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Abstract
Melanoma cells express the chemokine receptor CXCR4, which confers invasive signals on binding
to its ligand CXCL12. We show here that knocking down membrane-type matrix metal-loproteinase
(MT1-MMP) expression translates into a blockade of invasion across reconstituted basement
membranes and type I collagen gels in response to CXCL12, which is the result of lack of MMP-2
activation. Interference with MMP-2 expression further confirms its important role during this
invasion. Vav proteins are guanine-nucleotide exchange factors for Rho GTPases that regulate actin
dynamics and gene expression. We show that melanoma cells express Vav1 and Vav2, which are
activated by CXCL12 involving Jak activity. Blocking Vav expression by RNA interference results
in impaired activation of Rac and Rho by CXCL12 and in a remarkable inhibition of CXCL12-
promoted invasion. Importantly, up-regulation of MT1-MMP expression by CXCL12, a mechanism
contributing to melanoma cell invasion, is blocked by knocking down Vav expression or by inhibiting
Jak. Together, these data indicate that activation of Jak/Vav/Rho GTPase pathway by CXCL12 is a
key signaling event for MT1-MMP/MMP-2–dependent melanoma cell invasion.

Introduction
Increasing experimental and clinical data are accumulating, which point to the important roles
that chemokines and their receptors could play during tumor cell metastasis. Chemokines are
a family of small cytokines that promote cell migration and activation, exerting their actions
on binding to G protein–coupled receptors (1). CXCR4, the receptor for the chemokine
CXCL12 (also named stromal cell–derived factor-1), is expressed in a variety of solid tumor
cell types, including melanoma, breast carcinoma, colon carcinoma, prostate cancer, and
neuroblastoma (2–7). Importantly, inhibition of CXCL12/CXCR4 interactions impairs
metastasis of human breast cancer cells into regional lymph nodes and lung in mice, and
expression of CXCR4 on murine B16 melanoma cells correlated with enhanced pulmonary
and lymph node metastatic potential (3,8). Further in vivo studies of tumor cell metastasis in
mice together with clinical data indicate that CXCR4 expression conveys tumor cell
invasiveness and patient poor prognosis in a variety of solid cancer types (9–14). CXCL12/
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CXCR4 interaction is likely important not only for tumor cell invasion but also for tumor
growth (10,15). CXCL12 is expressed in lungs, lymph nodes, liver, and bone marrow;
therefore, it is reasonable to propose that CXCL12 could guide tumor cells in an organ-selective
metastasis; thus, this interaction might represent an important target for antitumor therapeutics
(7,16).

Tumor cell invasion across tissues requires coordinated activation of extracellular matrix
(ECM) degradation and cell motility mechanisms. Matrix metalloproteinases (MMP) are
multidomain zinc-dependent endopeptidases involved in ECM proteolysis that play key roles
in tissue remodeling and tumor invasion (17–19). They can be secreted in a latent form and
subsequently processed to active species, but they can a constitute integral membrane proteins,
the membrane-type MMPs (MT1-MMP). MT1-MMP is an important component of the
pericellular proteolysis machinery involved in the degradation of several ECM proteins,
including gelatin, laminin, and fibrillar collagens (20,21). Furthermore, MT1-MMP is an
activator of pro-MMP-2 in coordination with tissue inhibitor of metalloproteinase-2 (TIMP-2),
and its proteolytic activity also controls cell adhesion and growth (20,22). MT1-MMP is
expressed in different solid tumor cell types, such as lung, breast, and melanoma, and its
expression often correlates with tumor invasiveness across tissue barriers (23–28). Notably,
transgenic mice for MT1-MMP display tumor promotion in mammary gland (29), and
conditional expression of this MMP confers tumorigenicity and invasion on normal epithelial
cells (28). MT1-MMP and MMP-2 have been found in malignant melanoma specimen often
associated to the invading tumor front (30–32), suggesting that their proteolytic activity could
be involved in melanoma cell dissemination.

Rho GTPases, such as Rho, Rac, and Cdc42, are key regulators of cell motility (33,34), whose
activation is controlled by guanine-nucleotide exchange factors (GEF), which stimulate the
exchange of GDP for GTP on Rho proteins (35). Active Rho GTPases can then interact with
downstream targets and produce different biological responses. Although abundant evidence
indicates that activation of Rho GTPases plays important roles during tumor cell invasion
(36), limited information is available on the GEFs that activate these GTPases and that therefore
constitute central molecules regulating invasion (37,38).

Vav proteins are GEFs that catalyze the activation of Rac and Rho and regulate cell morphology
and motility as well as gene expression (39–41). Three Vav family members have been
described: Vav1 is predominantly expressed on hematopoietic cells, whereas Vav2 and Vav3
have a broad expression pattern. Vav proteins contain distinct domains, including CH, Ac, DH,
PH, ZF, PR, SH3, and SH2, which have the potential to participate in different interactions
(39,40). Activation of Vav GEF activity requires phosphorylation at tyrosine residues located
in the Ac domain (42,43). The DH domain binds to Rho GTPases and is responsible for GEF
activity, whereas deletion of domains CH and Ac generates a Vav form displaying constitutive
GEF activity (39,42,44). On the other hand, the SH2 and SH3 domains interact with
autophosphorylated tyrosine kinases and with several adaptor proteins (39–41). Little is known
on Vav protein expression on solid tumor cells and whether they play a role in tumorigenesis.
Vav1 was found earlier in neuroblastoma cells (45), and a more recent report described its
ectopic expression in pancreatic cancer cells and an important role in the control of their
proliferation (46).

We described previously that expression of CXCR4 on melanoma cells enables in vitro
migration, invasion, and activation of these cells in response to CXCL12 (2,47). Invasion across
reconstituted basement membranes promoted by CXCL12 was dependent on activation of
MT1-MMP and Rho GTPase functions. Furthermore, we showed that CXCL12-triggered up-
regulation of MT1-MMP expression and function on these cells contributed to increase in
invasion and that Rac and Rho controlled this up-regulation. Importantly, CXCR4 expression
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on malignant melanoma predicts poor prognosis (11,14). The present study addressed several
important points for a better characterization of signaling events and MMP activities that are
involved in CXCL12-promoted melanoma cell invasion. First, we investigated Vav protein
expression on melanoma cells and their potential involvement in invasion. We have determined
MMP-2 role in this invasion and have finally analyzed Vav functional relations with Rho
GTPases and MT1-MMP during this invasion.

Materials and Methods
Cells and antibodies

The human melanoma cells lines BLM, Mel 57, and MeWo were cultured as reported
previously (47). Samples of human melanoma tissues were obtained from patients with
metastatic lesions undergoing surgical treatment (s.c. tissue, lymph node, and lung metastasis),
in agreement with the Medical Ethics Committee at the Hospital General Universitario
Gregorio Marañón (Madrid, Spain; no. SAF2002-04615). All patients gave written informed
consent to use their samples for research purposes. Histopathologic diagnosis was confirmed
for each specimen. Melanoma cells were obtained from specimens with high tumor volume,
processed, cultured, and used for expression analyses as described previously (47). The human
multiple myeloma cell line NCI-H929 was cultured in RPMI 1640 supplemented with 10%
fetal bovine serum. The monoclonal antibody (mAb) anti-MT1-MMP LEM-2/15 was provided
by Dr. Alicia G. Arroyo (Centro Nacional de Investigaciones Cardiovasculares, Madrid,
Spain). Anti-Vav mAb was from Santa Cruz Biotechnology (Santa Cruz, CA), whereas
polyclonal anti-DH and anti-SH2 Vav1 antibodies were generated and described in a previous
work (48). Rabbit antibodies against Vav2 were generated by immunization with synthetic
peptides corresponding to Vav2 acidic region, and immunoprecipitation and immunoblotting
analyses indicated that they did not recognize Vav1 or Vav34. Control P3X63 and anti-integrin
β1 TS2/16 mAb were gifts from Dr. Francisco Sánchez-Madrid (Hospital de la Princesa,
Madrid, Spain), mAbs to CXCR4 and MMP-9 were from R&D Systems (Minneapolis, MN),
anti-MMP-2 was from Neomarkers (Fremont, CA), anti-Rac and anti-paxillin were from BD
Biosciences (San Diego, CA), anti-Rho and anti-phosphotyrosine PY20 were from Santa Cruz
Biotechnology, anti–green fluorescent protein (GFP) was from Molecular Probes (Eugene,
OR), and anti-Akt and anti-phospho-Akt (Ser473) antibodies were from Cell Signaling
(Beverly, MA).

RNA interference, reverse transcription-PCR, and transfections
Small interfering RNA (siRNA) duplexes were designed to human MT1-MMP, Vav1, and
Vav2 and shown on Table 1. In addition, we used a control siRNA (Table 1) as well as validated
siRNA for CXCR4 and MMP-2. siRNA duplexes were purchased from Dharmacon (Lafayette,
CO) and Ambion (Austin, TX). All 21-nucleotide siRNA duplexes were verified to be specific
for their targets by BLAST search against the human genome. For reverse transcription-PCR
(RT-PCR), cells were lysed in TriReagent (Sigma-Aldrich, St. Louis, MO), and RNA was
extracted and reverse transcribed using Moloney murine leukemia virus reverse transcriptase
(Promega, Madison, WI). Amplification of human Vav1 was done by PCR using primers 5′-
TGCCTATGCAGCGAGTTCTC-3′and 5′-CCCTGCGATGTAGTTTGTCC-3′ and Taq DNA
polymerase (Invitrogen Corp., Carlsbad, CA). For Vav2, the primers were 5′-
TCAAAGAAGCACTGGAAGCC-3′and 5′-CAGAAAAACTG-GAAGCCCTG-3′. The PCR
profile for both Vav1 and Vav2 was done as described (49). Amplification of human CXCR4
was done using primers 5′-TTCTACCCCAATGACTTGTG-3′and 5′-
ATGTAGTAAGGCAGCCAACA-3′. Following 1-minute initial denaturation, profile was 40
cycles of 30-second denaturation at 94°C, 30-second annealing at 55°C, and 45-second

4N. Movilla and X.R. Bustelo, unpublished results.
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polymerization at 72°C. Amplification of MT1-MMP cDNA was done with primers and profile
conditions as reported previously (50). As cDNA loading control, aliquots of each sample were
amplified with human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers (47).
For transfections, BLM cells were transiently transfected with expression vectors coding for
GFP alone (pEGFP-C1), GFP-fused wild-type (WT) MT1-MMP (51), GFP-fused Vav1 and
Vav2 WT, and the mutant forms Vav1 SH3-SH2-SH3 and Vav1 and Vav2 ΔCH+Ac (52). GFP
vectors (1.5 μg) or siRNA (100 nmol/L) were transfected using LipofectAMINE reagent
(Invitrogen) according to the described method (47).

Invasion and zymography assays
Invasions were done as established earlier (47). Briefly, BLM or transfected BLM cells
resuspended in invasion medium were loaded on filters coated with Matrigel (BD Biosciences,
Bedford, MA) or with type I collagen-rich solution (MP Biomedicals, Aurora, OH) in
Transwell (BD Falcon, Franklin Lakes, NJ). The lower compartments of invasion chambers
were filled with invasion medium with or without CXCL12 (300 ng/mL; R&D Systems). For
zymography, conditioned medium was resolved under nonreducing conditions on SDS-PAGE
gels embedded with 1 mg/mL gelatin (Sigma-Aldrich). Gels were rinsed with 2.5% Triton
X-100 followed by incubation in reaction buffer as described (47) and finally stained with
Coomassie blue. Areas of gelatinolytic activity were visualized as transparent bands.

Confocal microscopy and immunohistochemistry
For confocal microscopy, melanoma cells attached to fibronectin were fixed with
paraformaldehyde 4% in PBS, incubated with primary antibodies followed by incubation with
fluorochrome-conjugated secondary antibodies, and mounted with Mowiol. Images were
captured using a Leica TCS-SP2-AOBS-UV confocal microscope with ×63 oil immersion
objective. For staining of F-actin, cells were fixed as above and permeabilized with 0.5% Triton
X-100 in PBS. Cells were subsequently incubated with Alexa 633-phalloidin (Molecular
Probes) and observed with the confocal microscopy. Images displayed were captured at the
same section in the different samples. For immunohistochemistry, punch biopsies were
immediately frozen, and acetone-fixed 4-μm-thick sections of cryopreserved tissue were first
incubated with 10% nonimmune goat serum (Zymed, South San Francisco, CA). Samples were
then incubated for 1 hour at 23°C with rabbit anti-human Vav1 or Vav2, HMB-45 (DAKO,
Glostrup, Denmark), rabbit anti-S-100 (Novocastra Laboratories, Newcastle, United
Kingdom), or isotype-matched control antibodies. All antibodies were used at dilutions of 1
to 5 μg/mL and anti-Vav antibodies were first tested for reactivity on lymphoid tissue.
Immunoenzymatic staining was done using DAKO LSAB 2 biotinylated link anti-mouse and
anti-rabbit immunoglobulins and streptavidin labeled with alkaline phosphatase (DAKO).
Alkaline phospha-tase activity was detected by fuchsin (Fuchsin Substrate-Chromogen
System; DAKO), and hematoxylin was used for counterstaining. The slides were mounted
using an aqueous permanent mounting medium (DAKO). Vav expression by tumor cells was
detected based on melanoma cell morphology and expression of markers of melanoma/
melanocyte lineage (HMB-45/S-100) in correlative histologic sections. Samples were
considered positive for Vav expression when at least 30% of the malignant cells were positively
stained. Other Vav-positive cells present in the tissue sections were identified as HMB-45-
negative lymphocytes that were not taken into account.

Immunoprecipitation, Western blotting, and GTPase assays
For immunoprecipitation, melanoma cell lines or melanoma cells from lymph node metastasis
preincubated with or without CXCL12 were washed in ice-cold stop buffer and lysed as
described (53). Lysates were precleared with protein A-Sepharose (Amersham Pharmacia
Biotech, Uppsala, Sweden), and supernatants were incubated with antibodies followed by
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specific coupling to protein A-Sepharose beads. Proteins were eluted in Laemmli buffer,
resolved by SDS-PAGE, and transferred to polyvinylidene fluoride (PVDF) membranes
(Amersham Pharmacia Biotech). Membranes were incubated with antibodies followed by
washing and incubation with horseradish peroxidase–conjugated secondary antibodies.
Proteins were visualized using SuperSignal chemiluminescent substrate (Pierce, Rockford, IL).
After stripping and blocking, the blots were reprobed with control antibodies to test for total
protein content or with antibodies to detect coimmunopre-cipitation. GTPase activity assays
were done as reported previously (47). In brief, starved BLM cells were resuspended in invasion
medium and incubated at 37°C with or without CXCL12 (150 ng/mL). Cells were lysed and
aliquots from extracts kept for total lysate controls, and the remaining volume was mixed with
glutathione S-transferase (GST)-PAK-CD ( for Rac) or glutathione S-transferase (GST)-C21
( for RhoA) fusion proteins (54) in the presence of glutathione-agarose beads. Following
incubation, bound proteins were eluted in Laemmli buffer, resolved by SDS-PAGE, and
analyzed by Western blotting.

Statistical analyses
Data were analyzed by one-way ANOVA followed by Tukey-Kramer multiple comparisons.
In both analyses, the minimum acceptable level of significance was P < 0.05.

Results
Role of MT1-MMP and MMP-2 on CXCL12-promoted mela-noma cell invasion

Transfection into BLM melanoma cells of siRNA for CXCR4 or MT1-MMP, or
overexpression of a GFP-fused WT MT1-MMP form (MT1-GFP), confirmed the key role of
MT1-MMP in melanoma cell invasion toward CXCL12 (47; Fig. 1A and B; see also
Supplementary Fig. S1).

As MT1-MMP is an activator of pro-MMP-2 processing in coordination with TIMP-2, and
both MT1-MMP and MMP-2 have been found in malignant melanoma specimen (30,32), we
explored MMP-2 involvement in CXCL12-promoted melanoma cell invasion. BLM cells
transfected with MT1-MMP (2) siRNA exhibited a blockade of pro-MMP-2 processing to the
mature form compared with control siRNA transfectants as shown by gelatin zymography of
their supernatant cultures (Fig. 2A). Blocking of invasion to CXCL12 shown by MT1-MMP
siRNA transfectants as well as inhibition in their proMMP-2 processing raised the possibility
that impairment in invasion could be the result of decreased MMP-2 activity. Therefore, we
transfected siRNA specific for MMP-2 in BLM melanoma cells and did invasion assays with
transfectants. Both expression and gelatinolytic activity of MMP-2 were drastically reduced
in MMP-2 siRNA transfectants compared with control counterparts, whereas MMP-9
expression was unaltered (Fig. 2B). Invasion assays across Matrigel revealed that CXCL12-
promoted invasion of MMP-2 siRNA transfectants was substantially inhibited in comparison
with control siRNA transfectants (Fig. 2C, left).

To further characterize MT1-MMP and MMP-2 involvement in melanoma cell invasion to
CXCL12, we did invasion assays across type I collagen-rich gel preparations. BLM cells
transfected with siRNA for MT1-MMP displayed a large decrease in their invasion across type
I collagen gels in response to CXCL12 (Fig. 2C, right). MMP-2 siRNA transfectants exhibited
a notable impairment in their CXCL12-promoted invasion although consistently of lower
magnitude compared with MT1-MMP siRNA transfectants (Fig. 2C, right). These results
indicate that melanoma cells can use their MT1-MMP and MMP-2 proteolytic activities to
advance through basement membranes and type I collagen-rich gels.
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Melanoma cells express Vav proteins: role in invasion promoted by CXCL12
The Rho GTPases Rac and RhoA are activated by CXCL12 on melanoma cells, and expression
of dominant-negative mutant forms of these GTPases inhibit cell invasion in response to
CXCL12 (47). Vav proteins are GEFs that interact with and activate Rac and Rho, promoting
reorganization of actin cytoskeleton and regulation of gene expression (39,40). Expression of
Vav on melanoma cells isolated from lymph node metastases and on melanoma cell lines was
analyzed at RNA and protein levels. RT-PCR experiments revealed that Vav1 and Vav2 were
expressed on BLM melanoma and metastatic melanoma cells as well as on the myeloma cell
line NCI-H929 that was used as a positive control (Fig. 3A, left). Vav protein expression on
melanoma cells could only be detected by immunoprecipitation followed by Western blotting
using anti-Vav1 and anti-Vav2 antibodies (Fig. 3A, middle and right). Instead, Vav1 protein
expression was readily detected on T and B lymphocyte cell lines already by Western blotting
(data not shown). These results suggested that melanoma cells express low levels of Vav
proteins.

Expression of Vav in BLM melanoma cells was confirmed immunofluorescence and confocal
microscopy using anti-antibodies. Analyses of Vav1 and Vav2 subcellular localization
revealed that, in addition to a diffuse cytoplasmic distribution, they were also localized near
the leading edge of spreading cells in bleb-like protrusions that were surrounded by β1 integrins
(Fig. 3B). Control experiments indicated that cells containing bleb-like protrusions were
negative for the apoptotic marker active caspase-34. Vav protein expression on tumor tissue
was analyzed by immunohistochemistry of metastatic melanoma lymph node sections using
antibodies to Vav1 or Vav2. Specimen analyzed corresponded to massively infiltrated lymph
nodes where histopathologic analyses unequivocally identified as melanoma cells that were
strongly stained with the melanoma-specific marker HMB-45. The results revealed low
expression levels of both Vav1 and Vav2 on the melanoma cell periphery near the plasma
membrane (Fig. 3C). Six of seven samples were positive for Vav2 expression by tumor cells,
whereas four of seven gave clearly detectable staining for Vav1, although in all cases lower
than Vav2. In addition to tumor cells, other cells, such as lymphocytes, displayed the same
pattern of Vav localization along the cell periphery (nontumoral areas of lymph nodes and
tonsils; data not shown).

Activation of Vav GEF activity requires phosphorylation at tyrosine residues located on its Ac
domain (42,43). CXCL12 promoted time-dependent phosphorylation of Vav1 and Vav2 in
BLM cells (Fig. 4A, left and right). Furthermore, Vav1 phosphorylation induced by CXCL12
correlated with an increase in the amounts of Rac and, to a lesser extent of RhoA, in Vav1
immunoprecipitates as detected by Western blotting using antibodies against these GTPases.
Instead, similar levels of Rac and RhoA were found in Vav2 immunoprecipitates following
stimulation with CXCL12. These data indicate that CXCL12 promotes activation of Vav
proteins in melanoma cells and suggest that active Vav interact with Rac and RhoA.

To study the role of Vav proteins on CXCL12-promoted melanoma cell invasion, we followed
two different approaches. First, we transfected BLM melanoma cells with vectors coding for
GFP-fused WT and mutant forms of Vav and did invasion assays with transfectants. For mutant
Vav, we used a truncated form that only contains the COOH-terminal SH3-SH2-SH3 region
(Vav1 SH3-SH2-SH3; ref. 48), a domain highly homologous between Vav1 and Vav2 that
interacts with tyrosine kinases responsible for Vav1 phosphorylation. Thus, this mutant should
interfere with the activation of endogenous Vav by sequestering kinases important for its
phosphorylation, therefore acting as a putative dominant negative. In addition, we used mutant
Vav1 and Vav2 lacking the CH and acidic regions (Vav1 ΔCH+Ac) that display constitutive
GEF activity toward Rho GTPases (44). Expression of the different GFP-Vav forms in
transfectants was monitored by Western blotting using anti-GFP antibodies (Fig. 4B, left).
Invasion assays revealed that SH3-SH2-SH3 Vav transfectants displayed a large impairment
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in invasion across Matrigel in response to CXCL12 compared with Vav1 and Vav2 WT
transfectants (Fig. 4B, right). Furthermore, ΔCH+Ac Vav1 transfectants showed a remarkable
further increase in invasion toward CXCL12, but their basal invasion did not augment in
relation to WT transfectant basal invasion. Instead, we were unable to detect up-regulation of
CXCL12-promoted invasion of ΔCH+Ac Vav2 transfectants, although expression levels of
GFP-Vav1 ΔCH+Ac and GFP-Vav2 ΔCH+Ac were similar. These results suggest that
activation of Vav plays an important role during melanoma cell invasion in response to
CXCL12.

To more directly determine Vav involvement in this invasion, we transfected siRNA for Vav1
and Vav2 in BLM cells followed by testing transfectant invasion across basement membranes
Vav1 (3), Vav2 (2), and Vav2 (3) siRNA transfectants displayed a remarkable impairment in
invasion toward CXCL12 compared with control siRNA transfectants (Fig. 4C, left).
Interference with Vav1 and Vav2 expression in BLM cells by transfection of their siRNA was
confirmed by RT-PCR and Western blotting (Fig. 4C, right). Importantly, knocking down
Vav1 and Vav2 expression substantially impaired CXCL12-promoted Rac and Rho activation
in BLM transfectants (Fig. 4D). Together, these results show that CXCL12 stimulate Vav
proteins in melanoma cells, which then interact with and activate Rac and Rho, and indicate
that activation of the Vav-Rho GTPase pathway is required for invasion toward CXCL12.

Previous reports established that Jak2 stimulates Vav1 (55) and that CXCL12 activates the
Jak/Stat pathway (56). We used the Jak inhibitor AG490 to determine Jak involvement in
CXCL12-promoted melanoma cell invasion and Vav activation. AG490 at 25 to 100 μmol/L
remarkably inhibited the invasion of BLM cells across reconstituted basement membranes as
well as the phosphorylation of Vav1 and Vav2 in response to CXCL12 (Fig. 5A and B). These
data indicate that Jak activation by CXCL12 is an upstream event that leads to Vav protein
activation and that it is required for efficient melanoma cell invasion to this chemokine. Control
cell cycle analyses by flow cytometry indicated that treatment with AG490 did not affect BLM
cell viability (Supplementary Fig. S2).

Up-regulation of MT1-MMP expression by CXCL12 depends on Vav function
We described earlier that CXCL12 triggers an increase in MT1-MMP expression in BLM
melanoma cells that was impaired by expression of dominant-negative mutant forms of Rac
and Rho (47). To study the role of Vav proteins in CXCL12-triggered up-regulation of MT1-
MMP expression, we transfected BLM cells with Vav1 and Vav2 siRNA and did Western
blotting with transfectants exposed to CXCL12. Enhancement in MT1-MMP expression in
response to CXCL12 was strongly inhibited in BLM cells transfected with Vav1 and Vav2
siRNA compared with up-regulated expression exhibited by control siRNA transfectants (Fig.
6A). Furthermore, increase in MT1-MMP expression in BLM cells was blocked by cell
treatment with AG490 (Fig. 6B). These results indicate that activation of Vav proteins by
CXCL12 represents an important control point for subsequent regulation of MT1-MMP
expression and therefore for CXCL12-promoted melanoma cell invasion across basement
membranes.

Role of phosphatidylinositol 3-kinase in CXCL12-promoted melanoma cell invasion
Phosphatidylinositol 3-kinases (PI3K) are involved in the control of cell migration and survival
(57). To get insights into the potential involvement of PI3K in CXCL12-promoted melanoma
cell invasion, we first assayed whether this chemokine was capable of activating Akt, a
downstream PI3K effector. BLM cell exposure to CXCL12 resulted in a transient Akt
phosphorylation, indicating that CXCL12 activated PI3K (Fig. 7A). We used LY294002 and
wortmannin at concentrations reported to inhibit PI3K (58) to investigate whether PI3K
activation was implicated in BLM cell invasion toward CXCL12. Both inhibitors impaired the
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invasion, but inhibition was partial ranging from 50% to 65% (Fig. 7B). Cell cycle analysis
revealed that neither LY294002 nor wortmannin significantly affected melanoma cell viability
(Supplementary Fig. S2). Remarkably and distinct from inhibition by AG490, up-regulation
of MT1-MMP expression by CXCL12 in BLM cells was not affected by LY294002 or
wortmannin (Fig. 7C). Furthermore, transfection of Vav1 or Vav2 siRNA did not alter
CXCL12-triggered Akt phosphorylation (Fig. 7D). Therefore, these data indicate that PI3K
activity contributes to CXCL12-promoted melanoma cell invasion across basement
membranes independently of enhancement in MT1-MMP expression.

Discussion
Invasion of melanoma cells across basement membranes in response to CXCL12 requires
functional interplay between GTPases Rac and Rho and MT1-MMP activities (47). Activation
of Rho GTPases is dependent on their interaction with GEFs, which catalyze the exchange of
bound GDP by GTP on the GTPases (35). Therefore, characterization of GEFs that activate
Rac and Rho during CXCL12-promoted melanoma cell invasion, as well as identification of
upstream and downstream molecules participating in this signaling pathway, is of key
importance to identify mechanisms controlling invasion. In the present study, we show that
melanoma cells express the GEFs Vav1 and Vav2 and that Vav activation by CXCL12 is
needed for subsequent Rac and Rho activation and for invasion across Matrigel basement
membranes. Importantly, we provide evidence that up-regulation by CXCL12 of MT1-MMP
expression requires activation of Vav-Rho GTPase signaling pathway. Finally, we show that
MT1-MMP plays a crucial role on CXCL12-promoted melanoma cell invasion by activating
pro-MMP-2 processing to mature MMP-2, which in turn is a main MMP facilitating the
invasion across basement membranes and type I collagen in response to this chemokine.

Expression of Vav1 and Vav2 was found on melanoma cells isolated from lymph node
metastases as well as on several melanoma cell lines, including highly metastatic BLM cells.
The levels of Vav proteins found on melanoma cells were consistently low as detected by
immunoprecipitation, immunofluorescence confocal microscopy, and immunohistochemistry.
Remarkably, Vav proteins were localized at submembrane areas both in BLM cells and in
metastatic melanoma tissue sections. Vav-containing bleb-like protrusions surrounded by β1
integrins that were located near the leading lamellae on BLM cells may be related to similar
structures defined on melanoma tumor cells invading three-dimensional Matrigel (59).
Although much of reported work on Vav proteins concerns cells of the hematopoietic lineage,
very little is known on Vav expression on solid tumor cells, and to our knowledge, this is the
first description of Vav expression and function on melanoma cells. Several previous works
also reported Vav expression on neuroblastoma and pancreatic tumor cells (45,46).

Phosphorylation of Vav proteins is a required step for the stimulation of their GEF activity on
Rho GTPases (42,43). We found that CXCL12 efficiently phosphorylated both Vav1 and Vav2
on BLM melanoma cells. Once phosphorylated, Vav1 predominantly interacted with Rac and,
to a lesser extent, with RhoA in BLM cells, similarly to what has been reported in Vav1-Rho
GTPase interactions on immune cells (39–41). Instead, phosphorylated Vav2 showed similar
tendency to bind both Rac and RhoA. Preliminary confocal microscopy experiments revealed
that if there was a Vav preferential localization at plasma membrane on cell stimulation with
CXCL12 this was too subtle to be detected using this technique5.

Importantly, transfection of dominant-negative Vav forms or knocking down Vav1 and Vav2
expression by transfection of their siRNA resulted in a remarkable impairment in CXCL12-
promoted Rac and Rho activation as well as invasion of melanoma cells toward CXCL12,

5I. Molina-Ortiz and J. Teixidó, unpublished results.
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indicating that Vav GEF activity on Rac and Rho is a key step controlling this invasion. Thus,
even if Vav proteins are expressed at low levels on melanoma cells, their activity is crucial for
efficient invasion of these cells in response to CXCL12. Still, impairment in CXCL12-
promoted Rho GTPase activation and invasion in response to CXCL12 in Vav siRNA
transfectants was not complete and revealed functional differences between Vav1 and Vav2
in terms of specificity of Rho GTPase activation. These data suggest that additional GEF
activities other than Vav proteins participate in the activation. Further support for the
importance of Vav activation in this invasion came from results obtained with BLM
transfectants expressing constitutive active forms of Vav1, which displayed a notable increased
invasion to CXCL12 compared with WT transfectants. At present, we do not know the
mechanisms underlying the lack of induced invasion observed with transfectants expressing
constitutive active Vav2. Different functional roles have been reported earlier for Vav1 and
Vav2 (60,61), which could underlie some of the differences observed here.

Further characterization of pathways involved in delivering intracellular activating signals for
melanoma cell invasion in response to CXCL12 revealed that blocking Jak activity with AG490
resulted in inhibition of Vav1 and Vav2 phosphorylation, Rac activation and in substantial
impairment of invasion in BLM cells toward this chemokine. Therefore, Jak kinases, which
are targets of CXCL12 activation (56) and have shown earlier to interact with Vav (55),
represent upstream molecules that regulate CXCL12-promoted Vav phosphorylation and
subsequent melanoma cell invasion. Whether Jak proteins are directly involved in CXCL12-
promoted phosphorylation of Vav or indirectly stimulate this phosphorylation is not known at
present.

Activation of PI3K by CXCL12 has been shown earlier on carcinoma cells (62). We found
that CXCL12 promoted the phosphorylation of Akt on BLM melanoma cells, suggesting an
upstream activation of PI3K. In addition, PI3K-dependent downstream signaling mediated a
portion of the invasion of these cells in response to CXCL12 as seen by the partial inhibition
exerted by PI3K inhibitors in this process.

MT1-MMP plays a key role during melanoma cell invasion toward CXCL12, as both blocking
its expression by RNA interference or inhibiting its activity with anti-MT1-MMP mAb
abolished this invasion (ref. 47; this work). Furthermore, increase in MT1-MMP expression
by CXCL12 represents a final event contributing to the invasion of these cells. Enhanced MT1-
MMP expression was found earlier to depend on Rac and Rho activation by CXCL12 (47).
Here, we show that knocking down Vav1 and Vav2 expression by RNA interference in
melanoma cells results in a remarkable reduction in up-regulation of MT1-MMP expression
by CXCL12. Moreover, treatment with AG490 similarly impaired the increase in MT1-MMP
expression due to this chemokine. Instead, inhibition of PI3K-dependent signaling did not
affect the enhancement in the expression of this metalloproteinase, suggesting that the activity
of this kinase is important during MT1-MMP-independent molecular events controlling the
invasion. Therefore, these results identify the pathway linking Jak, Vav, and Rho GTPases
whose activation is crucial for subsequent up-regulation of MT1-MMP expression and
melanoma cell invasion in response to CXCL12. Characterization of downstream mechanisms
involved in increase in MT1-MMP expression, including transcriptional and post-
transcriptional events, is an important issue of study. In this regard, nuclear factor of activated
T cells and nuclear factor-nB are known transcription factors mediating Vav-dependent
regulation of gene expression (63–65). The promoter for MT1-MMP contains binding sites for
both factors (66,67), raising the possibility that they might constitute key mediators of CXCR4-
promoted increase in MT1-MMP expression in melanoma cells.

Finally, invasion assays using BLM cells transfected with siRNA for MT1-MMP or MMP-2
revealed that MT1-MMP-dependent MMP-2 activation was required for efficient melanoma

Bartolomé et al. Page 9

Cancer Res. Author manuscript; available in PMC 2007 August 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cell invasion to CXCL12. The results also indicated that MMP-2 was found to be the
predominant metalloproteinase whose activity was necessary for the invasion across Matrigel
as well as through type I collagen gels. However, data also suggested that direct MT1-MMP
activity on type I collagen could also contribute to this invasion, in line with its reported
capacity to directly degrade this ECM protein (68). Both MT1-MMP and MMP-2 have been
found in the front of metastasizing melanoma cells, and their activities are important for tumor
invasion and growth (30,31). Our present results indicate that CXCL12 can be a trigger of these
activities and that coordinated activation by CXCL12 of Vav-Rho GTPase pathway leading to
MT1-MMP and MMP-2 stimulation is necessary for efficient invasion.

Knowledge on CXCR4 expression and function on solid tumor cells is rapidly expanding and,
together with the clinical relevance of its expression and the responsiveness of these cells to
tumor stroma CXCL12, makes the CXCL12/CXCR4 interaction an attractive target for cancer
therapy (7,16). The results from this work shed important information on intracellular pathways
activated during invasion of melanoma cells in response to CXCL12. The identification of Vav
expression and function in melanoma cells and the characterization of the functional
interdependence between Vav-Rho GTPases and MT1-MMP during invasion to CXCL12
highlight the importance of the activation of cell motility and ECM degradation mechanisms
during this invasion. Our data open up further studies that could provide potentially useful
information for therapeutic intervention aimed to inhibit melanoma cell metastasis.
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Figure 1.
CXCR4 and MT1-MMP requirement for CXCL12-promoted melanoma cell invasion. A, BLM
melanoma cells were transfected with siRNA for CXCR4 or with two different siRNAs for
MT1-MMP (2 and 3), and transfectants were subjected to invasion assays across Matrigel
toward CXCL12 or invasion medium alone. Columns, mean % cell invasion of three
independent experiments done in duplicate; bars, SD. ***, P < 0.001; **, P < 0.01, invasion
was significantly inhibited (one-way ANOVA test). Middle and right, expression of CXCR4
and MT1-MMP on BLM siRNA transfectants was analyzed by flow cytometry and Western
blotting. Blots were reprobed with anti-paxillin mAb to check for total protein content. B, BLM
cells were transfected with pEGFP (GFP) or GFP-fused WT MT1-MMP (MT1-GFP)
expression vectors and analyzed by confocal microscopy (left) or subjected to invasion assays
toward CXCL12 ( right). Columns, mean % invasive GFP-positive cells of two independent
experiments done in duplicate; bars, SD. **, P < 0.01, invasion was significantly stimulated
with respect to GFP transfectants (one-way ANOVA test).
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Figure 2.
Role of MMP-2 on CXCL12-promoted melanoma cell invasion. A, supernatants from BLM
cells transfected with control or MT1-MMP (2) siRNA were analyzed by gelatin zymography.
B, BLM cells were transfected with MMP-2 or control siRNA, and transfectant lysates were
subjected to Western blotting using anti-MMP-2 mAb followed by reprobing membranes with
anti-MMP-9 antibodies (top and middle). Supernatants from transfected cells were assayed by
gelatin zymography to detect MMP-2 (bottom). C, control, MT1-MMP, or MMP-2 siRNA
BLM transfectants were subjected to invasion assays across Matrigel (left) or type I collagen
gels (right) toward CXCL12 or medium alone. Columns, mean % cell invasion of three (B) or
two (C) independent experiments done in duplicate; bars, SD. ***, P < 0.001; **, P < 0.01,
invasion was significantly inhibited (one-way ANOVA test).
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Figure 3.
Expression of Vav proteins on melanoma cells. A, lysates from metastatic melanoma cells
isolated from infiltrated lymph nodes (Melanoma LN) and BLM melanoma cells were analyzed
by RT-PCR using Vav1- or Vav2-specific primers. Lysates from NCI-H929 myeloma cells
were used as positive controls. Control amplification using GAPDH-specific primers (left).
Cell lysates from the melanoma cell lines BLM, Mel 57, and MeWo and from four different
metastatic melanoma samples (Sample 1-Sample 4) were subjected to immunoprecipitation
followed by Western blotting using Vav1, Vav2, or control antibodies. Aliquots from cell
lysates were kept aside for subsequent loading control in Western blotting using anti-paxillin
antibodies (middle and right). B, BLM cells were subjected to confocal microscopy using anti-
Vav1, anti-Vav2, or anti-integrin β1 antibodies followed by FITC- or Texas red–conjugated
secondary antibodies. Merged Vav1/β1 and Vav2/β1 as well as 5-(3,3-dimethyl-triazeno)
imidazole-4-carboxamide differential interference contrast (DIC) microscopy images are also
shown. Insets, enlargements of membrane protrusion structures. Control antibodies gave no
staining (data not shown). C, immunohistochemical analysis of Vav1 and Vav2 expression on
melanoma lymph node metastasis. Original magnification, x400. a, anti-Vav1; b, anti-Vav2;
c, anti-HMB-45; d, control rabbit serum. Note in (c) the predominant red staining of melanoma
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cells with the selective anti-HMB-45 antibody as well as red positive staining of tumor cells
by Vav1 (a) and Vav2 (b) antibodies. Brown color is due to the melanin content of tumor cells.
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Figure 4.
Role of Vav proteins on CXCL12-promoted melanoma cell invasion. A, BLM cells were
incubated for the indicated times with CXCL12 followed by cell lysis and immunoprecipitation
with anti-Vav1 or Vav-2 antibodies. Immunoprecipitates were resolved by SDS-PAGE and
proteins were electrotransferred to PVDF membranes that were incubated sequentially with
anti-phosphotyrosine, anti-Vav1 or anti-Vav-2, anti-Rac, and anti-RhoA antibodies. B, BLM
cells were transfected with expression vectors coding for GFP-fused WT or the indicated
mutant Vav1 or Vav2 or GFP alone (Mock), and trans-fectants were lysed and subjected to
Western blotting using anti-GFP antibodies (left) or to Matrigel invasion assays in response to
CXCL12 (right). C, left, BLM cells were transfected with control, Vav1, or Vav2 siRNA, and
transfectants were tested in Matrigel invasion assays to CXCL12; right, BLM siRNA
transfectants were analyzed by RT-PCR and Western blotting using Vav1- or Vav2-specific
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reagents. D, BLM siRNA transfectants were incubated with or without CXCL12 and subjected
to GTPase assays to detect active Rac and RhoA. Columns, mean % cell invasion of at least
three independent experiments done in duplicate; bars, SD. **, P < 0.01, invasion was
significantly inhibited (one-way ANOVA test); ΔΔ, P < 0.01, invasion was significantly
increased in comparison with invasion displayed by Vav1 WT transfectants incubated with
CXCL12.
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Figure 5.
Role of Jak on CXCL12-promoted melanoma cell invasion and Vav activation. A, BLM cells
were subjected to Matrigel invasion assays to CXCL12 in the absence or presence of the
indicated concentrations of AG490. Columns, mean % cell invasion of three independent
experiments done in duplicate; bars, SD. ***, P < 0.001; *, P < 0.05, invasion was significantly
inhibited (one-way ANOVA test). B, BLM cells treated without (Control) or with AG490 (2
hours, 25 μmol/L) were incubated for 5 minutes in the absence or presence of CXCL12 (150
ng/mL) and subjected to analyses of Vav1 or Vav2 phosphorylation as described in Fig. 4.
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Figure 6.
Vav controls up-regulation of MT1-MMP expression in response to CXCL12. BLM cells
transfected with Vav1 (3), Vav2 (2), or control siRNA (A) or untransfected BLM cells treated
with or without AG490 (B) were incubated for 24 hours with or without CXCL12, and
following solubilization, cell lysates were analyzed by Western blotting using anti-MT1-MMP
mAb. Blots were reprobed with anti-paxillin mAb to test for sample protein content. Bottom,
densitometer analysis in arbitrary units showing fold induction of MT1-MMP expression from
above gels.
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Figure 7.
Role of PI3K in CXCL12-promoted melanoma cell invasion. A, BLM cells were incubated
with CXCL12 (150 ng/mL) for the indicated times, and following solubilization, cell lysates
were analyzed by Western blotting using anti-phospho-Akt followed by reprobing with anti-
Akt antibodies. B, BLM cells were subjected to Matrigel invasion assays toward CXCL12 in
the absence (Control) or in the presence of 25 μmol/L LY294002 or 100 nmol/L wortmannin.
Columns, mean % cell invasion of three independent experiments done in duplicate; bars, SD.
**, P < 0.01, invasion was significantly inhibited (one-way ANOVA test). C, BLM cells were
incubated with or without CXCL12 in the absence or presence of LY294002 or wortmannin.
Following solubilization, cell lysates were analyzed by Western blotting using anti-MT1-MMP
mAb. Blots were reprobed with anti-paxillin mAb to test for protein content. D, control, Vav1
(3), or Vav2 (2) siRNA BLM transfectants were incubated for 5 minutes with or without
CXCL12 and subjected to Western blot analyses of phospho-Akt and total Akt expression as
above.
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Table 1
siRNA duplexes used in this work

Name Target bases Sense strand Antisense strand
MT1-MMP (2) 215-235 UGUUCGAAGGAAGCGCUACdTdT GUAGCGCUUCCUUCGAACAdTdT
MT1-MMP (3) 2,105-2,125 UUGGCAGCCUCUCACUACUdTdT AGUAGUGAGAGGCUGCCAAdTdT
Vav1 (3) 2,133-2,153 CGUCGAGGUCAAGCACAUUdTdT AAUGUGCUUGACCUCGACGdTdT
Vav2 (2) 1,220-1,240 AGUCCGGUCCAUAGUCAACdTdT GUUGACUAUGGACCGGACUdTdT
Vav2 (3) 1,370-1,390 CAACAAGGACGUCAAGAAGdTdT CUUCUUGACGUCCUUGUUGdTdT
Control — AUUGUAUGCGAUCGCAGACdTdT GUCUGCGAUCGCAUACAAUdTdT
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