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Thrombin, a procoagulant protease, cleaves and activates protease-
activated receptor-1 (PAR1) to promote inflammatory responses and
endothelial dysfunction. In contrast, activated protein C (APC), an
anticoagulant protease, activates PAR1 through a distinct cleavage
site and promotes anti-inflammatory responses, prosurvival, and
endothelial barrier stabilization. The distinct tethered ligands
formed through cleavage of PAR1 by thrombin versus APC result in
unique active receptor conformations that bias PAR1 signaling.
Despite progress in understanding PAR1 biased signaling, the
proteins and pathways utilized by thrombin versus APC signaling
to induce opposing cellular functions are largely unknown. Here,
we report the global phosphoproteome induced by thrombin and
APC signaling in endothelial cells with the quantification of 11,266
unique phosphopeptides using multiplexed quantitative mass spec-
trometry. Our results reveal unique dynamic phosphoproteome
profiles of thrombin and APC signaling, an enrichment of associated
biological functions, including key modulators of endothelial bar-
rier function, regulators of gene transcription, and specific kinases
predicted to mediate PAR1 biased signaling. Using small interfer-
ing RNA to deplete a subset of phosphorylated proteins not pre-
viously linked to thrombin or APC signaling, a function for afadin
and adducin-1 actin binding proteins in thrombin-induced endo-
thelial barrier disruption is unveiled. Afadin depletion resulted
in enhanced thrombin-promoted barrier permeability, whereas
adducin-1 depletion completely ablated thrombin-induced bar-
rier disruption without compromising p38 signaling. However,
loss of adducin-1 blocked APC-induced Akt signaling. These stud-
ies define distinct thrombin and APC dynamic signaling profiles
and a rich array of proteins and biological pathways that engen-
der PAR1 biased signaling in endothelial cells.

actin | arrestin | GPCR | inflammation | thrombin

ysfunction of the vascular endothelium is a hallmark of in-

flammation and results in barrier permeability, vascular
leakage, tissue edema, and organ failure in sepsis and other
diseases (1, 2). Endothelial dysfunction is triggered by inflam-
matory mediators, many of which signal through G protein-
coupled receptors (GPCRs) (3, 4). A key GPCR inflamma-
tory mediator is thrombin, a procoagulant protease generated
in response to vascular injury and inflammation (5). Thrombin
stimulates numerous inflammatory responses, including endo-
thelial barrier disruption (6) through activation of protease-
activated receptor-1 (PAR1) (7, 8). Thrombin cleaves the N
terminus of PAR1, unveiling a new N terminus that functions as
a tethered ligand and binds intramolecularly to initiate receptor
signaling (9). Activation of PAR1 by thrombin induces rapid
heterotrimeric G protein signaling and disruption of the en-
dothelial barrier through RhoA activation of Rho-associated
kinase (ROCK) and phosphorylation of the myosin light chain
(MLC) by MLC kinase (10). Thrombin-stimulated endothelial
barrier permeability is also promoted by p38 mitogen-activated

www.pnas.org/cgi/doi/10.1073/pnas.1917295117

protein kinase (MAPK) signaling and occurs independent of
MLC phosphorylation and RhoA signaling (11-13). Thus, multi-
ple signaling pathways induced by thrombin mediate endothelial
barrier disruption.

In addition to thrombin, other proteases can cleave and acti-
vate PAR1 through noncanonical sites and promote biased sig-
naling. The distinct tethered ligands appear to preferentially
stabilize unique active conformational states of PAR1, resulting
in biased signaling. Unlike thrombin, activated protein C (APC),
a native anticoagulant protease, activates PAR1 through cleav-
age at a distinct site in the N terminus (14) and induces pro-
tracted cytoprotective responses in endothelial cells (15). APC
enhances endothelial barrier stabilization, prosurvival, and anti-
inflammatory activities. APC-induced PAR1 endothelial barrier
stabilization is specified by localization of both PAR1 and the
APC cofactor endothelial protein C receptor (EPCR) in caveolae,
plasma membrane microdomains enriched in caveolin-1 (16,
17). In addition, endothelial barrier stabilization induced by
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APC/PARI is mediated by B-arrestin-2 and dishevelled (Dvl-2)
scaffolds and prolonged Racl signaling, rather than rapid het-
erotrimeric G protein signaling (18). However, the mechanisms
by which thrombin and APC promote biased signaling to dif-
ferentially regulate inflammation and endothelial barrier integ-
rity remain poorly understood.

To elucidate the pathways and proteins that engender PAR1
biased signaling induced by thrombin and APC in human endo-
thelial cells, we used a quantitative phosphoproteomic approach.
Here, we report the global phosphoproteome of thrombin and APC
signaling using tandem mass tag (TMT) mass spectrometry (MS).
Our results reveal unique dynamic phosphoproteome profiles of
thrombin and APC signaling and the identification of multiple
enriched biological functions associated with microtubules, adherens
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junctions, and actin, all key modulators of endothelial barrier function
as well as important mediators of gene expression. Distinct sets of
kinases and subsets of proteins predicted to mediate thrombin and
APC biased signaling were also identified. The function of a subset
of phosphorylated proteins not previously linked to thrombin and
APC signaling was examined and led to the identification of afadin
and adducin-1 as modulators of endothelial barrier function.
These studies identify a rich array of proteins and pathways that
engender PAR1 biased signaling in human endothelial cells.

Results

Quantitative Phosphoproteomic Workflow for Thrombin and APC
Signaling. Thrombin and APC have been shown to activate
PARI via unique cleavage sites within the N terminus at arginine
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Fig. 1. (A) Thrombin (Th) activates PAR1 by cleavage at R41, which couples to heterotrimeric G proteins and disrupts the endothelial barrier. APC, bound to
EPCR, cleaves PAR1 at R46, which signals via p-arrestin-2 (-arr2) to promote endothelial barrier stabilization. (B) Endothelial cells treated with Th or APC were
processed for quantitative mass spectrometry. Pie charts of phosphosite distribution (C) and the number of phosphosites per peptide distribution (D). (E) Cell
lysates from mass spectrometry nontreated 0 min and Th and APC treatments immunoblotted for p38 or Akt phosphorylation.
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(R)41 and R46, respectively. Thrombin disrupts the endothe-
lial barrier through rapid heterotrimeric G protein signaling,
whereas APC triggers slower f-arrestin-2-mediated endothelial
barrier stabilization in human umbilical vein endothelial cell-
derived EA.hy926 cells (Fig. 14) (14, 16-18). To enable iden-
tification of phosphorylation events induced by these PAR1
biased agonists, EA.hy926 cells were stimulated with either
thrombin for 0, 2.5, and 5 min or APC for 0, 15, or 30 min in
three biological replicates to capture changes in phosphoryla-
tion closely linked to their respective biological responses. Cell
lysates were collected, and phosphopeptides were enriched by
TiO,, processed for TMT 10-plex labeling, and analyzed by
liquid chromatography-MS2/MS3 to quantify the proteome and
phosphoproteome (Fig. 1B) (19) (SI Appendix, Materials and
Methods) We quantified 11,266 phosphopeptides representing
6,698 proteins with a false discovery rate of <1% (Dataset S1)
(20, 21). The phosphosite distribution was 82% phosphoserine
(pS), 15% phosphothreonine (pT), and 2.5% phosphotyrosine (pY)
(Fig. 1C), with most of the peptides phosphorylated on single
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(61%) and double (30%) sites and fewer on triple (7%) and
quadruple (1.1%) sites (Fig. 1D). To validate our studies, lysates
from mass spectrometry samples stimulated with thrombin or
APC were analyzed by immunoblotting and showed rapid
thrombin-induced p38 phosphorylation at T180/Y182 (Fig. 1E)
and APC-stimulated Akt S473 phosphorylation at later times
(Fig. 1E) (12, 14). These results confirm that the expected
signaling pathways in endothelial cells were activated by the
appropriate PARI1 biased ligands.

Quantitative Phosphoproteomic Temporal Profiling of Thrombin and
APC Signaling. We next evaluated the temporal changes of the
phosphoproteome induced by thrombin and APC using k-means
clustering of the 11,266 phosphopeptides (Fig. 2 A and B)
(Datasets S1 and S2) (22, 23). Each of the untreated 0 min
replicates from the thrombin and APC subsets were compared by
similarity matrices using Spearman’s correlation coefficients and
were positively correlated (SI Appendix, Fig. S1), indicating minimal
variances. The thrombin-induced phosphoproteome separated into
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Fig. 2. A k-means clustered heat map of the 11,266 quantified phosphopeptides (p-peptides) from Th and APC treatments (A) separated into six clusters.
Increases and decreases in phosphorylation are represented by the red and blue colors, respectively. Color intensities depict phosphopeptide levels in each
sample induced by Th or APC normalized to their respective 0 min control and relative (rel.) to the maximum and minimum abundances per row. (B) Th- and
APC-induced changes in phosphopeptide abundance plotted against early (E) and late (L) times; — indicates 0 min non-treated. (C) Gene ontology enrichment
analysis and rank based on statistical significance; P values were determined by Student’s t test.
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three temporally distinct clusters (C), C1, C2, and C5, which dis-
played increases in phosphorylation at the early 2.5 min and late 5
min time points in C1, early time only in C2, and late time only in
C5 compared to the untreated 0 min control conditions (Fig. 2 4
and B). The subsets of phosphopeptides in C1, C2, and C5 were
minimally altered by APC stimulation (Fig. 2.4 and B). The APC-
generated phosphoproteome clustered into two temporally dis-
tinct groups, C3 and C4. C3 showed a modest early increase in
phosphorylation at 15 min and a pronounced late increase in
phosphorylation at 30 min, whereas C4 showed only an early
minimal increase in phosphorylation (Fig. 2 4 and B). Thrombin
caused a modest decrease in phosphorylation only at the early
time point in both the C3 and C4 clusters of the APC phospho-
proteome (Fig. 2 A and B). In the C6 cluster, both thrombin and
APC caused a decrease in phosphorylation at both the early and
late time points (Fig. 2 A and B). Thus, these data indicate that
thrombin and APC induce distinct temporal dynamic changes in
protein phosphorylation.

To explore the biological functions associated with the distinct
thrombin and APC phosphoproteomes, we analyzed and com-
pared biological processes, cellular compartments, and molecu-
lar functions that were overrepresented in each cluster using
gene ontology enrichment analysis (Dataset S2) (24, 25). Mi-
crotubule and adherens junctions were significantly enriched in
the C1 and C2 clusters of the thrombin-induced phosphopro-
teome (Fig. 2C). CS5 also showed thrombin-dependent enrich-
ment of intermediate filaments, signal transduction, and cell
junctions (Fig. 2C). Surprisingly, the C3 and C4 clusters in the
APC phosphoproteome showed highly significant enrichment
in the nucleus, messenger RNA (mRNA) splicing, and DNA
binding and chromatin regulators (Fig. 2C). In addition, actin
binding was enriched, although to a lesser extent, in C3, and
decreases in phosphopeptides associated with adherens junctions
were highly enriched in C6 and may be related to APC’s role in
enhancing endothelial barrier stabilization (16, 18).

Table 1. The top ranked identified protein kinase consensus motifs for phosphopeptides
grouped into the distinct clusters (C) with a preference for serine or threonine and the kinases

predicted to target these consensus sites

Th or APC Cluster Motif Kinases Motif score Matches Fold increase
Th c1, Ser ... P.SP..K... PKC-p 622 25 29.9
C1, Thr ... SPT....... CDK1 615 47 13.9
CK2-a

Th C2, Ser ... SP..SP.. 625 32 18.1
..... P.SP...K.. CDK1 623 35 26.8

....R.SP...... PKC-p 615 169 10.1

c2, Thr ... TPSP.... 622 21 37.2

..... SPT....... 615 50 12.9

....... TSP..... 615 43 13.7

APC C3, Ser ... RS.SP.... CK2-a 922 44 36.5
...RS.SP...... CLK1 922 67 42.3

.R....SD.E.... CDK1 629 30 96.8

K....SD.E.... 628 29 77.3

....... S.EE...S 623 20 394

....... S.DE. 615 57 12.6

C3, Thr — — — —

APC C4,Ser ... SP..SP.. CK2-a 923 90 18.8
...... RS.SP 923 49 23.7

..... SDS..E.... 923 47 31.4

....... SDS..E 923 45 32.6

....... SSD.E 923 43 57.7

....... SD.EE 631 81 50.0

....... SDEE 630 38 33.6

.RS.SP...... 629 62 25.1

....... S.SDE. 627 23 38.1

....... S.EDE.. 624 23 345

....... S.P.SP 623 33 17.0

c4, Thr ... SPT....... 615 49 20.5

Th C5, Ser .R.R.S...E... CDK1 623 23 39.5
..... P.SP....P. PKC-p 623 55 26.4

..... P.SP.....K CK2-a 622 28 43.6

..... P.SP...... 615 137 10.4

s, Thr — — — —

Th and APC C6, Ser ..K.S.SL...... CK2-a 631 34 36.5
K...S.S..D.... CDK1 627 24 38.6

....5..SSP..... 626 42 14.3

....... S..SSP 625 36 15.2

....R.PSP...... 623 44 25.8

C6, Thr .F...TP.G.... 630 21 281

..... SPT....... 615 41 16

The motif score (>500), number of matches in the query set, and the fold increase over the normal occurrence
of the consensus site (>10-fold) are also provided. —, no motif detected.
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Thrombin and APC Significantly Altered Changes in Subsets of
Phosphoproteins. The k-means clustering analysis assumes that
phosphopeptides targeted by the same kinase will yield similar
temporal profiles (26). Thus, to identify the kinases known or
predicted to target proteins in the specific clusters, we applied the
motif-X algorithm (27) to define the most overrepresented kinase
consensus motifs in each cluster and used NetworKIN to match
the consensus sites with the kinases predicted to phosphorylate
the site (Table 1) (Dataset S3) (28). Cyclin-dependent kinase 1
(CDK1) and protein kinase C-p (PKC-p) were among the most
overrepresented motifs in the thrombin phosphoproteome. In
contrast, the most overrepresented kinase consensus motif
identified for the APC phosphoproteome in all three clusters
was casein kinase 2-o (CK2), also known as protein kinase CK2
(Table 1). While CDK1 and PKC-p are known to mediate thrombin
functions (5, 29), the role of CK2 in APC-triggered cellular re-
sponses is not known.

We next examined the effect of thrombin and APC on specific
sets of phosphopeptides using pi-score analysis that combines
statistical significance with agonist-induced fold change in phos-
phorylation into a single, comparable value (30). Thrombin in-
duced significant changes in a total of 1,162 phosphopeptides, 744

A Thrombin

-log,(p-value)

peptides from 350 unique proteins with increases in phosphory-
lation and 418 peptides from 186 unique proteins with decreases
in phosphorylation (Fig. 34) (Dataset S4). Incubation with
APC resulted in significant changes in a total of 299 phos-
phopeptides, of which 168 peptides from 113 unique proteins
exhibited increases in phosphorylation and 131 peptides from 94
unique proteins showed decreases in phosphorylation (Fig. 3B)
(Dataset S4). The corresponding heat maps of the individual
TMT-MS replicates are highly similar (Fig. 3 4 and B), verifying
the reproducibility of the data. Together, these analyses indicate
that thrombin and APC activate distinct sets of kinases and
subsets of phosphorylated proteins in endothelial cells, consistent
with the concept of PAR1 biased signaling.

Heat Maps and Diagrams of Candidate Proteins Phosphorylated by
Thrombin or APC. Given the abundance of phosphorylated pro-
teins associated with adherens junctions, microtubules, and actin
binding, all of which regulate endothelial barrier disruption, we
hypothesize that a subset of phosphorylated proteins not previously
linked to thrombin or APC function might regulate endothelial
barrier integrity. Afadin (AFDN) is an actin filament-binding pro-
tein that associates with adherens junctions (31, 32) and showed

-log, (p-value)
°
i ¥
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Fig. 3. Volcano plots and heat maps of significantly altered (pi-score, P < 0.05) p-peptide replicates of (A) Th- and (B) APC-treated endothelial cells. Log-
transformed P values (Student’s t test) associated with individual phosphopeptides are plotted against the log-transformed fold change in abundance be-
tween 0 min control (Ctrl), Th, and APC treatments. Color intensities depict changes in phosphopeptide levels relative to the maximum (red) and minimum

(blue) abundances per row.
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significant increases in phosphorylation at three sites and decreases
in phosphorylation at three other sites, all within the C-terminal
domain, following thrombin stimulation (Fig. 44). The CDC42
binding protein kinase alpha (CDC42BPA) protein, also known as
MRCKA, is an effector of CDC42-induced peripheral actin for-
mation and cytoskeletal reorganization (33) and also displayed
significant increases in phosphorylation at two serine sites within
the C-terminal region in thrombin-treated cells (Fig. 4B). Neither
afadin nor CDC42BPA showed significant changes in phosphor-
ylation in APC-stimulated cells (Dataset S4). We also identified
two proteins, adducin-1 (ADD1) and GPCR interacting protein 1
(GIT1), that showed significant changes in phosphorylation after
APC but not thrombin stimulation (Fig. 4 C and D) (Dataset S4).
Adducin-1 is a key regulator of actin dynamics (34), and GIT1 is
a scaffold protein that regulates focal contacts and cytoskeletal
dynamics (35). APC induced significant increases in adducin-1
phosphorylation at two N-terminal sites and decreases in phos-
phorylation at three C-terminal sites (Fig. 4C). GIT1 was exten-
sively phosphorylated throughout the protein, with four sites
displaying increased phosphorylation and a distinct set of four
other sites showing a decrease in phosphorylation after APC
stimulation (Fig. 4D).

Afadin and Adducin-1 Regulate Thrombin-Induced Endothelial Barrier
Disruption. To assess the function of these proteins in endothelial
barrier regulation, we used small interfering RNA (siRNA)-targeted
depletion and examined thrombin-induced endothelial barrier
disruption and APC-promoted endothelial barrier protection.
Confluent monolayers of EA.hy926 cells were transfected with

A Afadin
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T1499 *ERE

$1510, S1512

51512 -

() 2, P
S ,\\"9 N ;\%’(\Q’

AFDN (1-1824)
e — —
RA RA FH DIL PDZ

C Adducin 1
CTL1CTL2 APC1 APC2
—0

min—-—30 m

TH

s12
$427, 5431
T429, 5431

ADD1 (1-737)

A0 N
Ny SRBe
ﬂf B ???

~ Aldolase Il

either control nonspecific siRNA or target-specific siRNAs that
were optimized for efficient knockdown of protein expression (S7
Appendix, Fig. S2). In control siRNA-transfected cells, thrombin
caused an approximately fivefold increase in endothelial barrier
permeability that was reduced to basal levels in APC pretreated
cells (Fig. 54), consistent with a role for APC in endothelial
barrier protection (18). However, the magnitude of thrombin-
induced barrier permeability was significantly greater, ~15-fold,
in afadin-depleted cells compared to control siRNA cells (Fig.
5A), suggesting afadin functions in regulation of endothelial bar-
rier stability. Although APC-induced barrier protection was
more variable in the afadin-depleted cells and reduced to ap-
proximately fivefold compared to control siRNA cells, it was
significantly decreased relative to thrombin (Fig. 54). In contrast,
depletion of CDC42BPA had no effect on the magnitude of
thrombin-induced endothelial barrier disruption or on the extent of
barrier protection promoted by APC (Fig. 5B). Next, we evaluated
adducin-1 and GIT1, which are phosphorylated by APC and not
thrombin, in endothelial barrier function. Thrombin induced an
approximately fourfold increase in endothelial barrier permeability
in control siRNA cells, whereas depletion of adducin-1 virtually
ablated thrombin-induced endothelial barrier permeability (Fig.
5C). The significant loss of thrombin-induced endothelial barrier
disruption precluded the assessment of APC on barrier protection.
In contrast, knockdown of GIT1 failed to alter either thrombin or
APC regulation of endothelial barrier permeability (Fig. 5D),
suggesting that afadin and adducin-1 actin binding proteins are
important for regulation of barrier function.
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Fig. 4. Heat maps and diagrams of proteins phosphorylated by Th (A) afadin and (B) CDC42BPA or by APC (C) adducin-1 and (D) GIT1. Increases and decreases
in phosphorylation sites are indicated by red and blue color intensities, respectively. Statistical significance was determined by two-way ANOVA (*P < 0.05,
**P < 0.01, ***P < 0.005, ****P < 0.001). Cartoon diagrams show the protein domain structure and phosphorylation site location; red and blue dots with
residue numbers indicate increases and decreases in phosphorylation, respectively. Color intensity is indicative of the extent of phosphorylation. All sites are

conserved across human, mouse, and rat species.
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Fig. 5. EA.hy926 endothelial cells (EC) transfected with nonspecific (ns)
and either (A) afadin, (B) CDC42BPA, (C) adducin-1, or (D) GIT1 siRNAs were
pretreated with APC (180 min) prior to Th stimulation (10 min) and barrier
permeability monitored at 30 min. Cell lysates were immunoblotted (IB) as
indicated. The data (mean + SD, n = 3 or 4) are expressed as the fold over the
ns siRNA control and are analyzed by ANOVA for comparisons between or
within groups (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

Intercellular Gap Formation and Actin Polymerization Induced by
Thrombin and APC. To gain insight into how afadin and adducin-1
modulate endothelial barrier function, we quantitatively de-
termined the intercellular gap formation induced by thrombin
and the extent of protection promoted by APC. The actin cy-
toskeleton is important for endothelial junction assembly, sta-
bilization, and maintenance and was visualized using phalloidin
(36, 37). An interconnected monolayer of endothelial cells with
prominent actin bundles with negligible gap formation was ob-
served in untreated control siRNA cells (Fig. 6 A-C), whereas
incubation with thrombin caused a significant threefold increase
in gap formation (Fig. 6 A-C). As expected, APC pretreatment
significantly inhibited thrombin-induced gap formation in control
siRNA cells (Fig. 6 A and C), consistent with a role for APC in
barrier protection (Fig. 5) (18, 38). In cells depleted of afadin,
gap formation was already evident in untreated control siRNA
cells; however, thrombin caused an even greater fivefold increase
in gap formation compared to thrombin-treated control siRNA
cells (Fig. 6 B and C). Despite enhanced thrombin-induced
barrier permeability, APC retained its ability to significantly re-
duce thrombin-promoted barrier disruption in afadin-depleted

Lin et al.

cells (Fig. 6 B and C). In contrast to afadin, thrombin-stimulated
barrier permeability was significantly reduced in adducin-1 de-
ficient cells compared to control siRNA cells (Fig. 6 D-F). Al-
though thrombin-induced barrier permeability was substantially
attenuated, APC further diminished thrombin-stimulated per-
meability in adducin-1 knockdown cells (Fig. 6 D-F). These
findings indicate that adducin-1 and afadin, key regulators of
actin dynamics, mediate opposing effects on thrombin-stimulated
endothelial barrier disruption.

Thrombin and APC Signaling in Endothelial Cells. To ensure that
thrombin activation of PAR1 signaling remained intact in adducin-1
siRNA-depleted cells, we examined p38 phosphorylation. In
control siRNA-transfected cells, thrombin induced an approx-
imately sevenfold peak increase in p38 activation at 5 min that
remained elevated, approximately fivefold at 10 min (Fig. 74,
lanes 1 to 3), similar to that previously reported (12). A simi-
lar trend in thrombin-induced p38 activation was observed in
both adducin-1 and GIT1 siRNA-depleted cells (Fig. 74, lanes
4 t0 9), indicating that thrombin signaling remains intact. These
findings suggest that the effect of adducin-1 on thrombin-induced
endothelial barrier permeability occurs either downstream or in-
dependent of p38 signaling. Interestingly, APC-induced activation
of Akt was virtually abolished in adducin-1 knockdown cells (Fig.
7B, lanes 4 to 6) but remained intact in nonspecific sSiIRNA- and
GIT1-transfected cells (Fig. 7B, lanes 1 to 3 and 7 to 9), suggesting
that the actin cytoskeleton may function in APC/PARI1-induced
cytoprotective signaling in endothelial cells.

Discussion

PART1 is activated by both thrombin and APC through distinct
N-terminal cleavage sites, which causes opposite responses in
endothelial cells through poorly characterized pathways (18, 39).
Phosphorylation is a key regulator of protein function and many
important biological responses. Thus, to understand how thrombin
and APC induce PARI1 biased signaling to promote opposing
cellular functions, we performed a comprehensive quantitative
phosphoproteomic analysis using human cultured endothelial
cells. We found that thrombin and APC induced distinct dy-
namic changes in the phosphoproteome that are targeted by
specific sets of kinases. Our study further indicated that the
majority of phosphorylated proteins identified in the thrombin
phosphoproteome are associated with adherens junctions and the
endothelial barrier function, whereas the APC phosphoproteome
is closely affiliated with gene expression and actin. We interro-
gated the function of a subset of phosphoproteins not previously
linked to thrombin or APC signaling and discovered that afadin
and adducin-1, actin binding proteins, are important for thrombin-
induced endothelial barrier disruption. These studies provide a
comprehensive global analysis of thrombin and APC signaling and
reveal a rich array of proteins and pathways that engender PAR1
biased signaling in endothelial cells.

While activation of PAR1 signaling by thrombin is rapid and
catalyzed through coupling to heterotrimeric G proteins, APC-
triggered PAR1 cytoprotective signaling is slower and mediated
by p-arrestin-2-facilitated protein-protein interactions (18, 40,
41). Our phosphoproteomic analysis demonstrates that thrombin
causes rapid increases in phosphorylation of subsets of proteins
at the plasma membrane that are associated with modulation of
adherens junctions. Adherens junctions are critical for main-
taining endothelial cell-cell contacts and control barrier integ-
rity (42, 43). The cytoskeleton is also a key regulator of barrier
function and is controlled by a dynamic network of actin fi-
bers, microtubules, and intermediate filaments (43, 44). The phos-
phorylation status of these same sets of proteins was minimally
altered by APC stimulation. In contrast, the majority of APC-
induced phosphorylated proteins were associated with the
nucleus and affiliated with gene transcription and expression,
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Fig. 6. EA.hy926 cells transfected with (A) nonspecific (ns) or (B) afadin siRNAs or (D) nonspecific or (E) adducin-1 siRNAs. Cells were left untreated (Ctrl) or
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between and within groups (***P < 0.001; ****P < 0.0001). (Scale bar, 10 pm.)

consistent with previous studies showing APC modulates tran-
scription of genes affiliated with proinflammatory and proapoptotic
pathways in cytokine-stimulated endothelial cells (45, 46). A subset
of APC-induced phosphoproteins was also associated with actin
binding, which likely has a role in endothelial barrier stabiliza-
tion through modulation of the actin cytoskeleton.

Thrombin causes barrier disruption through RhoA, MLCK,
and p38 signaling and modulation of adherens junction proteins
through protein phosphorylation and dephosphorylation (10, 12).
However, the role of actin binding proteins and other modulators
of the cytoskeleton in regulation of endothelial barrier stability
by thrombin or APC signaling remains poorly understood. We
found that afadin and adducin-1, two actin binding proteins, are
extensively phosphorylated by thrombin and APC, respectively,
and have significant but opposite effects on endothelial barrier
permeability induced by thrombin. Depletion of adducin-1
virtually ablated thrombin-induced barrier permeability, with-
out compromising p38 signaling, suggesting that adducin-1 is a
key regulator of barrier function downstream of receptor sig-
naling. However, loss of adducin-1 also caused significant dis-
ruption of APC-mediated Akt activation, indicating that APC
activation of PARI signaling may also be modulated by the
actin cytoskeleton. The precise mechanism by which perturba-
tion of Akt signaling modulates APC/PAR1-induced endothe-
lial barrier stabilization is not clear.

We also show that afadin and adducin-1 are phosphorylated on
multiple conserved sites following agonist stimulation. However,
with the exception of the adducin-1 S12 residue, which has been
implicated in protein—protein interactions (47), all of the other
identified phosphosites have no known function. Using the motif-X
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and NetworKIN algorithms, we identified CDK1 and PKC-$ as the
predominant kinases that mediate thrombin-induced protein phos-
phorylation, consistent their reported roles in promoting thrombin-
mediated cellular proliferation and endothelial barrier dysfunction
(5, 29). In contrast, CK2 appears to be the key regulator of APC-
induced protein phosphorylation; however, the function of CK2 in
the regulation of APC-induced cytoprotection is not known. Although
phosphorylation is an important posttranslational modification with
widespread functions, most phosphorylation sites are assigned to
only 20% of known kinases, and the vast majority phosphorylation
sites have not been studied and lack any known function (48). All of
the thrombin and APC-induced phosphorylated sites identified in
afadin and adducin-1 are conserved across species, suggesting they
serve similar biological functions. Nonetheless, further analysis is
necessary to examine the role of predicted kinases in mediating
afadin and adducin-1 phosphorylation and their contribution to
thrombin-induced endothelial barrier disruption. The current study
examines the dynamics of phosphorylation at different times critical
for either thrombin-induced barrier disruption or APC-induced
barrier stabilization and therefore does not preclude the possibility
that the biased agonists might share certain phosphorylation events
at overlapping time points. In summary, our global analysis of the
thrombin and APC phosphoproteome provides critical important
information regarding the proteins and pathways that engender
endogenous PARI1 biased signaling in human endothelial cells.

Materials and Methods

Reagents and antibodies, endothelial cell culture, cell transfections, immuno-
blotting, endothelial barrier permeability, cell imaging, mass spectrometry, and
statistical analysis are described in S/ Appendix, Materials and Methods.
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Data Availability. The mass spectrometry data have been deposited on
MassIVE (MSV000084604; https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?
task=562332e622c74f369103cb90917b4971) and on the ProteomeXchange
(PXD016368; http:/proteomecentral.proteomexchange.org/cgi/GetDataset?
ID=PXD016368).
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