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ABSTRACT

Epac1 and Rap1 mediate cAMP-induced tightening of endothelial junctions. We have previously
found that one of the mechanisms is the inhibition of Rho-mediated tension in radial stress fibers
by recruiting the RhoGAP ArhGAP29 in a complex containing the Rap1 effectors Rasip1 and Radil.
However, other mechanisms have been proposed as well, most notably the induction of tension in
circumferential actin cables by Cdc42 and its GEF FGD5. Here, we have investigated how Rap1
controls FGD5/Cdc42 and how this interconnects with Radil/Rasip1/ArhGAP29. Using endothelial
barrier measurements, we show that Rho inhibition is not sufficient to explain the barrier
stimulating effect of Rap1. Indeed, Cdc42-mediated tension is induced at cell-cell contacts upon
Rap1 activation and this is required for endothelial barrier function. Depletion of potential Rap1
effectors identifies AF6 to mediate Rap1 enhanced tension and concomitant Rho-independent
barrier function. When overexpressed in HEK293T cells, AF6 is found in a complex with FGD5 and
Radil. From these results we conclude that Rap1 utilizes multiple pathways to control tightening of
endothelial junctions, possibly through a multiprotein effector complex, in which AF6 functions to
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induce tension in circumferential actin cables.

Introduction

The small G-protein Rapl is a key regulator of endo-
thelial barrier function [1,2]. It does so by cycling
between an inactive GDP-bound state and an active
GTP-bound state, the latter strengthening endothelial
cell-cell adhesion. Various Guanine nucleotide
Exchange Factors (GEFs) induce Rapl activity, thereby
ensuring that endothelial cells maintain the appropri-
ate amount of endothelial barrier [2]. Most notably,
high levels of endothelial barrier are produced by
cAMP inducing agents, which stimulate Rapl activa-
tion via the cAMP responsive GEF Epacl [3-5]. Acti-
vated Rapl ensures a tight endothelial barrier, but the
molecular pathways which mediate this effect remain a
matter of debate, with multiple effector pathways
being suggested. First, we and others have shown that
Rapl relieves radial tension that is exerted on cell-cell
junctions by radial stress fibers. To this end, Rapl con-
trols the localization of its effectors Radil and Rasipl,
which together control the RhoGAP ArhGAP29,
ensuring low Rho activity and thereby less ROCK-

mediated phosphorylation of Myosin Light Chain 2
(MLC2) on T18 and S19 [6-8]. The Rapl effector
KRIT1 also decreases ROCK-mediated radial tension
[9-11], but how it does so and how it cooperates with
Radil/Rasipl has yet to be determined. Second, Rapl
increases tension in Circumferential Actin Bundles
(CABs). This is mediated by junctional recruitment of
the RhoGEF FGD5, an activator of Cdc42. The Cdc42
effector MRCK then induces phosphorylation of
MLC2 on S19 to increase tension [12]. Importantly,
FGD?5 lacks an RA or RBD domain that would allow it
to be directly regulated by active Rapl. Therefore, a
yet unidentified Rapl effector presumably controls
FGD5. Third, the Rapl effector AF6 mediates Rapl-
induced barrier tightening by enhancing the physical
interaction between the Adherens Junction (A]) pro-
tein p120-catenin and the Tight Junction (TJ) protein
Z0-1 via an unknown mechanism [13]. Either this or
another function of AF6 affects cytoskeletal tension, as
AF6 knockdown cells show prolonged phosphorylation
of MLC2 after thrombin stimulation [14]. Altogether,
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various labs have reported Rapl effector pathways that
control endothelial barrier function, but it is unclear
whether and how these pathways function together.
Here we show that at least two pathways cooperate in
Rapl-mediated tightening of endothelial barrier: Arh-
GAP29-mediated inhibition of Rho to decrease radial
tension, and activation of Cdc42 to induce tension in
CABs, most likely through the FGD family of
Cdc42GEFs and further involving the Rapl effector
AF6, and possibly Radil.

Results

We have previously shown that ArhGAP29-mediated
inhibition of Rho is essential for Rapl-induced barrier
function. A pivotal part of the data included the observa-
tion that depletion of ArhGAP29 completely blocked the
increased endothelial barrier induced by an active Rapl
mutant, but did not affect the increased endothelial bar-
rier caused by simultaneous depletion of the Rho iso-
forms RhoA, RhoB and RhoC [7]. To test whether
alternative, Rho independent pathways mediate Rapl-
induced barrier function, we measured the endothelial
barrier function of HUVEC monolayers depleted of
Rapl and/or Rho (Fig. 1). As shown previously, com-
bined depletion of the Rapl isoforms RaplA and RaplB
(siRapl) decreases endothelial barrier [15], whereas
combined depletion of the Rho isoforms RhoA, RhoB
and RhoC (siRho) increases endothelial barrier [7].
Depletion of both Rapl and Rho results in barrier levels
that are higher than upon depletion of Rapl only,
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Figure 1. Rap1-mediated endothelial barrier regulation is par-
tially Rho independent. Endothelial barrier (Ry,) of control HUVEC
monolayers (siScr) and HUVEC monolayers depleted of Rap1A
and Rap1B (siRap1) and/or RhoA, RhoB and RhoC (siRho). Differ-
ent colors represent independent experiments (n = 4). Averages
are indicated by the black lines. Knockdown efficiencies are
shown in supplemental figure 1A.
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showing that part of the siRapl effect is Rho mediated,
but also substantially lower than upon depletion of Rho
only. This implies that one or more pathways additional
to Rho inhibition are used by Rap1 to control endothelial
barrier function.

One pathway reported to mediate Rapl-induced
endothelial barrier that could potentially function paral-
lel to Rho inhibition is Rapl-induced junctional translo-
cation of the Cdc42GEF FGD5, which activates Cdc42
and its effector MRCK [12]. Indeed, junctional staining
of FGD5 is increased when Rapl is activated with the
Epacl specific cAMP analogue 007-AM (Fig. 2A)
[16,17]. However, in our system knockdown of FGD5
does result in only a slight, non-significant reduction of
endothelial barrier after 007-AM stimulation (Fig. 2B),
despite obtaining good depletion (Fig. 2C). FGDS5 is a
member of the FGD family of proteins, which consists of
six members that all contain a central catalytic DH-PH
domain tandem and C-terminal lipid anchoring FYVE
and PH domains [18]. Apart from FGD5, endothelial
cells express FGD1 and FGD6 [19,20]. QPCR analysis
confirms that FGD1 and FGD6 are expressed in our
HUVECs (Fig. 2C). These isoforms are functionally
redundant with FGDS5, since depletion of all three pro-
teins results in a very mild, but significant decrease in
007-AM-induced endothelial barrier (Fig. 2B). Concomi-
tant with these Cdc42GEFs being required for Rapl-
induced endothelial barrier, we observe that Cdc42 is
required as well, both before and after stimulation with
007-AM (Fig. 2D). This effect is much stronger than
upon depletion of the FGD proteins, indicating that
either FGD depletion is insufficient or that additional
Cdc42 regulation is involved. Either way, these data con-
firm the requirement for FGD regulated Cdc42 for
Rapl-induced endothelial barrier.

Rapl-induced junctional recruitment of FGD5 and
concomitant activation of Cdc42 are reported to cause
increased tension in CABs [12]. Indeed, 007-AM induces
a clear junctional staining of MLC2 phosphorylated on
S19 (pS19-MLC) (Fig. 3A). In contrast, in unstimulated
cells pS19-MLC staining is mainly present on actin stress
fibers and much less so on cell-cell junctions. The induc-
tion of junctional pS19-MLC by 007-AM is not abolished
by depletion of the FGD proteins (Fig. 3A), compatible
with the notion that its effect on 007-AM-induced bar-
rier function is also very mild. In contrast, siRNAs tar-
geting Rapl or Cdc42, which have a stronger effect on
007-AM-induced barrier function, also diminish 007-
AM-induced junctional pS19-MLC (Fig. 3B). This sug-
gest that Rapl indeed induces Cdc42-mediated junc-
tional tension. Just as the decreased Rho-mediated
tension [6,7], this increased Cdc42-mediated tension is
required for endothelial barrier function, as blocking
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Figure 2. Cdc42GEFs of the FGD family and Cdc42 mediate Rap1-induced barrier function. (A) Immunofluorescence of HUVEC mono-
layers either not stimulated or stimulated with 007-AM 15 minutes prior to fixation. The cells were stained for FGD5 and S-catenin. The
merged image depicts FGD5 in green and S-catenin in red. (B) Endothelial barrier (Ry,) of control HUVEC monolayers (siScr) and HUVEC
monolayers depleted of FGD1 (siFGD1), FGD5 (siFGD5), FGD6 (siFGD6) or the three FGDs combined (siFGD1 + siFGD5 + siFGD6), either
before or 45 minutes after stimulation with 1 M 007-AM. Different colors represent independent experiments (n > 3). Averages are
indicated by the black lines. (C) mRNA levels of FGD1, FGD5 and FGD6 in HUVEC monolayers depleted of FGD1 (siFGD1, blue bars),
FGD5 (siFGD5, green bars), FGD6 (siFGD6, red bars) or the three FGDs combined (siFGD1 + siFGD5 + siFGD6, purple bars), represented
as expression relative to monolayers transfected with a control siRNA. The bars show averages of independent experiments (n = 4). Error
bars indicate standard deviation. (D) Endothelial barrier (Rp,) of control HUVEC monolayers (siScr) and HUVEC monolayers depleted of
Cdc42 (siCdc42), either before or 45 minutes after stimulation with 1 M 007-AM. Different colors represent independent experiments
(n =5). Averages are indicated by the black lines. Knockdown efficiencies are shown in supplemental figure 1B.

Myosin function with Blebbistatin decreases 007-AM
induced barrier function (Fig. 3C). We therefore con-
clude, in agreement with the report of Mochizuki and
coworkers, that Cdc42 mediates Rapl-induced barrier
function by inducing the phosphorylation of MLC2 on
S19, and that members of FGD family serve, at least in
part, as GEFs for Cdc42 in this process.

We next sought to identify which Rapl effector
protein mediates the induction of junctional tension.
Both Radil and Rasipl clearly mediate Rapl-induced
barrier function in our system [6,7], but depleting
these proteins does not affect 007-AM-induced junc-
tional pS19-MLC (Fig. 4A). AF6 is another Rapl
effector protein that regulates cell-cell junctions [21].
When AF6 is depleted from HUVEC, 007-AM-
induced pS19-MLC is greatly reduced, suggesting AF6
mediates Rapl-induced junctional tension (Fig. 4A).
Concomitantly, AF6 is required for endothelial barrier
function, as both basal and 007-AM-induced barrier
function are decreased by its depletion (Fig. 4B). This

inhibitory effect of AF6 depletion acts downstream of
Rapl rather than a Rapl-independent function of
Epacl [22,23], as barrier induction by an active
mutant of Rapl (G12VRaplA) is abolished by AF6
depletion (Fig. 4C). Mechanistically, AF6 does not
control endothelial barrier by inhibiting Rho-medi-
ated radial tension, as Rho depletion does not desen-
sitize endothelial barrier to depletion of AF6
(Fig. 4D). Together, these data suggest that AF6 is
required for Rapl-induced junctional tension and that
this AF6 effect, rather than inhibition of Rho-medi-
ated radial tension, conveys Rapl-induced endothelial
barrier function.

To investigate whether AF6 controls junctional ten-
sion by direct regulation of FGD proteins, we tested
whether these proteins coimmunoprecipitate when
expressed in HEK293T cells. No direct interaction
between AF6 and FGD5 could be detected (Fig. 5B).
However, during the course of these experiments we
observed that Radil does interact with FGD5 (Fig. 5A).
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siCdc42, 007-AM

Figure 3. Rap1 induces Cdc42-dependent junctional tension to enhance barrier function. (A) Immunofluorescence of HUVEC monolayers
transfected with control siRNA (siScr) or siRNAs targeting FGD1, FGD5 and FGD6 (siFGD), either not stimulated or stimulated with 1 uM
007-AM 15 minutes prior to fixation. The cells were stained for pS19-MLC and «-catenin. The merged image depicts pS19-MLC in red
and «-catenin in green. Knockdown efficiencies are shown in supplemental figure 1C. (B) Immunofluorescence of HUVEC monolayers
transfected with control siRNA (siScr), siRNAs targeting Rap1A and Rap1B (siRap1) or siRNA targeting Cdc42 (siCdc42), either not stimu-
lated or stimulated with 1 «M 007-AM 15 minutes prior to fixation. The cells were stained for pS19-MLC and «-catenin. The merged
image depicts pS19-MLC in red and «-catenin in green. Knockdown efficiencies are shown in supplemental figure 1D. (C) Real-time
measurement of the endothelial barrier of HUVEC monolayers. Absolute values of the impedance (|Z|) at 4000 Hz are plotted over time.
1 M 007-AM was added to all wells when indicated, followed by mock (black line) or 100 M Blebbistatin (red line) treatment as indi-
cated. The lines show average values of four technical replicates within one representative experiment. Error bars indicate standard

deviation.

This interaction is increased when an active Rapl mutant
is coexpressed. Intriguingly, in contrast to FGD5 alone,
the complex of Radil and FGD5 does interact with AF6
(Fig. 5B). Hence, similar to our previous observation that
Radil and Rasipl form a complex to regulate radial ten-
sion, a complex of Radil and AF6 may mediate Rapl-
induced junctional tension in CABs.

Discussion

We have previously shown that Rapl controls the endo-
thelial barrier by decreasing Rho-mediated radial tension
on cell-cell junctions via its effectors Radil and Rasipl
and their binding partner ArhGAP29 [6,7]. However,
induction of tension in CABs has also been shown to be
essential [12]. Indeed, we now show that Rho inhibition
is not sufficient for the full effect of Rapl to tighten the

barrier and confirm that induction of tension is required
as well. This junctional tension in CABs requires AF6,
Cdc42 and possibly the FGD family of Cdc42GEFs.
These data independently confirm the Rapl-induced
junctional tension mechanism proposed by Mochizuki
and coworkers and show the importance of this mecha-
nism in a system that is also dependent on Radil, Rasipl
and ArhGAP29. As such, these two mechanisms are very
likely to function simultaneously.

There are intrinsic flaws in our experiments which
caution us to make firm conclusions. Firstly, the effect
of depleting FGD5 and its close relatives on both
endothelial barrier function and phosphorylation of
MLC2 is limited. Perhaps siRNA may not be suffi-
cient to inhibit pathways completely. This could be
solved by CRISPR technology, but this technology
cannot be used in short lived HUVEC cells,
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Figure 4. AF6 mediates Rap1-induced junctional tension and concomitant barrier function. (A) Immunofluorescence of HUVEC mono-
layers transfected with control siRNA (siScr), siRNA targeting Radil (siRadil), Rasip1 (siRasip1) or AF6 (siAF6), either not stimulated or
stimulated with 1 M 007-AM 15 minutes prior to fixation. The cells were stained for pS19-MLC and «-catenin. The merged image
depicts pS19-MLC in red and «-catenin in green. Knockdown efficiencies are shown in supplemental figure 1E. (B) Endothelial barrier
(Ry,) of control HUVEC monolayers (siScr) and HUVEC monolayers depleted of AF6 (siAF6), either before or 45 minutes after stimulation
with 1 «M 007-AM. Different colors represent independent experiments (n = 4). Averages are indicated by the black lines. Knockdown
efficiencies are shown in supplemental figure 1F. (C) Endothelial barrier (R,) of control HUVEC monolayers (siC) and HUVEC monolayers
depleted AF6 (siAF6), transduced with control lentivirus or G12VRap1A containing lentivirus. Different colors represent independent
experiments (n = 6). Averages are indicated by the black lines. Knockdown efficiencies are shown in supplemental figure 1G. (D) Endo-
thelial barrier (Rp,) of control HUVEC monolayers (siScr) and HUVEC monolayers depleted of AF6 (siAF6) and/or RhoA, RhoB and RhoC
(siRho). Different colors represent independent experiments (n = 3). Averages are indicated by the black lines. Knockdown efficiencies
are shown in supplemental figure TH.
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presence (lane 3) of HA-G12VRap1A in HEK293T cells. (B) Coim-
munoprecipitation of GFP-FGD5 with HA-AF6 in the absence
(lane 2) or presence (lane 3) of V5-Radil in HEK293T cells.
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particularly when disruption of several genes is
required. Alternatively, FGD proteins do not play an
important role in this process. This would be in con-
trast to the strong effects of FGD5 observed by
Mochizuki and coworkers. Our observations that 007-
AM induces the translocation of FGD5 to cell-cell
junctions and that active Rapl stimulates the interac-
tion between FGD5 and one of the effectors of Rapl,
Radil, provides confidence that the FGD5 pathway is
a genuine pathway used by Rapl to regulate Cdc42
and subsequent junctional tension in CABs. Further-
more, the novel FGD5-Radil interaction than fills the
gap between Rapl and FGDS5. Secondly, our interac-
tion studies were performed in HEK293T cells and
due to the lack of proper antibodies could not be per-
formed with endogenous proteins in HUVEC. How-
ever, the observation that the interaction of FGD5
with Radil is induced by active Rapl suggests to us
that this interaction is of particular relevance.

AF6 is well known to function in cell-cell junctions
of epithelial cells, fibroblasts and neuronal cells [21].
In the endothelium, AF6 mediates signaling by VEGF
and SIP during angiogenesis [24]. Furthermore,
knockout and knockdown experiments show that AF6
relieves Rho-mediated cytoskeletal tension [14,25].
We now add that AF6 is required for the Rapl-
induced phosphorylation of S19-MLC, a hallmark of
Cdc42-mediated induction of junctional tension. A
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major question remains how phosphorylation of junc-
tional pS19-MLC is regulated by AF6. A possible link
is the complex formation with Radil and FGDS5,
although their, arguably imperfect, depletions does
not affect 007-AM-induced junctional pS19-MLC.
Furthermore, we did not observe an effect on 007-
AM-induced junctional translocation of FGD5 upon
depleting Radil or AF6 (data not shown), suggesting
that AF6 would control FGD5 by other means than
localization and another Rapl effector would be
responsible for localizing FGD5. Such a mechanism is
not unprecedented, as ArhGAP29 is regulated by
Rapl via two effectors, only one of which controls
ArhGAP29 localization [6]. Alternatively, AF6 con-
trols junctional pS19-MLC in a manner independent
of its interactors Radil and FGD5. Either way, addi-
tional components mediating this pathway remain to
be identified.

Materials and methods
Cell culture and transfections

HEK293T cells were cultured at 37°C and 6% CO, in
Dulbecco’s Modified Eagle Medium containing 4.5 g/L
glucose, supplemented with 10% heat inactivated Fetal
Bovine Serum, 2 mM L-Glutamine and antibiotics.
HUVECs (Lonza) were grown at 37°C and 6% CO, on
tissue culture dishes coated with 0.5% Gelatin in EBM-2
medium (Lonza) supplemented with EGM-2 Single-
Quots (EGF, Hydrocortisone, Fetal Bovine Serum,
VEGF, FGF-B, R3-IGF-1, Ascorbic acid, GA-100 and
Heparin) (Lonza). HUVECs were cultured at most
14 days before experiments. siRNA transfections were
performed 72 hours before experiments with 50 nM
ON-TARGETplus SMARTpool (Dharmacon Inc.) tar-
geting indicated proteins using Dharmafect-1 (Dharma-
con Inc.). Overexpression of G12VRapl in HUVEC was
established by lentiviral transduction, for which lentivi-
rus was produced by transfecting HEK293T cells, grow-
ing in EBM-2 medium, with pLV-CMV-V5-
GI12VRaplA-bc-GFP and third generation packaging
constructs using X-tremeGene 9 (Sigma-Aldrich).
HUVECs were infected with the undiluted growth
medium of virus producing HEK293Ts, supplemented
with 8 ug/mL Polybrene 48 hours before experiments.

Plasmids and reagents

pLV-CMV-V5-G12VRaplA-bc-GFP [15], pMT2-HA-
Gl12VRaplA [26], pCDNA3-V5-Radil [6] and
pCDNA3-HA-AF6 [27] have been described previously.
pEGFP-C1-FGD5 [12] was very kindly provided by
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Naoki Mochizuki (NCVC, Osaka, Japan). 007-AM (8-
pCPT-2’-O-Me-cAMP-AM) was from Biolog Life Scien-
ces and used at a concentration of 1 uM [17]. Blebbista-
tin was obtained from EMD Millipore and used at a
concentration of 100 uM. Antibodies were obtained
from Sigma-Aldrich (FGD5), BD Bioscience (o-catenin
and B-catenin), Covance (HA), Roche (GFP), Cell Sig-
naling Technology (pS19-MLC2) and Invitrogen (V5,
HRP- and Alexa-conjugated secondary antibodies).

Immunofluorescence

48 hours after siRNA transfection, HUVECs were plated
onto Fibronectin-coated glass coverslips in 24-well plates
(2 x 10° cells/well) and grown to confluency for 24 hours.
Cells were stimulated with 1 uM 007-AM or left
untreated for 15 minutes and fixed (4% formaldehyde,
20 minutes), permeabilized (0.1% TX-100, 3 minutes)
and blocked (1% BSA, at least 2 hours). After incubation
with primary antibodies (overnight) and with secondary
antibodies (30 minutes), coverslips were mounted onto
glass slides, which were examined after drying on a Zeiss
LSM880 microscope.

Endothelial barrier measurements

48 hours after siRNA transfection and/or 24 hours after
lentiviral transduction, HUVECs were plated at a den-
sity of 1 x 10° cells/well onto 8WI0E electrodes
(Applied Biophysics) that had been reduced with L-cys-
teine and coated with 5 pug/mL Fibronectin (Sigma-
Aldrich). Cells were allowed to settle on the electrodes
for 24 hours. Impedance was measured at 37°C and 6%
CO; using a 1600R Electrical Cell Impedance Sensing
(ECIS) system (Applied Biophysics). For time course
experiments, impedance was measured at 4000 Hz. For
endothelial barrier resistance (R,) measurements, fre-
quency scans were performed within the range of
62.5 Hz and 16000 Hz and R, was calculated using
ECIS software (v1.2.73.0 PC) from Applied Biophysics.
When indicated, monolayers were stimulated with
1 uM 007-AM for 45 minutes and frequency scans
were repeated to obtain Ry, levels after 007-AM. Graphs
were created using Graphpad Prism 7, showing multiple
independent experiments represented by different col-
ors. Black lines indicate mean values. P values were cal-
culated using Student’s ¢-test (two-tailed, paired).

Co-immunoprecipitations

HEK293T cells were transfected using X-tremeGENE 9
and lysed 48 hours after transfection using a buffer con-
taining 0.5% NP-40, 20 mM Tris (pH 7.5), 150 mM

NaCl, 20 mM MgCl,, 10% glycerol and protease and
phosphatase inhibitors. Cell lysates were cleared by cen-
trifugation and lysates were incubated with protein A-
agarose beads (Pharmacia) coupled to GFP or HA anti-
body, as indicated. After extensive washing with lysis
buffer, bound proteins were eluted using Laemmli sam-
ple buffer and analyzed by SDS-PAGE.

QPCR

48 hours after siRNA transfection, HUVEC were plated
onto 6 cm dishes coated with 5 pug/mL Fibronectin
(Sigma-Aldrich) at the density of 8 x 10° cells/dish and
allowed to settle for 24 hours. Total RNA was isolated
using the RNeasy Mini Kit (Qiagen) and reverse tran-
scribed into cDNA using the iScript cDNA synthesis kit
from Bio-Rad Laboratories, Inc. cDNA levels were mea-
sured by SYBR green real-time PCR on a C1000 Thermal
Cycler (Bio-Rad Laboratories Inc.) using comercially
available KiCqStart® SYBR® Green primers (Sigma-
Aldrich) for indicated cDNAs. Nonspecific signals were
excluded based on non-template control samples.
Amplification of HPRT ¢cDNA was used a control for
sample loading. The graph shows averages of 4 indepen-
dent experiments in which expression levels were nor-
malized to the scrambled siRNA control. Error bars
indicate standard deviation.

Abbreviations
AJ Adherens Junction
GEF Guanine nucleotide Exchange Factor

HUVEC Human Umbilical Vein Endothelial Cell
MLC2  Myosin Light Chain 2
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