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SUMMARY

Here, we report a direct interaction between
the b1 integrin cytoplasmic tail and Rab25,
a GTPase that has been linked to tumor aggressiveness and metastasis. Rab25 promotes
a mode of migration on 3D matrices that is
characterized by the extension of long pseudopodia, and the association of the GTPase with
a5b1 promotes localization of vesicles that
deliver integrin to the plasma membrane at
pseudopodial tips as well as the retention of
a pool of cycling a5b1 at the cell front. Furthermore, Rab25-driven tumor-cell invasion into a
3D extracellular matrix environment is strongly
dependent on ligation of fibronectin by a5b1
integrin and the capacity of Rab25 to interact
with b1 integrin. These data indicate that Rab25
contributes to tumor progression by directing
the localization of integrin-recycling vesicles
and thereby enhancing the ability of tumor cells
to invade the extracellular matrix.
INTRODUCTION
Rab proteins are members of the Ras superfamily of
GTPases that are involved in membrane-trafficking events.
The Rab11 subfamily, comprised of Rab11a, Rab11b,
and Rab25 (also known as Rab11c), controls the return
of internalized membrane-associated moieties to the cell
surface (Zerial and McBride, 2001), and data pointing to
the possibility that Rab11 pathways contribute to aspects
of tumorogenicity are accumulating (Garcia et al., 2005;
Gebhardt et al., 2005; Gress et al., 1996; Natrajan et al.,
2006; Ray et al., 1997, 2004). Recently, Rab25, which is
restricted to an epithelial expression profile, unlike the
ubiquitous Rab11s (Rab11a and Rab11b) in normal tissue
(Goldenring et al., 1993), has been shown to increase the

aggressiveness of ovarian and breast tumors both clinically and in mouse models (Cheng et al., 2004). Furthermore, the fact that Rab25 is a component of the invasive
signature of breast cancer cells in vivo and in vitro
(Wang et al., 2004) stresses the need to further our understanding of Rab25-mediated trafficking events in transformed cells, and how these may contribute to metastatic
progression.
Integrins are heterodimeric extracellular matrix (ECM)
receptors involved in multiple aspects of cell behavior in
physiological and pathological contexts (Hynes, 2002).
Many integrins are continually internalized from the
plasma membrane into endosomal compartments and
are subsequently recycled (Caswell and Norman, 2006;
Pellinen et al., 2006), and it is probable that such endo-/
exocytic cycling acts to coordinate the functionality of
integrins and other ECM receptors. Indeed, Rab4 and
Rab11 regulate the recycling of a range of integrins, including a5b1, avb3, a6b1, a6b4, and aLb2 (Fabbri et al.,
2005; Powelka et al., 2004; Roberts et al., 2001, 2004;
Strachan and Condic, 2004; Woods et al., 2004; Yoon
et al., 2005), and disruption of recycling via the Rab11
compartment has been shown to compromise integrindependent cell spreading and migration (Caswell and Norman, 2006; Jones et al., 2006).
a5b1 is known to influence tumor-cell survival, proliferation, and metastasis (Akiyama et al., 1995; Danen and
Yamada, 2001), and its action can be both oncogenic
and tumor suppressive, depending on cell type and origin. Furthermore, a5b1 and its ligand fibronectin (FN) are
known to be present in a range of cellular structures
such as focal adhesions, focal complexes, fibrillar, and
3D matrix adhesions, which can make stimulatory and
inhibitory contributions to cell migration in both 3D and
2D matrices (Cukierman et al., 2001; Pankov et al., 2000;
Zamir et al., 1999). Indeed, FN is an abundant ECM protein
found in most types of connective/interstitial tissue; therefore, the ability of cells to migrate through FN-containing
matrices is critical to metastatic development. Given the
diverse and sometimes opposing modes of action of the
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cell’s major FN-binding integrin, it would be interesting to
determine whether a Rab GTPase with a proven link to
tumor progression could influence a5b1 function such that
tumorogenesis and/or invasive migration were favored.
Here, we report an interaction, which is both selective
and direct, between the b1 integrin cytoplasmic tail and
a GTPase of the Rab family, Rab25. Rab25 promotes an
invasive mode of migration on 3D matrices in which it
functions to localize and keep a5b1 at the tips of extending pseudopodia. Furthermore, Rab25-driven tumor-cell
invasion is strongly dependent on FN, a5b1, and the ability
of Rab25 to interact with b1 integrin. We propose that
Rab25 contributes to tumor progression by enhancing
the ability of tumor cells to invade FN-containing ECM
and form metastases.
RESULTS
Rab25 Directly Associates with b1 Integrin
in a GTP-Dependent Manner
Upon isolation of Rab25 from A2780 cells stably expressing HA-Rab25 by immunoprecipitation of the HA tag, we
found that b1 integrin efficiently coprecipitated with
Rab25 (Figure 1A). We could not, however, detect the
presence of other cycling integrins, e.g., avb3 in these
HA-Rab25 immunoprecipitates (data not shown). Robust
coimmunoprecipitation of Rab25 and integrin was also
observed when the a5 subunit of the integrin heterodimer
was immunoprecipitated (Figure 1B). Furthermore, this
association was Rab25 specific, as no other Rab11 family
member (neither Rab11a nor Rab11b) coimmunoprecipitated with a5b1 (Figure 1B).
We further investigated the nature of this interaction by
using a GST pull-down strategy. While GST and GST-a5
cytotail-coated beads were unable to pull down Rab25
from cell lysates, the GST-b1 cytotail efficiently captured
Rab25 (Figure 1C), indicating that the b1 integrin subunit
mediates the association with Rab25. Furthermore, the
selectivity of the interaction among Rab11 family members was confirmed, as the GST-b1 cytotail did not recruit
Rab11a/b from cell lysates (Figure 1C). Using bacterially
expressed recombinant His-Rab25 and recombinant
GST-a5 and -b1 integrin cytotails, we further characterized the nature of Rab25-integrin association. Purified
Rab25 preloaded with GDP showed little affinity for the
GST-b1 cytotail (Figure 1D). However, when Rab25 was
presented to the b1-cytotail in its GTP-bound ‘‘active’’
form, there was a vast increase in the affinity of Rab25
for integrin (Figure 1D).
To further establish a direct link between b1 integrin
and Rab25, GFP-b1 integrin and Cherry-Rab25 were expressed in b1/ mouse embryo fibroblasts (MEFs) and
imaged by multiphoton fluorescence lifetime imaging microscopy (FLIM). GFP fluorescence normally undergoes
a single exponential decay, but if fluorescence resonance
energy transfer (FRET) to an acceptor fluorophore (in this
case Cherry-Rab25) occurs, this shortens the fluorescence lifetime of the donor (GFP-b1). Fluorescence
lifetime maps show a clear reduction in the lifetime of

GFP-b1 fluorescence in cells expressing Cherry-Rab25,
indicating that FRET was occurring between b1 integrin
and Rab25, but not with Rab11a (Figure 1E) even though
the two Rab GTPases were expressed at similar levels
(Figure 1E, center panels). Interestingly, this reduction in
lifetime was concentrated in puncta close to the plasma
membrane, indicating that association between Rab25
and the integrin may occur in that area of the cell. Quantitation of FRET efficiency between GFP-b1 and the CherryRabs clearly indicates that Rab25 does indeed bind b1
integrin within the cell, whereas Rab11a does not
(Figure 1E).
Complete (Rab25>11L) or partial (Rab25>11S; Rab25/
11/25) replacement of the hypervariable Rab25 C terminus with the corresponding region of Rab11a completely
abrogated the ability of Rab25 to associate with b1
integrin, indicating that the amino acids of Rab25 involved
in the direct interaction with b1 integrin lie within this
region (Figure 2). Conversely, replacement of the Rab11a
C terminus with the corresponding region of Rab25
(Rab11>25L) conferred b1-binding capacity to Rab11a,
although replacement of subdomains of the hypervariable
region did not enable b1 binding in Rab11a (Figure 2).
Taken together, these data demonstrate that the direct
interaction of Rab25 with b1 integrin is mediated by the
hypervariable C-terminal region of Rab25.
Rab25 Promotes a5b1-Dependent Migration in 3D
We did not detect differences in the characteristics of
A2780 cell migration (speed, persistence, directionality,
and formation of leading lamellae) on plastic surfaces after
expression of Rab25 (Figure S1; see the Supplemental
Data available with this article online), indicating that this
GTPase is unlikely to form part of the minimal motility
machine or to regulate basic processes of cell migration
such as actin polymerization or the recruitment of integrins
to focal complexes. However, there are key differences
between the characteristics of cells migrating in 3D versus
on 2D matrices (Even-Ram and Yamada, 2005), and
experimental systems measuring migration across plastic
surfaces may not accurately model the type of motility that
would be deployed by a tumor cell to move away from the
primary tumor and form metastases at distant sites. To
elucidate the potential contribution that Rab25 makes
to the invasive phenotype of aggressive tumors, we
employed an inverted invasion assay, in which cells
must migrate upward through either matrigel (predominantly a mixture of the ECM components laminin and
collagen IV) or gels formed from fibrillar type I collagen.
A2780-DNA3 cells showed little invasive activity when
presented with either of these 3D environments, and
supplementing the gels with exogenous FN prior to plug
polymerization resulted in only a small increase in invasion
though matrigel (Figure 3A) and no change in migration
through type I collagen (Figure 3B). A2780 cells stably
expressing Rab25 invaded type I collagen or matrigel to
a modest level, but, crucially, this was strongly potentiated
when exogenous FN was added (Figures 3A and 3B).
Transient expression of GFP-Rab25, compared with

Developmental Cell 13, 496–510, October 2007 ª2007 Elsevier Inc. 497

Developmental Cell
Rab25 Promotes a5b1-Dependent Migration in 3D

Figure 1. a5b1 Integrin Interacts with Rab25 via a GTP-Dependent Association with the b1 Cytodomain
(A) Rab25 was immunoprecipitated from lysates of A2780 cells stably expressing HA-Rab25 (A2780-Rab25) or empty control vector (A2780-DNA3)
with a monoclonal anti-HA antibody (12CA5) and was analyzed for the presence of Rab25 (HA) and b1 integrin by immunoblotting.
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GFP or GFP-Rab11a, also significantly enhanced A2780
cell invasion into a FN-rich matrix (Figure 3C). Importantly,
RNAi of Rab25 (Figure 3E) significantly blocked the FNdependent invasiveness of A2780-Rab25 cells (Figure 3D).
Use of blocking antibodies further established the
requirement for the a5b1-FN ligand pair in Rab25-mediated invasion. P1F6, an avb5-blocking antibody, had no
effect on the invasion of Rab25-expressing A2780 cells
into FN-containing matrigel (Figure 3D). Antibodies that
specifically block the a5 subunit of the integrin heterodimer (mAb16) or the a5b1-binding site in FN (16G3)
both significantly reduced the degree of invasion to a level
comparable to that seen in A2780-Rab25 cells in the
absence of added FN (compare Figure 3D with
Figure 3A), confirming the importance of a5b1 ligation in
Rab25-mediated invasion. Furthermore, blockade of the
b1 integrin subunit with mAb13 effected a more profound
inhibition of invasiveness than did inhibition of a5 integrin
or FN alone (Figure 3D), indicating that Rab25-a5b1 forms
part of a program that confers FN-dependent invasive
migration to A2780 cells, but that this process also
requires ligation of other b1 integrins.
We deployed the Rab25/11 domain-swap chimeras
(Figure 2B) to further test the requirement for a5b1 association in Rab25-driven invasion. Rab25>11L, which does
not interact with b1 integrin, did not promote invasion,
nor did Rab11a (Figure 3C). Conversely, the b1-interacting
GFP-Rab11>25L enhanced invasive activity to a similar
extent as Rab25 (Figure 3C), indicating that Rab25 promotes the invasive capacity of cells in a manner dependent on its ability to associate directly with b1 integrin.
Many reports describe FN as anti-invasive and antimetastatic and indicate that it may act as a tumor suppressor
under certain circumstances (Hynes, 1976; Spence et al.,
2006; Vaheri and Mosher, 1978; Yamada and Olden,
1978). Indeed, after transfection of the FBR v-fos oncogene, 208F rat fibroblasts (FBR cells) transform morphologically and acquire a highly motile and invasive phenotype characterized by extension of long pseudopodia
emanating from a bipolar spindle-shaped cell body, and
there is a dramatic downregulation of FN (Curran and
Verma, 1984; Hennigan et al., 1994; McGarry et al.,
2004). In 3D matrices, these cells are very invasive and
extend pseudopodial protrusions in the direction of invasive migration. Exposing FBR cells to FN by plating them
on FN-coated coverslips or including FN in the 3D matrix

Figure 2. Association with a5b1 Integrin Is Mediated via the
C-Terminal Region of Rab25
(A) A2780 cells expressing GFP-Rab25, GFP-Rab11a, or GFP alone
were lysed, and these fusion proteins immunoprecipitated with an
anti-GFP antibody. The resulting immunoprecipitates were screened
for the presence of a5b1 by immunoblotting for the b1 integrin chain
(upper panels). The loading of GFP was confirmed by western blot
with anti-GFP (lower panels).
(B) Schematic representation and nomenclature of the Rab25/Rab11a
domain-swap chimeras employed for the present study. Regions of
Rab25 and Rab11a sequence are shown in blue and red, respectively.
(C) A2780 cells expressing the indicated GFP-tagged Rab25/Rab11a
domain-swap chimeras were lysed, immunoprecipitated, and analyzed by western blot in a manner similar to that described in (A).

completely reverts the invasive migration to the normal
208F fibroblastic phenotype in an a5b1-dependent process (Spence et al., 2006) (Figures 4A and 4B). However,

(B) Lysates prepared as in (A) were immunoprecipitated with either monoclonal antibodies recognizing a5 integrin (a5) or an isotype-matched control
antibody (Con). The presence of b1 integrin, Rab25 (HA), and Rab11a/b was detected by immunoblotting.
(C) Glutathione agarose beads bound to GST, GST-a5, or GST-b1 fusion proteins were incubated with lysates of COS-1 cells expressing HA-Rab25. The
presence of Rab25 (HA) and Rab11a/b was detected by immunoblotting, and the loading of GST fusion proteins was confirmed by Coomassie staining.
(D) Glutathione agarose beads bound to GST or GST-integrin cytodomain fusion proteins were incubated with recombinant purified His-Rab25 that
had been preloaded with either GDP (GDP-Rab25) or GTPgS (GTPgS-Rab25). The association of Rab25 was determined by immunoblotting, and
loading of GST fusion proteins was confirmed by Coomassie staining. It should be noted that in these experiments, His-Rab25 resolves as two bands
in SDS-PAGE. This is not owing to proteolysis, as mass spectrometric analysis has confirmed that both these forms of Rab25 possess intact amino
and carboxy termini.
(E) b1 / fibroblasts expressing GFP-b1 integrin were transfected with Cherry-Rab25 or -Rab11a and were plated onto glass coverslips. Images
show the GFP multiphoton intensity image and the corresponding wide-field CCD camera image of the GFP-b1 and Cherry-Rab GTPase expression
levels. Lifetime images mapping spatial FRET across the cells are depicted with a pseudocolor scale (blue, normal lifetime; red, FRET). The scale bar is
10 mm. The graph depicts the average FRET efficiency over three independent experiments. Values are mean ± SEM, n = 12.
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Figure 3. Rab25 Promotes a5b1-Fibronectin-Dependent Invasion of A2780 Cells
(A and B) Invasive migration of A2780 cells stably expressing Rab25 or empty vector (DNA3) into plugs of (A) matrigel or (B) type I collagen in the
presence and absence of 25 mg/ml fibronectin (FN) was determined by using an inverted invasion assay. Invading cells were stained with CalceinAM and were visualized by confocal microscopy. Serial optical sections were captured at 15 mm intervals and are presented as a sequence in which
the individual optical sections are placed alongside one another with increasing depth from left to right, as indicated. Invasion assays were quantitated
by measuring the fluorescence intensity of cells penetrating the matrigel to depths of 45 mm and greater; this intensity was expressed as (A) a percentage of the total fluorescence intensity of all cells within the plug or was expressed (B) relative to the levels observed for A2780-DNA3 cells in the
absence of FN. Data represent mean ± SEM from three independent experiments.
(C) Invasive migration of A2780 cells expressing GFP, GFP-Rab25, GFP-Rab11a, GFP-Rab25>11L, and GFP-Rab11>25L into matrigel supplemented
with FN was determined and quantified as in (B), but values were expressed relative to the levels observed for GFP-Rab25-driven invasion. Values are
mean ± SEM from three independent experiments.
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Figure 4. Rab25 Promotes Invasive Migration of v-fos-Transformed Fibroblasts in the Presence of Fibronectin
(A–D) 208F rat fibroblasts transformed with the FBR v-fos oncogene were transfected with Rab25, control vector, Rab11a, or the indicated
Rab25/Rab11a domain-swap chimeras. Cells were plated on glass coverslips that were either uncoated ([A]; left panel) or fibronectin coated
([A]; middle and right panels and [D]) and were grown for 3 days prior to fixation, permeabilization, and staining for F-actin (green) and HA-Rab25
(red). The scale bar in (A) is 20 mm. The proportion of cells displaying transformed morphology (as characterized by the presence of long
[>30 mm] pseudopodia) was scored and is presented in (D). Invasive migration of cells in the presence and absence of 25 mg/ml fibronectin was
determined by using an inverted invasion assay. (B) Serial optical sections were captured at 15 mm intervals to a final depth 120 mm. These are
presented as a sequence in which the individual optical sections are placed alongside one another with increasing depth, from left to right.
(C) Cells penetrating to depths of 30 mm or greater were quantitated as in Figure 3B. Data are mean ± SEM from more than three independent
experiments.
(D) A2780-Rab25 cells were transfected with control (mU6Pro-Con) and Rab25 (mU6Pro-Rab25) shRNA vectors prior to the invasion assay (left bars),
or A2780-Rab25 cells were allowed to invade matrigel plugs in the presence of fibronectin (FN) and specific integrin- and FN-blocking antibodies (right
bars). Cells were visualized, and data were quantitated as in (C) and were expressed relative to A2780-Rab25 cell invasion in the absence of antibody
or targeting shRNA. Values are mean ± SEM from three independent experiments.
(E) Western blot demonstrating the ability of the mU6Pro-Rab25 shRNA vector to suppress the cellular levels of Rab25 protein (upper panel). Protein
loading and the specificity of the RNAi were confirmed by western blot for Rab11a/b (lower panel).
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Figure 5. Rab25 Promotes Pseudopodial Migration of A2780 Cells on 3D Matrix
(A–C) A2780 cells stably expressing Rab25 or empty vector (DNA3) were plated onto matrix derived from either (A and C) human dermal fibroblasts
(HDF-derived matrix) or (B) NIH 3T3 fibroblasts 4 hr prior to time-lapse microscopy. Images were captured every 5 min over a 12 hr period, and
movies were generated from these images (Movies S1 and S2). The position of the cell nucleus was followed by using cell-tracking software, and

502 Developmental Cell 13, 496–510, October 2007 ª2007 Elsevier Inc.

Developmental Cell
Rab25 Promotes a5b1-Dependent Migration in 3D

Rab25 promoted transformed morphology even when
FBR cells were plated on FN (Figure 4A) and overcame
the inhibitory effect of added FN in invasive migration
through matrigel (Figures 4B and 4C). Furthermore, the
b1-binding mutant of Rab11, Rab11>25L, promoted
transformed morphology (as determined by the presence of long [>30 mm] pseudopodia) in FBR cells plated
onto FN, whereas Rab11a and Rab25>11L (which do
not bind to b1) were ineffective in this regard (Figure 4D). Taken together, these data indicate that
Rab25 strongly promotes invasive migration through FNrich matrices and that it does so by associating with and
regulating the function of the cell’s major FN-binding
integrin, a5b1.
Rab25-a5b1 Vesicles Localize to the Tips
of Extending Pseudopodia during Migration
on 3D Matrices
To overcome difficulties in imaging cell migration within
dense 3D microenvironments, we used cell-derived
matrix—a relatively thick, pliable matrix composed mainly
of fibrillar collagen and FN, which recapitulates key
aspects of the type of matrix found in connective tissues
(Cukierman et al., 2001). A2780 cells migrated rapidly
and with low persistence on cell-derived matrix (Figures
5A and 5B) and maintained an overall ‘‘slug-like’’ morphology as they moved (Figure 5C and Movie S1). Expression
of Rab25, however, slowed the average migration speed,
but it markedly increased the persistence of A2780 cell
migration on matrix derived from either human dermal
fibroblasts (HDF) (Figure 5A) or NIH 3T3 fibroblasts
(Figure 5B), indicating that it is the persistence (and not
the speed) of migration on cell-derived matrix that correlates with invasiveness under these circumstances.
Moreover, Rab25-expressing cells adopted a different
morphology and mode of migration that was characterized by the bilateral extension of pseudopods, followed
by retraction of one process and a rapid burst of migration
in the direction of the persisting pseudopod (Figure 5C
and Movie S2). Contrastingly, Rab11a expression was
ineffective at promoting pseudopod-driven migration,
and cells continued to move with slug-like morphology
after overexpression of this GTPase (Figure 5D). To obtain
a quantitative index of Rab25-driven pseudopodial extension, we measured the distance between the center of
the nucleus and the leading edge (in the direction of
migration) and found that this increased by 50% upon
expression of HA- (Figure 5C, right panel) or GFP-tagged
Rab25 (Figure 5E). Conversely, expression of GFP alone
or GFP-Rab11a did not alter this index of pseudopodial
morphology (Figure 5E). Crucially, expression of GFP-

Rab25>11L (unable to contact b1 integrin) did not promote the extension of pseudopods, whereas Rab11>25L
(does bind b1 integrin) did so (Figures 5D and 5E), indicating that acquisition of pseudopod-driven migration on
pliable, 3D cell-derived matrices is dictated by the ability
of the GTPase to interact with b1 integrin.
We used FLIM to determine the influence of this 3D
microenvironment on Rab25-b1 association. Indeed,
FRET efficiency between GFP-b1 and Cherry-Rab25
was 2-fold greater on cell-derived matrix than on glass
(compare Figure 6A with Figure 1E), indicating that this
3D microenvironment strongly reinforces Rab25-integrin
association within the cell. Furthermore, Cherry-Rab11a
did not reduce the lifetime of GFP-b1 (Figure 6A), even
though it was expressed at a similar level as CherryRab25 (Figure S2), indicating that Rab11a does not bind
to b1 integrin on either 2D or 3D matrices. Moreover,
it appeared that association between b1 and Rab25
was particularly strong at points within pseudopodia
(Figure 6A). We therefore used high-resolution time-lapse
fluorescence imaging to investigate the dynamics of a5b1
and Rab25 during pseudopod-driven migration. In the
absence of Rab25, GFP-a5 was localized primarily at
the plasma membrane, while Cherry-Rab11a was located
in the perinuclear zone (Figure 6B). Although a5 and
Rab11a sometimes colocalized in the perinuclear region,
vesicles transporting a5b1 were seldom seen at the cell
front, and the integrin never colocalized with Rab11a in
the anterior portion of the cell (Figure 6B0 and Movie S3).
Upon expression of Cherry-Rab25, vesicles containing
both the integrin and Rab25 clearly colocalized in pseudopodial tips (Figures 6C, 6C0 , and 6D). Furthermore, Rab25a5b1 vesicles were slow-moving structures (Movie S4),
whereas vesicles carrying the integrin alone moved more
rapidly and were often seen to be transported rapidly
backward toward the cell body (not shown).
Rab25 Vesicles Deliver a5b1 Integrin
to the Plasma Membrane at
Pseudopodial Tips
We employed photoactivation in combination with timelapse microscopy to resolve whether Rab25-a5b1 vesicles in pseudopodia are involved in recycling integrin to
the plasma membrane. A2780 cells expressing photoactivatable paGFP-a5 integrin and Cherry-Rab25 were plated
onto cell-derived matrix. A pulse of 405 nm laser light
aimed at a ‘‘single point’’ corresponding to a Rab25-positive vesicle resulted in near-immediate photoactivation of
paGFP-a5 integrin within the confines of this structure
(Figure 7A). During the following 60 s, fluorescence was
lost from the photoactivated vesicle, and this was

representative examples of migration tracks are displayed. The scale bar in (B) is 200 mm. Stills from these movies corresponding to 10 min intervals
are presented in (C). Arrows indicate the position of the cell(s) at the start of the movie. The scale bar in (C) is 100 mm.
(D) A2780 cells expressing GFP, GFP-Rab25, GFP-Rab11a, GFP-Rab25>11L, or GFP-Rab11>25L were seeded onto cell-derived matrix. A total of
12 hr after seeding, fluorescence and phase-contrast images were captured. Only the phase-contrast images are presented; the asterisk indicates
cells expressing GFP or a GFP fusion. The scale bar is 100 mm.
(E) The distance between the center of the nucleus and the cell front (with respect to the direction of migration) for cells treated as described in (D) was
measured by using ImageJ. Data represent mean ± SEM, n > 150 cells.
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Figure 6. Rab25-a5b1 Vesicles Are Localized to Pseudopods during Migration on 3D Matrix
(A) b1 / fibroblasts expressing GFP-b1 integrin were transfected with Cherry-Rab25 or -Rab11a and were plated onto HDF-derived matrices.
Lifetime images mapping spatial FRET across the cells are depicted with a pseudocolor scale (blue, normal lifetime; red, FRET). The scale bar is
20 mm. The graph depicts FRET efficiency over three independent experiments. Values are mean ± SEM, n = 10.
(B–D) A2780 cells expressing GFP-a5 and (B) Cherry-Rab11a or (C and D) Cherry-Rab25 were plated onto HDF-derived matrix in glass-bottomed
dishes and imaged with confocal microscopy. Images were captured at 1.0–1.5 frames/s over a period of 30–40 s, and movies were generated
from these images (Movies S3 and S4). Single-section confocal image stills corresponding to an individual frame from these movies are presented.
The scale bars in (B) and (C) are 10 mm; the scale bar in (D) is 1 mm. The yellow arrows indicate the direction of migration. The images within the dotted
squares are shown enlarged in (B0 ) and (C0 ) (zoom) as appropriate.
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accompanied by a concerted and concomitant appearance of the fluorophore at the plasma membrane around
the pseudopodial tip (Figures 7A and 7C and Movie S5).
Conversely, when an activating single point was aimed
at a region without a Rab25 vesicle, little or no photoactivation was detected (although subsequent activation
of a larger region confirmed the expression of paGFPa5) (Figure 7B), indicating that the integrin visible in
Figure 7A is indeed at a Rab25 vesicle, and not at the
plasma membrane above and below this. Moreover, in
cells expressing a farnesyl-tagged paGFP (paGFPfarn,
a lipid-anchored paGFP used as a reporter of plasma
membrane dynamics), which is localized primarily to the
plasma membrane (and never to Rab25 vesicles), little
or no fluorescence was detectable when using this
single-point photoactivation protocol (not shown). Taken
together, these data indicate that the pool of a5b1
integrin at Rab25 vesicles is neither static nor sequestered within these structures, but that it is being continuously recycled to the plasma membrane at pseudopodial
tips.
Rab25 Acts to Retain a Pool of a5b1
at Pseudopodial Tips
Rab25 promotes a more persistent mode of tumor-cell
migration on cell-derived matrix and stabilizes pseudopods in a way that is dependent on its ability to bind to
b1 integrin. Given that the Rab25 vesicles in pseudopods
are involved in delivering integrin to the distal plasma
membrane, it is possible that Rab25 may contribute to
invasion by maintaining a discrete pool of integrin within
the pseudopodial compartment. We addressed this by
photoactivating a5b1 at the front of cells migrating on
cell-derived matrix and by following the dynamics of this
population of integrin heterodimers. In A2780 cells
expressing Cherry-Rab11a, a patch of a5b1 integrin
photoactivated at the cell front was seen to disperse
from this region over the following 2 min (Figure 7D,
Figure S3A, and Movie S6). However, in Rab25-expressing cells, much more of this anteriorly located a5b1
remained within the photoactivated region (at vesicles
and at the distal plasma membrane) over the same time
period (Figure 7E, Figure S3A, and Movie S7). Moreover,
photoactivated paGFPfarn dispersed from the cell front
irrespective of expression of Rab25 or Rab11a (Figure S3A). To correct for photobleaching, we expressed
the data in Figure S2A as a function of those in Figure S3B.
This revealed that, in the absence of Rab25, paGFP-a5
and paGFPfarn fluorescence were lost from the cell front
at similar rates (Figure 7F). Moreover, Rab25 did not alter
the rate at which paGFPfarn fluorescence was lost from the
pseudopod, indicating that this GTPase does not change
the fluidity of the plasma membrane at the cell front
(Figure 7F). However, the bulk of paGFP-a5 was very
effectively retained at the cell front by expression of
Rab25 (Figure 7F). Taken together, these data indicate
that, although a5b1 is normally free to diffuse from the
cell front with the same kinetics as a marker of overall
plasma membrane fluidity, upon expression of Rab25

a discrete pool of integrin is efficiently retained at the
pseudopodial tip.
DISCUSSION
Here, we have detailed a direct interaction between the
cytodomain of b1 integrin and a Rab11-family GTPase,
Rab25, which strongly promotes a pseudopodial/invasive
mode of cell migration both across and through 3D FNcontaining matrices, and we note that this appears to be
mediated by the ability of the GTPase to localize a discrete
pool of actively cycling a5b1 to the tips of invading pseudopodia.
Clinical studies demonstrate that Rab25 increases the
aggressiveness of breast and ovarian cancers (Cheng
et al., 2004), and this may be due to modulation of cellular
processes such as proliferation, survival, and migration.
Rab25 has been reported to increase anchorageindependent growth and colony-forming activity in
A2780 cells, indicating that proapoptotic signals are suppressed by Rab25 (Cheng et al., 2004). Indeed, we find
that while Rab25 does not affect A2780 cell proliferation
(Figure S4), Rab25-expressing cells remain viable for an
extended period of time after reaching confluence (Figure
S5). However, the a5b1- and FN-blocking antibodies
that ablate invasiveness do not oppose Rab25-mediated
survival (Figure S5), indicating that the GTPase can
provide survival cues independently of a5b1 and FN.
Thus, Rab25 can promote cell survival, and although the
mechanisms for this will be of interest, they are quite distinct from those that drive invasive migration of tumor
cells.
A number of b subunit integrin interactions have been
documented, and their functional implications range
from acting as signaling adaptors (p120FAK and paxillin),
to linking integrins to the actin cytoskeleton (a-actinin,
filamin, and talin), and to regulating integrin endocytic
recycling (PKD1) and the ability of talin to switch integrins
from the inactive to the active conformation (inside-out
activation)—a phenomenon that is now well characterized
at the molecular level (Otey et al., 1990; Tadokoro et al.,
2003; White et al., 2007; Woods et al., 2004; Wegener
et al., 2007). Although we find that b1 integrin surface
expression (Figure S6) and its activation status
(Figure S7) are unaltered by Rab25, the GTPase clearly
controls the dynamics of a5b1 at the cell front, indicating
that the primary role of the Rab25-integrin association is
to maintain a pool of actively recycling heterodimer within
invading pseudopods, and not to regulate inside-out
signaling.
Early models of integrin trafficking favored a mechanism
by which integrins were internalized at the rear of the cell,
transported forward within vesicles toward the lammellipodium, and then exocytosed at the leading edge.
Evidence to support this model, however, has not been
forthcoming. Indeed, it appears more likely that both
integrin endocytosis and exocytosis occur at the leading
edge (Caswell and Norman, 2006), and that models invoking bulk anterograde flow of integrin vesicles into the
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Figure 7. Photoactivation/Fluorescence Time-Lapse Analysis of a5b1 Integrin Dynamics during Migration on 3D Matrix
(A–C) A2780 cells expressing photoactivatable a5 integrin (paGFP-a5; green) and Cherry-Rab25 (red) were plated onto HDF-derived matrix and
imaged by confocal microscopy. Photoactivation was achieved with a 405 nm laser aimed at a ‘‘single point’’ corresponding to either (A) a Rab25
vesicle or (B) a region not containing Rab25, as indicated by the yellow crosses. Images were then captured at 1 frame/s over a period of 120 s,
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lammellipod may not be correct. Indeed, we do not see
any net flux of a5b1 vesicles from the rear to the front of
migrating cells, nor do we detect anterograde movement
of vesicles from the perinuclear region to the pseudopod.
We do, however, occasionally observe what appear to be
endocytic vesicles that form near the cell front and then
carry a5b1 rapidly backward; however, crucially, these
endosomes never contain Rab25. More importantly, we
consistently observe Rab25-a5b1-containing vesicles/
endosomes localized to the distal regions of pseudopods. However, single-point photactivation experiments
(Figure 7A) indicate that these Rab25-positive vesicles
do not contain a static or ‘‘sequestered’’ pool of a5b1,
but are continuously delivering integrin to the plasma
membrane at the cell front. Notwithstanding, it is important to note that when the whole pseudopodial tip
(vesicles and plasma membrane) is photoactivated
(Figure 7E), the quantity of fluorescent integrin within
Rab25 vesicles does not appreciably diminish, indicating
that these structures are replenished with a5b1 from
within the photoactivated region. We therefore favor
a mechanism in which a5b1 is rapidly internalized and
recycled in the extreme anterior portion of the cell, and
we find that this process acts to maintain a discrete pool
of integrin at the pseudopodial tip. Rab25 may provide
the platform on which this mechanism is hinged, and it
may promote the localization of a5b1 within the pseudopod, prevent retrograde traffic, and thus contribute to
pseudopod stability. Myosins are known to associate
with Rab proteins via bridging molecules. For example,
Rab27 associates with MyoVa through an interaction
with melanophilin or with MyoVIIa through Myosin- and
Rab-interacting protein (MyRIP), and Rab11-family members (including Rab25) are known to associate with
MyoVb, an association that is probably bridged by the
Rab11 ‘‘effector’’ Rab11-FIP2 (Seabra and Coudrier,
2004). Rab27 is thought to contribute to the peripheral
accumulation of melanosomes by enabling their MyoVadependant capture within the distal, actin-rich regions of
melanocyte dendritic processes. Preliminary coimmunoprecipitation experiments indicate that Rab25 bridges
a physical interaction between a5b1 and FIP2, leading to
the intriguing possibility that Rab25 acts through FIP2 to
recruit MyoVb to Rab25-a5b1 vesicles and thus capture
the integrin at the tips of extending pseudopods, where

these vesicles deliver their integrin cargo to the plasma
membrane by exocytosis.
In conclusion, our results demonstrate that Rab25 interacts directly with a5b1 integrin and promotes invasive,
metastatic-like migration through FN-rich matrices that
is likely mediated by the GTPase acting to localize vesicular a5b1 to the tips of extending pseudopods; this a5b1
can then be exchanged with the plasma membrane within
this locale. A number of studies have found that antibodies
and other agents that target a5b1 integrin may oppose
metastasis (Humphries et al., 1986; Qian et al., 2005),
and, indeed, anti-a5b1 drugs will soon be available for
clinical use. However, the fact that the a5b1-FN ligand
pair is known to have both stimulatory and inhibitory
effects on tumorogenesis (Hynes, 1976; Spence et al.,
2006; Vaheri and Mosher, 1978; Yamada and Olden,
1978) may lead to mixed results in clinical trials. Our
observation that Rab25 can act in conjunction with a5b1
to favor an invasive phenotype suggests that this GTPase
may be used as a biomarker, which would allow for the
selection of patients who are likely to respond to antia5b1-FN targeted therapies. In fact, given the identification of both Rab25 and b1 integrin as key components
of the invasive carcinoma gene expression signature
(Wang et al., 2004), the direct interaction between Rab25
and b1 integrin may in itself be a therapeutic target.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection
Stable clones of A2780-DNA3 and A2780-Rab25 cells were generated
as described previously (Cheng et al., 2004). A2780 cells were maintained in RPMI supplemented with 10% (v/v) serum at 37 C and
10% CO2. Transfection of shRNAi vectors was carried out by using
the Amaxa ‘‘Nucleofector’’ system (solution T, program A-23) according to the manufacturer’s instructions. COS-1 cells were maintained in
DMEM supplemented with 10% (v/v) serum at 37 C and 10% CO2.
COS-1 cells were transfected by using FuGENE according to the manufacturer’s instructions. 208F rat fibroblasts transformed with the FBR
v-fos oncogene were obtained from Tom Curran. 208F cells were
maintained in DMEM supplemented with 10% serum at 37 C and
10% CO2 and were transfected by using the Amaxa ‘‘Nucleofector’’
system (solution R, program T-20) according to the manufacturer’s
instructions.
Immunoprecipitations
A2780 cells were lysed in lysis buffer (200 mM NaCl, 75 mM Tris-HCl
[pH 7], 15 mM NaF, 1.5 mM Na3VO4, 7.5 mM EDTA, 7.5 mM EGTA,

and movies were generated from these images (Movie S5); single-section confocal image stills corresponding to individual frames from one of these
movies are presented. The scale bar in (A) is 5 mm. The integrated fluorescence intensity of regions 1 and 2 (as depicted in [A], right panel) was quantified for each frame of Movie S5, and these values are plotted against time in (C).
(D and E) A2780 cells expressing photoactivatable paGFP-a5 (green) and either (D) Cherry-Rab11a (red) or (E) Cherry-Rab25 (red) were plated
onto HDF-derived matrix and imaged by confocal microscopy. paGFP-a5 was photoactivated within the indicated regions at the front of the
cell; images were then captured, and movies were generated (Movies S6 and S7). Confocal stills are presented as for (A) The scale bar in
(E) is 10 mm.
(F) Cells expressing photoactivatable paGFP-a5 or farnesylated photoactivatable GFP (paGFPfarn) in combination with either Cherry-Rab11a or
Cherry-Rab25 were plated onto HDF-derived matrix. The photoactivation region was selected to be at the cell front, as indicated in (D) and (E),
and movies were generated as described in (A). The integrated fluorescence intensity of the photoactivated region (see Figure S3A) was quantified for each frame of these movies, calculated relative to the intensity of the frame immediately after photoactivation, corrected for photobleaching (by expressing the values in Figure S3A as a function of those in Figure S3B), and plotted against time. Values are mean fluorescence
intensity over three individual experiments ± SEM; n = 20 for paGFP-a5, and n = 6 for paGFPfarn.
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0.15% [v/v] Tween 20, 50 mg/ml leupeptin, 50 mg/ml aprotinin, and
1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride). Lysates were
passed three times through a 27-gauge needle and clarified by centrifugation at 10,000 3 g for 10 min at 4 C. Magnetic beads conjugated to
sheep anti-mouse IgG were bound to anti-integrin, anti-HA, or antiGFP monoclonal antibodies. Antibody-coated beads were incubated
with lysates for 2 hr at 4 C with constant rotation. Unbound proteins
were removed by extensive washing in lysis buffer, and specifically associated proteins were eluted from the beads by boiling for 10 min in
Laemmli sample buffer. Proteins were resolved by SDS-PAGE and
analyzed by western blot as described previously (Norman et al.,
1998).
GST Pull-Down Assay
Glutathione-agarose beads were bound to purified bacterially
expressed GST fusion proteins. Lysates of COS-1 cells overexpressing HA-Rab25 were incubated with GST fusion-coated agarose beads
for 2 hr at 4 C. To determine whether Rab25 and b1 integrin interact
directly, His-Rab25 was expressed in Escherichia coli stain BL-21
and purified by sequential Ni-affinity and size-exclusion chromatography. His-Rab25 was nucleotide loaded by incubation in PBS containing 4.3 mM EDTA and 0.11 mM GDP or GTPgS for 1 hr at room
temperature. His-Rab25 was subsequently diluted 1:3 in PBS, and
MgCl2 was added to a final concentration of 6.5 mM to maintain the
GTPase in its nucleotide-loaded state. GDP- and GTPgS-loaded
His-Rab25 were diluted 1:10 in PBS and incubated with GST
fusion-coated beads for 2 hr at 4 C with constant rotation. Unbound
proteins were removed by extensive washing in lysis buffer, and specifically associated proteins were eluted from the beads by boiling for
10 min in Laemmli sample buffer. Proteins were resolved by SDSPAGE and analyzed by Coomassie staining and western blot.
Inverted Invasion Assay
Inverted invasion assays were performed as described previously
(Hennigan et al., 1994). Briefly, matrigel or Collagen I (mixed 4:1 with
53 RPMI) supplemented with 25 mg/ml FN as indicated was allowed
to polymerize in transwell inserts (Corning) for 1 hr at 37 C. Inserts
were then inverted, and cells were seeded directly onto the opposite
face of the filter. Transwell inserts were finally placed in serum-free medium, and medium supplemented with 10% FCS (208F cells) or 10%
FCS and 30 ng/ml EGF (A2780 cells) was placed on top of the matrix,
providing a chemotactic gradient. Where appropriate, integrin/FNblocking antibodies were added to the matrigel prior to plug polymerization at a concentration of 1 mg/ml, and they were also added to the
medium throughout the system. Between 48 and 72 hr after seeding,
invading cells were stained with Calcein-AM and visualized by confocal microscopy; serial optical sections were captured at 15 mm
intervals.

objective and an inverted confocal microscope (Fluoview FV1000,
Olympus) in an atmosphere of 5% CO2 at 37 C. Photoactivation
of paGFP was achieved by using a 405 nm laser with an Olympus
FV-100 inverted microscope and an Olympus SIM scanner.
Fluorescence Lifetime Measurements by Time-Correlated
Single Photon Counting FLIM
The methods for derivation of b1 integrin / mouse embryo fibroblasts in which the FLIM experiments were performed are described
in Supplemental Experimental Procedures. Time-domain FLIM was
performed with a multiphoton microscope system as described previously (Parsons et al., 2005). Briefly, the system is based on a modified
Bio-Rad MRC 1024MP workstation, comprised of a solid-statepumped femtosecond Ti:Sapphire (Tsunami, Spectra-Physics) laser
system, a focal scan-head, and an inverted microscope (Nikon
TE200). Enhanced detection of the scattered component of the emitted (fluorescence) photons was afforded by the use of fast-response
(Hamamatsu R7401-P), nondescanned detectors, developed in
house, situated in the reimaged objective pupil plane. Fluorescence
lifetime imaging capability was provided by time-correlated singlephoton counting electronics (Becker & Hickl, SPC 700). A 403 objective was used throughout (Nikon, CFI60 Plan Fluor N.A. 1.3), and data
were collected at 500 ± 20 nm through a bandpass filter (Coherent, Inc.
35-5040). Widefield acceptor (mRFP) images were acquired with
a CCD camera (Hammamatsu) at < 200 ms exposure times.
Supplemental Data
The Supplemental Data include a full description of the materials and
DNA constructs used, the generation of b1/ cells, and a detailed
procedure for the analysis of the FRET/FLIM experiments, and can
be found with this article online at http://www.developmentalcell.
com/cgi/content/full/13/4/496/DC1/.
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