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Endothelial dysfunction is associated with vascular disease and
results in disruption of endothelial barrier function and increased
sensitivity to apoptosis. Currently, there are limited treatments
for improving endothelial dysfunction. Activated protein C (aPC),
a promising therapeutic, signals via protease-activated receptor-1
(PAR1) and mediates several cytoprotective responses, including
endothelial barrier stabilization and anti-apoptotic responses.
We showed that aPC-activated PAR1 signals preferentially via
p-arrestin-2 (B-arr2) and dishevelled-2 (Dvl2) scaffolds rather than G
proteins to promote Rac1 activation and barrier protection. How-
ever, the signaling pathways utilized by aPC/PAR1 to mediate
anti-apoptotic activities are not known. aPC/PAR1 cytoprotective
responses also require coreceptors; however, it is not clear how cor-
eceptors impact different aPC/PAR1 signaling pathways to drive dis-
tinct cytoprotective responses. Here, we define a p-arr2-mediated
sphingosine kinase-1 (SphK1)-sphingosine-1-phosphate receptor-1
(S1PR1)-Akt signaling axis that confers aPC/PAR1-mediated protec-
tion against cell death. Using human cultured endothelial cells, we
found that endogenous PAR1 and S1PR1 coexist in caveolin-1
(Cav1)-rich microdomains and that S1PR1 coassociation with Cav1 is
increased by aPC activation of PAR1. Our study further shows that
aPC stimulates p-arr2-dependent SphK1 activation independent of
Dvl2 and is required for transactivation of S1PR1-Akt signaling and
protection against cell death. While aPC/PAR1-induced, extracellular
signal-regulated kinase 1/2 (ERK1/2) activation is also dependent
on B-arr2, neither SphK1 nor S1PR1 are integrated into the ERK1/2
pathway. Finally, aPC activation of PAR1-B-arr2-mediated protec-
tion against apoptosis is dependent on Cav1, the principal structural
protein of endothelial caveolae. These studies reveal that different
aPC/PAR1 cytoprotective responses are mediated by discrete,
p-arr2-driven signaling pathways in caveolae.

biased signaling | cytoprotection | GPCR | endothelial dysfunction

E ndothelial dysfunction, a hallmark of inflammation, is associ-
ated with the pathogenesis of vascular diseases and results in
endothelial barrier disruption and increased sensitivity to apopto-
sis (1, 2). There are limited treatment options for improving
endothelial dysfunction, which is prevalent in diseases such as
sepsis, a condition with high morbidity and mortality (3, 4). Acti-
vated protein C (aPC) is a promising therapeutic that exhibits
multiple pharmacological benefits in preclinical studies, including
sepsis (5-7). In endothelial cells, protease-activated receptor-1
(PAR1), a G protein—coupled receptor (GPCR), is the central
mediator of aPC cytoprotective responses, including endothelial
barrier stabilization, anti-inflammatory, and anti-apoptotic activi-
ties (6). The signaling pathways by which aPC/PAR1 elicits differ-
ent cytoprotective responses are poorly defined.
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aPC-dependent endothelial cytoprotection requires compart-
mentalization of PAR1 and the aPC coreceptor, endothelial
protein C receptor (EPCR), in caveolin-1 (Cavl)-rich microdo-
mains (8, 9). aPC activates PAR1 through the proteolytic cleav-
age of the receptor’s N-terminal arginine (R)-46 residue,
which is distinct from the thrombin canonical cleavage site at
(R)-41 (10). Several studies indicate that aPC/PAR1 requires
B-arrestin-2 (p-arr2) to promote cytoprotection (11-13). We
showed that aPC-activated PAR1 signals via f-arr2 and
dishevelled-2 (Dvl2) scaffolds, and not heterotrimeric G pro-
teins, to induce Racl activation and endothelial barrier protec-
tion (11). p-arr2 and DvI2 are also required for aPC-mediated
inhibition of cytokine-induced immune cell recruitment, an
anti-inflammatory response (12). In addition, aPC/PAR1 stimu-
lates Akt signaling and protects against endothelial cell death
induced by tumor necrosis factor-alpha (TNF-a) and stauro-
sporine (14, 15). However, the role of p-arr2 and DvI2 scaffolds
in mediating aPC/PAR1 anti-apoptotic responses is not known.

The interaction of GPCRs with coreceptors can alter the
active conformation of receptors, f-arrestin recruitment, and
biased signaling (16) and is relevant to aPC/PAR1-driven endo-
thelial cytoprotective signaling. aPC-activated PAR1 cooperates
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with PAR3 and sphingosine-1-phosphate receptor-1 (S1PR1) to
promote cytoprotection (17-19). aPC cleaves PAR3 at a nonca-
nonical N-terminal (R)-41 site to promote endothelial barrier
protection in vitro and in vivo (19). In contrast to PAR3, aPC
signals indirectly to SIPR1 to enhance basal endothelial barrier
stabilization and to protect against barrier disruption (17, 18).
However, the mechanism by which aPC/PAR1 transactivates
S1PR1 and the role of SIPR1 in other aPC-mediated cytopro-
tective responses, such as cell survival, is not known.

In this study, we assessed whether SIPR1 and the p-arr2 and
Dv12 scaffolds function as universal mediators of aPC/PAR1 cyto-
protection by examining their function in anti-apoptotic responses.
Using a combined pharmacological inhibitor and small interfering
(si)RNA knockdown approach in human cultured endothelial
cells, we define a f-arr2-sphingosine kinase-1 (SphK1)-S1PR1-
Akt signaling axis that confers aPC/PAR1-mediated protection
against cell death. Our studies further demonstrate that aPC-
stimulated activation of SphK1 is dependent on f-arr2 and not
Dvl2, whereas neither SphK1 nor S1PR1 are required for aPC-
B-arr2-induced, extracellular signal-regulated kinase 1/2 (ERK1/
2) signaling. This study reveals that different aPC/PAR1 cytopro-
tective responses are mediated by discrete p-arr2—driven signaling
pathways modulated by coreceptors localized in caveolae.

Results

PAR1 and S1PR1 Colocalize in Caveolae. Enrichment of GPCRs in
caveolae augments cell signaling efficiency and specificity (20).
Cavl is a structural protein essential for caveolae formation
and modulates the activity of signaling molecules (21). PAR1
and EPCR have been shown to localize to caveolae, which is
required for aPC-stimulated endothelial barrier protection (8,
9). This prompted us to investigate whether SIPR1 localized to
caveolae in endothelial cells. The localization of endogenous
S1PR1 and PART1 in Cavl-enriched fractions was examined in
human umbilical vein endothelial cell (HUVEC)-derived
EA.hy926 cells using sucrose gradient fractionation. PAR1 seg-
regated into Cavl-enriched fractions, as we reported previously
(Fig. 14) (11). S1PR1 was also detected in Cavl-enriched frac-
tions (Fig. 14), suggesting that both PAR1 and S1PR1 reside in
caveolae in human cultured endothelial cells. Next, we exam-
ined coassociation of SIPR1 with Cavl by immunoprecipita-
tion. Endothelial EA.hy926 cells were stimulated with aPC,
S1PR1 was immunoprecipitated, and Cavl was detected by
immunoblotting. aPC induced a significant increase in Cavl
interaction with S1PR1, compared to unstimulated cells (Fig.
1B, lanes 2 and 3). However, in PAR1-deficient cells, aPC failed
to enhance SIPR1-Cavl interaction over control cells (Fig. 1B,
lanes 5 and 6). These data suggest that PAR1 and S1PR1 are
both localized in caveolae (Fig. 1C) and that PARI1 is required
for aPC-induced S1PR1 coassociation with Cavl.

We next examined PAR1 and S1PR1 colocalization in endothe-
lial cells using immunofluorescence confocal microscopy. PAR1
and S1PR1 localized at the plasma membrane in unstimulated con-
trol cells and remained at the cell surface after aPC treatment, sug-
gesting that neither PAR1 nor S1PR1 are internalized (Fig. 1D).
This observation is consistent with previous studies showing aPC
stimulation fails to promote PARI internalization in endothelial
cells (9, 22). Unlike aPC, thrombin promoted PAR1 internalization
resulting in diminished PAR1-S1PR1 colocalization (Fig. 1D).
Thus, PAR1 and S1PR1 coexist in caveolae and remain at the cell
surface after prolonged aPC stimulation (Fig. 1D). While SIPR1
has been implicated in aPC-mediated endothelial barrier stabiliza-
tion (17, 18), the role of SIPR1 in aPC/PAR1-driven anti-apoptotic
responses in endothelial cells is not known and was examined next.

S1PR1 Mediates aPC-PAR1 Anti-apoptotic Activity. To assess the
role of SIPR1 in aPC/PARI1-driven anti-apoptotic responses,
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aPC-mediated protection against TNF-a—induced cell death
was examined. Endothelial cells incubated with TNF-a exhib-
ited a significant increase in cell death as detected by Annexin
V-FITC staining and flow cytometry, compared to untreated
control cells (Fig. 2 A and B). In contrast, pretreatment with
aPC for 4 h resulted in a significant reduction in TNF-
a—induced cell death (Fig. 2 A and B). Phase—contrast images
of TNF-a-treated endothelial cells revealed cell shrinkage and
rounding indicative of cell death, which was not detected in
control cells and reduced in aPC-treated cells (Fig. 2 4, Lower).
Next, we determined if aPC treatment was sufficient to reverse
TNF-o-initiated cell death by treating endothelial cells with
TNF-a before aPC exposure. Similar to aPC pretreatment,
posttreatment with aPC for 2 or 3 h caused a significant reduc-
tion in TNF-a-induced cell death (Fig. 2C). To further assess
the effect of aPC treatment on the TNF-a—-induced apoptosis,
we examined cleavage of caspase-3, a key effector of cellular
apoptosis. TNF-a induced a significant increase in caspase-3
cleavage (Fig. 2D, lanes 1 through 3), which was reversed by
pre- and posttreatment with aPC (Fig. 2D, lanes 3 through 5).
These results indicate that aPC confers protection against
TNF-o—induced apoptosis.

Next, the function of PAR1 and S1PR1 in aPC-induced anti-
apoptotic activity was determined. The PAR1 selective antago-
nist vorapaxar effectively blocked aPC-mediated protection
against TNF-a—induced cell death (Fig. 2F), suggesting a criti-
cal role for PAR1. We used siRNA to assess SIPR1 function in
aPC/PAR1-mediated anti-apoptotic responses. Depletion of
S1PR1 was confirmed by immunoblot (Fig. 2F). As expected,
TNF-a-induced cell death was significantly reduced by aPC in
nonspecific siRNA control cells (Fig. 2F). However, aPC failed
to protect against TNF-o—induced apoptosis in SIPR1-depleted
cells (Fig. 2F). Thus, S1PR1 is an important mediator of aPC/
PAR1-induced anti-apoptotic activities in endothelial cells;
however, the mechanism by which S1PR1 facilitates aPC/
PAR1-promoted cell survival is not known.

Akt-Mediated aPC Anti-apoptotic Activity Occurs via an S1PR1-
Dependent Pathway. Aktl is the major isoform that contributes
to endothelial cell function, including cell survival (23). To
determine the role of Akt in aPC-mediated anti-apoptotic
responses, we used the Akt allosteric inhibitor MK-2206 that
targets the closed, inactive conformation preventing phosphory-
lation and activation (24, 25). In endothelial cells, aPC stimu-
lated a significant increase in Akt S473 phosphorylation that
remained elevated for 90 min (Fig. 34, lanes 1 through 6). Pre-
treatment with MK-2206 resulted in significant reduction of
aPC-induced Akt S473 phosphorylation (Fig. 34, lanes 7
through 12), confirming that MK-2206 effectively inhibits aPC-
induced Akt activation. MK-2206 was then used to assess Akt
function in aPC/PARI1 anti-apoptotic responses. In control
cells, aPC-mediated significant protection against TNF-
a—induced cell death (Fig. 3B). However, aPC failed to protect
against apoptosis in cells pretreated with MK-2206 (Fig. 3B),
indicating that Akt activity is required for aPC-induced prosur-
vival effects in endothelial cells.

The function of S1PR1 in aPC-induced, Akt-dependent cell sur-
vival was next examined using W146, an S1PR1 selective antago-
nist. Activation of SIPR1 with sphingosine-1-phosphate (S1P)
caused a significant rapid increase in Akt S473 phosphorylation
(Fig. 3C, lanes 1 through 6), which was abolished in W146-treated
cells (Fig. 3C, lanes 7 through 12). In control cells, aPC induced
significant increases in Akt phosphorylation at later times (Fig. 3D,
lanes 1 through 4) that was virtually ablated in cells pretreated
with the SIPR1 antagonist W146 (Fig. 3D, lanes 5 through 8). A
similar inhibitory effect of W146 on aPC-induced Akt phosphory-
lation was observed in primary HUVECs (Fig. 3E). However, inhi-
bition of SIPR1 with W146 did not perturb aPC/PAR1-stimulated
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Fig. 1.

PAR1 and S1PR1 coexist in caveolae and colocalize at the plasma membrane. (A) EA.hy926 cell lysates and subjected to sucrose gradient fraction-

ation. Fractions were immunoblotted (IB) for S1PR1, PAR1, EEA1, and Cav1. (B) EA.hy926 cells wild-type (WT) and PAR1 shRNA-expressing cells were
treated with 20 nM aPC, immunoprecipitated, and immunoblotted as shown. Data (mean + SD, n = 3) were analyzed by t test (*P < 0.01). (C) Schematic
of endothelial cell PAR1 and S1PR1 colocalization in caveolae. (D) EA.hy926 cells were treated with 10 nM a-thrombin or aPC for 60 min or untreated
(Control) and immunostained for endogenous PAR1 (red) and S1PR1 (green), and colocalization was assessed by immunofluorescence confocal micros-
copy. (Insets) Magnifications of the cell periphery (white arrowhead) boxed area. Line scan analysis was performed in ImageJ to assess PAR1 and S1PR1

colocalization and relative to S1PR1. (Scale bar, 25 pm.)

ERK1/2 phosphorylation in either EA.hy926 cells or HUVECsS (S
Appendix, Fig. S1), suggesting that SIPR1 antagonism specifically
blocks Akt activation. These findings suggest that SIPR1 is
required for aPC induction of Akt-driven cell survival signaling
and not ERKI1/2 signaling. However, the mechanisms by which
aPC/PARI transactivates SIPR1-Akt signaling is not known.

aPC-Stimulated SphK1 Activity Is Required for Akt Activation.
SphK catalyzes the phosphorylation of sphingosine to form S1P,
the natural ligand for SIPR1 activation (26). SphK exists as two
isoforms with SphK1 exhibiting a higher abundance in endothe-
lial EA.hy926 cells compared to SphK2 (Fig. 44). SphK1 phos-
phorylation at serine (S)-225 is highly correlated with activation
(27). In aPC-treated endothelial cells, a significant increase in
SphK1 S225 phosphorylation was detected using anti—-phospho-
SphK1 antibodies (Fig. 4B). To directly test if aPC stimulates
SphK1 activity, we used a luminescence assay optimized to
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measure SphK1 activity in endothelial cells (SI Appendix, Fig.
S24). aPC induced a robust increase in SphK1 activity follow-
ing 15 min of stimulation (Fig. 4C), which was markedly
reduced by the SphKl1 selective inhibitor PF-543 (28), com-
pared to control cells (Fig. 4C). Thus, aPC/PAR1 stimulates
SphK1 S225 phosphorylation and increases SphK1 activity.

To determine whether SphK1 activity is linked to aPC/PAR1-
S1PR1-dependent Akt activation, endothelial cells were
treated with PF-543. In control cells, aPC stimulated a signifi-
cant increase in Akt phosphorylation (Fig. 4D, lanes 1 through
4), whereas aPC failed to induce Akt signaling in
PF-543-pretreated cells (Fig. 4D, lanes 5 through 8). PF-543
similarly blocked aPC-induced Akt phosphorylation in
HUVEGCs (Fig. 4F, lanes 1 through 4 versus 5 through 8). In
contrast to Akt, aPC-induced ERK1/2 phosphorylation was not
altered by the PF-543 inhibitor in either EA.hy926 or HUVECs
compared to control cells (ST Appendix, Fig. S2 B and C). These

PNAS | 3of11
https://doi.org/10.1073/pnas.2106623118

PHARMACOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106623118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106623118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106623118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106623118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106623118/-/DCSupplemental

A Ctrl TNF-a aPC aPC + TNF-a B - .
O 1941455 3045 | [246 | 237 | |445 1853 [17.5 21.9: =
FE P | |
2 1077 ; . : 8; 1.5+
= i i g b O :
8 102 5 e i EE ]
c 07147, 178 16.3 9.55 o ° ]
I el L _ 165 : §g 1.0
0 100 10' o 10° 10 0 10° 10° : 0t <E 1
Propidium lodide >8 ]
aPC aPC + TNF-a E « 0.5
SR | S .
9(""?&‘!{ *’q ”y TN 0.0
2 %:3 ‘j@.ig'ﬁ aF"r?«l gre:
SN | e e # -
o a;k‘.&:‘,‘w‘é
Hoa| |B25 g 4 TN
s BN
& -&?"‘: *k
—
C 5 * Fkk
TNF-a: = . + + + ] e I p—
] dededek aPCpre: - + - + - © ]
& _ ] aPCpost: - - E + kDa 2= 4
L2z 1.0 IB: Caspase-3 e -5 8% 3]
Sw ] —20 3 ]
20 e IB: Cleaved - ow . ) B ]
<8_ 5 ] Caspase-3 - = —15 §§ 21
> 9 0.51 -50 o ]
5 E IB: GAPDH |~ m e e e | 37 b
] o
. lanes: 1 2 3 4 5 0:
0.0 TNFa: - - + + +
TNF-a: - + + + + aPCpre:- + - + -
aPCpost: - - +1 +2 +3(h) aPCpost: - - - - +
E F
2.0+ 1.5
i dedede
] ek @ -
& ] 2
T T 1.57 dededede ok 8 IE !s% é\,
O ] 0z & &
LZ ] g =10 ¥5 &
g = : £%5 siRNA: % _kDa
29 10 25 IB: S1PR1
2 0 : < S : -e —50
<5 >3 -37
28 5§ E =l
5 1 w05 IB: GAPDH |+~ == ==
w 0.5
] —25
0.0
aPCpre: - . + . . + 0.0
TNFo: - + + - + + BRE: & = LT - o v
TNFa: - + + - + + - + +

DNSE. “Vorapear SiRNA: ~ ns  SIPR1# SIPRI1#2

Fig. 2. PAR1 and S1PR1 mediate aPC anti-apoptotic activity in endothelial cells. (A) EA.hy926 cells were pretreated with 20 nM aPC for 4 h and then treated
with 10 ng/mL TNF-a for 20 h or left untreated, control (Ctrl). (Top) Cell death was determined by flow cytometry using Annexin V-FITC and PI. (Bottom)
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vehicle for 1 h, stimulated with 20 nM aPC for various times, and Akt and phospho-Akt-S473 were detected by immunoblotting (IB). Data (mean + SD,
n = 3) was analyzed by two-way ANOVA. (B) EA.hy926 cells were pretreated 1 pM MK-2206 or DMSO for 1 h, followed by aPC for 4 h, then treated with
10 ng/mL TNF-a for 20 h, and apoptosis measured. Data (mean + SD, n = 10) were analyzed by two-way ANOVA. (C) EA.hy926 cells were pretreated with
10 pM W146 or NaOH vehicle for 30 min and stimulated with 1 pM S1P for various times. Akt, phospho-Akt-S473, and B-tubulin were detected by immu-
noblotting. Data (mean + SD, n = 3) was analyzed by two-way ANOVA. (D) EA.hy926 cells were pretreated with W146 or NaOH as described above, stimu-
lated with aPC for various times, and Akt and phospho-Akt-S473 were detected by immunoblotting. Data (mean + SD, n = 3) was analyzed by two-way
ANOVA. (E) HUVECs were pretreated with W146 or NaOH, stimulated with aPC, and data analyzed as described in D. ctrl, control. *P < 0.05; **P < 0.01;

***p < 0.001; and ****P < 0.0001.

results suggest that aPC-stimulated SphK1 activity is specifically
linked to transactivation of the SIPR1-Akt signaling axis and
not to the ERK1/2 signaling pathway.

p-arr2 Initiates aPC-Induced, SphK1-Dependent S1PR1-Akt Prosur-
vival Signaling. B-arr2 and DvI2 function as scaffolds and facilitate
aPC/PAR1-induced, Racl-mediated endothelial barrier protection
and protection against immune cell recruitment (11, 12). How-
ever, it is not known if f-arr2 and DvI2 are similarly required for
aPC-induced SphK1 activation and were examined using siRNA-
targeted depletion. Depletion of f-arr2 and DvI2 by siRNA was
confirmed by immunoblot (Fig. 5 4 and B). aPC stimulated a sig-
nificant increase in SphK1 activity in endothelial cells transfected
with nonspecific siRNA (Fig. 54), whereas aPC-induced SphK1
activity was markedly reduced upon p-arr2 depletion (Fig. 54). In
contrast, aPC-mediated activation of SphK1 was not altered in
DvlI2-depleted endothelial cells compared to nonspecific, sSiRNA-
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transfected cells (Fig. 5B), suggesting that p-arr2 functions as a key
effector of aPC/PAR1-induced SphK1 activation. These findings
further suggest that aPC stimulates divergent p-arr2—dependent
cytoprotective signaling pathways.

Next, we determined whether aPC/PAR1 transactivation of
S1PR1-mediated Akt signaling is dependent on p-arr2 using
siRNA-targeted depletion. p-arr2 knockdown was confirmed by
immunoblotting (Fig. 6 A and C). aPC stimulated a significant
increase in Akt phosphorylation in nonspecific, siRNA-
transfected EA.hy926 cells (Fig. 64, lanes 1 through 4), which
was markedly decreased in p-arr2-deficient cells (Fig. 64, lanes
5 through 8). Interestingly, the loss of B-arr2 expression also
resulted in a significant decrease in aPC-induced ERK1/2 phos-
phorylation (Fig. 6B), indicating that aPC/PARI1-dependent
B-arr2 function is required for ERK1/2 signaling, as we previ-
ously reported (11). In HUVECs, aPC-promoted Akt phos-
phorylation was also inhibited in p-arr2-deficient -cells
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aPC activates SphK1 and mediates aPC-induced Akt activity. (A) SphK1 and SphK2 expression was determined by gPCR. Data (mean + SD, n = 3)

were analyzed by t test. (B) EA.hy926 cells were stimulated with 20 nM aPC for various times. SphK1 and phospho-SphK1 were detected by immunoblot-
ting (IB). Data (mean + SD, n = 3) were analyzed by t test. (C) EA.hy926 cells were pretreated with 100 nM PF-543 or DMSO vehicle for 30 min, stimulated
with aPC for 15 min, and SphK1 activity measured. Data (mean + SD, n = 3) was analyzed by t test. (D) EA.hy926 cells were treated with PF-543 or DMSO
as described in C, stimulated with aPC for various times, and Akt and phospho-Akt-S473 were detected by immunoblotting. Data (mean + SD, n = 3)
was analyzed by two-way ANOVA. (E) HUVECs were pretreated with PF-543 or DMSO, stimulated with aPC, and analyzed as described in D. *P < 0.05;

**P < 0.01; ***P < 0.001; and ****P < 0.0001.

compared to control cells (Fig. 6C, lanes 1 through 4 versus 5
through 8). A similar effect of B-arr2 knockdown on aPC-
induced ERK1/2 phosphorylation was observed in HUVECs
(Fig. 6D, lanes 1 through 6 versus 7 through 12). These findings
suggest that p-arr2 functions as master regulator of two distinct
aPC/PART1 signaling pathways, Akt and ERK1/2, that are dif-
ferently regulated by downstream effectors.

p-arr2 and Cav1 Mediate aPC/PAR1-Induced Cell Survival. Next, we
assessed the function of f-arr2 in aPC-mediated prosurvival in
endothelial cells depleted of p-arr2 by examining aPC-mediated
protection against TNF-a—induced cell death using Annexin
V-FITC staining and flow cytometry. aPC significantly reduced
TNF-o—induced cell death in nonspecific, siRNA-transfected
cells (Fig. 74); however, the capacity of aPC to protect against
TNF-a-induced cell death was lost in (-arr2-deficient cells
(Fig. 74). These findings are consistent with a critical role for
B-arr2 in aPC-mediated cell survival. We next examined the
function of Cavl, a key structural protein essential for caveolae
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formation (29), in aPC/PAR1-induced protection against apo-
ptosis. In these assays, we used siRNA-targeted depletion of
Cavl and assessment of caspase-3 cleavage, a central mediator
of programmed cell death. In nonspecific, siRNA-transfected
cells, incubation with TNF-a caused a marked increase in
caspase-3 cleavage that was significantly decreased in aPC-
treated cells (Fig. 7B). However, in endothelial cells depleted
of Cavl, aPC failed to significantly alter TNF-o—induced cas-
pase-3 cleavage (Fig. 7B). Taken together, our studies reveal a
function for p-arr2 as a key regulator of aPC/PAR1-induced
anti-apoptotic responses mediated by a distinct SphK1-SPR1-
Akt-mediated prosurvival signaling pathway that does not inte-
grate into the p-arr2-mediated ERK1/2 signaling (Fig. 7C).

Discussion

Endothelial dysfunction results in barrier disruption and
increased sensitivity to apoptosis. In this study, we delineate a
GPCR-f-arr2—driven signaling pathway that regulates endothelial
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B-tubulin were detected by immunoblotting. Data (mean + SD, n = 5) was
analyzed by t test. ***P < 0.001; ****P < 0.0001.

cellular resistance to apoptosis. Both PAR1 and S1PR1 reside in
Cavl-rich microdomains and are required for aPC protection
against cell death. We demonstrate that aPC/PAR1-promoted
anti-apoptotic activity is mediated by Akt signaling induced by
transactivation of the S1IPR1 coreceptor. Moreover, aPC/PAR1-
stimulated transactivation of SIPR1-Akt signaling is mediated by
p-arr2—dependent SphKI1 activation and occurs independent of
DvI2. We further show that B-arr2 functions as the central medi-
ator of the aPC/PAR1-induced SphK1-S1PR1-Akt prosurvival
signaling pathway, which is distinct from the p-arr2-induced
ERK1/2 signaling pathway. Together, these studies reveal that
different aPC/PAR1-induced cytoprotective responses are medi-
ated by discrete p-arr2-driven signaling pathways that are
uniquely modulated by coreceptors.

A major finding of our study is that aPC stimulates unique,
B-arr2—driven signaling pathways. We previously showed that aPC-
activated PAR1 signals preferentially through f-arr2 and not G;
proteins to confer protection against thrombin-induced barrier
disruption (11). We also demonstrated that aPC/PAR1 stimulates
B-arr2—-dependent polymerization of Dvl2 and Rac-1 activation,
which facilitates endothelial barrier protection. A recent study
showed that aPC occupancy of EPCR in endothelial cells promotes
p-arr2— and Dvl2-mediated inhibition of cytokine-induced mono-
cyte recruitment, an anti-inflammatory response (12). These studies
suggest that p-arr2 and DvI2 scaffolds might function as universal
effectors of different aPC/PAR1 cytoprotective responses. In this
study, we report that f-arr2, but not Dvl2, is essential for aPC-
stimulated SphK1 activity, which is required for transactivation of
S1PR1-induced Akt activity. In addition, aPC/PAR1-activated
SphK1-S1PR1 signaling does not intersect with p-arr2-mediated
ERK1/2 signaling, consistent with discrete, p-arr2-regulated signal
transduction pathways. aPC cytoprotective responses are well
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documented in other cell types, such as neurons, podocytes, and
immune cells (30-32), but whether these responses are also regu-
lated by discrete, p-arr2-mediated signaling pathways is not known.

Caveolae organize cellular signal transduction by bringing
effectors in close proximity to receptors through binding to
Cavl (21). A unique feature of aPC/PAR1 cytoprotective sig-
naling is the localization of key effectors, including PARI,
EPCR, and p-arr2 in caveolae, a subtype of lipid rafts (8, 11).
Previous studies reported that caveolae are required for aPC/
EPCR/PAR1 complex formation and p-arr2-mediated cytopro-
tection (8, 9, 11, 33). Here, we now show that SIPR1 also
resides in caveolae together with PARI. In addition, aPC
increased S1PR1 binding to Cavl through a PAR1-dependent
mechanism. However, it is not known if SIPR1 binds directly
to Cavl or other components, such as EPCR or PARI, after
recruitment to caveolae. Importantly, aPC-PAR1-induced anti-
apoptotic responses mediated by SphK1-S1PR1-Akt signaling
also require Cavl, indicating that caveolae facilitate aPC/PAR1
anti-apoptotic activities.

aPC cleaves and activates a small population of PAR1 com-
partmentalized in caveolae and stabilizes an active conformation
that preferentially binds to p-arr2 rather than G; proteins (9, 11).
Unlike activated GPCR rapid amplification of G protein signal-
ing, catalyzed by exchange of GDP for GTP, aPC/PARI1 activa-
tion of p-arr2-dependent signaling is stoichiometric, protracted,
and dependent on localization of critical effectors in caveolae (9,
11). The localization of aPC/PARI in caveolae in close proximity
to other GPCRs, such as S1PR1, has enabled aPC/PARI1 to
diversify signal transduction triggering different cytoprotective
responses. We speculate that distinct cell types will exhibit differ-
ent aPC/PAR1 cytoprotective responses depending on the cellu-
lar wiring, coreceptor expression, and cellular function. While
aPC/PAR1 transactivation of S1PR1 is complex, the p-arr2-
driven pathway likely evolved to allow aPC/PART1 to couple indi-
rectly to Gj-Akt signaling through a neighboring GPCR, such as
S1PR1, since aPC-activated PAR1 does not couple directly to
G; (11). S1PR1 is not the only coreceptor that is required for
aPC/PAR1-induced cytoprotective activities, and future studies
are needed to understand the specific functions of other core-
ceptors, such as PAR3 (19), in enabling molecular effectors to
convey signal transduction for different cytoprotective responses.
The global phosphoproteome of aPC signaling in endothelial
cells was recently reported and provides a valuable resource for
identifying effectors of aPC cytoprotective signaling (34).

GPCR signaling is diverse, complex, and occurs at the
plasma membrane and from endosomes to orchestrate effective
inflammatory responses (35). Similarly, aPC/EPCR/PAR1 cyto-
protective signaling is complex, occurs in caveolae, and modu-
lated by different coreceptors in distinct cell types to yield
different cytoprotective responses. Despite progress in under-
standing how aPC/PARI signaling is propagated in endothelial
cells, the mechanisms responsible for turning off aPC signaling are
not known for either PARI1 or coreceptors, including transactivated
S1PR1. While S1P activation of S1PR1 is rapidly desensitized and
internalized by the classic, GRK2-mediated phosphorylation and
p-arrestin—dependent internalization through clathrin-coated pits
(36-38), it is not known how aPC/PAR1-transactivated SIPR1 sig-
naling is regulated. Interestingly, in endothelial cells lacking p-arr2,
aPC/PAR1-transactivated, SIPR1-dependent Akt signaling is virtu-
ally abolished (Fig. 6), consistent with a role for f-arr2 in turning
on rather than turning off signaling. If, in fact, regulation of trans-
activated SIPR1 signaling required p-arr2, we would expect
enhanced Akt signaling, which is not observed. It is possible that
p-arrl functions predominantly in desensitization of transactivated
SIPR1 signaling, but this has not been tested. Moreover, aPC/
PARLI signaling has a slow onset and is prolonged, suggesting that
classic desensitization mechanisms may function differently in this
particular cellular context. In summary, this study demonstrates
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Fig. 6. p-arr2 drives aPC anti-apoptotic responses. (A) EA.hy926 cells transfected with nonspecific (ns) or p-arr2 siRNA were stimulated with 20 nM aPC
for various times. Akt, phospho-Akt-5473, p-arr2, and p-tubulin were detected by immunoblotting (IB). Data (mean + SD, n = 3) was analyzed by two-way
ANOVA. (B) EA.hy926 cells transfected with ns and p-arr2 siRNA were treated with aPC for various times and immunoblotted for ERK1/2 and phospho-
ERK1/2. Data (mean =+ SD, n = 3) was analyzed by two-way ANOVA. (C) HUVECs were transfected, stimulated with aPC as described in A, and immunoblot-
ted for Akt, phospho-Akt, p-arr2, and GAPDH. (D) HUVEC were transfected, stimulated with aPC as described in B, and immunoblotted for ERK1/2 and
phospho-ERK1/2. Data (mean + SD, n = 3) was analyzed by two-way ANOVA. *P < 0.05; ****P < 0.0001.

that distinct aPC/PARI1 cytoprotective responses are driven by dis-
crete B-arr2-mediating signaling pathways that are specifically mod-
ulated by different coreceptors in endothelial cells.

Materials and Methods

Cell Culture. EA.hy926 cells (ATCC, #CRL-2922) were grown at 37°C, 8% CO,
in 10% fetal bovine serum (FBS) in Dulbecco's Modified Eagle Medium
(DMEM) (Gibco, #10-013-CV and #10437-028) supplemented with fresh 20%
preconditioned media every 2 d and used up to passage 8. Pooled primary
HUVECs (Lonza, #C2519A) were grown at 37°C, 5% CO, in endothelial cell
growth medium-2 (Lonza, #CC-3162), media was changed every 2 d and used
up to passage 6. EA.hy926 and HUVECs were grown for 4 to 5 d until conflu-
ence and then incubated overnight in 0.4% FBS-DMEM. Cells were then
washed and serum starved in DMEM containing 10 mM Hepes, 1 mM CaCl,,
and 1 mg/mL bovine serum albumin (BSA) for 1 h prior to agonist, antagonist,
and inhibitor treatments, as described in Agonists, Inhibitor, and Antago-
nist Treatments.

Antibodies. The following antibodies were used in this study: anti—-B-arr2
A2CT (a generous gift from Robert Lefkowitz, Duke University, Durham, NC),
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anti-Dvl2 (CST, #3216), anti-S1PR1 (Santa Cruz Biotechnology, #sc-25489), Cav1
(CST, #610060), anti-GAPDH (GeneTex, #GTX627408), anti-B-tubulin (CST,
#86298S), anti—caspase-3 (CST, #9662S), anti-cleaved caspase-3 (CST, #9661),
anti-phospho-SphK1-5225 (ECM Biosciences, #SP1641), anti-SphK1 (ECM Bio-
sciences, #SP1621), anti-phospho-Akt-S473 (CST, #4060), anti-Akt (CST,
#9272S), anti-phospho-ERK1/2 (CST, #9106L), anti-ERK1/2 (CST, #9102L), anti-
PAR1 WEDE antibody (Beckman Coulter, #IM2584), and EEA1 (BD Biosciences,
#610457) antibodies. Secondary antibodies were anti-mouse or anti-rabbit
horseradish peroxidase-conjugated antibodies (Bio-Rad, #170-6516 and
#170-6515) and fluorescent anti-mouse Alexa-488 (Invitrogen, #A-11001)
and anti-rabbit Alexa-594 (Invitrogen, #A-11012) antibodies.

Agonists, Inhibitor, and Antagonist Treatments. Cells were stimulated with
aPC (Hematologic Technologies, #HCAPC-0080), TNF-o (PeproTech, #300-01A),
S1P (Tocris, #1370), or a-thrombin (Enzyme Research Laboratories, #HT 1002a).
Serum-starved cells were pretreated at 37°C with 100 nM PF-543 (Tocris,
#5754), or 10 pM W146 (Tocris, #3602) for 30 min or with 1 pM MK-2206 (Sell-
eck, #51078) or 10 uM Vorapaxar (Axon Medchem, #1755) for 1 h.

Transfections with siRNAs. Cells were seeded at 1.4 x 10° cells per well in a
12-well plate, grown overnight, and transfected with siRNA using the TransIT-X2
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for 4 h, treated with 20 ng/mL TNF-« for 20 h, and apoptosis determined. Data (mean + SD, n = 5) were analyzed by two-way ANOVA (*P < 0.05). NS, not signifi-
cant. (B) EA.hy926 cells transfected with ns or Cav1 siRNA were pretreated with aPC and then stimulated with TNF-a, as described above. Cell lysates were
immunoblotted (IB) using caspase-3, Cav1, or -tubulin antibodies. Data (+SD, n = 3) were analyzed by t test (*P < 0.05; ***P < 0.001). (C) Model of aPC/PAR1
transactivation of S1PR1 via B-arr2-mediated SphK1 activation. Activation of PAR1 by aPC bound to its coreceptor EPCR cleaves and activates PAR1, which pro-
motes B-arr2-dependent SphK1 activation and transactivation of S1PR1, resulting in Akt activation and cell survival. SphK1 catalyzes phosphorylation of sphingo-
sine to form S1P, a ligand for STPR1. The aPC-PAR1-p-arr2-driven SphK1-S1PR1-Akt signaling axis is distinct from the p-arr2-mediated ERK1/2 signaling pathway.

System (Mirus, #MIR 600) according to the manufacturer’s instructions and experi-
ments conducted 72 h posttransfection. The following siRNAs were used: 50 nM
B-arr2 siRNA (Dharmacon) 5'-GGACCGCAAAGTGTTTGTG-3, 12.5 nM DvI2 siRNA
#2 (Qiagen, #5100063441) 5'-CACGCTAAACATGGAGAAGTA-3/, 25 nM of S1PR1 #1
(Qiagen, #5100376201) 5'-ATGATCGATCATCTATAGCAA-3, 25nM S1PR1 #2 (Qia-
gen, #5100376208) 5'-TAGCATTGTCAAGCTCCTAAA-3' siRNAs or AllStars Negative
Control nonspecific siRNA (Qiagen, #1027281), and 50 nM CAV1 siRNA 5'-
CCCACTCTTTGAAGCTGTTGGGAAA-3' (Invitrogen, #CAV1HSS141467).

Cell Death Assays and Flow Cytometry. EA.hy926 cells were seeded at 1.4 x
10° cells per well in a 12-well plate. Serum-starved cells were pretreated with
20 nM aPC for 4 h and then incubated with 10 ng/mL TNF-a for 20 h or post-
treated with 20 nM aPC for either 1, 2, or 3 h. Cells were harvested using Cell-
stripper (Corning, #25-056-CL) and washed with cold phosphate-buffered
saline (PBS). Cells were resuspended in 40 pL 1x Annexin V-binding buffer
(Biolegend, #422201) plus 2 pL Annexin V-FITC (BioLegend, #640906), incu-
bated at room temperature for 15 min, and protected from light. Cells were
washed with 160 pL of 1x Annexin V-binding buffer, followed by a 5 min cen-
trifugation at 550 x g. Pelleted cells were resuspended in 200 pL 1x Annexin
V-binding buffer plus 2 pL of 100 pg/mL propidium iodide (PI) (Sigma-Aldrich,
#P4170). Data acquisition was performed on a BD FACS Canto Il Flow cytome-
ter (BD Biosciences) on a log scale with 30,000 singlet gate events collected per
sample. Data compensation and analysis were performed with FlowJo version
10 software (Tree Star). The gating strategy was as follows: Annexin V-
and Pl-negative events were backgated to forward scatter-area (FSC-A)/side
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scatter-area (SSC-A) to determine cell debris. A “not gate” was made based on
cell debris in FSC-A/SSC-A. Doublet discrimination was performed using FSC-A
versus forward scatter-height (FSC-H) and SSC-A versus side scatter-height
(SSC-H). The resulting gated cells were analyzed for Annexin and PI staining
and reported as percent of singlets.

Caspase-3 Cleavage Assay. EA.hy926 cells were seeded at 6.2 x 10° cells per
well in a 6-well plate. Serum-starved cells were pretreated with 20 nM aPC for
4 h followed by treatment with 20 ng/mL TNF-a for 20 h. Cells were washed with
PBS and lysed in radioimmunoprecipitation assay buffer (50 mM Tris HC,
pH 8.0,150 nM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS) supplemented with protease inhibitors (1 mM PMSF, 2 pg/mL aprotinin,
10 pg/mL leupeptin, 1pg/mL pepstatin, and 1 pg/mL trypsin protease inhibitor).
Cells were sonicated at 10% amplitude for 10 s and clarified by centrifugation at
20,817 x g for 15 min. Cell lysates were immunoblotted using caspase-3, cleaved
caspase-3, GAPDH, and p-tubulin antibodies and quantified by densitometry
analysis using ImageJ software.

Signaling Assays. EA.hy926 cells were seeded in a 24-well plate at 1.4 x 10°
cells per well. HUVECs were seeded at 1.77 x 10° cells per well in a 24-well
plate. Serum-starved cells were treated with either 20 nM aPC or 1 pM S1P for
various times and then lysed in 2x Laemmli sample buffer (LSB) containing 200
mM dithiothreitol (DTT). Equivalent amounts of cell lysates were immunoblot-
ted with phospho-SphK1-5225, SphK1, phospho-Akt-5473, Akt, phospho-ERK1/2,
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and ERK1/2 antibodies. Immunoblots were quantified as described in Caspase-3
Cleavage Assay.

SphK1 Activity Assay. EA.hy926 cells were seeded in 6-well plates at 6 x 10°
cells per well. Serum-starved cells were stimulated with 20 nM aPC for 15
min, washed with cold PBS, and SphK1 activity luminescence assay per-
formed according to the manufacturer instructions (Echelon, #K-3500). In
brief, cells were resuspended in reaction buffer with 1 mM DTT and soni-
cated for 10 s at 10% amplitude. Cell lysate protein was quantified using the
bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific, #23221 and
#23224) and normalized to 1.5 mg/mL protein for each sample. Then, 400
mM sphingosine solution and 10 pL of each sample were aliquoted into each
well of a 96-well plate. The reaction was initiated with the addition of 20 uM
ATP to each sample, incubated for 30 min, and followed by the addition of
K-LUMa ATP detector per well for 10 min to stop the reaction. Luminescence
was determined using the Tristar LB 941 Plate Reader (Berthold Technolo-
gies). A reduction in luminescence compared to control indicates ATP deple-
tion or consumption and used as an assessment of SphK1 activity. To gener-
ate positive or negative values for increased or reduced SphK1 activity,
respectively, background luminescence was subtracted from the raw lumi-
nescence units for each sample. Using an ATP standard curve (S/ Appendlix,
Fig. S2A), the concentration of ATP after the 30-min reaction was deter-
mined then subtracted from the starting ATP concentration of 20 pM. This
yielded the concentration of ATP consumed in 30 min. The difference from
control values was plotted for each sample, with three or more replicates for
each experiment.

Immunofluorescence Confocal Microscopy. EA.hy926 cells were seeded on
coverslips in 12-well plate at a density of 1.4 x 10° cells per well. Serum-
starved cells were stimulated with 20 nM aPC for 1 h or 10 nM a-thrombin
for 1 h, washed with cold PBS, and incubated with PBS for 10 min. Endog-
enous PAR1 was labeled with anti-PAR1 WEDE antibody at 1:500 for 1
h on ice, cells were treated with or without agonists, fixed for 5 min with
4% paraformaldehyde, and permeabilized with 0.1% Triton-X 100. The
detection of STPR1 was determined using anti-S1PR1 antibody diluted at
1:100 in 0.03% BSA, 0.01% Triton-X 100, and 0.01% normal goat serum
overnight at 4 °C. Secondary fluorescent antibodies anti-mouse Alexa-488
and anti-rabbit Alexa-594 diluted at 1:750 in 0.03% BSA, 0.01% Triton-X
100, and 0.01% normal goat serum were incubated at room temperature
for 1 h. Slides were mounted using ProLong Gold Antifade Mountant
(Invitrogen, #P10144). Confocal images were acquired sequentially using
the same settings with an Olympus 1X81 spinning-disk microscope
equipped with a CoolSNAP HQ2 CCD camera (Andor) and 63x Plan Apo
objective (1.4 NA) with appropriate excitation-emission filters. Line scan
analysis was performed using Image J software (NIH).

Immunoprecipitation Assays. EA.hy926 wild-type cells and EA.hy926 cells stably
expressing PAR1-specific short hairpin (sh)RNA pSilencer Retro (9) were seeded
at 4.95 x 10° cells per 10-cm dishes and grown overnight. Cells were then serum
starved overnight, treated with 20 nM aPC, and lysed in Triton-X 100 lysis buffer
(50 mM Tris-HCl, pH 7.4, 100 mM NacCl, 10 mM NaF, 1% Triton-X 100 supple-
mented with protease inhibitors). Cell lysates were homogenized, clarified by
centrifugation, and protein concentrations determined by BCA. Equivalent
amounts of lysates were subjected to immunoprecipitations using the anti-
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S1PR1 and anti-PAR1 WEDE antibodies. Immunoprecipitates were resuspended
in 2x LSB containing 200 mM DTT and eluents immunoblotted using S1PR1,
Cav1, and PAR1 antibodies and developed by chemiluminescence.

Sucrose Fractionation. EA.hy926 cells were seeded at 4.95 x 10° cells per
10-cm dish. Cells were washed with cold PBS, lysed in sodium carbonate buffer
(150 mM sodium carbonate, pH 11, 1 mM EDTA, supplemented with protease
inhibitors) with a dounce homogenizer, passed through 18-G needle 10x, and
sonicated on ice at 10% amplitude. Cell lysates were mixed with equal volume
of 80% sucrose in MES-buffered saline (25 mM MES pH 6.5, 150 NaCl, and
2 mM EDTA) supplemented with 300 mM sodium carbonate for a total of
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~6 mL 35% MES-buffered saline supplemented with 150 mM sodium carbon-
ate was added to the top of the tube gently without perturbing solution
on the bottom and 4 mL 5% sucrose in MES-buffered saline supplemented with
150 mM sodium carbonate on top of the 35% MES-buffered saline solution.
Samples were placed in SW41 rotor and ultracentrifuged for 18 to 20 h at4°C at
229,884 x g. The 1 mL fractions were collected sequentially, and samples were
immunoblotted using STPR1, EEA1, anti-PAR1, and Cav1 antibodies.
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determined using the 224 method. Control reactions without cDNA for each
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Models. The cartoons in Figs. 1 and 7 were created with BioRender.com.

Data Analysis. Data were analyzed with Prism 9.0 statistical software and
Microsoft Excel. Statistical analysis methods are indicated in the figure legends.

Data Availability. All study data are included in the article and/or S/ Appendix.
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