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a b s t r a c t

Hyaluronan (HA) modulates multidrug resistance (MDR) as well as cell migration. Tiam1 is involved in
cytoskeleton reorganization during tumor invasion. In this report we show the relationship among HA,
Tiam1, migration and MDR in murine lymphoma cell lines. We observed that MDR cells presented higher
migratory capacity towards HA in vitro as well as higher constitutive active Tiam1 expression than the
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sensitive cell line. Besides, HA treatment induced migration towards HA of MDR cell lines through Tiam1
activation by a PI3K-dependent mechanism, showing that disruption of HA signaling would be useful in
treatment of MDR hematological malignancies.

© 2010 Elsevier Ltd. All rights reserved.
ultidrug resistance
ymphoma

. Introduction

Multidrug resistance (MDR) constitutes a major obstacle in
he treatment of refractory disease in hematological malignancies.

DR has usually been explained as a consequence of the overex-
ression of ATP-dependent efflux pumps such as P-glycoprotein
Pgp), reduced drug uptake, activation of detoxifying systems,
r alterations in survival (overexpression of phosphatidylinositol
-kinase-PI3K-/Akt pathway) or apoptotic pathways [1–3]. In addi-
ion, Pgp association with the actin cytoskeleton has been shown to
e crucial in conferring a multidrug-resistant phenotype to human

ymphoid cells, thus indicating that the cytoskeleton function is
nvolved in drug resistance and tumor progression [4]. Besides,
ncreasing evidence supports the role of the tumor microenviron-

ent in conferring drug resistance as a major cause of relapse in
ancers [5].

Hyaluronan (HA) is a linear glycosaminoglycan (GAG), com-

osed of repeated disaccharide units of d-glucuronic acid and
-acetyl-d-glucosamine, with a molecular weight ranging from
05 to 107 Da. HA is a conspicuous component of the mammalian
xtracellular matrix, where it possesses several functions both in
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physiological and pathological conditions such as morphogenesis,
tissue injury and repair, inflammation, and tumorigenesis [6–9].
Increased levels of HA have been found in the tumor microen-
vironment and have been shown to promote tumor progression
and metastasis [10,11]. Upon interaction with cell surface recep-
tors like CD44, RHAMM, LYVE-1 or different HA binding-proteins
(TSG-6, SHAP), HA is able to modulate fundamental cell behav-
ior such as cell proliferation, apoptosis, adhesion, migration and
multidrug resistance. CD44 is a cell surface adhesion molecule
expressed in different isoforms, which have been found in many
types of tumors including lymphomas and have been associated
with cancer dissemination [12,13]. Interaction of CD44 with HA
appears to promote cell motility since this interaction activates the
ankyrin-based cytoskeleton and the Rho GTPases signaling (Rac1,
Cdc42 and RhoA) leading to cellular activities such as gene tran-
scription, cytoskeleton reorganization, cell growth and tumor cell
migration [14].

Tiam1 (T-lymphoma invasion and metastasis) is a guanine
nucleotide exchange factor (GEF) for Rho GTPases in vitro and is a
specific activator of Rac1 in vivo, involved in membrane cytoskele-
ton rearrangements, cell adhesion, migration, and consequently in
tumor invasion and progression [15]. Tiam1 was first identified in a

screen for genes that, when amplified, are able to induce invasive-
ness of murine lymphoma cells [16]. However, Tiam1 signaling may
affect adhesion or migration in a cell type-specific manner [17]. In
fact, Tiam1 has been shown to have an important role in promoting
tumor migration and invasion in breast, colon and hepatocellular

http://www.sciencedirect.com/science/journal/01452126
http://www.elsevier.com/locate/leukres
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arcinomas [18–21] as well as in lymphoma metastasis [22]. Nev-
rtheless, in renal carcinoma cells, Tiam1 promotes adhesion and
nhibits invasion [23]. Structurally, Tiam1 protein contains several
unctional domains including a characteristic Dbi homology (DH)
omain (with the catalytic activity), a Ras-binding domain (RBD)
nd two pleckstrin homology (PH) domains, one at the N-terminus
N-PH) and the other at the C-terminus (C-PH). Regulation of Tiam1
ccurs by phosphorylation and translocation to the membrane [15].
I3K lipid products, via a mechanism that requires interaction with
he N-PH domain, appear to be important in Tiam1 translocation to
he plasma membrane and subsequent activation [24,25]. Besides,
I3K-independent mechanisms could also be involved in Tiam1
ctivation [26]. Studies performed in breast tumor cells have shown
hat Tiam1 interaction with CD44 is required for HA-stimulated
ac1 signaling and cytoskeleton-mediated tumor cell migration
14]. However, the mechanisms involving activation of Tiam1 in
ymphoma cells are still unknown.

Depending on its molecular size, HA is able to modulate MDR in a
ariety of cancer cell types [27–31] including lymphoma cells [32].
pecifically, our group has demonstrated that HA fragments sensi-
ize lymphoma resistant cell lines to vincristine by modulating Pgp
ctivity and PI3K/Akt pathway [32]. Recent investigations have also
hown that HA/CD44 interaction induces ankyrin (a cytoskeleton
rotein) binding to Pgp resulting in the efflux of chemotherapeutic
rugs and chemoresistance [33]. In addition, Pgp interaction with
D44 promotes cell migration and invasion of breast tumor and
elanoma cells, indicating a relationship between both processes

nd MDR [34,35]. Although several studies have analyzed typical
echanisms of HA-modulated MDR, little is known about the role

f HA in migration of MDR lymphoma cell lines.
The aim of this work was to determine the role of HA and Tiam1

n cell migration in murine lymphoma cell lines resistant to dox-
rubicin (LBR-D160), vincristine (LBR-V160) and a sensitive line
LBR−). Our results showed that MDR lymphoma cell lines pre-
ented a higher migratory capacity towards HA in vitro as well
s a higher active Tiam1 expression than the sensitive cell line.
esides, HA treatment induced migration of MDR cell lines towards
A through Tiam1 activation by a PI3K-dependent mechanism.

. Materials and methods

.1. Reagents

Recombinant high molecular weight (HMW, 1.5–1.8 × 106 Da) HA (CPN spol.s.r.o
zech Republic) was supplied by Farmatrade (Argentina). Anti-CD44 (KM81)
as kindly provided by Dr. K. Mikecz (Rush University Medical Center, Chicago,
SA). Wortmannin and LY294002 were purchased from Calbiochem (La Jolla, CA).
incristine (VCR) was provided by Filaxis Pharmaceuticals S.A. Argentina and dox-
rubicin (DOX) by Gador Pharmaceuticals Argentina. Antibodies against Tiam1
C-16), actin (C-10), rat IgG2a (isotype control), anti-rabbit secondary horseradish
eroxidase and anti-goat secondary horseradish peroxidase were purchased from
anta Cruz Biotechnology (USA). RPMI 1640 was purchased from Invitrogen
Argentina). The plasmids GFP-C1199-Tiam1 and GFP-�N-PH-Tiam1 were kindly
iven by Dr. I. Fleming (Department of Biochemistry, University of Dundee, Scotland,
K).

.2. Cell culture

The doxorubicin-resistant (LBR-D160), vincristine-resistant (LBR-V160) and
ensitive (LBR−) murine lymphoma cell lines were obtained previously in our
aboratory [36]. Cell lines were grown in suspension cultures at 37 ◦C in a
% CO2 atmosphere with RPMI 1640 supplemented with 10% heat-inactivated
etal calf serum (FCS), 2 mM L-glutamine, 10 mM HEPES buffer, 5 × 10−5 M 2-

ercaptoethanol, 100 �g/ml streptomycin and 100 �g/ml penicillin. The resistant
ell lines were cultured in the presence of 160 ng/ml VCR or DOX respectively.
.3. Migration assay

A 48 well microchemotaxis Boyden chamber (Neuroprobe, Inc., MD) with poly-
arbonate membranes (Nucleopore membrane, 5 �m pore size, Neuroprobe) was
sed. Cells (3 × 106 cells/ml) were placed in the upper chamber of the transwell
nit while the lower wells contained 200 �g/ml HA or RPMI 1640. After incuba-
search 34 (2010) 1525–1532

tion for 3 h at 37 ◦C, the membrane was removed and cells on the upper side of
the membrane were scraped off with a blade. Cells attached to the lower side of
the membrane were fixed in 2% formaldehyde and stained in 10% DAPI. Cells were
counted in a fluorescence microscope (OLYMPUS BX51, Olympus Corporation) using
a 40× objective. Ten fields per well were recorded and mean number of cells per
field as well as standard error of the mean (SEM) were calculated. To evaluate the
capacity of anti-mouse CD44 monoclonal antibodies to inhibit HA-mediated migra-
tion, cells were incubated with KM81 mAb (20 �g/ml) or with normal rat IgG2a
(isotype control) for 30 min at 37 ◦C before migration assay. The ability of HA to
modulate migration of these cell lines towards HA was investigated by pre-treating
the cells with 200 �g/ml HA for 60 min at 37 ◦C before migration. Besides, the abil-
ity of PI3K inhibitors to modulate HA-mediated migration was tested incubating
cells with wortmannin (0.5 �M) or LY294002 (10 �M) for 30 min at 37 ◦C before
migration assay. Results were expressed as migration index (MI) = mean total cells
per field of samples with chemoattractant/mean total cells per field of samples
without chemoattractant. RPMI 1640 controls were performed in the absence of
chemoattractant in the lower wells thus having average migration index close to
one.

2.4. Membrane extracts and western blot

Cells were untreated or treated with 200 �g/ml HA, 20 �g/ml anti-CD44 (KM81)
or anti-CD44 plus HA for 2 h. Besides, treatments with 0.5 �M wortmannin, 10 �M
LY294002 or vehicle (DMSO) for 30 min were done. After treatment, cells were resus-
pended in lysis buffer (HEPES 10 mM pH 7.4, NaCl 38 mM, PMSF 25 �g/ml, leupeptin
1 �g/ml and aprotinin 1 �g/ml), incubated at −40 ◦C over night and then centrifuged
at 2700 rpm for 10 min. The supernatant was then centrifuged at 33,000 rpm for
90 min. The supernatant constitutes the cytosolic/soluble extract and the pellet, the
membrane/insoluble extract, which was resuspended in lysis buffer with 0.05% Tri-
ton X-100 and both aliquots were stored at −70 ◦C until used. Equal amounts of
protein were resolved by SDS-PAGE, transferred onto a nitrocellulose membrane
and then incubated with specific antibodies to Tiam1 or actin. The reaction was
revealed with horseradish peroxidase-labeled secondary antibody and developed
using a chemiluminescent detection system. Gel images obtained with a digital
camera were subjected to densitometric analysis using Image Scion Software (Scion
Corporation, USA).

2.5. Transfection experiments and confocal microscopy

Cells were transfected with GFP-tagged proteins for 24 h, and then were stim-
ulated with HA for 10, 30 and 120 min, with or without pre-treatment with 0.5 �M
wortmannin for 30 min. The plasmid and transfection conditions for expression of
GFP-C1199-Tiam1 (an active form of Tiam1) and GFP-�N-PH-Tiam1 (a truncated
form of Tiam1 with an N-PH domain deletion) have been previously described [24].
Cells were stained with propidium iodide to visualize the cellular nucleus, fixed
in cold acetone for 20 min and then washed four times in PBS before mounting
on slides in UltraCruzTM Mounting Medium (Santa Cruz Biotechnology, USA). The
labeled cells were analyzed by laser scanning confocal microscopy using a Zeiss
confocal microscope.

2.6. Statistical analysis

Statistical significance between groups was evaluated by one way-ANOVA and
means were compared by the Tukey’s test (migration assay) or Dunnet’s test (den-
sitometric analysis). Differences between groups were considered significant at the
level of P < 0.05. Analysis was performed using Prism 4 software (Graph Pad, San
Diego, CA, USA).

3. Results

3.1. Resistant cell lines present a higher migratory capacity
towards HA in vitro as well as a higher constitutive expression of
Tiam1 in membrane/insoluble extracts

To evaluate the ability of hyaluronan (HA) to act as a chemoat-
tractant for murine lymphoma sensitive and resistant cell lines, a
migration assay towards HA was performed. LBR-D160 and LBR-
V160 presented a higher migration towards HA (200 �g/ml) as
compared to RPMI 1640 (migration indexes of 1.46 and 1.36 vs. 1,
respectively). However, LBR−did not show a significantly enhanced
migration towards HA (migration index 1.13 vs. 1). Consequently,

migration towards HA was found increased in LBR-D160 and LBR-
V160, as compared to LBR− (P < 0.001 and P < 0.01, respectively).
Besides, a similar migration capacity was observed between both
resistant cell lines (Fig. 1A). It is noteworthy that LBR− presented
higher migration both towards RPMI 1640 and HA than LBR-D160
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Fig. 1. Migration towards HA in vitro and constitutive expression of Tiam1 in LBR−, LBR-D160 and LBR-V160. (A) Migration assay of cells towards RPMI 1640 (control) or
200 �g/ml HA. Pre-treatment with either anti-CD44 KM81 antibody or rat IgG isotype control was performed. Results are expressed as migration index (migration towards
HA/migration towards RPMI 1640) and are representative of three independent experiments, in quadruplicates. RPMI 1640 controls were performed in the absence of HA in the
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nd cytosolic/soluble extracts in the three cell lines by western blot. Expression o
xperiments. Densitometric analysis of the bands was performed and the results
ndependent experiments. Bars represent mean ± SEM. *P < 0.05 vs. LBR−.

nd LBR-V160, although migration towards HA in comparison with
PMI 1640 was not significantly increased in LBR− (Table 1). In LBR-
160 and LBR-V160 cell lines, migration towards HA was inhibited
fter incubating with anti-CD44 (KM 81) as compared to controls,
hile rat IgG isotype control did not modify migration of the cell

ines (Fig. 1A). These results indicate that migration towards HA
as mediated by CD44 in LBR-D160 and LBR-V160.

Since Tiam1 increases migration of several tumor cells, we

ext examined constitutive expression of Tiam1 in the three
ell lines. Western blot analysis was performed both in mem-
rane/insoluble and cytosolic/soluble extracts in order to evaluate
ctive (membrane bound) and inactive (cytosolic) Tiam1. As shown
n Fig. 1B, Tiam1 expression in membrane/insoluble fraction was

able 1
igration of LBR−, LBR-D160 and LBR-V160 towards RPMI 1640 or 200 �g/ml HA.

LBR− LBR-D160

RPMI HA RPMI

Exp. 1 128.7 ± 5.3 149.4 ± 9.8 47.24 ± 2.6
Exp. 2 99.2 ± 4.5 109.5 ± 4.9 44.5 ± 2.4
Exp. 3 92.3 ± 3.2 113.1 ± 4.2 37.0 ± 2.0

ll listed data were determined as described in Section 2 and expressed as mean number
***P < 0.001 vs. control. (B) Constitutive expression of Tiam1 in membrane/insoluble
was used as loading control. Similar results were obtained in three independent

ssed as the resistant cell line/sensitive cell line index, as determined from three

two-folds increased in LBR-D160 and LBR-V160, as compared to
LBR− (P < 0.05). We also analyzed Tiam1 expression in cytoso-
lic/soluble fraction in the three cell lines, but found no significant
differences.

These results show that both resistant cell lines presented a
higher migration towards HA and a higher constitutive membrane
Tiam1 expression (active Tiam1) than the sensitive line LBR−.
3.2. HA modulates cell migration and Tiam1 activation

Our next aim was to investigate whether HA treatment was
able to modulate migration of the tumor cell lines and Tiam1
expression. First, we performed migration assays towards RPMI

LBR-V160

HA RPMI HA

71.9 ± 3.4 53.32 ± 3.0 76.4 ± 2.4
59.0 ± 2.4 46.4 ± 1.9 61.5 ± 3.2
58.1 ± 2.0 42.7 ± 5.4 63.8 ± 2.9

of migrated cells ± SEM.
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Fig. 2. Effects of HA in cell migration and Tiam1 expression in LBR−, LBR-D160 and LBR-V160. (A) Migration assay towards 200 �g/ml HA of non pre-treated cells or cells
pre-treated with 200 �g/ml HA. Results are expressed as migration index (migration towards HA/migration towards RPMI 1640) and are representative of three independent
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xperiments, in quadruplicates. Bars represent mean ± SEM. *P < 0.05 vs. non pre-tr
rom untreated cells and cells treated with 200 �g/ml HA, 20 �g/ml anti-CD44 alon
esults were obtained in three independent experiments. Densitometric analysis o
ndex. Bars represent mean ± SEM. *P < 0.05 vs. untreated.

640 and HA of the different cell lines with or without HA pre-
reatment. After HA pre-treatment, we observed that LBR-D160 and
BR-V160 presented a significantly increased migratory capacity
owards HA as compared to LBR− (migration indexes of 1.73 and
.70 vs. 0.90, P < 0.001, respectively). Although migration towards
A of LBR-D160 and LBR-V160 pre-treated cells compared with
on pre-treated cells was slightly increased (18% and 32% increase,
espectively), this was statistically significant (Fig. 2A).

Then, we investigated whether HA was able to modulate Tiam1
xpression. For this purpose, membrane/insoluble and cytoso-
ic/soluble extracts from the different cell lines either treated or not

ith 200 �g/ml HA were prepared and western blot analysis was
erformed. HA treatment induced an increase in Tiam1 expression

n the membrane/insoluble fraction in LBR-D160 and LBR-V160, but
ot in LBR− (Fig. 2B). Indeed, after HA treatment membrane Tiam1
as observed 50% and 40% increased in LBR-D160 and LBR-V160,

espectively. Besides, Tiam1 expression was also evaluated in the
ytosolic/soluble fraction and no significant changes were found
n Tiam1 levels after HA treatment in any of the cell lines studied
data not shown). To evaluate whether the effect of HA on Tiam1
xpression was mediated by the interaction with CD44, resistant

ell lines were treated with anti-CD44 plus HA. Co-treatment with
nti-CD44 abolished the effect of HA, being the expression of Tiam1
n the membrane/insoluble fraction similar to that observed in the
ntreated cells (Fig. 2B). Besides, no changes were observed in
embrane Tiam1 expression with anti-CD44 alone.
cell lines. (B) Tiam1 expression in the three cell lines. Membrane/insoluble extracts
nti-CD44 plus HA for 2 h. Expression of actin was used as loading control. Similar
ands was performed and the results expressed as the treated cells/untreated cells

In order to confirm the ability of HA to induce Tiam1 activation
in the resistant cell lines, LBR-V160 was transfected with GFP-
C1199-Tiam1 (a plasmid able to express a functional Tiam1 protein)
and treated with HA for 10, 30 and 120 min, and cellular distribu-
tion of GFP-C1199-Tiam1 was analyzed by confocal microscopy.
In non-stimulated cells, GFP-C1199-Tiam1 was distributed both in
the cytosol and plasma membrane (Fig. 3A). However, the addi-
tion of 200 �g/ml HA induced a rapid (within 10 min) translocation
of C1199-Tiam1 from the cytosol to the plasma membrane which
was maintained even 120 min later, demonstrating that HA induces
Tiam1 activation in LBR-V160.

To sum up, our results indicate that HA is able to induce Tiam1
activation in the resistant cell lines, thus leading to their migration
towards HA in vitro, an effect mediated by the CD44 receptor.

3.3. Inhibition of the PI3K signaling pathway decreases migration
towards HA and Tiam1 activation in resistant cell lines

Since we have previously demonstrated that HA can activate the
PI3K pathway [32,37] and that HA is able to increase Tiam1 acti-
vation, we next evaluated whether HA effects in Tiam1 activation

were mediated by the PI3K pathway.

First, we investigated the effect of PI3K inhibition on migra-
tion towards HA in vitro and found that PI3K inhibitor wortmannin
decreased migration of LBR-D160 and LBR-V160 towards HA (48%
and 27%, respectively). Besides, treatment with LY294002 (another
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ig. 3. Analysis of exogen Tiam1 subcelullar distribution by confocal microscopy. LB
C) and then stimulated with 200 �g/ml HA for 10, 30 and 120 min. (B) Cells were p
ellular nucleus. The arrows indicate Tiam1 translocation to the cell membrane. Re

I3K inhibitor) also induced a significant decrease in migration of
oth resistant cell lines towards HA in vitro (35% and 50%, respec-
ively) (Fig. 4A).

Then, we determined Tiam1 expression in membrane/insoluble
nd cytosolic/soluble extracts after treatment with wortmannin
r LY294002 by western blot. In membrane/insoluble fraction, we
bserved that wortmannin (0.5 �M) induced a decrease in Tiam1
xpression in LBR-D160 and LBR-V160 (40% and 31%, respectively),
ut no changes in LBR− (3%) (Fig. 4B). We also found that LY294002
ignificantly decreased membrane Tiam1 expression in LBR-D160
nd LBR-V160 (39% and 38%, respectively) but not in LBR− (Fig. 4B).
esides, neither wortmannin nor LY294002 were able to modulate
ytosolic Tiam1 expression in any of the cell lines tested (data not
hown).

Finally, we evaluated the effect of PI3K/Akt inhibition in HA-
nduced Tiam1 activation by confocal microscopy. For this purpose,
wo strategies were carried out. First, the LBR-V160 cell line was
ransfected with GFP-C1199-Tiam1 for 24 h, pre-treated with wort-

annin (0.5 �M) for 30 min and then stimulated with HA for 10, 30
nd 120 min. We found that translocation of Tiam1 to the plasma
embrane was reached only at 30 and 120 min after HA treatment

Fig. 3B), showing a delay in comparison with cells not pre-treated
ith wortmannin (Fig. 3A). Second, LBR-V160 was transfected with
FP-�N-PH-Tiam1 (a construct with an N-PH domain deletion
hich is an important site for binding to phosphoinositides and
lasma membrane anchorage) and then treated with HA. Although
he PI3K-dependent mechanism of Tiam1 translocation was inhib-
ted, HA was also able to induce translocation of GFP-�N-PH-Tiam1
o the plasma membrane but only 120 min after the treatment
Fig. 3C). These results suggest that HA is able to induce activation of
iam1 (translocation to the plasma membrane) in the resistant cell
ines partly mediated by a PI3K-dependent mechanism and partly
y a PI3K-independent mechanism, since translocation of Tiam1

as delayed but not abolished by PI3K inhibition or mutation of
-PH-Tiam1 domain.

Taken together, our results suggest that inhibition of PI3K seems
o decrease the migratory capacity towards HA in the resistant cell
ines by delaying Tiam1 activation.
0 cell line was transfected with GFP-C1199-Tiam1 (A and B) or GFP-�N-PH-Tiam1
ated with 0.5 �M wortmannin for 30 min. Red staining allows visualization of the
re representative of three independent experiments.

4. Discussion

The main causes of treatment failure in cancer are MDR and
development of metastasis. Classically, these processes have been
separately studied. Although in the last few years their connec-
tion has started to be evaluated, the involvement of the tumor
microenvironment component HA and its relationship with MDR
and metastasis is still unclear.

In this work, we demonstrated that both resistant cell lines
studied (LBR-D160 and LBR-V160) presented a higher migration
towards HA and a higher constitutive membrane Tiam1 expres-
sion (active Tiam1) than the sensitive line LBR−. Despite being
migration towards HA and media alone (RPMI 1640) similar in
LBR−, this cell line presented higher number of migratory cells
towards RPMI 1640 than LBR-D160 and LBR-V160. A direct cor-
relation between the metastatic potential and the MDR phenotype
has been previously observed in melanoma cells [38]. Besides, it
has been demonstrated that MDR hepatoma cells (Pgp+) display an
increased capacity to migrate in comparison with Pgp− parental
cells [39]. Moreover, Pgp substrates seem to be able to induce mem-
brane ruffling, an early indicator of cell motility and metastatic
potential, in Pgp+ cells by a PI3K-dependent mechanism [40]. We
showed that MDR lymphoma cell lines (LBR-D160 and LBR-V160)
presented a decreased constitutive migratory capacity (towards
RPMI 1640) than the sensitive lymphoma cell line (LBR−). However,
both lymphoma resistant cell lines LBR-D160 and LBR-V160 – Pgp+
cell lines [36] – presented a higher migratory capacity towards HA
in vitro than the sensitive Pgp− cell line indicating that expression
of Pgp would be involved in migration towards HA. We have pre-
viously reported that LBR− (Pgp− cell line which is grown without
drug pressure) possesses the major invasive capacity in vivo [42].
Although LBR− migration capacity in vitro and its metastatic behav-
ior in vivo are higher than those of LBR-D160 and LBR-V160, our

results indicate that LBR− does not present a preferential migration
capacity towards HA. Therefore, the relevance of our present work
resides in the fact that MDR lymphoma cells are able to respond
to HA (a component of the tumor microenvironment that can
induce several changes in cell behavior) by presenting an enhanced
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Fig. 4. Effects of PI3K inhibition in migration and Tiam1 expression in LBR−, LBR-
D160 and LBR-V160. (A) Migration assay of cells pre-treated with wortmannin
(0.5 �M), LY294002 (10 �M) or DMSO (control) towards RPMI 1640 or 200 �g/ml
HA. Results are expressed as migration index (migration towards HA/migration
towards RPMI 1640) and are representative of three independent experiments, in
quadruplicates. Bars represent mean ± SEM. *P < 0.05 and **P < 0.01 vs. control. (B)
Tiam1 expression from the three cell lines after treatment with PI3K inhibitors.
Membrane/insoluble extracts from untreated cells (DMSO) and cells treated with
0.5 �M wortmannin (W) or 10 �M LY294002 (LY). Expression of actin was used as
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oading control. Similar results were obtained in three independent experiments.
ensitometric analysis of the bands was performed and the results expressed as

he treated cells/untreated cells index. Bars represent mean ± SEM. *P < 0.05 and
*P < 0.01 vs. untreated.

igration towards it, whereas the sensitive cell line failed. Further
xperiments evaluating migration towards other ECM components
re required to clarify the relationship between MDR and migration.

Furthermore, migration towards HA in LBR-D160 and LBR-V160
as mediated by CD44, the main cell surface receptor for HA. CD44

nvolvement in invasion and metastasis has been studied even in
ymphomas [13]. Besides, some recent reports have linked invasion

ith MDR based on the promotion of cell migration and inva-
ion by CD44/Pgp interaction in colon carcinoma, breast tumor
nd melanoma cells [34,35,41]. Moreover, Miletti-Gonzalez et al.
ave found that inhibition of CD44 or Pgp function reduces both
igration and invasion of those cells [34]. We have previously

emonstrated that the three cell lines present a similar expression
f CD44 [42]. In this work, we report a novel connection between
A/CD44 interaction and MDR in lymphoma cell lines based on
D44 ability to preferentially induce migration towards HA of Pgp+
ells (LBR-D160 and LBR-V160).

In this work we clearly demonstrated CD44-dependent HA
ffects, however our group has previously reported that these cell
ines failed to bind HA [42]. It is well known that binding of sol-

ble HA to the cell surface is a complex interaction of multivalent
inding events affected by the size of HA, the quantity and distribu-
ion of cell surface HA receptors (mainly CD44), and the activation
tate of CD44 [43]. Thus, the absence of constitutive cell binding
o soluble HA would not necessarily indicate absence of molec-
search 34 (2010) 1525–1532

ular HA/CD44 interaction. Indeed, Gál et al. have demonstrated
that a lymphoma cell line – which showed no binding to soluble
HA and very poor binding to immobilized HA – was able to roll
on an HA substrate with a higher rolling velocity than those cells
that presented high binding to HA, suggesting a greater migration
capacity [44]. Besides, it has been demonstrated that endogenous
HA synthesis is able to interfere with HA binding to the cell surface
[45]. Since we have recently found that these cell lines synthesize
HA (unpublished data), this finding may also explain why we did
not detect HA binding when there was at least a weak binding to
HA—which would be enough to induce the effects observed in the
present work. Moreover, we have also reported that HA fragments
are able to bind to these cells by CD44 inducing cellular signaling
pathways [32] probably by displacing endogenous HA or by direct
interaction with its receptor [9,32,46].

Our findings also show that both resistant cell lines presented a
higher constitutive active Tiam1 expression than the sensitive one.
Previous studies have demonstrated that up-regulation of Tiam1 is
correlated with an increased migration of colon tumor cells [20]. In
human breast cancer, Tiam1 levels are correlated with an increased
tumor grade and/or poor prognosis [18,19]. In hepatocellular carci-
noma (HCC), Tiam1 expression has been found increased in a group
of patients with a significantly shorter overall survival time, thus
showing that Tiam1 may be a novel predictor for the prognosis of
HCC patients [21]. Thus, our results lead us to hypothesize that the
enhanced constitutive expression of active Tiam1 in the resistant
cell lines studied could be related to the increased migration of
these MDR lymphoma cells towards HA in vitro.

On the other hand, we investigated whether HA treatment was
able to modulate migration and Tiam1 expression in MDR lym-
phoma cell lines. In breast tumor cells, it has been previously
demonstrated that the binding of HA to CD44 promotes Tiam1-
mediated Rac1 activation and cytoskeleton-mediated tumor cell
migration [47]. In this work, we showed that HA is able to induce
Tiam1 activation to the plasma membrane in LBR-D160 and LBR-
V160 but not in LBR−. We also found that this effect was abolished
with CD44 receptor inhibition. These data strongly suggest that
HA/CD44 interaction is crucial for HA induction of Tiam1 activation
in these MDR lymphoma cells. We also demonstrated that HA pre-
treatment enhanced migration of MDR lymphoma cells towards HA
in vitro, but not of the sensitive lymphoma cells. These findings sup-
port a role for HA in Tiam1-mediated migration of MDR lymphoma
cells.

Since membrane translocation of Tiam1 – which is crucial for
its activation – requires binding of PI3K lipid products to the N-PH
domain [24,25], our next step was to evaluate whether HA effects
in Tiam1 activation were mediated by the PI3K pathway. We found
that the inhibition of PI3K signaling was able to significantly reduce
migration of the resistant cell lines towards HA. Besides, PI3K inhi-
bition also reduced Tiam1 activation in the resistant cell lines as
shown by the decrease of Tiam1 in membrane/insoluble extracts
observed in the western blot as well as by the delay in Tiam1
translocation in confocal microscopy analysis.

The PI3K signal transduction pathway plays a central role
in oncogenesis by regulating intracellular processes such as
cell survival, apoptosis, cell growth, angiogenesis, motility and
chemoresistance [2]. PI3K converts phosphatidylinositol-4,5-
bisphosphate (PIP2) into phosphatidylinositol-3,4,5-triphosphate
(PIP3), which recruits downstream effectors (such as the kinase
Akt) to the plasma membrane where they are activated. We have
previously observed that the resistant cell lines present higher

PI3K/Akt activity than the sensitive one [48]. HA is able to mod-
ulate the PI3K/Akt pathway in different cancer types including
lymphoma [32,37]. Besides, a recent study has demonstrated a
clear link between HA, PI3K and migration since stimulation of
human pancreatic cancer cells by HA activated PI3K/Akt signal-
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ng, thus modulating cancer cell motility and migration in vitro
nd metastasis in vivo [49]. In the present work we found that
he lymphoma resistant cell lines – with increased PIP3 produc-
ion – presented not only an increased active Tiam1 expression
ut also an enhanced migration towards HA in vitro. In addition,
isruption of the PI3K signaling decreased Tiam1 localization at
he plasma membrane and consequently inhibited its migration
owards HA. Our results clearly show the relevance of the PI3K sig-
aling pathway in Tiam1 activation and migration towards HA in
DR lymphoma cells. However, it has been recently reported that

iam1 deficiency increases aggressiveness and infiltration of PI3K-
nduced lymphomas [50]. In contrast, our results suggest that the
resence of Tiam1 increases migration towards HA and subsequent

nvasion in MDR lymphoma cells with up-regulated PI3K/Akt path-
ay. These discrepancies could be due to the differences in the

umor models used in each study.
It is noteworthy that inhibition of the PI3K pathway delayed

ut did not abolish Tiam1 translocation to the plasma membrane,
s shown by confocal microscopy analysis. These data suggest that
he activation of Tiam1 is mediated by PI3K-dependent as well as
y PI3K-independent mechanisms. As previously reported, Ras can

nduce Tiam1 activation through its direct interaction with the RBD
omain in Tiam1 protein and can promote Tiam1-mediated activa-
ion of Rac in vivo [26]. Further research is required to elucidate
ther mechanisms involved in Tiam1 translocation and activation
n MDR lymphoma cell lines. Although inhibition of PI3K was able to
ransiently decrease Tiam1 translocation to the plasma membrane,

igration towards HA was significantly inhibited. This suggests
hat although PI3K-independent mechanisms may induce Tiam1
ranslocation to the plasma membrane, the PI3K-dependent mech-
nism of Tiam1 activation may be essential for migration of these
ell lines towards HA.

In summary, we described for the first time the relationship
mong HA, Tiam1, migration and MDR in murine lymphoma cells.
n this work, we demonstrated that MDR lymphoma cell lines pre-
ented a higher migratory capacity towards HA in vitro as well
s a higher constitutive active Tiam1 expression than the sensi-
ive cell line. Besides, we suggest a connection between HA/CD44
nteraction and MDR in lymphoma cell lines, based on CD44 abil-
ty to preferentially induce migration towards HA of Pgp+ cells. In
ddition, we also demonstrated that HA treatment induces Tiam1
ctivation in the resistant cell lines, leading to an increase in their
igration towards HA in vitro. Moreover, our data suggest that
A/CD44 interaction is crucial for HA induction of Tiam1 activa-

ion. Finally, inhibition of the PI3K pathway decreased migration
owards HA and Tiam1 activation indicating that the PI3K pathway
which is up-regulated in the cell lines – may be essential in Tiam1
ctivation and migration towards HA in these MDR lymphoma cells.
ur results suggest a novel role of HA in migration and MDR in lym-
homa and that disruption of HA/CD44 signaling (using molecules

ike CD44 blocking antibodies) may be useful in the treatment of
DR hematological malignancies.
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