


Positive selection in long-lived rodents

dataalongwiththeaminoacidsitesunderpositive
selectiorareavailableiaourftp server(ftp:/
genome.l&iniz-fli.de/pb/mrps201/&upplement
data.tar.grandfromthe DryadDigitalRepository
https://da.org/10.5061/drad.75b46n.

Funding:Thisworkwasfundedby the Deutsche
ForschunggemeinschafDFGPL173/8-1and
DA992/3-1) the Europealommunitig Seventh
FrameworlProgramméFP7-HEALTER12-
279281)aswellastheLeibnizassocition(SAW-
2012-FLI-2)Thefundershadnorolein study
designdatacollectiorandanalysisdecisiorto
publish or preparatiorof themanuscript.

Competingnterests Theauthorshavedeclared
thatno competingnterestsexist.

Author summary

Asanadaptionto differentenvironmentsodentshaveevolvedawide rangeof lifespans.
While mostrodentsareshort-lived,alongseveraphylogenetidbranchesong-livedspecies
evolvedThis providedusauniqueopportunity to searctfor geneghat areassociated
with enhancedongevityin mammalsTowardsthis, wecomputationalljcomparedgene
sequencesf exceptionalong-livedrodentspecieglike the nakedmole-ratandchin-
chilla) andshort-livedrodents(like rat and mouse)andidentified thosewhich evolved
exceptionafast.As naturalselectioractsin parallelon amultitude of phenotypesonly a
subsef theidentified geness probablyassociateith enhancedongevity Applying
severatestsweensuredhat the datasets relatedto aging.We concludethat lifespan
extensionn rodentscanbeattributedto changedn their defensegainstreeradicals,
iron homeostasiaswell ascellularrespirationandtranslationascentralpartsof the
growth program.This confirmsagingtheoriesassumingatradeoffbetweerfastgrowth
andlong lifespan Moreover,our studyoffersameaningfulresourceof targetsj.e.genes
andspecifigpositionstherein,for functionalfollow-up studieson their potentialrolesin
the determinationof lifespantregardlesghethertheyarecurrentlyknown to beaging-
relatedor not.

Introduction

Most of the availablenformation aboutthe geneticnechanismshat governlifespanand
agingwereobtainedby studyingsingle-genenutationsin invertebrate®r short-lived,highly
inbredvertebratespeciedHowever,it is not clearwhetherinsightsaboutagingrelevantgenes
andpathwaygainedfrom thesespeciesanbeappliedto long-livedspeciesike human([1]. In
addition, lifespanextensionsinderatrtificial laboratoryconditionsresultingfrom singlegene
mutationsor othergeneticpharmacologi@and/or lifestyleinterventionsarefar smallerthan
naturalvariationof lifespanamongspecieshapedy naturalselectionMaximum lifespanof
vertebratesariesabouttwo ordersof magnitudeandis positivelycorrelatedwvith bodymass
[2, 3]. Therefore comparativeevolutionaryapproachethat searcHor genetiadifferences
betweertloselyrelatedspecieshat arelong- andshort-livedwith respecto their bodymass
mayreveahovelcandidategenesand pathwaysr opennewperspectiveen knownonesge.g.
by identifying amino acidsitesunder positiveselectiorthat areof potentialfunctional
relevance.

Rodentsareanidealtaxonfor suchanapproachWhile the majority of speciess short-
lived,suchasmice,ratsandhamsterstherearelong-livedexceptionssuchaschinchillas,
blind molerats(Spalax sp.)andseverafrican mole-ratspecieéncluding the nakedmole-rat
(Heterocephalus glaber) [4, 5]. Furthermore genomeandtranscriptomesequencesf long-
andshort-livedspeciesreavailableand canbe usedfor comparativeanalysis.

African mole-rats(family Bathyergidaeqresubterraneamodentsthat feedfrom rootsand
tubers.Thefamily comprisessix generafor five out of thesemaximumlifespanrecordsare
availabldor atleastonespeciesNotably,andin contrastto mostotherrodents,all of these
speciehiaveamaximumlifespanof aboveten yearsand exceedinghe predictionsof the
power-lawthat describedodymass/lifespanelationshipsn mammalg5]. At the extremeof
this distribution, Zambianmole-ratsfrom the Fukomys micklemi clade[6] with its beststudied
representativénsellAsnole-rat(F. anselli) andthe giantmole-rat(F.mechowii), aswell as
nakedmole-rat,havemaximumlifespansf atleastca.20,22and 31 yearsyespectivelyThese
valuesare212%.194%and 368%with respecto the predictedlifespanbasecdn their body
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masg[4], giantmole-ratpercentagealculatedvith own lifespandataand sameformula). In
contrastthe establishethiomedicalmodelorganismamouse(Mus musculus) andrat (Rattus
norvegicus) haveamaximumlifespanof 3.8and4 yearsrespectivelywhich is 51%and 32%of
the predictedvalue Remarkablythe greatercanerat (Thryonomys swinderianus) thatis closely
relatedto the African mole-ratsreache®nly 28%of the predictedmaximumlifespan(Fig 1).

Dueto anumberof unique phenotypesthe nakedmole-ratbecamehe focusof intensive
researclj7]. Thenakedmole-ratshowqi) thelongestifespanamongrodents,(ii) minimal
aging-relatedieclinein reproductiveand physiologicaparametersaswell as(iii) andan
extremelylow aging-relatedncreasan mortality rate[8, 9]. Amongthousand®f examined
animalsonly sixrecentlydiscoverecase®f spontaneoutumorshavebeendescribed10,

11]. Interestingly cancerresistancés sharedwith blind molerat, whichis, despiteits name,
ratherdistantlyrelatedto African mole-rats(Fig 1). However differentmechanismsrepro-
posedfor canceresistancén thesetwo taxa.

ThesearctHor signature®of positiveselectiorrepresents powerfulapproachto identify
the genetichasisof phenotype®f interest.Positiveselectioris the fixation of anallelein a
taxondriven by its positiveeffecton fithess It has howeverto betakeninto accountthat
selection/adaptationziparticularoverlong evolutionarytime scaleszidriven by amultitude
of environmentalstimuli that affecta multitude of phenotypesThereforeagenotype-pheno-
typelink cannotbeprovidedby suchanalysislt requiresadditionalknowledgeand,finally,
experimentalalidation.Respectivehpioinformatic positiveselectiorstudiesareprimarily
hypothesis-driverand hypothesis-generatingsearchin protein-codingsequence@CDSs),
positiveselectiorresultsin anincreasedateof non-synonymousubstitutionsascomparedo
genetiadrift. Statisticamodelsbhasedn theratio of non-synonymougo synonymousubsti-
tution rates(dN/dS) arewidelyusedin comparativegenomicsandallowtheidentification of
specificaminoacidswithin agivengenethatchangediueto positiveselectior{12+14].

Consequentlyseverastudiesperformedgenome-scalscandor positivelyselectedjenes
(PSGs)n African mole-ratsandblind molerat. Thefirst study[15] searchedor PSG®n the
verylong nakedmole-ratbranchin afour-speciesomparisonwith humanasanoutgroupand
themouseandrat asfurther rodents. Amongthe 142identified PSGcandidatesthreewere
memberof afive-proteincomplexinvolvedin alternativeengtheningof thetelomeresThe
secondstudy[16], usedten speciesvith the guineapig (Cavia porcellus) asmostcloselyrelated
specieandscannedor PSGalongthe branchedeadingto nakedmole-rat,Damaralandmole-
rat (Fukomys damarensis) andtheir lastcommonancestoLCA), identifying 334,179and 82
candidatesiespectivelyincluding candidatesssociatedith neurotransmissiomf painin the
nakedmole-rat.A third study[17] usedspeciegrom all six African mole-ratgeneraand
searchedhe branchof the LCA of all African mole-ratsthat followsdivergencdrom the guinea
pig. Signsof positiveselectiorwereidentifiedin 513genesincluding loci associatedith
tumorigenesisaging,morphologicaldevelopmenandsociality All threestudiessufferfrom a
methodologicalimitation thatis commonin positiveselectiorstudiesin noneof theseacloser
relatedspecieshanguineapig wasincluded.As guineapig is not the closestelativeof African
mole-ratsnot expressinghe phenotype®f interest,it cannotbeexcludedhat fixation of
detectedsignsof positiveselectiorpredatestanthereforecould not contributeto+theevolu-
tion of thesephenotype$18]. A fourth study[19] examinedheblind molerat branchusingthe
Chinesehamster(Cricetulus griseus) asthe mostcloselyrelatedoutgroup.Amongthe48PSG
candidatesseveralerelinked to necrosisinflammationandcancer.

To betterresolvehe above-mentione@mbiguitiesandto achievea higherresolutionof
positiveselectionin respecto the evolutionof enhancedongevityalongrodent phylogenetic
branchesweanalyzedyenomicandtranscriptomicdataof 17 speciestdattrom public
sourcesandoriginal datageneratedor this study.In particular,wegeneratedjenomicdata
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Fig 1. Nucleotide-based phylogeny of the analyzed rodents. Speciesr branchegegardel in the presenianalysesslong-livedor leadingto enhanced
longevity respectivelyaredepictedn bold. Thebranchnumbersusedin thetextareshownin blue.Thenumbersof geneswith signsof positiveselection
on the branchesarecoloredin red. Thefirst numberafterthe speciemameshowshe recordedmaximum lifespanandthe seconchumberis the percentage
of the obseredvs.expectednaximumlifespanbasedn therespectivdbodymassThemaximum lifespansandratiosweretakenfrom [4], exceptfor
silverymole-rat(personacommurication by R. Sumberapndgiantmole-rat(own data).For thesewo specieshe expectednaximumlifespansvere
calculatd with the samemammalan allometricequationusedby [4]. Thescalebarrepresent®.05substitutionspersite.

https://cbi.org/10.1371djurnal.pgre.1007272.901

for the greatercanerat asakeyspeciesibsenfrom previousanalysisandfor the silverymole-
rat (Heliophobius argenteocinereus). We systematicallgcannedL1evolutionarybranchesasso-
ciatedwith the evolutionof enhancedongevity(6 correspondingo extantspecieand5to
ancestrabranches)This approachenabledusto datemore preciselythe occurrenceof signa-
turesof positiveselectioron multiple evolutionarybranches.

In addition,werecentlyobservedhat PSGsn short-livedandfast-growingkillifish were
significantlymore oftenup- thandown-regulatediuring aging[14]. Thisfinding is consistent
with the conceptof antagonistigleiotropy[20] suggestinghat the samegeneghat areposi-
tively selectedor fastgrowthand maturationatyoungagearedriversof agingatold age The
antagonistigleiotropyhypothesiss well supported g.g.by the factthat growth rateandlife-
spanarenegativelcorrelatedboth betweerspecieandwithin manyspecie$s, 21]. Respec-
tively, wegeneratedRNA-segdatafrom youngandold nakedmole-ratsandratsto analyzehe
regulationof PSGsluring aging,asselectiormayactboth on the sequencesf proteinsandon
their patternof expressioti22].

Wefoundtheidentified PSGgo beenrichedfor geneselatedto agingandto showan
expressiompatternfitting the antagonistigleiotropytheoryof aging.Moreover,PSGsare
linked to functionaltermsrelevanto aging like cellularrespiration metalion homeostasis,
regulationby the mTOR pathwayjnflammationandthe antioxidantdefenseWe discusghe
implicationsof our resultson the currentunderstandingandfor future follow-up studiesof
the genetidhasisof agingandlifespan.

Results and discussion

To gainnewinsightsinto the genetiomechanismsleterminingthe lifespanin mammalswe
performedacomparativegenomicandtranscriptomicstudyamonglong- and short-lived
rodents.By searchindor signsof positiveselectioron phylogenetidrachesassociatedith
the evolutionof enhancedongevity weaimedto provideasetof targetgenes/sitefor future
follow-up approache$o exploremechanisticallyheir putativelink to agingandlifespandeter-
mination. As naturalselectioractsin parallelon amultitude of phenotypesweareawarethat
only asubsebf the targetsevolvedunderselectiorfor enhancedongevity.To ensurethatthe
datasenevertheleseepresentameaningfulresourcefor agingresearchye postulatedour
criteriafor evaluation{i) the PSGshowexpressiomatternsduring agingthatarecompatible
with establishedheoriesof aging,(ii) the genesetis enrichedfor geneknownto beaging-
related(iii) the genesetcontainsfunctionalcandidatesor beingrelevantfor agingbut have
not yetbeenassociatetherewith,and(iv) protein homologymodelingof known aging-related
genesuggestfunctionalconsequenceer aminoacidchangesinder positiveselection.

As startingpointsfor our analysiswegeneratedCDSlibrariesfor fiverodentspecies
(four African mole-ratspeciesndgreatercanerat) basedn transcriptomicandgenomic
data(S1/SZTables)Togetherwith publicly availableodentCDScataloggS1Table),we
obtaineddatafor 17 speciesincluding severahdditional African mole-rats chinchilla,
blind molerat andshort-livedoutgroupslike the guineapig, mouseandrat (Fig 1). From
thesesequencesye predictedorthologsandbestmatchingisoformsbetweerthe species,
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calculatedalignmentsandappliedthe branch-sitetestof positiveselectiorto multiple
brancheg23].

Basedn thelifespan®f the extantspeciesyeregardedsix extantaswell asfive ancestral
branchessleadingto enhancedongevityandexaminedhemfor positiveselection(Fig 1). We
limited our analyseto thosebranchesinddid not consideracomparisorto branchedeading
to short-livedrodentsby two reasonskirst, short/normallifespanis widespreaémongrodents,
andhavingashortlifespanis mostlikely the ancestrastatein rodents.lt isthereforemucheas-
ier to identify phylogenetidoranchesn which lifesparwasprolonged e.g.within themole-rat
cladethanto identify branchesn whichlifesparnwasreduced Secondthereis anongoingdis-
cussionthatthe samegenes/pathwaymaybeinvolvedin the evolutionof both shortandlong
lifespan[24,25],it is currentlyimpossibleo in silico predictwhetherpositiveselectiorin short-
andlong-livedspeciesnodulateggenefunctionsin oppositedirections.

In total, wedetected?59PSGgfalsediscoveryrate (FDR) <0.1,branch-sitetest).Nine
genesverefound on multiple branchegS3Table) resultingin anon-redundantsetof 250
PSGES4Table,S5+S1Tables)Signsof positiveselectiorfor the samegeneon multiple
branchesndicatepossibleparallelevolution.Amongthose wefound AMHR?2 (anti-Mullerian
hormonereceptortype2) to bepositivelyselectedoth on branch2 (nakedmole-rat)and
branch11 (blind molerat). While AMHRZ2 playsarolein malefetaldevelopmengaindin ovar-
ian follicle developmenbf the adultfemale[26], no function with regardto agingis described
yet.However the protein kinasedomainof AMHR2 containsthe greateshumberof longev-
ity-selectegpositionshasedn aregressioranalysisvith 33mammalianspecie$27]. This
domaincontains3 of 8 and 2 of 3 positivelyselecteaiteson branch2 (nakedmole-rat)and
branch11(blind molerat), respectively.

Asanumberof sequence/alignmemharacteristicpotentiallyleadso ahighersensitivity
of theunderlyingtestof positiveselectiorandthuscould biassubsequengnrichmentanalysis,
wespecificallytestedwhethertheidentified PSGsadhighertaxoncoverag€S1Fig) or greater
sequencéengths(S2Fig) than all testedgenesNeitherwasthe caseFurthermore analysesf
GC-compositiorshowedo differencebetweerPSGsandall testedgenegS3/S4-ig).

Different studies on positive selection in mole-rats show minor overlaps

First,wecomparedour list of PSGswith the PSGgletectedn previousstudiesof positive
selectiorin mole-rats(S16Table).Asobservedefore [17] PSGdrom differentstudiesshow
no or smalloverlapsThisis not surprisingbecaus¢he branchesxaminedn previousstudies
differedfrom the branchesxaminedn this study,eventhoughsomeof themarenamedsimi-
larly. For exampleKim etal. examineda®nakedmole-ratbranch®usingthe housemouseas
closestelatedspecie$15]. In our study,the sistertaxonto nakedmole-ratis representedby
other African mole-ratsandthe housemouseis usedonly asan outgroup(Fig 1). In asimilar
way,the analysiof the African mole-ratancestoby previousstudieq17, 19] differsfrom ours
asweincorporatedthe greatercanerat asclosestelatedshort-livedspeciesindusedguinea
pig asan outgroup.We thereforeanalyzedevolutionaryprocessesn ashorterphylogenetic
distancethat closelymatcheghe appearancef the phenotypesinderinvestigationln addi-
tion, therearemethodologicatlifferencedetweerthe studiesg.g.regardingortholog predic-
tion or alignmentfiltering. Unfortunately,the contribution of theseechnicalvariablego the
discrepanciesannotbeassessegthe alignmentsusedfor the previousstudiesarenot avail-
ableand cannotbecomparedwith thosegenerate@ndprovidedin our study(Supplement
Data).Thosefive geneghat were despitethe mentionedlimitations, detectedalsoby previous
studieson the nakedmole-ratbranch(AMHR2, IMP4, MYBPHL, MPZL2, TACC2; S16Table)
canbeconsideredasshowingparticularstrongsignalsof positiveselection.
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Positive selection leading to enhanced longevity and age-related expression
are linked

Next,weanalyzedheregulationof PSGgluring agingtaselectiormayactboth on the
sequencesf proteinsandon their patternof expression19]+to identify potentiallinks
betweerpositiveselectioron the analyzedranchesnd geneticdeterminantsof lifespanlin
generaldirectionalityanalysiof generegulationduring agingis complicatecby the factthat
thedirectionitselfis not informative,whetherthe respectivegenefunction is eithercausingor
counteractingaging.For exampleup-regulationof acausativgenemayacceleratagingand
shortenlifespanwhile adaptiveup-regulationto counteractagingphenotypesnayextendlon-
gevity.Basedn our findingsthat up-regulationof PSGsn short-livedspeciesnaycause
aging[14], wehypothesizedhat selectiorfor enhancedongevityis more compatiblewith
attenuationof geneactivity+eitheron the levelof protein function or generegulationtsince
avoidingdamagés easiethanimproving repair.

Moreover,genetic®f agingis highly complexin generalandwedo not assumehat
enhancedongevityevolvedalongthe analyzedranchesn the sameway.Butanumberof
genes/pathwayareshownto beconsistentlyinvolvedin agingof evenverydistantlyrelated
taxafrom yeasto mammalg28]. In addition,thereareaccumulatingdatathatthisis even
morethe casehe closerelatedthetaxaare[29, 30]. On this basisve hypothesizéhat thereis
aconsiderableverlapbetweerthe genes/pathwaythat areinvolvedin agingamonganalyzed
branches.

To evaluatehesehypothesesye performedRNA-segand subsequentlgomparedyene
expressiorin liver from old vs.youngmalesof both long-livednakedmole-rats(>21vs.2+4
yearsyaswellasshort-livedrats(24vs.6 months;S17+S1%3ables)Indeed the union setof
PSGscrosall examinedbrancheshowedduring agingpreferencdor down-regulationin
nakedmole-ratandfor up-regulationin ratsin respecto all regulatedyenegp = 0.0029Lan-
castemprocedurg31]). Moreover,68 PSGsvereboth down-regulatedn the long-livednaked
mole-ratandup-regulatedn the short-livedrat during aging(Fig 2), resultingin ahighly sig-
nificant preferencdor quadrantl (downin nakedmole-rat,upin rat;p = 0.0017pne-sided
fishertest,quadrantl againsthesumof I, lll, IV). Theseesultsindicatethatidentified PSGs
areassociatedith expressiorthangesluring agingof long- and short-livedrodentsconsis-
tentwith the antagonistigleiotropytheoryof aging.

Positively selected genes are enriched for functional terms related to aging

To testwhetherthe PSGsareenrichedfor geneknownto beaging-relatedyeperformed
geneontology(GO) term enrichmentanalysisAmong 16,63akedmole-ratgeneghatwere
analyzedn totalwith regardto their expression?,220genesveredown-regulatecand 3,212
genesup-regulatedduring nakedmole-rataging.Regardingall genestherewasa significant
perturbationtowardsdown-regulationduring agingin 159GO termswhile 8 termswereper-
turbedtowardsup-regulation(FDR<0.1 GAGE;S20Table).Theenriched159termswere
summarizednto 7 categorie§REVIGO,S21/S2Tables) Amongthethreeby far largestcate-
goriesbasedn the numberof coveredyenesare?cellularrespiration®(G0:0045333ank
one) 2translation®(G0O:000641Zhree)previouslylinked to aging(seebelow).While the
otherproces$SRP-co-translationgdrotein targetingto the membraneq{GO:0006614wo0)
mayberelatedto agingasit is functionallyconnectedo 2translation®.

With respecto possiblepleiotropiceffectstranslationand cellularrespirationarealsokey
componentof the growth program.To evaluatdhe PSGsn respecto thesecategoriesye
built the union of genedor eachREVIGOcategorandtestedor overrepresentationf PSGs.
Regardingall PSGstherewasasignificantoverlapwith 2cellularrespiration®(p = 2.310°%,
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Fig 2. Changes of PSG expression in liver during aging of long-lived naked mole-rat and short-lived rat. The
romannumbersdescribehe quadrantthe colorednumbersbelowthat showthe numberof PSGsn therespective
guadrantandthe blacknumbersat the bottom givethetotal regulatedyenesn the quadrant.Thered marked
guadrant(l) represent®SGghatweredown regulatedn nakedmole-ratandup regulatedn rat. Thiswastested
againsthe sumof threebluemarkedquadrantgl, 1lI, 1V) with Fisher'sexactest(one-sided) Theresultingp-valueis
shownin quadrantl. Thetotal numberof PSGshownin this plot (185)is lowerthanthe uniquenumberof all PSGs
(250)dueto insufficientexpressiorf genegDEseqin atleastoneof the species.

https://abi.org/10.1371durnal.pge.1007272.902

one-sidedishertest).Regardingnly the 68 PSGghat weredown-regulatedn nakedmole-rat
andup-regulatedduring rat aging(quadrantl, Fig 2), 2cellularrespiration®showedasignificant
(p = 2.410° ") and?translation®a borderlinesignificantenrichment(p = 0.10;S23Table).This
againsuggestthat PSGarelinked to agingrelevantprocesse anantagonistigleiotropic
way.Theresultis alsoconsistenwith the hyperfunctiontheoryof agingthat suggestthat
antagonistigleiotropyworksviaamechanisnof 2perverted®growth. Accordingto this theory
the growth programthat is beneficiaduring youthis not entirely stoppedafterfinishing devel-
opmentand causeslamagdrom that point on. Thetheoryfurther claimsthatthe mastemregu-
latormTOR (mechanistidargetof rapamycin)governghis growth program[32, 33].

Regulation of mTOR- and downstream processes show signs of positive
selection leading to enhanced longevity
ThekinasemTOR operatessa centralregulatorof cellmetabolismgrowth,inflammation

andproliferation.It wasidentified asa keyregulatorof agingandaging-relatedliseasem
yeastnematodesfruit flies,andmice[34, 35]. On branch2 (nakedmole-rat),wefound RHEB
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(Rashomologenrichedin brain) codingfor the direct, positiveregulatorof mMTOR andon
branch9 (Ansell'smole-rat)its paralogRHEBL 1 to be positivelyselecteda situationconsistent
with the conceptof parallelevolutionaswell asof subfunctionalizatiorof genesafterduplica-
tion. nTOR canbeactivatecby RHEBeitheron the surfaceof the peroxisomg36]+in
responséo reactiveoxygenspecie§ROS)+oron the surfacehelysosomg37]£in responseo
aminoacids We found peroxisomabenegGO:0005777¢nrichedfor PSGsothin theunion
acrossll examinedoranchegFDR = 0.026)aswellason branchl (LCA of the African mole-
rats,FDR= 0.002) With regardto thelysosomethe major lysosomamembranecomponent
LAMP2 (lysosomahssociatechembraneprotein 2), wasidentified asPSGon branch11
(blind molerat) andhasatendencytowardspositiveselectioron branch2 (nakedmole-rat,
FDR=0.11) LAMP2is estimatedo contributetogetherwith its paralogLAMP1 about50%of
alllysosomamembraneproteins.

DespitethatmTORIs partiallyregulatedatthelysosomeit is alsoa keyregulatorof autop-
hagy[38]. Autophagyis acellularprotectivecleaningmechanismrequiredfor organelle
homeostasigspeciallynitochondria.While enhancediutophagywasshownto beassociated
with lifespanextensionin worms,fliesandmice,inhibition of autophagygconverselyleadso
prematureagingin mice[39]. LAMP2 (seeabove)ctsalsoasareceptorfor chaperone-medi-
atedautophagylt is requiredfor degradatiorof individual proteinsthroughdirectimport
into thelysosomalumen([40,41]. Aging-dependentiecreasef LAMP2 expressiomwas
observedn mousédliver. Reinstatemendf juvenileLAMP2 levelsn agedmicesignificantly
reducesaging-dependerdeclineof cellfunction andrestoreghe degreeof celldamageo that
foundin youngmice[42].

Besideshelysosomeanothercellularprotein quality control and degradatiorsystemis the
proteasomeWhile impairedproteasomédunction and subsequeraccumulationof misfolded
proteinsweretightly correlatedwith agingandaging-relatecdheurodegenerativdisorderdike
Parkinson'sand Alzheimer'sdiseasdpng-livedhumanshavesustainegroteasomectivity
[43+45].Two proteasomeubunitgenesPSMG1 (proteasomaassemblghaperonel) and
PSMB4 (proteasomesubunitbetad), wereidentifiedasPSGon branch11 (blind molerat).
PSMB4hashbeenclassifiechsadriver for severatypesof tumors[46], is down-regulatediur-
ing nakedmole-rataging(FDR= 0.088 DESeqg2andis aknown interactionpartnerof PRP19
(pre-mRNA-processingactor19or senescencevasiorfactor) thatis essentiafor cellsurvival
andDNA repair[47].

AmongmTOR-regulategrocessethat arerelevantfor both growthandagingaretransla-
tion andcellularrespiration[34]. Consistenwith the observedntagonistiexpressiorpat-
ternsof PSGsn thelong-livednakedmole-ratandshort-livedrat (seeabove)jower
expressionf genegelatedto theseprocesseaswell aspharmacologicahhibition of the
respectivggeneproductswasshownto beassociatewith longerlifespanin worms|[48,49],
killifishes[50] andmice[51,52].

Finally, n"TORis thoughtto playacritical role in regulatinginflammatoryandimmune
responsefs3]. We found inflammatoryrespons€G0O:0006954;DR = 0.027 Fisher'ssxactest)
anddefenseespons€G0O:000695Z-DR= 0.004)}o beenrichedfor PSG®n branch11(chin-
chilla). Agingistightly associatetb the delicatebalanceébetweerpro-inflammatoryresponset
resistpotentiallyfatalinfectionsandthe inexorabledamageshat areaccumulatedy this [28,
54].Chronicinflammationis describedasa major risk factorfor agingandaging-relatedliseases
suchasatherosclerosisliabetesAlzheimer'sdiseasesarcopeniand cancef55].

IGF1 (insulin-like growthfactor 1), a centralregulatorof the insulin/IGF1 pathwaywas
identifiedasPSGon branchl (LCA of African mole-rats) Theinsulin/IGF1 pathwayis
anotheragingrelevantsignalingpathwaythat links nutrient sensingo variousanabolicand
catabolicaspect®f the metabolism56]. Similarasfor the mTOR-pathwayreductionof the
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insulin/IGF1signalingincreasetongevityin worms,fliesandmiceandboth pathwaysare
linked by mutualfeedbackoops[34]. Furthermore IGFlis down-regulatediuring naked
mole-rataging(FDR= 1.6'10™).

Positive selection leading to enhanced longevity affects regulation of
oxidative stress

With cellularrespirationand peroxisomeactivity the main cellularsourceof ROSwerefound
to beaffectedy positiveselectionseeabove)ln smallconcentrationdROScanserveassig-
nalingmoleculese.g.in regulationof MTOR[36] or apoptosig57]. In higherdoseshowever,
theycancausenegativeoxidativestresg§58], i.e.damageso DNA, proteinsandothercellular
componentg59]. Oxidativestresss thoughtto playamajorrolein the pathogenesisf neuro-
degenerativeiseasef50] and eventhe determinationof lifespanin general®oxidativestress
theoryof aging®)[61]. On branch3 (LCA of all African mole-ratsexceptnakedmole-rat),we
found anenrichmentof oxidoreductasactivity (GO: GO:0016491F-DR= 0.056)and positive
selectiorof TXN (thioredoxin),codingfor an oxidoreductasenzymethat actsasan antioxi-
dantextendinglifespanin fly [62] and potentiallyalsoin mice[63,64]. SOD2 (superoxidelis-
mutase?) and CCS (copperchaperondor superoxidedismutaseprePSGsn branch10
(chinchilla)andbranch2 (nakedmole-rat),respectivelyBothgenesareinvolvedin ROS
defensendaffectaging/lifespann severaspecie$65, 66]. Thisis interestingbecausén
recentyearsjt hasbeenrepeatediyguestioneahatthe oxidativestressheoryof aginghas
muchrelevancdor bathyergidrodents giventhat severastudiedfailedto find improvedanti-
oxidantcapacitiegand/or lessaccumulatiorof oxidativedamagen nakedmole-ratscompared
to themuchshorter-livedmice[67+69].0n the otherhand,significantlyhigherlevelsof oxida-
tive damageon proteinsandlipids in non-reproductiveascomparedo reproductivefemales
of the Damaralandmole-ratwerefound [70]. Sincenon-reproductiveindividualslive shorter
(andhenceagefaster)thantheir reproductivecounterpartsn Fukomys sp.[71£73]these
resultsareconsistenwith the oxidativestressheoryof aging.The diversesignsof positive
selectioron branch2 (nakedmole-rat),3 (LCA of all African mole-ratsexceptnakedmole-
rat) and7 (LCA of Ansell'smole-ratand giantmole-rat)maysuggesthat theimpactof oxida-
tive streson agingdiffersbetweemakedmole-ratand other African mole-rats.

ROSproductionand ROS-inducedlamagedo biomoleculesreintertwined with thefor-
mation of advancedylycationend-product§ AGEs).AGEsarestablebondsbetweercarbohy-
dratesandproteins/lipidswhich areformedin anon-enzymatidashion AGEsactivate
membrane-bounar solubleAGER(AGE specificreceptor)and AGEs/AGERhavebeen
linked to severahging-relatedliseasemcluding Alzheimer'sdiseasanddiabeteg74]. Inter-
estingly AGER wasfound to beaPSGon branch10(chinchilla). Therole of AGES/AGERN
agingis complexandambivalen{75]. AGERIs up-regulatedn liver during nakedmole-rat
aging(FDR= 0.035)Similarly,in skin AGElevelsisewith chronologicalagein Ansell's
mole-rat,but surprisinglyarehigherin the skin of slowagingbreedershan of fasteraging
non-breeder$76]

Positive selection leading to enhanced longevity affects metal ion
homeostasis and transport

Themajority of ROSis generatedinder participationof redox-activanetalg77]. Therefore,
disruptionsof the metalion homeostasiarethoughtto contributeto formation of freeradicals.
Furthermorejmbalance®f metalions,especiallglevatedron levelswereassociatedith the
pathogenesisf aging-relatecheurodegenerativdiseasef’8, 79]. Metalion transportgenes
werefound to beenrichedfor PSG®n branch8 (giantmole-rat, GO:0030001FDR= 0.025)
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and TF (transferrin)wasidentifiedasPSGon branch4 (LCA of Cape Capedune,giant,Ansell's
mole-ratandcommonmole-rats).TF is aniron-binding protein responsibldor transportof
iron in the bloodstreamandthereforeessentialor iron homeostasig80]. Neuronsregulateiron
intakeviathe TF receptoranddysregulatiorof this tightly controlledprocessn the brain was
shownto behighly associatewith Parkinson'sand Alzheimer'sdiseas¢s1].

Protein homology modeling suggests functional consequences of amino
acid changes under positive selection

Our positiveselectioranalysigprovidesnot only candidategenesut alsocandidateamino
acidsfor functionalfollow-up studiesProteinhomologymodelingmayrevealinsightsinto
the potentialstructuralimpactof apredictedpositivelyselected@mino acidchangeAs a proof
of conceptwe performedhomologymodelingfor the siteof highestprobability of selectiorin
TF+Ser383LyserumTFsform abilobalstructure,and eachiobecontainstwo dissimilar
domainswith asingleiron-binding site.Inspectingthe structureof the Ansell'smole-ratTF
modeledon therabbit protein (PDPID: 1INF[82]) astemplatewerealizedthatLys383is
locatedattheinterfacebetweerthetwo lobes(Fig 3A). In therabbit TF two juxtapositioned
Asnresiduest position 383and 312might form an H-bond andthis constellationcould stabi-
lizetheinter-lobeinteractions(Fig 3B).In contrastthe juxtapositionof the positivelycharged
sidechainsof Lys383andaconservedirg312in the Ansell'smole-ratstructuralmodelwould
beexpectedo weakerthelobe-lobenteractiondueto electrostatieepulsion.Thefunctional
consequencdsr TF implied by this modelingrequireexperimentalnvestigations.

Conclusions

We providedasystematiccanfor PSGsn evolutionarybranchesf the African mole-rat
family andotherrodentsleadingto enhancedongevitythat examined considerablynore

N

Fig 3. Homology models of Ansell’s mole-rat transferrin (TF). (A) Overviewof the modeledAnsell'smole-ratTF structure (green)superimpsed
onto therabbit TF templag structure(1INF grey).The positionof the Asn383Lysitediscussedh thetextatthe boxedcenterof thelobeinterface
numberedandindicatedin cyan.BrownspheresEe** coordinatedn thetemplatestructure(PDBID: 1INFtheradiusof the metalion is enlargedor
bettervisibility). (B) Detail of the TF lobeinterface Shownis amagnificaton of the boxedregionin (A). Coloringandnumberingasin (A), sidechain
nitrogenatoms(blue),oxygenatoms(red). Potentid hydroger bondin 1INF(light blue)asdiscusseih thetext.Numbering(black)accordingto
positionsin therabbit TF structure (LINF).

https://doi.0g/10.1371Hurnal.pgeri007272.g003
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extantandancestrabranchesand providesa high resolutionof positiveselectiorthan previ-
ousstudies.

Analyzingthe geneexpressiomf PSGswefound a highly significantpatternof down-regu-
lationin thelong-livedNMR andup-regulationin the short-livedrat, fitting the antagonistic
pleiotropytheoryof aging[83]. The PSGsandenrichedfunctionaltermscovermanyof the
processethatareregulatedby the mTOR pathway g.g translation,autophagyandcellularres-
piration. Furthermore with RHEBand RHEB1L directregulatorsof mMTOR [84], andwith
IGF1,acentralcomponentof insulin-signaling werefound to beunder positiveselectionln
addition, welinked positiveselectiorwith inflammationandthe antioxidantdefensepro-
cesseknown to beinvolvedin regulationof lifespan.

By providing statisticakvidenceshat the setof identified PSGsepresentameaningful
resourcegor agingresearchour resultsmayencouragexperimentafollow-up studiestregard-
lesswhetherthe geneis currentlylinked to agingor determinationof lifespanor nottsinceall
sequenceandalignmentsincluding theidentified positivelyselecteaitesareaccessibleia
supplementata.

Methods
Ethics statement

Fortissuecollection ratswereeuthanizedvith CO2,whereasnole-ratswereeitheranaesthe-
tizedby 3%isofluraneinhalation (nakedmole-rats)or 6 mg/kg ketaminecombinedwith 2.5
mg/kgxylazine(giantmole-ratsseeGarciaetal.2015doi: 10.1111/vaa.1218ahdthen
euthanizedby surgicaldecapitation Animal housingandtissuecollectionwascompliantwith
nationalandstatelegislation(Berlin: breedingallowance?ZH 156;animalexperimentation
approvalG 0221/12] andesamfiir Gesundheitnd SozialesBerlin; Essenbreedingallow-
ances32-2-1180-71/328nd 32-2-11-80-71/34%thics/animakxperimentatiorapproval84+
02.04.2013/A164.andesamfiir Natur-, Umwelt- und Verbraucherschutilordrhein-
Westfalen).

CDS data

We examinecdhine African mole-ratspeciesoveringall sixgeneraAdditionally, our analysis
comprisesightoutgroupspeciesncluding thelong-livedblind molerat andthe chinchilla.
MRNA sequencesf severtistantlyrelatedoutgroupspeciesvereobtainedfrom RefSe@long
with their CDSannotation(S1Table).Forthe nakedmole-ratweusedarecentlypublishedde
novo transcriptomeassembly85]. RNA-seqdatafor six mole-ratspeciesvasobtainedfrom
GenBankSequenc®eadArchive,studySRP06192K 7]. Thereadswvereassembledndanno-
tatedusingFRAMA asdescribedn [85].

For Ansell'sand giantmole-rat,purification of RNA from 13and17tissuestespectively,
wasdoneusingQiagenRNeaswini Kit following the manufacturer'siescription.Novel
RNA-seqwasperformedfor both speciessdescribedn S2Table.De novo transcriptome
assembliesf the generatedlatawereperformedusingFRAMA with humanasreferencespe-
cies[85]. In casedn which multiple isoformspergenewereannotatedbasedn thereference,
all of themwereusedin subsequenanalysesthe completenessf the assembliegstimated
usingBUSCQ[86], was54+100%S1Table).

Forthe silverymole-ratandthe greatercanerat genomesequencingvasperformedto
complementhe transcriptomedata.DNA wasisolatedfrom liver tissueof two femalesilvery
mole-ratsandamalegreatercanerat usingDNeasyBlood & Tissug(Qiagen). DNA wasthen
convertedo lllumina librariesandsequencingvasdoneasgivenin S2Table.Sequencesads
werecleanedy removalof adaptorsThen,thereadsweretrimmed usingthe CLC quality
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trim program(parametersl 0.5,-f 33and-b 0.1),i.e.thelargestegionof eachreadwasiden-
tified thatthat hasat max.10%o0f its basesvith quality scores<20andthis regionwasused
for further analysinly if it containedatleast0%of the total base®f therespectiveead
(otherwisethe readwasdiscarded)Additionally, dupliconswerediscardedDe novo genome
sequencassemblwasperformedusingCLC assemble(Qiagen)with defaultsettingsThe
CDSannotationwasdoneusingAUGUSTUS87] with Ansell'smole-ratCDSsashint. The
estimateccompleteneskor theseassemblieasingBUSCOwas39%and 13%for silverymole-
rat andgreatercanerat, respectivelyS1Table).Forthe greatercanerat, anadditional,refer-
encebasedtodingsequencassemblyascreatedby mappinggreatercanerat readsagainst
giantmole-rattranscriptsusingCLC mapper(-alocal-l 0.4-s0.9)andintroducing changeso
the giantmole-rattranscriptsusingCLCvariationfinder (-z unknown-c 2 £I). Theestimated
completenessf thisassemblywas91%(S1Table).

All animalswerehousedand euthanizeccompliantwith nationaland stateregulations.
ReaddatawasdepositecasENA (EuropeanNucleotideArchive) studyPRJIEB20584.

Identification of positively selected genes

To scanon agenome-widescaldor genesinderpositiveselectionwefedthe CDSsof the
describedspeciesetalongwith the brancheavewantedto examing(Fig 1) into the PosiGene
pipeline[88]. Giantmole-ratwasusedasPosiGene'anchorspeciesOrthologywasdeter-
mined by PosiGeneria bestbidirectionalBLASTsearchef39, 90] againsthe orthologsgroups
definedin the HomoloGend91] databas¢PosiGengarameterhsfor HomoloGenespecies
and-nhsfor speciesiot includedin the databaseRegardinghe silverymole-rat,for which
wehadboth agenomeandatranscriptomeassemblywe usedgenerallythetranscriptome
assemblyexcepfor thoseorthologgroupsin whichthe silverymole-ratortholog couldnot be
assignediatranscriptomicbut viagenomicdata.Thiswasaccomplishedby callingthe three
PosiGenenodulesseparatelyfeedingboth assembliemdependentlyin thefirst module
(orthologassignmentanddeletingall genome-basesilverymole-ratsequenceis those
orthologgroupsthat containedtranscriptome-basesilverymole-ratCDSsheforecallingthe
secondnodule.We consideredll genesvith Benjamini-Hochbeg correctedp-valueFDR)
< 0.1lascandidategenesTo excludethatthesecandidatesvereproductsof computational
convergenc@roblemsthat areknown to potentiallycausdalsepositivesn suchanalyse§92],
weperformedfor eachcandidatewo control runswith PosiGeneOnly thosecandidateshat
wereapprovedn both control runswereconsiderecasPSGsandusedin subsequeranalyses
(acrosall branches3 candidatesvereremoved S5+S1Fables).

Theabovedescribegrocedurevasperformedseparatelyor the branche®+11andfor
branch1 with differentgreatercanerat assembliedVhile for the branche®+11the de novo
greatercanerat assemblyvasusedfor branchl thereferencébasedyreatercanerat assembly
wasused.Thereasorfor this separations thelackof completenessf theinitial de novo
greatercanerat assemblyS1Table).Theimpactof this for branche®+11canassumedo be
minimal asthe greatercanerat is only oneof nine potentialoutgroups For branchl (LCA of
African mole-rats) howeverthe greatercanerat is the sistertaxonwhosepresencés required
in analignmentto ensurethat detectedsignsof positiveselectiordo not predatebranchl
[18]. Thereforeto avoidaconsiderablyfower sensitivitywith respecto branchl1 thanfor
otherbranchesthe secondmore completereferencébasedjreatercanerat assemblyvas
used(S1Table).

An overviewaboutthe numberof genesandsequencetestedor positiveselectiorin the
differentbranchess shownin S4Table.
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Differentially expressed genes during naked mole-rat and rat aging

Theyoungandold rats(strain Wistar) hadan ageof 6 (n = 4) and24(n = 5) months,respec-
tively. Theyoungnakedmole-ratshadanageof 3.42+0.58 earqaverage+sdy = 6). Theold
nakedmole-ratswereatleast?1yearsld (recordedifetimein captivity,n = 3). All examined
animalsweremales All animalswerehousedandeuthanizeccompliantwith nationalandstate
regulationsFor both speciespurification of RNA from liver samplesvasdoneusingQiagen
RNeaswini Kit following the manufacturer'slescription.In short,we performedRNA-seq
usinglllumina HiSeq2500with 50nt singlereadtechnologyandasequencinglepthof atleast
20mio reads/sampléS17Table).For nakedmole-rat,the readmappingwasperformedwith
STAR[93] (xoutFilterMismatchNoverimax0.06+outFilterMatchiinOverLread).9+outFil-
terMultimapNmax1) againsthe publicgenomegBioproject:PRINA72441that wehadanno-
tatedbeforeby aligningthe above-mentionesakedmole-rattranscriptomereferencausing
BLAT [94] and SPLIGN[95]. Ratreadswerealignedagainsthe mentionedRefSegeference
usingbwaaln [96] (-n 2-0 0-e 0-O 1000-E 1000).Readdataand countsweredepositechs
GEO(GeneExpressiorOmnibus)seriesGSE9874@ifferentiallyexpressedenegFDR<0.1,
S18andS19Tablesyandfold-changesveredeterminedwith DESeqZ97]. GAGE[98] wasused
to determineenrichedgeneontologiesbasedn fold-change$S20Table).Geneontologieswith
FDR<O0.1lweresummarizedusingREVIGO (allowedsimilarity = 0.5)[99]. Four of the sixlarg-
estsummarizedcategorie®f theresultingtreemap(S21/S2J ables)werefurther analyzediue
their agingrelevancérepresentativéermsgiven):2translation®(G0O:0006412}cellularrespira-
tion® (GO:0045333¥responseo oxidativestress{G0O:0006979nd?ron ion homeostasis®
(G0O:0055072)or eachof thesecategorieshe union of genesacrosgieneontologytermswas
built. Thesaunionsweretestedor significantoverlapswith (i) the union of PSGsacross
branchesand(ii) the union of PSGsacrosdrancheghatweredown-regulatediuring agingin
nakedmole-ratand up-regulatedn rat (Fisher'sexacttest).Functionalannotationof the PSGs
in respecto thefour categoriess givenin S23Table).

Gene ontologies

We determinedenrichmentsfor GO categoriesvith Fisher'sexacttestbasedn the R package
GOstat{S24Table).Theresultingp-valuesverecorrectedusingthe Benjamini-Hochberg
method[100]. We usedthroughoutthe manuscript0.1assignificancehreshold.

Homology modeling of protein structure

Modelswerebuilt in SWISS-MODEI(http://swissmodel.expgrg;)[101,102].No further
optimizationwasappliedto the resultingmodels Superimpositiorof the modelandtemplate
structuresandrenderingwascarriedout usingCHIMERA [103].

Supporting information

S1 Fig. Taxon coverage.
(PDF)

S2 Fig. Lengths of examined sequences.
(PDF)

S3 Fig. GC—content of examined sequence.
(PDF)

$4 Fig. Standard deviation of GC—content within alignments.
(PDF)

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007272 March 23, 2018 14/22


http://swissmodel.expasy.org/
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s001
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s002
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s003
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s004
https://doi.org/10.1371/journal.pgen.1007272

Positive selection in long-lived rodents

S1 Table. Data sources for assemblies and sequence statistics.
(XLSX)

S2 Table. Samples that were sequenced to create genome/transcriptome assemblies.
(XLSX)

S3 Table. PSGs on multiple branches.
(XLSX)

S4 Table. Overview of positively selected genes (FDR<0.1) on examined branches.
(XLSX)

S5 Table. Results on branch 1.
(XLSX)

S6 Table. Results on branch 2.
(XLSX)

S7 Table. Results on branch 3.
(XLSX)

S8 Table. Results on branch 4.
(XLSX)

S9 Table. Results on branch 5.
(XLSX)

$10 Table. Results on branch 6.
(XLSX)

S11 Table. Results on branch 7.
(XLSX)

S$12 Table. Results on branch 8.
(XLSX)

S$13 Table. Results on branch 9.
(XLSX)

S$14 Table. Results on branch 10.
(XLSX)

S15 Table. Results on branch 11.
(XLSX)

$16 Table. Overlaps between this and previous studies.
(XLSX)

$17 Table. Samples that were RNA-sequenced to examine gene regulation during aging.
(XLSX)

$18 Table. DESeq?2 result for gene expression comparison of young (@ 3.42 years) vs. old
(>21 years) naked mole-rats.
(XLSX)

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007272 March 23, 2018 15/22


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s006
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s007
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s008
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s009
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s010
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s011
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s012
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s013
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s014
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s015
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s016
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s017
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s018
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s019
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s020
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s021
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s022
https://doi.org/10.1371/journal.pgen.1007272

Positive selection in long-lived rodents

$19 Table. DESeq2 result for gene expression comparison of young (6 months) vs. old (24
months) rats.
(XLSX)

§20 Table. GAGE gene ontology enrichment for expression changes during naked mole-rat
aging (0 3.42 vs > 21 years, FDR<0.1).
(XLSX)

$21 Table. REVIGO treemap result of GAGE enrichment for differential expression dur-
ing naked mole-rat aging.
(XLSX)

§22 Table. REVIGO representative categories (representative term given) of GAGE enrich-
ment for differential expression during naked mole-rat aging.
(XLSX)

§23 Table. PSGs in aging relevant summarized REVIGO categories and quadrant 1 (up-
regulated in rat and down-regulated in naked mole-rat).
(XLSX)

$24 Table. Gene ontologies enriched for PSGs on examined branches based on GOStats
and Fisher’s exact test (FDR<0.1).
(XLSX)

Acknowledgmen ts

Wethanklvonne G&lich, ChristianeVole and YoshiyukiHenningfor excellen@ssistance,
DebraWeih for proofreadingthe manuscriptand ChristophKaetherfor helpfuldiscussions.

Author Contributions

Conceptualization: Arne Sahm Karol SzafranskiPhilip Dammann,MatthiasPlatzer.
Formal analysis: Arne SahmMartin Bens MatthiasG&lach.

Funding acquisition: Karol SzafranskiPhilip Dammann,MatthiasPlatzer.

Investigation: Arne SahmCornelisCalkhovenChristineMiler, AlessandrcCellerino,Philip
Dammann,MatthiasPlatzer.

Methodology: Arne SahmJohannKraus,HansA. Kestler.
Project administration: Arne SahmKarol SzafranskiMatthiasPlatzer.

Resources: Martin Bens Susannéioltze,Marco Groth, MatthiasSchwabHynek Burda,
ThomasHildebrandt,Philip Dammann.

Software: Arne SahmMartin Bens.
Supervision: MatthiasPlatzer.

Writing - original draft: Arne SahmMatthiasG&lach, AlessandraCellerino,Philip Dam-
mann, MatthiasPlatzer.

Writing - review & editing: Arne SahmMartin Bens Susannédoltze,AlessandrdaCellerino,
Hynek Burda,ThomasHildebrandt,Philip Dammann,MatthiasPlatzer.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007272 March 23, 2018 16/22


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s023
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s024
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s025
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s026
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s027
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007272.s028
https://doi.org/10.1371/journal.pgen.1007272

Positive selection in long-lived rodents

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Austad SN. Comparative biology of aging. J Gerontol A Biol Sci Med Sci. 2009; 64(2):199-201.
https://doi.org/10.1093/gerona/gin060 PMID: 19223603; PubMed Central PMCID:
PMCPMC2655036.

Austad SN. Diverse aging rates in metazoans: targets for functional genomics. Mech Ageing Dev.
2005; 126(1):43-9. https://doi.org/10.1016/j.mad.2004.09.022 PMID: 15610761.

de Magalhaes JP, Costa J, Church GM. An analysis of the relationship between metabolism, develop-
mental schedules, and longevity using phylogenetic independent contrasts. J Gerontol A Biol Sci Med
Sci. 2007; 62(2):149—-60. PMID: 17339640; PubMed Central PMCID: PMCPMC2288695.

Tacutu R, Craig T, Budovsky A, Wuttke D, Lehmann G, Taranukha D, et al. Human Ageing Genomic
Resources: integrated databases and tools for the biology and genetics of ageing. Nucleic Acids Res.
2013; 41(Database issue):D1027-33. https://doi.org/10.1093/nar/gks1155 PMID: 23193293.

Fushan AA, Turanov AA, Lee SG, Kim EB, Lobanov AV, Yim SH, et al. Gene expression defines natu-
ral changes in mammalian lifespan. Aging Cell. 2015; 14(3):352—65. https://doi.org/10.1111/acel.
12283 PMID: 25677554; PubMed Central PMCID: PMCPMC4406664.

Van Daele PA, Verheyen E, Brunain M, Adriaens D. Cytochrome b sequence analysis reveals differ-
ential molecular evolution in African mole-rats of the chromosomally hyperdiverse genus Fukomys
(Bathyergidae, Rodentia) from the Zambezian region. Mol Phylogenet Evol. 2007; 45(1):142-57.
https://doi.org/10.1016/j.ympev.2007.04.008 PMID: 17576078.

Gorbunova V, Seluanov A, Zhang Z, Gladyshev VN, Vijg J. Comparative genetics of longevity and
cancer: insights from long-lived rodents. Nat Rev Genet. 2014; 15(8):531—-40. https://doi.org/10.1038/
nrg3728 PMID: 24981598; PubMed Central PMCID: PMCPMC4353926.

Beltran-Sanchez H, Finch C. Age is just a number. Elife. 2018; 7. https://doi.org/10.7554/eLife.34427
PMID: 29364114; PubMed Central PMCID: PMCPMC5783609.

Buffenstein R. Negligible senescence in the longest living rodent, the naked mole-rat: insights from a
successfully aging species. J Comp Physiol B. 2008; 178(4):439—-45. https://doi.org/10.1007/s00360-
007-0237-5 PMID: 18180931.

Delaney MA, Ward JM, Walsh TF, Chinnadurai SK, Kerns K, Kinsel MJ, et al. Initial Case Reports of
Cancer in Naked Mole-rats (Heterocephalus glaber). Vet Pathol. 2016; 53(3):691-6. https://doi.org/
10.1177/0300985816630796 PMID: 26846576.

Taylor KR, Milone NA, Rodriguez CE. Four Cases of Spontaneous Neoplasia in the Naked Mole-Rat
(Heterocephalus glaber), A Putative Cancer-Resistant Species. J Gerontol A Biol Sci Med Sci. 2017;
72(1):38—43. https://doi.org/10.1093/gerona/glw047 PMID: 27129918.

Kosiol C, Vinar T, da Fonseca RR, Hubisz MJ, Bustamante CD, Nielsen R, et al. Patterns of positive
selection in six Mammalian genomes. PLoS Genet. 2008; 4(8):1000144. https://doi.org/10.1371/
journal.pgen.1000144 PMID: 18670650.

Roux J, Privman E, Moretti S, Daub JT, Robinson-Rechavi M, Keller L. Patterns of positive selection in
seven ant genomes. Mol Biol Evol. 2014; 31(7):1661-85. https://doi.org/10.1093/molbev/msui141
PMID: 24782441.

Sahm A, Bens M, Platzer M, Cellerino A. Parallel evolution of genes controlling mitonuclear balance in
short-lived annual fishes. Aging Cell. 2017. https://doi.org/10.1111/acel.12577 PMID: 28295945.

Kim EB, Fang X, Fushan AA, Huang Z, Lobanov AV, Han L, et al. Genome sequencing reveals
insights into physiology and longevity of the naked mole rat. Nature. 2011; 479(7372):223-7. https://
doi.org/10.1038/nature10533 PMID: 21993625.

Fang X, Nevo E, Han L, Levanon EY, Zhao J, Avivi A, et al. Genome-wide adaptive complexes to
underground stresses in blind mole rats Spalax. Nat Commun. 2014; 5:3966. https://doi.org/10.1038/
ncomms4966 PMID: 24892994.

Davies KT, Bennett NC, Tsagkogeorga G, Rossiter SJ, Faulkes CG. Family Wide Molecular Adapta-
tions to Underground Life in African Mole-Rats Revealed by Phylogenomic Analysis. Mol Biol Evol.
2015; 32(12):3089-107. https://doi.org/10.1093/molbev/msvi175 PMID: 26318402.

Sahm A, Platzer M, Cellerino A. Outgroups and Positive Selection: The Nothobranchius furzeri Case.
Trends Genet. 2016; 32(9):523-5. https://doi.org/10.1016/j.tig.2016.06.002 PMID: 27423541.

Fang X, Seim |, Huang Z, Gerashchenko MV, Xiong Z, Turanov AA, et al. Adaptations to a subterra-
nean environment and longevity revealed by the analysis of mole rat genomes. Cell Rep. 2014; 8
(5):1354—64. https://doi.org/10.1016/j.celrep.2014.07.030 PMID: 25176646.

Hughes KA, Reynolds RM. Evolutionary and mechanistic theories of aging. Annu Rev Entomol. 2005;
50:421-45. https://doi.org/10.1146/annurev.ent0.50.071803.130409 PMID: 15355246.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007272 March 23, 2018 17/22


https://doi.org/10.1093/gerona/gln060
http://www.ncbi.nlm.nih.gov/pubmed/19223603
https://doi.org/10.1016/j.mad.2004.09.022
http://www.ncbi.nlm.nih.gov/pubmed/15610761
http://www.ncbi.nlm.nih.gov/pubmed/17339640
https://doi.org/10.1093/nar/gks1155
http://www.ncbi.nlm.nih.gov/pubmed/23193293
https://doi.org/10.1111/acel.12283
https://doi.org/10.1111/acel.12283
http://www.ncbi.nlm.nih.gov/pubmed/25677554
https://doi.org/10.1016/j.ympev.2007.04.008
http://www.ncbi.nlm.nih.gov/pubmed/17576078
https://doi.org/10.1038/nrg3728
https://doi.org/10.1038/nrg3728
http://www.ncbi.nlm.nih.gov/pubmed/24981598
https://doi.org/10.7554/eLife.34427
http://www.ncbi.nlm.nih.gov/pubmed/29364114
https://doi.org/10.1007/s00360-007-0237-5
https://doi.org/10.1007/s00360-007-0237-5
http://www.ncbi.nlm.nih.gov/pubmed/18180931
https://doi.org/10.1177/0300985816630796
https://doi.org/10.1177/0300985816630796
http://www.ncbi.nlm.nih.gov/pubmed/26846576
https://doi.org/10.1093/gerona/glw047
http://www.ncbi.nlm.nih.gov/pubmed/27129918
https://doi.org/10.1371/journal.pgen.1000144
https://doi.org/10.1371/journal.pgen.1000144
http://www.ncbi.nlm.nih.gov/pubmed/18670650
https://doi.org/10.1093/molbev/msu141
http://www.ncbi.nlm.nih.gov/pubmed/24782441
https://doi.org/10.1111/acel.12577
http://www.ncbi.nlm.nih.gov/pubmed/28295945
https://doi.org/10.1038/nature10533
https://doi.org/10.1038/nature10533
http://www.ncbi.nlm.nih.gov/pubmed/21993625
https://doi.org/10.1038/ncomms4966
https://doi.org/10.1038/ncomms4966
http://www.ncbi.nlm.nih.gov/pubmed/24892994
https://doi.org/10.1093/molbev/msv175
http://www.ncbi.nlm.nih.gov/pubmed/26318402
https://doi.org/10.1016/j.tig.2016.06.002
http://www.ncbi.nlm.nih.gov/pubmed/27423541
https://doi.org/10.1016/j.celrep.2014.07.030
http://www.ncbi.nlm.nih.gov/pubmed/25176646
https://doi.org/10.1146/annurev.ento.50.071803.130409
http://www.ncbi.nlm.nih.gov/pubmed/15355246
https://doi.org/10.1371/journal.pgen.1007272

Positive selection in long-lived rodents

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Bartke A. Healthy aging: is smaller better?—a mini-review. Gerontology. 2012; 58(4):337—43. https:/
doi.org/10.1159/000335166 PMID: 22261798; PubMed Central PMCID: PMCPMC3893695.

Gout JF, Kahn D, Duret L, Paramecium Post-Genomics C. The relationship among gene expression,
the evolution of gene dosage, and the rate of protein evolution. PLoS Genet. 2010; 6(5):e1000944.
https://doi.org/10.1371/journal.pgen.1000944 PMID: 2048556 1; PubMed Central PMCID:
PMCPMC2869310.

Zhang J, Nielsen R, Yang Z. Evaluation of an improved branch-site likelihood method for detecting
positive selection at the molecular level. Mol Biol Evol. 2005; 22(12):2472-9. https://doi.org/10.1093/
molbev/msi237 PMID: 16107592.

Sahm A, Bens M, Platzer M, Cellerino A. Parallel evolution of genes controlling mitonuclear balance in
short-lived annual fishes. Aging Cell. 2017; 16(3):488-96. https://doi.org/10.1111/acel.12577 PMID:
28295945; PubMed Central PMCID: PMCPMC5418189.

Valenzano DR, Benayoun BA, Singh PP, Zhang E, Etter PD, Hu CK, et al. The African Turquoise Killi-
fish Genome Provides Insights into Evolution and Genetic Architecture of Lifespan. Cell. 2015; 163
(6):1539-54. https://doi.org/10.1016/j.cell.2015.11.008 PMID: 26638078; PubMed Central PMCID:
PMCPMC4684691.

Durlinger AL, Visser JA, Themmen AP. Regulation of ovarian function: the role of anti-Mullerian hor-
mone. Reproduction. 2002; 124(5):601-9. PMID: 12416998.

Semeiks J, Grishin NV. A method to find longevity-selected positions in the mammalian proteome.
PLoS One. 2012; 7(6):€38595. https://doi.org/10.1371/journal.pone.0038595 PMID: 22701678;
PubMed Central PMCID: PMCPMC3372525.

Pitt JN, Kaeberlein M. Why is aging conserved and what can we do about it? PLoS Biol. 2015; 13(4):
e€1002131. https://doi.org/10.1371/journal.pbio.1002131 PMID: 25923592; PubMed Central PMCID:
PMCPMC4414409.

Mercken EM, Capri M, Carboneau BA, Conte M, Heidler J, Santoro A, et al. Conserved and species-
specific molecular denominators in mammalian skeletal muscle aging. NPJ Aging Mech Dis. 2017;
3:8. https://doi.org/10.1038/s41514-017-0009-8 PMID: 28649426; PubMed Central PMCID:
PMCPMC5460213.

Kim SK. Common aging pathways in worms, flies, mice and humans. J Exp Biol. 2007; 210(Pt
9):1607-12. https://doi.org/10.1242/jeb.004887 PMID: 17449826.

Dai H, Leeder JS, Cui Y. A modified generalized Fisher method for combining probabilities from
dependent tests. Front Genet. 2014; 5:32. https://doi.org/10.3389/fgene.2014.00032 PMID:
24600471; PubMed Central PMCID: PMCPMC3929847.

Blagosklonny MV. Aging: ROS or TOR. Cell Cycle. 2008; 7(21):3344-54. https://doi.org/10.4161/cc.7.
21.6965 PMID: 18971624.

Blagosklonny MV. Answering the ultimate question "what is the proximal cause of aging?". Aging
(Albany NY). 2012; 4(12):861-77. https://doi.org/10.18632/aging. 100525 PMID: 23425777; PubMed
Central PMCID: PMCPMC3615154.

Johnson SC, Rabinovitch PS, Kaeberlein M. mTOR is a key modulator of ageing and age-related dis-
ease. Nature. 2013; 493(7432):338—-45. https://doi.org/10.1038/nature11861 PMID: 23325216;
PubMed Central PMCID: PMCPMC3687363.

Kenyon CJ. The genetics of ageing. Nature. 2010; 464(7288):504—12. https://doi.org/10.1038/
nature08980 PMID: 20336132.

Zhang J, Kim J, Alexander A, Cai S, Tripathi DN, Dere R, et al. A tuberous sclerosis complex signalling
node at the peroxisome regulates mTORC1 and autophagy in response to ROS. Nat Cell Biol. 2013;
15(10):1186-96. https://doi.org/10.1038/ncb2822 PMID: 23955302; PubMed Central PMCID:
PMCPMC3789865.

Betz C, Hall MN. Where is mTOR and what is it doing there? J Cell Biol. 2013; 203(4):563-74. https://
doi.org/10.1083/jcb.201306041 PMID: 24385483; PubMed Central PMCID: PMCPMC3840941.

Jung CH, Ro SH, Cao J, Otto NM, Kim DH. mTOR regulation of autophagy. FEBS Lett. 2010; 584
(7):1287-95. https://doi.org/10.1016/j.febslet.2010.01.017 PMID: 20083114; PubMed Central
PMCID: PMCPMC2846630.

Rubinsztein DC, Marino G, Kroemer G. Autophagy and aging. Cell. 2011; 146(5):682—-95. https://doi.
org/10.1016/j.cell.2011.07.030 PMID: 21884931.

Bandyopadhyay U, Kaushik S, Varticovski L, Cuervo AM. The chaperone-mediated autophagy
receptor organizes in dynamic protein complexes at the lysosomal membrane. Mol Cell Biol. 2008;
28(18):5747-63. https://doi.org/10.1128/MCB.02070-07 PMID: 18644871; PubMed Central
PMCID: PMCPMC2546938.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007272 March 23, 2018 18/22


https://doi.org/10.1159/000335166
https://doi.org/10.1159/000335166
http://www.ncbi.nlm.nih.gov/pubmed/22261798
https://doi.org/10.1371/journal.pgen.1000944
http://www.ncbi.nlm.nih.gov/pubmed/20485561
https://doi.org/10.1093/molbev/msi237
https://doi.org/10.1093/molbev/msi237
http://www.ncbi.nlm.nih.gov/pubmed/16107592
https://doi.org/10.1111/acel.12577
http://www.ncbi.nlm.nih.gov/pubmed/28295945
https://doi.org/10.1016/j.cell.2015.11.008
http://www.ncbi.nlm.nih.gov/pubmed/26638078
http://www.ncbi.nlm.nih.gov/pubmed/12416998
https://doi.org/10.1371/journal.pone.0038595
http://www.ncbi.nlm.nih.gov/pubmed/22701678
https://doi.org/10.1371/journal.pbio.1002131
http://www.ncbi.nlm.nih.gov/pubmed/25923592
https://doi.org/10.1038/s41514-017-0009-8
http://www.ncbi.nlm.nih.gov/pubmed/28649426
https://doi.org/10.1242/jeb.004887
http://www.ncbi.nlm.nih.gov/pubmed/17449826
https://doi.org/10.3389/fgene.2014.00032
http://www.ncbi.nlm.nih.gov/pubmed/24600471
https://doi.org/10.4161/cc.7.21.6965
https://doi.org/10.4161/cc.7.21.6965
http://www.ncbi.nlm.nih.gov/pubmed/18971624
https://doi.org/10.18632/aging.100525
http://www.ncbi.nlm.nih.gov/pubmed/23425777
https://doi.org/10.1038/nature11861
http://www.ncbi.nlm.nih.gov/pubmed/23325216
https://doi.org/10.1038/nature08980
https://doi.org/10.1038/nature08980
http://www.ncbi.nlm.nih.gov/pubmed/20336132
https://doi.org/10.1038/ncb2822
http://www.ncbi.nlm.nih.gov/pubmed/23955302
https://doi.org/10.1083/jcb.201306041
https://doi.org/10.1083/jcb.201306041
http://www.ncbi.nlm.nih.gov/pubmed/24385483
https://doi.org/10.1016/j.febslet.2010.01.017
http://www.ncbi.nlm.nih.gov/pubmed/20083114
https://doi.org/10.1016/j.cell.2011.07.030
https://doi.org/10.1016/j.cell.2011.07.030
http://www.ncbi.nlm.nih.gov/pubmed/21884931
https://doi.org/10.1128/MCB.02070-07
http://www.ncbi.nlm.nih.gov/pubmed/18644871
https://doi.org/10.1371/journal.pgen.1007272

Positive selection in long-lived rodents

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Cuervo AM, Dice JF. A receptor for the selective uptake and degradation of proteins by lysosomes.
Science. 1996; 273(5274):501-3. PMID: 8662539.

Zhang C, Cuervo AM. Restoration of chaperone-mediated autophagy in aging liver improves cellular
maintenance and hepatic function. Nat Med. 2008; 14(9):959-65. https://doi.org/10.1038/nm.1851
PMID: 1869024 3; PubMed Central PMCID: PMCPMC2722716.

Kevei E, Hoppe T. Ubiquitin sets the timer: impacts on aging and longevity. Nat Struct Mol Biol. 2014;
21(4):290-2. https://doi.org/10.1038/nsmb.2806 PMID: 24699075.

Saez |, Vilchez D. The Mechanistic Links Between Proteasome Activity, Aging and Age-related Dis-
eases. Curr Genomics. 2014; 15(1):38-51. https://doi.org/10.2174/138920291501140306113344
PMID: 24653662; PubMed Central PMCID: PMCPMC3958958.

Chondrogianni N, Petropoulos I, Franceschi C, Friguet B, Gonos ES. Fibroblast cultures from healthy
centenarians have an active proteasome. Exp Gerontol. 2000; 35(6—7):721-8. PMID: 11053662.

Lee GY, Haverty PM, Li L, Kljavin NM, Bourgon R, Lee J, et al. Comparative oncogenomics identifies
PSMB4 and SHMT?2 as potential cancer driver genes. Cancer Res. 2014; 74(11):3114-26. https://doi.
org/10.1158/0008-5472.CAN-13-2683 PMID: 24755469.

Beck BD, Park SJ, Lee YJ, Roman Y, Hromas RA, Lee SH. Human Pso4 is a metnase (SETMAR)-
binding partner that regulates metnase function in DNA repair. J Biol Chem. 2008; 283(14):9023-30.
https://doi.org/10.1074/jbc.M800150200 PMID: 18263876; PubMed Central PMCID:
PMCPMC2431028.

Hansen M, Taubert S, Crawford D, Libina N, Lee SJ, Kenyon C. Lifespan extension by conditions that
inhibit translation in Caenorhabditis elegans. Aging Cell. 2007; 6(1):95—110. https://doi.org/10.1111/j.
1474-9726.2006.00267.x PMID: 17266679.

Houtkooper RH, Mouchiroud L, Ryu D, Moullan N, Katsyuba E, Knott G, et al. Mitonuclear protein
imbalance as a conserved longevity mechanism. Nature. 2013; 497(7450):451-7. https://doi.org/10.
1038/nature12188 PMID: 23698443; PubMed Central PMCID: PMCPMC3663447.

Baumgart M, Priebe S, Groth M, Hartmann N, Menzel U, Pandolfini L, et al. Longitudinal RNA-Seq
Analysis of Vertebrate Aging Identifies Mitochondrial Complex | as a Small-Molecule-Sensitive Modi-
fier of Lifespan. Cell Syst. 2016; 2(2):122—32. https://doi.org/10.1016/j.cels.2016.01.014 PMID:
27135165.

Miwa S, Jow H, Baty K, Johnson A, Czapiewski R, Saretzki G, et al. Low abundance of the matrix arm
of complex | in mitochondria predicts longevity in mice. Nat Commun. 2014; 5:3837. https://doi.org/10.
1038/ncomms4837 PMID: 24815183; PubMed Central PMCID: PMCPMC4024759.

Hofmann JW, Zhao X, De Cecco M, Peterson AL, Pagliaroli L, Manivannan J, et al. Reduced expres-
sion of MYC increases longevity and enhances healthspan. Cell. 2015; 160(3):477-88. https://doi.org/
10.1016/j.cell.2014.12.016 PMID: 25619689; PubMed Central PMCID: PMCPMC4624921.

Powell JD, Pollizzi KN, Heikamp EB, Horton MR. Regulation of immune responses by mTOR. Annu
Rev Immunol. 2012; 30:39-68. https://doi.org/10.1146/annurev-immunol-020711-075024 PMID:
22136167; PubMed Central PMCID: PMCPMC3616892.

Licastro F, Candore G, Lio D, Porcellini E, Colonna-Romano G, Franceschi C, et al. Innate immunity
and inflammation in ageing: a key for understanding age-related diseases. Immun Ageing. 2005; 2:8.
https://doi.org/10.1186/1742-4933-2-8 PMID: 15904534; PubMed Central PMCID:
PMCPMC1166571.

Chung HY, Cesari M, Anton S, Marzetti E, Giovannini S, Seo AY, et al. Molecular inflammation: under-
pinnings of aging and age-related diseases. Ageing Res Rev. 2009; 8(1):18-30. https://doi.org/10.
1016/j.arr.2008.07.002 PMID: 18692159; PubMed Central PMCID: PMCPMC3782993.

Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell. 2013;
153(6):1194-217. https://doi.org/10.1016/j.cell.2013.05.039 PMID: 23746838; PubMed Central
PMCID: PMCPMC3836174.

Hekimi S, Wang Y, Noe A. Mitochondrial ROS and the Effectors of the Intrinsic Apoptotic Pathway in
Aging Cells: The Discerning Killers! Front Genet. 2016; 7:161. https://doi.org/10.3389/fgene.2016.
00161 PMID: 27683586; PubMed Central PMCID: PMCPMC5021979.

Moldovan L, Moldovan NI. Oxygen free radicals and redox biology of organelles. Histochem Cell Biol.
2004; 122(4):395-412. https://doi.org/10.1007/s00418-004-0676-y PMID: 15452718.

Balaban RS, Nemoto S, Finkel T. Mitochondria, oxidants, and aging. Cell. 2005; 120(4):483-95.
https://doi.org/10.1016/j.cell.2005.02.001 PMID: 15734681.

Kim GH, Kim JE, Rhie SJ, Yoon S. The Role of Oxidative Stress in Neurodegenerative Diseases. Exp
Neurobiol. 2015; 24(4):325—40. https://doi.org/10.5607/en.2015.24.4.325 PMID: 26713080; PubMed
Central PMCID: PMCPMC4688332.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007272 March 23, 2018 19/22


http://www.ncbi.nlm.nih.gov/pubmed/8662539
https://doi.org/10.1038/nm.1851
http://www.ncbi.nlm.nih.gov/pubmed/18690243
https://doi.org/10.1038/nsmb.2806
http://www.ncbi.nlm.nih.gov/pubmed/24699075
https://doi.org/10.2174/138920291501140306113344
http://www.ncbi.nlm.nih.gov/pubmed/24653662
http://www.ncbi.nlm.nih.gov/pubmed/11053662
https://doi.org/10.1158/0008-5472.CAN-13-2683
https://doi.org/10.1158/0008-5472.CAN-13-2683
http://www.ncbi.nlm.nih.gov/pubmed/24755469
https://doi.org/10.1074/jbc.M800150200
http://www.ncbi.nlm.nih.gov/pubmed/18263876
https://doi.org/10.1111/j.1474-9726.2006.00267.x
https://doi.org/10.1111/j.1474-9726.2006.00267.x
http://www.ncbi.nlm.nih.gov/pubmed/17266679
https://doi.org/10.1038/nature12188
https://doi.org/10.1038/nature12188
http://www.ncbi.nlm.nih.gov/pubmed/23698443
https://doi.org/10.1016/j.cels.2016.01.014
http://www.ncbi.nlm.nih.gov/pubmed/27135165
https://doi.org/10.1038/ncomms4837
https://doi.org/10.1038/ncomms4837
http://www.ncbi.nlm.nih.gov/pubmed/24815183
https://doi.org/10.1016/j.cell.2014.12.016
https://doi.org/10.1016/j.cell.2014.12.016
http://www.ncbi.nlm.nih.gov/pubmed/25619689
https://doi.org/10.1146/annurev-immunol-020711-075024
http://www.ncbi.nlm.nih.gov/pubmed/22136167
https://doi.org/10.1186/1742-4933-2-8
http://www.ncbi.nlm.nih.gov/pubmed/15904534
https://doi.org/10.1016/j.arr.2008.07.002
https://doi.org/10.1016/j.arr.2008.07.002
http://www.ncbi.nlm.nih.gov/pubmed/18692159
https://doi.org/10.1016/j.cell.2013.05.039
http://www.ncbi.nlm.nih.gov/pubmed/23746838
https://doi.org/10.3389/fgene.2016.00161
https://doi.org/10.3389/fgene.2016.00161
http://www.ncbi.nlm.nih.gov/pubmed/27683586
https://doi.org/10.1007/s00418-004-0676-y
http://www.ncbi.nlm.nih.gov/pubmed/15452718
https://doi.org/10.1016/j.cell.2005.02.001
http://www.ncbi.nlm.nih.gov/pubmed/15734681
https://doi.org/10.5607/en.2015.24.4.325
http://www.ncbi.nlm.nih.gov/pubmed/26713080
https://doi.org/10.1371/journal.pgen.1007272

Positive selection in long-lived rodents

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Barja G. The mitochondrial free radical theory of aging. Prog Mol Biol Transl| Sci. 2014; 127:1-27.
https://doi.org/10.1016/B978-0-12-394625-6.00001-5 PMID: 25149212.

Umeda-Kameyama Y, Tsuda M, Ohkura C, Matsuo T, Namba Y, Ohuchi Y, et al. Thioredoxin sup-
presses Parkin-associated endothelin receptor-like receptor-induced neurotoxicity and extends lon-
gevity in Drosophila. J Biol Chem. 2007; 282(15):11180—7. https://doi.org/10.1074/jbc.M700937200
PMID: 17301052.

Mitsui A, Hamuro J, Nakamura H, Kondo N, Hirabayashi Y, Ishizaki-Koizumi S, et al. Overexpression
of human thioredoxin in transgenic mice controls oxidative stress and life span. Antioxid Redox Signal.
2002; 4(4):693-6. https://doi.org/10.1089/15230860260220201 PMID: 12230882.

Perez VI, Cortez LA, Lew CM, Rodriguez M, Webb CR, Van Remmen H, et al. Thioredoxin 1 overex-
pression extends mainly the earlier part of life span in mice. J Gerontol A Biol Sci Med Sci. 2011; 66
(12):1286-99. https://doi.org/10.1093/gerona/glr125 PMID: 21873593; PubMed Central PMCID:
PMCPMC3210956.

Flynn JM, Melov S. SOD2 in mitochondrial dysfunction and neurodegeneration. Free Radic Biol Med.
2013; 62:4—12. https://doi.org/10.1016/j.freeradbiomed.2013.05.027 PMID: 23727323; PubMed Cen-
tral PMCID: PMCPMC3811078.

Son M, Fu Q, Puttaparthi K, Matthews CM, Elliott JL. Redox susceptibility of SOD1 mutants is associ-
ated with the differential response to CCS over-expression in vivo. Neurobiol Dis. 2009; 34(1):155-62.
PMID: 19320055; PubMed Central PMCID: PMCPMC2835407.

Andziak B, Buffenstein R. Disparate patterns of age-related changes in lipid peroxidation in long-lived
naked mole-rats and shorter-lived mice. Aging Cell. 2006; 5(6):525-32. https://doi.org/10.1111/j.
1474-9726.2006.00246.x PMID: 17129214,

Andziak B, O’Connor TP, Buffenstein R. Antioxidants do not explain the disparate longevity between
mice and the longest-living rodent, the naked mole-rat. Mech Ageing Dev. 2005; 126(11):1206—12.
https://doi.org/10.1016/j.mad.2005.06.009 PMID: 16087218.

Andziak B, O’Connor TP, Qi W, DeWaal EM, Pierce A, Chaudhuri AR, et al. High oxidative damage
levels in the longest-living rodent, the naked mole-rat. Aging Cell. 2006; 5(6):463—71. https://doi.org/
10.1111/j.1474-9726.2006.00237.x PMID: 17054663.

Schmidt CM, Blount JD, Bennett NC. Reproduction is associated with a tissue-dependent reduction of
oxidative stress in eusocial female Damaraland mole-rats (Fukomys damarensis). PLoS One. 2014; 9
(7):e103286. https://doi.org/10.1371/journal.pone.0103286 PMID: 25068591; PubMed Central
PMCID: PMCPMC4113376.

Dammann P, Burda H. Sexual activity and reproduction delay ageing in a mammal. Curr Biol. 2006;
16(4):R117-8. https://doi.org/10.1016/j.cub.2006.02.012 PMID: 16488857.

Dammann P, Sumbera R, Massmann C, Scherag A, Burda H. Extended longevity of reproductives
appears to be common in Fukomys mole-rats (Rodentia, Bathyergidae). PLoS One. 2011; 6(4):
e18757. https://doi.org/10.1371/journal.pone.0018757 PMID: 21533255; PubMed Central PMCID:
PMCPMC3076438.

Schmidt CM, Bennett NC, Jarvis JU. The long-lived queen: reproduction and longevity in female euso-
cial Damaraland mole-rats (Fukomys damarensis). African Zoology 2013; 48:193-6.

Vistoli G, De Maddis D, Cipak A, Zarkovic N, Carini M, Aldini G. Advanced glycoxidation and lipoxida-
tion end products (AGEs and ALEs): an overview of their mechanisms of formation. Free Radic Res.
2013; 47 Suppl 1:3-27. https://doi.org/10.3109/10715762.2013.815348 PMID: 23767955.

Simm A, Muller B, Nass N, Hofmann B, Bushnaq H, Silber RE, et al. Protein glycation—Between tis-
sue aging and protection. Exp Gerontol. 2015; 68:71-5. https://doi.org/10.1016/j.exger.2014.12.013
PMID: 25536383.

Dammann P, Sell DR, Begall S, Strauch C, Monnier VM. Advanced glycation end-products as markers
of aging and longevity in the long-lived Ansell’'s mole-rat (Fukomys anselli). J Gerontol A Biol Sci Med
Sci. 2012; 67(6):573-883. https://doi.org/10.1093/gerona/glr208 PMID: 22156473; PubMed Central
PMCID: PMCPMC3348492.

Chen X, Guo C, Kong J. Oxidative stress in neurodegenerative diseases. Neural Regen Res. 2012; 7
(5):376-85. https://doi.org/10.3969/j.issn.1673-5374.2012.05.009 PMID: 25774178; PubMed Central
PMCID: PMCPMC4350122.

Finefrock AE, Bush Al, Doraiswamy PM. Current status of metals as therapeutic targets in Alzheimer’s
disease. J Am Geriatr Soc. 2003; 51(8):1143-8. PMID: 12890080.

Bush Al. The metallobiology of Alzheimer’s disease. Trends Neurosci. 2003; 26(4):207—14. https://
doi.org/10.1016/S0166-2236(03)00067-5 PMID: 12689772.

Macedo MF, de Sousa M. Transferrin and the transferrin receptor: of magic bullets and other con-
cerns. Inflamm Allergy Drug Targets. 2008; 7(1):41-52. PMID: 18473900.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007272 March 23, 2018 20/22


https://doi.org/10.1016/B978-0-12-394625-6.00001-5
http://www.ncbi.nlm.nih.gov/pubmed/25149212
https://doi.org/10.1074/jbc.M700937200
http://www.ncbi.nlm.nih.gov/pubmed/17301052
https://doi.org/10.1089/15230860260220201
http://www.ncbi.nlm.nih.gov/pubmed/12230882
https://doi.org/10.1093/gerona/glr125
http://www.ncbi.nlm.nih.gov/pubmed/21873593
https://doi.org/10.1016/j.freeradbiomed.2013.05.027
http://www.ncbi.nlm.nih.gov/pubmed/23727323
http://www.ncbi.nlm.nih.gov/pubmed/19320055
https://doi.org/10.1111/j.1474-9726.2006.00246.x
https://doi.org/10.1111/j.1474-9726.2006.00246.x
http://www.ncbi.nlm.nih.gov/pubmed/17129214
https://doi.org/10.1016/j.mad.2005.06.009
http://www.ncbi.nlm.nih.gov/pubmed/16087218
https://doi.org/10.1111/j.1474-9726.2006.00237.x
https://doi.org/10.1111/j.1474-9726.2006.00237.x
http://www.ncbi.nlm.nih.gov/pubmed/17054663
https://doi.org/10.1371/journal.pone.0103286
http://www.ncbi.nlm.nih.gov/pubmed/25068591
https://doi.org/10.1016/j.cub.2006.02.012
http://www.ncbi.nlm.nih.gov/pubmed/16488857
https://doi.org/10.1371/journal.pone.0018757
http://www.ncbi.nlm.nih.gov/pubmed/21533255
https://doi.org/10.3109/10715762.2013.815348
http://www.ncbi.nlm.nih.gov/pubmed/23767955
https://doi.org/10.1016/j.exger.2014.12.013
http://www.ncbi.nlm.nih.gov/pubmed/25536383
https://doi.org/10.1093/gerona/glr208
http://www.ncbi.nlm.nih.gov/pubmed/22156473
https://doi.org/10.3969/j.issn.1673-5374.2012.05.009
http://www.ncbi.nlm.nih.gov/pubmed/25774178
http://www.ncbi.nlm.nih.gov/pubmed/12890080
https://doi.org/10.1016/S0166-2236(03)00067-5
https://doi.org/10.1016/S0166-2236(03)00067-5
http://www.ncbi.nlm.nih.gov/pubmed/12689772
http://www.ncbi.nlm.nih.gov/pubmed/18473900
https://doi.org/10.1371/journal.pgen.1007272

Positive selection in long-lived rodents

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

Hare D, Ayton S, Bush A, Lei P. A delicate balance: Iron metabolism and diseases of the brain. Front
Aging Neurosci. 2013; 5:34. https://doi.org/10.3389/fnagi.2013.00034 PMID: 23874300; PubMed
Central PMCID: PMCPMC3715022.

Hall DR, Hadden JM, Leonard GA, Bailey S, Neu M, Winn M, et al. The crystal and molecular struc-
tures of diferric porcine and rabbit serum transferrins at resolutions of 2.15 and 2.60 A, respectively.
Acta Crystallogr D Biol Crystallogr. 2002; 58(Pt 1):70-80. PMID: 11752780.

Medawar PB. An unsolved problem of biology. ( Printed lecture: University College London). 1952.

Groenewoud MJ, Zwartkruis FJ. Rheb and Rags come together at the lysosome to activate mTORC1.
Biochem Soc Trans. 2013; 41(4):951-5. https://doi.org/10.1042/BST20130037 PMID: 23863162.

Bens M, Sahm A, Groth M, Jahn N, Morhart M, Holtze S, et al. FRAMA: from RNA-seq data to anno-
tated mRNA assemblies. BMC Genomics. 2016; 17:54. https://doi.org/10.1186/s12864-015-2349-8
PMID: 26763976; PubMed Central PMCID: PMCPMC4712544.

Simao FA, Waterhouse RM, loannidis P, Kriventseva EV, Zdobnov EM. BUSCO: assessing genome
assembly and annotation completeness with single-copy orthologs. Bioinformatics. 2015; 31
(19):3210-2. https://doi.org/10.1093/bioinformatics/btv351 PMID: 26059717.

Stanke M, Schoffmann O, Morgenstern B, Waack S. Gene prediction in eukaryotes with a generalized
hidden Markov model that uses hints from external sources. BMC Bioinformatics. 2006; 7:62. https:/
doi.org/10.1186/1471-2105-7-62 PMID: 16469098; PubMed Central PMCID: PMCPMC1409804.

Sahm A, Bens M, Platzer M, Szafranski K. PosiGene: automated and easy-to-use pipeline for
genome-wide detection of positively selected genes. Nucleic Acids Res. 2017. https://doi.org/10.
1093/nar/gkx179 PMID: 28334822.

Overbeek R, Fonstein M, D’Souza M, Pusch GD, Maltsev N. The use of gene clusters to infer func-
tional coupling. Proc Natl Acad Sci U S A. 1999; 96(6):2896—901. PMID: 10077608.

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et al. BLAST+: architecture
and applications. BMC Bioinformatics. 2009; 10:421. PubMed PMID: 20003500. https://doi.org/10.
1186/1471-2105-10-421 PMID: 20003500

Geer LY, Marchler-Bauer A, Geer RC, Han L, He J, He S, et al. The NCBI BioSystems database.
Nucleic Acids Res. 2010; 38(Database issue):D492-6. https://doi.org/10.1093/nar/gkp858 PMID:
19854944.

Yang Z, dos Reis M. Statistical properties of the branch-site test of positive selection. Mol Biol Evol.
2011; 28(3):1217-28. https://doi.org/10.1093/molbev/msq303 PMID: 21087944.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-
seq aligner. Bioinformatics. 2013; 29(1):15-21. https://doi.org/10.1093/bioinformatics/bts635 PMID:
23104886; PubMed Central PMCID: PMCPMC3530905.

Kent WJ. BLAT—the BLAST-like alignment tool. Genome Res. 2002; 12(4):656—64. https://doi.org/
10.1101/gr.229202 Article published online before March 2002. PMID: 11932250; PubMed Central
PMCID: PMCPMC187518.

Kapustin Y, Souvorov A, Tatusova T, Lipman D. Splign: algorithms for computing spliced alignments
with identification of paralogs. Biol Direct. 2008; 3:20. https://doi.org/10.1186/1745-6150-3-20 PMID:
1849504 1; PubMed Central PMCID: PMCPMC2440734.

Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformat-
ics. 2009; 25(14):1754-60. https://doi.org/10.1093/bioinformatics/btp324 PMID: 19451168; PubMed
Central PMCID: PMCPMC2705234.

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014; 15(12):550. https://doi.org/10.1186/s13059-014-0550-8 PMID:
25516281; PubMed Central PMCID: PMCPMC4302049.

Luo W, Friedman MS, Shedden K, Hankenson KD, Woolf PJ. GAGE: generally applicable gene set
enrichment for pathway analysis. BMC Bioinformatics. 2009; 10:161. https://doi.org/10.1186/1471-
2105-10-161 PMID: 19473525; PubMed Central PMCID: PMCPMC2696452.

Supek F, Bosnjak M, Skunca N, Smuc T. REVIGO summarizes and visualizes long lists of gene ontol-
ogy terms. PLoS One. 2011; 6(7):e21800. https://doi.org/10.1371/journal.pone.0021800 PMID:
21789182; PubMed Central PMCID: PMCPMC3138752.

Benjamini Y, Y. H. Controlling the false discovery rate: A practical and powerful approach to multiple
testing. Journal of the Royal Statistical Society Series B (Methodological). 1995; 57(1):289-300.
Arnold K, Bordoli L, Kopp J, Schwede T. The SWISS-MODEL workspace: a web-based environment
for protein structure homology modelling. Bioinformatics. 2006; 22(2):195-201. https://doi.org/10.
1093/bioinformatics/bti770 PMID: 16301204.

Biasini M, Bienert S, Waterhouse A, Arnold K, Studer G, Schmidt T, et al. SWISS-MODEL: modelling
protein tertiary and quaternary structure using evolutionary information. Nucleic Acids Res. 2014; 42

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007272 March 23, 2018 21/22


https://doi.org/10.3389/fnagi.2013.00034
http://www.ncbi.nlm.nih.gov/pubmed/23874300
http://www.ncbi.nlm.nih.gov/pubmed/11752780
https://doi.org/10.1042/BST20130037
http://www.ncbi.nlm.nih.gov/pubmed/23863162
https://doi.org/10.1186/s12864-015-2349-8
http://www.ncbi.nlm.nih.gov/pubmed/26763976
https://doi.org/10.1093/bioinformatics/btv351
http://www.ncbi.nlm.nih.gov/pubmed/26059717
https://doi.org/10.1186/1471-2105-7-62
https://doi.org/10.1186/1471-2105-7-62
http://www.ncbi.nlm.nih.gov/pubmed/16469098
https://doi.org/10.1093/nar/gkx179
https://doi.org/10.1093/nar/gkx179
http://www.ncbi.nlm.nih.gov/pubmed/28334822
http://www.ncbi.nlm.nih.gov/pubmed/10077608
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421
http://www.ncbi.nlm.nih.gov/pubmed/20003500
https://doi.org/10.1093/nar/gkp858
http://www.ncbi.nlm.nih.gov/pubmed/19854944
https://doi.org/10.1093/molbev/msq303
http://www.ncbi.nlm.nih.gov/pubmed/21087944
https://doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1101/gr.229202
https://doi.org/10.1101/gr.229202
http://www.ncbi.nlm.nih.gov/pubmed/11932250
https://doi.org/10.1186/1745-6150-3-20
http://www.ncbi.nlm.nih.gov/pubmed/18495041
https://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1186/1471-2105-10-161
https://doi.org/10.1186/1471-2105-10-161
http://www.ncbi.nlm.nih.gov/pubmed/19473525
https://doi.org/10.1371/journal.pone.0021800
http://www.ncbi.nlm.nih.gov/pubmed/21789182
https://doi.org/10.1093/bioinformatics/bti770
https://doi.org/10.1093/bioinformatics/bti770
http://www.ncbi.nlm.nih.gov/pubmed/16301204
https://doi.org/10.1371/journal.pgen.1007272

Positive selection in long-lived rodents

(Web Server issue):W252-8. hitps://doi.org/10.1093/nar/gku340 PMID: 24782522; PubMed Central
PMCID: PMCPMC4086089.

103. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF Chimera—a
visualization system for exploratory research and analysis. J Comput Chem. 2004; 25(13):1605-12.
https://doi.org/10.1002/jcc.20084 PMID: 15264254.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007272 March 23, 2018 22/22


https://doi.org/10.1093/nar/gku340
http://www.ncbi.nlm.nih.gov/pubmed/24782522
https://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
https://doi.org/10.1371/journal.pgen.1007272

