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Abstract

Apoptosis signal-regulating kinase 1 (ASK1) is a mitogen-activated protein kinase kinase kinase
(MAPKKK) that regulates activation of the c-Jun N-terminal kinase (JNK)- and p38-stress
response pathways leading to apoptosis in nucleated cells. We have previously shown that ASK1 is
expressed in platelets and regulates agonist-induced platelet activation and thrombosis. However,
the mechanism by which platelet agonists cause activation of ASK1 is unknown. Here, we show
that in platelets agonist-induced activation of p38 is exclusively dependent on ASK1. Both
thrombin and collagen were able to activate ASK1/p38. Activation of ASK1/p38 was strongly
dependent on thromboxane A, (TxA,) and ADP. Agonist-induced ASK1 activation is blocked by
inhibition of phospholipase C (PLC) B/ activity or by chelating intracellular Ca2*. Furthermore,
treatment of platelets with thapsigargin or Ca2* ionophore robustly induced ASK1/p38 activation.
In addition, calcium and integrin-binding protein 1 (CIB1), a Ca?*-dependent negative regulator of
ASK1, associates with ASK1 in resting platelets and is dissociated upon platelet activation by
thrombin. Dissociation of CIB1 corresponds with ASK1 binding to tumor necrosis factor (TNF)
receptor associated factor 6 (TRAF6) and the autophosphorylation of ASK1 Thr838 within the
catalytic domain results in full activation of ASK1. Furthermore, genetic ablation of C/bZ in mice
augments agonist-induced Ask1/p38 activation. Together our results suggest that in resting
platelets ASK1 is bound to CIB1 at low Ca2* concentrations. Agonist-induced platelet activation
causes an increase in intracellular Ca2* concentration that leads to the dissociation of CIB1 from
ASKJ1, allowing for proper dimerization through ASK1 N-terminal coiled-coil (NCC) domains.
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Introduction

Mitogen activated protein kinases (MAPK) are a family of serine/threonine protein kinases
that are central mediators of many cellular functions from proliferation to apoptosis. MAPK
are activated by a kinase signaling cascade composed of MAPKKK and MAPKK; where
MAPKKK activate MAPKK, which in turn activate MAPK. All three MAPK families are
expressed in platelets and are activated in response to agonist stimulation. Studies of MAPK
in platelets using both genetic and pharmacological methods have highlighted the
importance of MAPK signaling in the regulation of hemostasis and thrombosis [1, 2].

While the signaling mechanisms linking MAPKKK to MAPK activation are conserved and
well known, relatively little is known about the upstream mechanisms that regulate agonist-
induced MAPK activation in platelets. Recently, we and others showed that ASK1, a
MAPKKK, is expressed in platelets and that loss of Ask1 attenuated platelet functions and
protected mice from thrombosis [3, 4].

In nucleated cells, ASK1 is known to mediate stress induced apoptosis [5-7]. ASK1 forms a
homodimer through association with its C-terminal coiled-coil (CCC) domain. In its resting
state, the ASK1 homodimer is kept inactive by binding to reduced Thioredoxin (Trx) at the
N-terminal regulatory domain of ASK1, which prevents ASK1’s kinase domains from
interacting through its N-terminal coiled-coil (NCC) domains [8-10]. During oxidative
stress Trx is oxidized by reactive oxygen species (ROS), causing its dissociation from
ASK1. Dissociation of Trx frees the N-terminal regulatory domain to bind TRAF2/6 which
facilitates N-terminal dimerization of ASK1, allowing ASK1’s kinase domains to induce
activation through autophosphorylation at Thré38 (Thr84% in mice), which renders ASK1
fully active [8-11]. Activated ASK1 phosphorylates its downstream targets MKK3/6 and
MKKA4/7 to induce p38 and JNK activation respectively [6]. However, the mechanism
governing ASK1 activation in platelets remains unknown.

In the present study, we set out to determine the signaling mechanisms through which
platelet agonists activate ASK1. We show that the major platelet agonists activate ASK1
through a common calcium-dependent mechanism that is independent of ROS, a preferred
mechanism followed in nucleated cells. Further, we found that ASK1 is bound to CIB1, a
calcium dependent negative regulator, in resting platelets, and that an agonist-induced rise in
intracellular Ca2* dissociates CIB1 from ASK1 to facilitate ASK1 activation.

Material and methods

Reagents

Dimethyl sulfoxide (DMSO), Arg-Gly-Asp-Ser (RGDS), U73122, hydrogen peroxide
(H205), and calcium ionophore (A23187) were purchased from Sigma-Aldrich. Fluo-4-AM
was purchased from Thermo-Fisher Scientific. PAR1-AP (SFLLRN) and PAR4-AP
(AYPGKEF) were purchased from AnaSpec. Collagen was purchased from Chronolog.
Human a-thrombin was purchased from Enzyme Research. Convulxin was purchased from
Pentapharm. Bisindolylmaleimide I (BIS) and 1,2-bis(2-aminophenoxy)ethane N,N,N",N’-
tetraacetic acid acetoxymethyl ester (BAPTA/AM) was purchased from Calbiochem.
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YM-254890 was purchased from Focus Biomolecules. Manganese (l11) tetrakis(1-methyl-4-
pyridyl)porphyrin pentachloride (MnTMPyP) was purchased from Santa Cruz
Biotechnology. Thapsigargin was purchased from Cayman Chemical. All other chemicals
used were of analytical grade and purchased from Sigma-Aldrich.

Anti-ASK1 (H-300) antibody: sc7931, 1:1000; normal rabbit IgG: sc2027, was obtained
from Santa Cruz Biotechnology. Following antibodies were obtained from Cell Signaling,
Danvers, MA. Anti-P-p38 (Thrl80/Tyr182) antibody: #9211, 1:5000; anti-p38 antibody:
#9212, 1:3000; anti-P-ASK1 (Thr84%) antibody: #3765, 1:200; anti-ASK1 antibody: #8662,
1:1000; anti-P-SEK/MKK4 (Thr261) antibody: #9151, 1:200; anti-SEK/MKK4 antibody:
#9152, 1:200; anti-P-MKK?7 (Ser2”3/Thr275) antibody: #4171, 1:200; anti-MKK7 antibody:
#4172, 1:200; anti-P-MKK3(Ser!8%)/MKK6(Ser297) antibody: #9236, 1:200; anti-MKK6
antibody: #9264, 1:200; anti-MKK3 antibody: # 5674, 1:200; anti-TRAF6 antibody: #4743,
1:500; anti-Trx1 antibody: #2429, 1:100; HRP conjugated anti-rabbit 1gG antibody; # 7074,
1:2000-7000; HRP conjugated anti-mouse 1gG antibody: # 7076, 1:5000; HRP conjugated
anti-rabbit 1gG (conformation specific) antibody; #5127S, 1:12,500. Anti-TRAF6 antibody:
ab137452, 1:1000; was obtained from Abcam. Additionally, the polyclonal anti-P-ASK1
(Thr838) antibody and anti-ASK1 antibody was raised against an antigenic synthetic peptide
(830-AGINPCTE(p) TFTGTLQY-845) of human ASK1 by immunizing rabbits. The antisera
were analyzed by ELISA to determine specificity for ASK1. A polyclonal phospho-specific
antibody was affinity-purified from the antisera by Neo Scientific (Cambridge, MA). The
anti-CIB1 antibody (clone 7.79; 1:200) was generated in our laboratory as described [12].

Human platelet preparation

Human whole blood was drawn, with informed consent, by venipuncture from healthy adult
volunteers (irrespective of gender and race). Approval for this study was obtained from the
Institutional Review Board of Thomas Jefferson University, according to the Declaration of
Helsinki. Blood was collected using acidified citrate dextrose as an anticoagulant. Washed
human platelets were prepared in Tyrode’s buffer to 4 x 108 platelets/mL as previously
described [13]. For experiments using inhibitors, platelets were incubated at 37°C for 5
minutes (min) (for experiments involving apyrase) or 30 min (for experiments involving
BAPTA/AM, U73122, aspirin, MNTMPYP, BIS, or YM-254890) before being stimulated as
indicated at room temperature. For experiments using BAPTA/AM, washed platelets were
prepared and maintained in calcium-free Tyrode’s buffer throughout the experiment.

Mouse platelet preparation

Both male and female 8-12-week-old WT and CibZ~'~ mice of C57BL/6J genetic
background were used in these studies as described previously [14, 15]. Washed murine
platelet suspensions (2 x 108 platelets/mL) were prepared as previously described [3].
Approval for animal experimental studies was received from the Institutional Animal Care
and Use Committee (IACUC) of Thomas Jefferson University.
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Immunoprecipitation

Immunoprecipitation was performed as previously described [16]. Briefly, washed human
platelet suspension (4 x 108 platelets/mL) was stimulated with thrombin (1U/mL) for 3 min
at room temperature. Platelet suspensions were lysed by the addition of an equal volume of
ice-cold 2X lysis buffer to reach a final concentration of (1% Triton X-100, 150mM NacCl,
50 mM Tris-HCI pH 7.5, 10ug/mL leupeptin, 10pug/mL aprotinin, 1mM NaF, 1mM sodium
orthovanadate, and 1mM PMSF). Pre-cleared lysates were incubated with anti-ASK1 [Santa
Cruz Biotechnology, 1:100] for IP of human ASK1, or normal rabbit IgG [Santa Cruz
Biotechnology, 1:100] and the immunoprecipitation was performed as described [16].
Precipitate was western blotted with anti-ASK1, anti-CIB1, anti-TRAF6, and anti-Trx1
antibodies.

IP of mouse Ask1 followed the above protocol with the following modifications. Briefly,
washed mouse platelet suspension (4 x 108 platelets/mL) was stimulated with thrombin
(1U/mL) for 1 min at room temperature before being lysed with ice-cold 2X lysis buffer.
Lysates were then incubated with anti-Ask1 [Cell Signaling, 0.23 ug/mL] for IP of mouse
Ask1, or normal rabbit IgG [Santa Cruz Biotechnology, 0.23ug/mL] as control and the
immunoprecipitation was performed as described [16]. Precipitate was western blotted with
anti-Ask1 and anti-Traf6 antibodies.

Western blotting

Aliquots of washed platelet suspension in Tyrode’s buffer, either resting or stimulated with
agonists, were lysed with reducing Laemmli-sample buffer at various time points. Lysates
were subjected to immunoblotting as described [3]. Molecular weight markings correspond
to the standard weights of molecular ladder used (Spectra BR, 26623, Thermo-Fisher
Scientific).

Quantification of western blot band intensities was performed using NIH Image J software.
The ratio of optical density (phospho-band/ total band or Co-IP band/ IP band) was
calculated for each lane, within replicates, before plotting and statistical analysis.

Measurement of intracellular Ca2*

Intracellular Ca2* levels were measured, as described [3]. Briefly, aliquots of washed human
platelets (5x10° platelets/mL in Ca?* free Tyrode’s buffer) were incubated with 2.5 pM
Fluo-4-AM for 1 min. Platelets were then diluted to 4.17x10° platelets/mL with Tyrode’s
buffer containing 1mM CaCl, and fluorescence intensity was measured using an Accuri C6
flow cytometer (Becton Dickinson). Agonists were added following a 60 second baseline
and traces recorded for the indicated time.

Statistical analysis

Statistical analysis of the data was performed using Prism 6 (GraphPad). Student’s t-test, a
one-way ANOVA with Dunnett’s multiple comparisons test to the control, or a two-way
ANOVA were used to determine statistical significance. £A<0.05 was regarded as statistically
significant. Each experiment was repeated independently at least 3 times using platelets
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isolated from individual donors. Data (mean + standard error of the mean) was plotted using
Prism 6.

Results

Platelet agonists induce p38 activation

We have previously shown that ASK1 is activated by most agonists in human platelets, and
in murine platelets activation of p38 is solely dependent on Ask1 [3, 4, 17]. Here, we
evaluated if p38 activation corresponds to ASK1 activation in human platelets. We
stimulated washed human platelets with thrombin, protease-activated receptor (PAR) 1
activating peptide (SFLLRN, PAR1-AP), PAR4 activating peptide (AYPGKF, PAR4-AP),
convulxin (a GPVI specific agonist), U46619 (a TxA, mimetic TP receptor agonist), or ADP
(the P2Y 11, receptor agonist). We found that resting platelets showed minimal
phosphorylation of p38 (Thr180/Tyrl82 an indicator of its activation), but stimulation with
each of these agonists triggered a robust, time-dependent, but transient increase in the
phosphorylation of p38, except that ADP induced a much lower amount (Fig.1A-F). These
results suggest that the major platelet agonists are capable of activating ASK1/p38, making
ASK1 a common signaling node in platelet activation.

Canonical ASK1 targets are activated in human platelets

It is well known that ASK1 activates p38 and JNK in nucleated cells via activation of the
intermediate MAPKKs, MKK3/4/6 and MKK4/7 respectively [5, 6, 18-22]. We therefore
determined whether these kinases are activated (denoted by phosphorylation) in human
platelets following agonist stimulation. Stimulation of platelets with thrombin induced rapid
activation of MKK3/4/6/7, which corresponded with phosphorylation of ASK1 (Thr838), a
marker of its kinase activity) and p38 (Fig. 2). These results agree with our previous report
showing that Ask1 regulates thrombin induced activation of MKK3/4/6 as well as p38
activation in murine platelets [3].

Role of secondary agonists in ASK1/p38 activation

Given that all agonists tested were able to induce ASK1/p38 activation, we next investigated
the role major secondary agonists (TxA, and ADP, two of the major physiological agonists
that induce platelet activation /n vivo) play in thrombin- or collagen-induced ASK1
activation. As expected, stimulation with either thrombin or collagen was able to induce
dose-dependent activation of ASK1. Activation of p38 was also dose-dependent with
minimal doses of agonist being sufficient to induce ~50% p38 activation (Fig. 3A-B, Fig.
S1). When pretreated with either aspirin or apyrase, to block TxA, and ADP respectively,
we found that aspirin and/or apyrase significantly attenuated both thrombin- and collagen-
induced ASK1 activation (Fig. 3A-B, Fig. S1). Of these, collagen-induced ASK1 activation
was more dependent on secondary agonists as ASK1/p38 activation was strongly reduced by
the combination of aspirin and apyrase (Fig. 3B, Fig. S1Cii). In contrast, thrombin-induced
ASK1 activation was less dependent on secondary agonists as ASK1 activation was only
reduced by ~50%, compared to the untreated control. Interestingly, thrombin-induced p38
activation was not affected by pretreatment with aspirin alone, suggesting a greater
dependence on ADP induced signaling for full ASK1 activation (Fig. 3A, Fig. S1Ci).
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To determine if intracellular signaling is perturbed by inhibition of secondary agonists, we
evaluated intracellular Ca2* rise induced by thrombin in the presence of aspirin and/or
apyrase. When stimulated with 0.1U/mL of thrombin, there is robust (~7 fold) rise in
intracellular Ca%*. Thrombin-induced rise in intracellular Ca2* is reduced to ~2.5 fold by
treatment with inhibitors of secondary mediators (Fig. 3Ci). These results suggest that
secondary agonists play a significant role in activation of ASK1 downstream of the primary
agonists, thrombin and collagen.

Platelet agonists activate ASK1 via PLCB/y

Platelet agonists robustly induce intracellular Ca?* rise by first activating PLCB or PLCry
downstream of Gaq-coupled GPCRs or ITAM receptors, respectively [23]. To determine if
platelet agonists activate ASK1 via PLCP/vy activity, we used a pan-PLC inhibitor, U73122,
to inhibit agonist-induced PLC activity [24]. We chose to use the agonists PAR4-AP and
convulxin as they are single receptor agonists that are representative of the major GPCR and
non-GPCR platelet agonists, thrombin and collagen. We found that U73122 not only
blocked PAR4-AP-induced rise in cytosolic Ca* concentration (Fig. 4A), but also blocked
phosphorylation of ASK1 (Fig. 4B). To determine if the loss of PLC activity also affected
ASK1 signaling activity, we examined agonist-induced p38 activation. We found that
U73122 blocked PAR4-AP induced p38 activation (Fig. 4B). Similarly, convulxin-induced
ASK1/p38 activation was completely blocked by U73122 (Fig. 4C).

To determine if PAR4-AP activates ASK1 via the Ga/PLC signaling axis, we examined
ASK1/p38 activation in platelets pretreated with a Gaq inhibitor, YM-254890. YM-254890
abolished PAR4-AP-induced ASK1/p38 activation (Fig. 4D). Taken together, these data
suggest that both GPCR and ITAM receptors stimulate ASK1 activity via PLCB/y.

ASK1 is activated by an increase in intracellular Ca2*

PLC activity not only leads to increased cytosolic Ca2* concentration, but also to an increase
in protein kinase C (PKC) activity via generation of diacylglycerol (DAG). It is therefore
possible that PKC may be responsible for activation of ASK1. To test this possibility, we
pretreated platelets with bisindolylmaleimide (BIS), a pan PKC inhibitor, and activated them
with thrombin. We found that inhibition of PKC had no effect on ASK1 activation induced
by thrombin (Fig. 5A). To determine if ASK1 is activated by increased cytosolic Ca*
concentration alone, we used calcium ionophore, A23187, which is known to increase
cytosolic CaZ* concentration. We found that A23187 induced rapid activation of ASK1 and
p38 (Fig. 5B) suggesting that intracellular Ca2* rise alone can activate ASK1.

Both Ca2* entry from the extracellular milieu and release of Ca?* from internal stores can
contribute to a rise in cytosolic Ca2*. To determine if Ca2* from intracellular stores leads to
ASK1 activation, we treated washed human platelets with thapsigargin in Ca2* free buffer.
We found that thapsigargin induced robust phosphorylation of both ASK1 and p38 (Fig. 5C).
Additionally, pretreating platelets with the Ca2* chelator BAPTA/AM blocked thapsigargin-
induced activation of ASK1 and p38 (Fig. 5C).

To determine if platelet agonists activate ASK1 via elevation of intracellular Ca2* levels,
platelets in CaZ* free buffer were pretreated with BAPTA/AM and stimulated with either
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PAR4-AP or convulxin. We found that both PAR4-AP- and convulxin-induced
phosphorylation of ASK1 and p38 was blocked by chelating Ca?* (Fig. 6, A & B). Taken
together, our results suggest that agonist-induced increase in cytosolic Ca2* concentration is
responsible for the activation of ASK1.

H,0, induces ASK1 activation via a Ca2* dependent mechanism

ASK1 is known to be activated primarily by ROS in nucleated cells [10, 25]. To determine if
ROS can activate ASK1 in platelets, platelets were stimulated with the ROS donor H,0,. We
found that H,0, dose-dependently induced phosphorylation of ASK1/p38 (Fig. 7A).
However, we found that H,0, only induced a marginal increase in the intracellular Ca2*
levels at these concentrations (Fig. 7B). To determine if this marginal increase in
intracellular Ca?* is responsible for H,O,-induced activation of ASK1, we stimulated
platelets with H,05 in the presence or absence of extracellular Ca2* and BAPTA/AM. While
removal of extracellular Ca2* did not affect H,0, induced ASK1 activation, we found that
chelating intracellular Ca2*, by the addition of BAPTA/AM, attenuated H,0, induced ASK1
activation (Fig. 7C). Strikingly, while BAPTA/AM was able to block 50uM H,0- induced
ASK1 activation, 100uM of H,0, was still able to induce a noticeable amount of ASK1
activation (Fig. 7C). These data suggest that H,O, induces ASK1 activation primarily via a
Ca?* dependent mechanism.

Since our data shows that high concentrations of H,O, are capable of activating ASK1 in
platelets independent of intracellular CaZ*, it is possible that platelet agonists may also
activate ASK1 via a ROS generating mechanism. To determine if platelet agonists activate
ASK1 by increasing ROS production, we pretreated platelets with a superoxide dismutase
mimetic compound, MNnTMPYP, to scavenge ROS [26] prior to stimulation with PAR4-AP,
an agonist known to induce ROS generation in platelets [27]. We found that PAR4-AP-
induced phosphorylation of both ASK1 and p38 was not affected by scavenging ROS (Fig.
7D). Taken together, these data suggest that PAR4-AP activates ASK1 via a ROS-
independent mechanism.

CIB1 regulates thrombin-induced ASK1 activation in platelets

Having conclusively shown that platelet agonists activate ASK1 exclusively by increasing
intracellular Ca%*, we next investigated the mechanism involved in this activation.
Canonically, the ASK1 homodimer is kept inactive by binding to reduced Trx, which
prevents binding of TRAF2/6 and subsequent ASK1 activation [8-11]. We therefore
investigated if Trx associated with ASK1 in platelets. Interestingly, despite being highly
expressed in platelets, we could not detect Trx in the co-precipitate when ASK1 was
immunoprecipitated (IPed) from resting or thrombin activated platelets suggesting that Trx
is not bound to ASK1 and therefore unlikely to be the endogenous inhibitor of ASK1 in
platelets (Fig. 8A).

Apart from the ROS sensitive regulator Trx, CIBL1is a major regulator of platelet function
and is known to inhibit ASK1 in neuronal cells [8, 28]. We therefore asked if CIB1 binds to
ASK1 in resting platelets. When ASK1 was IPed from resting human platelet lysates, we
observed that CIB1 co-1Ped with ASK1; however, following stimulation with thrombin,
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CIB1 no longer co-1Ped with ASK1, suggesting that CIB1, which was bound to ASK1 in
resting platelets, dissociated from ASK1 upon platelet activation (Fig. 8B). Consistent with
this finding when ASK1 was IPed from resting human platelet lysates, we found that the
positive regulator TRAF6 was absent in the ASK1 immunoprecipitate, but was readily co-
IPed with ASK1 upon platelet activation by thrombin (Fig. 8C) suggesting that TRAF6
associates with ASK1 upon platelet activation.

Consistent with the above findings, one would expect ASK1 to be prone to activation in the
absence of CIB1. In fact, enhanced ASK1 activation was detected in cells in which CIB1
was knocked down [28]. To test if the lack of Cibl augmented Ask1 activation in murine
platelets, we investigated thrombin induced Ask1 activation in platelets isolated from WT
and CibI™~ mice. RGDS was used to block outside-in signaling. We found that thrombin-
stimulated Cib1 null platelets displayed a significant augmentation of Ask1 and p38
phosphorylation in response to thrombin, suggesting that Ask1 activation was enhanced in
the absence of Cib1l in platelets (Fig. 9A&B). The augmentation of Ask1 and p38 that we
observed was not due to the increased levels of Askl protein in Cibl null platelets, since
Ask1 protein levels were comparable between WT and CibZ~~ platelets (Fig. 9Ai).
Furthermore, neither Ask1 nor p38 was significantly hyperphosphorylated in resting Cibl
null platelets, suggesting that TRAF2/6 is not freely available to bind to ASK1 prior to
platelet activation (Fig. 9A&B). When we investigated the augmentation of Ask1 activation
more closely, we found that more Traf6 co-1Ped from thrombin stimulated mouse platelet
lysates when compared to resting controls. Furthermore, when we investigated this
association in CibI™" platelets, we found that the loss of Cib1 corresponded to an ~2-fold
increased association between Ask1 and Traf6 when Ask1 was IPed from WT and Cib17~
platelet lysates (Fig. 9C). Additionally, when we inhibited PLCp-signaling using U73122,
we found that U73122 was able to significantly attenuate thrombin induced recruitment of
Traf6 to Askl (Fig. 9D).

Taken together these data suggest that CIB1 constitutes a major negative regulatory element
bound to ASK1 in resting platelets. Our data further suggest that following agonist
stimulation, increased intracellular Ca2* causes CIB1 to dissociate from and facilitates
TRAF6 to associate with ASK1, triggering ASK1 activation.

Discussion

Platelets express all members of the MAPK family. It has been well-documented that
MAPKSs are robustly activated downstream of most physiological platelet agonists [29-31].
However, little is known about the signaling events that are responsible for the activation of
MAPKSs downstream of each agonist receptor activation. We have previously shown that
MKKs, kinases immediately upstream of MAPKS, are expressed in murine platelets and are
activated by platelet agonists [3]. Furthermore, ASK1 is rapidly activated during platelet
activation and acts as a key regulator of platelet function [3]. Activation of platelets from
AskI™~ mice with thrombin, collagen, or convulxin failed to induce any activation of
MKK3/4/6 and p38, without affecting MKK7 and JNK phosphorylation suggesting that
activation of p38 by agonists is entirely dependent on ASK1 and can be used as an
endogenous marker of ASK1 signaling activity in platelets [3]. In this study, we elucidated
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the mechanisms governing agonist-induced ASK1 activation in platelets. Based on our
results herein, we propose the following mechanism of ASK1 activation in platelets (Fig.
9E). In resting platelets, at conditions of low intracellular Ca?* concentrations, CIB1 binds
to the N-terminal regulatory domains of ASK1 keeping ASK1 inactive. Following agonist
stimulation, receptors on the platelet surface activate the PLCB/-y signaling pathways to
increase the concentration of cytosolic Ca2*, resulting in the dissociation of CIB1 from
ASKZ1. Free of its negative regulatory element, ASK1 is then able to bind its positive
regulatory elements TRAF2/6 to facilitate N-terminal dimerization and activation of ASK1
vig autophosphorylation in platelets [8, 9, 28].

ASK1 is shown to be activated in a ROS-dependent manner [25]. We observed that the ROS
donor H,0, could only activate ASK1 in platelets at relatively high concentrations.
Interestingly, when Ca2* was chelated, we found that H,O,-induced activation of ASK1 was
significantly attenuated. This finding supports the notion that intracellular Ca2* rise
predominantly mediates H>O»-induced ASK1 activation in platelets, and ROS-dependent
activation may be a minor contributor. Further, while platelets are known to generate ROS in
response to physiological agonist stimulation [26, 32, 33], agonist-induced ASK1 activation
was independent of ROS. A finding supported by the observation that thrombin, but not
homocysteine (a ROS dependent agonist), induced p38 phosphorylation was not blocked by
the thiol-reducing agent, N-acetyl cysteine [34]. Overall, our findings suggest that ROS-
dependent activation of ASK1 may only occur in environments with high concentrations of
ROS, such as those encountered at atherosclerotic plaques [35].

While Trx represents the most well characterized regulatory mechanism of ASK1 activation
in nucleated cells, our results suggest that Ca2*-dependent activation of ASK1 is the most
predominant in platelets. Several independent mechanisms have been described through
which Ca2* can regulate ASK1 activation [36]. In neuronal cells it was found that CIB1
binds to ASK1’s N-terminal regulatory domain preventing ASK1 from interacting through
its NCC domains [8-10]. Additionally, calcium/calmodulin-dependent protein kinase 11
(CAMKII) was shown to regulate ASK1 phosphorylation on Thr838 in spinal astrocytes [37].
And it was also revealed that the PP5 binding protein S100A1 prevents the interaction
between PP5 and ASK1 in a Ca2*-dependent manner [38].

Increased cytosolic Ca2* occurs downstream of both GPCR and ITAM receptors via
activation of PLCP and PLCry respectively [23, 39, 40]. It is therefore plausible that CIB1 is
the Ca?* sensitive regulator of agonist-induced ASK1 activation in platelets.
Immunoprecipitation experiments clearly suggested that ASK1 and CIB1 associate in
resting platelets and are dissociated upon platelet activation, an observation consistent with
the findings seen in nucleated cells [8, 28]. While we cannot definitely rule out the
possibility that other Ca2* dependent regulatory mechanisms are not at play, our results
strongly suggest that CIB1 is a major regulator of ASK1 activation in platelets.

Our finding of enhanced agonist-induced Ask1 activation in the absence of Cibl supports
the negative role of Cib1l in the activation of Ask1. This is opposite to the known positive
role played by CIB1 in platelet integrin a.;pB3-dependent outside-in signaling [13, 15, 41].
To avoid potential complications, we used RGDS to block outside-in signaling in WT
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platelets. Therefore, it is clear that in resting platelets, Ca?*-depleted CIB1 acts as a negative
regulator of Ask1, and upon binding to Ca2* it supports integrin outside-in signaling by
physically associating with integrin a, tail.

In this study, we uniquely found that physiological agonists selectively activate platelet
ASK1 only by inducing the release of Ca%*, and not via ROS, in a CIB1-dependent manner.
Our report is the first of its kind to document these findings that ASK1 is regulated in a
Ca?*-dependent manner downstream of both GPCRs and non-GPCR type receptors in
platelets stimulated with physiological agonists. These findings have strong implications on
the basic biology of ASK1 activation and are of critical importance in the development of
ASKU1 inhibitors for the treatment of cardiovascular disease.
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Figure 1. Platelet agonistsrapidly induce p38 activation.
(A-F) Western blot analysis of lysates of human platelets stimulated with (A) thrombin

(0.1U/mL), (B) PAR1-AP (10uM), (C) PAR4-AP (100pM), (D) ADP (20uM), (E) convulxin

(10ng/mL), (F) U46619 (5uM). (i) Images of representative immunoblots of

phosphorylation of p38 using a phospho-specific antibody. Blots were reprobed with anti-
p38 antibody to ensure equal protein loading. (ii) Quantification of band intensities from (i).
*P<0.05, **F<0.01, one-way ANOVA with Dunnett’s multiple comparisons test.
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Figure 2. Canonical ASK 1 targetsare activated in platelets.
Western blot analysis of lysates of human platelets stimulated with thrombin (0.1U/mL) for

the indicated time. (A) Images of representative immunoblots of phosphorylation of ASK1,
MKK3, MKK4, MKK6, MKK7 and p38 using phospho-specific antibodies. Phospho-blots
were reprobed for their respective total (anti-ASK1, anti-MKKs, anti-p38) antibodies to
ensure equal protein loading. (B) Quantification of band intensities of each MKKs from (A).

Biochem J. Author manuscript; available in PMC 2020 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Patel et al. Page 16
Ai Untreated 1mM Aspirin+1U/mL Apyrase Ali . 5
o ] : = —— ntreate
= Thiomiih (in) Thromein (/ml) S - 2.04= 1mM Aspirin + 1U/mL Apyrase
kDa & 00125 0.025 005 0.1 00125 0.025 0.05 0.1 ;%
140—] N G s T oW E o —P-Asm-gﬂ
q) ™
X
140— "y T S GRS SN WS WS S e — ASK] %2 —
= 0
— - —_— e = P-p38 O
= p O & ) L)
0.05 0.10
42— — —— — g )
bse § [Thrombin] U/mL n=7
Bi Untreated 1mM Aspirin+1U/mL Apyrase Bii
_% Collagen (ug/mL) Collagen (pg/mL) =5 15 Untreated
kpa_ @ 05 1 2 4 05 1 2 4 Sz 1mM Aspirin + 1U/mL Apyrase
140— Cme s —— — S — P-ASK1 %‘g 1.0
m B
14— T G G GEED GEND CEND S S—— S S| géO.S
%DI. %k kk
q2— = t—P-p38
0 ood—F— —
O — — —— — — — — —|— 2 1 2 3 4 5
p38 =
§ [Collagen] ug/mL  N=7
Ci Cii .
Thrombin (01 Uf‘mL) Thrombin (0.1UJ"I"!'!L)
,a 8' * * *
£ é‘ ='0]
] — Untreated — o8 T
L
O 51 — 1mM Aspirin s [T -
lg 41 — 1U/mL Apyrase % % 61|~ X
£ 3 — 1mM Aspirin + =23 4 4 o
= 2] 1U/mL A c NS
LEL 1 A m pyrase 21 = & v
0 — ! ) y Apyrase (1U/mL) - & . i
0 100 200 300 400 o
Aspirin (ImM) - - + +

Time (s)

Figure 3. Secondary agonists augment ASK 1 activation.

Western blot analysis of human platelets pretreated with aspirin (ImM) and apyrase
(1U/mL) before being stimulated with various doses of thrombin (A) or collagen (B) for 1
and 3 min respectively. (Ai & Bi) Images of representative immunoblots of phosphorylation
of ASK1 and p38 using phospho-specific antibodies. Blots were reprobed with anti-ASK1
and anti-p38 antibodies to ensure equal protein loading. (Aii & Bii) Quantification of band
intensities of ASK1 from (Ai & Bi). ****/<0.0001, two-way ANOVA. (C) Intracellular
Ca?" rise was assessed by flow cytometry in washed human platelets pretreated with aspirin
(ImM) and/or apyrase (1U/mL) before being stimulated with thrombin. (Ci) Representative
tracings of Ca?* rise in Fluo-4-loaded human platelets when stimulated with 0.1 U/mL
thrombin. Baseline measurements were recorded before agonist addition at 60 s. Vertical
dotted line denotes point of agonist addition. (Cii) Maximum fold change was assessed from
0-120 s. *P<0.05, one-way ANOVA with Dunnett’s multiple comparisons test.
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Figure 4. Activation of ASK 1 by platelet agonists requires PL Cp/y activity.
(A) Fluo-4-loaded washed human platelets pretreated with DMSO or the pan-PLC inhibitor

U73122 (10uM) were activated with PAR4-AP and intracellular Ca2* rise was measured.
(Ai) Representative tracing of PAR4-AP-induced Ca?™ rise in platelets. Vertical dotted line
denotes point of agonist addition. (Aii) Quantification of the maximum Ca2* rise from A,
*£<0.05, Student’s t-test. (B-C) Western blot analysis of human platelets pretreated with
either DMSO or U73122 (10uM) before being stimulated with (B) PAR4-AP (100uM) or
(C) convulxin (10ng/mL). (Bi & Ci) Images of representative immunaoblots of
phosphorylation of ASK1 and p38 using phospho-specific antibodies. Blots were reprobed
with anti-ASK1 and anti-p38 antibodies to ensure equal protein loading. Quantification of
the band intensities of (Bii & Cii) P-ASK1 and (Biii & Ciii) P-p38 from (Bi & Ci),
***P<0.001, ****<0.0001, two-way ANOVA. (D) Western blot analysis of human platelets
pretreated with either DMSO or YM-254890 (1uM) before being stimulated with PAR4-AP
(100uM) for 3 min. (Di) Images of representative immunoblots of phosphorylation of ASK1
and p38 using phospho-specific antibodies. Blots were reprobed with anti-ASK1 and anti-
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p38 antibodies to ensure equal protein loading. Quantification of the band intensity of (Dii)
P-ASK1 and (Diii) P-p38 from (Di); *P<0.05, **£<0.01, Student’s t-test.
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Figure5. Ca?* influx activates ASK 1 in platelets.
(A) Western blot analysis of human platelets pretreated with either DMSO or BIS (5uM),

and stimulated with thrombin (0.1U/mL). (Ai) Images of representative immunoblots of
phosphorylation of ASK1 using phospho-specific antibodies. Blots were reprobed with anti-
ASK1 antibodies to ensure equal protein loading. (Aii) Quantification of the band intensity
of P-ASK1 from (Ai); Not significant (ns), two-way ANOVA. (B) Representative western
blot images of human platelets stimulated with A23187 (1uM). (Bi) Images of representative
immunoblots of phosphorylation of ASK1 and p38 using phospho-specific antibodies. Blots
were reprobed with anti-ASK1 and anti-p38 antibodies to ensure equal protein loading.
Quantification of the band intensity of (Bii) P-ASK1 and (Biii) P-p38 from (Bi), */<0.05,
**P<0.01, one-way ANOVA with Dunnett’s multiple comparisons test. (C) Western blot
analysis of human platelets pretreated with either DMSO or BAPTA/AM (50uM) and
stimulated with thapsigargin (1uM). (Ci) Images of representative immunoblots of
phosphorylation of ASK1 and p38 using phospho-specific antibodies. Blots were reprobed
with anti-ASK1 and anti-p38 antibodies to ensure equal protein loading. Quantification of
the band intensity of (Cii) P-ASK1 and (Ciii) P-p38 from (Ci), ****P<0.0001, two-way
ANOVA.
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Figure 6. Platelet agonists activate ASK1in a Ca2+-dependent manner.
(A & B) Western blot analysis of human platelets pretreated with either DMSO or

BAPTA/AM (50pM) before being stimulated with (A) PAR4-AP (100uM) or (B) convulxin
(10ng/mL). (Ai & Bi) Images of representative immunoblots of phosphorylation of ASK1
and p38 using phospho-specific antibodies. Blots were reprobed with anti-ASK1 and anti-
p38 antibodies to ensure equal protein loading. Quantification of the band intensities of (Aii
& Bii) P-ASK1 and (Aiii & Biii) P-p38 from (Ai & Bi), ***F<0.001, ****P<0.0001, two-
way ANOVA.
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Figure 7. Platelet agonists activate ASK 1 via a ROS independent mechanism.
(A) Western blot analysis of human platelets stimulated with H,O, (1-100uM). (Ai) Images

of representative immunablots of phosphorylation of ASK1 and p38 using phospho-specific
antibodies. Blots were reprobed with anti-ASK1 and anti-p38 antibodies to ensure equal
protein loading. (Aii) Quantification of the band intensities of P-ASK1 and P-p38 from (Ai).
**p<0.01, one-way ANOVA with Dunnett’s multiple comparisons test. (B) Intracellular
Ca?" rise was assessed by flow cytometry in washed human platelets stimulated with
thrombin or H,0,. (Bi) Representative tracing of thrombin (0.1U/mL) or H,0, (100uM)
induced intracellular Ca2* rise in washed human platelets. (Bii) Quantification of the
maximum mean fluorescence intensity (fold change). */<0.05, one-way ANOVA with

Biochem J. Author manuscript; available in PMC 2020 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Patel et al.

Page 22

Dunnett’s multiple comparisons test. (C) Western blot analysis of human platelets in the
presence or absence of extracellular Ca?* and pretreated with either DMSO or BAPTA/AM
(50uM) before being stimulated with H,0, (50 & 100uM). (Ci) Images of representative
immunoblots of phosphorylation of ASK1 and p38 using phospho-specific antibodies. Blots
were reprobed with anti-ASK1 and anti-p38 antibodies to ensure equal protein loading.
Quantification of the band intensities of (Cii) P-ASK1 and (Ciii) P-p38 from (Ci), */~<0.05,
two-way ANOVA. (D) Western blot analysis of human platelets pretreated with vehicle or
MnTMPyP (100 & 200uM) and stimulated with PAR4-AP (100uM). (Di) Images of
representative immunoblots of phosphorylation of ASK1 and p38 using phospho-specific
antibodies. Blots were reprobed with anti-ASK1 and anti-p38 antibodies to ensure equal
protein loading. Quantification of the band intensities of (Dii) P-ASK1 and (Diii) P-p38
from (Di), Non significant (ns), Two-way ANOVA.
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Figure 8. CIB1, but not Trx, associateswith ASK 1 in resting platelets.
(A-C) Representative western blot images of immunoprecipitate of anti-ASK1 or normal

rabbit 1gG antibodies from resting and thrombin (1U/mL, used to elicit full dissociation of
CIB1 from ASK1) stimulated platelet lysates and blotted for (A) Trx, (Bi) CIB1, and (Ci)
TRAF6. Input is 5% of lysates used for immunoprecipitation. Blots were reprobed with anti-
ASK1 antibody to ensure equal loading. (Bii) Quantification of the band intensity from (Bi);
*P<0.05, Student’s t-test. (Cii) Quantification of the band intensity from (Ci); */<0.05,
**<0.01, one-way ANOVA with Dunnett’s multiple comparisons test.
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Figure 9. ASK 1 activation is negatively regulated by CIB1in platelets.
(A & B) Western blot analysis of washed murine platelets isolated from WT or Cib17~

mice, pretreated with 200uM RGDS (5 min) and stimulated with either (A) thrombin
(0.2U/mL) for 1 and 3 min or (B) thrombin (0.00625-0.025U/mL) for 3 min. Images of
representative immunoblots of phosphorylation of (Ai) ASK1 and (Ai & Bi) p38 using
phospho-specific antibodies. Blots were reprobed with (Ai) anti-ASK1 and (Ai & Bi) anti-
p38 antibodies to ensure equal protein loading. Quantification of the band intensities of (Aii)
P-ASK1 and (Aiii & Bii) P-p38 from (Ai & Bi) respectively, */<0.05, ***/<0.001, two-

Biochem J. Author manuscript; available in PMC 2020 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Patel et al.

Page 25

way ANOVA. (C) Representative western blot images of immunoprecipitate of anti-Ask1 or
normal rabbit 1gG antibodies from resting and thrombin (1U/mL) stimulated platelet lysates
and blotted for (Ci) Traf6. Blots were reprobed with anti-Ask1 antibody to ensure equal
loading. (Cii) Quantification of the band intensity from (Ci); Non significant (ns),
***P<0.001, two-way ANOVA. (D) Representative western blot images of
immunoprecipitate of anti-Ask1 or normal rabbit IgG antibodies from resting and thrombin
(1U/mL) stimulated platelet lysates pretreated with either DMSO or U73122 (10uM) and
blotted for (Di) Traf6. Blots were reprobed with anti-Ask1 antibody to ensure equal loading.
(Dii) Quantification of the band intensity from (Di); Non significant (ns), **/<0.01, two-
way ANOVA. (E) Schematic representation of the mechanism of agonist-induced ASK1
activation in platelets. In resting platelets (low Ca2* levels) CIB1 is bound to ASK1 keeping
it inactive. Platelet agonists, via their respective receptors, initiate PLCP/vy activation
causing an increase in intracellular Ca2* concentration. Increased Ca?* binds ASK1-bound
CIB1 and dissociates it from ASK1. Free of its negative regulatory element, ASK1 then
enters an inactive, intermediary state. From this intermediary state, ASK1 is then able to
bind its positive regulatory elements TRAF2/6 to facilitate N-terminal dimerization and
activation of ASK1 in platelets.
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