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Abstract

OBJECTIVE: Small GTPase Rapl is a novel, positive regulator of NO release and endothelial
function with a potentially key role in mechanosensing of atheroprotective, laminar flow. Our
objective was to delineate the role of Rapl in the progression of atherosclerosis and its specific
functions in the presence and absence of laminar flow, to better define its role in endothelial
mechanisms contributing to plaque formation and atherogenesis.

APPROACH AND RESULTS: In a mouse atherosclerosis model, endothelial Rap1B deletion
exacerbates atherosclerotic plaque formation in the thoracic aorta, where laminar shear stress-
induced NO is otherwise atheroprotective, plaque area is increased in Athero-Rap1B'2EC mice.
Endothelial Rapl deficiency also leads to increased plaque size, leukocyte accumulation and
increased CAM expression in athero-prone areas, while vascular permeability is unchanged. In
endothelial cells, in the absence of protective laminar flow, Rapl deficiency leads to an increased
proinflammatory TNF-a signaling and increased NF-xB activation and elevated inflammatory
receptor expression. Interestingly, this increased signaling to NF-xB activation is corrected by
AKTVIII, an inhibitor of Akt translocation to the membrane. Together these data implicate Rapl
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in restricting Akt-dependent signaling, preventing excessive cytokine receptor signaling and
proinflammatory NF-xB activation.

CONCLUSIONS: Via two distinct mechanisms, endothelial Rap1 protects from the
atherosclerosis progression in the presence and absence of laminar flow; Rapl-stimulated NO
release predominates in laminar flow and restriction of proinflammatory signaling predominates in
the absence of laminar flow. Our studies provide novel insights into the mechanisms underlying
endothelial homeostasis and reveal the importance of Rapl signaling in cardiovascular disease.
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Introduction

Atherosclerosis, a chronic inflammatory disease of the vessels, and its complications, such
as heart disease and stroke, are a leading cause of death in the Western world. The main
feature of atherosclerosis, pathological vessel wall remodeling, results from chronic
inflammation and is initiated by damage to endothelium occurring before the disease’s
onset?=3, The endothelium responds to physical, chemical, and humoral cues from the
environment by releasing bioactive substances that modulate vascular smooth muscle tone,
maintain non-adhesive lumen surface, and control inflammatory responses in the vascular
wall. Laminar shear flow promotes NO release from endothelial NOS and suppresses
proinflammatory signaling. In contrast, perturbed hemodynamic forces resulting from
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disturbed flow switch signaling towards proinflammatory effects, impair NO release,
promote vascular permeability and immune cell infiltration, and contribute to vascular
pathology®-8. This differential endothelial response to flow patterns is responsible for a
geometrical localization of atherosclerosis with plaques preferentially forming at the sites of
vessel bifurcations and vessel curvature, while vessel areas exposed to laminar blood flow
and higher shear stress are relatively athero-protected? 911, Thus, endothelial response to
flow determines vessel lesion size and vulnerability12.

Several endothelial cell elements are implicated in shear flow sensing3; among them,
endothelial junctional mechanosensing complex, composed of PECAM-1, VE-cadherin, and
Vascular Endothelial Growth Factor Receptor 2 (VEGFR2)14 plays a key role in
hemodynamic regulation of eNOS activity!® and flow-mediated, ligand-independent
VEGFR2 transactivation required for NO release8. We recently demonstrated that small
GTPase Rap1 is an essential component of endothelial mechanosensing response.
Endothelial Rap1 deletion leads to impaired NO release in vitro and endothelial dysfunction
in vivol”. However, the implications of Rap1 dysfunction in vascular homeostasis and
cardiovascular disease (CVD) are unknown.

Conserved and ubiquitously expressed, the best-characterized functions of the two highly
homologous Rapl isoforms: RaplA and Rap1B pertain to modulation of adhesive and
signaling properties of integrins and cadherins8: 19, Rap1 is required for vessel stabilization
during development and endothelial deletion of both isoforms leads to embryonic lethality
due to cardiovascular defects?. Postnatally, endothelial Rap1 promotes angiogenesis?!, and
dynamic regulation of endothelial barrier?2: 23, Interestingly, the deletion of both isoforms in
existing vessels does not lead to increased basal vascular permeability in most vascular
bedsl’: 22,

At the molecular level, Rapl controls endothelial functions by promoting activation and
signaling by VEGFR2 with functional consequences for VEGF-induced vessel growth and
permeability23: 24, Moreover, Rap1 controls laminar flow-induced transactivation of
VEGFR2, and transmission of shear-induced signals from the EC junctional
mechanosensory complex to eNOS activation in response to laminar flowl’. These findings
implicate Rap1l as a key molecular regulator of EC function.

In this study, we examined the pathological consequences of endothelial deletion of Rap1B,
the predominant Rapl isoform in endothelium, on the development of atherosclerosis in a
hypercholesterolemic mouse model (Athero-Rap1BI2EC mice). We hypothesized that Rap1B
controls endothelial function and its deletion would accelerate atherosclerosis progression in
atheroprotective vessel areas. We examined the effect of EC Rap1B deletion in the athero-
prone areas, where decreased vascular barrier and increased inflammatory cell infiltration
contribute to accelerated atheroma formation. Interestingly, in the absence of protective
laminar flow, EC Rap1 deletion also accelerates the development of the disease, however not
by increasing vascular permeability, which is unchanged in Athero-Rap1'2EC mice. Instead,
we find that Rap1 deletion lead to enhanced cytokine receptor signaling and
proinflammatory NF-xB activation. We describe a novel mechanism through which Rapl
restricts proinflammatory cytokine signaling — a key function in endothelial homeostasis.
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Materials and Methods

A detailed description of the experimental procedures and all materials used is included in
the Supplementary Materials. The authors will make their raw data, analytic methods, and
study materials available to other researchers upon written request.

Animals.

All mouse procedures were performed according to the protocol approved Medical College
of Wisconsin Institutional Animal Use and Care Committee. For atherosclerosis studies, the
methods adhered to the guidelines for experimental atherosclerosis studies described in the
AHA Statement2®. Generation of endothelial cell (EC)-specific total Rapl KO mice (Rap1A
+Rap1B knockout, Cdh5(PAC)-CreERT2*/0; Rap1Aff Rap1Bf/f: Rap1/2EC) and EC-specific
Rap1B-knockout mice (Cdh5(PAC)-CreERT2+/0; Rap1A** Rap1Bff; Rap1BIAEC) has been
previously described!”: 23, Atherogenic: EC-specific Rap1B knockout (Athero-Rap1BiAEC)
and EC-specific total Rap1 knockout (Athero-Rap12EC) mice were generated by crossing
Rap1B2EC and Rap1i2EC, respectively, with ApoE ™~ mice (The Jackson Laboratory
#002052) and feeding a Western high-fat diet (21.2% fat, 0.2% cholesterol) for 16 weeks.
Following ATVB guidelines, male and female mice were used throughout the study2°.
Consistently with the known sexual dimorphism of the mouse atherosclerosis model, with
the initial faster progression of atherosclerosis in females2’: 28, our statistical analysis model
confirmed the effect of sex (Supplemental Table S1). Cdh5-Cre-negative mice, or mice
injected with carrier oil only, were used as controls. For L-arginine (L-Arg) treatment,
drinking water was supplemented with L-Arg (6 g/kg/day) at weaning until the analyses
were completed; control mice received plain water. Total serum cholesterol was measured in
blood samples collected after six weeks of high-fat diet (HFD) treatment using an enzymatic
colorimetric assay (Wako).

Atherosclerotic Plague Analysis.

At the conclusion of the HFD treatment, atherosclerotic lesions in the aortic arch (disturbed
flow, athero-prone vessel area), and thoracic and abdominal sections (laminar flow,
atheroprotective vessel area) of dissected whole aortae was visualized by oil red O (ORO)
staining and morphometry was performed using a standardized protocol?® by an operator
blinded to the genotype of examined animals, to avoid experimental bias, of particular
importance due to expected high variability in plaque formation in ApoE~'~ mice. Following
ORO staining, the aortae were opened to expose the endothelium and placed on the cover
glass with the endothelium facing down. Slides were scanned in digital whole slide scanner.
Tiff images were processed and quantified using Image J (NIH) software. The background
was subtracted from all images and areas of total aorta, and ORO-stained plaque area in the
aortic arch (disturbed flow, athero-prone vessel area), thoracic and abdominal aorta (laminar
flow, athero-protective vessel area) and total area of aorta were measured and percentage of
lesion coverage per each vessel area were determined.

Cell Culture, Transfection and Treatments, Western blotting.

Primary human aortic ECs (hAECs) cultured with standard methods for no longer than six
passages were used for all /n vitro experiments. 30-40% confluent hAECs monolayers were
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transfected with 50nM Rapl (RaplA and Rap1B) siGENOME siRNA pool or with non-
targeting siRNA pool (Dharmacon) for 6h and cultured for an additional 30h in complete
EBM culture medium (Lonza). NO released from siControl and siRap1B hAECs stimulated
with VEGF (50 ng/ml), following pretreatment with 300 UM L-Arg or L-N monomethyl
arginine (L-NMMA\) was estimated from the reduction of nitrite to NO and quantified by
NO-Analyzer-chemiluminescence using authentic standards, as previously described30.

For analysis of NF-xf signaling pathway activation, cells were serum-starved before TNF-a
(50ng/mL) treatment in the presence or absence of 1uM AKT inhibitor VIII (Cayman
Chemical). Clarified cell lysates’ samples containing equal amount of protein were resolved
on 4-12% gradient SDS-PAGE gels, and transferred to PVDF membranes for Western
blotting analysis. Following blocking with 5% skim milk/(PBS and 0.05% Tween 20), the
following antibodies were used for Western Blot analysis: antibodies against P-IKK
(Ser176/180), IKK, P-1xB (Ser32/36), IxB, P-AKT (Ser473), AKT, Rapl (Cell Signaling
Technology), and p-actin (Santa Cruz Biotechnology).

Basal VCAM1 and ICAM1 expression in aortic arches was determined by Western blotting
of lysates prepared from aortic arches isolated from Rap1'2EC mice and Cre-negative
controls, as previously described3?, using ICAM1- and VCAM1-specific antibodies. Lung
lysate obtained from Rap1b*/~ mice32 was used as a positive control.

Horseradish peroxidase-conjugated secondary antibodies were used for chemiluminescence
detection using Amersham Imager 600, and analysis software (GE Healthcare) was used for
densitometry. Blanked values (following subtraction of the corresponding unloaded lane
value), normalized within each experiment, were used to calculate fold change in
phosphorylation between Rapl-deficient and control conditions.

In vivo vascular permeability measurements.

Vascular permeability of aortae was determined using Evans blue assay in Athero-Rap1iAEC
and Athero-control at the conclusion of HFD treatment and Rap1'2EC in response to acute
inflammation, as we previously described?’.

Immunohistochemistry.

At the conclusion of the HFD treatment, aortae, including aortic root, arches, and thoracic
aorta, were harvested, fixed in 4% paraformaldehyde/PBS, and processed for
immunohistochemistry using standard protocols. For analysis of macrophage infiltration into
aortic roots, 5 pm aorta sections were stained with an F4/80-specific antibody and 12
sections from each animal were analyzed as previously described33. CD31 and CAM dual
immunofluorescence staining of frozen aortic arch sections were obtained at 5 um intervals
was performed as previously described3*. Macrophage intensity was expressed as number of
F4/80-positive cells per aortic root area. For nuclear NF-xB staining of ECs, tissue sections
were labeled with NF-xB p65-specific and CD31-specific antibodies, followed by DAPI
nuclear staining to identify individual cells, as previously described3>. Negative controls
were obtained by substituting the primary antibody with an isotype control (for monoclonal
antibodies) or an irrelevant antibody from the same species as the primary antibody and
followed by the same secondary antibody. Images were obtained using Nikon inverted
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microscope and quantified using ImageJ software. For endothelial CAM quantification, the
number of CAM-positive cells among CD31-positive ECs lining the luminal surface of
aortic arch sections was determined. For nuclear NF-xB quantification, the number of NF-
xB—positive EC nuclei was determined as a fraction of all CD31-positive nuclei by operators
blinded to the genotype of examined animals.

Statistical Analysis.

Results

SAS version 9.4 (SAS Institute Inc., Cary, NC) and GraphPad Prism version 5 (GraphPad
Software) software were used. For animal data, the statistical significance of group
differences was determined using linear regression models that adjusted for sex. Two-way
interactions were considered for inclusion into the models when main effects (treatment,
time, or sex) were significant. Data were analyzed by two-way analysis of variance using the
Bonferoni-posthoc comparison test. When laminar and disturbed flow data were combined
for analysis, a repeated measures model was used. In lieu of determination of normality and
equality of variance, challenging with samples sizes available, p-values were calculated
applying via the nonparamentric bootstrapping resampling technique. The parametric and
nonparametric p-values were close enough such that no changes of statistical significance
were discovered. For densitometric analysis of Western blot data, the statistical significance
of increased NF-xB signaling in Rap1-deficient ECs (expected outcome) was determined
using one tailed unpaired Student’s t-test with Welch’s correction; * p<0.05; ** p<0.01; ***
p<0.001.

Rap1B protects from the progression of atherosclerosis in vivo.

Because our previous findings implicate Rap1 as a key regulator of endothelial function /n
vivot’, we examined the effect of endothelial deficiency of Rap1B, the major endothelial
Rap1 isoform24, on progression of atherosclerosis in the Apolipoprotein E-deficient (ApoE
~/=) mice3%. Rap1'2EC and control, Cdh5-Cre-negative mice or mice injected with carrier oil
only, were crossed with ApoE ™~ mice. Thus generated Athero-Rap1B'2EC and Athero-
control mice were fed a high-fat western diet (HFD, 21.2% fat, 0.2% cholesterol) for 16
weeks to induce hypercholesterolemia. As expected, we found about 3-fold elevated serum
cholesterol in Athero-controls, compared to normal laboratory diet-fed control mice (Fig.
1A). Serum cholesterol was also elevated in Athero-Rap1B'2EC, with no difference in total
cholesterol levels between Athero-Rap1BI2EC and Athero-control mice (Fig. 1A). At the
conclusion of the HFD treatment, atherosclerotic lesions were visualized with oil O red
staining, and plaque area was quantified in en-face preparations aorta preparations from
male and female mice (Fig. 1B). While the overall plaque detected in Athero-control mice
was on the low end of the reported range3’, we found overall atherosclerotic lesion area was
higher in female mice (Fig. 1C and Supplemental Table S1A), consistent with previous
reports of sexual dimorphism in this model26-28, Notably, the atherosclerotic lesion area
significantly increased in Athero-Rap1B2EC vs. Athero-control (Fig. 1C and Supplemental
Table S1A). Basal endothelial NO synthesis is essential for preventing the progression of
atherosclerosis. Asymmetric and symmetric dimethyl-L-arginine metabolites can inhibit
eNOS by outcompeting endogenous L-Arg and reduce vascular NO. To determine if L-Arg
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supplementation can reduce plaque formation in Athero-Rap1B2EC, mice received L-Arg in
the diet. After 16 weeks of treatment, we found reduced plaque formation predominantly in
Athero-Rap1B2EC group (Fig. 1C, right panel, Supplemental Table S1A), suggesting that
defective NO production is involved in enhanced atherogenesis in the EC-Rap1B deficient
model. To directly address L-Arg’s effect on NO production in Rap1B-deficient cells, NO
release from VEGF-stimulated Rap1B-deficient hAECs was quantified. L-Arg treatment
increased NO release from control and siRap1B hAECs, albeit NO release was lower in
siRap1B hAECs (Fig. 1D). Furthermore, Rap1B deficiency increased sensitivity to NO
inhibitor, L-N monomethyl arginine (L-NMMA), compared to siControl hAECs (Fig. 1E).
Together, these data implicate the defective NO production as an underlying factor in
enhanced atherogenesis in Athero-Rap1B/AEC mice.

Rap1B and shear stress protects from plaque buildup.

To determine how Rapl affects flow-pattern shear stress dependent pathology, we quantified
plaque in the descending aorta and in the aortic arch, where the flow is laminar and
disturbed, respectively. After 16 weeks of HFD, atherosclerotic plaque in the aortic arch
accumulates in 5 areas of the in inner curvatures of ascending aorta (AA) and descending
aorta (DA) and in the opposite surfaces to branch bifurcations in brachiocephalic artery
(BCA), left common carotid artery (LCC) and left subclavian artery (LS)38 Fig. 1F). We
observed significantly increased lesion area in the descending aorta in Athero-Rap1BIAEC
mice, compared to Athero-control mice (Fig. 1G, left panel, and Supplemental Table S1B).
The plaque in Athero-Rap1B2EC vessel areas with laminar flow was significantly reduced
by L-Arg supplementation in the diet, to levels comparable to Athero-control mice (Fig. 1G,
right panel and Supplemental Table S1B).

The plaque area, in the aortic arch with characteristic disturbed flow, where protection by
NO is limited8, was not significantly different between Athero-Rap1B'2EC and control mice,
(Supplemental Table S1C). The average plaque volume in the Athero-Rap1BI2EC, however,
was significantly increased in both laminar and disturbed flow areas (Fig. 1H). Macrophage
infiltration and degradation of extracellular matrix in fibrous cap contribute to
atherosclerotic plaque development (Fig. 11). The aortic side of the aortic’s valvular leaflet is
a site of disturbed flow and preferentially susceptible to atherosclerotic plaque
development’. Since macrophages contribute to local release of proinflammatory cytokines
and plaque formation, we quantified macrophage infiltration in the aortic root in both
Athero-Rap1BI2EC and Athero-controls. We found a significant increase in macrophage
density in Athero-Rap1B'2EC mice (Fig. 1J). These results indicate that endothelial Rap1
confers atheroprotection in laminar and disturbed flow areas by distinct mechanisms.

Endothelial Rap1-deficiency increased proatherogenic response to TNF-a.

A major proinflammatory cytokine in atheroscleros is TNF. It exerts proatherogenic effects
through several mechanisms, including the increased expression of adhesion receptors
VCAM1 and ICAML1, which contribute to leukocyte recruitment. We hypothesized that
increased leukocyte recruitment might be associated with increased inflammatory CAM
expression in Rapl-deficient endothelium. To test this hypothesis, we examined
inflammatory CAM expression in situ, in serial sections of aortic arches from Athero-control
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and Athero-Rap12EC mice fluorescently stained with ICAM1-, VCAM1- and, as an
endothelial marker, CD31 (PECAM-1)-specific antibodies (Fig. 2A, B). We found that the
expression of both CAMs was significantly increased in aortic arches of Athero-Rap1iAEC
compared to Athero-controls (Fig. 2C, D). However, EC-Rap1 deficiency did not increase
CAM expression in aortic arches under basal conditions (Supplemental Fig. I), with similar
levels of VCAM1 in Rap1'2EC and control mice (Supplemental Fig. IA, C) and undetectable
ICAML1 in either mice (Supplemental Fig. IB). To determine if elevated CAM expression is
directly linked to the absence of Rapl, we examined CAM expression in cultured control
and Rapl1-depleted hAECs, following 48 h treatment with TNF-a (Fig. 2 E). TNF-a-
induced VCAML expression in siRapl hCAECs (Fig. 2F), demonstrating that Rap1l is
critically involved in the expression of endothelial CAMs induced by proinflammatory
signaling.

In addition to induction of proinflammatory transcription, TNF-a exerts proatherogenic
effects via non-transcriptional mechanisms causing vascular barrier dysfunction3% 40, To
determine the physiological significance of increased permeability of Rapl-deficient EC
barrier in vivo, we examined Evans Blue-conjugated BSA extravasation in the aortic roots of
the aortae from Athero-control and Athero-Rap1BI2EC mice We found that vascular
permeability was not increased under conditions of atherosclerosis, with a similar level of
Evans Blue-BSA extravasation in both animals. (Supplemental Fig. IB, Supplemental Table
S3). Similar results were obtained by LPS-treatment to induce acute inflammation
(Supplemental Fig. IA, Supplemental Table S2). In combination, these results demonstrate
increased Rapl increased CAMs transcription but not vascular permeability.

EC-Rap1 deletion enhances NF-xB signaling.

Elevated CAM expression in vivo depends on the activation of NF-xB transcription factor,
in response to elevated cytokines#l: 42, Therefore, we examined aortic arches of aortae from
and for increased NF-xB activation (Fig. 3A). We found elevated nuclear localization of p65
subunit NF-xB in ECs lining aortic arches in Athero-Rap1'2EC, compared to Athero-control
(Fig. 3B), supportive of increased NF-xB activation in Athero-Rap12EC vessels.

In disturbed flow areas, increased NF-xB and proinflammatory protein transcription is
mediated by TNF-a receptor, TNFR140: 43. 44 Increased CAM expression (Fig. 2C, D) and
NF-xB activation (Fig. 3B) in Athero-Rap1/2EC aortae suggested that Rapl modulates TNF-
a-induced activation. To test this hypothesis, we examined the effects of TNF-a. on early
signaling events leading to NF-xB activation in ECs in the absence of laminar flow40: 45,
Under such conditions, TNF-a-induced stimulation of hAECs leads to a rapid
phosphorylation of kB kinase (IKK), and, downstream, 1«B phosphorylation on Ser32/36,
followed by 1xB degradation (Fig. 3C)40: 45, Interestingly, when Rap1 was depleted from
hAECs, TNF-a-induced IxB phosphorylation was rapidly elevated, as early as 2min
following stimulation, the earliest time point tested (Fig. 3D). Consequently, changes in total
IxB were transient in siRapl hAECs, consistently with accelerated phosphorylation-
dependent IxB degradation (Fig. 3C). Therefore, we examined TNF-a-induced activation of
IxB kinase complex responsible for 1xB phosphorylation. We found that in control hAECs
TNF-a treatment led to rapid increase in on Ser32/36 IKK phosphorylation, with a
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timeframe parallel to IxB phosphorylation (Fig. 3D). Consistently with increased IxB
phosphorylation in the absence of Rap1, this TNF-a-induced IKK phosphorylation was
significantly elevated in Rap1-depleted hAECs, as compared to WT controls (Fig. 3D).
Together, our studies indicate that Rap1 depletion leads to significantly increased IKK
activation, accelerating early signaling events leading to NF-xB activation.

Rap1l restricts Akt-mediated IxB phosphorylation.

Signaling by the TNFR complex can be enhanced by recruitment of PI3K and its target,
Akt?®. As part of TNFR complex, Akt phosphorylates 1B, and IKK, inducing NF-xB
activity#” 48, Previous studies have implicated Rap1 in regulation of PI3K, an upstream Akt
activator. Similarly to Ras, Rap1 interacts with PI3K*? via its effector domain®C, promoting
PI13K activation by both a conformational change and PI3K reorientation, increasing its
affinity and proximity to its lipid effectors in the plasma membrane®L. Thus, we
hypothesized that in the absence of Rapl, PI3K-Akt interaction may be perturbed, resulting
in increased NF-xB activation in siRapl hAECs. To test this hypothesis, we examined TNF-
a-induced IKK and 1xB phosphorylation in Rap1-deficient and control ECs in the presence
of Akt1/2 selective inhibitor, AKT inhibitor VIII, which inhibits Akt by binding to is
plextrin homology domain, preventing Akt association with the membrane®? (Fig. 4A).
TNF-a treatment of hCAECs did not lead to elevated Akt phosphorylation (no global
increased Akt activation). As expected, treatment with Akt inhibitor V111 led to a
significantly decreased Akt -Ser 473 phosphorylation, consistent with decreased Akt activity
in both, WT and siRapl ECs (Fig. 4B). The presence of AKT inhibitor VIII during TNF-a-
treatment did not significantly alter 1xB or IKK phosphorylation in WT hAECs (Fig. 4C, D).
In contrast, AKT inhibitor VIII decreased excessive TNF-a-induced 1xB and IKK
phosphorylation siRapl hAECs, bringing it down to a similar level of that in WT hAECs
(Fig. 4C, D). These results demonstrate that restriction of Akt activity in Rap1-deficient cells
restores normal ECs response to TNF-a and suggest that Rap1 restricts TNF-a-induced
signaling to NF-xB activation by restricting Akt-mediated IKK activation.

Discussion

Progression of atherosclerosis depends on perturbed endothelial homeostasis?. Altered
endothelial function and mechanotransduction, and increased proinflammatory signaling are
key culprits of subsequent dysfunctional alteration of endothelial phenotype towards pro-
atherogenic endothelium. However, exact understanding of how biochemical and mechanical
signals are integrated at the molecular level to maintain endothelial homeostasis remains
elusive. We recently discovered that Rap1, a small GTPase best known for modulation of
cell adhesion and adhesion signaling8: 19. 21 plays important role in mechanosensing of
laminar flow and is a critical, positive regulator of NO release and endothelial function’.
These characteristics suggest a role for EC-Rap1 in inflammatory conditions.

We demonstrate that in the atherosclerosis model, EC-Rap1 deficiency leads to increased
atherosclerotic burden in the thoracic aorta, where laminar flow shear-induced NO release is
atheroprotective in WT animals (Fig. 1C, G). This phenotype is similar to that of eNOS
knockout mice on ApoE-null background, with increased extent of plaque deposition®3. In
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the absence of laminar flow, EC Rapl deletion leads to increased proinflammatory cytokine
signaling and NF-xB activation. Through this mechanism Rapl may be a major modulator
of leukocyte infiltration and increased plaque size in hypercholesterolemic conditions (Fig.
4E). In regions of laminar flow, Rapl enhances eNOS activity. The hitherto unreported anti-
atherogenic functions of Rapl (Fig. 5), provide novel insights into the mechanisms of
endothelial homeostasis and CVD progression.

Previously, we demonstrated that Rapl is essential for transmission of protective laminar
flow signaling to endothelium, acting as a critical regulator of endothelial junctional
mechanosensing complex formation and signaling to eNOS activation. Activated by shear
stress, downstream from PECAM- 1, Rapl transmits signals required for the formation of
the junctional mechanosensory complex, VEGFR2 transactivation and signaling to eNOS
activation and NO releasel’. Our findings of accelerated atherosclerosis progression /1 the
laminar flow area in Rap1'2EC aortae, similar to that in eNOS knockout mice>3: 54, support
this mechanism. Significantly, our results show that in the absence of laminar flow, Rapl
protects endothelial homeostasis by restricting TNF-a proinflammatory signaling to NF-xB
activation. To understand how Rap1l deficiency shifts endothelium towards proinflammatory
phenotype, we examined early signaling events leading to proinflammatory activation of
NF-xB. We found that Rap1 deficiency led to increased IKK activation and enhanced 1«xB
phosphorylation (Fig. 3D), which is consistent with increased NF-xB activation in vivo (Fig.
3A,B). Interestingly, this elevated 1«B activation in Rapl-deficient ECs was normalized to
the level of WT cells by pre-treatment with Akt-specific inhibitor, thus implicating elevated
Akt in increased IKK activation in the absence of Rapl. Thus, in the absence of laminar
flow; Rap1 restricts Akt activity, preventing excessive signaling to NF-kB (Fig. 4E).

Our results suggest a novel mechanism controlling proinflammatory NF-xB activation in
ECs involving Rapl-dependent restriction of Akt activity towards IKK. TNFR1 and other
members of TNFR superfamily can directly and indirectly activate PI3K/AKkt pathway in
different cells*®, although this synergy is best characterized in T-cells. In T-cells, upon
ligand binding, TNFR molecules oligomerize to organize signalosomes in membrane lipid
domains by recruiting TRAF adaptor proteins (TNFR-association factor) and, via their
cytoplasmic domain, PI3K/Akt*. The synergy between Akt TNFR is not well understood in
ECs and therefore our findings, implicating Rapl in restricting Akt activity in the context of
TNF-a-induced signaling, provide a novel insight into mechanisms modulating
proinflammatory signaling in ECs. Furthermore, they speak to a novel role of Rap1-Akt
signaling in the context of inflammation.

The exact mechanism through which Rapl restricts Akt activity remains to be fully
explained. Nonetheless, there exists evidence for Rap1l interaction with PI3K, an upstream
regulator of Akt, as well as for Rap1-Akt. Rap1-PI3K interaction has been characterized /n
vitro®®. Rap1 directly interacts with PI3K via its effector domain®C. Rap1-PI3K interaction
leads to PI3K activation via an allosteric effect and reorientation, increasing its affinity and
proximity to its lipid effectors in the plasma membrane®L. In ECs, PI3K has been implicated
as a direct (RBD-binding) Rapl effector, however in a functionally different context of
Weibel-Pallade Body exocytosis®®. In the context of angiogenesis, Rap1 promotes afadin-
PI3K activation in response to Sphingosine 1-Phosphate. Furthermore, in response to
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VEGF, Rapl has been shown to promote Akt phosphorylation, albeit, most likely, indirectly,
via integrin activation®’. Of relevance to regulation of endothelial function, we demonstrated
that Rap1 is essential for normal recruitment of PI3K to endothelial junctional
mechanosensory complex, promoting Akt activation and NO release in response to laminar
shear flow!’. Thus, whether Rap1 promotes or restricts Akt activity appears to depend on
flow type-specific endothelial mechanotransduction mechanisms. While the exact
mechanism through which Rap1 restricts Akt activity in response to inflammatory cytokines
in the absence of laminar flow, remains to be fully explained, one intriguing possibility is
that Rap1-PI3K interaction may restrict Akt recruitment away from TNFR2 signalosomes,
thus preventing potentiation of the proinflammatory signaling.

Alternative and potentially complementary mechanisms can be envisioned. Inhibition of
NO bioavailability and increased reactive oxygen species (ROS) generation in Rap1-
deficient ECs may additionally elevate TNF-a response, contributing to increased
atherosclerotic burden in Rap1'2EC mice. However, 7 vitro, and particularly in the absence
of protective laminar flow, human ECs used in these experiments are a poor source of NO
and thus, the effect on eNOS is unlikely to be the cause of increased proinflammatory
response in the /in vitro system. Thus, the limitation of the model system allows us to
identify a novel component of Rap1 signaling restricting NF-xB activation. TNF-a
promotes proinflammatory changes also via ROS generation and specifically, TNF-a-
induced NADPH oxidase activation contributes to NF-xB activation®®-60, We have
previously shown that in choroid epithelial cells Rapl can inhibit NOX-dependent ROS
activation®1. Thus, in future studies, it will be important to determine if it also plays a role in
cytokine-induced, NOX-dependent NF-xB activation.

Because increased plaque in the disturbed flow areas is associated with increased vascular
permeability, we examined if impaired endothelial barrier in Rap1-deficient ECs may be
responsible for the observed phenotype. During development20 and junction reformation
after inflammation-induced breakdown?3, Rap1 promotes cell adhesion and cell-cell
junction formation. Surprisingly, after development, Rap1 is not essential for EB
maintenance in most organs. Here, we found that aortic vascular permeability was not
increased under conditions of atherosclerosis (Supplemental Fig. I1B). Thus, altered vascular
permeability is an unlikely cause for exacerbated atherosclerosis in the disturbed flow area
(Fig. 1F, G).

Our study provides new, important insights into physiological functions of Rapl in
endothelium and the molecular mechanisms that underlie them. Two highly homologous
isoforms of Rapl, RaplA and RaplB, have both distinct and isoform-specific

functions?L: 23, Importantly, both Rap1 isoforms have additive effect on endothelial
functionl’: 62, Also, both isoforms are involved in cell-cell junction reassembly and
formation of the vascular barrier23. Thus, we expect pathological defects, described here
using Athero-Rap1B mice, would be further increased in double knockouts of both Rapl
isoforms. Interestingly, the atheroprotective function of Rapl reported here, contrasts with
the proinflammatory effect of integrin a.,83%3, one of the better characterized effectors of
Rap124 64 Therefore, the anti-inflammatory Rap1 effects we described here are not likely to
be mediated via this integrin. Our mechanistic studies, performed in human aortic
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endothelial cells depleted of both Rap1l isoforms, signify the relevance of our novel
mechanism for human pathology and identify Akt as a physiologically relevant target of
Rapl under the conditions of inflammation.

Our findings implicate dysregulation of Rapl in restriction of inflammatory processes,
fundamental to the development of CVD. This is novel, because currently little is known
about dysregulation of Rap1 activity in cardiovascular disease. Unlike its close relative
Ras®, no functional mutants of Rap1 have been identified in human disease. Similar to
Ras®, there is evidence for dysregulated Rap1 activity due to altered expression of
Rap1GAP in cancer®”. Literature search revealed only two studies listing differential
expression of Rap1 regulators in CVD: Rap1GAP and RasGRP3 in CVD68. 69 put their
function in CVD are not known. Therefore, our studies provide a rationale for further studies
of mechanisms of Rap1 regulation in CVD and atheroscleraosis.

In sum, our study identifies a novel mechanism underlying EC homeostasis that involves
restriction of proinflammatory signaling by Rapl. Together with promoting NO release the
two functions of Rapl are key novel determinants of endothelial homeostasis. Furthermore,
our results implicate endothelial Rapl signaling as a novel target for treatment of
cardiovascular disease.
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ApoE~/~ Apolipoprotein E deficient

Athero-Rap1BIAEC Atherogenic EC-specific, tamoxifen-inducible Rap1B
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Athero-Rap1/AEC Atherogenic EC-specific, tamoxifen-inducible total Rap1

(RaplA + Rap1B) knockout

CAM Cell adhesion molecule

CvD Cardiovascular disease

EC Endothelial cell

HFD High fat diet

hAECs Human aortic endothelial cells
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Highlights
. Deletion of Rapl in endothelium exacerbates the progression of
atherosclerosis.
. In laminar flow areas, increased plaque deposition in Athero-Rap1B2EC mice
is attenuated by enhanced NO bioavailability.
. In the absence of laminar flow, in athero-prone, disturbed aortic flow areas,
endothelial deletion of Rapl increases macrophage infiltration.
. In the absence of laminar flow, Rap1 restricts Akt-mediated phosphorylation

and the activation of NF-xB proinflammatory signaling, damping
proinflammatory receptor expression and leukocyte infiltration.
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Figure 1. Endothelial Rap1B-deficiency exaggerates atherosclerotic plaque deposition in the
presence and absence of laminar flow.

A. Induction of atherosclerosis in Rap1BI2EC mice: Quantification of serum cholesterol
levels in Rap1B'AEC and control (Cdh5-Cre-negative, or injected with carrier oil only) mice
on ApoE ™'~ background measured after 16 weeks of HFD (Athero-mice), compared to
serum cholesterol levels in mice fed normal laboratory diet. Data are means + s.e.m. (n=5).
B, C. Increased atherosclerotic lesion area in Athero-Rap1B2EC mice. B. Representative
images of Oil O red (ORO)-stained en face preparations of aortae from Athero-control and
Athero-Rap1B2EC mice without or with L-Arg supplementation in the diet. C.
Quantification of atherosclerotic plaque area expressed as percentage of ORO-positive areas
vs. total aorta area in Athero Rap1B'AEC compared to Athero-control male and female mice.
Individual values and mean +s.e.m. for each sex are shown. D. E. VEGF-induced NO
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release from Rap1B-deficient or control hAECs in the presence L-Arg (D) or L-NMMA.
Mean values of NO concentration after 60 min of VEGF stimulation calculated using
authentic standards were normalized to total protein in each sample. n=4. F. Quantification
scheme of atherosclerotic lesions in predominantly laminar-and disturbed-flow areas of
mouse aortae: ascending aorta (AA), descending aorta (DA), branchiocephalic artery
(BCA), left common carotid artery (LCC) and left subclavian artery (LS). G. Quantification
of atherosclerotic plaque area within laminar flow area in male and female Athero-
Rap1B'2EC mice, compared to Athero-control mice, without or with L-Arg
supplementation. Individual values, and mean and s.e.m. for each sex are shown. H.
Average plaque size in each flow region vs. total area of vessel region. Values are mean +
s.e.m. (n=9-14; p values were calculated by using Welch-corrected one-sided t-test). I, J.
Increased macrophage infiltration into aortic root in Athero-Rap1B/2EC mice. I
Representative expression of F4/80 marker detected by immunohistochemistry in the aortic
root of Athero-control and Athero-Rap1BI2EC mice; scale bar=100 um. J. Quantification of
F4/80-positive macrophages in aortic roots of Athero-control and Athero Rap1B'2EC mice
(n=5), expressed relative to aortic root area. Values are means + s.e.m. p values - as in
Supplemental Table S1; * indicates p<0.05; ** p<0.01; *** p<0.001.
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Figure 2. In the absence of laminar flow, EC Rapl-deletion elevates inflammatory receptors
(CAM) expression.

A-D. Upregulation of inflammatory leukocyte cell adhesion receptors in Athero
Rap1'2EC mice in vivo. Representative immunohistological analysis of VCAML1 (A) and
ICAM1 (B) and CD31 expression in serial sections of aortic arches from Athero-Rap1/2EC
or Athero-control mice. C, D. Quantification of CAM-positive ECs, obtained from =100
ECs per mouse. Data are represented as mean + s.e.m. (n=3-6). E, F. Upregulation of
VCAML1 expression in Rapl-deficient hAECs in response to TNF-a in vitro. H.
Representative Western blot of VCAML1 expression in siRapl or siControl RNA-transfected
hAECs following TNF-a treatment for 48 h. I. Quantification of fold change in TNF-a.-
induced VCAML1 expression, normalized to actin, in siRapl and siControl hAECs. Data are
mean * s.e.m. (n=3) (* indicates p< 0.05).
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Figure 3. In the absence of laminar flow, Rap1 deficiency leads to Increased NF-xB activation.
A, B. Increased nuclear NF-xB p65 localization in aortic arch ECs in Athero-Rap12EC vs,

Athero-control mice. A. Representative immunohistological analysis of NF-xB p65, DAPI
and CD31 expression. B. Quantification of NF-xB p65-positive EC nuclei (stained blue in
panel A), represented as a fraction of all scored ECs. Mean + s.e.m. from 148 +20 cells per
mouse are shown. C. Increased TNF-a-induced IKK activation, 1xB phosphorylation
and IxB degradation in Rapl-depleted hAECs. C. Representative Western blots of IKK
Ser 176/180 phosphorylation, 1xB Ser 32/36 phosphorylation from cells lysates prepared
from siControl or siRapl (siRaplA + siRap1B)-transfected hAECs, treated with TNF-a
(50ng/ml), as indicated. D. Quantification of fold change in TNF-a-induced phosphorylation
of IKK and IxB, and of total 1xB and phospho- IxB vs. actin, as a measure of 1xB
degradation, in siRapl vs siControl-transfected hAECs. The values are ratios of
phosphorylated- to total IKK and IxB, or total or phospho- IxB to actin densitometry values
of specific bands, normalized to ““0 min”* siControl values. Rap1 expression is shown to
demonstrate siRapl knockdown efficiency. (n=4).
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Figure 4. In the absence of laminar flow, Rapl restricts inflammatory signaling to NF-xB via
inhibition of Akt.

A-D. Akt inhibitor decreases IxB phosphorylation and degradation in Rapl-depleted
hAECs. A. Representative Western blots of IKK Ser 176/180 phosphorylation and IxB Ser
32/36 phosphorylation from siControl or siRapl transfected hAECs pretreated with DMSO
or an AKT inhibitor AKTVHI (1uM; ““AKT Inh”*) for 30 min prior to TNF-a (50ng/ml)
treatment for indicated times. B-D. Quantification of fold TNF-a-induced phosphorylation,
normalized to total protein, vs. non-treated control at the 5 min timepoint. E. Rapl
expression is shown to demonstrate knockdown efficiency. (n=4). F. Proposed model of the
protective effect of Rapl in the athero-prone vessel area in the absence of laminar flow.
In the absence of laminar flow, Rap1 restricts Akt-mediated phosphorylation and activation
in response to inflammatory cytokines such as TNF-a, resulting in-induced NF-xB
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activation through inhibition of IKK and kB phosphorylation. In the absence of Rap1,
enhanced IxB phosphorylation and degradation leads to increased NF-xB activation and
increased expression of leukocyte inflammatory adhesion receptors on activated ECs,
promoting leukocyte infiltration and atherosclerosis progression.
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Figure 5. Via discrete mechanisms, endothelial Rapl protects from atherosclerosis in the
presence and absence of laminar flow.

Left: In response to laminar flow, Rap1l promotes NO release via its mechanosensing

function. Right. In the absence of laminar flow, or in the presence of disturbed flow, Rapl
restricts proinflammatory cytokine signaling, NF-xB activation and proinflammatory gene

expression in endothelium.
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