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Abstract
The healthy endothelium controls platelet activity through release of prostaglandin I2 (PGI2) and nitric
oxide. The loss of this natural brake on platelet activity can cause platelets to become hyperreactive. PGI2
attenuates platelet activation by adenosine diphosphate (ADP) through stimulation of cyclic adenosine
monophosphate (cAMP) production and subsequent phosphorylation changes by protein kinase A (PKA).
We hypothesize that proteins/processes involved in platelet hyperactivity downstream of the cAMP-PKA
pathway can serve as a “switch” in platelet activation and inhibition.

We designed a network biology approach to explore the entangled platelet signaling pathways
downstream of PGI2 and ADP. The STRING database was used to build a protein-protein interaction
network from proteins of interest in which we integrate a quantitative platelet proteome dataset with
pathway information, relative RNA expression of hematopoietic cells, the likelihood of the proteins being
phosphorylated by PKA, and drug-target information from DrugBank in a biological network.

We distilled 30 proteins from existing phosphoproteomics datasets (PXD000242 and PXD001189) that
putatively can be “turned on” after ADP-mediated platelet activation and subsequently switched “off”
after platelet inhibition with iloprost. Enrichment analysis revealed biological processes related to vesicle
secretion and cytoskeletal reorganization to be overrepresented coinciding with topological clusters in the
network. Our method highlights novel proteins related to vesicle transport, platelet shape change, and
small GTPases as potential switch proteins in platelet activation and inhibition. Our novel approach
demonstrates the bene�t of data integration by combining tools and datasets and visualization to obtain
a more complete picture of complex molecular mechanisms.

Background
Endothelial dysfunction is a common feature of cardiovascular diseases such as atherosclerosis and
hypertension [1, 2]. It is characterized by reduced availability of nitric oxide (NO) and the inability to
adequately maintain vascular homeostasis [3]. Normally, the endothelium limits platelet activity and
aggregation through prostaglandin I2 (PGI2) and NO. The loss of this natural brake on platelet activity
can cause platelets to become hyperreactive, which contributes to the progression of cardiovascular
diseases [4]. For instance, insulin resistance and hypoglycemia in type 2 diabetes mellitus (T2DM) are
known to lead to reduced platelet sensitivity to PGI2 and NO [5, 6]. Furthermore, platelet hyperreactivity
can contribute to antiplatelet drug resistance, which is associated with poor cardiovascular outcome [7–
9]. PGI2 attenuates platelet activation through binding to the IP platelet membrane receptor, inducing
activation of adenylate cyclase (AC), and subsequent production of cyclic adenosine monophosphate
(cAMP) and cAMP-dependent activation of protein kinase A (PKA). PKA phosphorylates a range of
proteins, consequently leading to inhibition of platelet aggregation, secretion, and shape change.
Activation of the Gi-coupled adenosine diphosphate (ADP)-P2Y12 receptor leads to inhibition of AC,
thereby releasing the natural brake on platelet activation. A second main signaling route downstream of
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P2Y12 is activation of phosphoinositide 3-kinase (PI3K), which leads to activation of the platelet integrin
αIIbβ3 receptor and enables platelet aggregation [10]. Next to P2Y12, ADP activates platelets via the Gq-
coupled P2Y1 receptor, which is essential for platelet shape change via phospholipase C stimulation [11].
Taken together, this highlights the cAMP-PKA signaling axis as an interesting starting point to identify
novel key players in platelet activation and inhibition.

We hypothesize that downstream of the cAMP-PKA pathway proteins or processes are present that can
serve as a “switch” in platelet activation and inhibition. Molecular switches are abundant in many
different biological functions. A known molecular switch in platelet (in)activation is Rap1, a small
GTPase that is essential in integrin αIIbβ3 activation after stimulation of G protein-coupled receptors
(GPCR) [12]. Hydrolyzation of Rap1b-GTP by the GTPase Ras GTPase-activating protein 3 (RASA3) to a
GDP-bound form causes the protein to be switched off [13]. Binding of ADP to P2Y12 results in inhibition
of RASA3 by PI3K, thereby driving αIIbβ3 activation and platelet aggregation [14]. Besides this known
example of a switch protein, the process of platelet activation/hyperreactivity relies on many more
proteins that form a complex system of pathways with numerous interactions. In this article we aim to
�nd proteins that can be utilized as targets to reverse platelet hyperreactivity. We developed a network
biology approach to integrate information from different data sources to address our aim and to explore
the entangled platelet signaling pathways downstream of PGI2 and ADP.

Methods

We designed a network biology approach to �nd putative switches in platelet activation and inhibition.
The work�ow that we developed is schematically represented in Fig. 1 and explained below.

Phosphoproteomics dataset

To create a selection of proteins with putative involvement in the resolution of platelet activation, we
made use of publicly available phosphoproteomics datasets. Beck et al. reported on the
phosphoproteomics response of platelets treated with iloprost (a stable prostacyclin analogue) for 10, 30
and 60 seconds (dataset containing 2739 phosphopeptides; 360 proteins with regulated (99%
con�dence) phosphorylation) [16]. Additionally, they reported on a dataset combining iloprost (30 and 60
seconds) and ADP stimulation (30 seconds) on platelet protein phosphorylation (containing > 4797
phosphopeptides; 608 proteins regulated) [15]. These datasets can be accessed through
ProteomeXchange under the accession PXD000242 and PXD001189, respectively. In the present study
we extracted proteins from these datasets based on known platelet signaling routes, see paragraph ‘Data
selection and characterization’ under Results for detailed description.

Network generation

We utilized the StringApp [17] in Cytoscape 3.7.2 [18] to build a protein-protein interaction network with
the 30 selected proteins involved in the resolution of platelet activation based on known pathway
information downstream IP and P2Y12 as protein query. A con�dence score cut-off of 0.5 was selected to
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include enough nodes in the network, while maintaining a high selectivity [17]. Subsequently, the network
was expanded to incorporate an additional 20 interactors based on their total connectivity relative to their
overall connectivity in the STRING database. These proteins may provide mechanistic links between
nodes in the network and thereby might reveal relevant processes. All processes were automated in R
(version 3.6.3) using the RCy3 package [19].

Functional enrichment analysis

Gene Ontology (GO) enrichment analysis on all proteins in the resulting network and their corresponding
genes was performed using the integrated tool from PANTHER on the GO website
(http://geneontology.org/) [20–22]. This was done to see which processes were important in relation to
platelet activation and inhibition. Main settings that were used are: Biological process, Homo sapiens,
Fisher’s exact test type and false discovery rate as correction (P < 0.05). We used a default enrichment
signi�cance threshold of 0.05 to �nd signi�cantly overrepresented pathways or processes corresponding
to clusters observed in the network.

Protein Kinase A prediction and druggability

GPS 5.0 is a tool to predict and score phosphorylation sites based on their kinase consensus sequence
[23]. A higher score indicates an increased probability for protein phosphorylation at the speci�c site by
the speci�ed protein kinase. The threshold was set to the highest probability and the outcome was
visualized on nodes using Cytoscape. We used this tool to con�rm that the proteins in our selection could
be phosphorylated by PKA.

Information on FDA-approved drugs and their interactions from the DrugBank database version 5.1.0 [24]
were incorporated into the network using CyTargetLinker [25] and visualized in Cytoscape. CyTargetLinker
is a Cytoscape application integrating different “linksets”, e.g., drug-target, microRNA-target, and
regulatory interactions into a network.

Copy number and relative RNA expression

We incorporated existing quantitative data on the platelet proteome dataset in our network to show the
estimated copy number in human platelets [26]. Although other factors play a role, this gives a good
indication on the importance of a speci�c protein. To obtain an indication of the relative expression of
proteins in our network compared to other hematopoietic cells, we used Blood RNAexpress, which is
made freely available by the Blueprint consortium [27]. Even though RNAseq data and proteomic datasets
do not correlate very well in platelets. It can still give an indication as to what proteins are worth
investigating further.

Results
Data selection and characterization
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Knowing that the cAMP-PKA pathway is a major platelet inhibitory pathway [28] and that phosphorylation
events are essential in effectuating signaling events to platelet function, we used a publicly available
phosphoproteomics dataset on platelet cAMP/PKA-dependent signaling upon stimulation with ADP,
iloprost or both [15, 16] as a starting point. We subtracted a set of proteins from the database of which
we presume to be putative switch proteins or part of switch ‘processes’. Hereto we made the following
assumptions: 1) to speci�cally investigate the resolution of platelet activation, platelets must be
activated �rst, 2) proteins involved in platelet deactivation lie downstream of the prostacyclin receptor.
We started by selecting proteins that showed up- and/or downregulation upon platelet treatment with the
agonist ADP for 30 seconds followed by treatment with iloprost for 30 seconds. This yielded 349
phosphosites corresponding to 215 unique proteins to be signi�cantly regulated, see Fig.2. This �rst
selection of phosphopeptides still contains a signi�cant number of proteins that are involved in platelet
activation through P2Y1 and not P2Y12 and do not necessarily play a role in platelet inhibition by iloprost
(Fig.2). We therefore narrowed down our selection by omitting phosphopeptides that were regulated only
after ADP stimulation. 3) We then assumed that the group of resting platelets receiving iloprost treatment
had phosphorylation that can prevent or “switch off” proteins or processes involved in platelet activation.
Thus, we only included peptides that were regulated when treated with iloprost, ultimately obtaining a
comprehensive list of proteins with potential switches that can be “turned on” after ADP stimulation and
“off” after iloprost mediated platelet inhibition. The �nal protein selection consisted of 30 proteins
(Supplemental Table1). Twenty of these proteins had signi�cant upregulated phosphosites while 13
proteins had signi�cant downregulated phosphosites. The validity of this approach was supported by the
identi�cation of PDE3A, an established effector of cAMP/PKA signaling, among the 30 selected proteins.
Interestingly, CNST, FGA and KALRN had both up and downregulated phosphosites. In sum, using a
publicly available dataset we used knowledge about the signaling of iloprost and ADP to extract 30
proteins with potential involvement in activation and subsequent inactivation of platelets downstream
cAMP/PKA.

Enrichment of vesicle-related biological processes

GO enrichment analysis can reveal overrepresented, also termed ‘enriched’, biological processes found in
a dataset. If processes are enriched in the dataset, it means that genes annotated to a speci�c GO
process are overrepresented compared to the entire background set. On the 30 selected proteins, GO
enrichment analysis for biological processes revealed only vesicle-mediated transport to be signi�cantly
enriched. When including the additional 20 interactors from the STRING database not only vesicle-related
biological processes (46.9 to > 100-fold enrichment) but also positive regulation of cyclin-dependent
protein kinase activity (36.3-fold enrichment), processes involving small GTPases (7.53-fold enrichment)
and tight junctions (26.6-fold enrichment) were found to be enriched, see Table 1.
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Table 1
Table of signi�cantly enriched GO biological processes. Fold enrichment with raw P-value and false

discovery rate (FDR) is shown. For statistical analysis, the Fisher Exact test was used.
GO biological processes Fold

enrichment
Raw P-
value

FDR

SNARE complex assembly (GO:0035493) > 100 4.77E-06 6.31E-
03

Vesicle fusion (GO:0006906) 46.9 6.63E-13 1.05E-
08

Positive regulation of cyclin-dependent protein kinase activity
(GO:1904031)

36.3 9.80E-05 5.02E-
02

Tight junction organization (GO:0120193) 26.6 1.96E-05 1.73E-
02

Vesicle targeting (GO:0006903) 18.1 8.24E-05 4.84E-
02

Cytosolic transport (GO:0016482) 16.7 1.89E-06 3.00E-
03

Endosomal transport (GO:0016197) 10.6 2.40E-05 1.81E-
02

Vesicle-mediated transport (GO:0016192) 4.4 1.70E-09 5.40E-
06

Regulation of protein localization (GO:0032880) 4.31 8.95E-05 4.89E-
02

Regulation of small GTPase mediated signal transduction
(GO:0051056)

7.53 1.50E-04 6.24E-
02

Network analysis

Phosphopeptide regulation

The protein-protein interaction network was created with the 30 selected proteins mentioned under ‘Data
selection and characterization’. We added 20 additional interactors to include proteins that are likely to
play a role in the major biological processes covered by the network. Ultimately, it contained 30 regulated
proteins, 20 additional interactors and 79 edges connecting the nodes (Fig. 3). Regulated phosphosites –
according to Beck et al. [15, 16] - were visualized on the nodes with pie charts and node size was mapped
to indicate the total number of phosphosites found in each protein. The network contained 4 major
clusters consisting of 4 or more nodes. 13 out of 15 nodes from cluster A (Fig. 3a) are related to vesicle-
mediated transport and 6 out of 9 nodes from the cluster B (Fig. 3b) are related to cell shape or regulation
of small GTPase mediated signal transduction. The smaller clusters are related to cyclin-dependent
kinases (Fig. 3c) and tight junctions (Fig. 3d) and contain less than 6 nodes. Fourteen proteins did not
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have protein interactions within the constructed network (Fig. 3e). The topological clusters in the network
correspond with the results from the enrichment analysis (Table 1), indicating that these are functional
clusters related to speci�c biological processes.

PKA phosphorylation scores and quantitative platelet proteome

We hypothesized that phosphorylation by PKA plays a role in regulating molecular switches of platelet
activity and inhibition. Proteins with a high likelihood of being phosphorylated by PKA were identi�ed
with the GPS algorithm and visualized as blue nodes in an alternative representation of the network (Fig.
4). As expected, almost all of the 30 proteins in our original list had GPS scores above the highest
threshold, as indicated by the GPS tool, and matched with the found phosphorylation sites of the dataset
except for MARCH2. Interestingly, several interactors added using StringApp, such as RAC1, VTI1B and
CCNY, also had GPS scores above this threshold. The estimated copy number per platelet, based on mass
spectrometric (MS) quantitation by Burkhart et al. [26], was incorporated in the network visualization as
node size (Fig. 4). Twelve proteins did not have an estimated copy number, which is indicated with a red
outline in Fig. 4. Of these 12 proteins, 1-phosphatidylinositol 3-phosphate 5-kinase (PIKFYVE) and trans-
Golgi network integral membrane protein 2 (TGOLN2) were present in the initial dataset, suggesting that
these proteins are present in platelets but below the MS detection limit. The 10 other proteins without an
estimated copy number are either absent in platelets or present below the MS detection limit. No
quantitative data was available for VAMP4 (Fig. 4a) and RHOB (Fig. 4b) as they were only detectable
after enrichment. In the cluster corresponding to tight junctions, no proteins other than CLDN5 were
detected in the platelet proteome (Fig. 4c).

Relative expression of corresponding genes

To obtain an indication of the relative expression of proteins in our network in hematopoietic cells, we
used the publicly available database Blood RNAexpress [27] (Fig. 5). For reference, the gene GP1BA,
coding for part of the GP1b receptor and well known to be abundant in platelets, had an average relative
normalized gene expression, log2 fpkm, of over 9. All genes had a log2 fpkm higher than 1, except for
FGA, OR14A2, CLDN4/22/25 and REC114 (named C15orf60 in dataset). Several genes revealed by our
analysis; SLAIN2, MARCH2, VAMP3, ARPP19, STON2, PHKB, ABLIM3, and IMUP (named C19orf33 in
dataset) had a log2 fpkm higher than 9 (Supplemental Table 2). This indicates that these genes are more
abundantly expressed in platelets when compared to other hematopoietic cells.

Integration of DrugBank database

Drug-target interactions were integrated into the network to give a clear and quick overview of current
FDA-approved drugs that have one of the proteins in the network as target. In Fig. 6, blue diamonds
represent drugs and orange shapes display their targets. In the largest cluster related to vesicle-mediated
transport, FGA stood out as a protein targeted by 18 drugs. In the smaller cluster representing mostly
proteins involved in cell shape or regulation of small GTPase mediated signal transduction, RHOB and
RAC1 were targeted by botulinum toxin type A and azathioprine, respectively. PDE3A, although not
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connected to the rest of the network, was in the initial selection of potential “switch” proteins and was
targeted by 11 drugs.

Discussion
In this study we developed a network biology approach to �nd putative novel switches in the cAMP-PKA
signaling pathway in platelets. The network analyses were automated in R and can be adapted to include
different proteins or an entirely different dataset. Our method can be used to repurpose existing datasets
and provide a coherent overview of mechanisms involved to predict novel connections, by visually
integrating multiple datasets. Here, this method was utilized to distil proteins from an existing
phosphoproteomics dataset containing both activation and inhibition of platelets [15, 16]. Proteins not
related to phosphorylation were inherently not included in the original phosphoproteomics datasets, as
well as proteins excluded by our stringent selection, e.g., effectors downstream PKA after only ADP
stimulation. However, such candidates might still be included through the addition of interactors using
tools like the StringApp. Furthermore, although cAMP-PKA signaling is a major platelet inhibitory
pathway, other pathways such as NO-cGMP/PKG signaling inhibit platelet activation. An advantage of
our work�ow is that it is designed in such a way that it could be readily adapted to process an alternate
data selection or an entirely different dataset. Following our rationale, we were able to extract a subset of
30 proteins from this dataset, i.e., those proteins displaying both altered phosphorylation status upon
sequential treatment of platelets with ADP plus iloprost and altered phosphorylation by iloprost treatment
only. We postulate that the activity of these 30 proteins can be modi�ed after ADP-mediated platelet
activation and subsequently remodi�ed after platelet inhibition with iloprost.

GO enrichment analysis revealed that multiple biological processes related to vesicle secretion, regulation
of small GTPases and regulation of cyclin-dependent protein kinase activity were signi�cantly
overrepresented in our obtained list of 30 proteins. These processes are known to be important in platelet
physiology. Platelets in�uence hemostasis by secreting granules and communicate with their
environment by producing extracellular vesicles. Small GTPases play a pivotal in the control of vesicle
tra�cking and platelet aggregation or thrombus formation via αIIbβ3. Network analysis showed several
clusters corresponding to these enriched biological processes to be well de�ned. We will discuss
regulated proteins that are detected/detectable in the platelet proteome (27 out of 30, Fig. 4) and have a
high GPS score for PKA according to the cut-off of the GPS tool, as our hypothesis is that downstream of
the cAMP-PKA pathway proteins or processes are present that can serve as a “switch” in platelet
activation and inhibition.

The largest cluster in our analysis is related to vesicle-mediated transport. Interesting proteins in this
cluster included FGA, STXBP5, STON2, SEC22B, LRMP, and VTI1B. The role of these 6 proteins in platelet
function has well been described for �brinogen alpha chain (FGA) and less well for the others, as �brin is
a major constituent of thrombi and essential to normal hemostasis [29]. Syntaxin-binding protein 5
(STXBP5) has contradicting functions in platelets and endothelial cells, it promotes granule secretion in
platelets but inhibits exocytosis in endothelial cells [30]. A single-nucleotide polymorphism in the STXBP5
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locus has also been associated with a decreased thrombotic phenotype [31]. In this study STXBP5 is
indicated as a putative PKA substrate, which is in line with other phosphoproteomics studies on resting
platelets [32]. Stonin-2 (STON2) is involved in the endocytic machinery, synaptic vesicle recycling and
clathrin coated vesicle uncoating [33]. To our knowledge Stonin-2’s function has not been described in
platelets even though Stonin-2 mRNA expression is relatively high in platelets compared to other
hematopoietic cells, making it an interesting target for future research. SEC22B is a membrane-resident
tra�cking protein that is required for -granule production in megakaryocytes and can interact with
NBEAL2, which is associated with grey platelet syndrome. LRMP better known as inositol 1,4,5-
triphosphate receptor associated 2 (IRAG2), interacts with the inositol 1,4,5-triphosposphate receptor in
mice indicating a potential role in calcium homeostasis [34]. Platelet endocytosis/exocytosis is important
in e.g., loading/release of α-granules. Studies have also implicated that integrin tra�cking contributes to
platelet activation and thrombosis by controlling their surface expression [35]. As more mechanistic
studies show platelet endocytosis to be involved in platelet function [36], it is interesting to see a
pronounced representation in our network analysis.

The second largest cluster of proteins was related to regulation of small GTPase mediated signal
transduction and cell shape. This cluster included ARHGEF6, PPP1R14A, KALRN, MYO9B, and ABLIM3, all
with a high PKA score. Not much is known about ABLIM3’s function in platelets. However, the other
proteins have been studied extensively in relation to platelet function. ARHGEF6 has previously been
reported to be a substrate for PKA and PKG and acts as a mediator in reducing Rac1-GTP levels leading
to less outside-in platelet signaling [37]. Protein phosphatase 1 regulatory subunit 14A (PPP1R14A or CPI-
17) is a phosphorylation-dependent inhibitor protein of myosin phosphatase. Phosphorylation at Thr-38
causes a conformational change that greatly increases its inhibitory potential [38]. Although
phosphorylation happens mainly through PKC and Rho-associated protein kinase (ROCK), it has a
potential PKA target consensus sequence, as indicated by the GPS 5.0 algorithm. Phosphorylation of
PPP1R14A has been shown to regulate shape change in platelets trough calcium-independent signaling
pathways. Platelet shape change is necessary for complete platelet activation. PPP1R14A could therefore
be involved in a potential switch in platelet hyperreactivity as it can regulate myosin light chain
phosphatase [39]. Another protein related to Rac/Rho protein signaling is kalirin (KALRN). In platelets,
adenosine 5'-diphosphate-ribosylation factor 6 (ARF6) controls platelet spreading via integrin αIIbβ3

tra�cking and can recruit KALRN to the plasma membrane leading to Rac activation [35, 40]. The ATP
binding site within KALRN might be used as a starting point in the design of speci�c inhibitors. Inhibition
of Rac1 by small molecules has been studied in the context of platelet secretion as a potential future
antiplatelet drug [41]. MYO9B has recently been indicated to regulate RhoA activation though
phosphorylation by PKA and PKG [42]. RhoA is a molecular switch controlled by GTPases. Platelet
activation by ADP in RhoA knockout mice results in defective platelet function and unstable thrombus
formation [43]. RAC1 and RHOB were central nodes interacting with most of these proteins. Rho GTPases
are known key regulators of platelet cytoskeleton and platelet function and serve as molecular switches
downstream of platelet surface receptors. It is therefore expected that these proteins emerge as potential
candidate switches for platelet regulation from our selection.



Page 10/21

The cluster related to cyclin-dependent kinases contained at least three interesting proteins all with
signi�cantly upregulated phosphorylation sites after ADP and iloprost treatment; CDK16/17 and Cyclin-Y
(CCNY). Regulation of cyclin-dependent protein kinase activity might seem surprising at �rst sight as
cyclin-dependent proteins belong to a class of proteins involved in cell cycle, transcription and mRNA
processing and platelets do not have a nucleus and limited mRNA processing capacity [44]. However,
recent focus on the role of non-coding RNA, nuclear receptors and post-transcriptional modi�cations in
platelets reveal a more intricate transcriptional landscape than previously thought [45, 46]. In HEK293a
cells, CDK16 is recruited to the plasma membrane and activated by CNNY. This process is regulated by
Ser-153 and can be inhibited by PKA phosphorylation [47]. In line with these �ndings, we found Ser-153 to
be a putative PKA phosphorylation site. Platelets lacking CCNY show decreased spreading and clot
retraction, but increased adhesion to collagen [48]. Taken together, these new �ndings suggest that CCNY
could play an important role in the outside-in signaling in platelets.

Finally, the smaller clusters and single nodes in our network also contain interesting proteins that are
worth mentioning. PDE3A, CLDN5, GCSAML, MTSS1, ARPP19, MACF1, TBC1D23, UBE20, GAS2L1, PHKB,
SCAMP3, CNST, RGCC, SLAIN2, and EIF3B. As expected, among the 30 proteins revealed by pathway
analysis, we found proteins known to be involved in the cAMP-PKA signaling axis, e.g., PDE3A. While
iloprost causes cAMP levels to go up, PDE3A hydrolyses cAMP. In diabetes mellitus, platelet
hyperreactivity is believed to at least partly be caused by reduced platelet sensitivity to insulin, which
leads to decreased endothelial PGI2 expression, increased P2Y12-mediated Gi activity and decreased
platelet cAMP levels, thus leading to increased platelet activation [49, 50]. PKA-induced phosphorylation
of PDE3A creates a negative feedback loop, indicating PDE3A being a key element in the cAMP/PKA
pathway at least in initiation of platelet activation [51]. Although not directly connected to any other
nodes in the protein network, it is foreseeable that PDE3A is returned from the analysis as an interesting
target. In fact, the validity of the method presented in this study can be inferred by its identi�cation of
PDE3A.

As more large datasets are generated daily by innovative studies utilizing high-throughput methods,
integration of these datasets to put them in a speci�c context are necessary. Finding novel players in
platelet activation/inhibition can help us better understand pathologies where platelet hyperreactivity is
prevalent. Further experimental studies using a more causal analysis approach can reveal what effect a
phosphorylation event has on a protein's function [52]. Experimental knockout mice or using inhibitors in
�ow experiments for the aforementioned proteins are valid options to further validate the roles of these
proteins in platelet hyperreactivity. Finally, this study shows the importance and bene�t of data
integration and visualization with existing tools and datasets to obtain a complete picture of complex
molecular mechanisms involved.

Declarations

Ethics approval and consent to participate



Page 11/21

Not applicable

Consent to publish
Not applicable

Availability of data and materials
The phosphoproteomics datasets analysed during the current study are available through
ProteomeXchange under the accession PXD000242 and PXD001189. Data on the platelet proteome can
be found in supplementary information from [Burkhart et. al., Blood 2012]. Relative RNA expression data
is available from https://blueprint.haem.cam.ac.uk/mRNA/.

Competing interests
The authors have no con�icts of (�nancial) interest to declare. All co-authors have seen and agree with
the contents of the article.

Funding
This work was supported by the Netherlands Foundation for Scienti�c Research (ZonMW VIDI 91716421
to T.P.L. and J.M.E.M.C.), the Dutch Heart Foundation (2015T79 to DMC and J.M.E.M.C.) and the
Landsteiner Foundation for Blood Transfusion Research (LSBR Nr. 1638 to R.R.K.). 

Authors' Contributions
All authors read and approved the �nal manuscript. TL and MK have performed the analysis. TL has
written the manuscript text. All other authors have provided a signi�cant contribution to the design of the
work�ow or interpretations of the obtained results.

Acknowledgements
Not applicable

Abbreviations
ABLIM                       Actin-binding LIM protein     

AC                              adenylate cyclase
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ADP                            adenosine diphosphate

ARF6                          adenosine 5'-diphosphate-ribosylation factor 6

ARPP19                      cAMP-regulated phosphoprotein 19   

CABLES1                  CDK5 and ABL1 enzyme substrate 1 

CalDAG-GEFI           calcium- and DAG-regulated guanine exchange factor-1                  

cAMP                          cyclic adenosine monophosphate

CCNY                         Cyclin-Y

CLDN                         Claudin

CNST                          Consortin

FGA                            Fibrinogen alpha chain

GO                              Gene Ontology

GPCR                         G protein-coupled receptors

IMUP                          Immortalization up-regulated protein

KALRN                      Kalirin 

MARCH2                   E3 ubiquitin-protein ligase MARCHF2         

NO                              nitric oxide

OR14A2                     Olfactory receptor 14A2         

PDE3A                       Phosphodiesterase 3A 

PGI2                            prostaglandin I2

PHKB                         Phosphorylase b kinase regulatory subunit beta

PI3K                           phosphoinositide 3-kinase

PIKFYVE                   1-phosphatidylinositol 3-phosphate 5-kinase 

PKA                            protein kinase A

PPP1R14A                  Protein phosphatase 1 regulatory subunit 14A           
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RAC1                          Ras-related C3 botulinum toxin substrate 1

RASA3                       Ras GTPase-activating protein 3        

REC114                      Meiotic recombination protein REC114        

RHOB                         Rho-related GTP-binding protein RhoB

ROCK                         Rho-associated protein kinase

SLAIN2                      SLAIN motif-containing protein 2     

STON2                        Stonin-2          

T2DM                         type 2 diabetes mellitus

TGOLN2                    Trans-Golgi network integral membrane protein 2    

VAMP                        Vesicle-associated membrane protein

VTI1B                         Vesicle transport through interaction with t-SNAREs homolog 1B
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Figures

Figure 1

Schematic overview of the methodological work�ow. This work�ow was used to �nd switches in platelet
activation and inhibition downstream of cAMP/PKA signaling using a publicly available
phosphoproteomics dataset [15, 16].



Page 18/21

Figure 2

Summary of pathway information and protein selection. After 30 seconds ADP stimulation and
subsequent 30 seconds iloprost treatment, 349 phosphosites corresponding to 215 unique proteins were
signi�cantly regulated. Omitting those regulated only after just 30 seconds ADP stimulation resulted in 73
proteins. Cross-referencing these 73 proteins with those regulated after just 30 seconds iloprost treatment
resulted in a �nal selection of 30 proteins.
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Figure 3

Protein-protein interaction network of potential “switch” candidates in platelet activation. Total number of
phosphorylation sites as reported by Beck et. al. [16] are depicted as representative node sizes and
regulation is visualized by either red or blue for upregulated or downregulated sites, respectively. Proteins
added to the network by StringApp are represented by squares. Corresponding gene names are indicated
per node. Cluster of proteins related to (a) vesicle-mediated transport, (b) regulation of small GTPase
mediated signal transduction and cell shape, (c) cyclin-dependent kinases, and (d) tight junctions. (e)
Single nodes representing proteins that do not have direct interactions with other proteins in the network.
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Figure 4

Protein-protein interaction network of potential “switch” candidates in platelet activation. Estimated copy
numbers are visualized as node size and the �ll color indicates potential PKA substrates. Red outline
indicates no known copy number in platelets. Proteins added to the network by StringApp are represented
by squares. Cluster of proteins related to (a) vesicle-mediated transport, (b) regulation of small GTPases-
mediated signal transduction and cell shape, (c) cyclin-dependent kinases, and (d) tight junctions. (e)
Single and double nodes represent proteins that do not have direct interactions with other proteins in the
network.

Figure 5

Clustered heatmap of relative hematopoietic cell-speci�c RNA expression of genes in the network. Orange
color marks platelet cell type RNA expression relative to other hematopoietic cell populations (log2 fpkm).
Red indicates high relative expression and blue indicates low relative expression. Data source and further
information on: https://blueprint.haem.cam.ac.uk/mRNA/
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Figure 6

Protein-protein interaction network of potential “switch” candidates in platelet activation with FDA-
approved drug target interactions from DrugBank. Drugs are represented by diamonds and targets are
visualized as colored squares. PDE3A and FGA are targeted by many known drugs including generic ones
such as zinc. Drugs that have more than 20 known targets are marked by a red outline. Node �ll color
represents the type of drug; blue = approved, yellow = investigational, red = experimental, orange = drug
target.
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