylation of
RhoA, Rac1, AKT, LIMK, FAK, SRC, cofilin, and MLC. The
ROCK inhibitor increased the amount of GTP-activated RhoA by
the blocking of downstream effector proteins. In addition, the
ROCK inhibitor reduced activation of Rac1, indicating that ROCK
is upstream of Rac1. The Rac1 inhibitor decreased the activation of
Rac1, as expected, and did not affect the activation of RhoA and
reduced the phosphorylation of LIMK, FAK, SRC, and cofilin.
Moreover, both Rac1 and ROCK inhibitors reduced the activation
of LIMK, SRC, FAK, and cofilin, with no further effect of the
combination. These proteins are known to be involved in activating
integrins and promoting adhesion, which is consistent with the
similar role of RhoA and Rac1 in MM cell adhesion. Moreover, we
found that ROCK but not Rac1 inhibitor reduced the activation of
MLC, which is known to induce contraction of actin-myosin fibers,
indicating that differential role RhoA in MM cell motility and
chemotaxis. The activation of AKT was increased by the inhibition

of the ROCK inhibitor but was not altered by the Rac1 inhibitor;
this observation led us to study the interaction between the PI3K
pathway and the RhoA and Rac1 pathways. We assessed the effect
of inhibitors of the coupling of the G proteins, PI3K, and AKT on
activation of RhoA and Rac1. Inhibition of the coupling of
G-protein receptor (CXCR4) by PTX reduced the activation of
both RhoA and Rac1, demonstrating that they are both downstream
of CXCR4.

Although both the PI3K and AKT inhibitors (LY294002 and
triciribin) inhibited the activation of Rac1, they did not alter the
activation of RhoA. This effect of the inhibitors on the PI3K
pathway was confirmed by their inhibition of AKT activation,
indicating that PI3K and RhoA are in different pathways down-
stream of CXCR4. Functionally, both the G-protein coupling
inhibitor and PI3K inhibitor, but not the AKT inhibitor, reduced
SDF1-induced chemotaxis of MM cells. Although the combination
of PI3K and Rac1 inhibitors did not show an additive effect in
preventing chemotaxis, an additive effect of PI3K and ROCK
inhibitor was shown. These data suggest that the role of PI3K in
chemotaxis is not through affecting Rac1, which is not involved in
chemotaxis, or RhoA, but has an additive effect with RhoA. The
PI3K inhibitor also reduced the adhesion of MM cells, but the PI3K
inhibitor combination with either the ROCK or Rac1 inhibitors did
not have an additive effect, suggesting that both the RhoA and the
PI3K pathways promote their effect on adhesion of MM cells
through Rac1 GTPase.

Finally, we tested the effect of the ROCK and Rac1 inhibitors
on homing of MM cells in vivo to the BM of SCID mice. First, we
tested the effect of the inhibitors on adhesion of MM cells to
endothelial cell in vitro as a model for extravasation of cells in vitro
and found that the both inhibitors reduced adhesion of MM cell to
endothelial cells in vitro with no additive effect of the combination.
Similar results were obtained in vivo when we tested the effect of
the inhibitors on the time needed for MM cells to home to the BM
by detecting the number of circulating MM cells after tail vein
injection in mice using in vivo flow cytometry. Most of the
untreated cells were not detected in the circulation 25 minutes after
cell injection, whereas treatment with either of the inhibitors alone
or the combination delayed the exit of cell from the circulation such
that 60% of the cells were still in the circulation at 25 minutes after
injection. Furthermore, in vivo confocal microscopy imaging of the
BM niches in the skull of the mice showed that both inhibitors
reduced the number of MM cells present in the BM niches;
however, the effect of the ROCK inhibitor was more significant,
perhaps attributable to the differential role of RhoA on MM cell
chemotaxis, in addition to its role on adhesion.

In conclusion, we studied the role of RhoA and Rac1 GTPases
in adhesion and chemotaxis of MM cells to the BM induced by
SDF1. We found that RhoA was important for both adhesion and
chemotaxis, whereas Rac1 was important for adhesion but not
chemotaxis. Moreover, we have characterized the molecular mecha-
nisms in which SDF1 induces these different functions. On the
basis of these results, we suggest Rho-GTPases as potential novel
therapeutic targets in MM.
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