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Abstract

G protein coupled receptor (GPCR) signalling covers three major mechanisms. GPCR ago-

nist engagement allows for the G proteins to bind to the receptor leading to a classical down-

stream signalling cascade. The second mechanism is via the utilization of the ��-arrestin

signalling molecule and thirdly via transactivation dependent signalling. GPCRs can transacti-

vate protein tyrosine kinase receptors (PTKR) to activate respective downstream signalling

intermediates. In the past decade GPCR transactivation dependent signalling was expanded

to show transactivation of serine/threonine kinase receptors (S/TKR). Kinase receptor trans-

activation enormously broadens the GPCR signalling paradigm. This work utilizes next gener-

ation RNA-sequencing to study the contribution of transactivation dependent signalling to total

protease activated receptor (PAR)-1 signalling. Transactivation, assessed as gene expres-

sion, accounted for 50 percent of the total genes regulated by thrombin acting through PAR-1

in human coronary artery smooth muscle cells. GPCR transactivation of PTKRs is approxi-

mately equally important as the transactivation of the S/TKR with 209 and 177 genes regu-

lated respectively, via either signalling pathway. This work shows that genome wide studies

can provide powerful insights into GPCR mediated signalling pathways.

Introduction
G proteincoupledreceptors(GPCRs)arethemostprolific andpolyfunctionalreceptorsin
biology[1, 2]. GPCRscontrol diversephysiologicalfunctionswhichinclude,relaxationof
bloodvessels,accelerationof heartrate,transmissionof sightimpulses,biorhythmsand
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olfaction[3]. DrugstargetingGPCRsarethelargestclassof therapeuticagentsfor diseases
includingbut not limited to: cardiovasculardisease,cancer,hypertensionandasthma[4±8].
Thecurrentparadigmof GPCRsignallingcoversthreemajorpathways:firstly thewell-defined
classicsignallingpathwaywhichagonistengagementcausesG proteinbinding to thereceptor
with subsequentdownstreamsignallingleadingto functionalresponses[9±11].Secondly,the
��-arrestinscaffoldpathwaywhichleadsto theactivationof multiple downstreamsignalling
cascades[12]. Twodecadesago,theGPCRsignallingpathwayswerecomplementedby the
finding thatGPCRscouldactivateprotein tyrosinekinasereceptors(PTKRs)leadingto the
activationof thedownstreamsignallingpathways[13]. Thispathwaytermedtransactivation,is
thethird majorsignallingpathwayof GPCRwhichwasrecentlyexpandedto includeGPCR
mediatedtransactivationof serine/threoninekinasereceptors(S/TKR)[14±18].

Theactivationof PTKRsbyaGPCRimmenselyexpandstherangeof cellularfunctions
attributableto GPCRs[13,19,20].An examplefrom thevascularbiologyfield is theacuteacti-
vationof anAngiotensinII receptorin atransactivationindependentresponseleadsto avery
rapidmobilizationof intracellularcalciumionsandvascularcontraction[21] whereastransacti-
vationof PTKRsleadsto aslowvascularremodellingdueto cellproliferationandextracellular
matrix synthesis[22]. AngiotensinII transactivationgoesbeyondthevasculature,thissignalling
pathwayhasalsobeenshownto beimportant in kidney[23], heart[24,25]andcancer[26].
Theparadigmof GPCRtransactivationsignallinghasexpandedto includethetransactivation
of theS/TKRandnotablythetransforminggrowthfactor(TGF)-�� receptor(TGFBR1).The
phenomenonof transactivationdependentsignallingof thePTKRfamily includesreceptorsfor
epidermalgrowthfactor(EGF),plateletderivedgrowthfactor,insulin-like growthfactor-1and
fibroblastgrowthfactor[13,27±29].HoweverGPCRdependenttransactivationof theS/TKRis
currentlyrestrictedto theTGF-�� receptorsuperfamily[15±18,30±32].

In humanvascularsmoothmusclecells(VSMCs)themechanismsinvolvedin PAR-1medi-
atedtransactivationof thePTKR,EGFR,andtheS/TKR,TGFBR1,havebeenpartiallydefined.
PAR-1transactivationof theEGFRinvolvestheactivationof cellsurfacematrix metalloprotei-
nasesthatcleaveandreleasemembraneanchoredEGFRligands.PAR-1transactivationof the
TGFBR1ismediatedbycytoskeletalrearrangementwhichactivatesROCKsignalling,leading
to theactivationof cellsurfaceintegrins,whichbind to thelatentTGF-��complex.Thisallows
for theTGF-�� ligandto bind to its receptor.Thesetwo transactivationdependentpathwaysare
fully functionalin thecontextthat theyleadto glycosaminoglycan(GAG) enzymeexpression
[33] andGAGchainelongation[15]. Beyondthismodelof proteoglycansynthesisin VSMCs
theimportant transactivationsignallingto GPCRsignallingisunknown.

To recognizetheextentof transactivationdependentsignallingagenome-widestudycan
helpidentify somepromisingcandidatesof PAR-1transactivationof theTGFBR1or EGFR.
WholegenomeRNA sequencingallowsfor thecomprehensivestudyof themRNAsin the
sample.Thisnewplatformhasproducedhigh throughputsequencingin thestudyof various
diseases[34±38].Hannan[39] adaptedasimilarapproachto identify theunderlyingbiology
in transactivationof theEGFR.UsingafunctionalsiRNAscreenof thehumangenome,the
roleof 720kinaseswasinvestigatedin AngiotensinII mediatedtransactivationof theEGFR
[39]. Howeverin thepresentstudy,RNA sequencinganalysiswasemployedto providean
approachto examinethechangesinducedbyPAR-1transactivationdependentsignallingin
globalgeneexpressionin humancoronaryarterysmoothmusclecells(CASMCs).

Materials and methods
RNAse-FreeDNasesetandmiRNeasykit werepurchasedfrom Qiagen.Dynabeads1mRNA
DIRECT� Micro kit, Ion PI� TemplateOT2Supplies200kit v2,Ion PI� TemplateOT2
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Reagents200Kit v2,Ion PI� TemplateOT2Solutions200kit v2,Ion PI� SequencingSupplies
200,Ion PI� Sequencingreagents200,Ion PI� Sequencingsolutions200v2,Ion PI� Chip
preparationsolutionandIon Proton� Chip Adapterwherepurchasedfrom LifeTechnologies.

Cell culture
HumanCASMCS(purchasedfrom LonzaCatNo.CC-2583,Lot No.0000317155)weregrown
in DMEM (5mM glucose,10%FBSand1%antibioticsat37ÊCin 5%CO2) andwereseededin
60mm dishes.Cellsweregrownto confluencethenrenderedquiescentbyserumdeprivation
for 48hours.Inhibitors to TGFBR1(SB43154210�M) andEGFR(AG14785�M) werepre-
incubatedfor 30minsprior to treatmentwith thrombin (10units/ml) for 6hours.RNA extrac-
tion andlibrary preparationfollowedthemanufacturer'sinstructions.

Quality control and read alignment
QuadTrimwasusedfor qualitytrimming of RNA-sequencingreads.Rawreadswith Q-score
greaterthan20(>Q20) wereretainedfor further analysis.High qualityfilteredreadswere
alignedto thehumanreferencegenome(hg19)usingBowtiev2.2.4andTopHatv2.1.1[40,
41].Uniquelymappedreadswerethenusedfor countingreadsusingHTSeq[42].

Differential gene expression and functional analysis
Thegenesdifferentiallyexpressedbetweenthedifferenttreatmentswereidentifiedusing
edgeRv3.0.7[43], aBioconductorpackageof Rstatisticalenvironment[44]. Thismethoduses
aPoissondistribution to modelgenicreadcountsfollowingnormalizationbasedon sizefac-
torsandvariance,thereforethissoftwareallowsnormalizationof RNA-sequencedatabased
on sequencingdepthGCcontentandgenelengthfor analysisof differentiallyexpressedgenes.
Differentiallyexpressedgenesweredefinedwith log2FCof >0.7 or <-0.7 significantatp value
<0.01(FDR0.05).STRING(v10.0)(http://string-db.org), apublicallyavailableonlinedata-
baseof functionalinteraction[45] wasusedto identify geneontologyanalysisandnetworks,
thedifferentiallyexpressedgeneswereanalysed.TheVenndiagramsweredepictedusing
JVENNaninteractivetool to viewVenndiagramsandrespectivelists[46].

Western blotting
Totalcelllysateswereresolvedon 10%SDS-PAGEandtransferredonto PVDF.Membranes
wereblockedwith 5%bovineserumalbumin,incubatedwith ANKRD1polyclonalantibody
(ab88456)andfollowedbyHRPanti-rabbit IgGandECLdetection.

Assessing mRNA gene expression
ThemRNA levelof ANKRD1wasdeterminedbyreal-timepolymerasechainreaction
(RT-PCR).TotalRNA wasisolatedfrom treatedCASMCsusingRNeasyMini kit (Qiagen)
accordingto themanufactures'instructions.FirststrandcDNA wassynthesizedfrom 1�g
RNA usingQuantitectreversetranscriptasekit (Qiagen).QuantitativeRT-PCRwasperformed
usingQiagenRotorGeneQ andQuantiNovaSYBRGreenPCRMasterMix kit (Qiagen).
RT-PCRusedhumanspecificANKRD1primer sequences.Thedatawasnormalizedto 8Sas
thehousekeepinggene.Relativeexpressionof mRNA levelswasquantifiedusingcomparative
deltadeltaCt method.

GPCR transactivation signalling
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Results and discussion

Gene expression profiles of the treatments
A genomewideRNA-Seqsequencingstudywasconductedto determinetheportion of GPCR
signallingwhichisoccurringviatransactivationdependentsignallingin humanCASMCs(Fig1).
Theindividual treatmentgroups(Basal,Thrombin,Thrombin+AG1478,Thrombin+SB431542
or Thrombin+AG1478+SB431542)contained2±4individual samplespooledtogetherfor eachof
thegroupsto identify thedifferentiallyexpressedgenes.A totalof 3pooledsamplesfrom RNA
isolatedfrom untreatedCASMCs(Fig1A),averaged8million readsand82.7%of thetotal reads
weremappedto thehumanreferencegenome(hg19).TheRNA washarvestedfrom human
CASMCstreatedwith thrombin for 6hours(Fig1B),consistedof 4pooledsampleswith anaver-
ageof 12million reads.Thisrelativelyshortstimulationperiodwaschosento focuson primary
signallingfrom GPCRto geneexpression,to theexclusionof laterresponseswhichmaybesec-
ondaryandbeyondresponsesto theexpressionof intermediategenes.Amongthetotalnumber
of reads83.3%of thereadsweremappedto thehumanreferencegenome(hg19).Thedifferen-
tially expressedgenesregulatedviaPAR-1mediatedtransactivationof theEGFRwereobtained
whenCASMCsweretreatedwith thrombin in thepresenceof EGFRantagonist,AG1478.For

Fig 1. Summary of RNA-seque ncing data. Average mapping statistics for each of individual treatments using TopHat. RNA extraction from
human CASMCs A Untreated B treated with thrombin for 6 hours C treated with thrombin in the presence of AG1478 (5��M) D treated with
thrombin in the presence of SB431542 (10��M) E treated with thrombin in the presence of both AG1478 and SB431542.

https://doi.org/10.1371/journal.pone.0180842.g001
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this treatment,therewasatotalof 2pooledsamples(Fig1C)with anaverageof 13.5million
reads,82.3%of thesereadsweremappedto thehumanreferencegenome(hg19).To determine
thenumberof differentiallyexpressedgenesoccurringviathetransactivationof theTGFBR1,
CASMCsweretreatedwith thrombin in thepresenceof TGFBR1antagonist,SB431542.For this
treatmentgrouptherewasatotalof 4samplespooledtogether(Fig1D) with anaveragereadof
13.1million reads.Amongthetotalnumberof reads81.2%of thereadsweremappedto the
humanreferencegenome(hg19).Thetreatmentshowingthegenesregulatedviadualtransactiva-
tion dependentsignallingpathwaysweretreatedwith thrombin in thepresenceof EGFRand
TGFBR1antagonistsAG1478andSB431542,respectively(Fig1E).A totalof 3 individual samples
werepooledto giveanaverageof 10.9million reads.Amongthetotal reads82.2%of thereads
werealignedto thehumangenome(hg19).

Thesmallsamplesizein our RNA-Seqstudyisconsistentwith otherRNA-Seqsequencing
studiespublishedwhicharebasedon samplesizesof equalto or lessthan3 [35]. In human
samplesgreaterthan80%of thereadpairscanbeexpectedto bemappedto thereference
genome[47]. Consistentwith theliterature[48] theoutput from our RNA-Seqstudyshows
thatover80%of thereadsaremappedto thehumangenome.Thisanalysisvalidatesthat the
RNA usedto identify thedifferentiallyexpressedgenesareof highquality.

GPCR mediated transactivation of PTKR and S/TKR accounts for over
half of GPCR mediated signalling
To assessthecontribution of transactivationdependentsignallingto overallGPCRsignalling,
RNA sequencingwasconducted.To studytheroleof PTKR,theEGFRantagonist,AG1478,
wasusedandto studyS/TKRtransactivationtheTGFBR1antagonist,SB431542,wasutilized.
Wehavepreviouslyreportedthatat theconcentrationsusedthereisno crossoverof inhibi-
tory activityfrom eitherdrug to eitherof thetargetsamples[49]. In thepresentstudythedif-
ferentialexpressionanalysiswascarriedout usingamultiple comparisonsoftwareanalysis,
edgeR.Eachof thetreatedsampleswasinitially comparedto thebasalsample.Thesamples
treatedwith thrombin in thepresenceof thereceptorantagonistswerefurther comparedto
theCASMCstreatedwith thrombin alone.Theresultsfrom thismultiple comparisonarepre-
sentedin Fig2.

Thrombin treatmentof humanCASMCsresultedin 293differentiallyexpressedgenes
increasingin expressionascomparedto basal.A totalof 209genesweredifferentiallyregulated
whenCASMCsweretreatedwith thrombin in thepresenceof AG1478.In thepresenceof
AG1478,80of the209differentiallyexpressedgeneshadanincreasein expressionascom-
paredto thrombin treatmentalone.Theremaining129genesdifferentiallyregulatedby
AG1478hadadecreasein expressionascomparedto thrombin treatmentalone(Fig2).A
totalof 177genesaredifferentiallyexpressedwhenCASMCsaretreatedwith thrombin in the
presenceof SB431542.Theexpressionof 26genesincreasein thepresenceof SB431542as
comparedto thrombin treatmentaloneand151geneshaveadecreasein expressionin the
presenceof theantagonistascomparedto thrombin treatmentalone(Fig2).Whenthetwo
antagonistswerecombined,atotalof 212genesweredifferentiallyexpressed,theexpressionof
166geneswasdecreasedin thepresenceof dualantagonistsascomparedto thrombin andthe
expressionof 46geneswereincreasedascomparedto thrombin treatmentalone(Fig2).Thus
theseresultsshowthat transactivationdependentsignallingplaysanimportant role in GPCR
signallingwith 209genesregulatedviathetransactivationof theEGFR,177genesregulated
viathrombin transactivationof theTGFBR1and212genesregulatedviadualtransactivation
of theEGFRandTGFBR1.

GPCR transactivation signalling
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Overthepasttwo decadestherehavebeenstudiesexpandingon GPCRmediatedtransacti-
vationsignallingof PTKRspecificallytheEGFR[39,50,51].GPCRmediatedtransactivation
dependentsignallingalsospansout to includeactivationof theTGFBR1.Althoughthis latter
pathwaywasfirst identifiedadecadeago[17], therehasbeenalimited amountof studies
investigatingthis transactivationpathwayascomparedto investigationsinto thetransactiva-
tion of theEGFR.Interestingly,theresultsof thisRNA sequencingdatashowthat transactiva-
tion dependentsignallingviatheTGFBR1isequallyasimportant astransactivationof the
EGFRasthereisalargenumberof genesregulatedwhenCASMCsaretreatedwith therespec-
tivereceptorantagonistsin thepresenceof thrombin.

Of thetotalnumberof genesdifferentiallyregulatedby theindividual treatments,aVenn
diagramwascomposedto showcommonlyregulatedgenesbetweentheindividual transactiva-
tion dependentpathways(Fig3).Of the209genesdifferentiallyexpressedby thrombin transac-
tivation of theEGFR,therewere14genescommonto transactivationof TGFBR1and19genes
werefound to becommonin thrombin transactivationof theEGFRandin transactivationof
bothEGFRandTGFBR1.Thegenesdifferentiallyexpressedby thrombin transactivationof the
EGFRhave50genes,whicharenot commonwith eitherof theothertwo treatments(Fig3).

Fig 2. Numbe r of genes regulated by thromb in transact ivation of the EGFR and TGBR1 or both in vascular smooth muscle cells.
Thrombin compared to basal treatment has a total of 293 genes up regulated. Thrombin transactivation of the EGFR denoted by thrombin
in the presence of EGFR antagonist AG1478 has a total of 209 genes differentially regulated (80 up regulated and 129 down regulated).
Thrombin transactivation of TGFBR1 denoted by thrombin in the presence of TGFBR1 antagonist SB431542 has a total of 177 genes
differentially regulated (26 up regulated and 151 down regulated). Thrombin transactivation of both EGFR and TGFBR1 results in 212
genes differentially regulated (46 up regulated and 166 down regulated).

https://doi.org/10.1371/journal.pone.0180842.g002
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Thrombin transactivationof theTGFBR1resultsin 177differentiallyexpressedgenes,20of
thesegenesarein commonwith thrombin transactivationof both theEGFRandTGFBR1,and
17genesarespecificto transactivationof theTGFBR1.Thethreeindividual listsof differentially
expressedgenesfrom eachof thetransactivationpathwaysshare126geneswhicharecommon.
Thisshowsthatover60%of thedifferentiallyexpressedgenesarecommonbetweenthetransac-
tivation dependentsignallingpathways.Theseresultsindicatethatalthoughthesetwo transacti-
vationdependentpathwaysareindependentof eachotherandtheir biochemicalpathwaysare

Fig 3. Depicted is the Venn diagram showing the different ially expressed genes of each of the
treatme nts. Thrombin transactivation of the EGFR (209 genes), thrombin transactivation of the TGFBR1
(177 genes) and thrombin transactivation of both EGFR and TGFBR1 (212 genes).

https://doi.org/10.1371/journal.pone.0180842.g003
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mechanisticallydistinct,theyregulateover60%of thesamegeneswhichmayindicatethat they
maybeinvolvedin regulatingcommonbiologicalprocesses.

Thereareanumberof commondownstreamsignallingintermediateswhicharecommonto
bothEGFRandTGFBR1signalling.MAPKssuchasErk,p38andJnkareamongstthecommon
signallingintermediatesbetweenthetwo pathways.MAPKsplayarole in transmittingextracel-
lular signalsfrom cellsurfacereceptorsto intracellulartargetandareactivatedbybothTGF-��
[52±55]andEGF[56±58].Similarlyotherserine/threoninekinasessuchasPI3Kandglycogen
synthasekinase3arecommondownstreamintermediatesto both thesesignallingpathways[57,
59±63].Thuscommondownstreamsignallingintermediatesmayallowfor convergence;allow-
ing for over60%of differentiallyexpressedgenesto becommonbetweenthetwo pathways.

Thedifferentialexpressiondatawasdividedinto theup anddownregulatedgenesof each
of thetransactivationpathways.TheVenndiagramin Fig4 illustratesthat from the80genes

Fig 4. Depicted is the Venn diagram showing the genes up and down regulated by each of the
transact ivation depend ent signalling pathway s. 209 genes are differentially expressed via thrombin
transactivation of the EGFR (80 upregulated and 129 down regulated) and 177 genes are differentially
expressed via thrombin transactivation of the TGFBR1 (26 upregulated and 141 down regulated).

https://doi.org/10.1371/journal.pone.0180842.g004
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up regulatedin thrombin transactivationof EGFR,19genesarealsocommonlyup regulated
in thrombin transactivationof theTGFBR1.Thereare129genesthataredownregulatedvia
thrombin transactivationof theEGFRandof thisgenelist 108arecommonlydownregulated
in thrombin mediatedtransactivationof theTGFBR1.Interestinglythereare13geneswhich
areup regulatedin thrombin transactivationof theEGFRanddownregulatedin transactiva-
tion of theTGFBR1(Fig4).Theseresultsshowthatover80%of thegenesdownregulatedby
eitherpathwayarecommonwith only 33%of EGFRmediatedtransactivationdependentsig-
nallingto bespecificto EGFRand20%of genesspecificto TGFBR1transactivation.

Genes most up and down regulated by the individual transactivation
dependent pathways
Overall,therewere209genesdifferentiallyregulatedby thrombin transactivationof theEGFR
(Fig2).Thetop 10up regulatedgenesareinvolvedin molecularfunctionssuchascytokine
activitywhichcontrolscellgrowth,survivalanddifferentiationaswellasgeneswhichare
involvedin transcriptionfactoractivity(Table1).Thetop mostdownregulatedgenesvia
EGFRtransactivationareinvolvedin receptorproteinactivityandproteinkinasebinding
(Table1).

Therewereatotalof 177genesregulatedby thrombin transactivationof theTGFBR1
(Table2).Thetop 10mostupregulatedgenesincludegeneswhichwereassociatedwith GTP-
binding includingTUBB2A,TUBB4BandTUBA1C(Table2).Alsoincludedin thetop most
up regulatedgenesby thrombin transactivationof theTGFBR1weregenesassociatedwith
phospholipidbinding andphosphataseactivity.Themajority of thegenesdownregulatedby

Table 1. Genes most up regulated and down regulated by thrombin transact ivation of the EGFR in vascular smooth muscle cells.

Most Up regulate d

Gene ID Gene Gene Title Thr Thr+AG

ENSG00000123358 NR4A1 Nuclear receptor subfamily 4 group A member 1 14.02 19.63

ENSG00000100311 PDGFB Platelet-Derived Growth Factor Beta Polypeptide 6.74 7.05

ENSG00000109321 AREG Amphiregulin 6.87 6.92

ENSG00000115009 CCL20 Chemokine (C-C Motif) Ligand 20 4.67 6.42

ENSG00000197632 SERPINB2 Serpin Peptidase Inhibitor, Clade B (Ovalbumin), Member 2 1.34 5.01

ENSG00000136244 IL6 Interleukin 6 3.82 4.63

ENSG00000154319 FAM167A Family With Sequence Similarity 167, Member A 3.08 4.38

ENSG00000120738 EGR1 Early Growth Response 1 1.39 4.30

ENSG00000117525 F3 Coagulation Factor III (Thromboplastin, Tissue Factor) 2.27 3.83

ENSG00000168389 MFSD2A Major Facilitator Superfamily Domain Containing 2A 1.41 3.59

Most down regulate d

Gene ID Gene Gene Title Thr Thr+AG

ENSG00000127951 FGL2 Fibrinogen-Like 2 16.22 3.12

ENSG00000153234 NR4A2 Nuclear receptor subfamily 4 group A member 2 9.09 8.15

ENSG00000102760 RGCC Regulator Of Cell Cycle 8.99 4.09

ENSG00000119508 NR4A3 Nuclear receptor subfamily 4 group A member 3 8.11 4.92

ENSG00000095752 IL11 Interleukin 11 6.14 3.03

ENSG00000144063 MALL Mal, T-Cell Differentiation Protein-Like 5.81 1.16

ENSG00000162494 LRRC38 Leucine Rich Repeat Containing 38 5.48 3.87

ENSG00000078401 EDN1 Endothelin 1 5.17 1.02

ENSG00000111859 NEDD9 Neural Precursor Cell Expressed, Developmentally Down-Regulated 9 4.92 2.06

ENSG00000106278 PTPRZ1 Protein Tyrosine Phosphatase, Receptor-Type, Z Polypeptide 1 4.57 1.03

https://doi.org/10.1371/journal.pone.0180842.t001
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this transactivationdependentpathwayincludegeneswhichwereassociatedwith transcrip-
tion factoractivity(Table2).

Treatmentwith thetwo receptorantagoniststo assessthecontribution of all thetransac-
tivation dependentsignallingshowed212genesdifferentiallyexpressed.Thetop 10most
upregulatedgenesof this transactivationpathwaywereassociatedwith transcriptionfactor
activity,cytokineactivityandreceptorbinding activity(Table3).Fromthelist of differen-
tially expressedgenesoccurringviathetransactivationof both receptorsthemostdownreg-
ulatedgenesareassociatedwith receptorproteinandcytokineactivity.

Interestinglymanyof thetop 10up anddownregulatedgenesarecommonbetweenthe
threetreatments.Amongstthetop 10mostup regulatedgenesin thrombin transactivationof
theEGFR(Table1) andviadualtransactivationdependentpathwaysareNR4A1,CCL20and
IL6 (Table3).Thesegenesareinvolvedin regulatingtranscriptionfactor,cytokineandgrowth
factoractivity.TheSERPINB2andtheEGR1arecommonin thetop up regulatedgenesin
thrombin transactivationof EGFR(Table1) andTGFBR1(Table2). Interestinglyalthough
thesetwo genesarein thetop upregulatedgenesof eachof thetransactivationdependentpath-
wayswhenthetwo receptorantagonistswereusedtogetherthesegenesdid not appearto bein
thetop 10mostupregulatedgenes.

In thetop mostdownregulatedgenesof eachof thetreatmentsthereweremorethan70%
commonlyexpressedgenes.Thetop 10mostdownregulatedgenesdependenton transactiva-
tion of theEGFR,TGFBR1or bothpathwayshaveFGL2,PGCC,IL11,MALL, LRRc38and
EDN1commonbetweenthethreeconditions(Tables1±3).Thesegenesarecommonlyassoci-
atedwith cytokineactivityandreceptorbinding.TheNR4A2andNR4A3genesarecommon

Table 2. Genes most up regulated and down regulated by thrombin transact ivation of the TGFBR1 in vascular smooth muscle cells.

Most Up regulated

Gene ID Gene Gene Title Thr Thr+SB

ENSG00000171246 NPTX1 Neuronal Pentraxin I 1.62 6.26

ENSG00000197632 SERPINB2 Serpin Peptidase Inhibitor, Clade B (Ovalbumin), Member 2 1.34 4.68

ENSG00000120738 EGR1 Early Growth Response 1 1.39 4.55

ENSG00000168389 MFSD2A Major Facilitator Superfamily Domain Containing 2A 1.41 3.28

ENSG00000137267 TUBB2A Tubulin, Beta 2A Class Iia 2.38 3.16

ENSG00000138166 DUSP5 Dual Specificity Phosphatase 5 1.46 3.12

ENSG00000188229 TUBB4B Tubulin, Beta 4B Class Ivb 1.67 2.90

ENSG00000167553 TUBA1C Tubulin, Alpha 1c 1.99 2.85

ENSG00000173641 HSPB7 Heat Shock 27kDa Protein Family, Member 7 (Cardiovascular) 1.45 2.66

ENSG00000128228 SDF2L1 Stromal Cell-Derived Factor 2-Like 1 1.41 2.61

Most down regulated

Gene ID Gene Gene Title Thr Thr+SB

ENSG00000127951 FGL2 Fibrinogen-Like 2 16.26 4.43

ENSG00000123358 NR4A1 Nuclear receptor subfamily 4 group A member 1 14.07 10.21

ENSG00000153234 NR4A2 Nuclear receptor subfamily 4 group A member 2 9.11 3.93

ENSG00000102760 RGCC Regulator Of Cell Cycle 9.00 2.59

ENSG00000119508 NR4A3 Nuclear receptor subfamily 4 group A member 3 8.12 3.24

ENSG00000100311 PDGFB Platelet-Derived Growth Factor Beta Polypeptide 6.76 1.31

ENSG00000095752 IL11 Interleukin 11 6.16 0.84

ENSG00000144063 MALL Mal, T-Cell Differentiation Protein-Like 5.81 1.84

ENSG00000162494 LRRC38 Leucine Rich Repeat Containing 38 5.50 2.46

ENSG00000078401 EDN1 Endothelin 1 5.18 0.46

https://doi.org/10.1371/journal.pone.0180842.t002
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in thetop 10mostdownregulatedgenesin thrombin transactivationof TGFBR1(Table2)
andtransactivationof theEGFR(Table1), interestinglywhenthetwo receptorantagonists
wereappliedtogether(Table3) thesetwo genesareamongstthetop mostup regulatedgenes.
TheNR4A1genefound in themostup regulatedgenesin thrombin transactivationof the
EGFR(Table1) anddualtransactivation(Table3) isamongstthetop mostdownregulated
geneviathrombin transactivationof theTGFBR1(Table1).Similarly,thePDGFBandthe
AREGgenesassociatedwith proteinheterodimerizationandEGFRbinding,respectivelywere
found in thetop 10mostdownregulatedgenesin thedualtransactivationdependentsignal-
ling (Table3) andin thetop 10mostup regulatedgenesin thrombin transactivationof the
EGFRalone(Table1).Theseresultsshowthatwhilegenesmaybeup/downregulatedwhen
thedualtransactivationpathwaysareactivated,thegenesmayactopposingin thepresenceof
asinglereceptorantagonistthusshowingthecomplexnatureof transactivationdependent
signalling.

In ovariancancercellstheET-1receptortransactivatestheEGFR[64,65]andthevascular
endothelialgrowthfactorreceptor[66] leadingto theexpressionof EDN1.Theexpressionof
EDN1hasalsobeenshownto beinvolvedin colonandprostatecancercelllines[67,68].
EDN1isoneof themostdownregulatedgenesin thrombin mediatedtransactivationof the
TGFBR1(Table2) andishighlydownregulatedin thepresenceof receptorantagoniststo
both transactivationreceptorpathways(Table3).Theroleof EDN1in GPCRmediatedtrans-
activationof S/TKRisunknownhoweverEDN1hasabinding sitefor TGF-��activatedSmad
transcriptionfactor[69]. In palatedevelopmentTGF-�� treatmentincreasedtheexpressionof
EDN1[70], thusconsistentwith our resultswhichshowthat thrombin cantransactivatethe

Table 3. Genes most up regulated and down regulated by thrombin transact ivation of the TGFBR1 and EGFR in vascular smooth muscle cells.

Most Up regulate d

Gene ID Gene Gene Title Thr Thr+AG+S B

ENSG00000123358 NR4A1 Nuclear receptor subfamily 4 group A member 1 14.05 16.91

ENSG00000153234 NR4A2 Nuclear receptor subfamily 4 group A member 2 9.10 20.95

ENSG00000119508 NR4A3 Nuclear receptor subfamily 4 group A member 3 8.12 7.14

ENSG00000115009 CCL20 Chemokine (C-C Motif) Ligand 20 4.69 6.88

ENSG00000136244 IL6 Interleukin 6 3.83 4.50

ENSG00000073756 PTGS2 Prostaglandin-Endoperoxide Synthase 2 3.33 3.81

ENSG00000146374 RSPO3 R-Spondin 3 2.50 2.74

ENSG00000115008 IL1A Interleukin 1, Alpha 2.45 2.73

ENSG00000143878 RHOB Ras Homolog Family Member B 2.42 2.70

ENSG00000088826 SMOX Spermine Oxidase 2.14 2.21

Most down regulate d

Gene ID Gene Gene Title Thr Thr+AG+S B

ENSG00000127951 FGL2 Fibrinogen-Like 2 16.26 4.14

ENSG00000102760 RGCC Regulator Of Cell Cycle 9.00 3.48

ENSG00000109321 AREG Amphiregulin 6.89 3.93

ENSG00000100311 PDGFB Platelet-Derived Growth Factor Beta Polypeptide 6.75 2.82

ENSG00000095752 IL11 Interleukin 11 6.16 1.51

ENSG00000144063 MALL Mal, T-Cell Differentiation Protein-Like 5.81 1.65

ENSG00000162494 LRRC38 Leucine Rich Repeat Containing 38 5.51 1.56

ENSG00000078401 EDN1 Endothelin 1 5.19 0.55

ENSG00000111859 NEDD9 Neural Precursor Cell Expressed, Developmentally Down-Regulated 9 4.93 1.61

ENSG00000106278 PTPRZ1 Protein Tyrosine Phosphatase, Receptor-Type, Z Polypeptide 1 4.59 1.23

https://doi.org/10.1371/journal.pone.0180842.t003
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TGFBR1which is involvedin theregulationof EDN1.Thusshowingthat thrombin transacti-
vationof theTGFBR1andEGFRhasthepotentialto beinvolvedin growthrelateddiseases
suchascancerandpalatedevelopment.

Biological processes regulated by the transactivation dependent
pathways
In orderto examinethebiologicalprocessesinfluencedbyeachof thetransactivationpath-
ways,genesdifferentiallyexpressedby thedifferenttreatmentsweresubjectedto functional
enrichmentanalysisbasedon their geneontology(GO) annotations.Fromthe209differen-
tially expressedandregulatedgenesby thrombin transactivationof theEGFR,therewas512
GOtermswith afalsediscoveryrate(FDR)valueof lessthan0.05.Thetop 50biologicalterms
occurringviathrombin transactivationof theEGFRarelistedin Table4.Therewasatotalof
177genesdifferentiallyregulatedby thrombin transactivationof theTGFBR1,from thisgene
list 428GOtermswith anFDRvalueof lessthan0.05.Thetop 50biologicaltermsfrom the
428genesassociatedwith thrombin transactivationof theTGFBR1listedin Table5.Treat-
mentwith two receptorantagoniststo accountfor all thetransactivationdependentsignalling
resultedin 212differentiallyexpressedgenes.Fromthis list of genes440termswereenriched
bydualtransactivationdependentsignalling.Thetop 50GOtermsrespectiveto thissignalling
cascadearelistedin Table6.

Fromthelistsof thetop 50processesmostsignificantlyenrichedby transactivationdepen-
dentsignalling,28termswerefound to becommonbetweenthethreelists(Tables4±6).Many
of theseGOtermsareassociatedwith regulationof cellactivityaswellastermswhichareasso-
ciatedwith vasculardevelopment.This includesdevelopmentof thecardiovascularsystem,cir-
culatorysystem,vasculatureandbloodvessel.Fromthelist of 50termsassociatedwith dual
transactivationdependentsignalling(Table6), fiveenrichedtermswerecommonto thrombin
transactivationof theTGFBR1(Table5).Thecommontermsincludebiologicalprocesses
whichareinvolvedin cellgrowth,celldeathandtissuedevelopment.Similarlytherewerefive
GOtermswhichwerecommonto dualtransactivationdependentsignalling(Table6) and
thrombin transactivationof theEGFR(Table4).Termscommonto thesetwo listsincludebio-
logicalprocessesassociatedwith theregulationof angiogenesis,vasculaturedevelopmentand
bloodvesselmorphogenesisaswellastermsinvolvedin cellularactivity.Whencomparingthe
termsregulatedby transactivationof theTGFBR1(Table5) andtheEGFR(Table4) thereare
5GOtermswhicharecommonto thesetwo pathwayswhichwerenot found in thetop 50list
of termsviadualtransactivation(Table6).These5 termsareassociatedwith regulationof met-
abolicprocessesandsignaltransduction.Furthermore,networkanalysiswasconductedusing
StringDB,Figs5±7showthenetworksoverrepresentedin thegenelist of therespectivetrans-
activationdependentpathways.

Theresultsaboveshowthat thrombin transactivationof theEGFR,TGFBR1or both recep-
tors is involvedin regulatingalargenumberof biologicalprocesses512,428and440terms,
respectively.With thetwo transactivationdependentpathwaysbeingmechanisticallydistinct
[15], theresultsof theseexperimentsshowthatover55%of thetop 50termsregulatedare
commonbetweenthethreetreatments.Over60%of thedifferentiallyexpressedgenes
describedearlierwerecommonto both thrombin mediatedtransactivationof theTGFBR1
andtransactivationof theEGFR.Thecommondifferentiallyexpressedgenesresultedin over
55%biologicalterms,whicharecommonbetweenboth transactivationpathways.Thecom-
monalitybetweenthetwo individual pathwaysisduetheEGFRpathwaysharingcommon
downstreamsignallingintermediateswith theTGFBR1downstreampathway.Serine/threo-
ninekinasessuchasMAPKs[52±55]areoneof manycommondownstreamintermediatesto
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Table 4. The top 50 gene ontology terms in the analysis of genes expressed in thromb in transact ivation of the EGFR.

GO ID GO Term Count FDR

GO.0051272 positive regulation of cellular component movement 24 3.87E-10

GO.0070887 cellular response to chemical stimulus 57 4.94E-10

GO.0071310 cellular response to organic substance 51 4.94E-10

GO.1901342 regulation of vasculature development 19 4.94E-10

GO.2000147 positive regulation of cell motility 23 4.94E-10

GO.0051094 positive regulation of developmental process 38 1.15E-09

GO.0030335 positive regulation of cell migration 22 1.51E-09

GO.0045765 regulation of angiogenesis 17 6.90E-09

GO.2000145 regulation of cell motility 28 7.31E-09

GO.0030334 regulation of cell migration 27 8.80E-09

GO.1904018 positive regulation of vasculature development 14 8.80E-09

GO.0009653 anatomical structure morphogenesis 51 1.09E-08

GO.0051270 regulation of cellular component movement 29 1.32E-08

GO.0051239 regulation of multicellular organismal process 54 1.85E-08

GO.0042981 regulation of apoptotic process 40 1.89E-08

GO.0043067 regulation of programmed cell death 40 2.16E-08

GO.0001568 blood vessel development 23 2.38E-08

GO.0050793 regulation of developmental process 50 2.41E-08

GO.0022603 regulation of anatomical structure morphogenesis 31 2.59E-08

GO.0042127 regulation of cell proliferation 41 2.59E-08

GO.0001944 vasculature development 23 5.07E-08

GO.0072358 cardiovascular system development 29 7.69E-08

GO.0072359 circulatory system development 29 7.69E-08

GO.0040012 regulation of locomotion 27 9.01E-08

GO.0051240 positive regulation of multicellular organismal process 38 9.01E-08

GO.0010033 response to organic substance 53 1.83E-07

GO.0048514 blood vessel morphogenesis 20 1.88E-07

GO.0051726 regulation of cell cycle 31 1.93E-07

GO.0042221 response to chemical 68 2.21E-07

GO.0048468 cell development 41 2.60E-07

GO.0045766 positive regulation of angiogenesis 12 2.79E-07

GO.0048583 regulation of response to stimulus 63 2.79E-07

GO.0014070 response to organic cyclic compound 28 2.83E-07

GO.0008284 positive regulation of cell proliferation 28 2.92E-07

GO.0071407 cellular response to organic cyclic compound 19 3.23E-07

GO.0071840 cellular component organization or biogenesis 79 5.43E-07

GO.0010941 regulation of cell death 38 7.50E-07

GO.0032879 regulation of localization 49 7.79E-07

GO.0001525 angiogenesis 17 1.04E-06

GO.0051128 regulation of cellular component organization 47 1.04E-06

GO.0009966 regulation of signal transduction 50 1.23E-06

GO.0006928 movement of cell or subcellular component 35 1.73E-06

GO.2000026 regulation of multicellular organismal development 38 1.86E-06

GO.0043065 positive regulation of apoptotic process 22 2.16E-06

GO.0065009 regulation of molecular function 53 2.16E-06

GO.0071495 cellular response to endogenous stimulus 30 2.37E-06

GO.0019220 regulation of phosphate metabolic process 37 3.60E-06

(Continued)
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both thetransactivationdependentpathwaysandmayplayarole in theconvergenceof the
two signallingpathwaysto regulatethesamebiologicalprocesses.

Our labhasfocusedon GAGelongationbecauseof its associationwith atherosclerosisbut
alsobecausesignallingpathwaysfor GAGelongationaredistinct from their signallingcom-
mon responsessuchasproteinsignallingandcellproliferation[14±16,71].Nevertheless
GAGelongationhasalsobeenanexcellentresponseto characterisetransactivationdependent
signallingandin thatcontextour work hasshownhowtransactivationdependentsignalling
makesamajorcontribution to PAR-1signalling.

Transactivation dependent signalling is associated with genes regulating
vasculature development
To assesstheprocessesinfluencedby transactivationdependentsignalling,thedifferentially
expressedgenesweresubjectedto functionalenrichmentanalysisbasedon their GOannota-
tions.Thebiologicalprocessesmostcommonlyenrichedby thethreetreatmentswerelinked
with vasculardevelopment(GO.0072358Table7).Therewere29genesassociatedwith cardio-
vascularsystemdevelopmentin thrombin transactivationof theEGFR(Table4);28genesin
thrombin transactivationof theTGFBR1(Table5) and31genesin thrombin transactivation
of both theTGFBR1andEGFR(Table6).All thegeneswereup regulatedby thrombin when
comparedto basalanddownregulatedin thepresenceof AG1478with theexceptionof EGR1,
HES1,NR4A1,PDGFB,RHOB,SPHK1andTIPARP(Table7). In thepresenceof thrombin
andTGFBR1antagonist,SB431542,mostof thegenesassociatedwith cardiovascularsystem
developmentweredownregulatedwith theexceptionof EGR1andTIPARP(Table7).When
lookingatdualtransactivationdependentsignallingassociatedwith cardiovascularsystem
developmentall genesapartfrom EGR1,HES1ID1, KLFS,NR4A1,PTGS2andRHOBwere
downregulatedascomparedto thrombin stimulationalone(Table7).

TheEGR1(earlygrowthresponse1) geneassociatedwith cardiovascularsystemdevelop-
mentwasregulatedby thethreetreatmentswhencomparedto thrombin (Table7).EGR1is
involvedin thedevelopmentof atheroscleroticlesionsandhasbeenshownto playarole in
regulatingneointimalthickeningin responseto vascularinjury [72±75].Thrombin mediated
GAGchainelongationevaluatedby themRNA expressionof CHST11andCHSY1wasinhib-
ited in thepresenceof antagoniststo theEGFRandTGFBR1[33]. HowevertheRNA-Sequen-
cingresultsshowthatwith treatmentof thereceptorantagonistsin thepresenceof the
thrombin thereisanincreasein theexpressionof theEGR1gene,thismaybedueto earlier
work lookingat thepre-inflammatoryphaseof atherosclerosis.TheEGR1geneiscommonly
involvedin theneointimalthickeningwhichis in theinflammatoryphaseof atherogenesis.

TheANKRD1(Ankyrin RepeatDomain1) genebelongsto theconservedmuscleAnkyrin
repeatfamilyandis inducedin responseto inflammation,injury andresponseto cellstress
[76,77].TheANKRD1geneisamongstthedifferentiallyexpressedgenesassociatedwith vas-
culardevelopment.TheANKRD1genewasinvolvedin thetransactivationof theEGFRand
theTGFBR1(Table7).ANKRD1isdirectlymediatedviaTGF-��mediatedsignallingasthe
ANKRD1promotor regioncontainsaSmadbinding motif [78,79].TheANKRD1geneis

Table 4. (Continued)

GO ID GO Term Count FDR

GO.0009605 response to external stimulus 42 3.92E-06

GO.0048519 negative regulation of biological process 70 4.03E-06

GO.1902531 regulation of intracellular signal transduction 35 4.43E-06

https://doi.org/10.1371/journal.pone.0180842.t004
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Table 5. The top 50 gene ontology terms in the analysis of genes expressed in thromb in transact ivation of the TGFBR1.

GO ID GO Term Count FDR

GO.0051094 positive regulation of developmental process 34 1.63E-08

GO.0009653 anatomical structure morphogenesis 46 1.66E-08

GO.0030334 regulation of cell migration 25 1.66E-08

GO.0070887 cellular response to chemical stimulus 48 1.66E-08

GO.0071310 cellular response to organic substance 43 1.66E-08

GO.0072358 cardiovascular system development 28 1.66E-08

GO.0072359 circulatory system development 28 1.66E-08

GO.0019220 regulation of phosphate metabolic process 37 8.63E-08

GO.0031399 regulation of protein modification process 38 8.63E-08

GO.0051239 regulation of multicellular organismal process 47 9.10E-08

GO.0048468 cell development 38 1.03E-07

GO.1902531 regulation of intracellular signal transduction 35 1.04E-07

GO.0030335 positive regulation of cell migration 18 1.35E-07

GO.0051270 regulation of cellular component movement 25 1.42E-07

GO.0048519 negative regulation of biological process 65 2.26E-07

GO.0042981 regulation of apoptotic process 34 2.67E-07

GO.0040012 regulation of locomotion 24 2.81E-07

GO.0043067 regulation of programmed cell death 34 2.81E-07

GO.0009888 tissue development 36 3.06E-07

GO.0030154 cell differentiation 53 4.72E-07

GO.0051240 positive regulation of multicellular organismal process 33 4.72E-07

GO.0050793 regulation of developmental process 42 4.79E-07

GO.1901342 regulation of vasculature development 14 5.83E-07

GO.0007507 heart development 19 7.20E-07

GO.0045597 positive regulation of cell differentiation 25 7.20E-07

GO.0009966 regulation of signal transduction 45 7.39E-07

GO.0009892 negative regulation of metabolic process 46 8.03E-07

GO.0065009 regulation of molecular function 48 8.03E-07

GO.0042221 response to chemical 58 1.34E-06

GO.0042325 regulation of phosphorylation 31 1.34E-06

GO.0048583 regulation of response to stimulus 54 1.34E-06

GO.0010033 response to organic substance 45 1.48E-06

GO.0044057 regulation of system process 18 1.60E-06

GO.0051128 regulation of cellular component organization 41 2.63E-06

GO.0051726 regulation of cell cycle 26 3.13E-06

GO.0016477 cell migration 23 3.49E-06

GO.0001932 regulation of protein phosphorylation 29 3.61E-06

GO.0045937 positive regulation of phosphate metabolic process 26 3.67E-06

GO.0001568 blood vessel development 18 3.71E-06

GO.0048869 cellular developmental process 52 4.09E-06

GO.0050790 regulation of catalytic activity 41 4.57E-06

GO.0071407 cellular response to organic cyclic compound 16 4.58E-06

GO.2000026 regulation of multicellular organismal development 33 5.80E-06

GO.0048523 negative regulation of cellular process 58 5.83E-06

GO.0051246 regulation of protein metabolic process 43 6.58E-06

GO.0001944 vasculature development 18 6.70E-06

GO.0042127 regulation of cell proliferation 32 7.24E-06

(Continued)
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associatedwith theactincytoskeletonsignallingnetwork[80], in our modelthrombin medi-
atedtransactivationof theTGFBR1activatesRho/ROCKsignallingviacytoskeletalrearrange-
mentleadingto theactivationof cellsurfaceintegrins[15]. Thusdemonstratingapotential
signallingpathwayfor theactivationof theANKRD1geneviathrombin transactivationof the
TGFBR1.Theroleof ANKRD1downstreamof theEGFRin unknown,howeverANKRD1is
inducedbystressactivatedkinases[81±83]hencewespeculatethat thrombin mediatedtrans-
activationof theEGFRinducestheexpressionof ANKRD1viatheactivationof downstream
stressactivatedMAPKs(Erk,p38andJnk).MAPK mediatedSmad2linker regionphosphory-
lation correlateswith proteoglycansynthesisandGAGchainelongation[84,85].In VSMCs
thrombin mediatedtransactivationof theEGFRandTGFBR1resultin thephosphorylationof
transcriptionfactorSmad2in thelinker region.ThusGPCRmediatedexpressionof ANKRD1
maysignalviaSmad2linker regiondependentpathways.

To validatethedatafrom theRNA-Seqexperimentsweinvestigatedthrombin mediated
mRNA andproteinexpressionof ANKRD1.Thrombin treatedCASMCsleadto a1.5-fold
increasein ANKRD1mRNA expression(Fig8A). In thepresenceof TGFBR1antagonist,
SB431542andEGFRantagonist,AG1478individually andtogethertheycompletelyabolished
thrombin mediatedmRNA expressionof ANKRD1(Fig8A).Theproteinexpressionfollowsa
similarpattern,treatmentwith thrombin increasedANKDR1protein levelsto 1.5-fold(Fig
8B)in thepresenceof thetwo receptorantagoniststhrombin mediatedANKDR1protein
expressioniscompletelyinhibited.Thustheseresultsvalidatethegenesthatweremodulated
in thisRNA-Seqscreen.

Conclusions
GPCRsareoneof themostsuccessfulclassof drug targetson thehumangenomefor thetreat-
mentof avarietyof diseases[86,87].Hencetheroleof GPCRsignallingisof greatinterestto
medicalresearch.GPCRssignalin threemainmechanisms,whichincludessignallingviaG
proteinsto secondarymessengerintermediatesandviautilization of thesignallingpathway
andviatheutilization of a��-arrestinmoleculebothwhichhavebeenextensivelyreviewed[19,
88].Thethird GPCRsignallingpathwayisviatransactivationof PTKRandviatransactivation
of S/TKR.WesubsequentlydescribedS/TKRtransactivationbut againthecontribution to
overallGPCRsignallingwasunknown.Hencein thispresentstudy,theaimwasto determine
thecontribution of dualtransactivationof GPCRmediatedsignallingbyutilizing RNA
sequencingto facilitatetheidentificationof thegenesregulatedby thesetwo transactivation
pathways.Usingthisapproach,wehaveuncoveredthat thrombin mediatedsignallingresults
in 293differentiallyexpressedgenesof thesegenesapproximately50%of thesignallingis
occurringviatransactivationdependentsignalling.Usingthisapproachwehavealsouncov-
eredthat transactivationof theTGFBR1isasequallyimportant asthetransactivationof the
EGFRnoting that theTGFBR1transactivationpathwayhasnot yetbeenasextensively
researched.

Hannanetal.[39] usedasiRNAapproachstudied720kinasegenesassociatedwith Angio-
tensinII transactivationof theEGFR.Knockdownof 3genes,TRIO,BMX andCHKA

Table 5. (Continued)

GO ID GO Term Count FDR

GO.0010941 regulation of cell death 32 7.49E-06

GO.0014070 response to organic cyclic compound 23 7.63E-06

GO.0006928 movement of cell or subcellular component 30 8.32E-06

https://doi.org/10.1371/journal.pone.0180842.t005

GPCR transactivation signalling

PLOS ONE | https://doi.org/10.1371/journal.pone.0180842 July 18, 2017 16 / 28

https://doi.org/10.1371/journal.pone.0180842.t005
https://doi.org/10.1371/journal.pone.0180842


Table 6. The top 50 gene ontology terms in the analysis of genes expressed in thromb in transact ivation of both the EGFR and TGFBR1.

GO ID GO Term Count FDR

GO.0070887 cellular response to chemical stimulus 63 1.11E-12

GO.0071310 cellular response to organic substance 56 1.11E-12

GO.0051094 positive regulation of developmental process 39 9.25E-10

GO.0010033 response to organic substance 58 4.30E-09

GO.0030334 regulation of cell migration 28 4.30E-09

GO.0042221 response to chemical 74 4.30E-09

GO.0048468 cell development 45 1.04E-08

GO.0072358 cardiovascular system development 31 1.08E-08

GO.0072359 circulatory system development 31 1.08E-08

GO.0051240 positive regulation of multicellular organismal process 40 2.15E-08

GO.0042981 regulation of apoptotic process 40 4.01E-08

GO.0051239 regulation of multicellular organismal process 54 4.01E-08

GO.0043067 regulation of programmed cell death 40 4.27E-08

GO.0050793 regulation of developmental process 50 5.47E-08

GO.0030335 positive regulation of cell migration 20 6.37E-08

GO.0051270 regulation of cellular component movement 28 8.18E-08

GO.0071407 cellular response to organic cyclic compound 20 1.08E-07

GO.0071495 cellular response to endogenous stimulus 33 1.14E-07

GO.1901342 regulation of vasculature development 16 1.21E-07

GO.0009653 anatomical structure morphogenesis 49 1.22E-07

GO.0014070 response to organic cyclic compound 29 1.22E-07

GO.0040012 regulation of locomotion 27 1.27E-07

GO.0001568 blood vessel development 22 1.37E-07

GO.0051726 regulation of cell cycle 31 2.93E-07

GO.0048519 negative regulation of biological process 74 3.54E-07

GO.0010941 regulation of cell death 39 4.20E-07

GO.0045597 positive regulation of cell differentiation 28 5.27E-07

GO.0048522 positive regulation of cellular process 74 1.00E-06

GO.0048518 positive regulation of biological process 81 1.01E-06

GO.0042127 regulation of cell proliferation 38 1.22E-06

GO.0051716 cellular response to stimulus 90 1.38E-06

GO.0001944 vasculature development 21 1.41E-06

GO.0060548 negative regulation of cell death 29 1.41E-06

GO.0051241 negative regulation of multicellular organismal process 30 1.45E-06

GO.1901698 response to nitrogen compound 28 1.95E-06

GO.0045765 regulation of angiogenesis 14 1.97E-06

GO.0009892 negative regulation of metabolic process 51 2.92E-06

GO.0048583 regulation of response to stimulus 61 3.06E-06

GO.0032879 regulation of localization 48 3.55E-06

GO.0009888 tissue development 38 3.89E-06

GO.0009890 negative regulation of biosynthetic process 36 4.25E-06

GO.0033993 response to lipid 26 4.25E-06

GO.0043069 negative regulation of programmed cell death 27 4.39E-06

GO.0051128 regulation of cellular component organization 46 4.39E-06

GO.0010629 negative regulation of gene expression 36 4.58E-06

GO.0044057 regulation of system process 19 4.88E-06

GO.0048514 blood vessel morphogenesis 18 5.31E-06

GO.0022603 regulation of anatomical structure morphogenesis 27 5.70E-06

GO.1904018 positive regulation of vasculature development 11 5.71E-06

GO.0010632 regulation of epithelial cell migration 12 5.80E-06

https://doi.org/10.1371/journal.pone.0180842.t006
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revealedthat their activityis requiredfor AngiotensinII mediatedtransactivationof theEGFR
in humanmammaryepithelialcells[39]. ThisRNA-Seqsequencingstudyweexploredall the

Fig 5. This network represents the different ially expressed genes regula ted in thrombin transactivatio n of the EGFR. The functions of this network
include biological processes, molecular functions and cellular component. The color of the nodes indicates the query protein and its first shell of interactions.
Protein nodes which are enlarged indicates the availability of 3D protein structure information. The colored lines between the nodes indicated the query
protein-protein interactions. The known interactions is a light blue (from curated database) or pink (experimentally determined) lines between the proteins.
The predicted interactions use green (gene neighborhood), red (gene fusion) and dark blue (gene co-occurrence) lines. The yellow represents text mining,
the black represent co-expression and the purple lines represent protein homology.

https://doi.org/10.1371/journal.pone.0180842.g005
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genesthatwereinvolvedin GPCRmediatedtransactivationof theEGFRandTGFBR1in
humanVSMCs.Althoughthetwo transactivationsignallingpathwayshavebeenreportedas
to bemechanisticallydistinct [14,15] thisstudyshowsthat thesetwo pathwayssharein over
65%of thedifferentiallyexpressedgenes.Thetransactivationdependentsignallingpathways
sharedin over55%of its top 50enrichedterms,with amajority of theseGOtermsassociated
with cardiovascularsystemdevelopment.

Thetwo transactivationdependentsignallingpathwayssharein over65%of commondif-
ferentiallyexpressedgenes.Themostregulatedgenesof thesetransactivationmediated

Fig 6. This network represents the different ially expressed genes regula ted in thrombin transactivatio n of the TGFBR1. The functions of this
network include biological processes, molecular functions and cellular component. The color of the nodes indicates the query protein and its first shell of
interactions. Protein nodes which are enlarged indicates the availability of 3D protein structure information. The colored lines between the nodes indicated
the query protein-protein interactions. The known interactions is a light blue (from curated database) or pink (experimentally determined) lines between the
proteins. The predicted interactions use green (gene neighborhood), red (gene fusion) and dark blue (gene co-occurrence) lines. The yellow represents text
mining, the black represent co-expression and the purple lines represent protein homology.

https://doi.org/10.1371/journal.pone.0180842.g006
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pathwaysareinvolvedin molecularfunctionssuchascytokineactivitywhichcontrolscell
growthsurvivalanddifferentiation.Cytokineactivityis involvedin differentaspectsof cancer,
development,treatmentandprognosis[89±91].TheEGFR[92±94]andtheTGFBR1[95±97]
signallingpathwaysaloneplayarole in cancerdevelopment.BoththeEGFRandTGFBR1sig-
nallingpathwaysshareacommontranscriptionfactor,Smad2linker region.TheSmad2linker
regionplaysarole in cancerdevelopment[98±100].TheSmad2linker regionisalsoassociated
with otherpathophysiologicalconditionswhichincludebut arenot limited to proteoglycan

Fig 7. This network represents the different ially expressed genes regula ted in thrombin transactivatio n of both the EGFR and TGFBR1. The
functions of this network include biological processes, molecular functions and cellular component. The color of the nodes indicates the query protein and its
first shell of interactions. Protein nodes which are enlarged indicates the availability of 3D protein structure information. The colored lines between the nodes
indicated the query protein-protein interactions. The known interactions is a light blue (from curated database) or pink (experimentally determined) lines
between the proteins. The predicted interactions use green (gene neighborhood), red (gene fusion) and dark blue (gene co-occurrence) lines. The yellow
represents text mining, the black represent co-expression and the purple lines represent protein homology.

https://doi.org/10.1371/journal.pone.0180842.g007
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synthesisandGAGchainelongationassociatedwith atherosclerosisdevelopment[84,85].
Thusshowingthat thelinker regionof theSmad2maybeatranscriptionfactorof interestfor
to studydifferentbiologicalprocessoccurringviathrombin mediatedtransactivationof both
theEGFRandTGFBR1.

In summary,bygeneratingandutilizing high throughputRNA-Seqdata,wehaveidentified
thatGPCRsignallingviatransactivationof eitherof theEGFRor TGFBR1accountfor 50%of
GPCRsignalling.Wehaveidentifiedthat thesetwo pathwayssharein regulationof over65%
of genesof whichamajority areinvolvedin thedevelopmentof thevasculature.Thiswork
providestheplatformfor investigatingthemolecularbasisfor transactivationdependentsig-
nallingandprovidesproof thatgenomewidestudiescanofferpowerfulinsightsinto this
process.

Table 7. List of genes and respectiv e fold change of expression associated with gene ontology term cardiovascu lar developme nt. The differentially
expressed genes with no fold change presented in the table did not reach the statistical significance cut off (P��0.01 and Log2FC�!0.7)

Gene ID Gene Name Thr Thr+AG Thr+SB Thr+SB+A G

ENSG00000148677 ANKRD1 3.514 0.612 0.962 0.352

ENSG00000183337 BCOR 1.646 0.533 0.543

ENSG00000118523 CTGF 2.662 1.251 0.901 0.933

ENSG00000142871 CYR61 2.631 2.133 2.298 2.024

ENSG00000164741 DLC1 1.755 0.731 0.901

ENSG00000078401 EDN1 5.188 1.013 0.458 0.547

ENSG00000120738 EGR1 1.394 4.249 4.505 3.684

ENSG00000196159 FAT4 1.292 0.601

ENSG00000176692 FOXC2 1.671 0.694

ENSG00000170961 HAS2 2.047 0.544 0.293

ENSG00000114315 HES1 3.058 3.152 1.154 3.115

ENSG00000100644 HIF1A 1.471 0.639 0.627

ENSG00000125968 ID1 4.482 0.626 0.775 0.194

ENSG00000115738 ID2 1.302 0.544 0.337

ENSG00000117318 ID3 3.315 1.153 0.814 0.549

ENSG00000121361 KCNJ8 2.129 0.706 0.894 0.637

ENSG00000102554 KLF5 2.679 1.933 2.141 2.690

ENSG00000085276 MECOM 1.673 0.437 0.488 0.486

ENSG00000164134 NAA15 1.639 0.793 0.804

ENSG00000162614 NEXN 1.815 0.821 0.876 0.886

ENSG00000086991 NOX4 2.015 0.566 0.347 0.423

ENSG00000123358 NR4A1 14.061 19.477 10.102 16.838

ENSG00000180914 OXTR 2.303 0.854 0.616 0.746

ENSG00000138650 PCDH10 1.322 0.667 0.613 0.581

ENSG00000100311 PDGFB 6.773 6.991 1.294 2.835

ENSG00000073756 PTGS2 3.350 3.195 2.066 3.791

ENSG00000127329 PTPRB 1.731 0.829

ENSG00000143878 RHOB 2.416 2.434 1.028 2.691

ENSG00000124216 SNAI1 1.783 0.650 1.174

ENSG00000176170 SPHK1 2.078 2.630 1.731 1.424

ENSG00000120156 TEK 1.936 0.543 0.549 0.576

ENSG00000163659 TIPARP 1.416 2.162 2.084

ENSG00000006327 TNFRSF12A 1.578 1.309

https://doi.org/10.1371/journal.pone.0180842.t007
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