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barrier function through ArhGAP29
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Rap1 is a small GTPase regulating cell-cell adhesion, cell-matrix ad-
hesion, and actin rearrangements, all processes dynamically coordi-
nated during cell spreading and endothelial barrier function. Here,
we identify the adaptor protein ras-interacting protein 1 (Rasip1) as
a Rap1-effector involved in cell spreading and endothelial barrier
function. Using Forster resonance energy transfer, we show that
Rasip1 interacts with active Rap1 in a cellular context. Rasip1 medi-
ates Rap1-induced cell spreading through its interaction partner Rho
GTPase-activating protein 29 (ArhGAP29), a GTPase activating pro-
tein for Rho proteins. Accordingly, the Rap1-Rasip1 complex induces
cell spreading by inhibiting Rho signaling. The Rasip1-ArhGAP29
pathway also functions in Rap1-mediated regulation of endothelial
junctions, which controls endothelial barrier function. In this pro-
cess, Rasip1 cooperates with its close relative ras-association and
dilute domain-containing protein (Radil) to inhibit Rho-mediated
stress fiber formation and induces junctional tightening. These
results reveal an effector pathway for Rap1 in the modulation of
Rho signaling and actin dynamics, through which Rap1 modulates
endothelial barrier function.

he small GTPase Rapl regulates both integrin-mediated and

cadherin-mediated adhesions. Rapl can increase cell adhe-
sion by inducing the allosteric activation and clustering of integ-
rins, thereby increasing cell-extracellular matrix (ECM) adhesion
(1-3). Upon cell-ECM engagement, Rap1 induces cell spreading,
due to increased cell protrusion and decreased cell contraction,
indicating changes in actin dynamics (4, 5). In addition, Rapl
regulates both epithelial and endothelial cell-cell adhesion
(6-11). Particularly the role of Rapl in controlling endothelial
cell junctions is important, as weakening of the endothelial bar-
rier can result in pathologies such as chronic inflammation, ath-
erosclerosis, and vascular leakage (12-14). Activation of Rapl in
endothelial cells results in stabilization of junctions and conse-
quently increased barrier function through the recruitment of
pB-catenin, resulting in stabilization of vascular endothelial (VE)-
cadherin at cell—cell junctions (15-18) and rearrangements of the
actin cytoskeleton (6, 7, 19-21). These rearrangements of the
actin cytoskeleton include the disruption of radial stress fibers and
the induction of cortical actin bundles, and consequently a switch
from discontinuous, motile junctions into linear, stable junctions
(6-8, 20). Rapl1 achieves this at least in part by regulating Rho-
signaling (6, 7, 10, 19, 20). The molecular mechanism of how
Rap1 regulates Rho, however, remains largely elusive, although
the Rapl-effector Krev interaction trapped protein 1 (Krit-1)/
cerebral cavernous malformations 1 protein (CCM1) has been
proposed to be involved (15, 16, 22).

In this study, we identified a Rapl-signaling cascade, comprising
ras-interacting protein 1 (Rasipl), ras-association and dilute do-
main-containing protein (Radil), and Rho GTPase-activating pro-
tein 29 (ArhGAP29), affecting both cell spreading and endothelial
barrier function by regulating the Rho-signaling cascade.

Results

Rasip1 Mediates Rap1-Induced Spreading Without Affecting Adhesion.
To investigate whether Rasipl is involved in Rapl-induced cell
spreading, we used A549 cells stably expressing the cAMP responsive
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Rap1 guanine nucleotide exchange factor (GEF), exchange pro-
tein directly activated by cAMP 1 (Epacl) (5). When treated with
the Epacl-specific cAMP analog, 8-pCTP-2’-O-Me-cAMP (here-
after referred to as 007), to activate endogenous Rap, cells showed
a twofold increase in cell area compared with untreated cells, as
determined by pixels per cell, 3 h after replating on fibronectin (Fig.
1A4). Previously, we established that this effect is mainly mediated
by RaplA (23). siRNA-mediated depletion of Rasip1 significantly
reduced 007-induced spreading (Fig. 14). This result was obtained
with both a pool of siRNAs (spRasip1) as well as with four single
siRNAs targeting Rasipl (siRasipl #1-4) (Fig. 14). Furthermore,
add back of a YFP-Rasipl construct to cells treated with siRNA
targeting the 3'UTR of Rasipl mRNA (siRasipl #2) rescued
siRNA-mediated depletion of endogenous Rasipl (Fig. 1B), ex-
cluding an off-target effect of the siRNA. Interestingly, overex-
pression of YFP—Rasipl1 itself did not induce cell spreading, but
required Rapl1 activation to promote cell spreading (Fig. 1B).

To assess whether Rasipl affects 007-induced spreading by
regulating the activity of Rap1, we measured the amount of GTP-
bound Rapl after depletion of Rasipl. Whereas depletion of
Epacl reduced the amount of Rapl-GTP after 007 treatment,
depletion of Rasipl had no effect on Rap1-GTP levels (Fig. 1C),
ruling out that Rasipl mediates 007-induced spreading by affecting
Rapl activity. To exclude any possibility that Rasipl mediates a
Rapl-independent effect of Epacl, we induced spreading by
overexpression of a constitutively active Rapl mutant. Over-
expression of HA-Rap1AV12 potently induced a nearly twofold
increase in cell area (Fig. S14). Depletion of Rasipl abolished this
effect (Fig. S14), indicating that Rasip]l mediates Rap1A-induced
cell spreading. To investigate whether Rasipl is selective for Rap1-
induced spreading, we induced spreading independently of Rapl
by expression of constitutively active T-lymphoma invasion and
metastatis-inducing protein 1 (Tiaml) (C1199), a GEF for the
small GTPase Racl. This resulted in a 1.5-fold increase in cell area
(Fig. S1B). However, this increase was insensitive to depletion of
either RaplA or Rasipl (Fig. S1B). Together, these results in-
dicate that Rasip1 functions specifically downstream of Rap1 in
cell spreading.

As described previously, cell spreading is a multistep process
including the initiation and formation of cell-ECM contacts and
induction of cytoskeletal rearrangements. Rap1 has been reported
to both increase integrin affinity and induce integrin clustering,
resulting in increased cell adhesion (1-3). We therefore investi-
gated whether Rasipl affects Rapl-induced cell spreading by
mediating Rapl-induced cell-ECM interactions. First, we tested
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Fig. 1. Rasip1 mediates Rap1-induced cell spreading. (A, Left) Spreading of
A549-Epac1 cells transfected with scrambled siRNA (siC) or a SMARTpool of
siRNAs targeting Rasip1 (spRasip1). Cells were replated for 3 h on fibronectin-
coated coverslips in the absence (-) or presence (+) of 100 uM 007. Cells were
fixed and the actin cytoskeleton was stained with phalloidin. (Right) Quan-
tification of cell area of A549-Epac1 cells transfected with scrambled siRNA
(siC), a SMARTpool siRNAs targeting Rasip1 (spRasip1), or single siRNAs tar-
geting Rasip1 (siRasip1 #1-4) in the absence (unstimulated) or presence (007)
of 007, as quantified using ImageJ. Depicted is average spreading area + SD
of three individual experiments and a minimum of 10 cells per experiment,
normalized to unstimulated, siC-transfected cells. *P < 0.05. Knockdown ef-
ficiency was determined by Western blot. (B) Recovery of Rasip1 depletion by
an siRNA-resistant YFP-Rasip1 construct. A549-Epac1 cells were treated with
siC or siRasip1 #2 16 h before cotransfection with either GFP-empty vector
(GFP-ev) or siRNA-resistant YFP-Rasip1 construct. Cells were replated, treated,
and quantified as for A. Depicted is average spreading area + SD of three
individual experiments normalized to unstimulated siC-transfected cells. *P <
0.02. Knockdown efficiency was determined by Western blot. (C) Pull-down
of Rap1-GTP from A549-Epac1 cells, either unstimulated (-) or upon 15 min
stimulation with 100 pM 007 (+), transfected with siC, siRasip1, or siEpac1. (D)
Adhesion of A549-Epac1 cells transfected with siC, siRasip1, or single siRNAs
targeting Rasip1 (siRasip1 #1-4). Cells were replated onto fibronectin-coated
surfaces for 25 min in the absence (unstimulated) or presence (007) of 100 pM
007. Nonadherent cells were washed off and adherent cells were quantified
by measuring endogenous phosphatase activity. Depicted are mean data +
SD of five individual experiments normalized to unstimulated siC-transfected
cells. *P < 0.03. Knockdown efficiency was determined by Western blot. All
statistical analyses were obtained by performing a paired Student t test. n.s.,
not significant. (Scale bar, 20 uM.)

whether Rasipl is involved in Rapl-induced adhesion. For this,
we assessed the amount of cells adherent to fibronectin over a
25-min period in the presence or absence of 007. In scrambled
siRNA-treated cells, 007 induced a 1.5-fold increase in cell ad-
hesion (Fig. 1D). As expected, siRaplA abolished this effect.
However, depletion of Rasipl did not affect 007-induced adhe-
sion (Fig. 1D). These results indicate that in A549-Epacl cells
Rasip1 specifically mediates cell spreading without affecting cell
adhesion. Importantly, focal adhesions formed and matured
normally as determined by Paxillin, pY118-Paxillin, and Vinculin
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staining (Fig. S1C), suggesting that depletion of Rasipl does not
affect cell spreading through inhibition of the focal adhesion
maturation.

Full-Length Rasip1 Interacts with Active Rap1. Mitin et al. (24)
showed that the ras-association (RA) domain of Rasipl can in-
teract with the constitutively active RaplA63E mutant in vitro.
Furthermore, both Rapl and Rasipl have been reported to lo-
calize to the perinuclear region (Fig. 1B) (24, 25). Together with
our results that show that Rasipl functions downstream from
Rapl, this prompted us to investigate whether full-length Rasip1
and Rapl interact in vivo. To that end, we measured Rasipl—
Rapl interaction by Forster resonance energy transfer (FRET),
using the acceptor photobleaching technique. Cells were trans-
fected with GFP-Rasipl and either the constitutively active
mCherry-Rap1V12 or inactive mCherry—RapIN17. FRET was
observed between GFP-Rasipl and mCherry-Rapl1V12 (Fig.
2A4) with an efficiency of ~19% versus an efficiency of ~2.5% for
GFP-Rasipl and mCherry—Rap1N17 (Fig. 2B), indicating that
Rasipl and active Rapl indeed interact within the cell.

Rasip1 Mediates Rap1-Induced Spreading by Affecting Rho Signaling
Through the RhoGAP ArhGAP29. Rasip1 has previously been repor-
ted to inhibit RhoA signaling through interaction with the Rho-
GAP ArhGAP29 (26). We were able to confirm this interaction
(Fig. S24), and we therefore determined whether Rapl-induced
cell spreading also requires ArhGAP29. Indeed, depletion of
ArhGAP29 also inhibited 007-induced spreading of A549-Epacl
cells (Fig. 34). Furthermore, as we have demonstrated for Rasipl,
depletion of ArhGAP29 does not abolish 007-induced initial ad-
hesion (Fig. 3B). These results indicate that Rapl-induced cell
spreading requires the Rasipl-ArhGAP29 complex.

ArhGAP29 has been shown to have predominant GTPase
activating protein (GAP) activity toward the small GTPase
RhoA over Racl and Cdc42 (27). Activation of Rho results in
increased activity of its effector Rho-associated protein kinase
(ROCK), which phosphorylates myosin light chain 2 (MLC2)
and myosin phosphatase targeting subunit 1 (MYPT1), resulting
in increased actomyosin contraction. During the process of cell
spreading, cell contraction must be reduced to allow cell spreading
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Fig. 2. Rasip1 interacts with active Rap1. Analysis of FRET between GFP-
Rasip1 and mCherry-Rap1V12 or mCherry-Rap1N17 using acceptor photo-
bleaching. (A) Scans of GFP-Rasip1 (donor) and mCherry—Rap1V12 (acceptor)
were taken before (pre-) and after (post-) photobleaching, and FRET effi-
ciency was calculated by E = (Donorpes: — Donory,e)/Donor .. (B) Average
FRET efficiency calculated for GFP-Rasip1 and mCherry-Rap1V12 or GFP-
Rasip1 and mCherry-Rap1N17. Intensities were calculated with ImageJ within
a defined region of interest (ROI). Per cell three ROIs were taken of both the
bleached area and unbleached area for background correction, and values
were averaged. Three cells per experiment were visualized. Graph depicts the
mean FRET efficiency of three individual experiments + SD. Statistical analysis
was obtained by performing a paired Student t test. *P < 0.01.
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Fig. 3. ArhGAP29 mediates Rap1-induced spreading. (A) Spreading of A549-
Epacl cells treated with scrambled siRNA (siC) or siRNA targeting ArhGAP29
(siArhGAP29). Cells were replated, treated, and quantified as for Fig. 1A. Depic-
ted is average spreading area + SD of five individual experiments normalized
to unstimulated siC-transfected cells. Knockdown efficiency was determined by
Western blot. *P < 0.005. (B) Adhesion of A549-Epac1 cells transfected with siC or
siArhGAP29. Cells were replated, treated, and quantified as for Fig. 1D. Depicted
are mean data + SD of three individual experiments normalized to unstimulated,
siC-transfected cells. *P < 0.01. All statistical analyses were obtained by per-
forming a paired Student t test. n.s., not significant. (Scale bar, 20 pM.)

to occur (28, 29). To assess whether Rap1 induces cell spreading
by reducing cell contraction, A549-Epacl cells, adherent to fi-
bronectin, were stimulated with 007 for 30 min. Cells were lysed
and assessed for phosphorylated MLC2 (pMLC2) levels. Treat-
ment with 007 reduced the levels of pMLC2, and depletion of
either Rasipl or ArhGAP29 attenuated the 007-induced reduction
of pMLC2 (Fig. 44). These results indicate that Rap1 induces cell
spreading by reducing the amount of phosphorylated MLC2.
Furthermore, because Rasipl and ArhGAP29 depletion attenu-
ates this effect, we concluded that this effect is achieved through
reduction of Rho activity.

To address the notion that the Rapl-Rasipl-ArhGAP29 path-
way affects cell spreading through modulation of Rho activity, we
hypothesized that if the effect of Rasipl and ArhGAP29 depletion
on Rapl-induced spreading is due to increased levels of Rho
activity, inhibition of Rho activity should alleviate the inhibitory
effects of Rasipl and ArhGAP29 depletion on Rapl-induced
spreading. We therefore treated A549-Epacl cells with the Rho
inhibitor C3 transferase. Indeed, whereas depletion of Rasipl or
ArhGAP29 inhibited 007-induced spreading, treatment with C3
transferase not only induced cell spreading on its own but also
relieved the inhibitory effect of depletion of Rasipl or ArhGAP29
on 007-induced spreading (Fig. 4 B and C, Fig. S2 B and C).
Furthermore, the ROCK inhibitor Y27623 relieved the inhibitory
effect of ArhGAP29 depletion on 007-induced cell spreading (Fig.
4C, Fig. S2C). Conversely, overexpression of a constitutively active
RhoA (RhoAQ63L) mutant inhibited 007-induced spreading (Fig.
S2D), indicating that RhoA activity must be reduced to allow
Rapl-induced spreading to occur. Taken together, we conclude
that Rapl, through Rasipl and ArhGAP29, reduces Rho activity
and consequently actomyosin-induced tension.

Rasip1 and ArhGAP29 Mediate Rap1-Induced Endothelial Barrier
Function. To investigate the physiological relevance of the Rapl-
Rasipl-ArhGAP29 signaling pathway, we investigated its invol-
vement in Rapl-induced endothelial barrier function. First, we
determined whether Rasipl and AthGAP29 were also involved in
cell spreading in endothelial cells. In human umbilical vein endo-
thelial cells (HUVECsS), depletion of either Rasipl or ArhGAP29
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abrogated 007-induced spreading (Fig. S34), demonstrating that
the Rap1-Rasipl-ArhGAP29 pathway is conserved in endothelial
cells. Previously, it was demonstrated that depletion of Rapl in
HUVEG: results in both reduced basal and 007-induced endo-
thelial barrier function, as measured by electrical impedance to
evaluate the junctional resistance (Rp) (8, 9). In a confluent
monolayer of HUVECs, we found that depletion of ArhGAP29
decreased basal resistance and 007-induced resistance compared
with scrambled siRNA-treated cells (Fig. 54), thereby phenoco-
pying previous results for Rapl knockdown (8, 9). Epacl has
been shown to regulate endothelial barrier function in a Rapl-
dependent and -independent manner (8, 21). To determine
whether AthGAP29 mediates the Rapl-dependent component of
Epacl-regulated barrier function, we induced endothelial barrier
function in an Epacl-independent, RaplA-dependent manner.
For this, we transduced HUVECs with the constitutively active
mutant of RaplA, Rap1AV12. Overexpression of RaplAV12 in-
creased the impedance compared with empty vector-transfected
cells (Fig. 5B). When ArhGAP29 was depleted, overexpression of
Rap1AV12 was no longer able to increase the electrical impedance
(Fig. 5B), confirming that ArhGAP29 mediates Rap1A-induced
endothelial barrier function.

Depletion of Rasipl also significantly reduced the basal en-
dothelial barrier function, but the effect was clearly much less
dramatic than depletion of AthGAP29 (Fig. 5C). This suggested
that Rasipl might not be the only mediator of Rapl controlling
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Fig. 4. Rap1 modulates Rho activity through Rasip1 and ArhGAP29. (A)
Phosho-MLC2 (pMLC2) levels in A549—-Epac1 cells transfected with siC, siR-
asip1, or siArhGAP29. Upon 30 min stimulation with 100 pM 007 (+), cells
were lysed and lysates were subjected to Western blotting. Minus depicts
untreated cells. Western blot is a representative of four individual experi-
ments. (B) Quantification of spreading of A549-Epac1 cells transfected with
siC or siRasip1 in the presence or absence of 007 and C3 transferase (C3).
Cells were replated, fixed, and quantified as for Fig. 1A. Depicted is average
spreading area + SD of four individual experiments normalized to unsti-
mulated siC-transfected cells. Knockdown efficiency was determined by
Western blot. *P < 0.008. Imnmunofluorescent images are depicted in Fig.
S2B. (C) Quantification of spreading of A549-Epac1 cells transfected with siC
or siArhGAP29 in the presence or absence of 007 and C3 transferase (C3) or
a ROCK inhibitor (Y27623). Cells were replated, fixed, and quantified as for
Fig. 1A. Depicted is average spreading area + SD of three individual
experiments normalized to unstimulated siC-transfected cells. Knockdown
efficiency was determined by Western blot. *P < 0.005. Immunofluorescent
images are depicted in Fig. S2B. n.s., not significant.
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Fig. 5. Rasip1, Radil, and ArhGAP29 mediate Rap1-induced endothelial
barrier function. (A) Endothelial barrier (Rp) of control HUVEC monolayers
(siC) and HUVEC monolayers depleted of ArhGAP29 (siAG29), as determined
by ECIS, both before and after the addition of 1 pM 8-pCPT-2'-O-Me-cAMP-
acetoxymethyl (007-AM). Different colors represent independent experi-
ments (n = 5). Averages are indicated by the black lines. (B) Endothelial
barrier (Rp) of control HUVEC monolayers (siC) and HUVEC monolayers de-
pleted of ArhGAP29 (siAG29), transduced with control lentivirus or
Rap1AV12 containing lentivirus. Different colors represent independent
experiments (n = 5). Averages are indicated by the black lines. (C) Endo-
thelial barrier (Rp) of control HUVEC monolayers (siC) and HUVEC mono-
layers depleted of Radil (siRadil), Rasip1 (siRasip1), or both (siRadil +
siRasip1), both before and after the addition of 1 pM 007-AM. Different
colors represent independent experiments (n = 10). Averages are indicated
by the black lines. (D) Endothelial barrier (Rp) of control HUVEC monolayers
(siC) and HUVEC monolayers depleted of both Radil and Rasip1 (siRadil +
siRasip1), transduced with control lentivirus or Rap1AV12 containing lenti-
virus. Different colors represent independent experiments (n = 6). Averages
are indicated by the black lines. (E) HUVECs depleted of Radil (siRadil),
Rasip1 (siRasip1), or both (siRadil + siRasip1) were grown to confluency, after
which RNA was extracted and mRNA levels were assessed by real-time
quantitative PCR. The histogram shows Radil and Rasip1 expression within
one of the experiments represented in Fig. 6C. Expression was correlated to
the expression in siC-transfected cells. Error bars indicate SD between PCR
triplicates. All statistical analyses were obtained by performing a paired
Student t test. **P < 0.01, *P < 0.05, n.s., not significant.

ArhGAP29. Indeed, recently Radil, a close relative of Rasipl, was
found to interact with AthGAP29 in a mass spectometry analysis
(30). In addition, Radil is also identified as an effector of Rapl
required for Rap1-induced cell spreading (23, 31) (Fig. S34 and B)
and like Rasipl and AthGAP29, is dispensable for 007-induced cell
adhesion (Fig. S3C). We therefore investigated the contribution
of Radil to Rapl-induced endothelial barrier function. Whereas
depletion of Radil did not significantly affect endothelial barrier
function, simultaneous depletion of Rasipl and Radil did reduce
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the endothelial barrier resistance to a similar level as depletion of
ArhGAP29, both in the absence or presence of 007 (Fig. 5 C and
E). Furthermore, simultaneous depletion of Rasipl and Radil
prevented the induction of resistance by the overexpression of
RaplAV12 (Fig. 5D), indicating that Rasipl and Radil together
specifically mediate the Rapl-dependent component of Epacl-
induced endothelial barrier function.

Rap1-Rasip1-ArhGAP29 Axis Induces Endothelial Barrier Function
Through Rho. To confirm that the Rapl-Rasipl-ArhGAP29 sig-
naling pathway regulates endothelial barrier function through Rho
signaling, we investigated whether depletion of Rho could allevi-
ate the endothelial barrier dysfunction caused by ArhGAP29 de-
pletion. Depletion of either RhoA, RhoB, or RhoC slightly
increased endothelial barrier resistance, however simultaneous
depletion of RhoA, RhoB, and RhoC resulted in a robust increase
in endothelial barrier function (Fig. S44), indicating that a re-
duction of Rho activity increases endothelial barrier function. The
reduction in endothelial barrier resistance upon ArhGAP29 de-
pletion, both in the absence and presence of 007, was completely
restored by simultaneous depletion of Rho (Fig. 64).

The induction of endothelial barrier function by activation of
the Epacl-Rapl signaling pathway is accompanied by actin cy-
toskeletal rearrangements, including induction of junctional actin
formation and reduction of radial stress fibers (6-8, 20). Radial
stress fibers attach to and exert tension on adherens junctions
(AlJs), resulting in irregular junctions, which is regulated by the
Rho-Rock signaling pathway (32, 33). Indeed, depletion of
RhoA, RhoB, and RhoC resulted in the loss of radial stress fibers
and induced linear AJs, which was visualized by staining of
p-catenin (Fig. 6B). As reported previously (6-8, 20), activation of
Epacl also resulted in a transition from irregular to more linear
junctions, accompanied by a reduction of radial stress fibers (Fig.
6C). Interestingly, simultaneous knockdown of Rasip1 and Radil
or depletion of ArhGAP29 resulted in an increased number of
irregular junctions and showed an increased stress fiber profile
(Fig. 6C, Fig. S4 C and D), suggesting increased tension on the
Als. Moreover, cells overexpressing ArhGAP29 lacked radial
stress fibers (Fig. 6D), thereby phenocopying Rho depletion.
Together, these results show that ArhGAP29 mediates Rapl-
induced endothelial barrier function through Rho signaling,
thereby reducing actomyosin-induced tension on AlJs.

Discussion

Here we identified a signaling cascade regulated by Rapl, through
which Rapl regulates Rho signaling and actomyosin-induced
tension, resulting in cell spreading and endothelial barrier
function. Specifically, we identified Rasip1 as a Rap1-effector,
interacting with active Rap1 and mediating Rap1-induced cell
spreading and endothelial barrier function. Furthermore, we
found that the Rasipl homolog and Rap1 effector, Radil, was
similarly involved in Rapl-induced endothelial barrier function.
The common binding partner of both Rasip1 (34) and Radil (30),
ArhGAP29, was also required for Rapl-mediated cell spreading
and endothelial barrier function, indicating that this protein is part
of the effector complex regulated by Rapl. ArhGAP29 has GAP
activity toward RhoA (27) and was previously found to inhibit
Rho signaling (26). Indeed, Rap1 activation resulted in reduced
phosphorylated MLC2 levels, and this required Rasipl and Arh-
GAP29. Inhibition of Rho or ROCK activity attenuated the
007-induced spreading defect in cells depleted of Rasipl or Arh-
GAP29. Furthermore, simultaneous depletion of Rho proteins
rescued the effect of ArhGAP29 depletion on endothelial barrier
function. We were, however, unable to demonstrate consistent
reduction in Rho-GTP levels upon Rapl activation (Fig. S5),
perhaps because Rho activity is only locally affected. Indeed,
several recent reports emphasize the importance of spatiotemporal
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regulation of Rho activity in a variety of biological processes, in-
cluding endothelial barrier function (35-39).

Previously, it has been described that Rho-induced formation
and contraction of radial stress fibers, attached to VE—cadherin—
based Als, induce irregular, highly dynamic junctions, resulting
in increased endothelial permeability (32, 33). Compatible with
this notion, depletion of AthGAP29 or Rasipl and Radil in-
creased the amount of stress fibers and irregular junctions. In
contrast, overexpression of ArhGAP29 resulted in complete loss
of radial stress fibers, thereby phenocopying cells devoid of
RhoA, RhoB, and RhoC. We therefore conclude that Rasip1 is
an effector of Rapl that together with Radil controls Rho sig-
naling through ArhGAP29 in cell spreading and endothelial
barrier function, and that this is achieved by the reduction of
actomyosin-induced tension (Fig. S6).

In apparent contrast to previous reports (26, 31), we find that
Rasipl, Radil, and ArhGAP29 are dispensable for Rap1-induced
initial cell adhesion, suggesting that Rapl can differentially re-
gulate cell adhesion and cell spreading (Fig. S6). However, we
did observe that the number of focal adhesions per cell was re-
duced in Rasip1- or Radil-depleted cells (Fig. S1C) (23), possibly
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accounting for the reduced amount of active integrins found
previously when depleting Rasipl (26) or Radil (31). Our finding
that Rasipl and Radil did not affect Rapl-induced initial ad-
hesion does imply that other Rapl effectors are involved in this
process. Several different Rap effectors have been identified that
play a role in Rapl-induced cell adhesion and integrin regulation,
such as Rapl-GTP-interacting adaptor molecule (Riam) and
regulator for adhesion and polarization enriched in lymphoyd
tissues (RapL). For the A549-Epacl cells, however, the effector
for Rapl-induced initial adhesion is currently elusive.

The interplay between Rasipl and Radil requires further in-
vestigation. Interestingly, Radil might interact with ArhGAP29
through its PDZ (PSD-95/Dlg/Z01) domain (30), a domain not
present in Rasipl. Perhaps Radil and Rasipl form a complex,
with Radil as the ArhGAP29 binding partner.

Endothelial junctions are regulated by a number of signaling
pathways, one of which is the Rapl-Rasipl/Radil-ArhGAP29-
Rho pathway. However, Rapl may use additional routes for con-
trolling these junctions. As already indicated, the Krit-1/CCM1
route may be one of them. Furthermore, in epithelial cells Rapl
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localizes nonmuscle myosin II-B to cortical actin bundles in a Rho-
independent manner (40).

Materials and Methods

A detailed description of the experimental procedures and of all compounds
used can be found in SI Material and Methods.

Spreading Assays, Short-Term Adhesion Assays, and Immunofluorescence. Cells
were trypsinized and kept in suspension for 1.5 h to allow surface proteins
to recover. For spreading assays, cells were replated onto fibronectin-coated
coverslips and allowed to adhere for 3 h at 37 °C. Cells were fixed and in-
cubated with appropriate antibodies, and immunofluorescent images were
obtained. For short-term adhesion assays, cells were replated onto fibro-
nectin-coated cell culture dishes and allowed to adhere for 25 min at 37 °C.
Unbound cells were discarded by washing with PBS, after which adhered
cells were lysed in alkaline phosphatase buffer and the total amount of
cellular protein was determined by measuring absorption at 405 nm. For
evaluation of confluent HUVEC monolayers, HUVECs were plated onto fi-
bronectin-coated glass coverslips and grown to confluency. After stimula-
tion, cells were fixed and incubated with appropriate antibodies and
immunofluorescent images were obtained. ImageJ (National Institutes of
Health) was used to quantify images. P values were determined by Student
t test (two-tailed, paired).

Rap Activation Assay. Cells were stimulated for 15 min with 100 pM 007, and
subsequently lysed in Ralbuffer. Active Rap was precipitated with a GST fu-
sion protein of the Ras-binding domain of Ral guanine nucleotide dissociation
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stimulator precoupled to glutathione-Sepharose beads. Bound proteins were
eluted in Laemmli buffer and analyzed by SDS/PAGE and Western blotting.

Acceptor-Photobleaching-Based FRET Detection. Cells expressing mCherry—
Rap1V12, mCherry—Rap1N17, or GFP-Rasip1 were plated onto fibronectin-
coated coverslips as described for the spreading assays. FRET efficiency was
determined by the acceptor-photobleaching method. A series of pre-
bleaching and postbleaching fluorescence intensities of GFP (donor) were
recorded and the energy transfer efficiency (E) was calculated from the
equation: E = (Dpost — Dpre)/Dpost. Intensities were calculated with Image).
Statistical analysis was obtained by performing a paired Student t test.

Endothelial Barrier Measurements. Endothelial barrier was assessed by Elec-
trical Cell Impedance Sensing (ECIS) measurements. HUVECs were plated onto
fibronectin-coated electrodes and grown to confluency. The impedance was
measured at multiple frequencies within the range of 62.5 Hz to 16,000 Hz at
37 °C. These frequency scans were used to calculate endothelial barrier (Rp).
P values were calculated by Student t test (two-tailed, paired).
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