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Abstract

Aims Variants of the junctional cadherin 5 associated (JCAD) locus associate with acute coronary syndromes. JCAD promotes
experimental atherosclerosis through the large tumor suppressor kinase 2 (LATS2)/Hippo pathway. This study investigates
the role of JCAD in arterial thrombosis.

Methods JCAD knockout (Jcad™™) mice underwent photochemically induced endothelial injury to trigger arterial thrombosis.

and results Primary human aortic endothelial cells (HAECs) treated with JCAD small interfering RNA (si/CAD), LATS2 small interfering

RNA (siLATS2) or control siRNA (siSCR) were employed for in vitro assays. Plasma JCAD was measured in patients with
chronic coronary syndrome or ST-elevation myocardial infarction (STEMI).jcad_/_ mice displayed reduced thrombogenicity
as reflected by delayed time to carotid occlusion. Mechanisms include reduced activation of the coagulation cascade [re-
duced tissue factor (TF) expression and activity] and increased fibrinolysis [higher thrombus embolization episodes and
D-dimer levels, reduced vascular plasminogen activator inhibitor (PAl)-1 expression]. In vitro, JCAD silencing inhibited TF
and PAI-1 expression in HAECs. JCAD-silenced HAECs (si/CAD) displayed increased levels of LATS2 kinase. Yet, double
JCAD and LATS2 silencing did not restore the control phenotype. si-JCAD HAECs showed increased levels of phosphoino-
sitide 3-kinases (PI3K)/ proteinkinase B (Akt) activation, known to downregulate procoagulant expression. The PI3K/Akt
pathway inhibitor—wortmannin—prevented the effect of JCAD silencing on TF and PAI-1, indicating a causative role.
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Also, co-immunoprecipitation unveiled a direct interaction between JCAD and Akt. Confirming in vitro findings, PI3K/Akt
and P-yes-associated protein levels were higher in Jcad™~ animals. Lastly, as compared with chronic coronary syndrome,
STEMI patients showed higher plasma JCAD, which notably correlated positively with both TF and PAI-1 levels.

Conclusions JCAD promotes arterial thrombosis by modulating coagulation and fibrinolysis. Herein, reported translational data suggest
JCAD as a potential therapeutic target for atherothrombosis.

Structured Graphical Abstract

Key Question

JCAD favours vascular dysfunction and atherosclerosis through the regulation of inflammation. To date no specific studies investigated
whether the association between JCAD and unfavourable cardiovascular (CV) outcomes could be driven by a facilitating action on
thrombus formation.

Key Finding

A murine model of arterial thrombosis, experiments on human endothelial cells and plasma from patients suffering from ST-elevation
myocardial infarction (STEMI) revealed JCAD as a mediator of arterial thrombosis by facilitating the activation of the coagulation cascade
and impairing fibrinolysis via defined pathways.

Take Home Message

JCAD inhibition protects against arterial thrombosis by selectively modulating coagulation and fibrinolysis through endothelial tissue
factor (TF) and PAI-1. Our translational findings suggest JCAD as a potential therapeutic target for CV prevention and support
investigations to validate its clinical relevance.
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Translational perspective

This study illustrates a novel role for JCAD in arterial thrombosis by regulating the coagulation cascade and fibrinolytic activity through tissue factor
and plasminogen activator inhibitor-1 modulation. Our results shed new light on the role of JCAD in arterial thrombus formation, a dreadful but
common complication of atherosclerotic cardiovascular disease. Indeed, the present work suggests a potential therapeutic role of JCAD inhibition
to impinge on arterial thrombogenicity. However, as therapeutic JCAD inhibition may cause untoward effects, its physiological function beyond
the cardiovascular system warrants further study. The development of pharmacological JCAD inhibitors will be of utmost importance to set the
stage for preclinical studies to assess the efficacy and safety of JCAD blockage in established models of atherosclerotic cardiovascular disease.

Permissions information

The authors do hereby declare that all illustrations and figures in the
manuscript are original and not require reprint permission.

Introduction

Arterial thrombosis is the key event underlying most acute cardio- and
cerebrovascular events." Endothelial erosion or plaque rupture leads to
the exposure of collagenous plaque components as well as vascular tis-
sue factor (TF), activating the coagulation cascade and triggering platelet
aggregation. Fibrin deposition then stabilizes the arterial clot, leading to
vascular occlusion and ischaemic damage of downstream parenchyma.
Spontaneous plasmin-mediated fibrinolysis may limit the formation of
an occlusive thrombus and restore blood flow. Unveiling hitherto un-
known molecular mechanisms of arterial thrombosis may result in
the identification of novel molecular targets for the prevention and
management of myocardial infarction and ischaemic stroke, which still
account for the majority of deaths worldwide.?

Genome-wide association studies (GVWAS) have consistently linked gen-
etic variants at the JCAD [junctional cadherin 5 associated, also known as
KIAA1462 or junctional protein associated with coronary artery disease
(CAD)] locus to an increased risk of CAD and incident acute coronary syn-
drome (ACS).*” Xu et al recently investigated the direction of such an as-
sociation showing that the lead risk variants increase the expression of this
protein. Previous studies showed that JCAD co-localizes with cell—cell junc-
tions and is mainly expressed by endothelial cells, where it regulates angio-
genesis under pathological circumstances, rather than developmental
ones.” Experimental models explored such associations and reported an
important role for JCAD in atherogenesis by facilitating interactions be-
tween the endothelium and inflammatory cells at the site of shear-stress,
thereby accelerating plaque growth.é'8 Mechanistically, JCAD signals within
endothelial cells by activating the Hippo pathway through large tumor sup-
pressor kinase 2 (LATS2), thereby triggering the expression of several
pro-atherogenic and pro-inflammatory genes.®” GWAS further indicate
an association of JCAD with acute thrombotic events (i.e. myocardial in-
farction) for which an experimental explanation is still missing.

The present study aimed to investigate the role of JCAD in arterial throm-
bosis. To this end, we assessed the effect of genetic JCAD deletion in an in
vivo murine model of arterial thrombosis based on an endothelial-specific in-
jury.” Next, to increase the translational relevance of this work and gain
mechanistic insight, we confirmed the animal findings in JCAD-depleted pri-
mary human aortic endothelial cells (HAECs). Finally, we assessed circulating
levels of JCAD in patients with ACS and chronic coronary syndrome (CCS).

Methods

Detailed methods are provided in the Supplementary material online,
Appendix. The study complies with the Declaration of Helsinki. All proce-
dures were approved by the Cantonal Veterinary Authority of Zurich,

Switzerland. Animal experiments were performed conforming to
Directive 2010/63/EU of the European Parliament and of the Council of
22 September 2010 on the protection of animals used for scientific pur-
poses. The data underlying this article will be shared on reasonable request
with the corresponding author.

Animals

3- to 5-month-old JCAD knockout (Jcad™~) mice together with corre-
sponding wild-type (WT, Jead™™) littermates were used for experiments.
Jecad™~ mice were generated, and their genotype was confirmed by routine
genomic polymerase chain reaction (PCR) as described previously.®

In vivo carotid artery thrombosis model

Jead™™ and Jead™* mice underwent photochemical injury of the common
carotid artery to induce arterial thrombosis as previously described.'®~"?

Treatment with wortmannin

A separate set of mice received wortmannin (0.5 mg/kg body weight) 24 h
and 1.5 h before undergoing photochemical-induced carotid artery throm-
bosis."*"* A vehicle was used as control.

Echocardiographic measurements

A Vevo 3100 system (VisualSonics, Toronto, Canada) equipped with an
MS550D 40 MHz linear array transducer was used for vascular and cardiac
measurements in animals at baseline.

Platelet aggregation and reactivity in mice

Platelet aggregation in response to collagen and thrombin was assessed by light
transmission aggregometry, as previously detailed.” Platelet reactivity towards
collagen and adenosine diphosphate (ADP) was also assessed via fluorescence-
activated cell sorting (FACS) analysis of surface protein expression.

Determination of tissue factor activity and

expression in arterial samples

As previously described, TF activity was determined in carotid artery lysate
from uninjured vessels as previously described by the colorimetric
ACTICHROME ® TF assay according to the manufacturer’s recommenda-
tion (American Diagnostica, Stamford, CT, USA).”"® TF expression was in-
stead measured in arterial lysates by ELISA (R&D system).

Cell culture experiments

Primary HAECs transfected with JCAD small interfering RNA (sifCAD), LATS2
SIRNA (siLATS2), scrambled siRNA (siSCR), or a combination of them were em-
ployed for in vitro experiments.’”"® The proteinkinase B (Akt) inhibitor wort-
mannin was added to the culturing medium in a separate set of experiments.
Culturing and transfection protocols are detailed in the Supplementary
material online, Appendix.

Western blotting

Murine uninjured arteries and HAECs were lysed in lysis buffer and protein
separated on sodium dodecyl sulphate -polyacrylamide gel electrophoresis
as previously described."”
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Quantitative real-time polymerase chain
reaction

Quantification of JCAD, F3, and plasminogen activator inhibitor (PAI)-1
mMRNA levels was done by real-time PCR.

Study population

The study cohort consisted of two groups of patients: (i) 39 consecutive pa-
tients admitted to the coronary care unit of Policlinico Universitario ‘A.
Gemell” within 6 h after the onset of chest pain, presenting with
ST-elevation myocardial infarction (STEMI) defined according to current
guidelines and confirmed at coronary angiography; (i) 22 CCS patients ad-
mitted to the cardiology ward with symptoms of stable effort angina lasting
more than 12 months, angiographically confirmed CAD and no overt is-
chaemic episodes during the previous 48 h.

Plasma sampling

Murine D-dimer and human JCAD, TF, and PAI-1 were assessed in EDTA
plasma samples by ELISA following the manufacturers’ instructions.?’

Statistical analysis
Statistical analysis was performed as detailed in the Supplementary material
online, Appendix.

Results

Loss of JCAD delays time to arterial
thrombotic occlusion and blunts thrombus

firmness in vivo.

To investigate the potential role of JCAD in arterial thrombosis, time to
carotid artery occlusion was analysed in Jcad™~ mice and control litter-
mates following photochemical-induced carotid endothelial injury.
Time to stable thrombotic occlusion was significantly delayed in
Jcad™™ male animals as compared with jcad™* littermates by around
40% (P <0.05, Figure 1A). The irregular blood flow dynamic observed
during the thrombosis experiments reflects the dissolving action of
the fibrinolytic system on the forming thrombus (Figure 1B).
Thrombus embolization and blood flow restoration above 0.1 mL/
min occurred more often in jcad_/_ male mice than in controls (P <
0.05, Figure 1C, Supplementary material online, Figure ST7), suggesting
blunted thrombus firmness. Importantly, no significant differences in
initial blood flow, heart rate and body weight were observed between
the two groups (Figure 1D—F). Similar findings were reported in female
animals, specifically an increased time to thrombotic occlusion was
observed in female Jcad™~ mice as compared with littermates (P <
0.05, Supplementary material online, Figure S7) as well as a tendency to-
wards more episodes of thrombus embolization (see Supplementary
material online, Figure S7). No significant differences were found be-
tween the experimental groups in terms of carotid arterial stiffness
and heart function at the time of the experiment as assessed by echo-
cardiography (Table 1).

JCAD deficiency does not affect platelet

count, volume, and function

Given the fundamental role of platelets in arterial thrombosis, we initial-
ly investigated the effect of JCAD deletion on their count, morphology
and function. Complete blood count analysis revealed that platelet num-
bers and volumes were unchanged injcad_/_ andjcac1+/+ mice (Figure 2A
and B, respectively). Similarly, red blood cell and white blood cell counts

were not affected by JCAD deficiency in animals at the experimental age
(see Supplementary material online, Table S1). Collagen, thrombin and
ADRP trigger platelet aggregation during atherothrombosis. The reactiv-
ity of washed platelets to such mediators was then assessed by ex vivo
light transmission aggregometry and FACS analysis. Loss of JCAD did
not affect collagen-induced platelet reactivity as demonstrated by simi-
lar maximal aggregation, rate (slope) of aggregation and lag phase in
Jcad™~ mice and control littermates (Figure 2C—F). Similar results
were obtained after stimulation with thrombin, where again Jcad™~ pla-
telets did not show any overt phenotype when compared with WT cells
(Figure 2G—)). Furthermore, we assessed by FACS the expression of the
platelet activation marker P-selectin (CD62P) and the activated glyco-
protein lIb/llla (JON/A) receptor at resting state and after ex vivo
ADP- and collagen-mediated activation. In accordance with our aggre-
gometry data, Jcad"* and Jcad™~ showed similar P-selectin and JON/
A expression levels at baseline. As expected, both groups increased
the expression of activation markers after stimulation with ADP and
collagen. Nevertheless, we did not detect any differences between
Jead*"" and Jead™~ platelets upon activation (Figure 2K=N).

JCAD deletion associates with reduced
activation of the coagulation cascade and
increased fibrinolysis

After endothelial damage, TF triggers the activation of the coagu-
lation cascade, eventually leading to thrombin and fibrin formation
to stabilize platelet clots (Figure 3A). Consistent with a reduced
thrombogenicity, carotid artery lysates from Jcad™™ mice showed
reduced TF activity (i.e. reduced formation of factor X activated at
the functional assay) as compared with those from control litter-
mates (P <0.05, Figure 3B). Accordingly, ELISA quantification of
TF in the artery detected reduced levels of the procoagulant by
20% in Jcad™~ samples as compared with Jcad™* (P<0.05,
Figure 3C). On the contrary, levels of thrombomodulin did not
change between the study groups (see Supplementary material
online, Figure S2A).

Together with coagulation, fibrinolysis gets activated to digest fibrin
into fibrin degradation products (such as D-dimer) and dissolve the clot.
Tissue- or urokinase-type plasminogen activators (tPA and uPA) are re-
leased to activate plasmin—the major fibrinolysin—but gets rapidly in-
hibited by PAI-1 (Figure 3D). Alongside reduced thrombus firmness,
Jecad™~ mice also displayed increased fibrinolysis as shown by higher
plasma levels of D-dimer (P < 0.01, Figure 3E). Accordingly, Jcad™~ ani-
mals displayed reduced levels of the anti-fibrinolytic PAI-1 as compared
with WT littermates (P < 0.05, Figure 3F), while no differences were de-
tected in terms of tPA and uPA (see Supplementary material online,
Figure $2B and C).

In keeping with its known role as an activator of the Hippo pathway,
animals lacking JCAD expression showed increased yes-associated pro-
tein (YAP) phosphorylation, suggesting its cytoplasmic segregation (P <
0.05, Figure 3G).

Silencing of JCAD reduces TF and PAI-1
expression in stimulated primary human
aortic endothelial cells

To test the translational relevance of our in vivo findings, TF and PAI-1
expression were assessed in JCAD-silenced primary HAECs under ba-
sal conditions and after stimulation with tumour necrosis factor
(TNF)-a. In HAEGs, lipofectamine-mediated small interfeiring RNA
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Figure 1 Effects of JCAD deletion on carotid arterial thrombosis in vivo in male mice. (A) Jcad™~ mice showed delayed time to formation of an oc-

clusive thrombus in their carotid arteries after endothelial-specific damage as compared with Jcad

littermates. (B) Representative trace of mean blood

flow until occlusion (mean flow < 0.1 mL for 1 min) in the two study groups. (C) JCAD deletion increased the number of episodes of thrombus em-
bolization. (D—F) No difference in initial heart rate, blood flow and weight was reported among Jcad™~ and wild-type littermates. n =7 different mice

per group. A, C—F: unpaired two-tailed Student’s t-test. ¥P < 0.05.

(siRNA) transfection induced JCAD gene silencing in cells receiving also at the protein level (P<0.0001 for all, Figure 4B and C,

JCAD siRNA (si/CAD) as compared with those receiving the scrambled respectively).

control (siSCR) (P < 0.0001, Figure 4A). Western blotting (WB) and im- As expected, the activity of TF increased in human aortic endothelial
munocytochemistry confirmed JCAD reduction upon silencing cell (HAEC) lysates upon TNF-a stimulation both in cells receiving
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Table 1 Ultrasound characterization of vascular and
cardiac phenotype
Jead”*  Jead”~ P
(n=7) n=7)
Puke wave velocity (mfs) 38£03 3205 NS
Left ventricle volume; systole (uL) 21.9+49 232+25 NS
Left ventricle volume; diastole (pL) 619+54 620+44 NS
Left ventricle diameter; systole (mm) 24+02 25+01 NS
Left ventricle diameter; diastole (mm) 3.7 +0.1 38+0.1 NS
Left ventricle mass (mg) 131+10 127+8 NS
Left ventricle anterior wall; systole 14+0.1 13+0.1 NS
(mm)
Left ventricle anterior wall; diastole 0.9+0.1 08+01 NS
(mm)
Left ventricle posterior wall; systole 14+01 14+01 NS
(mm)
Left ventricle posterior wall; diastole 09+0.1 1.0+01 NS
(mm)
Ejection fraction (%) 67 +4 63+2 NS
Fractional shortening (%) 37+3 34+1 NS
Stroke volume (uL) 400+11 389+22 NS
Cardiac output (mL/min) 189+04 186+09 NS
Isovolumetric contraction time (ms) 148+14 199+24 NS
Isovolumetric relaxation time (ms) 179+08 187+23 NS
Mitral valve deceleration time (ms) 16.6+26 170+31 NS
E/A ratio 1.3+0.1 13+01 NS
E/E’ ratio 232+23 223+34 NS

siSCR and in those silenced for JCAD (P < 0.0001 for both, Figure 4D).
Yet, TNF-o-induced TF activity remained significantly lower in siJfCAD
HAECs as compared with control ones (P<0.0001, Figure 4D).
Accordingly, WB analysis detected lower levels of TF protein in stimu-
lated siJCAD cells as compared with siSCR (P<0.001, Figure 4E).
Indicating a transcriptional modulation, levels of TF mRNA remained
lower in siJCAD cells (P < 0.0001, Figure 4F) despite their significant in-
duction upon TNF-a stimulation (P <0.05 for si/CAD cells and P <
0.0001 for siSCR, Figure 4F).

TNF-a increased the expression of PAI-1 both in siSCR and si/CAD
cells (P<0.01 for both, Figure 4G). Yet, when compared with siSCR
HAECs, JCAD-silenced cells expressed lower levels of the procoagu-
lant both at baseline and after stimulation (P <0.01 and P <0.05, re-
spectively). Again, quantitative PCR analysis of cell lysates detected
lower levels of PAI-T mRNA in siJCAD endothelial cells as compared
with those treated with siSCR (P < 0.05, Figure 4H).

LATS2 kinase does not mediate the effect
of JCAD on TF and PAI-1 levels

LATS2 kinase was previously shown to mediate the effect of JCAD silen-
cing on endothelial cells. Specifically, JCAD inhibits LATS2, thereby

reducing YAP phosphorylation and allowing its nuclear translocation
with a net positive effect on the Hippo pathway. Accordingly, LATS2 si-
lencing of endothelial cells lacking JCAD resulted in the rescue of the
control  phenotype.” To investigate the role of LATS2 in
JCAD-induced TF and PAI-1 modulation, HAECs were double silenced
for the two genes, the efficacy of the silencing protocol was confirmed by
WA (Figure 5B). Yet, silencing of LATS2 did neither affect TNF-a-induced
TF activity nor expression in JCAD-silenced cells and remained signifi-
cantly lower as compared with siSCR HAECs (Figure 5C and D).
Similar effects were reported for PAI-1, whose expression was not
modified by LATS2 knockdown in JCAD-silenced cells (Figure 5E).

Increased PI3K/Akt activation mediates

the effect of JCAD on procoagulants
Phosphoinositide 3-kinases (PI3K)/Akt is an ubiquitous anti-apoptotic
protein kinase with a key role in different cellular processes. Known
to modulate both TF and PAI-1 expression, recent work demonstrated
that Akt can directly phosphorylate YAP, thereby down-regulating its
function as transcriptional regulator. Here we demonstrated that
TNF-a activated JCAD-silenced cells show higher levels of PI3K as com-
pared with activated siSCR cells (P < 0.05, Figure 6A). As expected, in-
creased levels of PI3K accompanied with higher activated Akt both at
baseline and upon stimulation with TNF-a (P < 0.05 and P <0.001, re-
spectively, Figure 6B). Demonstrating a causal role for this pathway in
JCAD-mediated TF and PAI-1 regulation, pre-treatment with the
PI3K/Akt inhibitor wortmannin rescued the control phenotype of sti-
mulated HAECs. Specifically, pre-treatment with wortmannin signifi-
cantly increased TF levels of JCAD-silenced cells (P<0.0001,
Figure 6C) up to the level observed in stimulated siSCR cells
(Figure 6C). Accordingly, TF expression as assessed by WB was also sig-
nificantly increased in stimulated sijCAD upon Akt inhibition (P<
0.0001, Figure 6D). Similarly to what was shown for TF, the disruption
of Akt signalling significantly increased PAI-1 expression of stimulated
sifCAD cells (P<0.0001, Figure 6E) to the level observed in siSCR
ones (Figure 6E). To confirm the involvement of JCAD in the regulation
of the PI3K/Akt pathway, we found a direct protein—protein interaction
as shown by co-immunoprecipitation experiments (Figure 6F).

Treatment with wortmannin rescues the
wild-type thrombotic phenotypes in
jecad™~ mice

Mirroring the in vitro results, genetic deletion of JCAD is associated with
increased levels of PI3K/Akt also in murine arteries (Figure 7A and B). In
order to prove the causal role of PI3K/Akt on JCAD thrombosis modu-
lation, Jcad™~ animals were treated with wortmannin before undergo-
ing carotid photochemical-induced thrombosis in a separate set of
experiments. Treatment with wortmannin significantly reduced the
time to occlusion of Jcad ™~ animals (P < 0.01, Figure 7C) to the level ob-
served in Jcad*"* mice. Of importance, pre-treatment with wortmannin
did not affect initial heart rate and blood flow (Figure 7E and F).

Patients with STEMI have high circulating
JCAD protein levels which positively
correlate with TF and PAI-1

To test the translational relevance of our data, plasma levels of JCAD
were assessed in patients presenting with acute (i.e. STEMI) or chronic
(i.e. CCS) manifestations of CAD. Given JCAD’s being mostly ex-
pressed in endothelial cells and in consideration of the fact that



1824

L. Liberale et al.

>
w

< ’ 2
E a0 . __'li 2
£ . 5
% b2 . g .
p=3 . 2
b 600 . n g o====. .. S
3 3 4
S 400 ]
5 2
3 2
3 200 § 2
z g
=
0=+ 'l 0 -
§ - P
K ¢ & ¢
c COLLAGEN -
< E w0
s w
YT N S B N PO
110 |Agaregation [%] 110 % 60 . s 60 .o, n
100 0=, Pw =
< %0 g == - 2 GO
£ ]
I pos M o P R
70 70 0 -
- s 5
40 40 ©
30 330
20 20 -
10 MeasTime ] 10 g w
| | | | leas. lime [s] «©
MO~ 50 26 T80 330 00 # © T oo .
-10 10
2 » S 2 .:l:.... '-_—'F.. n
0
P
& &
G THROMBIN o 0
£ -
5 w . . S
1203 RS L I CRENIL (PN LS T s 120 5 . . s .
Aggregation [%] 2 60 T 6 ° -
100 100 S w o i Ew
% % £ O g
80 80 E o
70 70 0 . — 0 " N
60 60 & & & &
50 50 J
40 4 40 60
30 30
20 20 T,
10 10 4
ob: | | | | Meas.Time Js] 9 £
7 60 20 80 240 300 i) g
10 10 S
-20 20 soewmes®  "Ewywan
o
B .
¢ ¢
* ok * * *
—_— *
800 * 1600 ek 1000 — 250
— —_— " "
* — 800 °
600 . 1200 * % ] °
= — P e — = = 200 u
£ " L) g . £ s00 I u £ °
o 400 o . < 800 o I < =
g u ? f H oo q'; 8 400 . z ° :[
Q o Q o
© L4 ; 8 3 N ot 8= S o ® . S 150 % e
200 B D = 400 o Py S 200 58 & . ..
"'y
o T T T [ | T T ° T T 100 T T
& o & &
60\\(3 @*?“ q’“$ “,\\‘\w .@3‘ ,93) f“\\ A ’eﬂ‘\ Q'PQ
EA A A ¢ & ¢ &

Figure 2 Impact of JCAD deletion on platelet count, volume and ex vivo activation and aggregation. (A and B) Jcad™~ animals did not show any dif-

ference in terms of platelet count or mean platelet volume as compared with Jcad™* animals. (C—E) Ex vivo collagen-induced platelet aggregation as

assessed by light transmission aggregometry did not show any difference in terms of maximal aggregation, rate (slope) of aggregation and lag phase
in Jcad™~ animals and WT littermates. (G—f) Ex vivo thrombin-induced platelet aggregation as assessed by light transmission aggregometry did not
show any difference in terms of maximal aggregation, rate (slope) of aggregation and lag phase in Jcad™~ animals and WT littermates. (K—N)
FACS analysis of platelet reactivity markers after ex vivo ADP (10 uM, 20 pM) and collagen (20 pg/mL) activation in Jcad** and Jcad™~ mice. Mean
fluorescence intensity of CD62P was similar between groups at baseline (K and L), after ADP (K) and collagen (L) stimulation. Mean fluorescence
intensity of JON/A was similar between groups at baseline (M and N), after ADP (M) and collagen (N) stimulation. n=>5 different mice per group.
A-B, D—F, H: unpaired two-tailed Student’s t-test. K—N: paired two-tailed Student’s t-test. *P < 0.05, **P < 0.01.
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Figure 7 Effect of PI3K inhibition on carotid arterial thrombosis in vivo in Jcad-/— mice. (A) JCAD deletion increases arterial levels of PI3K in mice.
(B) JCAD deletion increases arterial levels of phosphorylated Akt in mice. (C) Jcad™~ mice showed delayed time to formation of an occlusive thrombus

in their carotid arteries after endothelial-specific damage as compared with Jcad

*/* littermates. Such an effect was eliminated by pre-treatment with the

Akt inhibitor wortmannin. (D) Pre-treatment with wortmannin associated with a trend toward a reduced number of thrombus embolization episodes
in Jcad™~ mice. (E-F) No difference in terms of initial heart rate and blood flow was recorded among the three study groups. n= 8 different mice per
group. A-B: unpaired two-tailed Student’s t-test. C-F: one-way analysis of variance (ANOVA) with Tukey post hoc test (number of comparisons = 3).

**P < 0.01. PI3K = phosphatidylinositol 3-kinase.

endothelial cells could not be easily obtained in ACS patients, we chose
plasma levels of this protein as a surrogate for cellular expression. A to-
tal of 61 patients were included in the analysis, of which 39 and 22 pre-
sented with STEMI and CCS, respectively (Table 2). Interestingly, STEMI
patients showed markedly elevated JCAD plasma levels as compared
with those with CCS (Figure 8A), a phenomenon that was consistently

observed after controlling for pre-interventional LDL cholesterol
(LDL-C), high-sensitivity troponin | (hs-Tnl) and dual antiplatelet ther-
apy (DAPT) use (adjusted mean, 1.71 vs. 1.09 ng/mL; P=0.014). When
we stratified all patients according to JCAD tertiles, both TF and PAI-1
levels markedly increased across JCAD tertiles (P for linear trend =
0.0065 and 0.0183, respectively). Compared with the lowest tertile,
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patients in the highest JCAD tertile showed elevated TF (407.80 vs.
86.18 pg/mL; adj. P=0.0129) and PAI-1 levels (16.57 vs. 9.45 ng/mL;
adj. P=0.037; Figure 8B and C). Notably, these differences in TF and
PAl levels remained consistent after controlling for potential confoun-
ders, including DAPT use and individual LDL-C as well as hs-Tnl levels
(adj. mean, 378.38 vs. 94.47 pg/mL, adj. P=0.039, and 17.31 vs. 8.68 ng/
mL, adj. P=0.036).

Discussion

This work for the first time demonstrates the deleterious effect of the
recently characterized protein JCAD in regulating arterial thrombosis
in vivo as well as its potential role as a therapeutic target in athero-
thrombosis. Data obtained in mice and translated to primary
HAECs and blood samples obtained from patients with STEMI cor-
roborate the following conclusions: (i) occluding arterial thrombosis
triggered by endothelial-specific injury is delayed in mice lacking
JCAD and occurs only after several cycles of thrombus formation
and lysis; (i) JCAD knockout reduced the activation of the coagulation
cascade and increased fibrinolysis by acting on TF and PAI-1 without
affecting platelet aggregation; (iii) JCAD silencing impairs
TNFa-induced TF activity and TF and PAI-1 protein expression in pri-
mary HAECs; (iv) the intracellular PI3K/Akt pathway, but not LATS2,
mediates the effect of JCAD in this setting as shown by treatment with
the PI3K inhibitor wortmannin both in vitro in human cells and in vivo in
mice; (v) in patients with STEMI, a clinical condition characterized by
acute intracoronary thrombosis, circulating levels of JCAD are in-
creased and they positively correlate with those of TF and PAI-1
(Structured Graphical Abstract).

The identification of novel therapeutic targets for the management
of atherothrombosis remains of utmost importance in consideration
of the high morbidity and mortality of its clinical complications. Here,
we hypothesized that JCAD, a recently characterized endothelial junc-
tional protein localizing at cell—cell junctions, may play a role in arterial
thrombosis. This hypothesis is based on internal and external data dem-
onstrating that ageing, vascular dysfunction and age-dependent cardio-
vascular conditions such as CAD are mediated by similar molecular
mechanisms signalling through inflammation and free radicals.2'2*
Indeed, JCAD is one of the genes described to be associated with
such conditions in GWAS.*® Genetic variants at the JCAD locus
were significantly associated with CAD and myocardial infarction.
Yet, although previous experimental studies detailed the role of
JCAD in favouring vascular dysfunction and atherosclerosis through
the regulation of inflammation,®® to date no specific studies investi-
gated whether the association between JCAD and unfavourable cardio-
vascular outcomes could be driven by a facilitating action on thrombus
formation.

In line with our initial hypothesis, we hereby show that mice lacking
functional JCAD display delayed formation of an occlusive thrombus in
the carotid artery after endothelial-specific damage, irrespective of
their sex. Mechanistically, the potential involvement of all three major
players involved in arterial thrombosis (i.e. platelet aggregation, coagu-
lation cascade and fibrinolysis) was investigated. Ex vivo aggregometry,
FACS analysis of membrane protein expression and morphological
characterization ruled out a possible contribution of platelets to the ob-
served effects. Of interest, recent proteomic characterization of circu-
lating platelets reported negligible levels of JCAD expression, suggesting
amarginal role for this protein in regulating their function.?” Instead, sig-
nificant differences were found in: (i) the activation of the coagulation

cascade as proved by reduced formation of factor X activated by
Jcad™ carotid lysates at the functional assay; (ii) the fibrinolytic cascade
as demonstrated by increased thrombus embolization episodes and cir-
culating levels of D-dimer—a well-established read-out of fibrin deg-
radation—in genetically modified animals. We identified increased TF
and PAI-1 expression as mediators for the abovementioned effects.
Both showing procoagulant activity, subendothelial TF works as a cofac-
tor for circulating factor VII directly cleaving factor X and triggering the
coagulation cascade when exposed after endothelial damage” while
PAI-1 is the major endogenous regulator of fibrinolysis blocking tPA-
and uPA-mediated plasminogen activation.?® Of translational relevance
and mirroring the in vivo data, JCAD silencing reduced TF and PAI-1 ex-
pression in vitro in stimulated primary HAECs. Furthermore, with these
experiments, we could demonstrate that JCAD-mediated procoagulant
modulation takes place at the transcriptional level. JCAD was previously
shown to regulate the transcription of several genes involved in apop-
tosis, inflammation and oxidative stress.®” Of interest, the previously
reported modulatory role exerted by JCAD on inflammatory media-
tors through NF-kB coupled with our experimental evidence in the ex-
perimental model of thrombosis suggests this protein is an important
player in the context of thromboinflammation. Mechanistically, JCAD
signals within endothelial cells through the Hippo pathway, which is in-
volved in several downstream phenotypes.®” Specifically, JCAD inhibits
the Hippo kinase LATS2, thereby blocking the phosphorylation of YAP/
TAZ, which is free to enter the nucleus and activate the transcription
factors of the TEAD family. Accordingly, the P-YAP/YAP ratio was in-
creased in the arterial lysate of Jcad™~ animals as compared with con-
trol littermates. Previously, Jones et al. used LATS2 silencing to rescue
the wild-type phenotype in JCAD-silenced endothelial cells.” Yet in
our hands, double JCAD and LATS2 silencing did not result in in-
creased TF and PAI-1 transcription as seen in siSCR-treated cells, im-
plying a secondary role for the Hippo pathway in the observed
phenotypes. Our results confirmed the previously reported upregula-
tion of LATS2 signalling however, rescue experiments focusing on
LATS2 silencing did not rescue the effect on TF and PAI-1, indicating
that in this specific case the observed effect is mediated by a different
regulatory pathway, i.e. PI3K/Akt. On the other hand, arteries of
Jcad™™ mice as well as JCAD-silenced HAECs show increased activa-
tion of the intracellular PI3K/Akt pathway, known to regulate the
levels of both TF and PAI-1 at the transcriptional and post-
transcriptional levels.’®° To confirm the causative role of this path-
way, we pre-treated HAECs with the selective PI3K inhibitor wort-
mannin, abolishing the protective effects of JCAD knockdown. Of
much interest, pre-treatment of Jcad™~ mice with wortmannin res-
cued the wild-type thrombotic phenotype also in knockout mice
undergoing photochemical carotid thrombosis. Lastly, we report
that JCAD co-immunoprecipitates with Akt, implying a direct pro-
tein—protein interaction, which may account for the modulating effect
of JCAD on its activation. Indeed, we and others previously showed
how proteins at the cell-cell junction have not only structural roles,
but they also signal by directly interacting with intracellular transduc-
tion pathways such as PI3K/Akt.203"32

As a proof-of-principle test for the translational relevance of our findings
in the clinical setting, we investigated JCAD plasma levels in patients with
STEMI or CCS. Circulating plasma levels of the protein were chosen as
a surrogate marker for its endothelial expression given the difficulty of ob-
taining endothelial cells from living patients and were used to investigate
the relationship between JCAD, TF and PAI-1 at the clinical level.
Interestingly, JCAD levels were found to be increased in STEMI patients,
in whom acute thrombosis of a major coronary artery is the underlying
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Table 2 Demographic and clinical characteristics of the study cohort

Whole cohort (n=61)

CCS (n=22)

ACS (n=39)

Demographics
Age, years 66+ 12
Male sex, n (%) 53 (86.9)

Clinical and biochemical

Weight (kg) 77+13
Height (m) 1.72+0.08
BMI (kg/m?) 268+68
Haemoglobin (g/dL) 137+16
White blood cells (10°/mL) 9.36 +4.11
Platelets (10°/mL) 221+67
Total cholesterol (mg/dL) 153 +34
HDL-C (mg/dL) 42+15
LDL-C (mg/dL) 89+29
Triglycerides (mg/dL) 134+79
Glycemia (mg/dL) 107 £32

History, n (%)

Previous ACS 15 (24.6)
Smoking 42 (68.9)
Diabetes 18 (29.5)
Hypertension 41 (67.2)
Obesity 6 (9.8)

Dyslipidaemia 38 (62.3)
Familiarity 22 (36.1)

Medications, n (%)

Aspirin 35 (57.4)
Thienopyridine 1(1.6)
Clopidogrel 10 (16.7)
Prasugrel 1(1.6)
Ticagrelor 3(49)
Anticoagulant 4(6.7)
ACE-| 16 (26.2)
ARB 19 (31.1)
B-blockers 23 (37.7)
Calcium channel blocker 12 (19.7)
Antidiabetics 11 (18.0)
Statins 34 (55.7)

71£10
19 (86.4)

78+13
1.72+0.08
282+9.6
138+16
7.10+2.22
204 + 57
149+ 30
49+19

88 +22

109 +42
101+32

5(227)
15 (68.2)
7 (31.8)
18 (81.8)
1 (4.5)
17 (77.3)
8 (36.4)

19 (86.4)
0(0)
9 (40.9)
0(0)
1 (4.5)
2.(9.1)
7(318)
10 (45.5)
14 (63.6)
4(182)
4(182)
18 (81.8)

63+13
34 (87.2)

76 +14
171+0.09
26.1+4.6
137+1.6
10.64 +4.40
231+71
156 + 36

38+ 11

89 +32
148 +91
110+ 32

10 (25.6)
27 (69.2)
11 (28.2)
23 (59.0)
5(12.8)
21 (53.8)
14 (35.9)

9 (23.1)
9 (23.1)
9 (23.1)
8 (20.5)
7 (17.9)
16 (41.0)

NS
NS
NS
NS
0.001
NS
NS
0.003
NS
0.045
NS

NS
NS
NS
NS
NS
NS
NS

0.001
NS
<0.0001
NS
NS
NS
NS
NS
0.003
NS
NS
0.003

CCS, chronic coronary syndrome; ACS, acute coronary syndrome; BMI, body mass index; HDL-C, HDL cholesterol; LDL-C, LDL cholesterol; ACE-I, angiotensin-converting enzyme
inhibitor; ARB, angiotensin receptor blocker. Bold values are statistically significant.

cause, as compared with those with CCS, where coagulation is not acti-
vated. These findings were consistently observed after controlling for indi-
vidual lipid levels (i.e. LDL-C), antithrombotic treatment (i.e. DAPT) and

estimated infarct size (i.e. hs-Tnl levels). GWAS previously associated
the JCAD locus with the occurrence of ACS and endothelial JCAD expres-
sion was previously reported to be increased in coronary plaques as
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Figure 8 JCAD, TF and PAI-1 expression in patients with STEMI. (A)
Circulating JCAD levels are increased in STEMI patients as compared
with CCS controls. (B-C) TF and PAI-1 protein levels are increased across
JCAD tertiles. n=22 patients for CCS and n=39 patients for STEMI.
A-C: Analysis of covariance (ANCOVA). CCS=chronic coronary
syndrome;  PAI-1 = plasminogen inhibitor-1;  STEMI =
ST-elevation myocardial infarction; TF = tissue factor.

activator

compared with normal segments.6 Yet, to the best of our knowledge, this
is the first report showing a significant upregulation of such a protein after

STEMI onset. Considering previous reports showing an association be-
tween plasma procoagulant levels and major adverse cardiovascular events
in patients with CAD,* here we additionally report that patients in the
highest tertile of JCAD also had the highest TF and PAI-1 levels suggesting
common regulating mechanisms. Again, such differences persisted after ad-
justment for lipid levels, antithrombotic treatments and estimated myocar-
dial infarct size. These data are in line with in vivo and in vitro findings and
support the role of JCAD in the pathophysiology of arterial thrombosis.

The current report presents some limitations which should be consid-
ered. First, deletion of JCAD was not specific to endothelial cells; thus, we
cannot fully exclude the contribution of other cell types to the reduced
arterial thrombogenicity. Yet, JCAD previously showed preferential endo-
thelial e><|3ression,6 and in our investigation we provide in additional to the
in vivo data, a detailed mechanistic analysis carried using primary HAEC:s.
Furthermore, here we ruled out a role for platelets, which are considered
major regulators of arterial thrombosis together with endothelial cells.
Also, although widely accepted, the use of constitutive knockout models
does not exclude the possibility of compensatory adaptive mechanisms
taking place over the course of their life and has limited translational value.
Such limitations could be overcome by using inducible genetic models or,
of higher translational relevance, by treating the animals with specific
JCAD inhibitors which are currently unavailable. Finally, we consider the
clinical data reported herein as hypothesis-generating and acknowledge
the observational character of these results, which require external valid-
ation in independent cohorts. Indeed, observational data are subject to
biases from selection, confounding, and measurement, which can result
in over- or underestimation of the effect of interest. Specifically, acute
myocardial infarction is a hugely inflammatory event with strong effects
on acute-phase proteins.* Although it appears unlikely that the associa-
tions between plasma JCAD and TF and PAI-1 levels are driven by such
inflammatory responses, we consider the clinical data presented herein
only as hypothesis-generating, which warrants external validation.

Conclusions

This study demonstrates that the inhibition of JCAD is protective against
arterial thrombosis by selectively modulating coagulation and fibrinolysis,
but not platelet aggregation through endothelial TF and PAI-1 expression.
Our translational findings support the importance of JCAD as a novel po-
tential therapeutic target for cardiovascular prevention and support fur-
ther investigations to validate its clinical relevance.
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Supplementary material is available at European Heart Journal online.
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