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he endothelial CCM complex regulates blood vessel

stability and permeability. Loss-of-function mutations

in CCM genes are responsible for human cerebral
cavernous malformations (CCMs), which are character-
ized by clusters of hemorrhagic dilated capillaries com-
posed of endothelium lacking mural cells and altered
sub-endothelial extracellular matrix (ECM). Association of
the CCM1/2 complex with ICAP-1, an inhibitor of 1 in-
tegrin, prompted us to investigate whether the CCM com-
plex interferes with integrin signaling. We demonstrate
that CCM1/2 loss resulted in ICAP-1 destabilization, which

Introduction

Familial cerebral cavernous malformations (CCMs) in humans
result from mutations of CCM1 (Kritl), CCM2 (malcavernin,
OSM, MGC4607), or CCM3 (PDCD10; Riant et al., 2010). CCMs
consist of clusters of dilated small vessels embedded in a col-
lagenous matrix whose blood barrier is compromised by gaps
between endothelial cells and by the paucity of surrounding
mural cells (Wong et al., 2000; Clatterbuck et al., 2001). These
lesions affect 0.5% of the worldwide population. They are found
in several vascular beds, but the clinical manifestations are del-
eterious in brain, where the consequence can be hemorrhagic
stroke, seizure, or neurological disorders (Chan et al., 2010;
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increased B1 integrin activation and led to increased
RhoA-dependent contractility. The resulting abnormal dis-
tribution of forces led to aberrant ECM remodeling around
lesions of CCM1- and CCM2-deficient mice. ICAP-1-
deficient vessels displayed similar defects. We demonstrate
that a positive feedback loop between the aberrant ECM
and internal cellular tension led to decreased endothelial
barrier function. Our data support that up-regulation of
B1 infegrin activation participates in the progression of CCM
lesions by destabilizing intercellular junctions through in-
creased cell contractility and aberrant ECM remodeling.

Yadla et al., 2010). Proteomic and cellular analyses have shown
that CCM1 and CCM2 proteins associate in a complex recruited
at the plasma membrane that directs the formation of adherens
and tight junctions (Zawistowski et al., 2005; Glading et al.,
2007; Hilder et al., 2007; Faurobert and Albiges-Rizo, 2010)
and the localization of the Par polarity complex to these junc-
tions (Lampugnani et al., 2010). CCM1 is an effector of the small
G-protein Rapl known as the master regulator of cell—cell and
cell-ECM adhesion (Béraud-Dufour et al., 2007; Glading et al.,
2007; Boettner and Van Aelst, 2009). CCM1 and CCM2 regu-
late actomyosin cytoskeleton contractility through the control
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of RhoA activation and subsequent ROCK activity (Borikova
et al., 2010; Chan et al., 2010; Stockton et al., 2010).

Until now, studies on CCM proteins have focused on the
regulation of cell—cell junctions. The dialogue of the endothelial
cell with its extracellular matrix (ECM) may also be controlled
by CCM proteins: there are defects in the ultrastructure of the
basal lamina juxtaposed to endothelial cells in human or mouse
CCM lesions (Wong et al., 2000; Clatterbuck et al., 2001; Chan
et al., 2011; McDonald et al., 2011) and ICAP-1, a negative
regulator of B1 integrin, associates with the CCM1-CCM2 com-
plex (Hilder et al., 2007) through direct interaction with CCM1
(Zhang et al., 2001; Zawistowski et al., 2002). ICAP-1 inhibits
B1 integrin interaction with ECM (Bouvard et al., 2007; Millon-
Frémillon et al., 2008) by binding specifically to 31 integrin
cytoplasmic tail (Chang et al., 1997; Zhang and Hemler, 1999;
Bouvard et al., 2003, 2006). Integrins are o3 heterodimeric
transmembrane receptors that upon activation link the ECM to
intracellular signaling pathways and to the actin cytoskeleton,
allowing outside-in and inside-out flows of information (Hynes,
2002). Integrins play an important role in tissue morphogene-
sis by regulating cell adhesion to ECM, cell shape and polarity,
cell migration, and actomyosin cytoskeleton architecture as well
as ECM deposition and remodeling (Huttenlocher et al., 1996;
Papusheva and Heisenberg, 2010; Schwarzbauer and DeSimone,
2011). ICAP-1 is involved in the bidirectional cross talk be-
tween the cell and its ECM. It enables the cell to sense and
adapt its adhesive and migratory responses to the ECM density
(Millon-Frémillon et al., 2008), and regulates ECM organiza-
tion in bones by controlling fibronectin (FN) fibrillogenesis
(Brunner et al., 2011).

FN fibrils are deposited on the cell surface in an a531
integrin—dependent process (Singh et al., 2010). FN is a major
component of the provisional ECM produced during sprouting
angiogenesis. 31 integrin and FN fibrillogenesis are crucial for
endothelial tubulogenesis and branching, mural cell apposition,
and regulation of lumen diameter (Abraham et al., 2008; Zhou
et al., 2008; Stratman et al., 2009; Zovein et al., 2010; Mettouchi,
2012). ICAP-1 stimulates Notch signaling and is anti-angiogenic
in HUVECS implanted in mice (Briitsch et al., 2010), but its
role on in vivo blood vessel morphogenesis and vascular integ-
rity is unknown.

We show that ICAP-1 is strongly destabilized when either
CCM1 or CCM2 is lost, suggesting ICAP-1-associated func-
tions are impaired in human CCM pathology. We demonstrate
for the first time that increased cell contractility upon CCM1/2
loss results from higher 31 integrin activation subsequently to
ICAP-1 destabilization. As a result of increased 31 integrin ac-
tivation and redistribution of traction forces to the cell body,
CCM1- or CCM2-depleted endothelial cells do not remodel FN
correctly. Consistent with our in vitro findings, altered FN remod-
eling and ECM organization are observed around CCM lesions
of CCM1- and CCM2-deficient mice and ICAP-1—-deficient blood
vessels. Importantly, we demonstrate that a feedback loop be-
tween this aberrant ECM and internal tension decreases endothe-
lial barrier function. Altogether, our results support the idea that
ICAP-1 loss and 1 integrin activation participate in the pro-
gression of CCM lesions by increasing intracellular tensions.
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Results

ICAP-1 is stabilized by CCM1 and CCM2
Mouse-inducible endothelial-specific knock-out of CCM1 and
CCM2 generates lesions identical to human CCM lesions (Boulday
et al., 2011; Chan et al., 2011; Cunningham et al., 2011). Because
ICAP-1, a B1 integrin—negative regulator, associates with the
CCM1-CCM2 complex through its direct binding to CCMI,
we asked whether the stability of ICAP-1 would be affected by the
absence of CCM1 or CCM2. CCM1 and CCM2 knock-down in
HUVEGC:s led to a dramatic loss of ICAP-1 protein (Fig. 1 A).
Less than 10% of ICAP-1 was left in these cells compared with
HUVEC:s transfected with CT siRNA (Fig. 1 B). A similar loss
of ICAP-1 was observed in ccm2—/— embryos (Fig. 1 D and
Fig. S1 A), confirming our results in vivo. CCM1 level was also
strongly reduced in ICAP-1- or CCM2-silenced HUVECsS (Fig. 1,
A and B) and in tissues from CCM2- or ICAP-1-invalidated
mice (Fig. 1, D and E; and Fig. S1 B). CCM2 was much less
affected by the loss of its CCM partners; ~70% of CCM2
remained upon ICAP-1 and CCM1 loss (Fig. 1, A and B). ICAP-1
and CCM1 losses were not due to reduced gene expression
(Fig. 1 C), but instead to protein instability. Overexpression of
CCM1 together with ICAP-1 inhibited the proteasomal degra-
dation of ICAP-1 and prolonged its lifetime in CHO cells after
blockage of protein synthesis by cycloheximide (Fig. 1, F and G).
CCMI1-ICAP-1 interaction was necessary for [CAP-1 stabiliza-
tion: A mutant of CCM1 unable to interact with ICAP-1 (CCM1
N192A-Y195A; Zhang et al., 2001) did not stabilize ICAP-1
(Fig. 1, F and G), and the fusion to ICAP-1 of the N terminus of
CCMI1 containing ICAP-1-binding site strongly improved the
solubility of ICAP-1 produced in bacteria (unpublished data).
Overexpression of CCM2 together with ICAP-1 did not signifi-
cantly prolong ICAP-1 lifetime, consistent with the absence of
a direct interaction between the two proteins (Fig. 1 G). How-
ever, coexpression of CCM2 together with CCM1 significantly
increased ICAP-1 lifetime compared with coexpression of CCM1
alone (Fig. 1 G). This suggests that CCM2 stabilizes CCM1,
which in turn stabilizes ICAP-1 by interacting with it. We were
not able to measure CCM1 and CCM?2 lifetimes, probably be-
cause they are much longer than that of ICAP-1 and not measur-
able because of the toxicity of cycloheximide when added for
too long on the cells. Overall, our studies strongly support that
ICAP-1 and CCM1 are mutually stabilized by their interaction
and that CCM2 acts as a scaffold for this binary complex. Im-
portantly, the ICAP-1-CCM1 complex is lost upon in vivo or in
vitro depletion in CCM1 or CCM2.

CCM1 and CCM2 control 1 integrin
activation and spatial distribution

ICAP-1 inhibits the activated state of 31 integrin and controls the
distribution of B 1 integrin—containing focal adhesions (Bouvard
et al., 2007; Millon-Frémillon et al., 2008). Because CCM1- or
CCM2-depleted HUVECS express much less ICAP-1 protein
than CT cells, we asked whether CCM1/2 loss would impact
1 integrin activation. We examined activated 31 integrin state by
flow cytometry using an activated state-specific antibody, 9EG7
(Bazzoni et al., 1995). Flow cytofluorometry was performed
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Figure 1. CCM1 and ICAP-1 proteins are destabilized upon CCM1 and CCM2 loss. (A) ICAP-1, CCM1, and CCM?2 protein content in total lysates of KD
HUVECs was analyzed by Western blot. (B) Quantification of the three proteins normalized to actin in silenced HUVEC; Error bars are + SEM (n = 3).
ICAP-1 and CCM1 proteins were strongly reduced in the three conditions. (C) Q-PCR measurements show that knock-down of one protein had not effect
on the expression of the two other partners. Error bars are means = SEM (n = 3). (D) Western blot of CCM2 +/+ and —/— embryo lysates showing the
loss of CCM1 and ICAP-1 proteins upon CCM2 depletion. Remaining CCM2 comes from maternal material. (E) Western blot of ICAP-1 andCCM1 in
liver lysates from ICAP-1+/+ and ICAP-1—/— mice. One fourth of CCM1 protein remains in ICAP-1—/— mice (see Fig. S1 C for densitometric analysis).
Black lines indicate that intervening lanes have been spliced out for presentation purposes. (F) Overexpressed ICAP-1 protein in CHO is stabilized by the
coexpression of CCM1 but not of the N192-Y195 non-interacting CCM1 mutant. Cycloheximide was added at t = O to block protein synthesis with or
without the proteasomal inhibitor MG132. Results are representative of three independent experiments. (G) Quantification of ICAP-1 protein level over a
time-course after addition of cycloheximide when expressed alone or in different combinations with CCM1 and/or CCM2. Results are representative of

two independent experiments.
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under blebbistatin treatment to relax the actomyosin cytoskele-
ton and eliminate any contribution of cortical cytoskeleton ten-
sion to B1 integrin activation. CCM1- and CCM2-silenced
HUVEC:s displayed a higher percentage of activated 31 integrin
than CT cells on their cell surface similarly to ICAP-1-silenced
HUVEC:s, consistently with their loss in ICAP-1 (Fig. 2 A).

When sparsely adhered onto FN, these CCM1-, CCM2-,
and ICAP-1-silenced cells formed more 31 integrin—containing
adhesions on their ventral surface. Whereas CT HUVECs dis-
played limited peripheral staining for activated 31 integrin, three
times more CCM1- or CCM2-depleted HUVECs contained lon-
ger linear tracks of activated (31 integrin all over the ventral side of
the cell (Fig. 2, B and C), similarly to ICAP-1-depleted HUVECs.
Talin colocalized with 31 integrin in these focal adhesions, con-
sistent with an increase in 31 integrin signaling (Fig. S2). These
results establish that CCM proteins regulate 31 integrin activa-
tion and spatial distribution on the cell surface.

CCM1 and CCM2 require 1 integrin to
activate RhoA

CCM1 and CCM2 loss results in a higher level of RhoAGTP,
which is deleterious for the endothelial permeability barrier
(Whitehead et al., 2009; Borikova et al., 2010; Stockton et al.,
2010). B1 integrin—dependent cell adhesion to ECM is known
as a signal for RhoA activation and cell contractility (Huveneers
and Danen, 2009). We wondered whether increased RhoA acti-
vation could be mediated by increased 31 integrin signaling
upon CCM loss. We therefore performed RhoAGTP pull-down
assays in conditions where ICAP-1- and CCM1/2-silenced
HUVECs were additionally silenced for 1 integrin. We con-
firmed that loss of CCM1 and CCM2 led to increased RhoAGTP
(Fig. 2 D). In addition, ICAP-1 loss also increased RhoA acti-
vation by a similar fold (Fig. 2 D) Supplemental silencing of
B1 integrin (Fig. S3 A) completely abolished this increase of
RhoAGTP (Fig. 2 E), which remained at the level of CT cells
(Fig. S3 B). Our results show the crucial role of B1 integrin in
RhoA activation upon ICAP-1 and CCM protein loss.

CCM1 and CCMR2 control the

architecture of 1 integrin-dependent

actin cytoskeleton and the distribution

of cellular traction forces

Adhesion of cells to ECM allows the generation of traction
forces by the contractile actomyosin cytoskeleton (Huveneers
and Danen, 2009; Parsons et al., 2010). Actomyosin contractil-
ity is up-regulated in CCM-depleted cells as a result of increased
RhoA activation and ROCK-dependent myosin phosphoryla-
tion (Whitehead et al., 2009; Borikova et al., 2010; Stockton et al.,
2010). Sparse HUVECs depleted in CCM1, CCM2, or ICAP-1
were more elongated than CT HUVECs and displayed transver-
sal bundles of actin fibers connected to $1 integrin—containing
focal adhesions (Fig. 2, F and H). Additional depletion in
B1 integrin blocked the formation of these actin bundles and
rescued the wild-type cell shape and cortical actin cytoskeleton
(Fig. 2, F and H). This effect was specific for 31 integrin depletion;
additional 33 integrin knock-down had no effect (Fig. 2, F and H).
1 integrin depletion alone did not strongly modify the architecture
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of the actin cytoskeleton (Fig. 2 F), suggesting that in normal endo-
thelial cells, CCM1/2 proteins maintain the activity of 31 integ-
rin low and thereby limit its effect on the actin cytoskeleton.
On confluent HUVECS, the appearance of transversal stress
fibers upon CCM1 or 2 loss is associated with reduced VE-
cadherin and 3 catenin staining to cell—cell junctions (Glading
et al., 2007; Whitehead et al., 2009).Similarly, ICAP-1 silencing
led to an increase in actin stress fibers on confluent HUVECs
and to a decrease in VE-cadherin and (3-catenin junctional stain-
ing (Fig. 2 G, Fig. S4). Additional depletion in 31 integrin but
not in B3 integrin led to the disappearance in the transversal actin
fibers on confluent monolayers of HUVECs (Fig. 2 G), showing
that in confluent as in sparse HUVECs, the control of the actin
cytoskeleton architecture by CCM proteins involves 31 integrin.
Because CCM1 or CCM2 loss in HUVECs changed the
architecture of the actin cytoskeleton, we hypothesized that
the distribution of the traction forces developed by these cells
would be modified. Phosphorylated myosin light chain (pMLC)
and zyxin, which localize to tense actomyosin fibers (Colombelli
et al., 2009), were uniformly distributed along the transversal
actin fibers in CCM1-, CCM2-, or ICAP-1—depleted HUVECs, as
compared with their peripheral localization in CT cells (Fig. 3 A).
Additional silencing of 31 integrin in sparse ICAP-1- or CCM1/2-
silenced HUVECS restored the peripheral localization of pMLC
and zyxin, whereas (33 integrin depletion did not (Fig. S3 D).
To correlate the relocalization of these tension markers with the
forces developed by these cells, we visualized by traction force
microscopy the distribution of the forces when cells were plated
on FN-coated polyacrylamide gels. Forces were concentrated
in the cell periphery in CT HUVECS (Fig. 3, B and C), which is
consistent with a peripheral localization of focal adhesions and
actin cytoskeleton. However, in CCM1-, CCM2-, and ICAP-1-
depleted cells, the traction forces redistributed to central patches,
consistent with the relocalization of pMLC and zyxin. There-
fore, CCM proteins regulate the shape of endothelial cells, the
architecture of their actomyosin cytoskeleton, and the distribu-
tion of their traction forces by controlling 31 integrin activity.

CCM1 and CCM2 control 1 integrin-
dependent FN remodeling

Upon ROCK-dependent traction by the actomyosin cytoskel-
eton, 531 FN-engaged integrins translocate toward the cell
body, allowing unfolding of FN cryptic sites and FN polymeriza-
tion in fibers (Clark et al., 2005). Having shown that activated
B1 integrin and cell tension are redistributed over the cell surface
upon loss of CCM1 or CCM2, we analyzed the capacity of
HUVECS to remodel glass-coated FN in vitro. After 24 h, CT
HUVECs had woven a network of FN fibers with a hairy appear-
ance (Fig. 3 D), whereas CCM1- or CCM2-silenced HUVECs
silenced similarly to ICAP-1-depleted cells generated more but
shorter streaks of FN all over the cell ventral face underneath
the numerous 31 integrin focal adhesions. These streaks had
grown following the direction of the actin stress fibers, resulting
in a linear array of parallel and short lines of FN (Fig. 3 D). On
a confluent monolayer after 48 h of culture, these defects led
to a network of straight and parallel FN fibers, whereas CT
HUVECs generated a mesh-patterned network of interlaced FN


http://www.jcb.org/cgi/content/full/jcb.201303044/DC1
http://www.jcb.org/cgi/content/full/jcb.201303044/DC1
http://www.jcb.org/cgi/content/full/jcb.201303044/DC1

,; c, m
s g $
H
*
¥

cells with central 1 FA, % O
H
H

(0
sRNA CT ICAP-1 CCM1 CCM2

D 20 E
* ¥ * %

200 ale *I* ala
© < + siRNA B1 integrin
°l 150 !
5 5
a o 100
g : E oo
2 2
3:0: 50 £ 50

0 o!
siRNA CT ICAP-1 CCM1 CCM2 siRNA  CT ICAP-1 CCM1 CCM2
F Sparse HUVEC 4h G confluent HUVEC 48h

+siRNA B3 integrin -~ + siRNA 1 integrin

+siRNA B3 integrin ~ + siRNA 1 integrin

W - -
) - -

’ ’ - -

o
Ho =y
-1
el
= 60
55 O
24 O + sikRnA 1 integrin
;5 2 [ + siRNA B3 integrin
) =}
©5
a
SRNA CT ICAP-1 ccMmi coMm2

Figure 2. CCM1/2 proteins control RhoA-dependent actin cytoskeleton organization by regulating B1 integrin activation. (A) Flow cytofluorometry using
9EG7 shows an increase in B1 integrin activation upon silencing of CCM1, CCM2, or ICAP-1. Error bars are means + SEM (n = 4). (B) HUVECs depleted
in ICAP-1, CCM1, or CCM2 spread for 1 h on low density of FN displayed more and larger 81 integrin containing focal adhesions (stained with 9EG7
antibody) localized all over their ventral face. Bar, 5 pm. (C) Quantification of the percentage of cells displaying central plaques. Error bars are means =
SEM (n = 3). (D and E) Quantification of RhoA activation upon ICAP-1, CCM1, or CCM2 depletion alone (D) or with additional 81 integrin silencing (E) by
RhoGTP pull-downs. Error bars are means + SEM (n = 3). RhoG-LISA measurements show that the level of RhoAGTP returned fo that of CT upon ICAP-1 or
CCM1/2 depletion in absence of 81 integrin (see Fig. S3 B). (F) Transversal actin bundles were observed in elongated HUVECs upon depletion of ICAP-T,
CCM1, or CCM2 spread on FN for 4 h. Additional siRNA depletion of 81 but not of B3 integrin (Fig. S3 A) abolished their formation. (G) As sparse cells,
confluent HUVECs displayed transversal actin stress fibers and their junctional VEcadherin and B-catenin stainings appeared thinner and discontinuous
(see Fig. S4). Transversal actin fibers were abolished upon additional depletion in 81 but not in B3 integrin. (H) Quantification of the percentage of sparse
cells with transversal actin bundles in the absence or presence of additional 31 or B3 integrin depletion. Error bars are means + SEM (n = 3). *, P < 0.05;
**,P<0.005; ***, P < 0.0005.
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fibers (Fig. 3 E). Additional silencing of 1 integrin in endothelial
cells depleted in ICAP-1 or CCM1/2 and inhibition of ROCK
using Y27632 totally suppressed FN fibrillogenesis (unpublished
data), confirming that the defect in fibrillogenesis depended on
the activity of B1 integrin and ROCK. Therefore, we showed
that by controlling the architecture of 1 integrin—dependent
adhesions and cell traction forces, CCM proteins function as
regulators of FN assembly in vitro.

Human and mouse CCM lesions show foci of multilayered
or disrupted basal lamina surrounded by a collagenous interstitial
matrix (Wong et al., 2000; Clatterbuck et al., 2001; Chan et al.,
2011; McDonald et al., 2011). Because FN fibrillogenesis is re-
quired for ECM assembly (Schwarzbauer and DeSimone, 2011),
we asked whether FN deposition and remodeling would be af-
fected in CCM lesions, as for in vitro cultures. For this, endothelial-
specific knock-out of CCM1 and CCM2 was induced in mice
by tamoxifen (iCCM1 and iCCM2; Boulday et al., 2011). Brain
sections were labeled with antibodies against PECAM to label

Control blood vessel

Figure 4. Abnormal FN deposition around
mouse CCM1 or CCM2 lesions and ICAP-1-
deficient blood vessels. (A) Sections of iCCM2
were labeled with total FN, cFN, and PECAM.
CCM lesions are annotated by asterisks and
normal blood vessels by arrows. cFN was
abundant around CCM lesions, but barely
detectable around peri-lesion blood vessels.
Bar, 50 pm. (B and C) Numerous FN fibers ap-
peared around the lesions (B, arrow), whereas
FN signal was weak and diffuse around un-
affected peri-lesion vessels (B, asterisk) or CT
blood vessels (D). Strong collagen Il staining
was detected around CCM lesions but not
around unaffected peri-lesion vessels or CT
blood vessels. n = 3 mice for iCCM1, n = 6
mice for iCCM2. Bars, 10 pm. (E) Projections
of confocal z-stacks of whole-mount of ear
blood vessels of ICAP-1 +/+ and —/— mice
immunostained for PECAM and FN. Blood had
been washed out by intracardiac perfusion of
PBS. The plot of intensity of the FN signal over
the surface delineated by the yellow square is
presented in the middle. Increased FN depo-
sition as a mixture of soluble and thin fibrils
around ICAP-1—/— blood vessels differed
from the discrete FN fibers around ICAP-1+/+
blood vessels. n = 3 from two litters for each
genotype. Bars, 10 pm.

endothelial cells, extra domain A—containing cellular FN (cFN),
total FN, and with collagen III. The first striking result was the
presence around CCM lesions of large amounts of EDA cFN, a
marker of angiogenic vessels, which had invaded the neuronal
tissue, whereas barely detectable around normal blood vessels
(Fig. 4 A). A profusion of EN fibrils were wrapped around the
CCM1 lesion, whereas a uniform and weak FN signal was detected
around the adjacent unaffected part of the blood vessel (Fig. 4 B)
or around blood vessels of CT animals (Fig. 4 D). Similar numer-
ous FN fibrils were present around CCM?2 lesions (Fig. 4 C). FN
fibrillogenesis is a critical regulator of collagen deposition (Velling
et al., 2002). Consistently, strong collagen III staining colocalized
with FN fibers around CCM lesions (Fig. 4, B and C), whereas
staining was barely detectable around blood vessels of CT ani-
mals (Fig. 4 D). Thus, aberrant FN deposition and remodeling
were associated with the lesions in iCCM1 and iCCM2 models.
FN deposition was then analyzed around ICAP-1-deficient
blood vessels. After staining of whole-mount ear outer leaflet
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Figure 5. Defective ECM organization increases cellular tension and decreases barrier function of naive HUVECs. (A) ICAP-1-, CCM1-, or CCM2-depleted
HUVECs were seeded at confluency on FN-coated slides. Cells were removed 48 h later by a triton/ammonium hydroxide treatment. Naive HUVECs were
seeded on these decellularized remodeled matrices. (B and C) FN and CollV staining of decellularized matrices remodeled in the absence (B) or presence
of FUD (C). Note the linearity of FN fibers and CollV in ICAP-1-and CCM1/2-depleted conditions. Bars, 1 pm. (D) Quantification of the percentage of naive
HUVECs with central 81 integrin focal adhesions after 1 h of spreading. (E) Quantification of the percentage of naive HUVECs with transversal stress fibers
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with PECAM and FN antibodies, a well-organized network of
discrete FN fibrils was detected around the blood vasculature of
icap-1+/+ mice, as shown on projections of confocal z-stack
images (Fig. 4 E). Surface plot analysis of the FN staining in the
square highlights the distribution of well-separated peaks of
fluorescence corresponding to discrete FN fibrils. FN was dif-
ferently deposited around icap-1—/— blood vessels (Fig. 4 E).
The overall intensity of the labeling was higher than that of
icap-1+/+ blood vessels, corresponding to an increased secre-
tion of FN around ICAP-1-deficient blood vessels, as observed
around CCM lesions. The FN labeling consisted of more numer-
ous FN fibrils over a higher background of soluble FN than in
CT vessels. Therefore, our in vitro and in vivo results show that
CCM1 and CCM2, most likely through ICAP-1 regulation,
control B1 integrin—dependent FN remodeling.

ECM organization feeds back onto
endothelial cell tension and barrier function
To ensure homeostasis, cells adapt their contractile behavior to
external tension. We asked whether aberrant FN fibrillogenesis
by CCM-depleted endothelial cells could favor the development
of CCM lesions as already described in cancer or vascular dis-
eases (Larsen et al., 2006). For this, remodeled ECM from CCM-
depleted HUVECs was presented to naive HUVECs to test its
capacity to modify their contractile behavior and junctional
functionality. CCM1/2- and ICAP-1-silenced HUVECs were
cultured for 48 h on FN-coated plates to allow FN remodeling. The
cells were removed by a triton/ammonium hydroxide treatment,
and naive HUVECs were seeded on the resulting decellularized
ECM, which were called CCM KD matrices (Fig. 5 A). As shown
in Fig. 3, FN matrices generated by CCM- or ICAP-1-depleted
HUVECs were made of parallel and linear fibers compared with
the network of woven fibers in the CT matrix (Fig. 5 B). FN is a
scaffold for many proteins of the ECM (Sottile and Hocking,
2002). As such, collagen IV deposition followed that of FN
(Fig. 5 B), demonstrating the more global effect of FN remodeling
on the ECM structure. In additional experiments, FN remodeling
was inhibited using FUD to study the effect of ECM structure
rather than composition through inhibition of its polymerization
in fiber (Tomasini-Johansson et al., 2001). At the dose used in
these experiments, inhibition was only partial, causing the poly-
merization of small and linear stiches of FN in all conditions, in
CT matrices similarly to CCM or ICAP-1-KD ones (Fig. 5 C).
Strikingly, the percentage of naive HUVECs with central
B1 integrin—dependent focal adhesions and pMLC-decorated
transversal actin stress fibers increased when they were plated on
CCM1/2 or ICAP-1 KD matrices, compared with the CT matrix
(Fig. 5, D and E). Using FUD as an ECM disorganizer, FUD treat-
ment of CT matrix increased the percentage of cells with central
focal adhesions and transversal stress fibers to a level compara-
ble to CCM-ICAP-1 KD matrices (Fig. 5, D and 5E). Our results

show that the structure of the ECM remodeled by CCM-depleted
HUVECs impacts the adhesive and contractile behaviors of naive
HUVECs. The array of parallel and straight fibers of FN is suffi-
cient to increase (31 integrin—dependent cell contractility.

To determine whether the feedback loop between remod-
eled ECM and cell contractility impacts cell—cell junctions,
naive HUVECs were seeded at confluency on these matrices
and labeled 24 h later for 3 catenin and actin. As observed at
low cell density, CCM-ICAP-1 KD matrices generated a higher
percentage of cells with transversal actin stress fibers associated
with a thin  catenin staining at cell—ell junctions as compared
with CT matrix (Fig. 5 F). Statistical analysis confirmed that
{3 catenin staining was significantly thinner on CCM-ICAP-1 KD
matrices (Fig. 5 G). Functionally, the electrical impedance of
the monolayer of naive HUVECs was reduced equally for cells
plated on the CCM or ICAP-1 KD matrices compared with the
CT (Fig. 5, H and I). Therefore, the morphological defects in
cell—cell junctions induced by CCM—-ICAP-1 KD matrices were
associated with a reduced endothelial barrier function. When
naive HUVECs were plated on matrices remodeled with FUD,
the difference in the electrical resistance between CT and CCM
KD matrices was strongly reduced (Fig. 5, H and I), highlight-
ing the crucial effect of the geometry of ECM remodeling in
cell permeability. Consistently, the small stiches of FN remod-
eled by CT HUVECS in presence of FUD gave rise to a defec-
tive matrix for cell-cell junctions as CCM KD matrices did.

Altogether, our results show that the organization of FN
fibers impacts the endothelial cell contractility and permeabil-
ity barrier function. These results support the idea that aberrant
remodeling of FN around CCM lesions feeds back onto endothe-
lial cells to worsen morphological and functional defects gener-
ated by CCM 1 or 2 loss.

ICAP-1-deficient blood vessels display
ultrastructural ECM defects and

increased permeability

To investigate whether ICAP-1 destabilization upon CCM loss
could contribute to the production of an abnormal microenvi-
ronment around CCM lesions, we examined icap-1—/— blood
vessel walls at the ultrastructural level by transmission electron
microscopy. Fig. 6, A-C, shows retinal and choroidal vessel ultra-
structures. The icap-1—/— retinal capillaries were frequently more
dilated than the icap-1+/+ ones (Fig. 6 A), despite pericyte cov-
erage. The dense structure of the basal lamina around capillar-
ies or venules was locally disrupted, appearing lamellated and
spotty (Fig. 6 A), torn (Fig. 6 B), or interrupted by large vacu-
oles (Fig. S5 A). Multilayering of basal lamina directly apposed
onto the endothelium was also observed around the fenestrated
choroidal icap-1—/— capillary (Fig. 6 C) and around a retinal
icap-1—/— artery (Fig. S5 B). Whereas no structural defect in
cell—cell junctions was detected and tight junctions were found

after 4 h of spreading. (F) B-catenin and actin staining of confluent naive HUVECs on the remodeled matrices after 24 h. Bars, 5 pm. (G) Quantification
of Bcatenin staining thickness showing thinner junctions of CCM KD matrices. (H) Time-course measurement of the electrical impedance of a monolayer of
naive HUVECs on these matrices. The data shown are from a single representative experiment out of three repeats. (I} Normalized impedance to that on
CT matrix showing a significant decrease of monolayer resistance barrier on CCM KD matrices due to structural changes in FN remodeling. Error bars are
+ SEM (n=3). *, P <0.05; **, P < 0.005; ***, P < 0.0005 using GLMM with Tukey’s test.
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Figure 6. Ultrastructural defects of the basal A ICAP-1 +/+
lamina and interstitial ECM around ICAP-1-
deficient blood vessels are associated with
increased permeability to small molecules.

(A) Transmission electron micrographs of refi-

nal capillaries showing dilation of ICAP-1—/—
capillary compared with ICAP+/+. Bar, 1 pm.
Enlargements of the yellow square show that
basal lamina (BL) around ICAP-1—-/— capil-
lary present zones of multilayering due to
dispersion of the dense matter and zones of
accumulation of matter in spots (arrows). EC,
endothelial cell; P, pericyte. Bar, 0.5 pm.

(B) Arrows indicate zones of tearing of the
basal lamina around an ICAP-1—/— venule.
SMC, smooth muscle cell. Bar, 1 pm. (C) Fenes-
trated choroidal capillaries showing multilay-
ering of the basal lamina (BL) juxtaposed to

EC and enlargement of the interstitial ECM,
which appears scattered around ICAP-1—/—
capillary. Arrowhead points to detachment of
the EC from its BL. EC-EC junctions are present
(arrow). Bar, 1 pm. n = 4 for each genotype
from three litters. (D) Gallery of ear pictures
over time under a fluorescence microscope
after injection of Alexa Fluor 546/10kD dex-
tran in the blood circulation. See the progres-
sive increase in fluorescence of the ear tissue
in ICAP-1—/— mouse compared with wild-
type littermate (yellow rectangle). Bar, 100 pm.
(E) Diffusion rate of the 10-kD dextran was cal-
culated between 90 and 300 s after injection.
Error bars are means + SEM (n = 5 for each
genotype from five litters for +/+ and two
litters for —/—). *, P < 0.05 one-tailed paired
t test.
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between endothelial cells (Fig. 6 C, arrow), zones of detachment
of the endothelial cell from its basal lamina were observed (Fig. 6 C,
arrowhead). The interstitial ECM around the icap-1—/— cho-
roidal capillary was also abnormally enlarged and less dense in
fibers than in the wild-type vessel (Fig. 6 C). These ultrastruc-
tural defects are strikingly reminiscent of those around human
and mouse CCM lesions (Wong et al., 2000; Clatterbuck et al.,
2001; Chan et al., 2011; McDonald et al., 2011), supporting the
idea that ICAP-1 loss upon CCM1 or CCM2 depletion could
cause the aberrant ECM remodeling around CCM lesions.

As the ECM barrier accounts for 50% of the total barrier
function of blood vessels (Mehta and Malik, 2006), we next asked
whether these ultrastructural ECM defects of ICAP-1—deficient
blood vessels were associated with increased permeability. The
permeability of icap-1—/— blood vessels was measured by mon-
itoring the extravasation of fluorescent 10- and 70-kD dextran
from blood vessels to the ear tissue. The 70-kD dextran diffused
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neither from icap-1—/— mice blood vessels nor from icap-1+/+
(Fig. S5 C), but the diffusion of the 10-kD dextran differed signif-
icantly between icap-1—/— and wild-type blood vessels (Fig. 6 D).
Indeed, the diffusion rate in the 5-min after injection was two-
fold higher for icap-1—/— mice than for wild-type littermates
(Fig. 6 E), indicating a higher permeability of icap-1—/— blood
vessels to small molecules. Thus, the ultrastructural defects
of the basal lamina of ICAP-1-deficient blood vessels were
accompanied by an increased permeability, demonstrating that
ICAP-1 has a role in maintaining in vivo barrier function in
the endothelium.

ICAP-1 is required for the morphological
integrity of blood vessels

To evaluate the contribution of ICAP-1 to blood vessel morpho-
genesis in vivo, we studied the blood vasculature of ICAP-1
knock-out mice. Contrary to constitutive or endothelial-specific
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Figure 7. ICAP-1-deficient mice present
dilated, more branched and tortuous blood
vessels. (A) Mesenteric veins of ICAP-1—/—
mice were dilated and more branched than in
their wildtype litermates. Bar, 5 mm. (B) Quan-
tification of the number of final branches
connecting the intestine per mesenteric vein.
Points correspond to the number of branches
of an individual vein and horizontal bars are
the means per genotype (ICAP-1+/+, n =5
mice from five litters; ICAP-1—/—, n = 4 mice
from three litters). *, P < 0.05. (C) Projections
of confocal z-stacks of ear whole-mount stain-
ing of blood vessels with PECAM. Bar, 100 pm.
(D) Histogram of the distribution of blood ves-
sel diameter categories (ICAP-1+/+, n = 4
mice from three litters; ICAP-1—/—, n = 5 mice
from two litters). (E) Projections of confocal
z-stacks of ear whole-mount staining of blood
vessels with PECAM, smooth muscle actin (SMA),
and desmin. Bar, 10 pm.
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deletion of CCM1 or CCM2 in mice, germline deletion of ICAP-1
does not lead to embryonic lethality, but mice reach adulthood
with more or less perinatal mortality depending on their genetic
background (Bouvard et al., 2007). Whereas histological analy-
ses of the brains of icap-1—/— mice did not reveal CCM lesions
(unpublished data), macroscopic observations indicated pleio-
tropic defects in the topography of the vasculature and in the
integrity of the blood vessels of adult ICAP-1-deficient mice.
First, dissection of their skin under anesthesia generated mas-
sive bleeding. Second, hemorrhages and edemas were frequent
on organs like kidneys or ovaries. As such, 8 out of 10 icap-1—/—
mice had hemorrhagic kidneys (Fig. S5 D), suggesting their blood
vessels are fragile. Their vena cava was often dilated (Fig. S5 E).
Finally, their mesenteric veins were more branched (Fig. 7,
A and B). We then focused on the outer ear tissue to analyze
blood vessel morphology. Fig. 7 C shows whole-mount PECAM
immunostaining of the outer leaflet of the ear. Blood vasculature
of icap-1—/— mice presented a chaotic arrangement of dilated
and tortuous vessels with undulations, loops, and irregular diam-
eters. Quantification of the diameters revealed a shift of the popu-
lation of ICAP-1-deficient vessels toward vessels larger than
wild-type ones (Fig. 7 D). Confocal image projections at higher

Desmin

E
ICAP-1 +/+

Merge

magnifications (Fig. 7 E) confirmed the tortuosity of the ICAP-1—
deficient vessels and their irregular diameters. Neverthe-
less, smooth muscle cells and pericytes were present around
icap-1—/— blood vessels (Fig. 6 E). 3D reconstruction of con-
focal images highlighted the dramatic malformations of tubes,
which presented bulges and constrictions and partial flattening
along their long axis (Video 1). Therefore, ICAP-1 is required
for correct vascular morphogenesis.

CCM proteins inhibit Rho/ROCK-dependent actomyosin con-
tractility to stabilize VE-cadherin—dependent cell—cell junctions
and maintain vascular integrity (Glading et al., 2007; Whitehead
et al., 2009; Borikova et al., 2010; Stockton et al., 2010). Here,
we demonstrate that increased Rho/ROCK-dependent cell con-
tractility upon CCM1/2 loss results from higher 1 integrin
activation subsequently to ICAP-1 protein destabilization. Redis-
tribution of cellular traction forces impairs FN remodeling. In
line, ultrastructural defects of the basal lamina are associated
with aberrant FN remodeling around CCM lesions and ICAP-1
blood vessels. Remarkably, the aberrant ECM organization
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generated by CCM1/2-depleted cells feeds back onto the cells
to increase their contractility and decrease endothelial barrier
function. Thus, up-regulation of 1 integrin activation partici-
pates in the progression of CCM lesions by destabilizing intercel-
lular junctions through increased cell contractility and aberrant
extracellular matrix remodeling.

CCM1 and CCMR2 are involved in the fine
regulation of g1 integrin activation through
ICAP-1 stability

CCM1 and CCM2 regulate common processes probably as a
protein complex, and their loss leads to indistinguishable phe-
notypes (Chan et al., 2010; Stockton et al., 2010; Boulday et al.,
2011; Chan et al., 2011). ICAP-1 is a direct partner of CCM1
that binds to CCM2, and both CCM1 and ICAP-1 have been
identified by mass spectrometry associated with CCM2 (Hilder
et al., 2007). CCM2 sequesters ICAP-1-CCM1 in the cytoplasm
(Zawistowski et al., 2005). Using siRNA silencing, knock-out
animals, and ICAP-1 lifetime, we show these three proteins
have stabilizing effects. Extending an in vitro study on the sta-
bilization of ICAP-1 by CCM1 (Zhang et al., 2008), we show
that ICAP-1 and CCML1 stabilize each other and are stabilized
by CCM2. As observed in ccm2—/— embryos, ICAP-1 and CCM1
are likely lost in CCM1 and CCM2 lesions, providing a mecha-
nistic rationale for their indistinguishable phenotypes.

ICAP-1 keeps B1 integrin in its inactivated form by com-
peting with kindlin and talin for binding to 31 integrin cytoplas-
mic tail (Bouvard et al., 2003; Millon-Frémillon et al., 2008;
Brunner et al., 2011). Here, we show that CCM1 and CCM2
control 31 integrin activation. In the pathological condition upon
CCM1/2 loss, B1 integrin overactivation most likely comes from
the destabilization of ICAP-1 protein. A recent article suggests
on the contrary that loss of CCM1 leads to inhibition of 1 inte-
grin activation (Liu et al., 2013). In support of this, no ICAP-1
destabilization is observed upon CCML1 loss. This discrepancy
with our results probably comes from their use of an endothelial
cell line EA hy926 instead of primary HUVECs. This perma-
nent cell line is a fusion between HUVECs and a human carci-
noma cell line (Edgell et al., 1983). EA.hy926 cells express
much more ICAP-1 and CCM1 than HUVECs and, inversely,
dramatically less 31 integrin on their cell surface (unpublished
data). These disruptions in the balance between the three part-
ners are likely to have profound artifact effects on 1 integrin
activation. In the physiological condition when both ICAP-1
and CCM1 are present, the emerging picture is that the CCM1-
ICAP-1 complex is presented to B1 integrin. ICAP-1 binds to
B1 integrin releasing CCM1 (Liu et al., 2013), which can then
regulate cell—cell junction formation and/or stabilization.

CCM1/2 proteins regulate intracellular
tension and ECM remodeling through
control of 1 integrin activation

Actomyosin contractility is up-regulated in CCM-depleted cells
as a result of increased RhoA activation and ROCK-dependent
myosin phosphorylation (Whitehead et al., 2009; Borikova
et al., 2010; Stockton et al., 2010). It is known that 31 integrin—
dependent cell adhesion to ECM is a signal for RhoA activation
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and cell contractility (Huveneers et al., 2008). Here, we show
that B1 integrin is required for increased RhoA activation upon
CCM1/2 loss and for the appearance of actin stress fibers. Several
GEFs and GAPs of RhoA are regulated by 1 integrin and me-
chanical forces (Guilluy et al., 2011); further studies should de-
termine the ones involved in this context. We propose that, in
physiological condition, the CCM complex maintains 31 integ-
rin activation low to block RhoA-dependent cell contractility,
and to prevent its deleterious effects on cell—cell junction stabil-
ity, cell polarity, and in fine the quiescence of the vessel.

As a result of dysregulated 31 integrin activation and cell
contractility, FN fibrillogenesis does not proceed normally upon
CCM protein loss. Depleted cells generate linear and parallel
FN fibers instead of the interlaced and woven fibers of CT cells.
As the polymerization of FN in long and wavy fibers requires the
propagation of peripheral forces toward the cell body (Lemmon
et al., 2009), dysregulation of the spatio-temporal propagation
of forces in cells silenced for ICAP-1 or CCM1/2 likely causes
abnormal FN fibrillogenesis.

In vivo FN deposition around mouse CCM lesions and
ICAP-1-deficient blood vessels is consistently abnormal. It is
composed of more numerous FN fibers over a higher background
of soluble FN dimers. FN fibers provide a scaffold for matrix
proteins, including fibrillar collagens and collagen IV, and orches-
trate their assembly (Sottile et al., 2007; Stratman et al., 2009).
Fibers of collagen III colocalized with the FN fibrils around
CCM lesions, whereas they were almost absent around normal
blood vessels. Moreover, these remodeling defects are associ-
ated with increased production of EDA cFN. Cellular FN vari-
ants EDA and EDB are markers of angiogenic vessels during
embryonic development or tumoral angiogenesis (Rybak et al.,
2007; Van Obberghen-Schilling et al., 2011; Booth et al., 2012).
Collagen III, EDA, and EDB cEN are also expressed during fibro-
sis (Theodossiou et al., 2006; Booth et al., 2012). FN-driven fibro-
sis around CCM lesions could lead to an inflammatory response
and damage the peripheral neuronal tissue (Khan et al., 2012).
These morphological ECM defects are correlated with abnormal
ultrastructure of the basal lamina and interstitial ECM. We found
multilayering of the basal lamina and enlargement of the intersti-
tial ECM in ICAP-1-deficient vessels. This is reminiscent of
human and mouse CCM lesions (Wong et al., 2000; Clatterbuck
etal., 2001; Chan et al., 2011; McDonald et al., 2011) and points
to ICAP-1 dysfunctions as a cause for abnormal basal lamina
around CCM-deficient blood vessels.

ICAP-1 deficiency leads to vascular defects that partially
recapitulate those in endothelial CCM1/2-deficient mice. Con-
trary to ccml and ccm?2 constitutive or endothelial-specific
knock-out mice, vascular defects upon ICAP-1 deficiency do not
lead to developmental lethality or cerebral cavernoma lesions
(Whitehead et al., 2004, 2009; Boulday et al., 2009; Kleaveland
etal., 2009). As ICAP-1 can complex with CCM1 or B1 integrin
(Liu et al., 2013), it is likely that ICAP-1 and CCM1 have com-
mon and distinct functions. Contrary to ccm1 and ccm?2 knock-
out mice, for which both CCM1 and ICAP-1 are lost, CCM1 is
present in ICAP-1-deficient animals, to a lesser extent though
than in wild-type animals (25% of wild type). It is possible that
the remaining level of CCM1 protein in ICAP-1—/— mice is
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Figure 8.

B1 activation upon loss in CCM1 or 2 drives a loop between endothelial cell contractility and ECM with deleterious effect on cell-cell junctions.

In a quiescent vessel, ICAP-1 maintains low B1 integrin activation. Endothelial cells are well joined and VE-cadherin adherens junctions are stabilized by
a cytoplasmic adaptor complex that recruits junctional actomyosin cytoskeleton. Upon CCM1 or CCM2 depletion, ICAP-1 protein is destabilized and lost.
B1 integrin is activated and activates in turn RhoA/ROCK-dependent actin stress fiber formation. Increased g1 integrin activation and cell contractility result
in aberrant remodeling of ECM in linear and parallel fibers onto which cells spread and flatten. A self-sustaining mechanical loop is initiated that increases

intra- and external tensions destabilizing cell-cell junctions.

sufficient for it to perform its ICAP-1-independent functions,
allowing developmental angiogenesis to proceed and preventing
the formation of CCM lesions in born animals.

Cell-cell junctions are regulated by a

B1 integrin-dependent loop between
microenvironment and cell contractility
downstream of CCM-ICAP-1 complex
Increased cellular contractility is deleterious for VE-cadherin—
dependent adherens junctions, endothelial barrier function, and
CCM lesion formation. RhoA or ROCK inhibitors decrease vascu-
lar leaks in CCM1 and CCM2 heterozygous animals (Whitehead
et al., 2009; Stockton et al., 2010) and slow down the maturation
of CCM lesions from isolated caverns to large multi-cavernous
hemorrhagic structures (McDonald et al., 2012). Interestingly,
actin dynamics has a prominent role in the cross talk between

cell—cell and cell-ECM adhesion (Burute and Thery, 2012). Be-
cause 31 integrin is a master organizer of actin in CCM1/2-
depleted cells, it represents a good therapeutic target to decrease
vascular leak in CCM lesions. Several inhibitors of activated
B1 integrin under clinical trials in cancer therapy (Barkan
and Chambers, 2011) could be tested on the CCM1/2-inducible
mouse models.

Moreover, we show that aberrant ECM remodeling in an
array of straight FN and collagen fibers is linked to increased cell
contractility and 1 integrin—dependent adhesion upon CCM1/2
depletion. Interestingly, highly aligned and organized collagen
fibers are also found around tumors in vivo and generate a stiff mi-
croenvironment favorable for tumor cell invasiveness (Gaggioli
et al., 2007; Provenzano et al., 2008; Goetz et al., 2011). Further
experiments are ongoing to determine whether such ECM remod-
eling stiffens the microenvironment around CCM lesions and
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ICAP-1-deficient blood vessels. Using decellularized matrices
remodeled by CCM-depleted endothelial cells, we show that
the structure of the CCM1/2 KD matrices was responsible for
increased cell contractility and decreased barrier function of the
endothelial monolayer. It is likely that the higher external ten-
sion imposed by the ECM feeds back onto the cells, enhancing
their internal tension, and creates a self-sustaining mechanical
loop as for tumoral cells (DuFort et al., 2011; Goetz et al., 2011).
This loop is deleterious for the stability of VE-cadherin cell—cell
junctions (Fig. 8). It has been shown accordingly that increased
ECM stiffness inhibits cell—ell junction formation (Maruthamuthu
etal.,2011; Tseng et al., 2012) and enhances the response of the
endothelium to permeability factors such as thrombin (Krishnan
etal.,2011). We propose that 31 integrin-dependent ECM remod-
eling is an additional cue to the progression of CCM lesions.
Lesions are mosaics of wild-type and mutated endothelial cells
(Pagenstecher et al., 2009). By mid-range propagation, this defect
in ECM organization would have deleterious effects on mutant
and adjacent wild-type endothelial cells and could be involved
in the maturation of CCM lesions from small isolated caverns to
large multi-cavernous hemorrhagic structures (McDonald et al.,
2011). Consistent with this model, pMLC staining becomes
more intense upon CCM maturation, and ROCK inhibition by
Fasudil reduces the size of mouse CCM1 lesions and their matu-
ration into hemorrhagic lesions (McDonald et al., 2012). There-
fore, inhibition of FN fibrillogenesis with competing peptides or
blocking antibodies could also be tested on the CCM1/2-inducible
mouse models.

Altogether, our data show for the first time that in addition
to regulating cell—cell adhesion, CCM proteins control the bio-
mechanical dialogue of the endothelial cell with its surround-
ing ECM through 1 integrin activation, and that this dialogue
impacts cell—cell adhesion. The role of the CCM proteins in the
cross talks between these different signaling pathways should
be further studied to have a comprehensive view of their func-
tion and to set up therapeutic treatments.

Materials and methods

Reagents and antibodies

Bovine plasma fibronectin was purified by affinity chromatography of plasma
on columns containing covalently coupled denatured collagen, and the
bound fibronectin was eluted by 4 M urea according to the method already
described (AlbigésRizo et al., 1995; Engvall and Ruoslahti, 1977). Rat tail
collagen | was from BD. EBM medium and HUVEC growth factors were
from Lonza. Table S1 lists the commercial antibodies used. Rabbit anti—
ICAP-1 serum was raised by immunizing rabbits with purified recombinant
His-tagged ICAP-1 (aa 1-150) as antigen (Millon-Frémillon et al., 2008).
Polyclonal rabbit anti-CCM1 was raised against the recombinant CCM1
fragment 1-400 aa produced in Escherichia coli and affinity purified. A
second polyclonal CCM1 antibody, in Lampugnani et al. (2010), was also
used. CCM2 polyclonal antibody was as in Boulday et al. (2011). The
pQE30-FUD plasmid was a gift from D. Mosher (University of Wisconsin-
Madison, Madison, WI). Recombinant FUD was produced in E. coli and
affinity purified.

Mouse strain

Mice with a targeted mutation on the ICAP-1 locus (ltgbTbp1™'™) were
genotyped as previously reported (Bouvard et al., 2007). Mice were bred
in a CD1 background and adult homozygous mice (2-4 mo) were gener-
ated by crossing heterozygous mice. The present study conforms to the
Guide for the Care and Use of Laboratory Animals published by the Na-
tional Institutes of Health (Bethesda, MD); the protocol was approved by
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the Animal Care and Use Committee (Comité d'éthique en expérimentation
animale de Grenoble). The iCCM1 and iCCM2 P1 pups received a single
intragastric injection of 20 pg tamoxifen as in Boulday et al. (2011).
Tamoxifen (Sigma-Aldrich) was diluted in sunflower oil/10% ethanol.

Immunohistochemistry

For ear whole-mount staining, the ears were dissected out with forceps,
separating the dorsal and ventral leaflets and fixed overnight in 4%
paraformaldehyde (Lebrin et al., 2010). The dorsal leaflet was pro-
cessed for immunostaining with primary antibodies listed in Table S1.
After rinsing, coverslips were incubated with an appropriate Alexa Fluor—
conjugated secondary antibody. The tissues were mounted in Mowiol/
DAPI solution. Frozen brain sections (16 pm) from iCCM1 and iCCM2
were postfixed in acetone, blocked with BSA and goat serum, and
immunostained with PECAM, FN, and collagen Ill as described previously
(Boulday et al., 2011). Z-stack images (0.5-ym step) were acquired on
a confocal microscope (LSM 510; Carl Zeiss) with a Plan Apochromat
63x/1.4 NA oil objective, DICIII, WD 180. Z-stack projections were
done using the LSM program.

Quantifications of vessel branching and diameters

Vessel branching was quantified on photographs of intestine mesenteric
veins of icap-1+/+ and icap-1—/— mice using Image] software (National
Institutes of Health). The final number of branches was counted for each
initial mesenteric vein. Vessel diameters were determined on projections of
confocal z-stacks of ear whole-mount-stained blood vessels with PECAM at
20x. Images were normalized and more than 100 diameters per mouse
were measured using Image) software.

In vivo tracer diffusion imaging

Mice were anesthetized by intraperitoneal injection of ketamine (100 mg/kg
body weight) and domitor (8 mg/kg body weight) and were placed supine
on the platform of the MacroFluo imaging system (Leica) with their ear gen-
tly stretched under a microscope slide. A mixture of lysinefixable 70 kD
dextran-FITC and 10 kD dextran-Alexa Fluor 546 (Invitrogen; 0.1 mg of
each in 200 pl of PBS) was injected intravenously into their tail vein. Fluor-
escent images were acquired continuously for 15 min by a CCD camera
(ORCA 1I-BT-512G; Hamamatsu Photonics). Excitation was performed at
480 nm (BP 480/40-nm filter) and 546 nm (515-560 nm). Fluorescence
emission was detected simultaneously in the BP 527/30-nm and LP 590-nm
channels for FITC and Alexa Fluor 546, respectively.

Transmission electron microscopy

Samples were fixed overnight at 4°C in 2.5% glutaraldehyde, 2% parafor-
maldehyde in sodium cacodylate buffer 0.1 M, pH 7.4. After three washes
in 0.1 M sodium cacodylate, pH 7.4, specimens were postfixed in 1%
osmium tetroxide, 0.1 M cacodylate, pH 7.4, for 45 min, dehydrated in a
graded series of ethanol, and embedded in epoxy resin. Ultra-thin 70-nm
sections stained with uranyl acetate and lead citrate were observed with
an electron microscope (model CM120, Philips; Centre Technologique des
Microstructures, University Lyon 1, Villeurbanne, France).

Cell culture and transfection

HUVECs were obtained from Lonza and grown in EGM-2 media supple-
mented with 100 U/ml penicillin and 100 pg/ml streptomycin at 37°C in
a 5% COzhumidified chamber according to the manufacturer’s instruc-
tions. HUVECs (1.5 x 10° cells) were transfected twice at 24-h intervals
with 20 nM siRNA and 45 pl lipofectamine RNAi max (Invitrogen) accord-
ing to the manufacturer’s instructions. Cells were used the day after the
second round of transfection. For B1 or B3 integrin silencing, 20 nM of
siGENOME smart pool siRNA (Thermo Fisher Scientific) were used in com-
bination with CT, ICAP-1, CCM1, or CCM2 siRNA and three rounds of
transfection were performed. Table S2 shows the sequences of siRNA
duplexes for CT, ICAP-1, and CCM1 (Eurogentec). CCM2 siRNA are an
ON-TARGET smart pool from Thermo Fisher Scientific.

CHO (Chinese hamster ovary) cells were grown in DMEM (PAA) and
transfected with Exgen (Euromedex) following the manufacturer’s instruc-
tions, using pPCDNAS-ICAP-1 vector with or without pcDNA-FLAG-CCM1
wild-type or N192-Y195/AA mutant (Béraud-Dufour et al., 2007).

Lifetime of ICAP-1 protein measurement

Transfected CHO cells were incubated with cycloheximide (Sigma-Aldrich)
at 100 pg/ml with or without 10 pM of MG132. After indicated times,
cells were then lysed in RIPA buffer and protein concentration was mea-
sured by BCA assay. Total proteins (20 pg) were run on SDS-PAGE and
immunoblotted as below.
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Quantitative RT-PCR (qPCR)

Total RNA was extracted from cells using the NucleoSpin RNA Il kit (Macherey-
Nagel) according to the manufacturer’s instructions. RNA (1 pg) was re-
verse franscribed using the SuperScript VILO kit (Life Technologies).
Quantitative realtime PCR was performed with GoTagq® QPCR Master Mix
(Promegal) in a 25-pl reaction on a thermal cycler (C-1000 Touch; Bio-Rad
Laboratories). Product sizes were controlled by DNA gel electrophoresis
and the melt curves were evaluated using CFX Manager (Bio-Rad Labora-
tories). Ct values were determined with the same software, and normaliza-
tion was done with the house keeping genes GAPDH, RELA, or ATP50,
yielding very similar results. Expression levels of each target gene in the
siRNA cells were calculated with GAPDH as reference gene and com-
pared with control. All PCR primer sequences are listed in Table S3.

Cell spreading and immunofluorescence
Transfected cells were trypsinized, treated with 1 mg/ml trypsin inhibitor
(Sigma-Aldrich), and incubated in serum-free EBM-2/1% BSA for 30 min at
37°C. Sparse HUVECs (10* cells) were incubated for different times at
37°C in 24-well plates on slides coated with 0.3 pg/cm? (1 pg/ml) of FN
in EBM-2 media containing 5% FN-depleted serum to study inside-out sig-
naling effect of protein deletion on cell adhesion to ECM (Millon-Frémillon
etal., 2008), and then fixed. Confluent HUVECs (3 x 10° cells) were seeded
in 24-well plates on slides coated with 20 pg/ml FN and incubated for 48 h
in supplemented EGM-2 media, then for another 24 h in basal EBM-2 con-
taining 0.3% BSA. Cells were immunostained as already described (Millon-
Frémillon etal., 2008). In brief, cells were fixed with 4% PFA, permeabilized
with 0.2% Triton X-100, and incubated with appropriate primary antibod-
ies (see list in Table S1). After rinsing, coverslips were incubated with an
appropriate Alexa Fluor-conjugated secondary antibody. The cells were
mounted in Mowiol /DAPI solution and imaged on a microscope (Axio Im-
ager M2; Carl Zeiss) equipped with a Plan Apochromat é3x/1.4 NA oil
objective, DICIIl, WD 190, and a camera (6.45 x 6.45 pm, —10°C BRT,
~8 im/s; AxioCam MRc, Carl Zeiss).

Quantifications of the percentage of cells displaying central g1 inte-
grin—containing FA or transversal actin fibers above the nucleus were done
on more than 100 cells.

Measurement of B1 integrin activation by flow cytometry

Transfected HUVECs were harvested after trypsin treatment and incubated
at 37°C for 15 min with 10 pM blebbistatin and then, with or without 0.5 mM
MnCl, for 15 min on ice. 9EG7 antibody was added to the cell suspension
at 1:100 and incubated for 30 min on ice. Cells were washed and labeled
with fluorophore-conjugated secondary antibody (Alexa Fluor 488 goat
anti-rat). After final wash, cells were fixed in 4% PFA for 10 min on ice,
washed in PBS, and then analyzed using a flow cytometer (LSR II; BD). The
infegrin index activation was calculated as the mean fluorescence intensity
of 9EG7 staining (active B1 integrin) divided by the mean fluorescence of
QEG7 staining in the presence of MnCl, (total B1 integrin). Results were
expressed as percentage of activated 1 integrin in CT cells.

Measurement of RhoA activation

HUVECs were transfected by three rounds of siRNA against ICAP-1 or
CCM1 or CCM2 in the presence or not of 81 infegrin siRNA. Confluent
cells were then serum starved overnight and RhoG-LISA or Rhotekin pull-
down assays (Cytoskeleton, Inc.) were performed as recommended by
the manufacturer.

Traction force microscopy

Traction force microscopy calculations were performed as described previ-
ously (Tseng et al., 2011). A home-made Fourier transform traction cytometry
(FTTC) algorithm with zeroth-order regularization computed cellular trac-
tion forces from the measured substrate displacements. These are deter-
mined from images of fluorescent beads embedded inside the gel network
with and without the adherent cell. After correction for experimental drift,
fluorescent beads are tracked to obtain a displacement field with high spa-
tial resolution. The final displacement field is obtained on a regular grid
with 0.84-pm spacing by linear interpolation. Force reconstruction was
conducted with the assumption that the substrate is a linear elastic half-
space. Traction force microscopy experiments were performed using a
microscope (Ti-E; Nikon) equipped with an incubator maintaining the tem-
perature at 37°C, mounted with a CCD camera (CoolSNAP; Roper Scien-
tific) and driven with microManager (http://www.micro-manager.org).
Cells were imaged with a Nikon 63x air objective lens (NA 1.4). Micro-
beads used for TFM were 200-nm Dragon Green beads provided by
Bangs Laboratories, Inc.

Preparation of decellularized remodeled matrices

60,000 silenced HUVECs were seeded on slides coated with FN at 6 pg/cm?
and cultured for 48 h under normoxia (3% O,) in EGM-2 media. In FUD
conditions, recombinant FUD peptide was added at a final concentration
of 500 nM in the media and added again 24 h after. Cells were then lysed
with 0.5% Triton X-100 in PBS for 15 min on ice. Nuclei were removed by
incubation with 50 mM ammonium hydroxide for 15 min on ice. Resulting
decellularized matrices were extensively washed with PBS and used for
subsequent plating with naive HUVECs.

Quantification of the thickness of B-catenin junctional staining

HUVECs were seeded at confluency and cultured for 48 h in EGM-2 media
containing 5% FN-depleted serum. Images were acquired on a microscope
(Axio Imager; Carl Zeiss) at 40x. Surface and length of the junctional
B-catenin staining for the entire image were measured using the integrated
morphometric analyses of MetaMorph application and means were calcu-
lated from values of five images. The thickness of B-catenin staining was
obtained with the ratio surface/length.

Electrical impedance measurements

The xCELLigence realtime cell analyzer (RTCA) system (Roche) was used
to measure electrical impedance over time. Changes in impedance of
confluent endothelial cells reflect changes in barrier function (Atienza
et al., 2006). Remodeled matrices were produced in wells of E-plates
16 as described in the section dedicated to the preparation of decellu-
larized remodeled matrices. 60,000 naive HUVECs were seeded on
these plates (4 wells per condition) in EGM-2 media containing 5% FN-
depleted serum. Cell index was measured every 10 min. Normalized
cell index was calculated after cells had adhered and spread (1 h 30 min
time point).

Western blot analysis

Cells or groundHfrozen mouse livers were lysed in Laemmli buffer, run on
SDS-PAGE, and transferred on PVDF membranes. Inmunological detection
was achieved with HRP-conjugated secondary antibody. Peroxidase activ-
ity was visualized by ECL (West Pico signal; Thermo Fisher Scientific) using
a ChemiDoc MP imaging system (BioRad Laboratories). Densitometric
quantification of the bands was performed using the Image Laboratory
program (BioRad Laboratories).

Statistical analysis

Comparisons between groups were analyzed by Student's two-tailed
paired ttest with a significance level of P < 0.05. Alternatively, data were
analyzed for statistical significance by GLMM with a Tukey's multiple com-
parison fest.

Online supplemental material

Fig. S1 shows ICAP-1 and CCM1 protein contents in CCM2 embryos and
ICAP-1 livers, respectively. Fig. S2 shows colocalization of talin with
B1 integrin-dependent focal adhesions in ICAP-1-, CCM1-, and CCM2-
depleted HUVECs. Fig. S3 shows the effect of g1 integrin silencing on
RhoA activation and actin contractility of sparse HUVECs depleted in ICAP-1,
CCM1, or CCM2. Fig. S4 shows VE-cadherin and B catenin staining on
confluent HUVECs silenced for ICAP-1, CCM1, and CCM2. Fig. S5 shows
pleiotropic vascular defects in ICAP-1-deficient mice associated with defects
in the ultrastructure of the basal lamina. Video 1 shows 360° rotation mov-
ies around ICAP-1+/+ and ICAP-1—/— blood vessels. Online supple-
mental material is available at http://www.jcb.org/cgi/content/full /jcb
.201303044/DC1. Additional data are available in the JCB DataViewer
at hitp://dx.doi.org/10.1083/jch.201303044.dv.
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