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Abstract

Autism Spectrum Disorder (ASD) is a heterogeneous disorder that is often accompanied

with many co-morbidities. Recent genetic studies have identified various pathways from

hundreds of candidate risk genes with varying levels of association to ASD. However, it is

unknown which pathways are specific to the core symptoms or which are shared by the co-

morbidities. We hypothesised that critical ASD candidates should appear widely across dif-

ferent scoring systems, and that comorbidity pathways should be constituted by genes

expressed in the relevant tissues. We analysed the Simons Foundation for Autism

Research Initiative (SFARI) database and four independently published scoring systems

and identified 292 overlapping genes. We examined their mRNA expression using the

Genotype-Tissue Expression (GTEx) database and validated protein expression levels

using the human protein atlas (HPA) dataset. This led to clustering of the overlapping ASD

genes into 2 groups; one with 91 genes primarily expressed in the central nervous system

(CNS geneset) and another with 201 genes expressed in both CNS and peripheral tissues

(CNS+PT geneset). Bioinformatic analyses showed a high enrichment of CNS development

and synaptic transmission in the CNS geneset, and an enrichment of synapse, chromatin

remodelling, gene regulation and endocrine signalling in the CNS+PT geneset. Calcium sig-

nalling and the glutamatergic synapse were found to be highly interconnected among path-

ways in the combined geneset. Our analyses demonstrate that 2/3 of ASD genes are

expressed beyond the brain, which may impact peripheral function and involve in ASD co-

morbidities, and relevant pathways may be explored for the treatment of ASD co-

morbidities.
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Introduction
AutismSpectrumDisorder(ASD)isaheterogeneousandcomplexneurodevelopmentaldisor-
der [1], with corefeaturesincludingstereotypicalbehavioursandimpairedsocialandcommu-
nicationskills,andwith variouscomorbidity.TheCNScomorbidityof ASDincludesepilepsy,
sleepingdisorders[2], intellectualdisabilities,languagedelay,anxietyandhyperactivity[3, 4],
andtheperipheralcomorbidity includesgastrointestinal,metabolicdisorders,auto-immune
disorders,tuberoussclerosis,attention-deficithyperactivitydisorder,andsensoryproblems
associatedmotor problems[2, 5±8].It appearsthatgeneticheterogeneityandenvironmental
factorsimpactnot only theseverityof ASD,but alsothepresenceandseverityof comorbiddis-
orders[9]. However,it isunknownwhydifferentindividualsdisplayoverlappingcoresymp-
tomsand/ordifferentcomorbidities.

With theadventandincreasingavailabilityof DNA sequencingoverthepastdecade,much
hasbeenuncoveredaboutthegeneticsof ASD[10], which include�� ���� events[11±17],
mosaicmutations[18] andgenedosagechangesresultedfrom copynumbervariations[19±
25],aswellasepigenetic/transcriptomechangeswith no apparentgeneticalterations[26]. Asa
result,hundredsto thousandsof ASDrisk factorshavebeenidentifiedbydifferentstudies,
suggestingthatASDisamulti-geneticdisorderandeachhassmalleffectsin termsof ASD
population.Thispresentsahugechallengeto developASDdiagnosisor treatment.Meanwhile,
little isknownaboutwhichsetof geneticfactorslinks to peripheralcomorbidity,andit is
thereforecrucialto decipherfactors/pathwayswhichareassociatedwith thecomorbidities.

Thegeneticstudieshaveallowedformationof ASDdatabasesfor investigations[27,28].
TheearlynetworkanalysesusingtheSFARIdatabasehaveidentifiedASDpathwaysof abnor-
malsynapticfunction,chromatinremodellingandion channelactivity[29] whicharehighly
connectedbyMAPK signallingandcalciumchannels,with somegenesassociatedwith cardiac
andneurodegenerativedisorders[30]. Thiswascarriedout beforethescoringsystemfrom
SFARIbecameavailable.In addition,theSFARIlist of ASDgeneshasrisenfrom 680in 2016
to 1053in January2019.Furthermore,independentscoringsystemshavebecomeavailable
andsuggestedadditionalgeneswith significanceto ASD,from eithersequencingthousandsof
individualsacrosstheglobe[31], or usingexistinginteractiondatabasesin conjunctionwith
SFARIdatabase[32,33],or employingmachinelearningon datasets[32,34].Thissuggests
thatanotherround of ASDpathwayanalysisisdue.

Our hypotheseswerethat thehighASDcandidateswouldrecurin differentscoringsys-
tems,andthatcomorbiditiesin ASDwould involveexpressionof risk genesin relevanttis-
sues/organs.Therefore,in thisstudy,wefocusedon theidentificationof theoverlappinggenes
in theupdatedSFARIdatabaseandautisticgenesshortlistedby themajority of thethird-party
scoringsystemsassummarisedin Table1.To explorethebiologicalcontextof thesegenes,we
first examinedtheir expressionusingtheGTExdatabaseto find out if theyweretranscribed
not only in thebrain but alsoin otherperipheraltissues,andthenusedthehumanprotein
atlas(HPA) datasetto verifyproteinexpressionlevels.Wealsoexploredtissuespecificnet-
worksfrom humanreferenceinteractome(Huri) [35] to seeif anyASDcandidatesinteracted
with genesin thesenetworks.

Our analysessuggestthatathird of ASDrisk genes(CNSgeneset)isspecificallyexpressed
in theCNS,whichareinvolvedin brain development,synapticfunction andion transport,
whereasthemajority of ASDfactorsarehighlyexpressedin bothCNSandperipheraltissues
(CNS+PTgeneset),with pathwaysof brain development,chromatinorganisationandgene
regulation,whichmayaccountfor ASDperipheralcomorbidity.
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Methods

Datasetsandshortlisting of the ASDrisk factors
Fivedatasetswerechosenasthestartingpoint of thisstudy[28,31±34],andhigh-ranking
geneswereshortlistedfrom eachdatasetwith definedcriteria(Table1,Fig1).For theExome
AggregationConsortium(EXAC)with exomesequencingdatafrom ~60,000cases(S1Table),
ahigh intoleranceto mutationof pLi � 0.9wasapplied,wherepLi indicatedthelevelof intol-
eranceto mutationsin agivengene,with manycontaininglossof function variants.In the
Krishnan'sgeneset(S2Table)createdusinghumandiseasedatabasesof GAD, OMIN, HUGE
andSFARIin December2013,alongwith abrain-specificfunctionalinteractionnetwork,aq-
valueof �0.05 wasused,whereq-valuewastheprobabilityof thegenebeinganASDrisk

Table1. Overviewof five datasetsand the independent scoringsystemsusedto shortlist ASDgenesfor overlapping analysis.

Score
name

Data Source Starting
genes

ScoreThreshold Shortlisted
genes

References

EXAC Exomesequencesfrom 60,706individuals 15735 pLi >0.9 with >90%negative
effectuponmutation

3126 Leketal. [31]

SFARI SFARIGENE(Jan2019) 1053 All genesrecordedin Jan2019 1053 Gene.SFARI.org
(Jan2019)

Krishnan SFARI,OMIM, GAD, HUGE(up to 2013) 25825 q value< 0.05 3225 Krishnanetal.[32]

Duda Microarray datafrom human,mouseandrat.Proteininteraction
databases(MIPS,BIOGRID, MINT , IntAct)

21115 Top 10th percentile 2111 Dudaetal.[34]

Zhang MouseCNSMicroarray Data,Geneshomologousto human 15950 PositiveDAMAGE score(D>0) 7189 Zhangetal.2017

https://doi.org/10.1371/journal.pone.0242773.t001

Fig 1. Flowchart of the analysisfor the paper:Arrow indicatesthe stepsof eachanalysis.

https://doi.org/10.1371/journal.pone.0242773.g001
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candidateaftermultiple testingfor falsepositivity.For theZhang'sgeneset(S3Table)made
usingCNSmicroarrayexpressiondatafrom sixbrain regionsderivedfrom miceandvalidated
usingdatafrom exomesequencingstudies[11,14,17,29,36,37],mutationsof thehuman
homologueswith a(DAMAGE) scoreof D�0 wereshortlisted,wherepositiveD-scorewasa
measureof amutation'slikelinessto beassociatedwith ASD.For theDuda'slist (S4Table)
whichwascreatedfrom �� ���� mutationanalysis,protein-proteininteractionandphenotype
information, thetop 10%of genesin thelist wereselected,asthiswasusedasacut off in the
originalpublication.Finally,for theSFARIcollection,all genesup to January2019were
included(S5Table).

Overlapof shortlisted geneswith SFARI
After shortlistingof high-rankinggenesfrom eachdataset,theJvennprogramwasappliedto
identify thecommonASDrisk genesamongthe5 sources[38]. A list of 519genes,whichwere
overlappedamong4 of 5sources,wasextracted(Table1,Fig1).Amongthem,319genes
appearedin theSFARIdatabaseweretakenforwardfor expressionandenrichmentanalyses.

Filtering usinggeneexpressionanalysisdata
SinceASDhasawidearrayof peripheralco-morbidities,webelievethatsomeASDgenesare
expressedin peripheraltissues.To explorethispossibility,mRNA expressiondataweredown-
loadedfrom theGTExconsortium(v7) in theform of medianTPM (TranscriptsPerMillion)
valuesfrom all tissues[39]. Weexcludedlow expressiongenesbasedon theaverageof the
median(TPM<3) in bothCNSandPTgroups.Additionally,weremovedgeneswith aSFARI
scoreof 6,whichwerenot likely to beassociatedwith ASD.Theexpressiondatawasappliedto
the319selectedgenesanduploadedto Morpheus(https://software.broadinstitute.org/
morpheus)to generateheatmap(with settingsfor clustering:hierarchical,euclideandistance,
linkagemethodcomplete,clusteringbasedon columns).Geneswith extremelylow levelsof
mRNA expression,atanaverageTPM�3 in both thebrain andperipheraltissues,were
excludedfrom thesubsequentanalyses(S8Table).

Overviewof protein expressionlevels
Asanadditionallevelof verification,weusedHPA data(v19.3)obtainedviaHPA analyze
[40], aBioconductorprogramthat runsin R,to assessproteinexpressionlevelsacrossmultiple
tissuesamongthetwo genesets,andusedggplot2[41] to visualisethedata.

Tissuespecificinteraction networks
Theexpressionof ASDgenesin othertissuesindicatesthat theymayinteractwith otherfactors
in tissue-specificnetworks.To explorethis,weusedtissue-specificnetworksgeneratedfrom
Huri to seeif ASDcandidategeneswerepresentin othernetworks,andif theyhadanyinter-
actingpartnerswithin thesenetworks.

Functional enrichmentanalysisof the final geneset
Thefinal list of ASDcommonrisk factorswasanalyzedthroughSTRINGprogramfor path-
wayanalyses,exceptfor SHANK3thatwasmisidentifiedasHOMER2in thecurrenthuman
databaseof STRINGv11.TheresultingGOTerms(BiologicalProcesses,CellularCompo-
nents,andMolecularFunction)andKEGGpathwaysweredownloaded.Thesamelist wasalso
loadedinto Cytoscape[42] to identify sub-clustersof genesin interactionnetwork.
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Analysisof genesetsfor co-morbid phenotypes
To examinepotentialassociationof theASDgenesetswith occurringco-morbidities,anover-
representationanalysis(ORA)wascarriedout usingthetool WebGestalt[43] to assessother
co-morbidconditionslinking to theASDgenesets.TheHumanPhenotypeOntologydatabase
wasusedfor theanalysis[44]. Thetop 50termswereusedasacut off to balancebetweenthe
co-morbiditiesreportedin ASDandto ensurethat thefinal listsarenot too broadandoverly
diluted.

Comparisonof shortlisted ASDgenesetwith ASDexpressionstudies
To examinetheutility of theASDgenesetin theliteratureof ASDgeneexpressionstudies,we
comparedtheASDgenesetwith DEGsreportedfrom post-mortembrain [45], blood[46±48]
andGI tissue[46,49],aswellasiPSC-derivedcellmodels[50±55],to seeif anyof theASD
genesweresignificantlyup or downregulated.TheDEGswereobtainedusingautismversus
control groupwith FDR(adjp-value)at0.05,exceptfor Voineagu[56] andPramparo[47],
whichweusedGeo2R[57] usingautismversuscontrolsasgroupsto obtainDEGSat0.05FDR
(adjp-value).

Expressionof genesacrossbrain developmentandsex-bias
WeusedCSEA[58] tool to checkfor enrichmentof our genesfor humangeneexpression
acrossdevelopmentalperiodsandbrain tissuesin theBrainspandataset.Wealsousedthegen-
esetsfrom thepublications[59,60] to seeif anyof our shortlistedgeneshadsex-biasexpres-
sionin prenatalstages[59], or if therewassex-specificsplicingin our geneset[60] usingthe
bioconductorpackageGeneOverlap[61].

Comparisonwith psychiatricandperipheral diseases
Our functionalanalysesof theASDgenesetsshowedenrichmentfor processesin areasrelating
to cardiacfunction andinsulin. In addition,it isknown thatmanyASDrisk geneticfactors
sharemolecularpathwayswith otherpsychiatricconditions.To futureexplorethis,wedown-
loadedgenesetsfor schizophrenia(SCZ),bipolardisorder(BP),andmajordepressivedisorder
(MDD) from Psygenet[62]. Wealsodownloadedgenelistsfrom Harmonizomedatabase[63,
64] for 4 peripheralconditionsof arrythmia(ARY),type1 (T1D) andtype2 (T2D) diabetes
basedon our results,andinflammatoryboweldisease(IBD) basedon co-morbidityof gastro-
intestinalissueswith ASDfor comparisonof ASDrisk factorsin thecurrentstudy.

Results
To explorethehypothesisthatASDcandidategeneswererecurrentacrossdifferentscoring
systems,weselectedtheSFARIdatasetandfour otherpublishedscoringsystemsfor thecur-
rent study(Table1,Fig1).Consequently,weselected3126genesout of 15735from theEXAC
datasetwith pLi � 90%chanceof intoleranceto lossof function [31], 3225genesfrom Krish-
nan'sdata[32] basedon q<0.05,7189genesout of 15950from Zhang'sdata[33] with aposi-
tiveDAMAGE score(D>0), and2111genesfrom thetop 10%of the21115genesin the
Duda'sdata[34], andall 1053SFARIgenesasof Jan2019[28].

TheseshortlistsweresubsequentlyanalysedbyJvennwebtool for overlappingASDgenes
[38], and114geneswerefound to besharedbyall fiveshortlists(Fig2,S6Table).Considering
thatsomewell-knownASDgenessuchas���	
� and��
� wereexcludedfrom the114
geneset,weadjustedto includethegenesthatwereoverlappedin 4of the5scoringsystems,
whichresultedin atotal to 519ASDrisk genes.Furtherexaminationof the519genesfor the
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presencein theSFARIdatasethasnarroweddownthelist to 319SFARIgenes,whichwere
highly rankedin >3 of 4 otherindependentstudiesbesidestheSFARIdataset(Table1,Fig1).

Expressionpattern of ASDgenes
To assessthegeneexpressionacrossdifferenttissues,wenextexaminedbody-wideexpression
of the319genesusingtheGTExdatasetcontainingstandardizedmRNA expressionin unitsof
TPM.This further reducedtheASDgenesto 292genesto filter out low abundancegeneswith
TMP�3 in bothCNSandPT(S7Table).

Theexpressionlevelsof the292geneswerepresentedin theHeatmap,with highexpression
colouredin red,low expressionin greenandno expressionin grey.Analysisof the292genes
with GTEx(S8Table)showedthat theASDgeneswereclusteredinto 2 groups(Fig3);91
genesweremainlyexpressedin theCNSwith TMP<3 in PT,whereastheremaining201genes
wereubiquitouslyexpressedin both theCNSandPT.

A similarexpressionprofile for proteinswasobservedin HPA data(Figs4 and5),whereas
CNSgenesetshowedproteinexpressionmostlyin theCNS(Fig4), theCNS+PTgeneset
showedproteinexpressionin both theCNSandothertissuetypes(Fig5).Wealsoidentified
thatsomeof theASDfactorsin theCNS+PTgeneset(S1±S19Figs)wereindeedinteracting
with otherproteinsin tissue-specificnetworks(Table2). InterestinglyHDAC4 (S6)in the
colonandSTX1A(S15)in thepituitary glandwerefound to betissue-specificgenesin these
organs.

Enrichedneurodevelopment,synapticfunction, and ion transport in the
CNSgeneset
To assessthebiologicalcontextof ASDfactor,theSTRING(v 11)programwasusedto analyse
two groupsof theASDfactors,respectively[65]. The91CNS-specificgenesetgaveriseto 305
ª���������� ���������º (S10Table),73ª�������� ����������º (S11Table)and62ª���������
��������º (S12Table).Goterm resultsrevealedanenrichmentfor neuronaldevelopmentand
synapticfunction in theCNSgeneset(Fig6A).

WealsovisualizedtheinteractionnetworkusingCytoscape(V3.7).Amongthe91CNS
genes(Table3),47(coloredin blue)wereinvolvedin ªNervoussystemdevelopmentº
(FDR= 1.39E-18),31(coloredin red)werelinked to ªTrans-synapticsignallingº
(FDR= 2.41E-25),and30wereassociatedwith ªIon transmembranetransportº(coloredin
yellow,FDR= 1.55E-14,Fig6A),whichincluded6 calciumchannels(������, ���	� �,

Fig 2. Shortlisting of common ASDfactors.(A) JVennDiagramof all overlappinggenesfrom thescoringsystems
used.Underlinednumbersindicatesetsoverlappedwith SFARI.(B) Sizeof eachsetof shortlistedgenes.(C) The
numberof genesthataresharedbyor specificto thelists.

https://doi.org/10.1371/journal.pone.0242773.g002
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���	� �, ���	� 
, ���	� !, ���	��
�), 3sodiumchannels(��	 �, ��	��,
��	��), 4 potassium(��	 , 
�	
�, 
�	"�, 
�	"�) channels,6 glutamatergicreceptors
(!#$� , !#$
 , !#$
�, !#$	 , !#$	��, !#$	��), 5 GABAergicreceptors(!��#� ,
!��#��, !��#�%, !��#�&, !��#��) and5 transporters(�'� ��&, �'� ��, �'��%��,
�'��(��, �'�%� ().

Consistently,thesynapses(42/91genes,FDR= 4.06E-30),neuronalprojection(44/91,
FDR= 9.54E-28)andion channelcomplex(24/91,FDR= 7.59E-22,Table3) wereenrichedin
ª���� ����������º. Theion-gatedchannelactivity(24/91,FDR= 5.78E-19)andneurotrans-
mitter receptoractivity(13/91,FDR= 3.60E-13)includingglutamate(7/91,2.95E-09,!#$� ,
!#$
 , !#$
�, !#$	 , !#$	��, !#$	��, !#� ) andGABAreceptoractivity(6/91,4.12E-
08,!���#�, !��#� , !��#��, !��#�%, !��#�&, !��#��), werethemostsignificant
ª��������� ���������º. Theª
)!! ���*+�,º analyses(S13Table)demonstratedthatGluta-
matergicsynapse(12/91,2.46E-11,���	� �, ���	� 
, 
'!�� , !#$� , !#$
�, !#$	 ,
!#$	��, !#$	��, !#� , �-�)# , ���	
�, �'� ��), GABAergicsynapse(11/91,3.44E-
11,���	� �, ���	� �, ���	� 
, !���#�, !��#� , !��#��, !��#�%, !��#�&,
!��#��, !�
 , �'� ��&), Calciumsignallingpathway(11/91,1.80E-08,������, ���.
	� �, ���	� �, ���	� 
, ���	� !, ���
��, )#��%, !#$	 , !#$	��, !#� ,
	-� ) andCircadianentrainment(9/91,1.74E-08,���	� 
, ���	� !, ���
��,

Fig 3. Heatmapof 292genesafter filtering for low expressedgenes(TPM< 3). Thetissueswereindicatedon the
top.Scalebaron top right cornershowedthescaleof mRNA expression for eachgene:greyisTPM = 0,greenis0±3,
yellowis9±31,orangeis31±99,redis> 99.(A) The91genesin theCNSgenesethaveanaveragemedianof TMP<3
in theperipheraltissues.(B) The201CNS+PTgeneswereexpressedbothCNSandperipheraltissueswith TMP>3.

https://doi.org/10.1371/journal.pone.0242773.g003
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!#$� , !#$	 , !#$	��, !#$	��, 	-� , 	-� ��) werethetop pathwaysin theCNSgeneset
(Table3).Together,thesedatasuggestthat the91CNS-specificASDrisk factorsareinvolved
in regulationof brain development,E/I balanceandcalciumsignalling,whichareclosely
relatedto theASDcorefeatures,andto theCNScomorbiditysuchasepilepsy,intellectualdis-
ability andsleepingdisorders.

Enrichedchromatin organisationandgeneregulation in CNS+PTgeneset
Analysesof the200CNS+PTgenesresultedin 546ª���������� ���������º (S14Table),127ª���.
����� ����������º (S15Table),and123ª��������� ��������º (S16Table).Like theCNSgene-
set,CNSdevelopmentandsynapsearethetop pathwaysin theCNS+PTASDgeneset.This
includedNervoussystemdevelopment(72/200genesin blue,FDR= 7.50E-17,Fig6B),Modu-
lation of chemicalsynaptictransmission(20/200,FDR= 1.74E-08)andTrans-synapticsignal-
ling (22/200,FDR= 3.16E-08)astop ª���������� ���������º, Synapse(46/200in red,FDR=
6.44E-18,Fig6B)asthemostsignificantª�������� ����������º, Ion binding (106/200,FDR=
2.09E-08)in theª��������� ��������º (Table3),andLong-termpotentiation(6/200,FDR=
0.003),Glutamatergic(7/200,FDR= 0.006),andDopaminergicsynapse(7/200,FDR= 0.011)
identifiedin theª
)!!º pathways(Table3,S17Table).

However,themostprominent featureof theCNS+PTASDgenesetwastranscriptionregu-
lation,andthis includedNucleus(128/200,FDR= 1.73E-14)in theª�������� ����������º,

Fig 4. Protein expressionof CNSgenesetfrom HPA acrosstissues.Genesaredisplayedin orderof decreasingproteinexpression.

https://doi.org/10.1371/journal.pone.0242773.g004
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Fig 5. Protein expressionof CNS+PTgenesetfrom HPA acrosstissues.Genesaredisplayedin orderof decreasingexpression.

https://doi.org/10.1371/journal.pone.0242773.g005
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Regulationof geneexpression(96/200genesin red,FDR= 4.21E-12,Fig6B),Chromatinorga-
nization(44/200in green,FDR= 1.44E-18,Fig6B)andHistonemodification(26/200,
FDR= 2.08E-12)identifiedin theª���������� ���������º, Chromatinbinding (29/200,
FDR= 3.00E-11),Transcriptionfactorbinding (24/200,FDR= 2.26E-06),DNA binding (53/

Table2. Interacting ASDgenesin tissue-specific networks. Genesin bolddenoteASDgenes(�-!/ and�	
#
  ) presentin nearlyall networks.

Tissue ASDgenes Interacting partners

Heart left ventricle ���%, #�0�, �
��%, ����, ����	

, #)#), 11 , ��$�, "#$�� �1�2�, ����%, ��� &, �	#��, �#$�&%, ��
�, ��'�

Heart-leftatrial
appendage

�
��%, ����	

, ���%, ��$�, "#$�� �#$�&%, ��� &, �1�2�, �		$ , ����%, ��
�

Artery-tibial ����	

 	-3

SmallIntestine-
terminal ileum

���%, ����, �'��	�, 	�
 � ��, �-� , ��'�' &, �!#�, -'��%

Pancreas �)$��, 
�!'�, ��0 �, ��� , �#	��, ���%, ����, �'��	�,
����	



��� �4�, '���'&, �	'$�#� , �)#� , )	

 , �$� , 	)5#-
,
��'�' &, ��	��, � ��, -'��%, ��)�62

Stomach �#$�
') , ����	

, ���%, ����, 	�
 ��'�' &, -
��, �!#�, 7#


Esophagus-mucosa 
1#
 �, �#	��, 8��, 
��	�' , ��� , #	���, )0-�&, 11 ,
�
��%, �)$��, ����, ����	




�0�, �$�
�, 5�� !, �0	, �1�#� , '!�'�2�, '!�'�2

Esophagus-
muscularis

5��2 �	
� �

Muscle-skeletal 	����, ��� , �)$��, ���%, ��$�, ����, ����	

, �#��  ,
�
��%, ��0 �, "#$�� , ���	��


#�� , ��!6�, �
#�', �#$��, �1�&, �������, ��� 44�, �$�
�,
�)���, �)���, !-'!��, ��0�$�, �)�, 	!'1 , 18��), 
5�
 ,
��'�, ��
���, �#$��2, ��'�-�-�, $	�� , -$�&, '�0 , 	�
�$
,
��� &, �)�2(, 5��4, /�1	
 �, 3��&�, �)0$��, �#$�&%, ��
�,
����
�, 
'�'��, �--
�

Colon-sigmoid ���%, ����, "#$�� , ��� , 11 , ��) �)���, �)-0�, ��	
�� , �#$��2, -
��, $	�� , �
�� , ��0�,
����
�, ��
� �4, 	�
�$
, �
#�', �--
�, �
#�, 	�1�,
!-'!��, 3��&�, �$�
�, ��$�  , �'/� , ��'�-�-�, �$�
 ,
��
� �&, ��
��, ��5��, 18��), �)�, ��0�$�, �)!�$	, �)�2(,
�)���, �#$��, ��
�, /�1	
 �, ��!� (, ��� ,

Colon-transverse �
��%, ��) , ����, ����	

, �'��	�, )0-�&, 
��	�' ,
�)$��, 	�
 , �����, ���%

�����, ��'�' &, 
'�%, ��
4, � ��, ���
  , �!#�, 	0�)�, �-� 

Kidney ���	��, ���%, ��) , ����, �)$��, ��� � ���
 , �-� , ���43(
�, �'�	
�, ��)� 2%, ��0�, � ��

Pituitary "#$�� , �$�, 11 , ��/��, 5��2, 5�� &, �
��%, ����	

,
)�%((, ��0�� , ��0 �, ��
&, 
�1�'�, 8��� , ����, 
�1�'�,

�!'�, ���%, �)$��, 
1	� � , 	����, )0-�&

#���$' , �'-� �4, /	�464, /	�%%(, �'	, �)����, ��)��&%,

#�%(, #�
	�, � !�'� , 	���, /	�24, /	��&(, ��-'�, ��0 �,
3���%, �#
�, 	)5#-
%, �-��, �)	��, ����%, 	$	7�, 3��� ,
�'�	
�, ��)�% �, /	� �4, ��$�, ��02, ��0�, 3�$ �, ��0%,
�
� , )0-�&, ��-'�, #��

�, �#' ��, 3���%, ��0�, �)� ,
/	� �, �#���$��, 5�)�$, ���
 , �!���, )��!6, /	�2�&, ��$� ,

)5� , 

0%6, ��0 (, �	
#
%4, �#$���, )��� , �)#� , ����9��,
�')� �, �$! , �'	4, �0'	�, �)#��, 3���&, 7�!	 , ��)� �(�,
��	�#) , ��'', ��)� 66, �%��9�, )#!��, ��-0 , �!�#��,
�	��%2, ��0 4, 5�) , �0�' 4, ��	���, ��', /��' , ��)����,
�����, ��$�� , ��$�) , !-'!��, �1�&�, !$���&, ��)� ��,
��0  , 	
!2, ��04, '���'&, ����2, ��0&, 	#�, �"��, 3����,
�	$� , '�0�, )�	
�, #	�%, ��0 6, /	���&, �
��2, /	�%% ,

$���, ��0�, ��)� ((, /	�2(2, ��)�4(

Lung ��� �, ���43(
�

Artery coronary ����	

 	-3

Artery aorta ����	

 	-3

Adipose
subcutaneous

�#	�� �$� 

Spleen ��) , ����	

, ���%, 8��� , �'��	�, ����, ��0 �, �)$��,
���
��, �'
�, 
�
#���, ��#
 

�-5��� , $	��&
, ��0&, 
-�
�, 	��� , !#��, ����', �����,
�#���$��, �-'#�, 	
!2, #���'�, ��$�, ��' �

AdrenalGland ���%, ��0 �, )�%((, "#$�� , ��� , ����	

 ���# ', ��)�% �, 	-3, ����
�, �#�����', #�
	�,
��� 44�, �'�� 

https://doi.org/10.1371/journal.pone.0242773.t002
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200,FDR= 6.72E-06)andHistonebinding (12/200,FDR= 3.17E-05)in theª���������
��������º.

In addition,Circadianentrainment(5/200genes,FDR= 0.034,���	� �, ���
��,
$��# , �'�� , �#
��), WNT signalling(10/200,FDR= 3.1E-04,���, ���
��, ��
�,
�#)���, ��	
 ), !�
��, �'�� , �#$�
') , �#$�
')�, �#
��), Thyroid hormonesig-
nalling(8/200,FDR= 1.5E-03,��� ��, �#)���, !�
��, �)
 �, �)
 �', 	�-# , �'�� ,
�#
��), Aldosteronesynthesisandsecretion(8/200,FDR= 5.0E-04,��� ��, ���	� �,
���
��, 
�!'�, $��# , 	#%��, �'�� , �#
��), Gastricacidsecretion(5/200,
FDR= 0.0179,��� ��, ���
��, $��# , �'�� , �#
��), Insulin secretion(9/200,
FDR= 7.16E-05,��� ��, ���	� �, ���
��, 
�	�� , �'�� , �#
��, #��!)�%,
�	���&, ��0 �), Salivarysecretion(5/200,FDR= 0.0298,��� ��, $��# , 
�	�� ,

Fig 6. Significant ASDpathways.(A) Selectedgenesfrom 91CNSgeneset,highlightingthatNervousdevelopment (blue),Trans-synapses(red)andIon
transmembranetransportation (yellow)arethemostenrichedpathways. (B) Selectedgeneshighlightedfrom the200CNS+PT geneset,demonstrating that the
Nervousdevelopment (blue),theChromatin organisation(green)andGeneregulation(red)weretheamongthemostsignificant pathways.(C) Glutamatergic/
GABAergic synapses,(D) CellsignallingandHormonalsecretionpathwaysfrom thecombined291genesall linked to calciumsignalling,suggestingthat
Calciumsignallingis themostinterconnectedpathwayslinking theASDsignallingpathways. Edgesrepresentcombinedgenescore,nodecoloursrepresent
selected!- terms(A-B) and
)!! pathways(C,D) Thecoloursfor 3D correspondto thefollowing;Yellow-Calcium Signalling,Green-MAPK Signalling,Red
-cAMPsignalling,BlueÐWnt Signalling, BrownÐthyroid signalling,purple±Insulin Signalling, Orange±AldosteroneSynthesisandSecretion.

https://doi.org/10.1371/journal.pone.0242773.g006
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Table3. KeyGotermsof the CNS-specific andubiquitous ASDgenesets.

Term ID Term description (Background
GeneCount)

ASD
genes

FDR Matching proteins in the network (IDs)

KeyGO termsof the CNS-specific geneset(91genes)centeredon brain development, synapseand ion transport

GO:0007399(Biol.
Proc.)

Nervoussystemdevelopment
(2206)

47(CNS) 1.39E-
18

������, ��'  �, ���
��, �	�	4, �	�	���, ��		��, ��		
�, �50�, 
�� ,

'0 , 
����, )'�3'�, )#��%, �)/��, �-0! , !��#�%, !��#�&, !��#��,
!��%�, !
�, !#$	 , !#$	��, !#$	��, ��	 , 
�	"�, 
$##)'�, '##�2, �1� ',
	-� , 	#0	 , �'0	�%, #��-0 , #)'	, #$�� , #-�-�, ��	��, ��	��, ���	
�,
�'� ��&, �'� ��, �'�%� (, �'$�#
&, �##�%, �1� , �1� 2, ��# , 5	� ��

GO:0043005(Cell.
Comp.)

Neuronprojection(1142) 44(CNS) 9.54E-
28

�	
� �, ���	� �, ��
��, ���
��, �
��, �	
�#�, �	�	���, ��		��,
��		
�, 
�� , 
����, �#��
%, !���#�, !��#�&, !�
 , !��%�, !#$� ,
!#$
�, !#$	 , !#$	��, !#$	��, !#� , ��	 , �-�)# , 
�	
�, 
�	"�,

�	"�, 
$##)'�, '##�%, '##�2, 	-� , 	#0	 , #)'	, #-�-�, ��	 �, ��	��,
��	��, ���	
�, �'� ��&, �'� ��, �'��(��, �'�%� (, �1� , 5	� ��

GO:0099537(Biol.
Proc.)

Trans-synaptic signalling408) 31(CNS) 2.41E-
25

���	� �, ���	� !, �
��, 
'!�� , 
'!���, !���#�, !��#� , !��#�&,
!��#��, !�
 , !'#��, !#$� , !#$
 , !#$
�, !#$	 , !#$	��, !#$	��, !#� ,
�-�)# , 
�	
�, 
�	"�, 
�	"�, 	-� , 	#0	 , #$�� , �'� ��&, �'� ��,
�'$�#
&, �1� , �1� 2, 5	� ��

GO:0045202(Cell.
Comp.)

Synapse(107) 42(CNS) 4.06E-
30

�	
� �, ������, ���	� �, ��
��, ���
��, �
��, �	
�#�, ��		��, 
�� ,

'!�� , 
'!���, 
'!���, 
����, �#��
%, !���#�, !��#� , !��#��,
!��#�%, !��#�&, !��#��, !�
 , !��%�, !'#��, !#$� , !#$
 , !#$
�, !#$	 ,
!#$	��, !#$	��, !#� , �-�)# , 
�	
�, '##�%, '##�2, 	-� , 	#0	 , #$�� ,
���	
�, �'��(��, �1� , �1� 2, 5	� ��

GO:0030594(Mol.
Funct.)

Neurotransmitter receptor
activity(849)

13(CNS) 3.11E-
13

!���#�, !��#� , !��#��, !��#�%, !��#��, !'#��, !#$� , !#$
 , !#$
�,
!#$	 , !#$	��, !#$	��, !#� 

GO:0008066(Mol.
Funct.)

Glutamatereceptoractivity(27) 7 (CNS) 2.73E-
09

!#$� , !#$
 , !#$
�, !#$	 , !#$	��, !#$	��, !#� 

GO:0016917(Mol.
Funct.)

GABAreceptoractivity(22) 6 (CNS) 3.86E-
08

!���#�, !��#� , !��#��, !��#�%, !��#�&, !��#��

GO:0034220(Biol.
Proc.)

Ion transmembranetransport
(995)

30(CNS) 1.55E-
14

������, ���	� �, ���	� �, ���	� 
, ���	� !, ���	��
�, !��#� ,
!��#��, !��#�%, !��#�&, !��#��, !'#��, !#$� , !#$
 , !#$
�, !#$	 ,
!#$	��, !#$	��, ��	 , 
�	
�, 
�	"�, 
�	"�, ��	 �, ��	��, ��	��,
�'� ��&, �'� ��, �'��%��, �'��(��, �'�%� (

GO:0034702(Cell.
Comp.)

Ion channelcomplex(278) 24(CNS) 7.59E-
22

���	� �, ���	� �, ���	� 
, ���	� !, �	�	���, 
�� (, !��#� ,
!��#��, !��#�%, !��#�&, !��#��, !'#��, !#$� , !#$
�, !#$	 , !#$	��,
!#$	��, ��	 , 
�	
�, 
�	"�, 
�	"�, ��	 �, ��	��, ��	��

GO:0022839(Mol.
Funct.)

Ion gatedchannel activity(329) 24(CNS) 4.34E-
19

���	� �, ���	� �, ���	� 
, ���	� !, ���	��
�, !��#� , !��#��,
!��#�%, !��#�&, !��#��, !'#��, !#$� , !#$
 , !#$
�, !#$	 , !#$	��,
!#$	��, ��	 , 
�	
�, 
�	"�, 
�	"�, ��	 �, ��	��, ��	��

GO:0005262(Mol.
Funct.)

Calciumchannel activity(114) 9 (CNS) 7.18E-
08

���	� �, ���	� �, ���	� 
, ���	� !, ���	��
�, !#$	 , !#$	��,
#$	��, �'��%��

KeyGO terms of the CNS+PTgeneset (200genes)clusteredon brain development, synapse,and generegulation

GO:0007399(Biol.
Proc.)

Nervoussystemdevelopment
(2206)

72(CNS
+PT)

7.50E-
17

�	
�, �	
�, ���� , �#�!����, �#$
 �, �#	��, ��#0, �5���, ���
��,
�������, ��
&, ��
2, ��
�, �$�, �'��	�, �	# , �	�	%, ��	
 ), 
�!'�,

'!%, 
�
, 
�1�'�, 
�1�'�, 
1#
 �, )����, )0� , !$!1��, !�
��, �
��%,
7�#$
�, 

�4�, 

�4�, 
$�&�, 
$�, ����, ��
�$��, ��#
 , ��
&, �)���,
�1� (, �1-&�, 	�3�, 	)!# , 	)- , 	� , 	�$�, 	$��', 	'!	�, 	����, 	#%��,
	#���, 	#0	�, 	#0	�, 	�#
�, -��	 , �'�� , �#$�
') , �����, #)#),
�����, �)�
�, �'$��, ���#���, ���#���, �	���&, �����, ��0�� , �1	 ,
��-
�, ���%, ��� , 8��� 

GO:0050804(Biol.
Proc.)

Modulation of chemicalsynaptic
transmission (316)

20(CNS
+PT)

1.74E-
08

���
��, �'��	�, �'��	�, �	# , �	�	%, 
'!%, )����, !#$
&, 
�	� , 
$�,
���
�$��, �)���, 	� , 	'!	�, -��	 , #$���, �	���&, ��0 �, ��0�� , �1	 

GO:0099537(Biol.
Proc.)

Trans-synaptic signalling(408) 22(CNS
+PT)

3.16E-
08

�#$
 �, ���	��, ���
, �'��	�, �	# , 
�!'�, 
'!%, )����, !#$
&, !�
��,
���
�$��, �)���, �1-&�, 	� , 	#0	�, #$���, �'�4� , �	���&, ��0 �,
��0�� , �1	 , �1	7 
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Table3. (Continued)

Term ID Term description (Background
GeneCount)

ASD
genes

FDR Matching proteins in the network (IDs)

GO:0045202(Cell.
Comp.)

Synapse(849) 45(CNS
+PT)

3.25E-
17

�	
�, �	
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GO:0005634(Cell.
Comp.)

Nucleus(6892) 128(CNS
+PT)

1.73E-
14
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�)�
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5��2, 8��, 8
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#�4, 1)����, 11 , /�1	
  , /	�%4�, /	���2

GO:0006325(Biol.
Proc.)

Chromatinorganization (683) 44(CNS
+PT)

1.44E-
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%, ��
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GO:0003682(Mol.
Func.)

Chromatinbinding (501) 29(CNS
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�'�� , �#
��) andPancreaticsecretion(5/200,FDR= 0.0343,��� ��, $��# , 
�	�� ,
�'�� , �#
��) werealsodetectedassignificantKEGGpathwaysin theCNS+PTASD
geneset.

In consistencywith this,STRINGanalysisof thecombined291ASDgenesgaveriseto 47
ª
)!! pathwaysº(S18Table),677ª���������� ���������º (S19Table),149ª�������� �����.
�����º (S20Table)and177ª��������� ��������º (S21Table).Thetop enrichedpathwaysof
thecombinedASDrisk factorsincludedNervoussystemdevelopment(119/291genes,
FDR= 8.85E-34),Synapse(87/291,1.9E-43),Trans-synapticsignalling(53/291,1.04E-28),Ion
channelcomplex(36/291,2.55E-20),Ion-gatedchannelactivity(33/291,1.2E-14),Regulation
of ion transport(44/291,4.79E-15)andNeurotransmitterreceptoractivity(14/291,8.86E-08),
Chromatinorganisation(44/291,9.4E-14),Chromosome(36/291,4.80E-06)andChromatin
binding (31/291,3.48E-09)andPositiveregulationof geneexpression(66/291,8.15E-10).
Thesedatasuggestthat theCNS+PTgenesetof ASDcandidategenesmayinfluencenot only
thecoresymptomsviaCNSdevelopmentandsynapticfunction,but alsothecomorbidities
throughdysregulatedgeneexpressionandhormonalsignallingin theperipheralorgans.

E/I balance,andcalciumsignalling arecentral to ASD
KEGGanalysesgenerated26pathwaysfor theCNS(S13Table)genesetand31pathwaysfor
theCNS+PTgeneset(S17Table).Thetop pathwaysfrom theCNSgenesetcorrespondedto
Glutamatergicsynapse(12/91genes,2.46E-11),GABAergicsynapse(11/91,3.44E-11),Neuro-
activeligand-receptorinteraction(14/91,1.42E-09),Retrogradeendocannabinoidsignalling
(11/91,3.77E-09),Calciumsignallingpathway(11/91,1.80E-08)andMAPK signalling(6/91,
0.0105).TheCNS+PTASDgenesetwasalsoenrichedfor Secretion,Thyroid function,and
Cellularsignalling.Interestingly,10pathwaysfrom bothASDgenesetsappearedto overlap,
whichincludedGlutamatergic,Dopaminergic,Cholinergicsynapses,Circadianentrainment,
cAMPandRetrogradeendocannabinoidsignalling(Table3).Calciumchannels,Glutamater-
gicandGABAergicreceptorsappearedto link to mostof thepathways.

To further investigatetheinterconnectivityamongtheKEGGpathways(S18Table),we
constructedaninteractionmatrix with thecombinedASDgenesetKEGGpathways(S22
Table),similar to apreviousanalysis[30]. Thecalciumsignalling(27/47),MAPK Signalling
(12/47)andcAMPsignalling(6/47)wereidentifiedashighly interconnectedsignallingpath-
ways.Pre-synaptically,thegenesin calciumsignallingalsoappearedfrequentlyin theother
pathways,particularlythegenesencodingthepore-formingsubunitof voltage-gatedcalcium
channel(���	� �, ���	� �, ���	� �, ���	� 
), theI3Preceptor$��# , �'�� and
thecalmodulinproteins(���
��, ���
��) areconnectedto theneurotransmitterreleases

Table3. (Continued)

Term ID Term description (Background
GeneCount)

ASD
genes

FDR Matching proteins in the network (IDs)

GO:0043167(Mol.
Func.)
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+PT)
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(Table4).Post-synaptically,Glutamatergicsynapse(8/47)hadthelargestnumberof interac-
tionswith otherpathways,whichwasfollowedbyDopaminergicsynapse(7/47).TheNDMAR
(!#$	��, !#$	��, !#$	 ) andAMPA (!#$� ) receptorswerealsothehighly interconnec-
tednotesin neuralandsynaptic,calciumandcAMPsignallingpathways.In summary,this
overlapanalysesdemonstratedthat theE/I balance,andcalciumsignallingarethemostsignifi-
cantpathwayslinking to theASDcoresymptoms,andtranscriptionalregulationto theASD
comorbidities.

Enrichedepilepsy/seizuresin the CNSgenesetandcongenital
abnormalities/developmental delayin CNS+PTgeneset
Theresultsfrom WebGestalt(Fig7,Supplementarylinks 1 and2) showedthatepilepsyand
seizureswereenrichedin 19of thetop 50phenotypetermsandmovementdisordersin 9 of
the50termsin theCNSgeneset.In theCNS+PTset,therewasenrichmentfor behaviour
issues(9/50)suchasself-injurious(FDR= 1.04E-07),aggressivebehaviour(1.04E-11),and
congenitalabnormalitiesof theface(25/50items).

High proportion of the ASDgenesweredysregulatedin ASD
WecomparedtheASDgenesetwith DEGsbetweenASDandcontrolsin theliteratureand
found that201of the292genesin our ASDgenesetweredysregulated,at leastonceacross
multiple ASDgeneexpressionstudies(Table4,S23Table).RecurrentDEGssuchasRELN,
FOXP1,GAD1,NRXN1,FOXG1andCAMK2A werepresentin multiple studies(S23Table).
Thesedatasuggestthatnot only mutationsbut alsodysregulatedexpressionof theASDrisk
genescanbelinked to thedevelopmentof ASD.

Table4. Genesdysregulated in ASDexpressionstudiesthat overlapped with our geneset.

Study Tissuetype genesoverlap up down

Gupta[66] Corticalpost-mortem 22 18 4

Parikshak[67] Corticalpost-mortem 24 4 20

Voineagu[56] Corticalpost-mortem 48 39 9

Walker(2013)[49] colon 2 0 2

Walker(2016)[46] bloodandcolon 70 5|37� � 29|6� �

Mariani [50] Organoids 89 86� 3�

GresiOlivera[54] IPSCneurons 2 2 0

DeRosa[53] IPSCneurons 15 4� 11�

Velmeshev [68] Corticaltissuepost-mortem 38 32 6

Herrero[69] Amygdalapost-mortem 9 2 7

Chien[48] Lymphblastoidcell lines 9 2 7

Ginsberg[70] Corticaltissue 2 2 0

Garbett[45] SuperiorTemporalGyrus 2 0 2

Breen[55] IPSCneuronsandNPCs 10 9 1

Wang(2015)[64] IPSCneuronsandNPCs 84 63 21

Wang(2017)[52] Organoids 24 17 7

Pramparo[47] Leukocytes 15 0 12

� denotesgeneswhichhavesimultaneousup/downexpression
� � denotegenesfor bloodandcolonsamplesrespectively.

https://doi.org/10.1371/journal.pone.0242773.t004
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ASDgenesenrichedin cortexdevelopmentandsex-biasbrain expression
WecomparedASDshortlistwith CSEAdatasetandfound that280of the292ASDgeneswere
mappedto CSEA,with anenrichmentin thecortexacrossmosttimepoints(S24Table),with
mostsignificantenrichmentin theearly-midfetalstageof brain developmentatpSI0.05(p-
value= 5.427e-16,FDR= 3.256e-14)pSI0.01(p-value= 5.560e-07FDR= 3.336e-05)andpSI
0.001p-value= 8.912e-04,FDR= 0.053)(Fig8D). In addition,therewasalsoenrichmentof
genesin thestriatumat theearly-midfetalstage(p-value= 1.872e-08,FDR= 2.808e-07),in
thecerebellumatchildhood(p-value= 7.576e-07,FDR= 7.576e-06)andadolescence(p-
value= 9.970e-04,FDR= 0.005),in thethalamusin earlyfetal(p-value= 0.010,0.043)and
neonatalperiod(p-value4.333e-04,FDR= 0.003),andin theamygdalafrom mid-early(p-
value= 0.009,FDR= 0.042)to mid-late(p-value= 0.017,FDR= 0.064)fetalstages.Thesedata
suggestthat theASDgenesetplaysessentialrole in brain development,especially
corticogenesis.

To investigateif theASDgenesaresex-related,wecomparedtheASDgenesetwith genes
whichwereknownto havesex-biasedexpressionin prenatalmaleandfemale(S25Table).Sig-
nificant correlationswerefoundwith genesbiasfor femalecerebellarcortex,dorsolateral

Fig 7. Co-Morbid phenotypesassociatedwith ASD.(A) Top50termsenrichedin CNSgeneset,(B) top 50termsenrichedin CNS+PTgeneset.X-axisdenotesratio of
enrichment. Dark bluearetermsbelowFDR< 0.05.

https://doi.org/10.1371/journal.pone.0242773.g007
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prefrontalcortex,medialprefrontalcortex,orbital frontal cortex,inferolateraltemporalcortex
andcaudalsuperiortemporalcortex(Fig8A),andwith genesbiasfor maleprimary somato-
sensorycortex,mediodorsalnucleusof thalamusandstriatum(Fig8B).In addition,34of the
292geneswerefound to havesex-biasedgene-splicingin at leastonebrain region(Fig8C,S25
Table).Thesegenesarelikely to contributeto sex-biasoccurrenceof theASD.

ASDgenespresentin other conditions
WenextcomparedtheASDgeneswith otherneuropsychiatricconditions,includingschizo-
phrenia,bipolarandmajordepression,andperipheralconditionssuchasarrythmia,inflam-
matoryboweldiseaseandtype1 andtype2 diabetes(Fig9,S25Table),andidentified94genes
whichwereidentifiedin Pyschgenetdatabase(Fig9A),andinvolvedin synaptictransmission.
TheremainingASD-uniquegeneswereenrichedfor chromatinorganizationandgeneexpres-
sion.Wealsofoundsignificantoverlapsof theASDgeneswith factorsassociatedwith psychi-
atric andperipheralconditions(Fig9B),includingalargeoverlapwith type2 diabetes(134/

Fig 8. Sex-biasedexpressionof the ASDgenesets.Biasedexpressionof theASDgenesetsin female(A) andmale(B) brain regions.Values
areexpressedasFDRin redandLog2oddsratio in greenwith gradients.N.Sfor not significant. (C) Overlapof 34ASDgeneswith sex-biased
splicinggenes.(D) Bullseyeplot showingenrichmentof ASDgenesetin brain regionswith mostsignificantcorrelationin cerebralcortex
throughout braindevelopment. A1C-primary auditorycortex,AMYÐamygdaloidcomplex,CBCÐcerebellarcortex,DFC-dorsolateral
prefrontalcortex,HIPÐhip pocampus,IPCÐposterior inferior parietal cortex,ITCÐinferol ateraltemporalcortex,M1C-primarymotor
cortex,MDÐmediodorsalnucleusof thalamus,MFCÐmedialprefrontalcortex,OFC-orbital frontal cortex,S1C- primarysomatosensory
cortex,STCÐposterior(caudal)superiortemporal cortex,STR-striatum,VFCÐventrolateralprefrontalcortex,andV1C- primaryvisual
cortex.

https://doi.org/10.1371/journal.pone.0242773.g008
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292,FDR= 3e-42).Thesedatasuggestacommondisturbancein neuronalcommunication
with CNSotherneuropsychiatricdisordersandgenedysregulationwith peripheralconditions.

Discussion
It isbecomingapparentthatASDgenescouldinfluenceotherorgansystems.This is reflected
by themanyco-morbiditiesoccurringoutsidetheCNSsuchgastrointestinalissues,metabolic
disorders,auto-immunedisorders,tuberoussclerosis,attention-deficithyperactivitydisorder,
andsensoryproblemsassociatedmotor problems.However,little attentionhasbeengivento
relatedorgansof majorcomorbidities.Herewehaveidentified319overlappingASDcandi-
datesamongthefour independentscoringsystemsandtheSFARIdatabase[28,31±34].We
alsointroducedgeneexpressionusingtheGTExdatabase[39,71],whichconsistsof mRNA
dataof 53humantissuesfrom approximately1000individualsat theageof 21±70.This
resultedin ashortlistof 292commonASDcandidategeneswith mRNA expressionatTPM
�3 transcripts.ThisalsocategorizedtheASDfactorsinto 2genesets,theCNS-specificgeneset
of 91genes(with aTMP<3 in PT)andtheCNS+PTgenesetof 201genes.Thiswasvalidated
at theprotein levelacrossthesetissuesin thehumanproteinatlas(HPA) datasetandHuri,
showingthat thatASDgenesarenot only expressedin otherorgansoutsidethebrain,but also
appearto interactwith otherproteinsin tissue-specificnetworks.

STRINGanalysesshowthat theCNSgenesetisenrichedfor nervousdevelopment,gluta-
matergic/GABAergicsynapses,andcalciumsignalling.Phenotypeanalysisalsoshowedhigh
enrichmentfor epilepsyandseizures.Bothresultssupportthehypothesisthatdisruptionof E/
I balanceduring CNSdevelopmentasamajor featureof ASD[72], whicharerelatedto CNS
co-morbiditiessuchasepilepsyoccurringin 30%of ASDatsevereendof thespectrum.

Theexpressionof 201ASDcandidategenesin CNS+PTsuggestthatASDgenesmayinflu-
encenot only theCNSbut alsoperipheralsystemsin thebody.Thisgenesetisenrichedfor
nervousdevelopmentandsynapse,aswellasfor chromatinorganisationandgeneregulation,
whichareconsistentwith previousreportsfrom exomesequencingstudies[12,14,16,17,29].
Therefore,thegenesinvolvedin chromatinorganisationandgeneregulationcouldhavean
influencein peripheralco-morbidities.Manyof thegenesin our ASDgenesetalsoshowdysre-
gulatedexpressionin multiple studies(Table4) pertainingto corticaltissueandiPSCderived
models,andin thefewstudiescarriedon geneexpressionin thegastrointestinaltractof ASD.

Strongcandidategenessuchas��
�, �-!/ and
1#
 � werepreviouslyreportedto be
associatedwith not only autismbut alsogastrointestinalissues,facialdysmorpisms,visualand
feedingproblems[73±76].Indeed,facialdysmorphismisalsoarecurrentphenotypethat
emergesamongvarioussubgroupsof autisticswith knowngeneticmutations[77±79].Some
enrichmentof ASDgenesreportedto overlapwith heartdevelopment(S10-21)andcongenital
heartdeformation[80,81],andahigh rateof ASDdiagnosiswasreportedamongchildren
with congenitalheartdefects[82]. �-!/ and�	
#
  arealsopresentin manytissueinter-
actionnetworks(Table2) whichareinvolvedin neuralproliferation.The�-!/ isazincfinger
protein interactingwith thetranscriptionfactorSP1[83], and�	
#
  isachromatinregu-
lator,modulatinghistoneacetylationandinhibiting ligand-dependentactivationof transcrip-
tion [84]. �	
#
  mutationshavebeenassociatedwith diseaseswith distinctivecraniofacial

Fig 9. Overlapof ASDgeneswith other conditions. A) Comparisonof theASDgenesetwith Pyschgenet(SCZ,BP,MDD) definesa
networkof 94overlappinggenes(green)and198ASD-uniquegenes(blue).B)matrix of overlapsbetweenASD/Psychiatric (SCZ,BP,
MDD) andperipheral(IBD, ARY.T1D andT2D) conditions. C) Networkof ASDgenesandoverlapswith peripheral(IBD, ARY.T1D
andT2D) conditions, with orangecirclefor non-overlappinggenes.IBDÐIn flammatoryboweldisease,AryÐArrythmi a,T1D - type1
diabetes,T2D - type2diabetes.SCZ±schizophrenia,BP±bipolardisorder,MDD±major depressivedisorder.

https://doi.org/10.1371/journal.pone.0242773.g009
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features,shortstature,skeletalanomalies,globaldevelopmentaldelay,seizuresandintellectual
disability[85].

Thestrongenrichmentfor neuronalprocessesandfunctionsin tissuesbeyondthebrain is
of curiousinterest,but researchersarestartingto exploreotheraspectsof ASDthatcouldhave
animpacton otherorganssuchastheheartviathesympatheticandparasympatheticnervous
systems[86], andthegastrointestinaltractviatheentericnervoussystem[87]. In factthereis
growingevidencethatheartrateisaffectedamongAutistics[88±91],alongwith evidencethat
ASDgenescouldbeinvolvedin aspectsof gastrointestinaldevelopmentandfunction [74,92±
97].Thereisapotentialfor morework on howthepartsof thebraincontrol heartrateandgas-
trointestinal,howtheyarealteredin autism,or evenif reportedautonomicissuesin co-mor-
biditiessuchgastroesophagealreflux [98,99]hold true in theautisticpopulationaswell.The
expressionof proteinssuchas��0 �, �	���& and�-0� expressedin endocrinetissues
couldbeof interestin ASD,givenhowknockoutsin thesegenescanimpactthedevelopment
andfunction of certainpartsof theendocrinesystem[100±102]andhowgenesinvolvedin
neurotransmissioncouldalsobeinvolvedin secretionof hormones[103].

Anotherunaddressedquestionis if theperipheralnervoussystemandperipheralorgans
areaffectedbymutationsin addition to theCNS.Amongsttheresultswefoundenrichment
for neuromuscularandcardiacfunction in STRINGanalysis(S9-20).Someanimalmodels
suchas�-0� , ���	
�, 	-� and��
� [74,92,94,96,97]havebeendevelopedfor func-
tional analysisof ASDcandidategenesin thegastrointestinalsystem,which indicatesthat
ASDgenesmayplayanimportant role in thisorgan[95], andyetmostresearchhavebeen
mainly focusedon thebrain in bothhumanandanimalmodels.A greaterutilisationof the
animalmodelsto exploreothersystemssuchasthecardiacandgastrointestinalsystemswould
bewelcome.

In fact,88/292genesin our ASDgenesetalreadyhaveexistinggeneticmousemodels,as
wellasrescuemodelsfor 28/292genesaccordingto theSFARIdatabase(July2020)at thetime
of writing. Theyarehelpfulin understandingfunction of thesegenes,andmayalsoassistdrug
developmentto remediaterelatedpathways,not just in thebrain,but alsothroughoutthe
peripheralnervoussystemthatconnectsto co-morbidityorgans,andevenin theperipheral
organsthemselves.

Theinterconnectivityanalysesfrom thecurrentstudyrevealcalcium,MAPK andglutama-
tergicsignallingasthreehighestinterconnectedpathways,all arealsoinvolvedwith eachother
basedon theinteractionmatrix.This is in line with apreviouspublicationthatASDfactorsare
convergeduponMAPK andcalciumsignalling[30]. It isworth to notethatMAPK signalling
isalsointerlinkedwith calciumsignallingin thisstudy.Tenof the14MAPK pathwaymem-
bers,���	� �, ���	� �, ���	� �, ���	� 
, ���	� !, ���	��
 , ���	��
�,
���	��, )#��% ��� �#
��, areoverlappedwith thecalciumsignalling(Table5),and8 of
themarecalciumchannels.Furthermore,calciumchannelsappearin 16top 
)!! pathways
includingglutamatergic,GABAergic,dopaminergic,cholinergicandserotonergicsynapsesof
theASDgenes(Table5).Our resultsaddto theevidencethatcalciumandglutamatergicsig-
nallingarethesignificantcomponentsin ASDpathways.

Calciumsignallingisahighly integralsystemin thehumanbodyandis increasinglyshown
to beimplicatedin ASD[104,105].In neurons,thearrivalof theelectriccurrent inducesCa2+

influx viavoltage-gatedcalciumchannels,andthis triggersexocytosisandneurotransmitter
release[106].Thevoltage-gatedcalciumchannelsaretetramerscontainingthreeauxiliarysub-
units (��, ��2��, �
) andonepore-forming��1 subunit.Eightcalciumchannels(���	� �, ���.
	� �, ���	� �, ���	� 
, ���	� !, ���	��
 , ���	��
�, ���	��) arepresent
in our 291ASDgeneset.Experimentsusingfibroblastsfrom monogenic[107]andnon-syn-
dromic autisticsubjects[108]demonstrateaberrantcalciumsignallingmediatedby I3PR.In
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Table5. ConvergingASDcandidategeneson E/I balanceandcalciumsignallingpathway.

Term ID Term description (Background
GeneCount)

ASD
genes

FDR Matching proteins in the network (IDs)

hsa04724Glutamatergic synapse(112) 12(CNS) 2.46E-
11

�����
�, �����
	, 
'!�� , !#$� , !#$
�, ����
, ����
�, !#$	��, ���
,
�-�)# , ���	
�, �'� ��

6 (CNS
+PT)

0.0179 �����
�, 
'!%, !#$
&, ����
, ����
, �����

19(Com) 1.21E-
10

�����
�, �����
�, �����
	, 
'!%, 
'!�� , !#$� , !#$
�, !#$
&, ����
, ����
�,
!#$	��, ���
, �-�)# , ���	
�, ����
, ����
, �����, ���	
�, �'� ��

hsa04727GABAergicsynapse(88) 11(CNS) 3.44E-
11

�����
�, �����
�, �����
	, !���#�, !��#� , !��#��, !��#�%, !��#�&,
!��#��, !�
 , �'� ��&

15(Com) 2.48E-
09

�����
�, �����
�, �����
�, �����
	, !���#�, !��#� , !��#��, !��#�%,
!��#�&, !��#��, !�
 , !��	, �����, �'� ��&, �'�4� 

hsa04728Dopaminergic synapse(128) 8 (CNS) 2.16E-
06

�����
�, �����
�, �����
	, ����
�, !#$� , ����
�, !#$	��, ��	 �

7 (CNS
+PT)

0.0126 �����
�, ����
�, !�
��, ����
, 
$�&�, ����
, �����

15(Com) 7.84E-
08

�����
�, �����
�, �����
�, �����
	, ����
�, ����
�, !#$� , ����
�,
!#$	��, !�
��, ����
, 
$�&�, ����
, �����, ��	 �

hsa04725Cholinergic synapse(111) 6 (CNS) 0.0001 �����
�, �����
�, �����
	, ����
�, 
�	"�, 
�	"�

11(Com) 2.36E-
05

�����
�, �����
�, �����
�, �����
	, ����
�, ����
�, ����
, 
�	"�,

�	"�, ����
, �����

hsa04726Serotonergicsynapse(112) 5 (CNS) 0.0011 �����
�, �����
�, �����
	, !��#��, 
�	
�

10(Com) 0.00062 �����
�, �����
�, �����
�, �����
	, !��#��, ����
, 
�	
�, ����
, �����

hsa04720Long-term potentiation (64) 6 (CNS) 6.89E-
06

����
�, !#$� , ����
, ����
�, !#$	��, ���


6 (CNS
+PT)

0.0025 �����
�, ����
�, �#)���, ����
, ����
, �����

12(Com) 3.14E-
08

�����
�, ����
�, ����
�, �#)���, !#$� , ����
, ����
�, !#$	��, ���
, ����
,
����
, �����

hsa04730Long-term depression (60) 4 (CNS) 0.0011 �����
�, !#$� , ���
, ���


7 (Com) 0.00051 �����
�, !#$� , ���
, ����
, ���
, ����
, �����

hsa04024cAMP signalingpathway(195) 8 (CNS) 3.21E-
05

���
�
, �����
	, ����
�, !���#�, !#$� , ����
, ����
�, !#$	��

7 (CNS
+PT)

0.0382 ��� ��, �����
�, ����
�, �#)���, �
)%�, �
)%�, #��!)�%

15(Com) 7.17E-
06

��� ��, ���
�
, �����
�, �����
	, ����
�, ����
�, �#)���, !���#�, !#$� ,
����
, ����
�, !#$	��, �
)%�, �
)%�, #��!)�%

hsa04010MAPK signalingpathway(293) 6 (CNS) 0.0105 �����
�, �����
�, �����
	, �����
�, �����
	�, �����

14(Com) 0.0013 �����
�, �����
�, �����
�, �����
	, �����
�, �����
	
, �����
	�,
�����
, �����, 
$�, ���
�$��, 	� , �����, ��-
�

hsa04020Calcium signalingpathway(179) 11(CNS) 1.80E-
08

���
�
, �����
�, �����
�, �����
	, �����
�, ����
�, �����, ����
,
����
�, ���
, ���


16(Com) 7.79E-
07

���
�
, �����
�, �����
�, �����
�, �����
	, �����
�, ����
�, ����
�,
�����, ����
, ����
�, ���
, ����
, ���
, ����
, �����

hsa04713Circadian entrainment (93) 9 (CNS) 1.74E-
08

�����
	, �����
�, ����
�, !#$� , ����
, ����
�, !#$	��, ���
, 	-� ��

5 (CNS
+PT)

0.0339 �����
�, ����
�, ����
, ����
, �����

14(Com) 1.98E-
08

�����
�, �����
	, �����
�, ����
�, ����
�, !#$� , ����
, ����
�, !#$	��,
����
, ���
, 	-� ��, ����
, �����

(��������� )
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addition,mutationsof calciumchannelshavebeenfound in ASD,for example,���	� �
rs7249246/rs12609735wereassociatedwith ChineseHan ASD[109],and���	� � muta-
tionsin EpilepticEncephalopathy[110,111],gainof function of ���	� � in Timothy syn-
dromewith ASD[112]andrecurringCNVsof ���	��
� [29,36,113,114].Exome
sequencinghasidentifiedvariousmutationsof ���	� 
 in ASD[14,16,29,36,115],epi-
lepsy[116]developmentaldelay[117]endocrineissues[117,118],���	��
 in epilepsy
andintellectualdisability[119]and���	�� mutationsin ASD[120,121].���	� �
(rs1024582)and���	�� (rs2799573)polymorphismsweresuggestedasthecommonrisks
acrosssevenbrain diseases[122].Therefore,dysregulatedcalciumandsynapticsignalling
couldbeacommonlyperturbedpathwayin ASDandfrequentlyoccurringcomorbidities.

Calciumchannelsarecoupledto neuronaltransmission,andE/I imbalancewasproposed
asacommonASDpathwaypreviously[123].Forexample,increasedcalciumsignallingis
found in 	#0	 �� :;< neuronsderivedfrom ASDinducedpluripotentstemcellswith
increasedexpressionof voltage-gatedcalciumchannels[124].In thecurrentstudy,KEGG
pathwaysshowthat ���	� �, ���	� �, ���	� 
 areinvolvedin glutamatergicsynapse;
���	� �, ���	� � and���	� 
 in cholinergicsynapse;and���	� �, ���	� �,
���	� � and���	� 
 in GABAergic,dopaminergic,andserotonergicsynapses.Theglu-
tamatergicandGABAergictransmissionarethemajorexcitatoryandinhibitory pathwaysin
theCNS,whicharerecurrentlyfeaturedin ª���������� ���������=, ª��������� ���������=, ª����
����������= and
)!! pathwaysof the291ASDcandidategenes.Variousglutamatergic
receptorgenes(!#$� , !#$
�, !#$
&, !#$	 , !#$	��, !#$	��, !#� , !#�&, !#�2),
scaffoldingcomponentsof synapses(���	
�, ���	
�, 
'!%, 
'!�� ) andtransportof
glutamate(�'� ��) wereall involvedin ASDandothercomorbidities[110,125±130].

Table5. (Continued)

Term ID Term description (Background
GeneCount)

ASD
genes

FDR Matching proteins in the network (IDs)

hsa04925Aldosteronesynthesisand
secretion(93)

4 (CNS) 0.005 ���
�
, �����
	, �����
�, ����
�

3 (CNS
+PT)

0.0475 ��� ��, 	#���, �����

12(Com) 9.03E-
07

��� ��, ���
�
, �����
�, �����
	, �����
�, ����
�, ����
�, 
�!'�, ����
,
	#%��, ����
, �����

hsa04723Retrogradeendocannabinoid
signalling (148)

11(CNS) 3.77E-
09

�����
�, �����
�, �����
	, !��#� , !��#��, !��#�%, !��#�&, !��#��, !#$� ,
���
, #$�� 

6 (CNS
+PT)

0.0382 �����
�, �	# , 
�!'�, ����
, ����
, �����

17(Com) 1.58E-
08

�����
�, �����
�, �����
�, �����
	, �	# , 
�!'�, !��#� , !��#��, !��#�%,
!��#�&, !��#��, !#$� , ���
, ����
, ����
, �����, #$�� 

hsa04310Wnt signalingpathway(143) 10(CNS
+PT)

0.00031 ���, ����
�, ��
�, �#)���, ��	
 ), !�
��, ����
, �#$�
') , �#$�
')�, �����

15(Com) 0.00017 ��� ��, ���
�
, �����
�, �����
	, ����
�, ����
�, �#)���, !���#�, !#$� ,
����
, ����
�, !#$	��, �
)%�, �
)%�, #��!)�%

hsa04921Oxytocin signalingpathway
(149)

7 (CNS
+PT)

0.0179 �����
�, �����
	
, �����
, ����
�, ����
, ����
, �����

10(Com) 0.00098 �����
�, �����
	, �����
	
, �����
	�, �����
, ����
�, ����
�, ����
,
����
, �����

hsa04911 Insulin secretion(84) 9 (CNS
+PT)

7.16E-
05

�� ��, �����
�, ����
�, 
�	�� , ����
, �����, #��!)�%, �	���&, ��0 �

11(Com) 2.51E-
06

��� ��, �����
�, �����
	, ����
�, ����
�, 
�	�� , ����
, �����, #��!)�%,
�	���&, ��0 �

https://doi.org/10.1371/journal.pone.0242773.t005
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Remarkably,variouscalciumsignallingmembersarecommonlyappearedin otherpath-
waysthatareperturbedin ASD(Fig5C±5D,Table5).Forexample,11/14moleculesin Circa-
dianentrainment,10/14in MAPK signalling,7/15in Wnt signalling,10/10in Oxytocin
signalling,9/12in Aldosteronesynthesisandsecretion,8/17in Retrogradeendocannabinoid
signalling,6/11in insulin secretion,werefound in calciumsignallingpathway,whichcouldbe
of greatinterestgiventheir role in thepancreas[131].In thetop KEGGpathwaysidentified
from theCNSgeneset(CNS),theCNS+PTgenesetandcombined(Com)292ASDcandidates,
calciumsignallingmembers(bold) appearedin all otherKEGGpathways.Therefore,calcium
signallingis likely to playamajor rolenot only in ASDbut alsoin ASDcomorbidities.

Limitations
Likeothermeta-analyses,biasesandlimitationsshouldbeconsideredin pathwayanalyses.We
first assumedthatanysignificantASDcandidategenesshallappearin 4/5 independentdata-
sets.However,somestrongcandidategenes,suchas��# and��)	, did not appearin the
final 291genelist.While theyhavemuchevidenceto supporttheir role in ASD,thegenesdid
not overlapdueto differencesin rankingcriteriaof differentsystems.Forexample,PTENwas
in thetop rankingin SFARI,ZhangandEXAC,howeverit wasnot shortlistedfrom Duda's
andKrishnan'sscoresystems.Likewise,��# wasrankedtop in Duda's,Zhang'sandSFARI,
but did not passthethresholdin EXACor Krishnan'sdataset.Thebiologicalinfluenceof
��# and��)	 in ASDisverysignificant.Forexample,FMR1isknown to target126/291
ASDcandidatesin thecurrentstudy,and��)	 isatargetof anotherstrongASDcandidate,
��
�, on our list.

Wealsofilteredout 200genes(S26Table),whichwereoverlappedby four independent
scoringsystemsbut not existedin theSFARIdatabase.66of themaretargetsof the��# , and
36aretargetsof ��
�. Someof themlike ��'  �, 
�� , )�3 , 	����, ��
2, �'0	� ,
��	��, �'� 2�2 and�'$�#
 werealsodysregulatedin cerebralorganoidsderivedfrom
autisticswith largeheadcircumference[50], whileothers(	)

%', #$��-#, �'��� ,
�)'��, �''��, ���$��, )���2, '##�%� and#-#�) wereidentifiedfrom veryrecentsingle
cellsequencingof autismcorticaltissue[68]. Thissuggeststheywouldstill bemodulatedas
downstreamtargetsin somecasesof ASD.

In thecurrentstudywehypothesizedthatastrongASDcandidategeneshouldbehighly
expressedin thebrain and/or relativePTwith strongcomorbidity.However,thisassumption
couldbepotentiallychallengedby thefollowingscenario.(1) If anASDgeneweredevelop-
ment-specificbut hadlow abundancein adultpost-mortemtissues,it wouldbefilteredout by
GTExdatasetderivedfrom donorsof 20±79age;(2) If agenewerehighlyexpressedin asmall
subsetof specificnucleiof thebrain,whichmight appearnot abundantin thetotalbrain RNA;
(3) If anASDgeneweremodulatedbyethnicgeneticbackground,as85.2%of GTExdonors
wereCaucasianEuropeansubjects,12.7%wereAfrican-American,1.1%wereAsianand0.3%
wereAmerican-Indian.Asfor proteinexpression,theHPA isanevolvingdatabase,andgenes
with no proteinexpressiondatanowcanbeupdatedin futurereleases.Thesamegoesfor cell
typesin tissue,whichwill alsobeincomplete,giventhemyriadcelltypesthatarepresentin all
organs.Theuseof singlecellsequencingtechnologyandflow cytometrywill beusefulin
addressingtheissue[132,133].

It is interestingthatmanyof theASDgenesarefound to havesex-biasexpressionand/or
splicing,whichmaybeassociatedwith sex-biasdiagnosisof ASD[134±136].Wearelimited in
understandingits biologicalbaseby thelackof transcriptomicanalysisof ASDgenes.Manyof
thetranscriptomicstudieshavefocusedon malesubjects,or theratio of femalesamplesare
too fewto illustrateanysex-specificeffectsin ASD.It issuggestedthat future transcriptomic
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studiesshouldincorporateanevennumberof maleandfemalesubjectsin bothgroupsof case
andcontrol.Organoidcelllinesmayalsobecreatedfrom bothsexesto makeup for thisshort
coming.

It wouldbedesirableif geneexpressiondatasetsareavailableto comparefrom control and
ASDpatientsatdifferenttime pointsnot just in thebrain,but alsoacrosstheentirebody.A
recentpublication[137]hasproposedapaediatriccellatlas,whichwouldcollateandcharac-
terisegeneexpressionat thesinglecelllevelacrossmultiple tissuesandtime pointsof human
developmentfrom birth to adulthood.Thiswouldbeafantasticinitiative if it fully goesahead,
assucharesourcewouldbring greatinsightinto theco-morbiditiesassociatedwith ASD.Sin-
gle-cellexpressiondatafrom corticaltissueof ASDsubjectshasbecomeavailableto research-
ersrecently[68], whichcouldbeagoodstartingpoint to analysecell-typesof interestand
exploreASDheterogeneity.Theavailabilityof iPSCsfrom differentASDcasesallowsto cul-
tureandanalysedifferentcelltypesin bothCNSandperipheralorgans,whicharenot easily
accessedbyconventionalmethodologies.Thiscanbeusefulto explorehowASDgenesmay
influencethebiologicalprocessesduring brain development,neuronalfunction,aswellascells
of comorbidityperipheralorgans.

Conclusion
Byutilizing multiple scoringsystems,wehaveidentifiedrecurrentASDcandidategenes,with
convergenceon multiple pathwaysandprocessesinvolvedin ASD(Fig10).Theuseof GTEx
andHPA dataalsogivesaglimpseinto their body-wideexpressionpatterns,whichhasnot
beenexploredpreviouslyusingASDgenelists,whichwehavedonesoin thisstudy.Thebioin-
formaticanalysesof CNS-specificand/orCNS+PTcandidategenesetsenableusto pinpoint
CNSdevelopment,E/I balanceandcalciumsignallingasimportant pathwaysinvolvedin not
justASDbut alsobrain comorbiditysuchasepilepsy.Theanalysisof CNS+PTgenesetsug-
gestschromosomalorganisation/transcriptionregulation,calcium-interconnectedMARK/
WNT andsecretionasmajorpathwayswith disruptivebehaviour,developmentaldelayaswell

Fig 10. Working hypothesisof ASD.Fromfertilizationto full development,mutationsin chromatinmodellingand
transcription factorscancontributeto altereddevelopmentaltrajectoryin brain formation, synaptogenesis,and
organogenesis.Alterationsin synapticandion channelgenesmayleadto perturbedactionpotentialsandimbalanceof
E/I synapsesthatcancontributeto thecoreASDsymptomsandCNScomorbidity suchasepilepsyandmotor
functions. However,alterationsin cellular,hormonalsignalling andgeneregulationcancontributeto peripheralco-
morbiditiessuchasalteredfacialphenotypesandbehaviour. Calciumsignallingappearsactingasahubamongthe
CNSandperipheralpathways.

https://doi.org/10.1371/journal.pone.0242773.g010
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ascongenitalabnormalities.Calciumsignallingishighly interconnectedamongstpathways,
whichcouldbeinformativein exploringcomplicationsandco-morbiditiesassociatedwith
ASDwherecalciumsignallingcouldbeinvolved,especiallythosesubsetsof autisticindividuals
whoharbourmutationsin thesegenesthatcanresultin channelopathies.

Supporting information
S1Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)

S2Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)

S3Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(PNG)

S4Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)

S5Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)

S6Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
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Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)

S7Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)

S8Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)

S9Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)

S10Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)

S11Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)

S12Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)
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S13Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)

S14Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)

S15Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)

S16Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)

S17Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)

S18Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)

S19Fig.ASDgenesarepresentin tissue-specificinteraction networks.Yellownodeshigh-
light ASDgenes,greenaretissue-specificgenes,rededgesareinteractionsbetweenASDgenes
andotherpartners.Thegraphsarein orderof appearance;AdrenalGland,Adiposesubcutane-
ous,Artery aorta,Artery coronary,Artery tibial, Colonsigmoid,Colontransverse,Esophagus-
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mucosa,Esophagus-muscularis, Heart-leftatrialappendage,Heart-leftventricle,Kidney,
Lung,Muscle-skeletal,Pancreas,Pituitary,SmallIntestine-terminalileum,Spleen,Stomach.
(TIF)
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