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3-interactingprotein 2;TRAF3IP2AS1, tumor necrosi§actorreceptorassociatedactor 3-

interactingprotein 2antisese 1.

Maintenancef thedrug-addictedstateis thoughtto involve changesn geneexpressionn
differentneurenakell typesandneuralcircuits. Midbrain dopamingDA) neuronsn particular
mediatenumerousesponseso drugsof abuselLong noncoding RAs (IncRNAs)regulateCNS
geneexpressiorthrough avariety of mechanismshut nextto nothingis known aboutheirrole
in drug abuseThe proportion ofincRNAsthatareprimatespecificprovides a strongationale
for their studyim,human drugbusersin this study,we determineda profile of dysregulated
putativelnCRNAs through theanalysisof postmortem humamidbrainspecimengrom chronic
cocaineabuserandwell-matchedcontrolsubjectgn=11in eachgroup) using a customcRNA
microarray:A.datasetomprising32 well-annotatedncRNAswith independent evidence of
brainexpressiormndrobustdifferentialexpressionn cocaineabuserss presentedior a subset
of thesencRNAs, differentialexpressiorwasvalidatedby quantitativereattime PCRand
cellularlocalizationdeterminedy in situ hybridizationhistochemistryExamplesof IncCRNAs
exhibitingDA cell-specificexpressiondifferent subcelludr distributiors, andcovarianceof
expressiomvith.knowncocaineregulatedproteincodinggenesvereidentified. Thesefindings
implicatelncRNAsin thecellularresponses diumanDA neurongo chroniccocaineabuse.
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Drug addictionis a debiltating chronic disordecharacterizedy craving,compulsive use of
drugsevenin.thefaceof adverseconsequences, ahijhincidencef relapse At amolecular
level, longdived.changesn neuralgeneexpressiorarisingthrough transcriptionalndepigenetic
mechanismsarethoughtto constitutea ‘molecularmemory thatcontributedo themaintenance
of adrug-addictedstate(FengandNestler2013).0f thedifferentneuralcell typesandneural
circuitsimplicatedin theeffectsof drugsof abuse perhaps none play a marentralrole than
dopamingDA)=synthesizing neurons of tentralmidbrainwhich, thoughifew in number,
mediatemanyacuterewardingeffectsof drugsof abuseconditioned responsés cues
associateavith previous drugise,andtheemergencef someadverseeffectsuponcessatiorof
drug use (KoolandVolkow 2010; Volkowet al. 2011).Recentanalysisof human postmortem
midbrainhasrevealeda molecularsignatureof pathophysiologicathangesn geneexpression
thatarediagnestidor chroniccocaineabuse (Bannod al. 2014; Bannort al. 2015), but our

understanding-of themediatorsof thesechangesemainsrudimentary.

Recentranscriptionabnalysedaverevealedhat, although only amallfraction of the
human igenome isanslatednto proteins, thenajority of genomicsequencés transcribedo
producemanythousands of noncodiriRNAS, alargeproportion ofwhich arelong noncoding
RNAs (IncRNAS),RNAs >200 nucleotidem lengthbutlackingextendedpenreadingframes
(Encode Consortium 201Perrienet al. 2012; Lipovichet al. 2010).Emergentatasuggesthat
IncRNAscanregulatethe expressiorof protein codinggeneshrough astriking variety of
mechanismsncluding locusspecificor widespreadargetingof epigenetic modifications,
nucleatingassemblyof RNA splicingcomplexespr modifying the stability or translationof
specificcytoplasmianRNAs (Clark andBlackshaw2014;GuttmanandRinn 2012;Mercerand
Mattick 2013).In theCNS, somelncRNAs show strongell-specificityof expression, modulate
the developmentalpecificationof individual neuronal subtypes and, mestently,havebeen
implicatedin severalCNS disorderqClark andBlackshaw2014;Modarresiet al. 2012;Ng et al.
2013;PastoriandWahlested®012; Punzet al. 2014).In contrastwe know very little about the
potentialrole IncRNAs may playin drug abusgMichelhaughet al. 2011;Bu et al. 2012).

Becausepproximatelyonethird of the thousands of humémcRNAs identifiedappeato be
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uniqueto theprimatelineage(Derrienet al. 2012),thereis acompellingrationalefor studying

IncRNAsin thedrug-addictedhumanbrainaswell assimplermodelsystems.

To addresghis significantgapin knowledge, theurrentstudyinvestigatedncRNA
expressioemnsthepostmortenmidbrainof humancocaineabuserandwell-matchedcontrol
subjects A‘profile of IncRNAsdysregulatedn chroniccocaineabusersvasdetermine.
LncRNAsexhibitingDA cell-specificexpressiondifferentsubcellulaistributiors, and
covariancef expressiorwith knowncocaineregulatedprotein-coding genesereidentified
Thefindingsareconsistentvith the notiorthatsomelncRNAs mayactasmediatorsof cellular

responsetodrugabuse.

Materials and.Methods

Human Brain Specimens

Human midbrain specimens weayktained by forensic pathologists in the course of the routine
autopsyprocessandde-identified specimens wesbsequentlgharacterized as described
previously(Albertsonet al. 2004; Albertsoret al. 2006; Bannomt al. 2014; Bannort al. 2015;
Bannon andWVhitty 1997; Johnsost al. 2012;Michelhaughet al. 2011; Okvistet al. 2011).
Briefly, causeof deathwasdeterminedy forensicpathologistgollowing medicelegal
investigationsevaluatingthe circumstancesf deathincludingmedicalrecords policereports,
autopsyresultsiandtoxicologicaldata.Caseinclusionin the group otocainerelatedfatalities
(n=11)wasbasedon adocumentedhistory ofdrugabusea toxicology positivdor cocaine
and/orcocainemetabolitesdbut negativdor otherdrugsof abuseor CNS medicationsattime of
death,andforensicdeterminatiorof cocaineasacauseof death.Casesn the control group
(n=11)hadnodocumentedistoryof drugabuseandtestednegativefor cocainecocaine
metabolitesandother drugs of abuse @NS medicationgotherthanasinglecasewith a sub-
intoxicatingethanollevel of 0.06g/dl). Cause®f deathfor controlcasesverecardiovascular
accidentorgunshot wound€asesverenotscreenedor the presencef nicotine or
metabolitesExclusioncriteriafor eithergroup included a known history of neurological or
psychiatricdisorderevidenceof neuropathologye.g.stroke,encephalitisipr chronicillness

(e.g.cirrhosis,cancer)deathby suicide,or anestimatedostmortemnterval>20 hr. To reduce
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varianceunrelatedo drugabusethetwo groupswerematched Tablel) in termsof gender,
race,age,andwell-establisheaneasuresf tissuesamplequality (brain pH) andperimortem
agonalstate(RNA integrity number;RIN) (Schroedeket al. 2006;Stanet al. 2006).The use of
dedidentified cadavesspecimen®btainedat autopsyis notdefinedashumansubjectsesearch
andthereforeexempt from regulation45 CFR pt 46 (NIH SF424guidePartll: Human
Subjects).

SampleProcessingand Microarray Analysis

All methodolegies haveeenpreviouslydescribedn detail (Albertsonet al. 2004; Albertsoret
al. 2006; Bannomt al. 2014; Bannoret al. 2015; Bannon an@hitty 1997; Johnsost al. 2012;
Michelhaughet al. 2011; Okvistet al. 2011).Briefly, postmortensamplessncompassinthe
entireventralmidbrain(encompassingpproximatelyplates51-56 of DeArmondkt al. 1989)
werefreshfrozenuponcollectionat autopsycryosectionedandDA cell-enrichedregionsfinely
dissectecindpooledfor eachsubject RNA wasisolated,quantified,andassessefbr integrity
(by RIN) usinganAgilent Bioanalyzer(SantaClara,CA).

LncRNAsrepresentedn our custom humadncRNA microarraywerechoserthrough a
procesodf:genomewide computationaidentificationandmanualannotation of putative
IncRNAs,aspreviouslydescribedJiaet al. 2010).In addition, some protein-codirggenes
previousy 'shownto be affectedby cocaineabuse (Bannod al. 2014)wereincluded on the
microarrayaspositive controlsMicroarrayexperimentsvereexecutedaspreviouslydescribed
(Lipovich et al. 2012).Briefly, cRNAsweregeneratedrom eachcaseandhybridizedto a
customAgilent 4 x 44,000featurehigh-density oligonucleotidenicroarrayplatformdesignedo
interrogates586 unique putatividcRNAS (plusanadditional 120 protein-codinand
housekeepingenesservingascontrols) with seven60-mer probesassignedo eachgene(Jiaet
al. 2010; Lipovichet al. 2012).Microarrayexperimentsvereperformedwith cocainecontrol
matchelpairsin adyeflip two-color designmeaningeachsamplewasrunin quadruplicate,
twice with eachdye (Alexa-647 andAlexa-555; Invitrogen, Carlsbad;A). Microarrayslides
werescannedvith the defaultAgilent protocolandtheintensityof fluorescencéetweerdyes
wasnormalizedusing aLoesscorrection.Dataacrossall casesandquadruplicatesverequantile-

normalizedandvalidatedusingMA plot density andlistributionanalysis(Lipovich et al. 2012).
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Approximately onedalf of all probesweredetectecabove backgrounish themajority of subject
pairs.Theentiremicroarraydatasets availablein the GeneExpression Omnibus repository
(www.ncbi.nlm.nih.gov/geoGSE67281).

Bioinformatics.and Statistics

Thecriteriausedfor selectionof INcCRNA transcriptgor furtheranalysisaregraphically
representeeh Figure S1.Briefly, for this study a putativéncRNA transcriptwasclassifiedas
differentiallyexpresseih cocaineabusersersuscontrolsubjectonlyif thesignalfrom all 7
non-4denticalmicroarrayprobessequencewassignificantlychangedasdeterminedy atwo-
stepmixedmodelANOVA, which utilizes bothwithin pairsandbetweengroups comparisons. A
falsediscovernyrate(FDR) of 0.05wasappled to obtainfinal correctedo-values Of the 428
putativelncRNAtranscriptaneetingthesecriteria, 91 exhibitedanaveragdold changeof >1.3.
The subset othesetranscriptanost strongly supportday EST datain theUCSCGenome
browser(Dec2009hgl9assembly)aswell asexpressiordatafrom theBurgeBrain RNA-Seq
(Wanget al..2008),SestarBrain microarray(Johnsoret al. 2009),Allen Brain (Hawrylyczet al.
2012), oFANTOMS5 (Anderssoret al. 2014;FANTOM Consortiumet al. 2014)datasetservel
asthebasisforfurtherstudy. The UCSCGenome browsdiDec 2009hgl9assemblywasalso
usedto examinethe presencef polyadenylatiorandpre-RNA splicing consensusequences

humanincRNA'genesandtheir conservatioracrossspecies.

Correlations btweenncRNA abundanceandcocainemetabolitdevels(TableS2), or
betweendncRNA andproteincoding gendranscriptievels(Table 3), werecalculatedusing
Pearson’orrelationsThe LncRNA2 Functiondatabaséhttp://mlg.hit.edu.cn/Incrna2functipn

wasusedfor a computationahvestigationof the potential functionality dhcRNAsbasedon

patternsof co-expressiorwith protein-codinggenesn 19 humartissueqTable S3).

Quantitative PCR and In Situ Hybridization Histochemistry

Differential expressiorof 6 (3 upregulatedand3 downfegulatedyncRNAsfrom Table2 was

validatedby quantitativereattime (QPCR),aspreviouslydescribed Albertsonet al. 2004;
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Albertsonet al. 2006; Bannoret al. 2014; Bannoret al. 2015; BannomndWhitty 1997,
Johnsoret al. 2012;Michelhaughet al. 2011;Okvistet al. 2011).Primerssequenceare
providedin TableS1. Pearsois correlationdbetweenthemicroarraydataand gPCRlatafor
thesetranscriptaveredeterminedBannonet al. 2014;Michelhaughet al. 2011).

Usingin situ hybridizationhistochemistry{ISHH), thecellularandsubcellular
localizationof severakranscriptsvereexaminedn 14pumsectionsof humanmmidbrainusing
prevously‘published methods (BannandWhitty, 1997; Okvistet al. 2011). Digoxigenin-
labeledantisens®r sensgcontrol) riboprobesveretranscribedDIG RNA labelingreagents;
Roche,Indianapolis]N) from clonedDNA sequencederivedusing thesameparameterss
gPCRuvalidationexperimentgTableS1). Thesignalwasdevelopedisingantidigoxigenin-
alkalinephesphataseonjugated-abfragmentwith NBT/BCIP assubstratelmageswere
capturedusingan OlympusBX53 microscopeand 60X immersionobjectiveandCellSens
softwarewith imagedeconvolutiorandbrightnessdjustment.

Results

Cocainerelatedfatalitiesin this studywerecloselymatchedwith drugfree controlsubjectdn
termsof race,sex,andage(Tablel) in aneffort to minimize potentialvariancein gene
expressiofataunrelatedo cocaineabuseTherewerealsono differencesetweengroupsin
termsof well=establishedneasuresf tissuesamplequality (i.e. brain pH) or perimortemagonal
state(i.e. RINvalues)(Tablel). Postmortenspecimen®f humanventralmidbrainenrichedfor

DA neurons (Bannodt al. 2014)wereprocessedh parallelthroughall experimentaprocedures
andhybridizedin quadruplicateo customincRNA microarraysasdescribedLipovich et al.
2012)in orderto maximizetheaccuracyof geneexpressiormprofiles. The datasehasbeen
depositedn its entiretyin the GeneExpression Omnibus repository (www.ncbi.nlm.nih.gov/geo
GSE67281):

LncRNAtranscriptsvereselectedor furtheranalysisbasedon aseriesof criteria (Figure
S1). Briefly, for the purposes dhis study,a putativdncRNA transcriptwasinitially classified
asdifferentially expressedh cocaineabuseryersus contrasubjectonly if thesignalintensty

of all 7 nonidenticalmicroarrayprobessequencewassignificantlydifferent asdeterminedy
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ANOVA with anFDR of 5%. Of 5586 putativédncRNAsrepresentednthemicroarray,428met
this criterion.In orderto restrictsubsequerdnalysisto the most robustly changasdwell-
annotatedf thesetranscriptsthedatasetvasfurtherpareddown using both a magnitude of
differencethreshold> 1.3averagdold-difference)andtherequiremenbf independengvidence
of expresnin brain (seeMaterialsandMethods) Application of this stringentsetof criteria
yieldedafinal list of 32well-annotatedncRNAsexhibiting robustdifferentialexpressior{14
wereup¥egulatecand 18 weredownregulated)n the midbrains of humatocaineabusers
(Table?2).

Of these32IncRNAs, 3 upfegulatedand3 downregulatedranscriptsrepresenng a
rangeof fold-differencesandabundancesverefurtheranalyzedy gPCR.In eachinstance
examinedgPCRdatavalidatedthe custommicroarraydata(p=0.009;Fig. 1), supporting the
robust nature.of the findings. Importantly, gd@undancesf differentially expresse¢hcRNAs
werenotcorrelatedwvith subjects levelsof cocainemetabolite(TableS2), providingevidence
thattherecencyof cocaineusewaslikely not amgor determinanof the differentialexpression

seenin cocaineabusers.

Theifeaturesof the IncRNAslistedin Table2 wereconsistentvith thosedescribedn
globalanalysef IncRNAs (Derrienet al. 2012; Lipovichet al. 2010;Wight andWerner2013).
Approximatelytwo-thirds of thethesedifferentially expressethcRNAsincluded a
polyadenylatiorconsensusequenceavithin 100baseof thetranscript3’ end; ofthese onethird
containedprimatelineagespecificsequencewhereagwo-thirds showed sequence conservation
beyondthe primatelineage(Table2). Canonicalconsensusequencefr preRNA splicingwere
alsofoundin overtwo-thirds of the correspondinmcRNA genesthesewereequallydivided
betweergeneswith amix of conserve@ndprimatespecfic splicesitesandgeneswith no
primatespecificconsensusequencefonly asinglegene showegrimatespecificsplicesite
sequencesgxclusively)(Table). In termsof genomiclocalization approximatelyonehalf of the
IncRNA geneswvereantisens€oppositestrand)to protein-coding or othdncRNA genesthe
bulk of theremainingincRNA geneswereintergenic (i.e., not overlappingith knowngenes)
(Table2).

Fromamongthe 6IncRNAsvalidatedby gPCR,thecellularandsubcelluladocalization

of a downregulatedranscript(longintergenicnoncodingRNA 00162; LINC00162andan up-
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regulatedranscript(tumornecrosidactor receptorassociatediactor 3-interactingprotein 2-
antisensd; TRAF3IP2AS1) wasexaminedn humanventralmidbrainby meansof ISHH (Fig.
2). As a positive control, the robuskpressiorof DA transporteencodingranscriptwas
visualizedwithin the processeandsomaof DA neurongreadilyidentifiableby their
characteristidargenucleiandhigh intracellula neuromelanircontent)(Fig. 2and2b).
Specificityef theISHH procedurevasfurtherdemonstratetdy the absencef signalng using a
negative control riboprob@lirectedagainsbacterialneomycingenesequencefrig. 2cand2d).
Qualitativeanalysisindicatedthatboth LINC00162andTRAF3IP2AS1 IncRNA transcripts
werevisualizednearlyexclusivelyin DA neurongFig. 2e2h). Similarto DA transporter
transcript,LINC00162transcriptwasrobustlyexpressedvithin theprocesseandsoma oDA

cells,with nuclearexclusion(Fig. 2eand2f).

In contrasto LINC00162, TRAF3IP2AS1 transcriptshowed aurprisinglystrong
nuclearocalizationin DA cells(Fig. 2gand2h). Interestingly the subcelluladistributionof
TRAF3IP2protein-codingranscript(from thestrandoppositeTRAF3IP2AS1) wasquite
distinctfrom thatof TRAF3IP2AS1 transcript,being found throughout the nucleus, cytoplasm
andprocessesf.DA neurongFig. 2i and2j). As shownby gPCR,TRAF3IP2AS1 transcript
abundanceorrelatedsignificantlywith thelevelsof TRAF3IP2protein-codingranscript(Fig.

3), consistenwith a potentiakffectof TRAF3IP2AS1 on theexpressiorof its cognateprotein-

coding gene.

Giventhedearthof functionaldatafor mostincRNAs, potential functionalitjhasbeen
inferredthroughcomputationainvestigatios of theco-expressiorpatternsof IncRNAsand
protein-cadinggenesacrosdifferent conditions otissuegJianget al. 2015).Our custom
IncRNA microarray(Lipovich et al. 2012) includedaspositive controls) probesr a number of
protein-coding neuroplasticitgiressresponseandimmediateearlygenesknownto be up-
regulatedn cocaineabusersmidbrains (Bannost al. 2014).As shownin Table3, the
expressiomfitheseknowncocaineresponsiveggenesorrelatedsgnificantly with expressiorof a
subset of thelifferentially expressethcRNAS including RP11-309G3.3, thlecRNA most up-
regulatedn ourdatasetlt wasperhaps noteorthy thatthe RP11-309G3.§enelies immediately
adjacento animmediateearlygene(IER5). In addition, oumicroarrayalsoincluded probefor

severaDA cell phenotyjic geneghataredown+egulatedn cocaineabusers’ midbrains
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(Bannonet al., 2014).In thecurrentstudy,the abundance ¢1OX antisenséntergenicRNA
myeloid 1L(HOTAIRM1), anIncRNA implicatedin neurogenesiandbrain developmen(Lin et
al. 2011),wasnegativelycorrelatedwith the expression dfanscriptsencoding th®A
transporter (-.443; p<0.05), tiBA biosyntheticenzymetyrosinehydroxylase(-.503; p<0.05),
andthe DA-specifyingtranscriptionfactornurrl (-.469; p<0.05)Thesecorrelativedatasuggest
patential functional relationshipbetweerntheexpressiorof numerougocaineresponsive
protein‘codinggenesand somespecificlncRNAsidentifiedin this study. Furthermorea global
examinatiomofall 32IncRNAs (Table2) for patterrs of co-expressiomwith known protein-
codinggenesacrossl9 humantissuequsing the IncRNA2FunctiodatabaseseeMaterialsand
Methods) revealeda highlysignificantassociatiorwith geneontologytermsrelatedto synapse
andneuron(cellular component)andtransporteandchannehctivities (molecularfunction)
(TableS4),furtherimplicatingthesencRNAsin theregulationof neuralfunction.

Discussion

Themajorgoalof this studywasto identify IncRNAsthataresignificantlydysregulatean the
ventralmidbrainof humancocaineabusersSincethey do noencodeprotein productdncRNA
transcriptsconstitutethefinal mediatorsof INcRNA gere function.Usinganexperimentatesign
thatincorporategarallelprocessing@ndquadruplicatdnybridizationof specimengrom well-
matchedsubjectpairsof cocainefatalitiesanddrugfree controlsubjectgTablel), followed by
theapplicationof various statistical, magnitudeifference andexpressiordatafilters (Lipovich
et al. 2012),we identified 32 well-annotatedncRNAswith cleardifferentialexpressionn the
midbrains of human cocairadusergTable2). Therobustness of th@atasebbtainedvas
confirmedby-thesuccessfubalidation(by gPCR) ofdifferentialiIncRNA expressiorin every
instanceexaminedFig. 1).

A number oflimitationsassociateavith this studywarrantmention.The applicationof
stringentsubjectinclusionandexdusioncriteria,andthe carefulmatchingof thecocaine
abusing and control cohoiitstermsof numerous demographamdsamplequality parameters,
limited the number o$ubjectsavailablefor study.Thelist of differentially expressethcRNAs

we identified by microarrayis, in all likelihood, far from exhaustive; futur&NA-seq
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experimentsnvolving largercohortsandencompassingngoingadvancesn InNcRNA
amotation,will undoubtedlyextendthe findings othis preliminaryanalysis In addition,asthe
currentexperimentsnvolved onlycocaineabuses, other studieareneededo determinghe
extentto which thesedifferentially expressethcRNAsreflectchangesommonto all drug
abusersersuscocainespecificeffects Previous studies of nucleascumben$aveidentified
bothcommonalitiesanddifferencesn profiles of geneexpressiorbetweerncocaineandheroin
abusergAlbertsonet al. 2004; Albertsoret al. 2006;Michelhaughet al. 2011).Furthermore,
genomic studiesr humanandor animalmodelsarerequiredto address thpossibilitythatsome
differentially expressethcRNAs might beassociateavith a predisposition taatherthana
response tedrugabuse. mally, althoughthetwo IncRNAsselectedor ISHH were
subsequently showto be expresseaearlyexclusivelywithin DA neuronskig. 2), thecellular
locus ofexpressiorof theremainingincRNAswasnotexaminedjt is quite plausiblethatglia or
non-DA neurons contribut thepatternof differentialIncRNA expressiorobservedn our
microarrayandgP CRexperimentsAdditional studiesreclearlyneededo advance our

understandinguahesessues.

As.is.thecasefor nearlyall IncRNAs (Jianget al. 2015), the biological functions of the
cocaineresponsivencRNAsidentifiedin this studyarenotcurrentlyunderstood. Computational
investigationswverethereforeusedto provide some ggliminaryinsightsinto their potential
functionality. As discussed, thincRNA datasetisa whole(Table2), basedon thepatternof co-
expressiomwith protein-codinggenesacrosshumantissuesywasvery stronglyassociatedvith
geneontologytermsrelatedto neuronal functiorfTable S3).Further,inclusionin our custom
IncRNA microarrayof probedor numerougroteincodinggeneghatareup-regulated(i.e.,
neuroplasticitystressresponseandimmediateearlygene$ or downregulatedi.e., DA cell
phenotypicgenes)n cocaineabusers’ midbrains (Bannehal. 2014; Bannoret al. 2015)
allowedusto identify aspecificsubset ofncRNAs (Table3) whoseexpressiomwassignificantly
correlatedwvith theseknowncocaineresponsivejenesThe potential functionatelationship
betweerthesecocaineresponsivéncRNAs andproteincodinggenesvarrantsfurther

investigation.

Anotherinterestingfinding wasthe upregulationin cocaineabuserof theIncRNA

TRAF3IP2AS1 (Table2), andits positivecorrelationwith the oppositstrandprotein-coding
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transcriptfTRAF3IP2(Fig. 3), despitetheir distinctsubcelluladocalizationgFig. 2). The
exclusivelynuclearocalizationof TRAF3IP2AS1 transcriptandits lack of complementarity
with TRAF3IP2proteincodingtranscriptsequencasuggest a possibépigenetieffect of
TRAF3IP2AS1 transcripton TRAF3IP2 geneexpressiorthroughalterationsof chromatinstate
atthis locus,ashasbeenshownfor some otheantisexselncRNAs (Khorkovaet al. 2014).
AnotherInecRNA genewe found d/sregulatedn cocaineabusersPRKCQ-ASL (proteinkinase
C, thetaantisensdl) (Table2) is antisens&o the protein-codinRKCQ (protein kinaseC,
theta)genewithrwhich it sharesacommao promoter regionit is noteworthythatboth
TRAF3IP2andPRKCQproteinsinteractwith othersignalingmoleculego activatethe
transcriptionfactor nuclearfactor kappahlght-chainenhanceof activatedB cells (NF-kB)
(Chuangetal. 2011;Valenteet al. 2013). As we have previousiyentified dysregulatiorof
severalNF-kB-associatedenesan cocaineabusersmidbrains (Bannoet al. 2014)andNF-kB
signalinghasbeenshownto regulatecocainereward(Russoet al. 2009). TRAF3IP2AS1 and
PRKCQAS1 IncRNAsrepresenpotentialmediatorsof a disruption oNF-kB signalingseenin

cocaineabuse:

In.summarythecurrentexperimentsepresentto our knowledge, thérst profile of
IncRNA dysregulatiorassociateavith humandrugabuse A smalldataseof well-annotated
IncRNAsexhibiting robustdifferentialexpressionn cocaineabusersmidbrainswasidentified.
Examplesof IncRNAswith DA cell-specificexpressiondifferential subcellular distribution, or
covariancavith knowncocaineresponsive protein-codirgeneswvereidentified. In keepingwith
theemergingmyriadrolesof INcRNAsin braindevelopmenandsome othe€CNS disorders
(Clark andBlackshaw2014;Michelhaughet al. 2011;Modarresiet al. 2012;Ng et al. 2013;
PastoriandWabhlstedt,2012; Punzet al. 2014),we hypothesizéhata number of thtacRNAs
identifiedinsthis'studymediatebroaderdownstreanthangesn geneexpressiorarisingwithin
the DA neuronaf chronicdrugabusersDelineatingthe contributions o$pecificlncRNAsto
themoleculamprocessesinderlyng drugaddictionwill requireexperimentalnterventionsn
animalmodels, but couldltimatelyleadto the development of novel therapeutic approatihes

thetreatmenf addiction.
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Figure Legends

Fig 1 Validatiomof differentialIncRNA expressiordetectedy microarray.Six IncCRNAs
spanning aangeof transcriptabundanceandmagnitudalifferencesvereselectedrom Table2
for validationby quantitativereattime PCR.Pearsois correlationbetweemmicroarraydataand

gPCRdatais shown.Primersequencesanbe foundn TableS1.

Fig 2 Cellularlocalizationandsubcelluladistributionof selectedranscriptsdeterminedy in

situ hybridizationhistochemistry(a,b) Robustexpressiorof DA transporter RNA within the
processeandsoma ofDA neurongalsoreadilyidentifiableby their characteristidargenuclei
andhighintracellularneuromelanin contentjc,d) Specificitywasdemonstratetdy theabsence
of signalng using a riboprobderivedfrom bacterialneomycingenesequencasanegative
control.(e,f) Similarto DA transportemRNA localization,LINCO0162transcriptwasrobustly
expressedavithin,theprocesseandsomaof DA cells,with nuclearexclusion(g,h) TRAF3IP2
AS1 transecriptexhibiteda stronghuclearocalizationin DA cells.(i,j)) TRAF3IP2protein-coding
transcriptdistributionwasdistinctly differentfrom TRAF3IP2AS1 transcriptandwasfound
throughout the'nucleus, cytoplasmdprocessesf DA neurons.Probesequencesanbe found

in TableS1.Imagescapturedwvith a 60X objectiveScalebarsequall0 microns.

Fig 3 Theexpressiorof a protein-codingranscriptandIncRNA transcriptfrom the TRAF31P2
locusaresignificantly correlatedPearsots correlationbetweenTRAF3IP2protein-coding
transcriptand TRAF3IP2AS1 transcriptabundanceg@sdeterminedy qPCR)is shown.Primer

sequencesanbefoundin TableS1.
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Table 1.Characteristics of Study Subjects

Control subjects

Cocaine subjects

Race/ Race/ Cocaine BE
Age Sex Cause of Death pH RIN Age Sex Cause of Death pH RIN ugiml  pgimi
66m BM  MGSW 6.7 6.9 64 BM cocaine 6.7 7.6 0.07 0.40
intoxication
50 4+BM,. GSW 6.7 6.9 51 BM cocaine abuse 6.7 5.7 ND 0.13
51", BE ASCVD 6.5 6.9 52 BF cocaine abuse, 6.3 6.6 ND 0.08
________________________________ intracerebral
40/ BF diated 6.4 6.8 34 BF cocaine abuse 6.4 6.2 ND 0.66
__________ cardiomyopathy _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___ _ ______________
35 BM GSW, ASCVD 6.4 6.4 35 BM cocaine 6.7 7.7 0.28 5.3
intoxication
47 WM/ ASCVD 6.2 6.1 46 WM cocaine 6.4 7.3 0.80 5.7
intoxication
45 A7BMT MGSW 6.3 7.5 49 BM cocaine abuse, 6.4 6.7 ND 0.42
__________________________________ aortic aneurysm_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
49 IBMT ASCVD 6.8 7.0 59 BM cocaine abuse 6.6 7.3 ND 0.07
52/ BM '\ hypertensive 6.3 7.0 52 BM cocaine abuse 6.6 5.6 0.08 0.33
cardiomyopathy
53 BM ASCVD 6.3 7.8 52 BM cocaine abuse 6.5 6.5 0.29 3.0
51 BM,, aortic dissection, 6.7 6.0 52 BM cocaine abuse, 6.3 7.2 ND 0.58
hypertension aortic dissection
("S"Zla’; 49 (715) 6.5(0.2) 6.9(0.5) 50 (8.5) 6.5 (0.1) 6.8 (0.7)

Abbreviations: ASCVD, arteriosclerotic cardiovasculsedse; BE, major cocaine metabolte benzoylecgoninehigek female; BM, black mak
GSW, gunshotiywound; MGSW, multiple gunshot wounds; ND, etgatied; RIN, RNA integrity number; SEM, standard erroneftean; WM,

white male.
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Table 2.Differentially regulated IncRNAs in the ventral midbrafrcocaine abusers.

Polyadenylation Splice Site

Gene Average Relative Consensus Consensus Detected
IncRNA ENSEMBL Gene ID - Fold Brain Remarks
Location ) Abundance Sequence and Sequence an .
Difference . . Expression
Conservation Conservation
Upregulated INcRNAs
RP11-309G3.3 ENSGE0000272198 chrlg25.3 2.35 16.2 no no B, S Intergenic. Adjacent tolER5 (same strand)
RP1-212P9.2 ENSG00000226852 chrlp35.3 2.03 74.1 yes:conserved yes:conserveB, F, S Isrltggg)mc. Adjacent taOPRD1 (same
Int ic. Adj; t tcoADAMTS16
LOC101929176 || ENSGO0000250579chr5p15.32  1.77 301 yes:primate  yes:mxed S ;gfj)mc Jacen (same
LOC100507534 ~ ENSGO0000261325chr16ql2.1  1.67 117.2 yes:primate  yes:conserveB, F, S 'Srltgr?gg)'c'w'th'” acluster of IncRNAs (bo
. Int ic. Adj t toBMP2K it
RP11-109G23.3 ¢ ENSGO0000260278chr4q21.21  1.61 89 yes:conserved yes: mxed S ;:ﬁgf'c jacen (opposite
HOTAIRM1 ENSG00000233429 chr7p15.2 1.53 293.5 : d : F, S Antisense.Regulates transcription 6i0XAL
chr7p15. . .5 yes:conserved yes: conserveF, andHOXA2 genes.
RPPH1 ENSG00000259001 chrl4q11.2 1.49 224 no no B,F, S Antlsense.Component of RNAse P involve:
in tRNA maturation
TRAF3IP2-AS1 ENSG00000231889 chr6g21 1.45 477.4 yes:conserved yes:conserveA, B, F, S Antisenseto TRAF3IP2
RP11-552F3.9 ENSG00000267801chr17q25.1 1.40 59 no no F S Antisenseto TRIM47
RP11-49111.1 ENSG00000260552chr18g12.2 1.37 4.4  yes:primate Zgrsl:served F, S Antisenseto MOCOS
RP4-809F18.2 ENSGO0000257061° 129244 57 80 no yesimixed B,S Intergenic. Adjacent to LINCRP4-809F18.1
2 (same strand)
Int ic. Adj t toMIR30B and
AC083843.1 ENSGO0000259820 chr8q24.22  1.33 60.4 yes: conserved no B S ntergenic. Adjacen an
MIR30D (same strand)
chr10g26.: )
WDR11-AS1 ENSG00000227165 > 1.33 36.9 no yes:conserveB, F, S Antisenseto WDR11
RP11-521016.2 ENSG00000260163 chr2q14.3 131 56.9 yes: primate yes: mixed B,F,S Antisenseto LINC RP11-521016.1
Down-regulated INcRNAs
RNF219-AS1 ENSG00000234377 chr13q22.3 -1.31 87.8 yes:conserved yes: mixed B,F, S Antisenseto RNF219
RP11-553L6.5 ENSG00000259976chr3q13.31 -1.31 3471.8 yes:conserved no B Senseoverlapping withzBTB20
PRKCQ-AS1 ENSG00000237943 chrlOp14 -1.33 149.2 yes: primate yes:conserveB, F, S Antisenseto (shared 5' region witlDRKCQ
RP11-388C12:49"" ENSG0000026306%hr17q25.3  -1.33 344 no no s 'S"ttgr?j)"'c‘ Adjacent toFN3KRP (opposite
STX18-AS1 ENSG00000247708 chr4p16.2 -1.35 51 yes:conserved no B,F,S Antisenseto STX18
LINC00540 NA chril3ql2.] 136 101 no yes: conserveS Intergenic. Nearest neighbors are clusters
1 IncRNAs
LOC100507140 ENSG00000237166 chr2q33.1 -1.37 196.1 no yes:conserveB, F, S Antisenseto AOX2P
. Senseoverlapping withSOX1, SNORD441 ,
LINC00403 ENSG00000224243 chrl3q34 -1.39 865.9 no yes: mixed A,BF, S andRP11-450H6.3
Anti IncRNAsL 22
RP11-539L10.3  ENSGO0000251580 chrdp16.l  -1.42 985.1 yes: conserved yes: primate B, F, S ntisenseto INcRNAsLOC93622 and
AC093323.3
. Intergenic. Adjacent to IncRNAs
AP001505.9 ENSG00000261706 chr21q22.3 -1.43 47.3 yes:conserved no F, S LINC00163 andLINCO0162
. Int ic. N t 5EAM92B dCTC-
LOC400548 ENSG00000278214 chrl6q24.1  -1.44 170 no yes:mxed B, F,S ;Szrgfg'lc carest gene an
LOC643763 ENSG00000274956 chr8q12.3 -1.46 1569.0 yes:conserved no A B F Senseéntronic within single exon oNKAIN3
. Int ic. Adj t toLINC00927 d
LINCO1314 ENSGO0000259417 chrl5q25.1  -1.49 543.8 yes:primate  yesiconserved, B, F, S o 9cnC Adjacen an
FAH (opposite strand)
RP11-23P13.6 ENSG00000174171chr15g15.1 -1.50 6.1 no no B,F, S Antisenseto SPTBNS
AFAP1-AS1 ENSG00000272620 chr4p16.1 -1.62 7.1 yes:conserved yes: mixed A,B,F,S AntisenseAFAPL
LINC00645 ENSG00000258548 chrl4ql2 -1.69 87.1 yes:conserved yes: mixed S Antisenseintronic to INncRNABC148262
L Intergenic. Adjacent toLINC000163, and
LINC00162 ENSG00000224930 chr21g22.3 -1.74 65.1 no yes: mixed A/BF S INcRNA AP0O01505.9
. Anti to INncRNA
LINC01010 ENSGO0000236700 chr6q23.2  -1.99 369 yes:conserved yes:mixed B, F,S nusenseto NeRNAS

LH15.40C101928231 andRP11-557H15.3

Relative abundance is overall fluorescence signal/backgt. In addition to expression data from UCSC Genome Brpise 2009 hg19 chr assembly, transcript detect
A, in substantia nigra by Allen Brain Atlas microarray (Hglywez et al, 2012); B, in Burge brain RNA-Seq (Wang et al, 2BB8n Sestan brain microarray (Johnson et al,
2013); F in substantia nigra by FANTOMS5 CAGE database (AswiaT et al, 2014).A gene feature found in primates as welleasa one non-primate species is denotec
conserved. Primate-specific gene features, and mixtures oéo@usand primate-specific features, are also indicated.
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Table 3.Correlations between differentially expressed IncRNAs@ntein-coding stress, neuroplasticity, and immedatyg e

gene transcripts.

RP11-309G3.3 RP11-109G23.3 RPPH1 AC083843.1 RP11-552F3.9  LINC00540
FOS 699" 606" 797" 775" 430 -.454
FOSB 714" 622" 802" 778" 448 -.465
JUN 804" 730" 848" 760" 483 -.485
CEBPD 720" 7177 758" 559" 512 -.438
ATF3 969" 917" 919" 611" 416 -.531
HSPA1A 959" 947" 886" 602" .358 -.483
BAG3 955" 966" 864" 519 377 -.413
GADD45B 710" 634" 828" 793" 541" -.456
CDKN1A 848" 848" 775" .346 478 -.392
GADPH -.298 -.379 -.312 -.363 -.264 -.019

Significantly correlated *** p <
control.
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.001, * p < .01, * p < .05 (2-tailed). GAPDH is a housekeepiagigguded as a negative
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