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Background:CD151 associates with integrins and regulates integrin-dependent small GTPase-mediated cellular behaviors.
Results: CD151-expressing cells exhibited increased Ras, Rac, and Cdc42 complexes with integrins and active forms of small
GTPases, as compared with CD151-deficient cells.
Conclusion: CD151 contributes to integrin signaling to small GTPases by facilitating association of integrins with small
GTPases.
Significance: Investigating integrin interactions with small GTPases is critical for understanding adhesion signaling.

Tetraspanin CD151 associates with laminin-binding �3�1/
�6�1 integrins in epithelial cells and regulates adhesion-depen-
dent signaling events.We found here that CD151 plays a role in
recruiting Ras, Rac1, and Cdc42, but not Rho, to the cell mem-
brane region, leading to the formation of �3�1/�6�1 integrin-
CD151-GTPases complexes. Furthermore, cell adhesion to
laminin enhanced CD151 association with �1 integrin and,
thereby, increased complex formation between the �1 family of
integrins and small GTPases, Ras, Rac1, and Cdc42. Adhesion
receptor complex-associated small GTPases were activated by
CD151-�1 integrin complex-stimulating adhesion events, such
as �3�1/�6�1 integrin-activating cell-to-laminin adhesion and
homophilic CD151 interaction-generating cell-to-cell adhe-
sion. Additionally, FAK and Src appeared to participate in this
adhesion-dependent activation of small GTPases. However,
engagement of laminin-binding integrins in CD151-deficient
cells or CD151-specific siRNA-transfected cells did not activate
these GTPases to the level of cells expressing CD151. Small
GTPases activated by engagement of CD151-�1 integrin com-
plexes contributed to CD151-induced cell motility and MMP-9
expression in human melanoma cells. Importantly, among
the four tetraspanin proteins that associate with �1 integrin,
only CD151 exhibited the ability to facilitate complex forma-
tion between the �1 family of integrins and small GTPases
and stimulate �1 integrin-dependent activation of small
GTPases. These results suggest that CD151 links �3�1/�6�1

integrins to Ras, Rac1, and Cdc42 by promoting the forma-
tion of multimolecular complexes in the membrane, which

leads to the up-regulation of adhesion-dependent small
GTPase activation.

Tetraspanins (also known as the transmembrane 4 super-
family) are a large group of ubiquitously expressed cell surface
transmembrane proteins that play an important role in a variety
of cellular functions, including cell proliferation, activation, dif-
ferentiation, migration, and cancer cell invasion andmetastasis
(1, 2). Although the biochemical function(s) of tetraspanins is
not fully defined, the ability of tetraspanin proteins to form
multimolecular complexes with other membrane proteins
involved in signaling pathways, such as integrins and signaling
enzymes, suggests that tetraspanins may participate in trans-
membrane signaling events by integrating several signaling
components into a single functional signaling complex and/or
modulating the signaling properties of associated receptor pro-
teins with lateral cross-talk (2–4).
CD151 (PETA-3/SFA-1) is a tetraspanin member that is

expressed in various cell types, including epidermal basal cells,
epithelial cells, endothelial cells, Schwann cells, muscle, and
platelets (5). Although the physiological function of CD151 is
largely unknown, much attention has been brought to the role
of CD151 in malignant cancer progression because its expres-
sion level correlates with a poor prognosis in various human
cancers, and its proinvasive and prometastatic activity has been
revealed in several experimental models (6–11). CD151 is pre-
dominantly localized on the cell surface in contact with base-
ment membranes and to a lesser extent at cell-cell junctions in
epithelial cells (5, 12) and forms multiprotein clusters on the
cell surface with laminin receptor type integrins, E-cadherin,
and other tetraspanins (2, 4, 13–15). Because most cellular
functions modulated by CD151, such as cell adhesion, motility,
and spreading, are integrin-dependent adhesive behaviors, it
has been proposed thatCD151 participates in integrin signaling
by regulating adhesion receptor activity of integrins and modi-
fying integrin signaling pathways as well. Indeed, CD151 asso-
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ciation was found to enhance the binding activity of�3�1 integ-
rin to laminin through stabilizing its activated conformation
(16). It was also reported that CD151 affects subcellular local-
ization and molecular organization of �3�1 and �6�4 integrins
(17, 18). Moreover, CD151 has been shown to modulate the
outside-in signaling activity/pathways of �IIb�3 and �3�1/�6�4
integrins in platelet and breast cancer cells, respectively (18,
19). Association of CD151 with phosphatidylinositol 4-kinase,
protein kinase C, and PTP� protein-tyrosine phosphatase (14,
20, 21) suggests the role of CD151 in linking integrins to intra-
cellular signaling enzymes,which donot regularly participate in
integrin-mediated signaling cascades. However, integrin sig-
naling pathways modified and/or modulated by CD151 associ-
ation have not been established.
Small GTPase proteins, such as Ras and Rho family mem-

bers, play an important role in controlling adhesion-dependent
signaling events (22–24). Several members of Ras GTPases
were shown to control integrin function bymodulating integrin
affinity with extracellular matrix (ECM)2 ligands (25, 26). Con-
versely, many studies have demonstrated that integrins affect
the activation of Rho, Rac, Cdc42, and Ras, either alone or in
conjunction with other classes of receptors (22, 27–34). For
instance, cell adhesion to laminin through�3�1 and�6�4 integ-
rins, which are associated with CD151, induced and sustained
Rac1 activation in keratinocytes, leading to formation of stable
lamellipodia at the leading edge (33, 34). Activated GTPases in
turn trigger not only actin cytoskeleton reorganization but also
downstream signaling cascades, including MAPK pathways
(35–37). In these integrin signaling pathways, FAK and Src in
focal adhesion contacts are known to be crucial mediators reg-
ulating the activation of small GTPases (38, 39). However, it is
unclear how small GTPases orient in close proximity to FAK
and Src in focal contacts upon integrin engagement.
It was previously shown that engagement of tetraspanin

CD81 activates the Rho GTPase family (40).We presumed that
tetraspanin CD151 also plays a role in regulating small
GTPases, because adhesion-dependent cell behaviors regulated
by CD151, such as cell motility and spreading, are known to be
modulated by small GTPases (28, 32, 41). The present study
demonstrates that CD151 induces subcellular translocation of
the small GTPases, Ras, Rac1, and Cdc42, to the membrane
through formation of multimolecular complexes containing
the�1 family of integrins, CD151, and smallGTPases. Adhesion
signals initiated by �1 integrin interactions with laminin and
homophilic CD151 interactions activated these adhesion
receptor complex-associated GTPases through the FAK-Src
pathways. However, sole engagement of�1 integrins in CD151-
deficient cells or CD151-specific siRNA-transfected cells was
not sufficient to activate theseGTPases. Additional�1 integrin-
associated tetraspanins, such as CD9, CD81, and CD82, were
unable to promotemolecular association of integrinswith small
GTPases and did not induce activation of small GTPases upon
engagement of the associated integrins. Thus, CD151 contrib-

utes to integrin-dependent activation of small GTPases by facil-
itating their association with the associated integrins.

EXPERIMENTAL PROCEDURES

Cell Culture, Antibodies, and Reagents—C8161 andMelJuSo
human melanoma cell lines were cultured in DMEM/F-12
medium supplemented with 10% fetal bovine serum (FBS) in
5%CO2 at 37 °C. For the culture of Rat-1 rat fibroblast cells and
293 human embryonic kidney cells, DMEM/high glucose
medium containing 10% FBS was used. The stable CD151
transfectant clones of MelJuSo cells were previously generated
(42). Antibodies against CD151 were purchased from BD Bio-
sciences (14A2H1) and Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA) (H-80, N-20). Anti-TM4SF2 and anti-EWI-2 anti-
bodieswere purchased fromAbcam (Cambridge,UK) andR&D
Systems (Minneapolis, MN), respectively. Anti-�1 integrin
(JB1A, 6S6) and anti-CD63 (RFAC4) antibodies were obtained
fromMillipore (Billerica, MA). Antibodies to CD9 (C-4), CD81
(H-121), CD82 (G-2), pan-Ras (FL-189), Rho A/B/C (H-70),
Rac1 (C-14), Cdc42 (P1), phospho-FAK(Tyr-925), FAK (A-17),
Src (B-12), caveolin-1 (N-20), and MC1-R/melanocyte-stimu-
lating hormone receptor (MSH-R) (H-60)were purchased from
Santa Cruz Biotechnology, Inc. An antibody specific to phos-
pho-Src(Tyr-416) was obtained from Cell Signaling (Beverly,
MA). Expression vectors of dominant negative and constitu-
tively active mutants of H-ras, K-ras RhoA, Rac1, and Cdc42
were purchased from the Missouri S&T cDNA Resource Cen-
ter. All other reagents were from Sigma unless indicated
otherwise.
Transfection of Small Interfering RNA (siRNA)—siRNAs for

CD151 and FAK were designed and synthesized using the soft-
ware and SilencerTM siRNA construction kit from Ambion
(Austin, TX) according to themanufacturer’s instructions. Spe-
cific oligonucleotide sequences for each target gene were as
follows: 5�-GUUGGAGACCUUCAUCCAGdTdT-3� (sense)
and 5�-CUGGAUGAAGGUCUCCAACdTdT-3� (antisense)
targeting CD151; 5�-GAGAAGGCUCAGCAAGAAGdTdT-3�
(sense) and 5�-CUUCUUGCUGAGCCUUCUCdTdT-3� (anti-
sense) targeting FAK. The siRNA control was 5�-UUCUC-
CGAACGUGUCACGUdTdT-3� (sense) and 5�-ACGUGA-
CACGUUCGGAGAAdTdT-3� (antisense), which bears no
homology with relevant human genes (43). Transfection of
siRNA was carried out using Lipofectamine reagent as
described previously (42).
Immunofluorescence Analysis—Immunocytochemistry was

performed on glass coverslips (Fisherbrand), coated with or
without 0.1 mg/ml poly-L(�)-lysine or laminin. Cells grown on
coverslips were fixed with 3.7% paraformaldehyde for 10 min,
permeabilized with 0.2% Triton X-100 for 15 min, and blocked
with 5% BSA in PBS for 1 h at room temperature. Cells were
then stained for 1 h at 37 °C with the primary antibody diluted
in the blocking solution, washed three times with TBS contain-
ing 0.1% Triton X-100, and incubated with AlexaFluor488
(green)-conjugated anti-mouse IgG or AlexaFluor555 (red)-
conjugated anti-rabbit IgG (Molecular Probes) for 45 min at
37 °C. Fluorescence photomicrographs for mounted coverslips
were taken using a confocal laser-scanning microscope (Olym-
pus FV1000).

2 The abbreviations used are: ECM, extracellular matrix; Ab, antibody; FAK,
focal adhesion kinase; MMP, matrix metalloproteinase; MSH-R, melano-
cyte-stimulating hormone receptor; RBD, Rho-binding domain.
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Small GTPase Protein Pull-down Assays—Raf1-RBD-aga-
rose was obtained from Upstate Biotechnology, Inc. (Lake
Placid, NY). GST-rhotekin-RBD and GST-PAK-PBD fusion
proteins bound to glutathione-Sepharose 4B beads were pre-
pared as described previously (44, 45). Cells (1–2 � 106) were
lysed in GST lysis buffer (50 mMTris, pH 7.4, 200mMNaCl, 1%
Nonidet P-40, 10% glycerol, 2 mM MgCl2, 100 �M sodium
orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 10 �g/ml
aprotinin, 20 �g/ml leupeptin). The cleared cell lysates were
subsequently incubated with the Raf1-RBD-agarose, GST-rho-
tekin-RBD, and GST-PAK-PBD beads for 45 min at 4 °C with
end-over-end mixing. After washes with GST lysis buffer, pro-
teins bound to beads were eluted into Laemmli buffer and
resolved in 12% SDS-PAGE. The small GTPase proteins were
detected by immunoblotting with the appropriate antibodies.
Cellular Fractionation by Sucrose Density Gradient Ultra-

centrifugation—Cells were lysed in HBSE buffer (20 mM

HEPES, pH 7.2, 150mMNaCl, 1mMEDTA) supplementedwith
protease inhibitors (EDTA-free tablets; RocheApplied Science)
in the presence of 1% Brij 97 for 1 h on ice and homogenized in
a loose fitting Dounce homogenizer using 15 strokes. Post-
nuclear supernatants (1 ml) were obtained by centrifugation
(2,500 � g, 10 min, 4 °C), mixed with an equal volume of 90%
sucrose (w/v in HBSE), and placed in the bottom of Beckman
SW55Ti ultracentrifuge tubes and then overlaid with discon-
tinuous sucrose gradients (2 ml of 35% sucrose and 1ml of 5%
sucrose in HBSE). The gradient was centrifuged for 18 h at
150,000 � g at 4 °C. Twelve fractions of 0.4 ml were collected
from the top of the gradient and analyzed by SDS-PAGE and
immunoblotting.
Membrane Fractionation and Membrane Fragment Treat-

ment—Detergent-free purification of membrane fragments
from empty vector- and CD151-transfected MelJuSo cells was
performed as described in previous studies (42, 46). Briefly, cells
were washed with ice-cold PBS and then scraped into buffer A
(20 mM Tris-HCl, pH 7.5, 2 mM EDTA, 1 mM EGTA, 1 mM

phenylmethylsulfonyl fluoride, 10 �g/ml aprotinin, 20 �g/ml

leupeptin, and 2mMbenzimidine). The cellswere homogenized
using a tight fitting Dounce homogenizer (20–25 strokes).
Postnuclear supernatants were adjusted to 10% sucrose and
loaded onto a 30% sucrose cushion in an ultracentrifuge tube.
After centrifugation for 60 min at 150,000 � g in a tabletop
ultracentrifuge (Beckman Instruments) with T-1270 rotor, a
light-scattering band confined to a 10–30% sucrose interface
was collected and stored at �70 °C until use. For cell treat-
ments, membrane fragments were evenly suspended in serum-
free medium by passage 5–6 times through a 26-gauge needle
and immediately added to cells.
Other Analyses/Assays—Immunoprecipitation and immu-

noblotting analyses, gelatin zymography, and a wound-healing
migration assay were carried out as described previously (42).

RESULTS

CD151 Associates with Ras, Rac1, and Cdc42 Together with
�1 Integrins—We previously found that CD151 associates
with �3�1 and �6�1 laminin receptor type integrins in human
melanoma cells (42). In the present study, we first examined
whether �3�1/�6�1 integrin-CD151 complexes are physically
associated with small GTPases in human melanoma cell lines,
MelJuSo cells transfected with exogenous CD151, and C8161
parental cells with endogenous CD151. Transfection of exoge-
nousCD151 intoMelJuSo cells resulted in greater expression of
CD151 as compared with C8161 cells, but not greater than the
A375SMmelanoma cell line (supplemental Fig. S1), indicating
that the effect of CD151 in MelJuSo CD151 transfectant cells
reflects the physiological situation in melanoma cells. Follow-
ing lysis of empty vector- or CD151-transfected MelJuSo cells
with the nonionic detergent Brij 97, amild detergent preserving
tetraspanin-integrin interactions (47, 48), the small GTPases,
Ras, Rac1, andCdc42, were co-precipitatedwith an anti-CD151
antibody in CD151 transfectant cells but not in mock transfec-
tant cells (Fig. 1A). Co-immunoprecipitation of CD151 with
EWI-2, which associates with tetraspanins, including CD151
(49), but not with G�(i-2), a G protein subunit associated with a

FIGURE 1. CD151 facilitates molecular association of CD151-�1 integrin complexes with Ras, Rac1, and Cdc42. A and B, stable MelJuSo mock and CD151
transfectant cells (A) and parental C8161 cells (B) were lysed with Brij 97, and immunoprecipitation (IP) was performed with mouse normal IgG, anti-CD151,
anti-�1 integrin, anti-EWI-2, anti-caveolin-1, or anti-MSH-R Abs. The immunoprecipitates were analyzed by immunoblotting (IB) using anti-pan-Ras, anti-RhoA/
B/C, anti-Rac1, anti-Cdc42, anti-EWI-2, or anti-G�i-2 Abs. C, C8161 cells were transiently transfected with control or CD151-targeting siRNAs, and the CD151 and
�1 integrin immunoprecipitates were examined for the presence of Ras, Rho, Rac1, and Cdc42 by immunoblotting analysis.
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variety ofmembrane receptors, includingMSH-R, supports the
association of CD151 with Ras, Rac1, and Cdc42. These small
GTPases were also detected in the CD151 immunoprecipitates
of C8161 cells with endogenous CD151 (Fig. 1B). Furthermore,
these small GTPases were found in the immunoprecipitates of
CD151-associated EWI-2 in C8161 cells but not in those of
caveolin-1 and MSH-R, which do not associate with CD151.
Importantly, the �1 integrin immunoprecipitates of CD151-
transfected MelJuSo cells and C8161 cells also contained Ras,
Rac1, and Cdc42 as well as CD151. However, as shown in
MelJuSo mock transfectant cells, �1 integrins lacking CD151
association were not able to form molecular complexes with
theseGTPases. Also, siRNA-mediated knockdown of CD151 in
C8161 cells significantly diminished the amount of Ras, Rac1,
and Cdc42 co-immunoprecipitated with �1 integrin (Fig. 1C).
With confocal microscopy, the fluorescent images of Ras, Rac1,
and Cdc42 in C8161 cells were very similar to the CD151
images (supplemental Fig. S2). Overlaid images between
CD151 and these GTPases illustrated co-localization of CD151
with small GTPases in the cell membrane. Meanwhile, among
the four major small GTPases examined, the Rho protein was
the only GTPase absent in the immunoprecipitates of CD151
and �1 integrin (Fig. 1). Furthermore, Rho was not found in the
membrane of C8161 cells with endogenous CD151 (supple-
mental Fig. S2). These results suggest molecular association of
CD151-�1 integrin complexes with small GTPases, such as Ras,
Rac1, and Cdc42, in the cell membrane.
CD151 Induces Subcellular Translocation of Ras and Rac1

to the Membrane Region Containing CD151-�1 Integrin
Complexes—To confirm CD151-dependent co-localization of
small GTPases with �1 integrins in the cell membrane, we
examined the subcellular localization of Ras and Rac1 in

CD151-deficient and -expressing cells with confocal micros-
copy. In 293 embryonic kidney cells deficient in CD151 expres-
sion, Ras and Rac1 were not found in the membrane region,
and, thereby, they did not display fluorescent images over-
lapped with �1 integrins in the cell membrane (Fig. 2A). In
contrast, CD151-transfected 293 cells showed Ras and Rac1
present in the cell membrane, where these GTPases displayed
overlapped images with CD151 and �1 integrins. Thus, CD151
expression in 293 cells results inmembrane translocation of Ras
andRac1.Wenext examined the sucrose density distribution of
Rac1 in the postnuclear fraction of Brij 97 detergent lysates to
compare subcellular compartmentalization of Rac1 with �1
integrins in CD151-deficient and CD151-expressing cells. In
CD151-deficient 293 and MelJuSo cells, Rac1 was predomi-
nantly recovered in the 45% sucrose fractions but not in the 35%
sucrose fractions (Fig. 2, B and C). However, in CD151-trans-
fected cells, the bulk of Rac1 was recovered in the 35% sucrose
fractions, where CD151, �1 integrins, and EWI-2 were
enriched. Thus, consistent with their physical association, Rac1
in CD151-expressing cells exhibited very similar sucrose den-
sity distribution patterns to �1 integrins and CD151. Because
CD151, �1 integrins, and EWI-2 are known to be abundant in
the tetraspanin-associated microdomain of the membrane (48,
50), these data provide another line of evidence for CD151-
mediated subcellular co-localization of Rac1 with �1 integrins
in the cell membrane.
Engagement of �1 Integrins by Laminin Binding Augments

Molecular Association of CD151-�1 Integrin Complexes with
Small GTPases—We examined whether CD151-associated
�3�1 and �6�1 integrins also play a role in promoting physical
association of CD151-�1 integrin complexes with small
GTPases. We first constructed a CD151 mutant, CD151VR, in

FIGURE 2. CD151 induces subcellular translocation of Rac1 and Ras to a membrane region containing �1 integrins. A, 293 cells were transiently
transfected with expression vectors encoding CFP or CFP-fused CD151. After fixation, the cells were permeabilized and probed with mouse anti-�1 integrin Ab
or rabbit Abs against pan-Ras and Rac1. Following incubation with fluorescent secondary antibodies described under “Experimental Procedures,” the cells
were analyzed by confocal microscopy. Images in the far right column represent overlapped images between CFP (blue), �1 integrin (green), and small GTPases
(red). Magnified images of the membrane area are shown in insets in fluorescent images. B and C, transiently empty vector- and CD151-transfected 293 cells (B)
and stable MelJuSo mock and CD151 transfectant cells (C) were lysed in buffer containing 1% Brij 97, and the subcellular fraction was separated by ultracen-
trifugation using a discontinuous sucrose density gradient. Twelve fractions were collected from the top of the gradient and analyzed by immunoblotting
using Abs against CD151, integrin �1, Rac1, or EWI-2. Data shown are representative of three separate experiments with similar results.
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which the large extracellular loop region (serine 158 to glycine
207) of CD151 was replaced with the corresponding region
from another tetraspanin, TM4SF2 (Fig. 3A). This region,
named as the “variable region” of CD151, was previously shown
to contain sequences critical for the interaction of CD151 with
its major partner, �3�1 integrin (15). In a mild detergent lysis
condition, preserving interactions between wild-type CD151
and �3�1/�6�1 integrins, the CD151VR mutant did not co-pre-
cipitate with the �3 integrin subunit (Fig. 3B). Also, only a trace
amount of �6 and �1 integrin subunits was detected in the
immunoprecipitate of the CD151VR mutant, indicating
impaired interaction between the CD151VR mutant and �3�1/
�6�1 integrins (Fig. 3B). Unlike wild type, the CD151VRmutant
did not display a similar sucrose density distribution pattern to
Rac1, despite its localization in the cell membrane (Fig. 3C).
Because intracellular regions/domains of the CD151VR mutant
are identical to the wild type, CD151 is not likely to interact
with Rac1 directly in the intracellular side of the membrane.
Instead, these results suggest that CD151 associated with �1
integrins, but not CD151 alone, is able to associate with Rac1.
Therefore, it seems likely that the ability of CD151 to associate
with �3�1/�6�1 integrins might be important for its ability to
facilitate the formation of CD151-�1 integrin-small GTPase
complexes.
Results in Figs. 1–3 were obtained from cells grown on nor-

mal tissue culture polystyrene plates, in which the surface was
coated with electrically charged plasma. Cell adhesion to these
plates is known to stimulate a broad range of integrin types
nonspecifically tomoderate levels (51, 52). To examinewhether
specific activation of CD151-associated �1 integrins affects

association between CD151-�1 integrin complexes and small
GTPases, we precoated the culture plate surface with either
poly-L-lysine or laminin before seeding the cells. Compared
with cell binding to poly-L-lysine, a cationic polyelectrolyte that
minimally activates any types of integrins (51–53), the attach-
ment of CD151-transfected MelJuSo cells to laminin, which
strongly activates CD151-associated �3�1/�6�1 integrins, sig-
nificantly increased the levels of small GTPases associated with
CD151 and�1 integrins (Fig. 4A). Notably,�3�1 and�6�1 integ-
rins activated by laminin binding were shown to associate with
CD151 more than integrins bound to poly-L-lysine, which
might result in increased association of Ras, Rac1, and Cdc42
with CD151-�1 integrin complexes. C8161 melanoma cells
with endogenous CD151 also exhibited a positive effect of �1
integrin engagement with laminin in the formation of CD151-
�1 integrin-small GTPases complexes (Fig. 4B). However, when
CD151-transfected cells were pretreated with an anti-�1 integ-
rin blocking antibody before seeding onto laminin-coated
plates, cell adhesion to laminin did not result in increased asso-
ciation of CD151 with the GTPases (Fig. 4C). We have previ-
ously shown that homophilic interactions of CD151 through
homotypic cell-to-cell adhesion simulates CD151-�1 integrin
complex-dependent signaling (42). However, we here found
that, without�1 integrin engagement with laminin, homophilic
CD151 interactions resulted in little or no effect on molecular
association of CD151 with the small GTPases and �1 integrins
as well (Fig. 4, A and B). Activated �1 integrin-induced associ-
ation of GTPases with CD151-�1 integrin complexes in the cell
membrane was also observed in immunofluorescent images of
C8161 cells with endogenous CD151 (supplemental Fig. S3).

FIGURE 3. A CD151 mutant with impaired �3�1 integrin association fails to recruit Rac1 to the membrane. A, CD151VR mutant cDNA that encodes CD151
with a large extracellular loop substituted with that of TM4SF2, as illustrated, was generated by PCR and subcloned into a pcDNA3 vector. The wild-type (WT)
and mutant (MTVR) CD151 expression vectors were transiently transfected into 293 cells, and their expression levels were examined by immunoblotting
analysis using mAbs H-80 and N-20, which recognize large and small extracellular loops of CD151, respectively. B, following transfection with the wild-type and
mutant CD151 expression constructs, Brij 97 detergent lysates were subjected to immunoprecipitation (IP) with anti-CD151 mAb (N20) followed by immuno-
blotting analysis with Abs against integrin �3, �6, or �1. C, following sucrose density gradient ultracentrifugation, 12 fractions were examined for the presence
of �1 integrin, CD151, and Rac1 by immunoblotting analysis.
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When C8161 cells were attached to poly-L-lysine, Ras was min-
imally detected in the membrane, and, consequently, no asso-
ciation of Ras with CD151 and �1 integrins was observed. In
contrast, �1 integrins activated by laminin binding induced Ras
translocation to the membrane, where Ras was co-localized
with CD151 and �1 integrins. It thus appears that subcellular
localization of Ras is influenced by the activation status of
CD151-associated �1 integrins. Taken together, these results
strongly suggest that association of Ras, Rac1, and Cdc42 with
CD151-�1 integrin complexes in the membrane is facilitated
not only by CD151 expression but also by the adhesion-depen-
dent activation of CD151-associated �1 integrins.
CD151-�1 Integrin Complex-mediated Adhesion Signaling

Activates Ras, Rac1, and Cdc42—We further examined
whether small GTPases associated with CD151-�1 integrin
complexes are activated by adhesion events mediated by
these complexes. CD151-transfected MelJuSo cells seeded on
laminin-coated plates exhibited higher levels of the GTP-
loaded Ras, Rac1, and Cdc42 than empty vector-transfected
cells (Fig. 5A). Furthermore, siRNA-mediated knockdown of
CD151 in C8161 cells significantly suppressed Rac1 activation
by cell adhesion to laminin (Fig. 5B). Additionally, CD151-�1
integrin complex-mediated signaling did not activate Rho, the
small GTPase not associated with CD151-�1 integrin com-
plexes. Thus, CD151 appears to play an important role in
laminin receptor integrin-mediated activation of Ras, Rac1, and
Cdc42.However, the positive effect of CD151 expression on the
activation of these GTPases was not found in cells attached to
poly-L-lysine, indicating that specific activation of CD151-asso-

cated�1 integrin is essential forCD151-dependent activation of
Ras, Rac1, and Cdc42. The CD151VRmutant that was unable to
associate with the �3�1 integrin was also shown to interfere
with the adhesion-dependent activation of Ras and Rac1 (Fig. 5,
C andD). Collectively, these data strongly suggest that CD151-
mediated physical association of �1 integrins with small
GTPases contributes to adhesion-dependent activation of
small GTPases. Moreover, in CD151-expressing cells with
laminin adhesion, the levels of GTP-loaded Ras, Rac1, and
Cdc42 were further increased by treatment with membrane
fragments obtained from CD151-transfected cells but not by
treatment with empty vector-transfected cell membrane frag-
ments deficient in CD151 (Fig. 5, A and B). CD151-transfected
293 human embryonic kidney and Rat-1 rat fibroblast cells also
responded to CD151-containing membrane fragments for Ras
and Rac1 activation (Fig. 5,C–E). However, in CD151-deficient
cells, treatment with CD151-containing membrane fragments
did not induce Ras and Rac1 activation. Also, cell adhesion to
poly-L-lysine abolished the positive effect of CD151-contain-
ing membrane fragment treatment on the activation of Ras
and Rac1 in CD151-transfected 293 cells (Fig. 5, C and D).
Thus, CD151-�1 integrin adhesion receptor complexes, pri-
marily activated by interaction of �1 integrins with laminin,
could be further stimulated for intracellular signaling by
homophilic interactions of CD151 on the surface of two con-
tacting cells. These results implicate CD151-mediated posi-
tive signaling cross-talk between cell-to-ECM and cell-to-
cell adhesions.

FIGURE 4. Cell adhesion to laminin enhances physical association of CD151-�1 integrin complexes with Ras, Rac1, and Cdc42. A and B, stable MelJuSo
mock (M) and CD151 transfectant cells (A) and parental C8161 cells (B) were seeded onto plates precoated with laminin (LN) or poly-L-lysine (pL) for 24 h.
Following 60 min of serum starvation, the cells were treated with membrane fragments of mock (M) or CD151 (CD) transfectant MelJuSo cells for 60 min.
Immunoprecipitation and immunoblotting analyses were performed in the same manner as in Fig. 1A. C, the CD151-transfected MelJuSo cells were suspended
into serum-free medium and mixed with normal IgG or anti-�1 integrin blocking mAb (6S6; 20 �g/ml) in end-over-end fashion for 60 min. Twenty-four hours
after seeding onto laminin- or poly-L-lysine-coated plates, cell lysate with Brij 97 was subjected to immunoprecipitation with anti-CD151 Ab followed by
immunoblotting analysis with Abs against Ras, Rac1, or Cdc42. Numbers below the immunoblot indicate the relative band intensity and are the mean of three
immunoblots obtained from separate experiments.
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Integrin-mediated FAK-Src Pathway Contributes to Adhe-
sion-dependent Activation of GTPases—We previously found
that FAK and Src, downstream signal transducers of integrins,
are involved in integrin-dependent CD151 signaling events in
human melanoma cells (42). The present study also demon-
strated that CD151 expression in 293 cells resulted in increased
phosphorylation of FAK and Src upon integrin engagement
(Fig. 6A). Also, treatment with CD151-containing membrane
fragments further increased phosphorylation levels of FAK and
Src in CD151-transfected 293 cells but not in empty vector-
transfected 293 cells. The stimulatory effect of homophilic
CD151 interactions on integrin-dependent activation of FAK
and Src indicates that CD151 plays a role in up-regulating

integrin signaling to FAK and Src. We next examined whether
FAK and Src participate in CD151-�1 integrin complex-medi-
ated adhesion signaling to small GTPases. Similar to the same
finding in Fig. 5, the levels of GTP-loaded Ras and Rac1 were
increased by both �1 integrin-laminin interactions and homo-
philic CD151 interactions (Fig. 6B); however, CD151-�1 integ-
rin complex-induced activation of Ras and Rac1 was abrogated
by siRNA knockdown of FAK. Expression of a dominant nega-
tive Src mutant also interfered with Ras and Rac1 activation
by CD151-�1 integrin complex-mediated adhesion signals,
whereas a constitutively active Src mutant increased the levels
of GTP-bound Ras and Rac1 regardless of integrin engagement
(Fig. 6C). Taken together, these data suggest that the canonical
integrin pathway, involving FAK and Src activation, is respon-
sible for CD151-�1 integrin adhesion receptor complex-medi-
ated activation of Ras and Rac1.
CD151-induced Cell Motility and MMP-9 Expression

Require Ras, Rac1, and Cdc42 Activity—Our previous report
showed that CD151 expression increases cell motility and
matrix metalloproteinase-9 (MMP-9) expression in MelJuSo
melanoma cells (42). To verify the functional involvement of
small GTPases in CD151-mediated cellular events, we tran-
siently transfected expression constructs encoding various
mutant forms of small GTPases into CD151-transfected
MelJuSo cells. Transfection of dominant inhibitory ras mu-
tants, such as K-rasN17 and H-rasN17, decreased the migrat-
ing ability and MMP-9 expression of CD151 transfectant cells
to levels below those ofmock transfectant cells (Fig. 7,A andB).
Dominant-negative Rac1 (Rac1 N17) and Cdc42 (Cdc42 N17)
also interfered with CD151-induced cell motility and MMP-9
expression in MelJuSo cells, whereas the constitutively active
forms of Rac1 (Rac1 V12) and Cdc42 (Cdc42 V12) further
increased motility and MMP-9 expression of CD151 transfec-
tant cells (Fig. 7,C–F).Meanwhile, a dominant inhibitory RhoA
mutant (RhoA N19) did not suppress the positive effect of
CD151 expression on MMP-9 expression (Fig. 7D), indicating
that Rho activity is irrelevant to CD151-induced MMP-9
expression. Although RhoA N19 significantly inhibited the
migrating ability of CD151 transfectant cells (Fig. 7C), this may
result from the malfunction of the general cell migration
machinery, which has been known to require Rho-mediated
focal adhesion formation. Because Ras, Rac1, and Cdc42, but
not Rho, were associated with and activated by CD151-�1
integrin complexes (Figs. 1 and 5), these results strongly suggest
that these small GTPases participate in adhesion signaling
pathways leading to increased motility and MMP-9 expression
of melanoma cells.
Distinct Role of CD151 in Tetraspanin-mediated Integrin

Complex Formation with Small GTPases—Because many tet-
raspanin proteins have been known to form complexes with
integrins in the membrane, we examined whether members of
the tetraspanin family other than CD151 could also facilitate
complex formation between integrins and small GTPases.
WhenCD9,CD81,CD82, andCD151, tetraspanin proteins that
have been known to associate with �1 integrins (2), were indi-
vidually overexpressed in 293 cells by gene transfection (Fig.
8A), Ras, Rac1, and Cdc42 were found in the �1 immunopre-
cipitate of CD151-transfected cells at a significantly higher level

FIGURE 5. Integrin interaction with laminin and homophilic interactions
of CD151 both contribute to activation of Ras, Rac1, and Cdc42. A and B,
stable MelJuSo mock (M) and CD151 transfectant cells (A) and control or
CD151-targeting siRNA-transfected C8161 cells (B) were cultured onto plates
precoated with laminin (LN) or poly-L-lysine (pL) for 24 h. Following 60 min of
serum starvation, the cells were treated with membrane fragments of
MelJuSo mock (M) or CD151 (CD) transfectant cells for 60 min. GTP-loaded
Ras, Rho, Rac1, and Cdc42 proteins were precipitated from cell lysates and
detected as described under “Experimental Procedures.” C and D, 293 cells
were transfected with CD151 expression vectors encoding the wild-type (WT)
or mutant (MTVR) form illustrated in Fig. 3A, together with H-ras (C) or Rac1 (D)
expression constructs, and then cultured on laminin (LN)- or poly-L-lysine
(pL)-coated plates for 24 h. Following cell treatment with membrane frag-
ments of MelJuSo mock (M) or CD151 (CD) transfectant cells, GTP-loaded Ras
(C) and Rac1 (D) proteins were examined in the same manner as in A. E, Rat-1
cells grown on laminin were transfected with CD151 and/or Rac1 expression
vectors. After treating cells with membrane fragments of MelJuSo transfec-
tant cells, GTP-loaded Rac1 proteins were examined in the same manner as in
A. Numbers below the immunoblot indicate the relative band intensity of GTP-
bound form normalized to the total protein level and are the mean of three
immunoblots obtained from separate experiments.
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than that of other tetraspanin-transfected cells (Fig. 8B). Fur-
thermore, among the four tetraspanins, only CD151 was found
to co-precipitate with these GTPases (data not shown). Com-
pared with cell adhesion to poly-L-lysine, adhesion of CD151-
expressing cells to laminin significantly increased the amount
of Ras, Rac1, and Cdc42 associated with �1 integrins (Fig. 8B),
possibly due to the increased association of CD151 with acti-
vated �1 integrins (Fig. 4). Notably, CD151 was able to induce
physical association of Rac1 andCdc42with�1 integrins in cells
adhered to poly-L-lysine, whereas CD9, CD81, and CD82 did
not (Fig. 8B). These results strongly suggest that CD151 might
be a unique tetraspanin capable of promoting molecular asso-
ciation between �1 integrins and small GTPases regardless of
integrin activation. Meanwhile, integrin-dependent activation
of FAK was observed not only in the CD151-transfected cells,
but also in theCD9- andCD81-transfected cells (Fig. 8C). How-
ever, an increase in the level ofGTP-loadedRas andRac1 by cell
adhesion to laminin was observed in the CD151-transfected
cells but not in the CD9- and CD81-transfected cells (Fig. 8,
D and E). These results provide strong evidence for a distinct
role of CD151 in mediating physical association of Ras, Rac1,
and Cdc42 with integrin adhesion receptor complexes and,
thereby, stimulating integrin-dependent activation of small
GTPases.

DISCUSSION

Cell adhesion to ECM initiates outside-in integrin signaling
pathways leading to various adhesion-dependent cellular
events. Among the intracellular signal-transducing molecules,
small GTPase proteins have been known to play a central role in
modulating integrin-dependent cell behaviors, including cell
adhesion, migration, and spreading. Following cell adhesion to
ECM, integrin-mediated Rho activation induces focal adhesion
assembly and actin stress fiber formation (54). By regulating the
actin cytoskeleton, Rac and Cdc42 also induce the formation of
lamellipodia and filopodia, respectively, which are necessary for
cellmigration and spreading (55). Although themechanisms by
which integrin signaling activates small GTPases are still
unclear, there is no doubt that small GTPases take part in integ-
rin signaling pathways. In addition to integrin regulation of
small GTPases, Ras and Rho family members were found to
regulate integrin functions bymodulating affinity and avidity of
integrins to ECM ligands (25, 26, 56), implying a feedback reg-
ulation loop between integrins and small GTPases. Integrins
and GTPases were therefore proposed to be organized into
complex signaling cascades that regulate adhesion-dependent
cellular activities.
Tetraspanin proteins have been known to be involved in

integrin signaling events through complex formation with

FIGURE 6. CD151-mediated activation of Ras and Rac1 is dependent on FAK and Src activities involved in integrin signaling. A, empty vector- and
CD151-transfected 293 cells were cultured onto plates precoated with laminin (LN) or poly-L-lysine (pL) for 24 h. After treating cells with membrane fragments
of MelJuSo mock (M) or CD151 (CD) transfectant cells for 60 min, phosphorylation levels of FAK and Src in cell lysates were assessed by immunoblotting analysis
using Abs recognizing phospho-FAK(Tyr-925) and phospho-Src(Tyr-416). Numbers below the immunoblot indicate relative ratio of phospho-FAK/total FAK or
phospho-Src/total Src. B and C, C8161 cells cultured on laminin (LN) or poly-L-lysine (pL) were transfected with control or FAK-targeting siRNA (B) and the
expression vectors encoding the constitutively active (CA) or dominant negative (DN) mutant of Src (C). Following treatment of cells with membrane fragments
from mock (M) or CD151 (CD) transfectant MelJuSo cells, GTP-loaded Ras and Rac1 proteins were examined in the same manner as in Fig. 5.
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integrins in the membrane (4, 57, 58). Among the tetraspanin
family members, CD151 has been well characterized as a
molecular adapter facilitating the assembly of functional signal-
ing complexes in the membrane and is strongly associated with
laminin-binding integrins, such as �3�1, �6�1, �6�4, and �7�1
(2, 13). We have also previously demonstrated the association
of CD151 with �3�1 and �6�1 integrins in human melanoma

cell lines (42). Although CD151 was reported to be involved in
adhesion-dependent regulation of Ras (59), no evidence for the
molecular association of integrins with small GTPases has been
found to date. In the present study, we found that CD151 asso-
ciates with several small GTPases, along with �3�1 and �6�1
integrins, in human melanoma and embryonic kidney cells.
Among the GTPases examined, Ras, Rac1, and Cdc42, but not

FIGURE 7. CD151-induced cell motility and MMP-9 expression in melanoma cells are mediated by RasH/K, Rac1, and Cdc42. MelJuSo mock and CD151
transfectant cells were transiently transfected with the expression vectors encoding a dominant inhibitory mutant of RasK (K-ras N17) or RasH (H-ras N17) (A
and B); constitutively active Rac1 (Rac1 V12) or RhoA (RhoA N14), dominant-negative Rac1 (Rac1 N17) or RhoA (RhoA N19) (C and D); and constitutively active
(Cdc42 V12) or dominant inhibitory (Cdc42 N17) mutant of Cdc42 (E and F). A, C, and E, following transfection, cell migration was measured at 48 h after
wounding as described previously (42). B, D, and F, protein levels and activities of MMP-9 in the conditioned media obtained from cells cultured in serum-free
medium for 3 days were assessed by immunoblotting analysis (IB) and gelatin zymography, respectively. Asterisks and daggers indicate that the differences are
statistically significant (*, **, †, and ‡, p � 0.01 versus control vector-transfected cells, Student’s t test). Error bars, S.D.
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Rho, were found to associate with CD151-�1 integrin com-
plexes in the membrane. In contrast, other tetraspanin mem-
bers that associate with �1 integrins, such as CD9, CD81, and
CD82 (2), did not exhibit strong activity to promote the associ-
ation of �1 integrins with Ras, Rac1, and Cdc42 to the same
extent as CD151. It thus appears that CD151 plays a distinct
role in linking �1 integrins to the small GTPases, Ras, Rac1, and
Cdc42, leading to the formation of a multimolecular adhesion
signaling unit consisting of �1 integrins, CD151, and small
GTPases in the membrane.
Previously, it was reported that the short C-terminal cyto-

plasmic region of CD151 is important for determining the out-
side-in signaling functions of�6�1 integrins andCD151 activity
for Ras regulation (59, 60). Therefore, we speculated that
CD151 might directly interact with Ras through its C-terminal
cytoplasmic tail. However, we found here that a CD151mutant
deleted for six amino acids in the C-terminal region was still
capable of forming complexes with Ras and Rac1 in the mem-
brane, similar to a CD151 mutant with a deleted N-terminal
cytoplasmic region (supplemental Fig. S4). Because no cyto-

plasmic region(s) of CD151 other than the N- and C-terminal
regions has a length sufficient to interact with cellular proteins
at the cytoplasmic face, we excluded the possibility of direct
interaction of CD151 with small GTPases in the intracellular
side of the membrane. Instead, we found here that a CD151
mutant incapable of associating with �3�1/�6�1 integrins was
not able to recruit Rac1 to the membrane region, despite its
localization in the membrane. These data suggest that the abil-
ity of CD151 to associate with �3�1/�6�1 integrins might be
important for its ability to induce membrane translocation of
Rac1. Recently, it was reported thatCD151-integrin association
and CD151 association with other tetraspanins were both
important for laminin-binding integrin-dependent motility of
A431 epidermoid carcinoma cells (61). Therefore, it can be
speculated that amembrane structure formed by CD151-�3�1/
�6�1 integrin complexes, such as tetraspanin-enriched
microdomains (48, 50) and/or some adaptor/scaffold protein(s)
in association with CD151-�3�1/�6�1 integrin complexes,
plays a role in recruiting small GTPases to the membrane
region.

FIGURE 8. Complex formation between �1 integrins and small GTPases and adhesion-dependent activation of the GTPases occurs in CD151-express-
ing cells but not in CD9-, CD81-, and CD82-expressing cells. 293 cells were transiently transfected with expression vectors encoding CD9, CD81, CD82, or
CD151. A, expression level of each tetraspanin in the transfectant cells was assessed by immunoblotting analysis. B, C, D, and E, the transfectant cells were
seeded onto plates precoated with laminin (LN) or poly-L-lysine (pL) for 24 h. B, cell lysate with Brij 97 was subjected to immunoprecipitation with an anti-�1
integrin Ab followed by immunoblotting analysis using Abs against Ras, Rac1, or Cdc42. C, phosphorylation levels of FAK in cell lysates were compared by
immunoblotting analysis using anti-phospho-FAK(Tyr-925) Ab. D and E, GTP-loaded Ras (D) and Rac1 (E) proteins in cell lysates were examined in the same
manner as in Fig. 5. Bar graphs indicate relative band intensity of the GTP-bound form normalized to total protein level and show the mean � S.D. (error bars)
of three immunoblots obtained from separate experiments.
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�3�1 integrin-dependent cell adhesion to laminin was previ-
ously shown to activate Rac, but not Rho, through the
p130CAS-Crk-Dock180 pathway, whereas �5�1 integrin bind-
ing to fibronectin selectively activates Rho (62). BecauseCD151
predominantly associates with �3�1 and �6�1 integrins in epi-
thelial cells rather than the �5�1 integrin, CD151 expression
was expected to preferentially affect Rac signaling over Rho
signaling. Indeed, a previous study showed that CD151 overex-
pression resulted in activation of Rac and Cdc42, but not Rho,
in A431 cells (63). In the present study, we also found that
CD151-transfected melanoma cells responded to cell adhesion
to laminin for activation of Rac1 and Cdc42, but not Rho acti-
vation, indicating that CD151 contributes to preferential trans-
duction of laminin-binding integrin signals to Rac and Cdc42
over Rho. The present study implicates that this differential
activation of Rac andCdc42 over Rhoby laminin-binding integ-
rin signaling is attributable to CD151-mediated selective asso-
ciation of �3�1/�6�1 integrins with Rac and Cdc42 among Rho
family members. Additionally, the present study demonstrates
that CD151-dependent activation of FAK and Src in integrin
signaling occurs in cells adhered to laminin to a greater extent
than fibronectin, which may be due to preferential association
of CD151 with laminin-binding integrins.
Meanwhile, our current data seem to disagree with a previ-

ous report (59), where CD151 was identified as a negative reg-
ulator of RasGTPase. Sawada et al. (59) showed that expression
of CD151 in Rat-1 fibroblast cells did not only attenuate Ras
activation but also diminished activation of Akt and ERK1/2,
downstream targets in the Ras signaling pathway. Importantly,
they observed amarked effect ofCD151 expression onRas inac-
tivation only when integrins were disengaged from their ECM
ligands, implying that cell detachment renders CD151 unavail-
able for Ras activation. In contrast, our present study demon-
strates CD151-induced activation of Ras upon engagement of
laminin-binding �1 integrins. In previous (42) and present
studies, we also found that CD151 up-regulated integrin-medi-
ated activation of FAK and Src, upstream effectors for Ras acti-
vation, in integrin signaling cascades. These opposite activities
of CD151 toward Ras in terms of cell adhesion and de-adhesion
may together be responsible for CD151-induced cell motility,
because cell migration requires dynamic adhesion and de-ad-
hesion repeats at the leading edge of extending lamellae. There-
fore, both adhesion-dependent activation and de-adhesion-de-
pendent inactivation of Ras by CD151 are expected to
contribute to the migratory process by facilitating up- and
down-regulation cycles of small GTPase-mediated develop-
ment of the cell migration machinery, such as lamellipodia and
filopodia.
We previously showed that homophilic interactions between

CD151 proteins on the surface of neighboring cells provoke
transmembrane signaling pathways in human melanoma cells,
leading to increased MMP-9 expression through c-Jun activa-
tion (42). These CD151 signaling pathways were further stim-
ulated by engagement of laminin-binding �1 integrins that are
associated with CD151. These previous results strongly suggest
that both cell-to-laminin adhesion, which activates �3�1/�6�1
integrins, and homotypic cell-to-cell adhesion, which generates
homophilic CD151 interactions, contribute toCD151-�1 integ-

rin adhesion receptor complex-mediated signaling cascades. In
the present study, we found that cell adhesion to laminin
resulted in activation of Ras, Rac1, and Cdc42 in various cell
types with ectopically or endogenously expressed CD151.
Importantly, the GTP-loaded levels of these GTPases in
CD151-expressing cells with adhesion to laminin were further
increased by treatment with CD151-containing membrane
fragments but not by treatment with CD151-deficient mem-
brane fragments. However, this positive effect of homophilic
CD151 interactions on small GTPase activation was not
observed in cells adhered to poly-L-lysine. Considering the data
in our previous and present studies, we propose two functional
roles of CD151 in outside-in adhesion signaling events. First,
CD151 facilitates integrin-mediated signaling by linking �1
integrins to intracellular signaling molecules in the membrane,
leading to efficient transduction of the cell-to-ECM adhesion
signals into the cell. Second, CD151 integrates homotypic cell-
to-cell adhesion signal into cell-to-ECM adhesion signaling
cascades at the most upstream step by functioning as an adhe-
sion co-receptor responding to cell-to-cell contacts that gener-
ate homophilic CD151 interactions. This proposed role of
CD151 as an adhesion co-receptor that recognizes cell-to-cell
adhesion is in agreement with its location on the cell surface
at cell-cell junctions, althoughCD151 ismainly localized on the
cell surface in contact with basement membranes in epithelial
cells (5, 12). Several studies onCD81-mediated signaling events
have already provided an example for tetraspanin proteins
functioning asmembrane receptors capable of provoking intra-
cellular signaling cascades. When CD81 was cross-linked with
an immobilized antibody or bound to hepatitis C virus E2 pro-
tein, the Rho GTPase family members Rac, Rho, and Cdc42
were shown to be activated in hepatocytes, along with the
Raf/MEK/ERK signaling cascades (40). T lymphocytes also
responded to CD81 cross-linking for Lck activation, leading to
enhanced T-cell receptor/CD3 signaling (64). Interestingly,
ERK activation by CD81 cross-linking also occurred in a fibro-
blast cell line lacking the �1 family of integrins (65), implying
that CD81 signaling cascades occur independently of integrin
engagement. Thus, tetraspaninCD81 has already been found to
be capable of initiating its own intracellular signaling cascades,
although cellular ligand(s) for CD81 are unknown. Taken alto-
gether, we propose that the co-stimulatory effects of CD151 on
integrin-mediated adhesion signaling depend not only on its
ability to promotemolecular association of integrinswith intra-
cellular signaling molecules, including small GTPases, but also
on its role as an adhesion co-receptor that converges the cell-
to-cell adhesion signal(s) on integrin-mediated cell-to-matrix
adhesion signaling.
In summary, we here demonstrated for the first time that

CD151 links the �1 family of integrins to small GTPases Ras,
Rac1, and Cdc42 by facilitating the formation of CD151-�3�1/
�6�1 integrin-GTPases complexes in the membrane. These �1
integrin-associated GTPases are able to receive cell-to-laminin
adhesion signals quickly and efficiently. CD151 also partici-
pates in integrin-dependent activation of small GTPases by
adding cell-to-cell adhesion signal(s) through its homophilic
interactions to integrin-FAK-Src pathways upstream of the
GTPases. Thus, both integrin interaction with laminin and
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homophilic interactions of CD151 contribute to CD151-�1
integrin complex-mediated adhesion signaling. Collectively,
the data in this study suggest a novel mechanism by which
integrins transduce adhesion signals to downstream small
GTPases to induce GTPase-mediated cell adhesive behaviors.
Moreover, the findings of CD151-�1 integrin complexes as an
adhesion receptor signaling unit and interdependent signaling
networks between CD151 and integrins provide a new insight
into the cross-talk between cell-to-cell and cell-to-matrix
adhesions.
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48. Yáñez-Mó, M., Barreiro, O., Gordon-Alonso, M., Sala-Valdés, M., and
Sánchez-Madrid, F. (2009) Tetraspanin-enriched microdomains. A func-
tional unit in cell plasma membranes. Trends Cell Biol. 19, 434–446

49. Stipp, C. S., Kolesnikova, T. V., and Hemler, M. E. (2003) EWI-2 regulates
�3�1 integrin-dependent cell functions on laminin-5. J. Cell Biol. 163,
1167–1177

50. Charrin, S., le Naour, F., Silvie, O., Milhiet, P. E., Boucheix, C., and Rubin-

stein, E. (2009) Lateral organization of membrane proteins. Tetraspanins
spin their web. Biochem. J. 420, 133–154
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