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ntegrin trafficking from and to the plasma membrane

controls many aspects of cell behavior including cell

motility, invasion, and cytokinesis. Recruitment of infe-
grin cargo to the endocytic machinery is regulated by the
small GTPase Rab21, but the detailed molecular mechanisms
underlying integrin cargo recruitment are yet unknown.
Here we identify an important role for p120RasGAP
(RASA1) in the recycling of endocytosed «/B1-integrin
heterodimers to the plasma membrane. Silencing of
p120RasGAP attenuated integrin recycling and augmented

Introduction

Membrane trafficking of receptors between the plasma mem-
brane and intracellular membrane—enclosed organelles is funda-
mentally important for the maintenance of cell polarity,
regulation of signal transduction, and cell migration (Scita
and Di Fiore, 2010). Targeted delivery of the cargo receptors is
controlled by Rab GTPases. These small GTPases have specific
subcellular localizations and regulate endocytic processes like
cell surface receptor trafficking via recruitment of specific
effector molecules (Zerial and McBride, 2001; Schwartz et al.,
2007). To date, the majority of the characterized Rab effectors
are recruited to GTP-bound Rabs, but there are also rare exam-
ples of effectors preferring GDP-bound Rabs (Stenmark, 2009).
Integrins are a family of cell adhesion receptors that are
used by cells to assemble and recognize their functional ECM.
Integrins are heterodimers composed of a- and 3-subunits. In
addition to mediating attachment to the ECM, integrins also
function as bi-directional signaling molecules that have the ca-
pability to transmit signals from the outside of the cell to the inside
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cell motility. Mechanistically, p120RasGAP interacted with
the cytoplasmic domain of integrin a-subunits via its GAP
domain and competed with Rab21 for binding to endo-
cytosed integrins. This in turn facilitated exit of the infegrin
from Rab21- and EEA1-positive endosomes to drive
recycling. Our results assign an unexpected role for
p120RasGAP in the regulation of integrin traffic in cancer
cells and reveal a new concept of competitive binding of
Rab GTPases and GAP proteins to receptors as a regula-
tory mechanism in trafficking.

and vice versa (Hynes, 2002). Both integrin subunits are impor-
tant for integrin function and have been shown to affect integrin
signaling via specific interactions with cytosolic proteins (Liu
et al., 2000; Legate et al., 2009).

In adherent cells, integrins are constantly endocytosed
and recycled back to the plasma membrane (Pellinen and Ivaska,
2006; Caswell and Norman, 2008; Caswell et al., 2009). Inte-
grin trafficking has been established as a critical process for cell
migration, turnover of focal adhesions, cell division, cell inva-
sion, and even for tumor dissemination downstream of mutant
p53 (Muller et al., 2009). Integrin traffic is known to involve
transit through specific Rab-positive compartments in the cell,
and both integrin heterodimer composition as well as extracel-
lular stimuli influence the traffic (Caswell and Norman, 2006;
Muller et al., 2009). The Rab5 family members Rab5 and Rab21
have been shown to be important for receptor entry (Pellinen
et al., 2006; Caswell et al., 2009). For Rab21, this involves associ-
ation with integrin a-subunits (Pellinen et al., 2006). After entry
to the Rab5/Rab21 endosomes, integrins are recycled to the
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Figure 1. p120RasGAP is required for B1-integrin recycling to the plasma membrane. (A) Serum-starved cells were surface labeled with cleavable
biotin. Internalization was allowed for the times indicated. After cleavage of surface remaining biotin, the cells were lysed and immunoprecipitated with
anti—-B 1-infegrin antibody, immunoblotted with anti-biotin antibody, followed by reprobing with anti-g1-integrin antibody. The graph shows biotinylated
integrin relative to the total amount of surface-biotinylated integrin normalized against immunoprecipitated 1-integrin (mean + SEM; three independent
experiments). (B) Cells were treated as in A, but after internalization (30 min) and removal of cell-surface biotin, recycling (indicated times) was enabled
by serum stimulation followed by a second cell-surface biotin cleavage. Recycling was assessed by the decrease of biotinylated integrin (mean = SEM;
six independent experiments). (C) Surface integrins of starved control (Scr) or p120RasGAP-silenced cells (asterisk, based on 3’ Alexa 647-conjugated
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plasma membrane via a Rab4-dependent mechanism (aV[(33-
integrin) or Rab11-positive recycling endosomes ([31-integrins;
Roberts et al., 2001, 2004). Interestingly, increased integrin re-
cycling correlates with invasion and metastasis in vitro and in
vivo (Muller et al., 2009). Integrin trafficking is critically de-
pendent on the ability of the Rabs to switch from GTP- to
GDP-bound forms as not only inactive GDP-locked, but also
GTP-locked mutants of Rab21, Rab5, Rab4, and Rab11 block
integrin traffic (Roberts et al., 2001, 2004; Powelka et al., 2004;
Pellinen et al., 2006). However, very little is known about the
specific GTPase-activating proteins (GAPs) that would catalyze
this GTP hydrolysis.

P120RasGAP (RASA1) is a well-known GAP that func-
tions as a negative regulator of Ras signaling downstream of
several growth factor receptors (Kazlauskas et al., 1990;
Cooper and Kashishian, 1993; Jones et al., 2006). In addi-
tion, it has been suggested to function as a GAP for Rab5
(Liu and Li, 1998). From its predominantly cytoplasmic lo-
calization, p120RasGAP can be recruited to the plasma mem-
brane in response to growth factors and integrin engagement
(Huang et al., 1993; Sharma, 1998). This translocation is
facilitated by the SH2- and SH3-protein interaction domains
of pl20RasGAP that mediate binding to platelet-derived
growth factor receptor (PDGFR), focal adhesion kinase (FAK),
and p190RhoGAP at the plasma membrane, and the internal-
ized epidermal growth factor receptor (EGFR) on endosomes
(Wang et al., 1996; Pamonsinlapatham et al., 2009; Tomar
and Schlaepfer, 2009). P120RasGAP has also been shown to
regulate cell motility. In fibroblasts, pl20RasGAP has been
shown to function as a positive regulator of cell migration
(Kulkarni et al., 2000) and this has been largely attributed to
the recruitment of pl90RhoGAP to the plasma membrane
and subsequent transient inactivation of RhoA, which facili-
tates cell spreading (Tomar and Schlaepfer, 2009; Tomar et al.,
2009). In contrast, in epithelial cells silencing of p120RasGAP
has been shown to increase migration (Pamonsinlapatham
et al., 2008).

Here we identify p120RasGAP as a novel regulator for
integrin traffic. We found that pl120RasGAP regulates cell
motility by controlling the return of endocytosed integrins to
the plasma membrane. We identified a direct interaction of
the GAP-domain of p120RasGAP with the membrane-proximal
conserved sequence found in most integrin a-subunits. This
binding site overlaps with that of Rab21, and p120RasGAP
competes with Rab21 for integrin binding. In the absence of
p120RasGAP, integrins remain bound to Rab21 and are in-
creasingly retained in EEA1-positive endosomes instead of
actively returning to the plasma membrane. These results as-
sign an unexpected role for p120RasGAP in the regulation of
integrin traffic and cell motility.

Results

Recycling of B1-integrins requires
p120RasGAP

We have previously shown that Rab21 regulates endo/exocytic
traffic of o/ 1-integrin heterodimers in several cell types by asso-
ciating with integrin a-subunits. Perturbation of Rab21 function
leads to impaired cell motility and cytokinesis (Pellinen et al., 2006,
2008). Very little is known about which GTPase regulators are rel-
evant for integrin traffic. PI20RasGAP has been implicated in the
inactivation of Rab5, a small GTPase with high sequence homo-
logy to Rab21 (Liu and Li, 1998). In addition, p120RasGAP has
been shown to regulate cell migration (Kulkarni et al., 2000;
Pamonsinlapatham et al., 2008) and polarity (Tomar et al., 2009)
and to localize to endosomes (Trahey et al., 1988). Therefore, we
sought to determine whether p120RasGAP would regulate integrin
traffic. We silenced p120RasGAP in MDA-MB-231 breast cancer
cells (in these cells, traffic of 31-integrins is Rab21 dependent;
Pellinen et al., 2006, 2008) using two independent siRNAs. Both
siRNAs readily silenced p120RasGAP expression without in-
fluencing expression of B1-integrin, Rab21, or pl190RhoGAP
(Fig. S1 A). Using a well-established biochemical assay to investi-
gate endocytosis and recycling of cell surface-labeled integrins
(Roberts et al., 2001), we found that silencing of p120RasGAP
had no significant effect on the endocytosis rate of [31-integrins
(Fig. 1 A). However, the recycling rate of 31-integrins was signifi-
cantly reduced in p120RasGAP-silenced cells compared with con-
trol siRNA-transfected cells (Fig. 1 B). Importantly, transfection
with two different siRNAs against p120RasGAP reduced integrin
recycling to a similar extent (Fig. S1 B).

We then analyzed [31-integrin traffic with an antibody-based
assay (Powelka et al., 2004). Cell surface 31-integrin was labeled
with an antibody, and its itinerary fate was followed in control or
p120RasGAP-silenced cells. In both cases, integrins were effi-
ciently internalized from the membrane (Fig. 1 C). In control
cells, serum induced the recycling of internalized integrin back to
the plasma membrane (65% of 43 analyzed cells recycled integrin
to the plasma membrane). In contrast, p120RasGAP-siRNA—
transfected cells displayed a reduced ability to recycle integrins
back to the plasma membrane (16% of 38 analyzed cells recycled
integrin to the plasma membrane; Fig. 1 C). We also observed by
electron microscopy (EM) that after consecutive internalization
and recycling steps of cell surface—bound, gold-labeled anti-f31
antibody, 31-integrin predominantly returned to the plasma mem-
brane only in control cells (71 + 4% of integrin recycled, n = 50
cells). In p120RasGAP-silenced cells, however, (31-integrins re-
mained mainly intracellular in cytoplasmic vesicles (24 + 8% re-
cycled integrin, n = 35 cells; Fig. 1 D). Taken together, these
results indicate that efficient recycling of internalized [31-integrins
depends on p120RasGAP.

p120RasGAP-siRNA) were labeled with anti-B1-integrin antibody (gray). Internalization (30 min) was followed by serum-induced recycling for 30 min
(arrows; recycled integrins at the plasma membrane). Numbers indicate the percentage of cells with recycled integrins (n = 38-43 cells). Images represent
projections of 25-35 planes per stack viewed along the x-y or x-z axis. (D) Recycling assay done as in C, but with 10-nm gold-conjugated anti—B 1-integrin
antibody and detected with electron microscopy (PM, plasma membrane). Arrows point to gold-labeled integrins. Integrin location after recycling is

indicated (n = 35-50 cells scored). Bars: (C)10 pm; (D) 0.2 pm.
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Figure 2.  p120RasGAP regulates cell migration downstream of Rab21-driven integrin endocytosis. (A) Migration analysis of control (Scr), p120-silenced
MDA-MB-231 cells, or cells that were first silenced for p120RasGAP and then rescued by GFP-p120 expression (p120 siRNA + GFP-p120) by scratch-
wound assay. Shown are representative wounds at the indicated times and percentage of wound closure (wound area after [4 h] related to wound area
before [0 h] imaging; mean = SEM, n = 10 wounds per treatment). Cell motility has been analyzed in more detail by tracking the location of cells (n = 50
cells per treatment) over time and measuring both the persistence time (persistence) using the calculated mean squared displacement (MSD) of tracked cells
as well as the migration speed (distance migrated per minute). Bar, 100 pm. (B) Western blot analysis with the indicated antibodies from cell lysates of the
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P120RasGAP regulates cell migration
Integrin traffic and cell migration are tightly regulated cellular
processes. Recent data has linked reduced integrin recycling
with increased directional cell motility (White et al., 2007;
Caswell et al., 2008; Muller et al., 2009). Because loss of
p120RasGAP attenuated integrin recycling in MDA-MB-231
cells, we analyzed movement of pl20RasGAP- and control-
siRNA-transfected cells using time-lapse microscopy. Silencing
of p120RasGAP increased speed of migration in MDA-MB-
231 cells (Fig. S2 A). Furthermore, compared with control cells,
silencing of p120RasGAP stimulated the migration of MDA-
MB-231 cells into a wound (Fig. 2, A and B). Importantly, the
stimulated migratory phenotype could be reversed by reexpres-
sion of siRNA-resistant, GFP-tagged p120RasGAP in p120-
silenced cells (Fig. 2, A and B). Enhanced wound closure upon
p120RasGAP silencing could also be observed in other cell
lines, such as human (telomerase immortalized foreskin fibro-
blasts, TIFFs) and mouse fibroblasts (mouse embryonic fibro-
blasts, MEFs; Fig. S2, B and C). In these cell lines the more
rapid wound closure was a function of increased migration speed
and persistence. These migratory changes are likely to be due to
alterations in integrin traffic because we did not detect any sig-
nificant changes in cell surface expression or activation status of
B1-integrins in pl20RasGAP-silenced cells compared with
control cells (Fig. S3).

Because we have shown earlier that migration of MDA-
MB-231 cells is dependent on Rab21-mediated integrin endo-
cytosis (Pellinen et al., 2006), we sought to assess the link
between p120RasGAP siRNA-induced cell motility and Rab21-
regulated integrin traffic in more detail. For this purpose, we
turned to another cell model. KFr13 ovarian carcinoma cells
harbor a chromosomal deletion of the RAB21 gene locus result-
ing in reduced Rab21 expression compared with their parental
KF28 cell line with an intact RAB21 locus (Fig. S4 A; Pellinen
etal., 2008). We found that in KFr13 cells, the absence of Rab21
results in poor endocytosis of B1-integrins (Fig. S4 B) leading
to a basal plasma membrane localization of the majority of inte-
grins (Fig. 2 C). Importantly, silencing of p120RasGAP induced
persistent cell migration only in KF28 cells, but failed to stimu-
late directional motility in KFr13 cells (Fig. 2 D). This is indica-
tive of a role for pl20RasGAP in regulating migration
downstream of Rab21-mediated integrin endocytosis.

Previous studies with fibroblasts have shown that
p120RasGAP-p190RhoGAP complex formation regulates cell
polarity and migration via transient inactivation of RhoA at the
plasma membrane (Peacock et al., 2007). However, in MDA-
MB-231 cells, silencing of p120RasGAP did not activate RhoA
(Fig. S5 A). Furthermore, overexpression of a SH2-SH3-SH2
fragment of p120RasGAP (RFP-232), which abolishes the inter-
action of endogenous p120RasGAP with EGFR, PDGFR, and
p190RhoGAP (Bradley et al., 2006), had no significant effect

on migration in these cells (Fig. S5 B). Thus, it is unlikely that
increased migration of p120RasGAP-silenced MDA-MB-231 cells
would be due to altered RhoA activity or Ras signaling.

P120RasGAP is not a GAP for Rab21

The fact that pl20RasGAP regulates cell migration downstream
of Rab21 suggests that both proteins somehow jointly regulate
integrin trafficking. Therefore, we tested whether p120RasGAP
could function as a GAP for Rab21. We performed an in vitro
GTP-hydrolysis assay with y-[*’P]GTP. However, the GAP do-
main of p120RasGAP (p120 GAP) was not able to increase the
intrinsic GTP-hydrolysis of Rab21 (Fig. 3 A) although it had
strong GAP activity on H-Ras, an established substrate of
p120RasGAP (Pawson, 1995; Scheffzek et al., 1997). Based on
these data, pl20RasGAP does not regulate integrin traffic by
influencing Rab21 activity.

Rab21 binds to the cytoplasmic tail of a2-integrin
(Pellinen et al., 2006). However, it has remained unknown
whether this is a nucleotide-dependent direct interaction. To in-
vestigate this, we set up a fluorescence polarization (FP)-based
protein—protein interaction assay (Veltel et al., 2008) using the
membrane-proximal region of a2-integrin cytoplasmic tail (resi-
dues 1154-1166) coupled to the fluorophor EDANS (5-[(2'-amino-
ethyl)amino]naphthalene sulfonic acid) and purified, recombinant
Rab21 loaded with either GDP or the nonhydrolyzable GTP-
analogue GppNHp. The success of the nucleotide exchange
and the induction of the GTP-bound conformational change
in GST-Rab21*GppNHp were confirmed with a pull-down
assay using APPL1, which specifically interacts with GTP-
bound Rab21 (Fig. 3 B; Zhu et al., 2007). The purity of all
recombinant proteins used for in vitro assays in this study
has been verified by SDS-PAGE (Fig. 3 C). Interestingly,
an FP-based binding assay showed that an a2-integrin peptide
(a2-cons, containing the conserved sequence of the integrin
a2-tail and five additional residues that had to be added to retain
solubility and support a-helix formation [WKLGFFKRKYEKM,
residues 11541166 of the «2-subunit]) binds identically to
both Rab21*GppNHp and Rab21*GDP, but not to GST (Fig. 3 D).
Addition of higher concentrations of GST (up to 50 uM) to the
fluorescent peptide did not increase the anisotropy, indicating
that the increase in anisotropy binding signal of the integrin
peptide to Rab21 is not due to protein concentration artifacts.
Furthermore, also in pull-down experiments (31-integrin hetero-
dimers associated with both Rab21*GppNHp and Rab21*GDP
(Fig. 4 B). These data suggest that Rab21 interacts with the
integrin cargo in an unusual, nucleotide-independent manner.
However, because the Rab21GDP mutant has been shown to block
integrin endocytosis (resulting in plasma membrane—localized
integrins) and the Rab21GTP mutant to inhibit integrin re-
cycling (resulting in intracellular accumulation of integrins)
(Pellinen et al., 2006), it is likely that yet unidentified nucleotide

experiment shown in A. (C) KF28 and KFr13 cells were fixed and immunostained as indicated. Images represent projections covering in total 10-13 pm
viewed along the x-y or x-z axis. Bar, 10 pm. (D) Migration of p120RasGAP- or control- (Scr) silenced KF28 and KFr13 cells at the edge of a scratch wound
was analyzed using time-lapse microscopy. Shown are representative tracks. Speed and directionality of motility was scored as described in A (mean =+

SEM, n = 56-68 cells, combined data from two separate experiments).
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deduced from an increase in anisotropy signal.

status-dependent Rab21 effectors are also important for the ad-
equate trafficking of integrin cargo downstream of Rab21. For
example, in case of the Rab21 homologue Rab5, effector pro-
teins like EEA1 or Rabenosyn are recruited to a Rab5*GTP-
signaling platform to ensure induction of endosomal membrane
fusion in concert with SNARE proteins (Ohya et al., 2009).

The GAP domain of p120RasGAP interacts
directly with integrin a-cytoplasmic tails

To investigate how p120RasGAP regulates integrin traffic, we
examined whether p120RasGAP associates with integrins in cells.
Reciprocal immunoprecipitations with anti-B1 and anti-p120
RasGAP antibodies demonstrated that a fraction of 31-integrin

JCB « VOLUME 184 « NUMBER 2 « 2011

is in a complex with p120RasGAP in cells at any given moment
(Fig. 4 A). In pull-down experiments [31-integrin associated
strongly with recombinant GST-p120RasGAP (p120) and GST-
p120RasGAP GAP domain (p120 GAP WT), as well as with a
catalytically inactive GAP mutant (p120 GAP R789A). This
suggests that the GAP domain of pI20RasGAP alone is suffi-
cient for association with B1-integrins, and that p120 GAP
activity is not needed for this association (Fig. 4 B).

To assess whether p120RasGAP binds integrins directly
and whether the interaction is mediated via the «- or the
B-subunit, we performed a set of biochemical and biophysical
binding assays. First, using biotinylated integrin peptides we
found that recombinant, purified p120 GAP domain interacts
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(D) Fluorescence polarization (FP)-based assay to measure the binding between 5 pM EDANS-«2 integrin peptide and different concentrations of the indicated
recombinant proteins. Note that in FP-based assays the stronger increase of anisotropy with the fulllength p120RasGAP protein is due to higher molecular
weight of the protein compared with only the GAP domain of p120. (E) 5 pM of the EDANS-a2-integrin peptide was titrated with increasing concentrations

of p120 or p120 GAP to determine equilibrium dissociation constants (Kq).

directly with integrin o 1-subunit cytoplasmic tail, but not with
integrin B1-cytoplasmic tail (Fig. 4 C). Second, using surface
plasmon resonance—based technology (BIAcore) we detected
an interaction between p120 GAP domain and a2-cytoplasmic
tail peptide (Fig. S5 C), but no interaction was detected with
the B1-cytoplasmic tail (unpublished data). The fact that p120
GAP interacts with both a1- and a2-cytoplasmic tails is indic-
ative of an interaction with the conserved membrane-proximal
sequence WKLGFFKR that is common to most a-subunits
(Hynes, 2002). Residues in this sequence have earlier been
shown to be critical for Rab21 association with integrins
(Pellinen et al., 2006).

To confine the integrin-binding site on p120RasGAP, we
performed a FP-based assay between the a2-cons peptide and
purified recombinant proteins. In this experiment, we detected a

direct interaction between the integrin a2-cons peptide and
the full-length p120RasGAP as well as the GAP domain of
p120RasGAP alone (Fig. 4 D). Supporting our results from the
GST pull-down experiments, the catalytically inactive GAP
mutant R789A was able to directly bind to the integrin peptide
in the same way as the wild-type GAP protein. Furthermore,
with FP-based titration experiments we also found that the GAP
domain alone displays a similar binding affinity to the integrin
a-tail as the full-length protein, indicating that the GAP domain
is the primary binding site for the conserved segment of the
o2-integrin tail (Fig. 4 E).

Taken together, these data suggest that the GAP domain
of pI20RasGAP interacts directly with integrin a-cytoplasmic
tails, but the catalytic activity of p120RasGAP is not needed for
the interaction.
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Rab21 and p120RasGAP compete for
integrin binding

As pl120RasGAP and Rab21 interact directly with the conserved
a-subunit membrane-proximal sequence (Fig. 4 D and 3 D, re-
spectively), it is possible that their binding sites on the integrin
a-tail overlap. To analyze this in more detail, we determined
and compared the binding affinities of either Rab21 or p120
GAP domain to the integrin a2-cons peptide and different mu-
tant peptides comprising alanine substitutions within this se-
quence (Fig. 5 A) in FP-based assays (Fig. 5 B). Assuming that
there is only one binding site on both binding partners, the affin-
ity of the interactions with the wild-type integrin a-tail peptide
was 6 uM for p120 GAP domain and 28 uM for Rab21 (Fig. 5 B).
Interestingly, the introduction of specific alanine substitutions
within the WKLGFFKR sequence reduced the binding affinity
to Rab21 and p120RasGAP in a similar way. Alterations in resi-
dues WK and FF resulted in a strong reduction of binding affin-
ity to both proteins. The KR motif seemed also to be important,
but to a minor extent. These findings confirm that p120RasGAP
and Rab21 interact with overlapping binding sites on integrin
a-subunit cytoplasmic tails. The data are also consistent with
our previous notion that the Arg1161 within the GFFKR sequence
of a-subunits impairs integrin—Rab21 association in cells
(Pellinen et al., 2006, 2008).

The overlapping binding sites of the two proteins sug-
gested that their interaction with the integrin could be mutually
exclusive and, based on differences in binding affinity, also com-
petitive. Accordingly, we found that Rab21 and p120RasGAP do
not form a ternary complex with the a-cytoplasmic domain of
integrins (Fig. 5 C). Addition of Rab21 to the a2-cons peptide,
which was already saturated with pl20RasGAP (anisotropy =
0.115), did not change the anisotropy value (Fig. 5 C, left). This
demonstrates that Rab21 is neither able to bind to a preformed
a2-p120RasGAP complex nor displace p120RasGAP from this
complex. In contrast, addition of full-length p120RasGAP to an
a2-cons peptide that is saturated with Rab21 leads to an addi-
tional increase of anisotropy signal (Fig. 5 C, right). The final
anisotropy value (0.115) is identical to the value obtained in the
experiment where the EDANS-a2 peptide is saturated with
p120RasGAP alone. Thus, the 100-kD p120RasGAP protein
was able to replace the lower molecular weight Rab21 from the
integrin a-cytoplasmic domain under these in vitro conditions.
These data demonstrate that p120RasGAP can compete with
Rab21 for binding to integrins most likely due to its higher affinity
toward the integrin a-tail.

In line with the mutually exclusive integrin binding of
Rab21 and p120RasGAP, we observed very little overlap of
Rab21 and p120RasGAP immunostaining in MDA-MB-231
cells under steady-state conditions (Fig. 5 D). Integrins were
detected in Rab21-positive endosomes alongside smaller Rab21-
negative vesicles. PI20RasGAP was frequently detected adjacent

to integrin-Rab21 endosomes but rarely colocalized with Rab21.
The limited overlap between integrins and pl120RasGAP in
cells could be due to the fact that the complex of the two repre-
sents a transient intermediate along the integrin endo/exocytic
trafficking route. To test this, we labeled cell surface integrins
with an antibody and allowed for internalization in the presence
of the recycling inhibitor primaquine (Roberts et al., 2001).
This significantly increased the overlap of integrins with
pl20RasGAP (Fig. 5 E). Therefore, these data indicate that
p120RasGAP is an endosomal protein that transiently overlaps
with endocytosed integrin en route to the plasma membrane.

P120RasGAP binding to integrins

is required for integrin recycling

The data above indicated that the competitive binding of Rab21
and p120RasGAP to integrins is an important feature of the
mechanism through which integrin recycling is enabled by
p120RasGAP. To test this, we produced a p120RasGAP mutant
that does not associate with integrins (Fig. S5 D) due to the de-
letion of the GAP domain (GFP-p120 AGAP). We investigated
the ability of this mutant, alongside p120RasGAP WT and the
GAP-deficient p120RasGAP R789A mutant, to rescue the re-
duced integrin recycling in pl20RasGAP-silenced cells. Using
the same antibody-based recycling experiment as in Fig. 1 C,
we found that GFP-p120RasGAP WT and R789A mutant fully
rescued integrin traffic in p120RasGAP-silenced cells (Fig. 6 A). In
contrast, GFP alone or GFP-p120RasGAP AGAP had no sig-
nificant effect on integrin recycling. Similar results were ob-
tained when the effect of the same constructs were analyzed
for their effect on migration of pl20RasGAP-silenced cells
(Fig. 6 B). GFP and GFP-p120RasGAP AGAP had no significant
effect on migration whereas reexpression of full-length WT
p120RasGAP or R789A mutant significantly attenuated migra-
tion (Fig. 6, C and D), suggesting that the catalytic activity of
p120RasGAP is not needed for the regulation of cell migration.
Thus, p120RasGAP binding to integrins, but not the GAP activ-
ity, is required for p120RasGAP-dependent stimulation of inte-
grin recycling in cells.

P120RasGAP is required for integrin exit

from Rab21- and EEA1-positive endosomes
Finally we asked what happens to integrins that cannot redis-
tribute to the plasma membrane in the absence of p120RasGAP.
To assess this issue, we used the antibody-based trafficking
assay in conjunction with costaining of endogenous Rab21
(Fig. 7 A). We found strong colocalization of Rab21 and inte-
grins in p120RasGAP-silenced cells, both after internalization
and recycling (Fig. 7 A). In contrast, in control cells there was
less overlap between integrins and Rab21, indicating that the
endocytosed integrins had either trafficked to the recycling en-
dosomes (as described earlier; Powelka et al., 2004) or they

in cells, not internalized pool of integrin from the cell surface like in Figs. 1 C and 7 A). Bar, 10 pm. (E) To increase colocalization of p120RasGAP and
integrins in MDA-MB-231 cells, integrin trafficking was allowed for 45 min in the presence of primaquine (inhibits recycling) after labeling of surface inte-
grins with anti-B 1-integrin antibody (red). Cells were then fixed, permeabilized, and stained for endogenous p120RasGAP (green). The determination of
the Pearson'’s correlation coefficient was done with Image) software (n = 27 cells).
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were recycled more efficiently back to the plasma membrane.
Next we stained the pl120RasGAP-silenced cells with markers
for the early and the recycling endosomes. We found that the
endocytosed integrin was accumulating in EEA 1-positive struc-
tures in the p120RasGAP-silenced cells, and only limited overlap
was detected with Rab11 or Rab coupling protein RCP (Fig. 7 B).
Immuno-EM also showed that in control-siRNA transfected
MDA-MB-231 cells, anti-integrin antibody-labeled surface
integrins were after consecutive internalization and recycling
steps predominantly found at the plasma membrane and hardly
colocalized with Rab21 (Fig. 7 C). However, p120RasGAP-
silenced cells showed significantly more integrin remaining in
close proximity with Rab21-labeled structures.

Taken together, these data support a model whereby
B1-integrins normally traffic in cells along a Rab21- and
p120RasGAP-dependent pathway (Fig. 8 A). Inactivation of
Rab21 (by expression of a Rab21GDP mutant) does not inter-
fere with the ability of Rab21 to bind to the integrins but endo-
cytosis is nevertheless blocked, possibly due to impaired
recruitment of other required Rab21 effectors (Fig. 8 B). In con-
trast, in the absence of p120RasGAP integrins are endocytosed
normally but remain in Rab21- and EEA1-positive early endo-
somes. Thus, due to the lack of p120RasGAP competition, inte-
grins then fail to redistribute back to the cell surface via recycling
endosomes (Fig. 8§ C).

Discussion

In the present study we show that p120RasGAP is required for
efficient recycling of endocytosed o/f1-integrin heterodimers
to the plasma membrane. Our results demonstrate that in the
absence of p120RasGAP endocytosed 31-integrin is increasingly
retained in Rab21- and EEA1-positive endosomes resulting
in increased cell motility. Mechanistically, p120RasGAP and
Rab21 compete for binding to overlapping sites on integrin
a-subunit cytoplasmic domains in vitro and we find it plausible
that similar competition functions in cells, too. Therefore, our
results have led us to propose a model in which p120RasGAP
replaces Rab21 on the a-tail of endocytosed integrin, which in
turn triggers receptor trafficking via recycling endosomes back
to the plasma membrane (Fig. 8). The ability of p120RasGAP to
compete with Rab21 for integrin binding could be based on its
more than four times higher affinity for the integrin o-tail (Fig. 5 B)
and the endosomal localization of p120RasGAP.

The molecular details described in this study contain sev-
eral novel and unexpected features that broaden our view of the
role of small Rab GTPases and GAP proteins in receptor traf-
ficking. (1) The interaction between Rab21 and integrins is
direct and not specific to a nucleotide-bound conformation.
For several Rab proteins, recruitment of cargo is controlled via
effector proteins that interact with Rab proteins in a nucleotide-
dependent manner and recognize specific cargo (Stenmark,
2009). (2) Release of Rab21 from integrin does not require p120
GAP activity, but is regulated via competitive binding of
p120RasGAP to the integrin o-tail. To the best of our knowledge
this is a fundamentally new mechanism to regulate the release
of Rab-endocytosed cargo from an endocytic compartment.

(3) Integrin a-tail interacts with the GTPase-activating GAP do-
main (not the classical protein—protein interaction domains) of
p120RasGAP. Our data propose a mechanism involving com-
petitive binding of Rab21 and p120RasGAP to integrins.

Thus far, Rab25 and Rab21 are rare examples of Rab family
members that directly interact with cell surface receptors, namely
integrins (Pellinen et al., 2006, 2008; Caswell et al., 2007). Of
these, Rab25 interacts with integrin 3-subunits in a GTP-
dependent manner. We demonstrate here that Rab21 interacts
with integrins in a nucleotide-independent manner, suggesting
that a mechanism other than the common switching between
GDP- and GTP-bound forms would be important in regulating
the interaction between Rab21 and integrin. However, because
we know that both GDP- and GTP-locked Rab21 mutants se-
verely impair integrin traffic (Pellinen et al., 2006, 2008), it is
likely that the control of the endocytosis step is not solely exerted
at the level of the Rab21-integrin interaction but via recruitment
of other yet unidentified Rab21 effectors. This is plausible be-
cause Rab proteins function via recruiting many effector pro-
teins in a nucleotide-dependent manner.

The other unexpected feature is the interaction between
the integrin a-subunit and the GAP domain of pl120RasGAP.
P120RasGAP is a well-known multi-functioning protein with
several well-described protein—protein interactions mainly me-
diated via the structural domains found in the N terminus
(Pamonsinlapatham et al., 2009). Because binding of integrins
to the GAP domain of p120RasGAP would be compatible with
concomitant recruitment of growth factor receptors, FAK,
p190RhoGAP, Src, p62Dok, filamin, annexin A6, and calpain
small subunit-1 to the N-terminal domains of the protein, it is
possible that p120RasGAP may emerge as an important signal-
ing hub mechanistically linking integrins to several important
cellular signaling pathways.

Recent studies have established regulation of (31-integrin
traffic as a critical determinant between random and directional
modes of migration (White et al., 2007; Caswell et al., 2008;
Muller et al., 2009). We demonstrate here a new function for
p120RasGAP in the joint regulation of integrin traffic and cell
migration. Earlier work with MEFs isolated from p120RasGAP-
null mice indicated that loss of p120RasGAP would impair di-
rectional cell motility (Kulkarni et al., 2000). It is possible that
acute silencing (resulting in ~90% reduction in p120RasGAP
protein) changes cell behavior somehow fundamentally differ-
entially than loss of the protein in a knock-out animal where
compensatory mechanisms may evolve during development.
However, the data in Fig. S2 demonstrate clearly that siRNA-
mediated silencing on p120RasGAP in human and mouse fibro-
blasts, under identical conditions that were used earlier, results
in increased cell motility. Interestingly, a recent study indicates
that loss of pl120RasGAP, due to a miRNA switch, induces
angiogenesis in vivo (Anand et al., 2010). Because cell migration
is involved in angiogenesis, these findings would be fully com-
patible with the notion of p120RasGAP as a negative regulator
of cell migration.

In different cell types, inhibition of av[33-integrin regu-
lates complex formation between a5@1-integrin, RCP (Rabl1
coupling protein), and EGFR in recycling endosomes and
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subsequent recycling of these receptors to the plasma mem-
brane. This results in increased random motility and invasion in
3D (Caswell et al., 2007, 2008; White et al., 2007; Muller et al.,
2009). P120RasGAP is known to bind to activated EGFR via
its N-terminal SH2 domains (Pamonsinlapatham et al., 2009).
Here we demonstrate an interaction between integrin o-subunit
and the C-terminally located GAP domain of p120RasGAP.
Thus, one could envisage the existence of an endosomal recy-
cling complex where p120RasGAP would bridge integrins and
EGFR, and Rabl1-dependent recruitment of RCP to the com-
plex would trigger recycling to the membrane. Previous studies
have shown that recycled RCP and EGFR strongly colocalize in
protrusions at the cell front (Caswell et al., 2008). Because
p120RasGAP recruitment to membranes has been linked with
transient RhoA attenuation and subsequent formation of protru-
sions via Rac activation (Tomar and Schlaepfer, 2009), the concept
of p120RasGAP as a critical regulator of integrin traffic would
be in line with its role in facilitating formation of protrusions. This
could be relevant to several important biological processes like
cancer cell invasion and metastasis. Furthermore, our novel con-
cept of competitive binding between Rab GTPases and GAP pro-
teins as a regulatory mechanism involved in receptor trafficking
may be important in endocytic traffic of other receptors as well.

Materials and methods

Antibodies and DNA constructs
Commercial antibodies against the following antigens were used: Rab21
(Abnova), Bl-integrin (P5D2, PAG11, and AllB2 [Developmental Studies
Hybridoma Bank]; 12G10 [Abcam]; 9EG7 and MAB13 [BD]; MAB2252
[Millipore]), p120RasGAP and p190RhoGAP (BD), a-tubulin (Santa Cruz
Biotechnology, Inc.), RhoA (Cell Signaling Technology), RFP (MBL), and
GST, GFP, and fluorescently conjugated secondary antibodies (Invitrogen).
Anti-RCP antibody was provided by Jim Norman (The Beatson Institute for
Cancer Research, Glasgow, UK).

Full-length murine Rab21 was cloned into a pEGFP-C2 vector as de-
scribed previously (Pellinen et al., 2006). Human p120RasGAP was
cloned into a pEGFP-C2 vector via EcoRI-Apal. Human p120RasGAP

714-1047 GAP domain (p120 GAP), Rab21 15-225, and APPL1 5-419
were cloned into pGEX vectors. Mutations resulting in the R789A mutant
respectively the p120 AGAP construct were inserted using site-directed
mutagenesis primer. RFP and RFP-232 constructs (Peacock et al., 2007) were
gifts from Anthony J. Koleske (Yale University, New Haven, CT), pGEX-4T1
p120RasGAP 129-1047 (p120) from A. Wittinghofer (Max Planck Insti-
tute for Molecular Physiology, Dortmund, Germany), and pET15b-APPL1
5-419 from X.C. Zhang (Oklahoma Medical Research Foundation,
Oklahoma City, OK).

Biotin-conjugated infegrin peptides corresponding to the cytoplasmic
domain of integrins (a1, a2, B1) were custom synthesized by Genecust,
EDANSlabeled peptides by GenScript. The a2-peptide contained the cyto-
plasmic sequence of a2-integrin (WKLGFFKRKYEKM) with the conserved
a-specific sequence being underlined. The o 1-peptide comprised the conserved
a-sequence and the al-integrin-specific sequence in double repeat
(WKIGFFKRPLKKKMEKRPLKKKMEK). The B 1-peptide enclosed the § 1-integrin
cytoplasmic sequence (WKLLMIIHDRREFAKFEKEKMNAKWDTGENPIYK-
SAVITVVNPKYEGK).

Cell lines and siRNA transfections

MDA-MB-231 cells (American Type Culture Collection) were grown in DME
4500 plus 1% nonessential amino acids, 1% glutamine, and 10% FBS.
KF28 and KFr13 cells (Kikuchi et al., 1986) were a gift from Dr. N. Sasaki
(National Defense Medical College, Saitama, Japan) and were grown in
RPMI plus 1% glutamine, 1% Hepes buffer, T mM sodium pyruvate, 24%
glucose, and 10% FBS. MEF (mouse embryonic fibroblast) cells were cul-
tured in DME 4500 plus 1% glutamine and 10% FBS. Human TIFF cells
(telomerase immortalized foreskin fibroblasts), a gift from Jim Norman,
were cultured in DME 4500 plus 20% FBS, 1% glutamine, and 20 mM
Hepes buffer.

Two different siRNAs targeting p120 (sense, 5'-GGAAGAAGAUC-
CACAUGAATT-3" and 5'-GCUCCCAUAUACCAUUAAATT-3'; QIAGEN),
Rab21 (sense, 5-GGCAUCAUUCUUAACAAAGTT-3’; Invitrogen), or
scramble control siRNA (Invitrogen) were transfected at 100-nM concentra-
tion to cells using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions.

Immunofluorescence

MDA-MB-231, KF28, and KFr13 cells were plated onto acid-washed
glass coverslips. Cells were fixed with 4% PFA, permeabilized with 0.1%
Triton X-100 and 2% BSA in PBS for 20 min, and then blocked with 2%
BSA in PBS. Primary antibodies were used at 5-10 mg/ml and incu-
bated overnight at 4°C. Alexa-conjugated secondary antibodies, at a
concentration of 5 pg/ml, were incubated at RT for 1 h. Coverslips were
mounted with Mowiol containing Dabco and DAPI to counterstain
nuclei. Immunofluorescent samples were analyzed with an inverted wide-
field microscope (Carl Zeiss) with a confocal unit, Orca-ER camera
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(Hamamatsu Photonics), Plan-Neofluar 63x oil/1.4 NA objective (Carl
Zeiss), and SlideBook 5.0 imaging software (Intelligent Imaging Innova-
tions, Inc.).

Immunoprecipitation, pull-down, protein interaction, and Western

blot analysis

MDA-MB-231 cells were lysed in PBS, 1.3% n-Octyl-3->-glucopyranoside,
1% NP-40, 0.5% BSA, 1 mM EDTA, and protease and phosphatase inhibi-
tor cocktails (Complete and PhosStop; Roche). Equal amounts of cleared
lysate were either subjected to immunoprecipitation or pulkdown analysis.

For immunoprecipitation, lysates were incubated with the indi-
cated antibodies bound to protein G-Sepharose beads. Immunoprecipi-
tates were washed three times with cell lysis buffer diluted in PBS 1:3.
Precipitated proteins were resolved with SDS-PAGE followed by Western
blotting analysis.

For pull-down analysis, cell lysates were incubated at 4°C for 2 h
with either GST or GSTHagged Rab21, p120 or p120 GAP WT, or R789A
mutant bound to glutathione-Sepharose beads, or respectively purified re-
combinant GST fusion proteins were incubated with biotinylated integrin
peptides bound to streptavidin-Sepharose. After washing the beads twice
with diluted lysis buffer, pulled-down proteins were detected by SDS-PAGE
and Western blot analysis.

Protein expression and purification

p120, p120 GAP WT, or R789A mutant and Rab21 were expressed as
GST fusion proteins in the Escherichia coli strain Rosetta BL21DE3. Protein
expression was induced at ODggo of 0.5 with 250 pM IPTG overnight at
RT. Proteins were purified on glutathione-Sepharose beads (GSH) preequili-
brated with purification buffer PB (50 mM Tris, pH 7.5, 150 mM NaCl,
and 3 mM B-mercaptoethanol) at 4°C. After washing with PB, fusion pro-
teins were eluted with 30 mM glutathione in PB or cleaved with thrombin
or PreScission protease (50 U). After separation of cleaved GST by GSH
beads, proteins were concentrated, flash-frozen in liquid nitrogen, and
stored at —80°C. His-APPL1 5-419 was purified similar to earlier publica-
tions (Zhu et al., 2007). In brief, Histagged APPL1 was expressed like the
GST fusion proteins, but purified on Ni-NTA beads. After washing the
beads with PB plus 20 mM imidazole, the Histagged protein was eluted
using PB plus 250 mM imidazole, rebuffered to PB, concentrated, flash-frozen
in liquid nitrogen, and stored at —80°C

GAP assay
To monitor GTP hydrolysis in vitro, a charcoal-based assay was performed
as described previously (Veltel et al., 2008). For the nucleotide exchange,
Ras was incubated with radioactive y-[*?P]GTP and nonlabeled GTP for 15 min
on ice in 10 pl measurement buffer (MB; 20 mM Tris, pH 7.5, 50 mM NaCl,
and 3 mM B-mercaptoethanol) plus 8 mM EDTA. To start the reaction
60 pl p120GAP in MB plus 5 mM MgCl, was added at 25°C. Final con-
centrations were 1 pM Ras, 5 pM p120GAP, 500 nM GTP, and 10 nM
v[*2P]GTP (3.5 pCi). Because Rab21 has a high internal GTP hydrolysis rate
and shows nucleotide exchange only at room temperature, Rab21 was in-
cubated in MB plus EDTA without GTP for 10 min at RT before adding GTP
and y-[*2P]GTP. 30 s affer adding the nucleotides, the reaction was started
by adding the GAP protein as in the Ras sample.

Aliquots of 10 pl were taken at different time points and mixed with
300 pl of charcoal solution (50 g/liter charcoal in 20 mM phosphoric
acid) to stop the reaction. The charcoal-bound proteins and nucleotides
were pelleted and the amount of free *2P; in 100 pl of the supernatant was
determined by scintillation counting.

Protein interaction analysis using fluorescence polarization

Time-resolved polarization measurements were performed in a Quanta
Master spectrofluorimeter (Photon Technology International) with excitation
at 340 nm and emission at 490 nm. All measurements were performed in
MB. Various concentrations of the interaction partners were added gradu-
ally to 5 pM of EDANS-a2-peptide. Increase in anisotropy was integrated
over 3 min. Data analysis, fitting, and plotting were done with Grafit
6.0 (Erithracus Software). Ky values were calculated as described previ-
ously (Kraemer et al., 2001).

For affinity defermination of p120 GAP and Rab21 to the a2-alanine
scanning mutants, 5 pM of EDANS-labeled mutant peptides were in-
cubated with serial concentrations of the interacting proteins in MB con-
taining 0.001% Tween 20. Samples were analyzed in a 384-well plate
format in an ENVISION 2100 multi-label plate reader (PerkinElmer) using
355-nm excitation and 500-nm emission filter. Every experiment was re-
peated five times. Data analysis was performed as described above.
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Protein interaction analysis using surface plasmon resonance

Realtime protein—protein binding was analyzed with BlAcore (GE Health-
care). 500 RU of the biotinylated a2-peptide were captured on a strepta-
vidin surface (Sensor chip SA). Pre-conditioning of the chip surface was
done by three consecutive injections of 1 M NaCl in 50 mM NaOH. Bind-
ing reactions were performed in HBS-P running buffer (0.01 M Hepes,
pH 7.4, 0.15 M NaCl, and 0.0005% Surfectant P20).

The response data were analyzed for serial p120 GAP concentra-
tions ranging from 0.5 to 3 pM at a flow rate of 30 pl/min. Signal changes
on the control surface (without peptide) as well as nonspecific binding re-
sponses caused by the running buffer itself were subtracted from the
a2-p120 GAP binding response curves.

Biotinylation-based internalization and recycling assays

To follow the internalization of B 1-integrins, either control- or p120RasGAP-
silenced cells were placed on ice, washed once with ice-cold PBS, and sur-
face proteins were then labeled with 0.2 mg/ml NHS-SS-biotin (Thermo
Fisher Scientific) in PBS at 4°C for 30 min. Labeled cells were subsequently
transferred to prewarmed serum-free medium, and internalization was
allowed at 37°C for the times indicated. Surface-remaining biotin was
removed by cleavage with 60 mM MesNa in MesNa buffer (50 mM TrisHCI,
pH 8.8, and 100 mM NaCl in PBS) at 4°C for 30 min followed by quench-
ing with 100 mM iodoacetamide (IAA) for 15 min on ice. Cells were lysed
and subjected to immunoprecipitation using anti—B 1-integrin antibody. Endo-
cytosed integrins were detected with anti-biotin HRP-linked antibody
(Cell Signaling Technology) in immunoblots. Re-probing with anti—B 1-integrin
antibody after stripping was used for normalization.

Recycling assays were done similarly but after allowing maximal
internalization for 30 min and removal of surfaceremaining biotin labels, re-
cycling was enabled by adding complete medium to the cells and incuba-
tion at 37°C for the times indicated. Subsequent MesNa cleavage and IAA
quenching removed biotin labels of proteins that have been recycled to the
cell surface.

Antibody-based internalization and recycling assays

Endocytosis and recycling of integrins were analyzed by an assay adapted
from Powelka et al. (2004). In brief, transfected cells were allowed to ad-
here onto collagen |-coated coverslips for 30 min at 37°C. Surface integ-
rins were thereafter labeled with anti—B 1-integrin antibody for 1 h at 4°C.
Labeled cells were subsequently transferred to prewarmed serum-free me-
dium, and integrin trafficking (endocytosis and recycling) was allowed at
37°C for 1 h. The cells were fixed, permeabilized, and stained with a secon-
dary antibody to defect the anti—B 1-integrin antibody followed by immuno-
fluorescence analysis. Fluorescence intensity was scored from the entire
cell and from the cell interior (without plasma membrane staining) with
Image) and percentage of endocytosed integrin was determined based on
the ratio of intercellular/total integrin.

Immunogold labeling-based recycling assay

Recycling assay was performed with control or p120RasGAP-silenced cells
cotransfected with Rab21-EGFP as described already for the antibody-
based assay but here, surface integrins were labeled with K20 anti-g
T-integrin antibody (Beckman Coulter) conjugated with 10-nm gold, prepared
and conjugated as described by Slot and Geuze (2007). In brief, 10-nm
gold sol was prepared by mixing 1% gold chloride solution with 1% tri-
sodium citrate solution containing tannic acid (Mallincrodt Inc.) at 60°C.
Gold sol was stabilized with 6 pg/ml K20 mAb at pH 9.0 and pelleted by
centrifugation (30 min, 20,400 rpm, SW-28 rotor [Beckman Coulter]). After
p120RasGAP silencing and Rab21-EGFP cotransfection, K20 mAb gold
conjugate was bound to cells on ice in serum-free medium. Integrin anti-
body gold conjugate was allowed to internalize for 30 min in serum-free
conditions followed by 30 min with serum to allow recycling. Cells were
then prepared for cryosectioning according to Slot and Geuze (2007). In
brief, cells were fixed at room temperature with 4% paraformaldehyde,
scraped off the dish, and pelleted by centrifugation. Drop of 12% gelatin
in PBS was added on the pellet at 37°C, mixed gently and pelleted (5 min
at 15,000 g) after 10 min incubation. After solidification of the gelatin
mixture with cells on ice, suitable blocks were cut and placed in 2.1 M
sucrose for cryoprotection, mounted on aluminum specimen carriers, and
frozen in liquid nitrogen. Immunolabeling on thin frozen sections was per-
formed according to Slot and Geuze (2007) using 10% fetal calf serum as
a blocker of nonspecific binding. Rab21-EGFP was detected by using rab-
bit antibodies against GFP (Invitrogen) and 5-nm protein A gold (from
Dr. George Posthuma, University Medical Center Utrecht, Utrecht, Nether-
lands). The nontransfected cells were used as a control to find out condi-
tions that gave no background labeling.



Colocalization of Rab21 with K20 was calculated from ~40 ran-
domly picked Rab2 1-positive cells after both p120RasGAP and mock silenc-
ing, and from 210 and 330 K20-positive structures, respectively. The ratio of
Rab21-EGFP small gold particles colocalizing with K20 gold-positive struc-
tures was calculated in both conditions. Nonparametric Mann-Whitney
U test was used to evaluate the statistical significance of labeling differences.

To calculate the location of K20 B 1-integrin label after p120RasGAP
and mock silencing, altogether 2000 and 1300 K20 gold conjugates were
counted, respectively. Location was divided between peripheral (label within
200-nm distance from the plasma membrane) and cytoplasmic labeling.

Migration assay

MDA-MB-231 cells were seeded sparsely on tissue<culture plastic or al-
lowed to migrate on collagen I-coated tissue culture plates for 12 h in the
presence of 10% FBS. Phase—contrast images were taken with an inverted
widefield microscope (AxioCam MRm camera, EL Plan-Neofluar 20x/
0.5 NA obijective, 4 frames per hour [Carl Zeiss]) equipped with a heated
chamber (37°C) and CO, controller (4.8%). Image processing was done with
MetaMorph imaging software. Migration was analyzed in roughly 40 cells
by measuring the X and Y coordinates of tracked cells over time. The hence
determined mean squared displacement (MSD) was calculated (MSD = 2S2P
[t = P(1 — e "] with S, cell speed; P, persistence time; and t, time), and this
was used fo determine the persistence of motility (Palecek et al., 1997).
Migration speed was scored as the distance migrated (pixel) per minute.

Scratch-wound assay

Cells were plated on tissue-culture plastic, allowed to grow to a density of
~90%, and serum-starved overnight. Wounds were applied with a pipette
tip and washed thoroughly with PBS. Wound closure was thereafter im-
aged in serum-free medium for the indicated times using an inverted wide-
field microscope (AxioCam MRm camera, EL Plan-Neofluar 10x/0.5 NA
objective, pictures taken every 10 min [Carl Zeiss]) equipped with a heated
chamber (37°C) and CO, controller (4.8%). Image processing was done
with Image] software. Wound closure efficiency was calculated as percent-
age of wound area after the imaging (indicated times) compared with im-
aging starting time (0 h). Cell motility was analyzed in more detail by
determining the displacement of cells over time and calculating migration
speed and directionality as described for the migration assay.

Rho activation assay

Rho activation in transfected MDA-MB-231 cells was measured in Rhotekin
Rho-binding domain pull-downs from cell lysates according to the manufac-
turer’s instructions (Rho activation assay; Cytoskeleton).

Online supplemental material

Fig. S1 shows additional trafficking experiments with p120RasGAP siRNA-
transfected cells. Fig. S2 shows additional migration experiments with
p120RasGAP siRNA-ransfected cells. Fig. S3 shows FACS analysis of cell
surface integrin levels in p120RasGAP siRNA-ransfected cells. Fig. S4
shows that Loss of Rab21 impairs integrin endocytosis in ovarian carci-
noma cells. Fig. S5 shows effects of p120RasGAP silencing and dominant-
negative p120RasGAP on RhoA activity and Ras signaling. Binding assays
demonstrating that p120RasGAP interacts with the infegrin o-fail via the
GAP domain. Online supplemental material is available at http://www
.jcb.org/cgi/content/full/jcb.201012126/DC1.

We thank H. Marttila, J. Siivonen, L. Lahtinen, and M. Lehkonen for their excel
lent technical assistance; J. Kéapyld for help with BlAcore; A. Bjsrkblom and
P. Slotte for help and the use of their instruments; and the Biocenter Oulu EM core
facility for cutting thin frozen sections. J. Norman, AJ. Koleske, A. Wittinghofer,
and X.C. Zhang are acknowledged for reagents.

This study has been supported by Academy of Finland, ERC Starting
Grant, Sigrid Juselius Foundation, EMBO YIP and Finnish Cancer Organizo-
tions. A. Mai has been supported by Drug Discovery Graduate School, S. Veltel
by Alexander von Humboldt foundation and EMBO LTF, and T. Pellinen by
Turku Graduate School of Biomedical Sciences.

Submitted: 21 December 2010
Accepted: 21 June 2011

References

Anand, S., B.K. Majeti, L.M. Acevedo, E.A. Murphy, R. Mukthavaram, L.
Scheppke, M. Huang, D.J. Shields, J.N. Lindquist, P.E. Lapinski,
et al. 2010. MicroRNA-132-mediated loss of p120RasGAP activates the

endothelium to facilitate pathological angiogenesis. Nat. Med. 16:909—
914. doi:10.1038/nm.2186

Bradley, W.D., S.E. Hernandez, J. Settleman, and A.J. Koleske. 2006. Integrin
signaling through Arg activates pl190RhoGAP by promoting its bind-
ing to p120RasGAP and recruitment to the membrane. Mol. Biol. Cell.
17:4827-4836. doi:10.1091/mbc.E06-02-0132

Caswell, P.T., and J.C. Norman. 2006. Integrin trafficking and the control
of cell migration. Traffic. 7:14-21. doi:10.1111/.1600-0854.2005
.00362.x

Caswell, P., and J. Norman. 2008. Endocytic transport of integrins during cell
migration and invasion. Trends Cell Biol. 18:257-263. doi:10.1016/
j-tcb.2008.03.004

Caswell, PT., HJ. Spence, M. Parsons, D.P. White, K. Clark, K.W. Cheng, G.B.
Mills, M.J. Humphries, A.J. Messent, K.I. Anderson, et al. 2007. Rab25
associates with alphaSbetal integrin to promote invasive migration in
3D microenvironments. Dev. Cell. 13:496-510. doi:10.1016/j.devcel
.2007.08.012

Caswell, P.T., M. Chan, A.J. Lindsay, M.W. McCaffrey, D. Boettiger, and J.C.
Norman. 2008. Rab-coupling protein coordinates recycling of alpha-
Sbetal integrin and EGFR1 to promote cell migration in 3D microenvi-
ronments. J. Cell Biol. 183:143-155. doi:10.1083/jcb.200804140

Caswell, P.T., S. Vadrevu, and J.C. Norman. 2009. Integrins: masters and
slaves of endocytic transport. Nat. Rev. Mol. Cell Biol. 10:843-853.
doi:10.1038/nrm2799

Cooper, J.A., and A. Kashishian. 1993. In vivo binding properties of SH2 do-
mains from GTPase-activating protein and phosphatidylinositol 3-kinase.
Mol. Cell. Biol. 13:1737-1745.

Huang, D.C., C.J. Marshall, and J.F. Hancock. 1993. Plasma membrane-targeted
ras GTPase-activating protein is a potent suppressor of p21ras function.
Mol. Cell. Biol. 13:2420-2431.

Hynes, R.O. 2002. Integrins: bidirectional, allosteric signaling machines. Cell.
110:673-687. doi:10.1016/S0092-8674(02)00971-6

Jones, R.B., A. Gordus, J.A. Krall, and G. MacBeath. 2006. A quantitative pro-
tein interaction network for the ErbB receptors using protein microarrays.
Nature. 439:168-174. doi:10.1038/nature04177

Kazlauskas, A., C. Ellis, T. Pawson, and J.A. Cooper. 1990. Binding of GAP
to activated PDGF receptors. Science. 247:1578-1581. doi:10.1126/
science.2157284

Kikuchi, Y., M. Miyauchi, I. Kizawa, K. Oomori, and K. Kato. 1986. Establish-
ment of a cisplatin-resistant human ovarian cancer cell line. J. Natl.
Cancer Inst. 77:1181-1185.

Kraemer, A., H.R. Rehmann, R.H. Cool, C. Theiss, J. de Rooij, J.L. Bos, and
A. Wittinghofer. 2001. Dynamic interaction of cAMP with the Rap
guanine-nucleotide exchange factor Epacl. J. Mol. Biol. 306:1167-1177.
doi:10.1006/jmbi.2001.4444

Kulkarni, S.V., G. Gish, P. van der Geer, M. Henkemeyer, and T. Pawson. 2000.
Role of p120 Ras-GAP in directed cell movement. J. Cell Biol. 149:457—
470. doi:10.1083/jcb.149.2.457

Legate, K.R., S.A. Wickstrom, and R. Fissler. 2009. Genetic and cell biologi-
cal analysis of integrin outside-in signaling. Genes Dev. 23:397-418.
doi:10.1101/gad.1758709

Liu, K., and G. Li. 1998. Catalytic domain of the p120 Ras GAP binds to RAb5
and stimulates its GTPase activity. J. Biol. Chem. 273:10087-10090.
doi:10.1074/jbc.273.17.10087

Liu, S., D.A. Calderwood, and M.H. Ginsberg. 2000. Integrin cytoplasmic
domain-binding proteins. J. Cell Sci. 113:3563-3571.

Muller, PA., PT. Caswell, B. Doyle, M.P. Iwanicki, E.H. Tan, S. Karim, N.
Lukashchuk, D.A. Gillespie, R.L. Ludwig, P. Gosselin, et al. 2009.
Mutant p53 drives invasion by promoting integrin recycling. Cell.
139:1327-1341. doi:10.1016/j.cell.2009.11.026

Ohya, T., M. Miaczynska, U. Coskun, B. Lommer, A. Runge, D. Drechsel, Y.
Kalaidzidis, and M. Zerial. 2009. Reconstitution of Rab- and SNARE-
dependent membrane fusion by synthetic endosomes. Nature. 459:1091—
1097. doi:10.1038/nature08107

Palecek, S.P, J.C. Loftus, M.H. Ginsberg, D.A. Lauffenburger, and A.F.
Horwitz. 1997. Integrin-ligand binding properties govern cell migra-
tion speed through cell-substratum adhesiveness. Nature. 385:537-540.
doi:10.1038/385537a0

Pamonsinlapatham, P., B. Gril, S. Dufour, R. Hadj-Slimane, V. Gigoux, S.
Pethe, S. L’hoste, J. Camonis, C. Garbay, F. Raynaud, and M. Vidal.
2008. Capnsl, a new binding partner of RasGAP-SH3 domain in
K-Ras(V12) oncogenic cells: modulation of cell survival and migra-
tion. Cell. Signal. 20:2119-2126. doi:10.1016/j.cellsig.2008.08.005

Pamonsinlapatham, P., R. Hadj-Slimane, Y. Lepelletier, B. Allain, M. Toccafondi,
C. Garbay, and F. Raynaud. 2009. P120-Ras GTPase activating pro-
tein (RasGAP): a multi-interacting protein in downstream signaling.
Biochimie. 91:320-328. doi:10.1016/j.biochi.2008.10.010

P120RasGAP controls integrin recycling ¢ Mai et al.

305


dx.doi.org/10.1038/nm.2186
dx.doi.org/10.1091/mbc.E06-02-0132
dx.doi.org/10.1111/j.1600-0854.2005.00362.x
dx.doi.org/10.1111/j.1600-0854.2005.00362.x
dx.doi.org/10.1016/j.tcb.2008.03.004
dx.doi.org/10.1016/j.tcb.2008.03.004
dx.doi.org/10.1016/j.devcel.2007.08.012
dx.doi.org/10.1016/j.devcel.2007.08.012
dx.doi.org/10.1083/jcb.200804140
dx.doi.org/10.1038/nrm2799
dx.doi.org/10.1016/S0092-8674(02)00971-6
dx.doi.org/10.1038/nature04177
dx.doi.org/10.1126/science.2157284
dx.doi.org/10.1126/science.2157284
dx.doi.org/10.1006/jmbi.2001.4444
dx.doi.org/10.1083/jcb.149.2.457
dx.doi.org/10.1101/gad.1758709
dx.doi.org/10.1074/jbc.273.17.10087
dx.doi.org/10.1016/j.cell.2009.11.026
dx.doi.org/10.1038/nature08107
dx.doi.org/10.1038/385537a0
dx.doi.org/10.1016/j.cellsig.2008.08.005
dx.doi.org/10.1016/j.biochi.2008.10.010
http://www.jcb.org/cgi/content/full/jcb.201012126/DC1
http://www.jcb.org/cgi/content/full/jcb.201012126/DC1

306

Pawson, T. 1995. Protein modules and signalling networks. Nature. 373:573—
580. doi:10.1038/373573a0

Peacock, J.G., A.L. Miller, W.D. Bradley, O.C. Rodriguez, D.J. Webb, and
A.J. Koleske. 2007. The Abl-related gene tyrosine kinase acts through
p190RhoGAP to inhibit actomyosin contractility and regulate focal adhe-
sion dynamics upon adhesion to fibronectin. Mol. Biol. Cell. 18:3860—
3872. doi:10.1091/mbc.E07-01-0075

Pellinen, T., and J. Ivaska. 2006. Integrin traffic. J. Cell Sci. 119:3723-3731.
doi:10.1242/jcs.03216

Pellinen, T., A. Arjonen, K. Vuoriluoto, K. Kallio, J.A. Fransen, and
J. Tvaska. 2006. Small GTPase Rab21 regulates cell adhesion and con-
trols endosomal traffic of betal-integrins. J. Cell Biol. 173:767-780.
doi:10.1083/jcb.200509019

Pellinen, T., S. Tuomi, A. Arjonen, M. Wolf, H. Edgren, H. Meyer, R. Grosse,
T. Kitzing, J.K. Rantala, O. Kallioniemi, et al. 2008. Integrin trafficking
regulated by Rab21 is necessary for cytokinesis. Dev. Cell. 15:371-385.
doi:10.1016/j.devcel.2008.08.001

Powelka, A.M., J. Sun, J. Li, M. Gao, L.M. Shaw, A. Sonnenberg, and V.W. Hsu.
2004. Stimulation-dependent recycling of integrin betal regulated by
ARF6 and Rabl1. Traffic. 5:20-36. doi:10.1111/j.1600-0854.2004.00150.x

Roberts, M., S. Barry, A. Woods, P. van der Sluijs, and J. Norman. 2001. PDGF-
regulated rab4-dependent recycling of alphavbeta3 integrin from early
endosomes is necessary for cell adhesion and spreading. Curr Biol.
11:1392-1402. doi:10.1016/S0960-9822(01)00442-0

Roberts, M.S., A.J. Woods, T.C. Dale, P. Van Der Sluijs, and J.C. Norman. 2004.
Protein kinase B/Akt acts via glycogen synthase kinase 3 to regulate re-
cycling of alpha v beta 3 and alpha 5 beta 1 integrins. Mol. Cell. Biol.
24:1505-1515. doi:10.1128/MCB.24.4.1505-1515.2004

Scheffzek, K., M.R. Ahmadian, W. Kabsch, L. Wiesmiiller, A. Lautwein, F.
Schmitz, and A. Wittinghofer. 1997. The Ras-RasGAP complex: struc-
tural basis for GTPase activation and its loss in oncogenic Ras mutants.
Science. 277:333-338. doi:10.1126/science.277.5324.333

Schwartz, S.L., C. Cao, O. Pylypenko, A. Rak, and A. Wandinger-Ness. 2007.
Rab GTPases at a glance. J. Cell Sci. 120:3905-3910. doi:10.1242/
jcs.015909

Scita, G., and P.P. Di Fiore. 2010. The endocytic matrix. Nature. 463:464—473.
doi:10.1038/nature08910

Sharma, S.V. 1998. Rapid recruitment of pl20RasGAP and its associated
protein, pl190RhoGAP, to the cytoskeleton during integrin mediated
cell-substrate interaction. Oncogene. 17:271-281. doi:10.1038/sj.onc
1201921

Slot, J.W., and H.J. Geuze. 2007. Cryosectioning and immunolabeling. Nat.
Protoc. 2:2480-2491. doi:10.1038/nprot.2007.365

Stenmark, H. 2009. Rab GTPases as coordinators of vesicle traffic. Nat. Rev.
Mol. Cell Biol. 10:513-525. doi:10.1038/nrm2728

Tomar, A., and D.D. Schlaepfer. 2009. Focal adhesion kinase: switching between
GAPs and GEFs in the regulation of cell motility. Curr. Opin. Cell Biol.
21:676-683. doi:10.1016/j.ceb.2009.05.006

Tomar, A., S.T. Lim, Y. Lim, and D.D. Schlaepfer. 2009. A FAK-p120RasGAP-
p190RhoGAP complex regulates polarity in migrating cells. J. Cell Sci.
122:1852-1862. doi:10.1242/jcs.046870

Trahey, M., G. Wong, R. Halenbeck, B. Rubinfeld, G.A. Martin, M. Ladner,
C.M. Long, W.J. Crosier, K. Watt, K. Koths, et al. 1988. Molecular clon-
ing of two types of GAP complementary DNA from human placenta.
Science. 242:1697-1700. doi:10.1126/science.3201259

Veltel, S., R. Gasper, E. Eisenacher, and A. Wittinghofer. 2008. The retinitis pig-
mentosa 2 gene product is a GTPase-activating protein for Arf-like 3. Nat.
Struct. Mol. Biol. 15:373-380. doi:10.1038/nsmb.1396

Wang, Z., P.S. Tung, and M.F. Moran. 1996. Association of p120 ras GAP with
endocytic components and colocalization with epidermal growth fac-
tor (EGF) receptor in response to EGF stimulation. Cell Growth Differ.
7:123-133.

White, D.P., P.T. Caswell, and J.C. Norman. 2007. alpha v beta3 and alpha-
Sbetal integrin recycling pathways dictate downstream Rho kinase sig-
naling to regulate persistent cell migration. J. Cell Biol. 177:515-525.
doi:10.1083/jcb.200609004

Zerial, M., and H. McBride. 2001. Rab proteins as membrane organizers. Nat.
Rev. Mol. Cell Biol. 2:107-117. doi:10.1038/35052055

Zhu, G., J. Chen, J. Liu, J.S. Brunzelle, B. Huang, N. Wakeham, S. Terzyan, X.
Li, Z. Rao, G. Li, and X.C. Zhang. 2007. Structure of the APPL1 BAR-PH
domain and characterization of its interaction with Rab5. EMBO J.
26:3484-3493. doi:10.1038/sj.emboj.7601771

JCB « VOLUME 194 « NUMBER 2 « 2011


dx.doi.org/10.1038/373573a0
dx.doi.org/10.1091/mbc.E07-01-0075
dx.doi.org/10.1242/jcs.03216
dx.doi.org/10.1083/jcb.200509019
dx.doi.org/10.1016/j.devcel.2008.08.001
dx.doi.org/10.1111/j.1600-0854.2004.00150.x
dx.doi.org/10.1016/S0960-9822(01)00442-0
dx.doi.org/10.1128/MCB.24.4.1505-1515.2004
dx.doi.org/10.1126/science.277.5324.333
dx.doi.org/10.1242/jcs.015909
dx.doi.org/10.1242/jcs.015909
dx.doi.org/10.1038/nature08910
dx.doi.org/10.1038/sj.onc.1201921
dx.doi.org/10.1038/sj.onc.1201921
dx.doi.org/10.1038/nprot.2007.365
dx.doi.org/10.1038/nrm2728
dx.doi.org/10.1016/j.ceb.2009.05.006
dx.doi.org/10.1242/jcs.046870
dx.doi.org/10.1126/science.3201259
dx.doi.org/10.1038/nsmb.1396
dx.doi.org/10.1083/jcb.200609004
dx.doi.org/10.1038/35052055
dx.doi.org/10.1038/sj.emboj.7601771

