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Abstract

:

Oxidative stress participates at the baseline of different non-communicable pathologies such as cardiovascular diseases. Excessive formation of reactive oxygen species (ROS), above the signaling levels necessary for the correct function of organelles and cells, may contribute to the non-desired effects of oxidative stress. Platelets play a relevant role in arterial thrombosis, by aggregation triggered by different agonists, where excessive ROS formation induces mitochondrial dysfunction and stimulate platelet activation and aggregation. Platelet is both a source and a target of ROS, thus we aim to analyze both the platelet enzymes responsible for ROS generation and their involvement in intracellular signal transduction pathways. Among the proteins involved in these processes are Protein Disulphide Isomerase (PDI) and NADPH oxidase (NOX) isoforms. By using bioinformatic tools and information from available databases, a complete bioinformatic analysis of the role and interactions of PDI and NOX in platelets, as well as the signal transduction pathways involved in their effects was performed. We focused the study on analyzing whether these proteins collaborate to control platelet function. The data presented in the current manuscript support the role that PDI and NOX play on activation pathways necessary for platelet activation and aggregation, as well as on the platelet signaling imbalance produced by ROS production. Our data could be used to design specific enzyme inhibitors or a dual inhibition for these enzymes with an antiplatelet effect to design promising treatments for diseases involving platelet dysfunction.
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1. Introduction


Oxidative stress has been associated with many pathologies such as cancer, diabetes mellitus, and cardiovascular diseases due to an increase in the production of reactive oxygen species (ROS) [1,2]. It is important to point out that in all these pathologies, the pro-oxidative environment increases the probability of suffering thrombotic events due to platelet hyperactivation; in turn, activated platelets are a great source of ROS [3,4]. Therefore, the platelet is both a source and a target of ROS, so it is relevant to study both the platelets’ enzymes responsible for ROS generation and their involvement in intracellular signal transduction pathways [3,5,6]. Two critical enzymes participate in the regulation of intraplatelet ROS levels: Protein Disulfide Isomerase (PDI) and NADPH Oxidase (NOX) [7].



PDI is expressed in almost all mammalian tissues and is detected in the endoplasmic reticulum, nucleus, cytosol, cell surface, and extracellular space [8], playing an essential role in cell functions. PDI is a member of a large family of dithiol/disulfide oxidoreductases (thioredoxin superfamily) which catalyzes the oxidation, reduction, and isomerization of disulfide bonds [9]. For the latter, the catalytic vicinal active site thiols (-CXXC-) at the active sites are necessary to exert enzymatic activity [10]. There are 20 known members of the thiol isomerase family, of which at the vascular level the most important are seven (PDI (P4HB), ERp57 (PDIA3), ERp72 (PDIA4), ERp5 (PDIA6), ERp29 (ERP29), ERp44 (ERP44), and TMX3 (TMX3)) [11].



Platelets contain four members of the PDI family (P4HB, PDIA3, PDIA4, and PDIA6). These isoforms have been identified on the surface of resting platelets, or secreted and recruited to the platelet surface in response to platelet activation [11,12]. P4HB, PDIA3, and PDIA6 were also found to regulate platelet function and thrombus formation in vivo [11,12]. Importantly, it has been reported that PDI regulates the production of ROS by aiding the correct assembly of NOX [11]. Nevertheless, the specific roles of these PDI have not been thoroughly explored.



NOX is the major contributor of ROS in cells; either superoxide (O2.−) or its dismutation product hydrogen peroxide (H2O2) can act as second messengers when produced in excess can cause oxidative stress and cellular dysfunction [8]. The NOX family comprises seven different isoforms (NOX1, NOX2, NOX3, NOX4, NOX5, DUOX1, and DUOX2). Superoxide can reduce the bioavailability of nitric oxide (.NO) and serve as a precursor for other species such as H2O2 and peroxynitrite [13].



Platelets’ main NOX isoforms (NOX1, and NOX2) significantly contribute to ROS production and are considered responsible for platelet activation [14]. Both isoforms are inactive in resting platelets and are activated by different platelets’ agonists, forming an enzymatic complex with several cytoplasmic proteins [15].



The current manuscript aims to perform a complete bioinformatic analysis of the role and interactions of PDI and NOX in platelets, as well as the signal transduction pathways involved in their effects. In addition, we sought to examine whether these proteins collaborate to control platelet function. These data could be of great relevance for designing specific enzyme inhibitors or dual inhibition of both enzymes with an antiplatelet effect to design promising treatments for diseases involving platelet dysfunction.




2. Methods


2.1. Bioinformatic Analysis


2.1.1. Candidate Targets Collection


For the bioinformatic analysis, and considering the data reported in the literature [8,16,17,18,19,20,21], the analysis was performed using P4HB, PDIA3, PDIA6, NOX1, and NOX2 for evaluating Platelet Redox Signaling.



To detect the possible candidate targets, we entered each of the enzymes into four databases (BioGRID [22], IID [23], APID [24], IntAct [25]), and selected the most over-represented targets. These databases are a biomedical interaction repository that provides a comprehensive collection of protein interactomes based on the integration of known experimentally validated protein–protein physical interactions.



For platelet target proteins, we used PlateletWeb [26] which is a platelet-related database that is also a biomedical tool for platelet protein interaction analysis in the context of integrated networks.



The targets associated with each enzyme were obtained using an online Venn diagram tool.




2.1.2. Protein–Protein Interactions (PPIs) Network Construction


All selected platelet candidate targets were then searched for in the APID database [24] as this database provides a vast collection of interactomes based on experimental data. The whole database includes 90,379 distinct proteins and 678,441 singular interactions.



To further analyze the results from all target and platelet proteins targets obtained from this database, Cytoscape 3.7.2 was used as a tool to visualize and analyze the PPIs [27].




2.1.3. Biological Function and Pathway Enrichment


To perform the Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis enrichment, we used the SRplot [28] and MonaGO [29]) databases. The data from these databases allowed us to functionally characterize all genes associated with the biological processes (BP), cellular component (CC), and molecular functions (MF) as well as being able to determine the possible pathways or signal transduction pathways in which the genes could be involved.



All genes were ranked by their p-value, and the top ten biological processes and more relevant KEGG pathways (p < 0.05) were plotted.






3. Results


3.1. Screening of Candidate Targets of Protein Disulfide-Isomerase


3.1.1. Interactional Network Analysis of Targets


We started our work by determining the fundamental importance of the platelet redox signaling of P4HB, PDIA3, and PDIA6 and how they influence platelet function. First, we constructed a network of the interactions for each PDI isoform at either all protein interaction levels (Figure 1A,C,E) or those found only in platelets (Figure 1B,D,F). It is important to point out that these networks are mathematical representations of the physical contacts between proteins in the cell. These contacts are specific, occurring between defined binding regions in the proteins. Using the Cytoscape software (spring-embedded layout), we obtained an interaction network (protein–protein) with PHB4 being the one with more interactions. The resulting network contains 8185 nodes and 20,975 edges for all proteins (Figure 1A), and 1713 nodes and 3842 edges for all proteins found in platelets (Figure 1B). It is important to note that among the proteins that present a greater number of interactions are ESR1, CUL3, NEK4, and APP. These proteins are related to oxidative stress, signal transduction, cellular communication, synaptogenesis, and synaptic plasticity. Therefore, Figure 1 shows us the great importance of the PDI isoforms in the regulation of different processes at the human being and platelet levels.



From the data in Figure 1, the detailed interactions of PDI and NOX members are reported in Table 1.




3.1.2. Analysis of Biological Processes Targets


We then wanted to determine the importance of each protein regulated by PDI. As shown in the intersection of the Venn diagram, we identified 38 and 10 common protein targets for all platelet proteins (Figure 2A,B). Some relevant platelet proteins include SOD1, UBE2M, and AAR2.



Using GO, we constructed a Chord Plot (Figure 3, Figure 4 and Figure 5) and identified the biological processes related to the proteins that are regulated by the isomerases (Table 2). The graph represents connections between several biological processes (nodes). In the Chord Plot [30], each connection is represented by a section on the outer part of the circular layout while arcs are drawn between each biological process; the plot shows the periphery layout of the biological processes evaluated as well as the connections between them as shown in the center of the plot. The size of each arc is proportional to the importance of the network. In summary, the relevance of a protein for our organism can be determined. PDIA3 affects around 309 biological processes in our body, 207 of them in the platelet.




3.1.3. Biological Function Enrichment


Now using the graphics GO Three Ontologies, Cnetplot, and Biological Processes Enrichment Score dot-plot, we analyzed the ten most essential processes regulated by these PDI isoforms and their respective interactions (Figure 3, Figure 4 and Figure 5, panels C and F). For the three PDI members, the most important processes involved in platelet function are Protein folding, Apoptotic process, and Oxidative stress. All analyzes were performed at both the cellular components (Supplementary Figures S1, S3 and S5), and molecular function (Supplementary Figures S2, S4 and S6).



The Cnetplot [31] shows the relationship between different proteins and biological processes as an entire network. Important data are obtained from the analysis of both platelets and isomerase isoforms; indeed, the data strongly support the existence of a close relationship between the regulated proteins and the different cell biological processes. Together, PDI isoforms regulate more than 200 proteins, which in turn regulate more than 2400 platelet proteins vital for signaling pathways involved in platelet function and faith. The most relevant processes regulated by P4HB and PDIA3 in platelets include, apart from cell structure organization, protein folding, ER stress, and the activation of the apoptotic pathways (panel F Figure 3, Figure 4 and Figure 5). As expected, since PDI regulates oxidant species formation in different cell types [32,33], the formation of ROS is also regulated by PDI activity [34]. ROS formation is important in regulating platelet function and aggregant capacity. PDIA6 regulates redox hemostasis, platelet response to oxidative stress, and how the platelets deal with the presence of incorrectly folded proteins (Figure 4F). Since PDI participates in the process of protein folding and the correct activation of integrins at the platelet membrane, our results confirm the importance of PDI on platelet function.





3.2. Screening of Candidate Targets for Protein NADPH Oxidases


3.2.1. Interactional Network Analysis of Targets


One of the most relevant enzymatic complexes that require PDI for its activity is NOX [33]. NOX is an enzymatic complex that produces O2.− in several cell types, platelets, and macrophages. Superoxide then dismutates to H2O2 which can decrease the reduction potential of the cell, i.e., decreasing reduced glutathione levels, or activating cell signaling pathways [35]. Platelets’ main isoforms of the NOX family are NOX1 and NOX2 [36]. It has been recently reported that depending on the agonist of platelet activation, the isoform of NOX generates O2.−; while collagen mainly induces ROS formation in platelets through NOX1, thrombin leads to NOX2 activation and platelet ROS generation. As previously performed for the PDI family, we analyzed the interactions between proteins for the two NOX isoforms (Figure 6, all protein interactions (left) and the platelet interactions (right)), being NOX2 the protein with the highest amount of interactions (Table 1). In the analysis of the obtained network, we found that it contained 1181 nodes and 1349 edges (Figure 6C) for all protein interactions, 242 nodes, and 244 edges in platelets (Figure 6D). As with PDI isoforms, we conclude that NOX can interact with and control an important number of proteins. It is important to highlight that 571 proteins are regulated by both proteins (PDI and NOX), including RAC1, KRAS, CUL1, CUL2, and CUL3.



As shown in the intersection by the Venn diagram, when proteins regulated by NOX isoforms were studied, only two and one common proteins were identified for all and platelet proteins, respectively (Figure 7A,B). The protein present in platelets is tumor necrosis factor receptor 1 (TNFRSF1A), which has been reported to be crucial for platelet activation [37,38]. Using Chorplot we found that NOX affects more than 40 biological processes in the body and about 27 in the platelet (Table 2). Among these processes, relevant biological actions are affected by both NOX isoforms, and some of them were also regulated by PDI. It is worth noting that thiol-dependent signaling pathways, respiratory bursts, and inflammatory responses were regulated by either NOX or PDI. Overall, our results support the great relevance of these proteins in platelet function.




3.2.2. Biological Function of NOX Isoforms


The ten most critical biological processes were selected as they have the largest number of proteins and interactions these were analyzed using the previously mentioned graphics (GO Three Ontologies, Cnetplot, and Biological Processes Enrichment Score dot-plot) (Figure 8 and Figure 9). All analyses were performed for cellular components (Supplementary Figures S7 and S9) and molecular function (Supplementary Figures S8 and S10). Cnetplot shows that although there are fewer proteins compared to PDI, all of these are intimately related to all biological processes; therefore, the stimulation of a protein triggers a large number of biological processes. Activation of the NOX isoforms can regulate 14 proteins that in turn regulate more than 360 platelet proteins, from which a large number of biological processes that are vital for platelet function are modulated.






4. Discussion


We aimed to evaluate the interplay of NOX and PDI in platelet function by analyzing the main processes where the two enzymes participate during platelet activation and aggregation. The interaction network plots show a large number of protein interactions, where those proteins highly interacting with others were located in the middle of the plot while those with lower interactions were present in the borders. These results mean that if a protein is affected, depending on its interacting capacity, could have minor or major repercussions on many other proteins which can be associated with the development of dysfunctional processes involved in many diseases. PDI members’ interactions shown in Table 1 demonstrate the prevalence of PDI activity in several biological processes, e.g., protein folding [39], cellular viability [40], normal cellular physiology [41], disulfide interchange, chaperone [42], cytoskeleton organization [43], and redox regulation [44]. Then we confirmed with the Chord Plots that the PDIA3 isoform has a role in ER stress [45], protein folding processes [46], and cell–substrate adhesion [47]. Of relevance, integrins activation and PDI isoforms are connected in platelets, confirming that activation of integrins at the platelet membrane necessary for platelet adhesion and aggregation are connected to PDI activity [48]. Overall, the data support the importance of this enzyme for platelet physiology and function. In addition, our data in Figure 3 strongly support that activating the PDI isoforms P4HB, PDIA3, and PDIA6 is vital for the correct platelet activity in the organism. Hence, PDI is a relevant target for designing and studying antiplatelet drugs by analyzing different protein signaling pathways and their participation in disease onset and progression [49].



Several important processes for the correct function of platelets are related to the NOX function. NOX2 affects lamellipodium formation as well as cytoskeleton rearrangement and cell adhesion function [50]. Platelets, due to NOX, responding to environmental stimuli produce and release ROS, such as O2.− and H2O2. Indeed, NOX led to an increase in oxidative stress affecting platelet mitochondrial function, and cell activation capacity [51]. The latter processes share their capacity to be regulated by PDI confirming the relevance of the interactions between PDI and NOX for the normal function and reactivity of platelets. The data presented in the current work correlate with those described by Laurindo et al. [52], in which he demonstrated the importance of the interaction between PDI and NOX in Vascular Smooth Muscle Cell (VSMC) migration into vessel neointima (Therapeutic target for atherosclerosis).



NOX active complex requires the formation of heterodimers with cytosolic and membrane proteins, some of them acting as active complex regulatory subunits such as p22phox. Both NOX1 and NOX2 are further dependent on association with a cytosolic ‘activator’ subunit, p67phox. The interaction of p67phox with protein domains on the intracellular loops of the NOX induces a conformational change necessary for the electron flow; in addition, the cytosolic subunit p47phox has an organizer role aiding in the correct migration to the membrane. Finally, a GTPase (Rac1 or Rac2) interacting with p67phox induces a conformational change in p67phox required for NOX activation. Several groups report an important role of PDI in the migration of p47phox and the cytosolic subunits’ correct interaction with gp91phox and p22phox at the membrane for O2.− formation by NOX [32,33,53]. Importantly, the effects of PDI do not involve any transcriptional modifications of NOX subunits. The results shown in Figure 9 and Figure 10 for platelet ROS formation and the impact that either PDI or NOX isoforms have on platelet function, support the interactions of both proteins and are following the literature [54,55]. In general, the most relevant biological processes vital for the regulation of platelet function include the regulation of mitochondrial function, apoptosis, and oxidative stress. Mitochondria damage or dysfunction results in greatly attenuated platelet survival and increased risk for thrombovascular events. Also in platelet activation, the mitochondria regulate the increase in intracellular calcium, increase in the production of ROS, and exposure to phosphatidylserine [56]. Regarding apoptosis, recent studies have identified apoptosis in the anucleate platelet, where blebbing, exposure of phosphatidylserine, and release of microparticles or exosomes stands out [57], the platelet contains various anti- or pro-apoptotic proteins, such as BCL-2, BAK, and BAX. When platelet activation occurs causes the activation of BAK and BAX, initiating the subsequent release of mitochondrial components such as cytochrome c through pores in the mitochondrial membrane [58]. On the other hand, oxidative stress and persistent stimuli lead to excessive platelet activation, resulting in a platelet procoagulant phenotype and apoptosis, both accounting for the high thrombotic risk in oxidative stress-related diseases [5].




5. Conclusions


Our study reveals the direct correlation of PDI and NOX in platelets starting from the complexity of cell proteins through to the analysis of how each protein impacts platelet function. The data follow several experimental reports from our labs [34,59,60,61]. We conclude that the five enzymes analyzed in platelets regulate more than 200 proteins, which in turn can interact with more than the other 2600 proteins involved in relevant biological processes. Overall, we conclude that the study of Platelet Redox Signaling is vital to establishing platelet function and the subsequent design and generation of inhibitors and therapeutic strategies that can contribute to the modulation of thrombotic and cardiovascular diseases.
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Abbreviations




	.NO
	Nitric Oxide



	-CXXC-
	catalytic vicinal active site thiols



	AAR2
	AAR2 Splicing Factor



	BP
	Biological Processes



	CC
	Cellular Component



	CUL1
	Cullin 1



	CUL2
	Cullin 2



	CUL3
	Cullin 3



	DUOX1
	Dual Oxidase 1



	DUOX2
	Dual Oxidase 2



	ER
	Endoplasmic Reticulum



	ERP29
	Endoplasmic Reticulum Protein 29



	ERP44
	Endoplasmic Reticulum Protein 44



	GO
	Gene Ontology



	H2O2
	Hydrogen Peroxide



	KEGG
	Kyoto Encyclopedia of Genes and Genomes



	KRAS
	KRAS Proto-Oncogene, GTPase



	MF
	Molecular Functions



	NOX
	NADPH oxidase



	NOX1
	NADPH Oxidase 1



	NOX2
	NADPH Oxidase 2



	NOX3
	NADPH Oxidase 3



	NOX4
	NADPH Oxidase 4



	NOX5
	NADPH Oxidase 5



	O2.−
	Superoxide



	P4HB
	Prolyl 4-Hydroxylase Subunit Beta



	PDI
	Protein Disulphide Isomerase



	PDIA3
	Protein Disulfide Isomerase Family A Member 3



	PDIA4
	Protein Disulfide Isomerase Family A Member 4



	PDIA6
	Protein Disulfide Isomerase Family A Member 6



	RAC1
	Rac Family Small GTPase 1



	RAC2
	Rac Family Small GTPase 2



	ROS
	Reactive Oxygen Species



	SOD1
	Superoxide Dismutase 1



	TMX3
	Thioredoxin Related Transmembrane Protein 3



	TNFRSF1A
	Tumor Necrosis Factor Receptor 1



	UBE2M
	Ubiquitin Conjugating Enzyme E2 M
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Figure 1. Full protein association networks of protein disulfide-isomerase isoforms. The network was generated with all protein interactions as explained in the Method section, and Cytoscape V3.4 (spring-embedded layout) was used. Each protein was represented by circles (nodes), and the lines (edges) connecting the two circles are indicative of an interaction between two proteins. (A,B) P4HB interactions (A, full protein data and B platelet proteins), (C,D) PDIA3 interactions (C, full protein data and D platelet proteins), and (E,F) PDIA6 interactions (E, full protein data and F platelet proteins). 
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Figure 2. Biological processes analysis of protein disulfide-isomerase. (A) Venn diagram of full protein interactions and (B) platelet–protein interactions. Both diagrams display 38 and 10 overlapping genes, respectively, between PH4HB, PDIA3, and PDIA6-related target proteins. Panels (C–H) show the ChordPlot representing the connections between several biological processes. (C,D) P4HB interactions, (E,F) PDIA3 interactions, and (G,H) PDIA6 interactions. 
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Figure 3. Biological function assays of PH4HB isomerase. Graphs associated with PH4HB isomerase were constructed with full proteins (A–C) and those associated only with platelets (D–F). (A,D) Top ten Biological processes enrichment assay of GO in terms of potential targets. (B,E) Cnetplot of GO analysis, and (C,F) Bubble chart showing the top 10 biological processes of GO terms. 






Figure 3. Biological function assays of PH4HB isomerase. Graphs associated with PH4HB isomerase were constructed with full proteins (A–C) and those associated only with platelets (D–F). (A,D) Top ten Biological processes enrichment assay of GO in terms of potential targets. (B,E) Cnetplot of GO analysis, and (C,F) Bubble chart showing the top 10 biological processes of GO terms.



[image: Biomolecules 13 00848 g003]







[image: Biomolecules 13 00848 g004 550] 





Figure 4. Biological function assays of PDAI3 isomerase. Graphs associated with PDAI3 isomerase were constructed with full proteins (A–C) and those only associated with platelets (D–F). (A,D) Top ten Biological processes enrichment assay of GO in terms of potential targets. (B,E) Cnetplot of GO analysis, and (C,F) Bubble chart showing the top 10 biological processes of GO terms. 
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Figure 5. Biological function assays of PDAI6 isomerase. Graphs associated with PDAI6 isomerase were constructed with full proteins (A–C) and those only associated with platelets (D–F). (A,D) Top ten Biological processes enrichment assay of GO in terms of potential targets. (B,E) Cnetplot of GO analysis, and (C,F) Bubble chart showing the top 10 biological processes of GO terms. 
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Figure 6. Full protein association networks of NADPH Oxidase isoforms. The network was generated with the full protein interactions, and Cytoscape V3.4 (spring-embedded layout) was used. Each protein was represented by circles (nodes), and the lines (edges) connecting the two circles reference an interaction between two proteins. (A,B) NOX1 interactions (A, full proteins and B platelet proteins), and (C,D) NOX2 interactions (C, full proteins and D platelet proteins). 
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Figure 7. Biological Processes analysis of NADPH Oxidases. (A) Venn diagram for all protein interactions and (B) platelet protein interactions. Both diagrams display 2 and 1 overlapping genes, respectively, between NOX1 and NOX2-related target proteins. (C–F) show the ChordPlot represents the connections between several biological processes, (C,D) NOX1 interactions, (E,F) NOX2 interactions. 
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Figure 8. Biological function assays of NOX1. The graphs associated with NOX1 were constructed with all the proteins (A–C) and those only associated with platelets (D–F). (A,D) Top ten Biological processes enrichment assay of GO in terms of potential targets. (B,E) Cnetplot of GO analysis, and (C,F) Bubble chart showing the top 10 biological processes of GO terms. 
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Figure 9. Biological function assays of NOX2. The graphs associated with NOX2 were constructed with all the proteins (A–C) and those only associated with platelets (D–F) are observed. (A,D) Top ten Biological processes enrichment assay of GO in terms of potential targets. (B,E) Cnetplot of GO analysis, and (C,F) Bubble chart showing the top 10 biological processes of GO terms. 
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Figure 10. Model of Protein disulfide isomerase-associated regulation of NADPH oxidase complexes in platelets. PDI isoforms shown are intracellular proteins. Additionally, NOX1 and NOX2 active complexes are at the plasma membrane. NOX1 (A) and NOX2 (B) are associated with p22phox, and regulated by the small GTPase-Rac; this protein plays a pivotal role in both NOX1 and NOX2 activation orchestrating the assembly of the active enzyme complex. For its activation, the NOX1 enzyme complex requires the assembly of NOXO1/p47phox and NOXA1/p67phox (A). The NOX2 enzyme complex requires more proteins for binding, such as p22phox, p47phox, p67phox, and p40phox (B). 
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Table 1. Protein Interaction.






Table 1. Protein Interaction.











	Protein
	Interaction
	Node
	Edges





	P4HB
	All
	8185
	20,975



	
	Platelet
	1713
	3842



	PDIA3
	All
	7988
	18,831



	
	Platelet
	1859
	4001



	PDIA6
	All
	7542
	17,855



	
	Platelet
	1868
	4299



	NOX1
	All
	480
	499



	
	Platelet
	158
	161



	NOX2
	All
	1181
	1349



	
	Platelet
	242
	254
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Table 2. Biological Processes.
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	Protein
	Interaction
	Count





	P4HB
	All
	284



	
	Platelet
	181



	PDIA3
	All
	309



	
	Platelet
	207



	PDIA6
	All
	177



	
	Platelet
	105



	NOX1
	All
	14



	
	Platelet
	4



	NOX2
	All
	40



	
	Platelet
	27
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
ing transciiption factor activty
Process

tabor;
/€ proceqs,

fein Catapoy

mer,

Specieg
Pro

lent
55

m‘,’;"p!:zvd
froce,

Ubigu

o, MR
- PO -
“QZ%% ; LT
7 7 3 v

Pos -
gt S s,
g, o0 ol el
of b e e
gl At
Coatr o %’\:\n )
it CElll SSpa :
il B onaon - ocoss

G/t oSl Cloy e o saraina )

C’mfma‘"éw%& _ .m?%v plor sgnaing
T 1, ¢ '

il ron
i
ciics

o
s e - A
ivo regulaton of o
" e SR ' e,
i = feration
response to endoPEHG AR > ftion of cof
vssu""v‘g\g\n‘f%é oL mf:f"&i'!{é’;’ b’;e"':’;giﬂun
Tequiston Ol B esPoTe S ! OBt
positve a0 G Sefhost of, Vi ienancy
o LT
gt L0, o,

o2 e, Chym,
o, g,

o S

negative

Sy,
& & Qf’ 5 9"%‘?%‘%;%%@42%%
R

Ui

S
T
posig ,’;:e
posi
*® e9uiatigy o,
"

Ve reguiagy g o0 o
posilive reguiaton ot o

POsitiye

Posity, "o
b1y
post

(e Catabolic process

response

-ydroxy-L-proline

oo procesS
pr
fent prote

Semotaxis
lum stress

e
)

on
n
reticul

Poorg,
Prote,
@ 55 A
"o %@%@
Posityg Moryg,  molllay
"eGulagectin RSO, Sefidss')
" °,'Bc€gglz$n 1

e Rressof,
o Stipreston RNAD

et
W0

(aSe

e

)
_ Slate
ot 3 o T"'w‘mm
SPidemal groy feSponse (. SkinPid N StrageSrgiteration,
rOWIh faeB0nSe fo ol roces:
clor mc@p;ggm?gxi o agga?‘;.“&"
reShel y tion
ceumane’:ms"eo o e Tl of nlereukin- 0 et on
posiive reatialon of gl e o factor poducton
4-positve. -6 production
negative reguiaton of CD&-posile 2 reguaea el §,§g S e e;s.ané,vsem oo
SR Jojn 8 phicnopan anc e

20

ind ER.
g

5:

e

i Kappat

e oy Cplaryc ot
=S S AR

4 i,

' /oo
W,

T S,

lafic?
o

e
& %

’:”'b ‘% %
R

il
ke
ey

«

hro

me
R
g
n oo
et ¥
ope"
e oSy
R

caso™

iy

i
o
e

ks

)

 oytoy
%
posiie
yroteit
d
-depenerey
fin-depETiy
jated ubia! mgﬁ%\?\g
sress ™

vm\easm“*e'"m

3 o
® ?
g §
g
3 §

5 E
)
g H
% g
k) <
5
)
G §
a

15101d yuspuady

o Uy

2 cascag
Signalin,
Otaxis

i
aneing Rathy,

<o Prog
S ot

ction
n factor
actor actviyy
g

3
A
A ¥
e tivg, 3o s
smvmg oo o @A cnon
Cellular pe, ulanano, gy, Z | o
Ponse 13 " Moty 7 o
TeSponse to gng. ! o et Happad 6T
© 10 endopiagmq reliaulur:e o S =z g o e
negative regulation of insyn oS » : |

secr e regulation

p
in complex assel
positive regulation of protein o e
i relie
doplasme G
ding 0 7 &.,\,.,m\\:v
o e

; o
arotain o 92

opende™”

o
<cocaed O
ERAS

e,
Uty
Py
nbigno,
poy

oy
"h0uq

uopey,
o} asuodsa)
wopeuninbianAiod U

Yoneupintygn

S5
o gy g

uonezue|odep [eupUOYIOl

v
ol /@ regulation of apoptotic process
in fold .
8 ot process

hagic
Uy,

Mepay
emay
.
i
"9 e

610 jo uopeInBe anHSod
oneres
1nBo. onyysod
[
g

,eo
40 oy,

ey :’:ﬁ;
=3 losy
fircin

3¢ Sion,

ZEny
Poce

e,

19U Jo uope

2

X

g
o,
Posig, iy, %“’e%a&
’ug“‘%no,%’”"%g ro,,,%/:;%[/’:Q7 o
i Bloog %l
PO e S g
4

ic pr
Jation of apoplot
negative regt! oS0,
jin 0o
et T IR
o =
cnaper O uous =10 et o
e 2T

o
o 539

%
%Y
%
g %
H
35
25
22
33
El
53
H

y O ot
"9%0ng, 2 Pong,l e "
\ / ot
. lesench, se 10 am! ization
Ve reguiation of ceuyumrle’.;? <keleton 0rgan

posi
i o mpound
positive regulation of biood vessef endothelial cell organic cyelic comP
positive regulati
tolerance

on of ;

Z‘g@nf ,;3';’7’ ::Eumnanon

(i g 2oy

. :’:" Ot 5@ iy

Plate

Pory o 7 Maintgng
"o %8 vig

g

0 'e“”"ema,
0 PN
LR
\‘&0\9@ RS
vﬂq\&*\ §o
§
o e

of GT

Poptotic
528

regulation
et
wonezigEisop

uoyeykioydsoyd uisjoud o

negative

0
o

¥

3

g

H s f

"é% 3 g

o 2 g5
%% 3t ’Efgmg
% %% 353 £ 83
KA A1 $53 ¢
T IE H )

35 )

>
©

o

0¥

0
o

o

o
¢
9\0)6 *

2

&

Proteip
Positive regujagigy, f den,
positive regulation of subsrate adhesion-dependen ce

. tin binding
guiaton of chromatin BeY

jative re in s
" ositive regu\a\\cn of cel 0
o o090 910N organizay
10 mitogy tion
N dﬁ
_
qptio™ fro™ )
- &
St yranss §
yation & -
aive eV G“s“
ned?

S

»F

0526
U

Alqussse oy
idoyuw pajerpo

g
§
¢
g
g
H %
& %
5
2 3
2
g 3
H %,
£ %
§ 3
£ 5
5
H %





media/file18.png
GO Results of Three Ontologies

respiratory burst

vs)
o

cell redox homeostasis

superoxide metabolic process

=
3

@
O

superoxide anion generation

reactive oxygen species metabolic process

vascular endothelial growth factor receptor signaling

- . . pathwgg
antigen processing and presentation of exogenous pepti

. . antirg?gn via MHG clasfs I, TAP—dependent
antigen processing ard presentation of exogenous peptide
, . . anti]gen vig MH? class |
antigen processing and presentation of'peptide antigen via
HC class |
phagocytosis

NADPH oxidase complex
phagocytic vesicle

endocytic vesicle
oxidoreductase complex
actin filament

secondary lysosome

focal adhesion
cell-substrate junction
secretory granule membrane
tertiary granule

superoxide—generating NAD(P)H oxidase activity
oxidoreductase activity, acting on NAD(P)H, oxygen as
acceptor

superoxide—generating NADPH oxidase activator activity

oxidoreductase activity, acting on NAD(P)H
electron transfer activity

structural constituent of postsynapse
structural constituent of synapse

heme binding

tetrapyrrole binding
phosphatidylinositol phosphate binding

15 20

10
Enrichment Score

GO Results of Three Ontologies

phagocytosis

W ep
B cc
B vF

respiratory burst

tissue homeostasis

ephrin receptor signaling pathway

mast cell chemotaxis

mast cell migration

postsynaptic actin cytoskeleton organization
protein localization to cell-cell junction
postsynaptic cytoskeleton organization
regulation of respiratory burst

actin filament

Schaffer collateral - CA1 synapse

focal adhesion

cell-substrate junction

phagocytic vesicle

calyx of Held

lamellipodium

cell cortex

endocytic vesicle

cell leading edge

structural constituent of postsynapse
structural constituent of synapse

GTPase activity

structural constituent of cytoskeleton

tumor necrosis factor-activated receptor activity
superoxide—generating NADPH oxidase activator activity
Tat protein binding

profilin binding

calcium channel inhibitor activity

thioesterase binding

4 6
Enrichment Score

ACTG1

NCF4

NOX2

ACTGY respirat% rst

ACTB cell redox homeostasis

CD177 superoxide metabolic process

RAC2 / superoxide anion generation

®
w vascular endo,thelial-gb"vVTIT’fact@r—receptb“r's‘ignaling patﬁwa@
S NN A~
7 1&4’””&7.1.’*\
78 1 e
S —

/ antigen pr@@ssmg and presentation of exogendus peptide antigen via MHC class |, TAP-dependent’
q 7 \

antigenyprocessing and'presentati

\

antigen'processing and presentation of peptide antigen via MHC class |

igen via MHC class |

CYBC1
YBB ] phagocytosis

CYBA

NOX2-Platelets

phagocytosis

RAC?2,

respiratory burst

regulation c‘;e’spiratory burst mast\%ll migration

protein Iocalizatign to cell—cell junction

mast cell chemotaxis

size
® 5
[
@
®:

category

antigen processing and presentation of exogenous peptide
antigen via MHC class |

antigen processing and presentation of exogenous peptide
antigen via MHC class |, TAP-dependent

___ antigen processing and presentation of peptide antigen via
MHC class |

— cell redox homeostasis

— phagocytosis

— reactive oxygen species metabolic process
—— respiratory burst

—— superoxide anion generation

—— superoxide metabolic process

__vascular endothelial growth factor receptor signaling
pathway

tissueshomeostasis

category

—— ephrin receptor signaling pathway
—— mast cell chemotaxis

— mast cell migration

— phagocytosis

—— postsynaptic actin cytoskeleton organization

<\ ‘ ephrin receptor Sig”a“”g-ﬂa“““"’am — postsynaptic cytoskeleton organization
‘ - —— protein localization to cell-cell junction

—— regulation of respiratory burst
—— respiratory burst

—— tissue homeostasis

Biological Process

reSp|ratory burst [

cell redox homeostasig - =
superoxide metabolic process - . ........
superoxide anion generation - =
reactive oxygen species metabolic process - ' -----------
vascular endothelial growth factor receptor signaling § '

pathway

antigen processing and presentation of exogenous peptide _
antigen via MHC class |, TAP-dependent

antigen processing and presentation of exogenous peptide |
antigen via MHC class |

antigen processing and presentation of peptide antigen via |
MHC class |

phagocytosis 4“ ----------

5 1i2 1i5
EnrichmentScore (-log10(pvalue))

Biological Process

phagocytosis ‘

respiratory burst o

tissue homeostasis 9

ephrin receptor signaling pathway )

mast cell chemotaxis
protein localization to cell-cell junction .
postsynaptic actin cytoskeleton organization J

mast cell migration

postsynaptic cytoskeleton organization °

regulation of respiratory burst -

50 55 60 65
EnrichmentScore (-log10(pvalue))

pvalue

1.5e-07
1.0e-07

5.0e-08

pvalue
2.0e-05

1.5e-05
1.0e-05

5.0e-06





media/file3.jpg





media/file19.jpg
N i

%

Platlet
Actvaton

&,






media/file7.jpg





media/file10.png
GO Results of Three Ontologies

PDIAG

1 K|F14au't‘dﬁ>‘ﬁé'qy'of mitochondrion

FAl
post-translational protein modification CBEM izt proten modmmon’ "mimchondrion disassembly
regulation of Wnt signaling path:
autophagy of mitochondrion - BP SERFINHT resp(!nse tofendoplasmic reticulum*stre:’ g. e P
. . ) CcC UBE3A / Iﬂ response to oxidative stress
mitochondrion dlsaSSemb|y = ME TXNRBﬂ \ response to topolog‘ically in/@’c]rrect%eir'
regulation of Wnt signaling pathway TXNIP l/ worga}e”e disassembly
response to endoplasmic reticulum stress SOD1 i r@tasome—mediated ubiquitin-dependent | I
. . PTPRN / ;/% /;/ AR ulation of autophagy ghmitochondrion
response to oxidative stress 7 are=d/i
PRDX4 [ IS
. . . C
response to topologically incorrect protein =
NME2
organelle disassembly
proteasome-mediated ubiquitin—-dependent protein catabolic MAPK13 /A size
| _process 5 &)7ANN ® s
regulation of autophagy of mitochondrion FANGD2 N " \J 7
L L @ o
endoplasmic reticulum lumen N ‘,,,'/, {04.‘/
o N 2 @ @ s
smooth endoplasmic reticulum CDK2 g «"') LK)
i auitin I 3 / cuLs . 15.0
cullin-RING ubiquitin ligase complex {
SGTB il W » ‘ 175
ubiquitin ligase complex o\ \
. . .. . PDIAd @ T T /S ‘ . 20.0
endoplasmic reticulum-Golgi intermediate compartment i /)
endoplasmic reticulum quality control compartment JUN i ' /?’4"0:\ \ category
. i AN ftochondr
cell leading edge - ’”M“Q"‘"\ — autophagy of mitochondrion
VLA \‘ . L
proteasome complex CANX ’)‘ ““l”)‘\“’\‘\\\‘ FNT —— mitochondrion disassembly
il .
L fl IR — organelle disassembl
SCF ubiquitin ligase complex CALR3 il ""“W f\( N\ ‘ g y
\ "«“ ' ' IGFBP5 — post-translational protein modification
secretory granule lumen | [ A i \ . - . .
i / \( \‘ ! \ \ MATNS ___ proteasome-mediated ubiquitin-dependent protein catabolic
ubiquitin-like protein ligase binding CALR M“ NI \ process
biquiti tein i bindi ‘ f '\ 1Y OBSL — regulation of autophagy of mitochondrion
ubiquitin protein ligase bindin i
o P 9 g ATXN3 | — regulation of Wnt signaling pathway
ubiquitin—protein transferase activity AGR2 o
¢ P3H1 —— response to endoplasmic reticulum stress
transcription coregulator activity P4HB — response to oxidative stress
protein tyrosine phosphatase activity UPSTPP“F:U PSMAS — response to topologically incorrect protein
ubiquitin—like protein transferase activity
PTPRO PSMD4
transmembrane receptor protein tyrosine phosphatase activity
PLEKH‘A4 UBE2M
transmembrane receptor protein phosphatase activity
PFDNS, VWAT1
oxidoreductase activity, acting on a sulfur group of donors MACF1 ATG2B
ubiquitin protein ligase activity LMBR‘L ATP13A2
L) L} L} L] L] ESR1 DgM‘]L
0 4 8 12 16 CYLD GABARAF’bIJ
Enrichment Score e
CCAR2 | pRKN
COL1A1 HDAC6
CDC73 SMURE: ‘ PARK? HUWE1
GO Results of Three Ontologies e
DXNLT ATXRS mitochondrion disassembly
autophagy of mitochondrion DLD post—translational protein, dification'
. . . organelle disassembl
mitochondrion disassembly - BP k o ) .
[ ] regulation of autophagy of mitochondrion
. . I - CC TXNRD1
post-translational protein modification 5001
i MF
organelle disassembly - proteinMng
regulation of autophagy of mitochondrion resporseggRidative siress
NME2
rotein foldin
P 9 MAPK13
response to oxidative stress cell redox—fﬁgeostasis
cell redox homeostasis COL1A1 ¢
. . . fo topelogically incorrect protein Category
response to topologically incorrect protein Z
. . . v 7 —— autophagy of mitochondrion
cellular response to topologically incorrect protein CDK2 /'f phagy
7S - .
smooth endoplasmic reticulum . response loA6pologically incorrect protein — cell redox homeostasis
% o T .
dool | | < ’."/1// % ?/// —— cellular response to topologically incorrect protein
endoplasmic reticulum lumen PSS
P TTGCT “/‘// /™ ATP13A2 — mitochondrion disassembly
secretory granule lumen — organelle disassembly
cytoplasmic vesicle lumen —— post-translational protein modification
o .

vesicle lumen

endoplasmic reticulum-Golgi intermediate compartment
cell leading edge oo ®

dendrite cytoplasm
autophagosome membrane
PDIA4

cullin-RING ubiquitin ligase complex

ubiquitin protein ligase binding o
ubiquitin-like protein ligase binding
oxidoreductase activity, acting on a sulfur group of donors e
disulfide oxidoreductase activity
gﬁl:ﬂ

protein tyrosine phosphatase activity
chaperone binding
phosphoprotein phosphatase activity UBE2M

unfolded protein binding

histone deacetylase activity

protein deacetylase activity

6
Enrichment Score

PSKD4

PSMA3

PAHB
®

protein folding
—— regulation of autophagy of mitochondrion
e T — response to oxidative stress
—— response to topologically incorrect protein
size
® 6
®:
@ o
. 12

HDAC6

CAND1

COPS5

CUL1

P3H1

CUL3

FN1 DNAJC3

Biological Process

post-translational protein modification

mitochondrion disassembly

autophagy of mitochondrion

regulation of Wnt signaling pathway

response to endoplasmic reticulum stress

response to oxidative stress

response to topologically incorrect protein

organelle disassembly 4@

proteasome-mediated ubiquitin-dependent protein catabolic |
process

regulation of autophagy of mitochondrion |-

S
EnrichmentScore (-log10(pvalue))

Biological Process

mitochondrion disassembly

autophagy of mitochondrion

post-translational protein modification

organelle disassembly

regulation of autophagy of mitochondrion o

protein folding

response to oxidative stress

cell redox homeostasis °

response to topologically incorrect protein

cellular response to topologically incorrect protein -

7 : ;
EnrichmentScore (-log10(pvalue))

Count
7.5
10.0
12.5
15.0
17.5
20.0

pvalue
1e-07

5e-08

Count

® 38
@ o

pvalue

3e-07
2e-07

1e-07





media/file14.png
[4gl] sse00ud ojogeiaw Bpix0sadns

superoxide anion generation [BP]

&
&
e,






media/file11.jpg
g

i
(=






media/file6.png
GO Results of Three Ontologies

regulation of neuron apoptotic process
neuron apoptotic process
positive regulation of DNA biosynthetic process

response to topologically incorrect protein

BP
CC
MF

regulation of neuron death

response to unfolded protein

neuron death

proteasomal protein catabolic process
positive regulation of DNA metabolic process
protein folding

endoplasmic reticulum lumen
mitochondrial protein complex
oxidoreductase complex

microvillus

focal adhesion

PcG protein complex

cell-substrate junction

sex chromosome

melanosome

pigment granule

ubiguitin—like protein ligase binding
ubiquitin protein ligase binding
chaperone binding

protease binding

unfolded protein binding

cadherin binding

DNA-binding transcription factor binding

peptidyl-proline dioxygenase activity

dynactin binding
ATPase activity

5
Enrichment Score

GO Results of Three Ontologies

protein folding

B ep
B cc
B vr

positive regulation of DNA biosynthetic process

regulation of neuron apoptotic process

proteasomal protein catabolic process

regulation of neuron death
neuron apoptotic process

neuron death

proteasome-mediated ubiquitin~dependent protein catabolic
process

regulation of cellular protein catabolic process

response to oxidative stress
endoplasmic reticulum lumen
melanosome

pigment granule

oxidoreductase complex
mitochondrial protein complex
microvillus

focal adhesion

cell-substrate junction

respiratory chain complex
mitochondrial respirasome
ubiquitin protein ligase binding
ubiquitin-like protein ligase binding
unfolded protein binding

protease binding

chaperone binding

cadherin binding

disordered domain specific binding
tau protein binding

ion channel binding
NADH dehydrogenase activity

10

5
Enrichment Score

LMAN?

GANA
CSNK2A2

TGFB1 \\ /‘ positivegiegulatiopfof DNA metabolic process
(/ i 4
H2AX WY “‘ il ’ tein foldi
(5
corh A\ R —
N A <
BRCA1 Ay, Z S5
USP5
UBQLN2 cateqor
SUMO2 gory
RNF4 —— neuron apoptotic process
—— neuron death
PSMD9
— positive regulation of DNA biosynthetic process
i b (‘\—\\ — positive regulation of DNA metabolic process
PSMA? SR NN S _ ) )
/ NS \\\ — proteasomal protein catabolic process
L WA N
PSMA3 / ; f’w‘[/,,y\\\'&\’//“,‘«",‘ Qi‘, ! \\\ N \X\\ : . _
///,7///,‘/(»,‘”1“ \\‘//O"";\Wn‘. D HSPI0ABT — protein folding
KLHL42 / ”W‘l“""" '4\“'“'( \\\\ HSPD1
/ ’///,," ) ") ‘,&l‘%"\\\&“\\\\ _— " — regulation of neuron apoptotic process
DAV SR ANNN ot
/ r’ (Y] ’\§§§§ ‘\\\\ regulation of neuron death
Vil { ’ \ N\ \ _
HM13 /// / //""\""" \\N\Q\\\\ RN Ny . — response to topologically incorrect protein
‘ / ' “ .‘ ‘l\\\\ W\ \ . —— response to unfolded protein
GABARAPL2 i \ ‘ \\\\ \ _ \
/ | ' \ \\\\ N . size
cuL2 \ \ \ N\
| \ \ \\ PPT1 o 2
CDK2 \ N
‘ . PRKN ‘ 16
ARAF ) 20
MAPT ‘
s ®:
GSK3B
CAPN2
VCP
SERPINHA
NCK1
FBXO§,
EDEM3 CCT7
¢ EDEM1 HINRNPAT
DNAJC3 HN.RNPD.
CUL7@ cuL3 NEKT HSP@OAM
® ‘mvec
COMP CALR3 ‘Bacs AGR2 PCNA
PAHB-Platelets
RIPK1 Slfp”rbt‘éi‘ﬁ- folding  oositive regulation of DNA biosynthetic process
NDUF.SB r’egulation of neurc%)optotio’process ‘
LCN2 proteasom‘al protein catabolic proces*
GPX7 regulation of neuro&death
COL1A1 fi neuron apoptotic process
ATP2A2 / ne% death
RDX proteasametmediated|ubiglitin-dependent protein catabé process
MSN \\ \ ~f i regulatin of cellularprotein catabolic process
i ]/ /i 4
a7/ / .
\\\\\‘ \'V}/% 9 ‘ ¢ / / // Tesponse tooxidative stress
N Sy A
a7 Y
CAPN2 i ‘oA / il size
1 : @ o
UsPs ‘ 12
UBQLN2 ‘e,g' CSNK2A2 . 14
Y/
‘»'A\ @
PSMD9 “ S ',«,‘i\f\\ \ ' 18
PSMA7
: Z category
7). .
PSMA3 //////// " HSP9OAA1 —— Neuron apoptotic process
— Z il
= / /// //,,f,(’(“;\\ — neuron death
/////////// /}(,?" ‘ »'1 —— positive regulation of DNA biosynthetic process
HM13 ;’/ / ///4 //7', \‘\ = HSP90AB! — proteasomal protein catabolic process
GSK3B / //// i \ HSPD1 ___ proteasome-mediated ubiquitin—~dependent protein catabolic
7 process
— protein folding
GABARARL2
o — regulation of cellular protein catabolic process
89_3 —— regulation of neuron apoptotic process
—— regulation of neuron death
Cu-2 —— response to oxidative stress
CDK2
L 4
ARAF PPIB
UBE2M PRKCS*H‘
SOD2 VGP
SOD1 ARRB2
PRNP, @gNNB1
PRKN HINRNPA1
® rr1 cASPh
® HNRNPD

P3H1

P4HB

neuren apaptétichbrocess
PEDN2 @ o g N
PDIA3 regula%n of neuron apoptotic process [

f DNA bis p
response to topologically incorrect protein
r regulation of neuron death
response to unfolded protein '
) ‘ neuron death

/ / proteegjmal protein catabolic process
\ A Wi

BACE! ARRB1 NEK7

Biological Process

regulation of neuron apoptotic process

neuron apoptotic process

positive regulation of DNA biosynthetic process

response to topologically incorrect protein

regulation of neuron death

response to unfolded protein

neuron death

proteasomal protein catabolic process

positive regulation of DNA metabolic process

protein folding - @

9.0

9.5 10.0 105

EnrichmentScore (-log10(pvalue))

protein folding

positive regulation of DNA biosynthetic process

regulation of neuron apoptotic process

proteasomal protein catabolic process

regulation of neuron death

neuron apoptotic process

neuron death

proteasome-mediated ubiquitin—-dependent protein catabolic

process

regulation of cellular protein catabolic process

response to oxidative stress

Biological Process

8 9 1iO 1i1
EnrichmentScore (-log10(pvalue))

Count
¢ 12
@® 16
@ 2
@ =

pvalue
1.2e-09

9.0e-10
6.0e-10

3.0e-10

pvalue

1.5e-08
1.0e-08

5.0e-09





media/file15.jpg
Not-Pisets

R\






nav.xhtml


  biomolecules-13-00848


  
    		
      biomolecules-13-00848
    


  




  





media/file16.png
GO Results of Three Ontologies

respiratory burst
hydrogen peroxide metabolic process

superoxide metabolic process

superoxide anion generation

endocrine process

reactive oxygen species metabolic process
cellular response to abiotic stimulus

cellular response to environmental stimulus
regulation of respiratory burst

regulation of hydrogen peroxide metabolic process
NADPH oxidase complex

oxidoreductase complex

phagocytic vesicle membrane

focal adhesion

cell-substrate junction

phagocytic vesicle

endocytic vesicle membrane

invadopodium

protein phosphatase type 2A complex
anaphase-promoting complex
superoxide—generating NADPH oxidase activator activity

superoxide—generating NAD(P)H oxidase activity
oxidoreductase activity, acting on NAD(P)H, oxygen as
acceptor

Rac GTPase binding

oxidoreductase activity, acting on NAD(P)H
Ras GTPase binding

small GTPase binding

SH3 domain binding

Rho GTPase binding

tumor necrosis factor-activated receptor activity

0.0 25 10.0

5?0. 75
Enrichment Score

GO Results of Three Ontologies

cellular response to abiotic stimulus

e
M
B vr

cellular response to environmental stimulus

endocrine process

regulation of blood pressure

regulation of muscle system process
phagosome-lysosome fusion

regulation of lamellipodium morphogenesis
protein localization to plasma membrane
extracellular matrix constituent secretion

cellular response to acidic pH

NADPH oxidase complex

membrane raft

membrane microdomain

invadopodium

membrane region

endoplasmic reticulum quality control compartment
focal adhesion

cell-substrate junction

phagocytic vesicle membrane

extrinsic component of cytoplasmic side of plasma membrane
guanyl-nucleotide exchange factor activity

tumor necrosis factor-activated receptor activity
prostanoid receptor activity

death receptor activity

superoxide—generating NAD(P)H oxidase activity
icosanoid receptor activity

Ral GTPase binding

GTPase activity

LRR domain binding
oxidoreductase activity, acting on NAD(P)H, oxygen as
acceptor

2 3
Enrichment Score

12.5

KRAS

NOX1

NOX1

CYBA

TNFRSF1A

TBXA2R

RHBOD!
L ]

regulation of hyd

RAB34

NOX1

respiratory burst

o
TNFRSF{A

RHBDD1

regulation of respiratory burst

hydrogen peroxide metabolic process

superoxide metabolic process

superoxide anion generatior@

reactive oxygen species metabolic process

cellular respon’s'elto abiotic stimulus

cellular responseltmlenvironmental stimulus

NOX1-Platelets

ARHGEF7

cellular response to, abiotic stimulus

cellular res%nse to acidic pH

extracellular matrix coastituem secretion

cellular response to environmental stimulus

)

endoctingé process

phagdseme-lysosome fusion —— regulation of lamellipodium morphogenesis

regulation of lamellipodium morphogenesis

protein localization to plasma membrane

endocrine process

regulation of blood pressurc’

regulation of muscle system proce‘s’

o

respiratory burst 4
hydrogen peroxide metabolic process

superoxide metabolic process 1+

category

—— cellular response to abiotic stimulus

—— cellular response to environmental stimulus SuperOX|de anlon generatlon .

— endocrine process
— hydrogen peroxide metabolic process

— reagctive oxygen species metabolic process

— regulation of hydrogen peroxide metabolic process endocrl ne prOCeSS -

— regulation of respiratory burst
—— respiratory burst

—— superoxide anion generation

— superoxide metabolic process reaCtlve Oxygen SpGCleS metabO|IC process n |
size

® 20

- cellular response to environmental stimulus -

@ :o
@Q:

X S .
cellular response to abiotic stimulus 9
regulation of respiratory burst 4

regulation of hydrogen peroxide metabolic process 4

Biological Process

EnrichmentScore (-log10(pvalue))

Biological Process

cellular response to environmental stimulus

cellular response to abiotic stimulus

endocrine process

size

o 1o regulation of blood pressure

Q® s
@ »

0

category

@ : regulation of muscle system process - @

—— cellular response to abiotic stimulus phagosome—|y8080me fUSIOﬂ

—— cellular response to acidic pH
— cellular response to environmental stimulus

— endocrine process

— extracellular matrix constituent secretion reglJ|at|On Of |ame”|p0d|um morphogeneS|S ¢

— phagosome-lysosome fusion
—— protein localization to plasma membrane

— regulation of blood pressure

—— regulation of muscle system process

protein localization to plasma membrane {-@)

extracellular matrix constituent secretion

cellular response to acidic pH -

E

25 3.0 35
nrichmentScore (-log10(pvalue))

Count

® °5
@ 30
@ :s

pvalue

7.5e-05
5.0e-05

2.5e-05

pvalue
0.004

0.003
0.002

0.001





media/file2.png





media/file20.png
Platelet
Activation

Platelet
Activation

| N OX2 phox

Sfﬁgm ¢ T ';:;l:"r‘ p40.

0% phox

s P
P67-phox





media/file5.jpg





media/file1.jpg





media/file12.png
I
MFSD5

BBIPICT
AD Fé;:@dwwquﬁ

E@mﬁ

CDCe

TNFSFH’MA 52

AP3
1o ?@Lsa"ww\ ‘cT,\,NEﬁWH
\ /
asm \W ioe] dnd / aer
EEF1A1 ADAMQ W 6’
|
’/ \ \

usnalt ARLORG

PHZR
LC19A1
ocaLb1 Tpnﬁng

LivAT
ooké0 - FENGH
) ZDHHGTﬂAmmEL1

: AFH A=Y, \
T e
’,J'PADHE PXAPH pﬁosmmn Jaw PR

- N errenst fHBLEIPS
A e e A

APO@LﬁEq‘NtSm 7811

“‘ /GALN

o

e

KIAAZOF

ANC"AALSNﬁFqum 79{ FA W\Fzm

AN“AMH
2\

MYLes |

/

UTF\

%R%s
G0,

HPS4P07

UEE@%CS

1u‘ UNKL en
“ x' CFT1A
U






media/file9.jpg





media/file0.png





media/file8.png
GO Results of Three Ontologies

extracellular structure organization
extracellular matrix organization
response to endoplasmic reticulum stress
protein folding

regulation of neuron death

neuron death

regulation of Wnt signaling pathway
cell-substrate adhesion

response to topologically incorrect protein
regulation of apoptotic signaling pathway
endoplasmic reticulum lumen

focal adhesion

cell-substrate junction
collagen—containing extracellular matrix
vesicle lumen

membrane raft

membrane microdomain

melanosome

pigment granule

membrane region

ubiguitin—like protein ligase binding
protease binding

unfolded protein binding

ubiquitin protein ligase binding

integrin binding

chaperone binding

DNA-binding transcription factor binding

protein disulfide isomerase activity

intramolecular oxidoreductase activity, transposing S-S
bonds

ribonucleoprotein complex binding

BP
CcC
MF

GO Results of Three Ontologies

extracellular matrix organization
extracellular structure organization
protein folding

cell-substrate adhesion

response to endoplasmic reticulum stress
regulation of apoptotic signaling pathway
protein folding in endoplasmic reticulum
regulation of intrinsic apoptotic signaling pathway
regulation of cell morphogenesis

reactive oxygen species metabolic process
focal adhesion

cell-substrate junction

endoplasmic reticulum lumen
melanosome

pigment granule

membrane raft

membrane microdomain

membrane region

smooth endoplasmic reticulum
actin-based cell projection

unfolded protein binding

ubiquitin-like protein ligase binding
ubiquitin protein ligase binding

integrin binding

protein disulfide isomerase activity

intramolecular oxidoreductase activity, transposing S-S
bonds

cadherin binding

protease binding
intramolecular oxidoreductase activity
chaperone binding

5
Enrichment Score

e
M
B vr

8
Enrichment Score

PDIA3

I i i +

_papl . responseioend
extracelllarfmatiy organmahoM £
LGALSY e O &

o
. A gulation of heuron death
xtracellular structurélorganization

- neuron death

protein folding

‘egulation of Wnt signaling pathway
\ cell-substrate adhesion
§ response tojtopologically, Mrreet protein’ .

\ / regulation of apeptotic signaling pathway

N
WWOX
SLCOASR p
PTPRU | S G
>
PTPRO . CAV1
" AN “\‘}‘""\‘/y P
PSMB5 /AT COWBAT |7ap0
PLEKHA4 ‘ \\/ / ,/1\‘ \‘
= . L UNE 9
27 " (AN Y/ .
ESRT - 0 e/ l‘\ N s . o |TGA3
§ ' N \‘
EGFR ITGAB
ITGB1
ATP6AP2 G ITGES
BACE1.\
UBE2M LAMB1
LAMB3
STAT3@—
SODA1
¥
-
LAMCA
- ~ 4 ’ f ‘ N S LAMC2
@NTRKI "l '
LOXL2
MTOR
/ 3 W\ N N\ SERPINH1
MTNR1B 1T LN R R R R
o W / A AN N\ S TEXT4@
KIF14 / /] ! ‘ \ \ TGFB1
ITSN1 / ] \ \ COL1A1
HDAC4 / ‘ COL6A3
CTNNB1 | ERO1A
ATF2 ‘ \ \ \\ ERO1B
GRN MATN3
TRAP1 MELTF
RAD23B, PRDX4
PPIE AGR2
PPIB CALR
%SPD1 cntpg @
HSRAB ANX
@ CDK5RAP3 @
PREN [ ]
CFTR
POIAS ‘VCP SYVN GSK3B
YVN1 3 CLU
TARDBP . T . EDEM3 cuL7
PDIA4 LRRK2
extracellular BT organization . exiracellular structure organization
ACP5 ’
PLXNA1 MTOR Qroteinlfmlding
cell-substrate adhesio@
OBSL1 respanse to efidoplasmic reticulum stress'
FGD4 | regulation of apoptotic signaling pathway
BRWD1 \ ‘\‘ / protéﬁfold' g in endoplasmic reticulum
ARHG&A 4 ‘ . / regulatign of intrinsic apoptotic signaling pathway
WWOX /re@m cell morphogenesis
SOD1 active oxygenkspee‘i.es metabolic process
SLGYA3RI % p
PARL
PAK2
HNRNPK

i "l\'
e 7 <K COL1AT
SYVNT /44& ‘ Y \‘/ AN ;
- /////%’ OO
,,/;//’/////;//]//:’;” il '[)‘\‘}\\ COLBAS
PRKN ,,,/,’9//// / //;/,[[ ;’/,,“0‘%)\\\\}“\ \ \ Cromn
; — NN\
LRRK2 ’ iy \ \ \
: //‘,“( \?\\\\ N ERO1B
CDKSRAP3 / “}\\ “\%\\
RAB1A ‘\ \
PTPRO J \ , ITGAS
.G§K—SB
FLNA
(3
CTNNBT
ogpcic
MELTF
o PRDX4
TRAP
RAD238 SERPINH
PDIA
o PD'A& P4H% HSPD} CALR e
Hspag  CLU CAX

category

—— cell-substrate adhesion

— extracellular matrix organization

— extracellular structure organization

— neuron death

— protein folding

— regulation of apoptotic signaling pathway
— regulation of neuron death

—— regulation of Wnt signaling pathway

— response to endoplasmic reticulum stress
—— response to topologically incorrect protein
size

® 150

Q® s

@ o

Q =

0=

size

® 5
@ o
®

category

— cell-substrate adhesion

— extracellular matrix organization

— extracellular structure organization

— protein folding

— protein folding in endoplasmic reticulum

— reactive oxygen species metabolic process

—— regulation of apoptotic signaling pathway

—— regulation of cell morphogenesis

—— regulation of intrinsic apoptotic signaling pathway

—— response to endoplasmic reticulum stress

Biological Process

eXtrace”ular Structure Organization - .................... .......

Count

eXtraCe”ular matrix Organization _ .................... .......
: : e 150

response to endoplasmic reticulum Stress _.a ................. . . 17.5

@ 200
@ s
@ o

protein foIding _. ...........

regulation of neuron death - ...... ‘ ....... .......

neuron death _‘ ......... ....... pvalue
' ' 5e-08

requlation of Wit signaling pathway 4 o H— to08

3e-08
2e-08
1e-08

Ce”_substrate adheS|On o ‘ .................... .......

response to topologically incorrect protein 4+ . .................... .......

regulation of apoptotic signaling pathway _' .................... .......

5 9 10 1
EnrichmentScore (-log10(pvalue))

Biological Process

extracellular matrix organization .

extracellular structure organization ‘
= = = : Count

protein folding ' e 5
: . : : ® o
®

cell-substrate adhesion .

response to endoplasmic reticulum stress ‘
' ' pvalue

‘ 2.5e-08

2.0e-08

regulation of apoptotic signaling pathway

protein folding in endoplasmic reticulum . 1.5e-08

: 1.0e-08

regulation of intrinsic apoptotic signaling pathway @ 5 06_00
regulation of cell morphogenesis ‘

reactive oxygen species metabolic process ---.

5 9 10 1
EnrichmentScore (-log10(pvalue))





media/file17.jpg





