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SUMMARY[

O

Polycysticl lipomembranous osteodysplasiall with( sclerosingd leukoencephalopathy(]
(PLOSL),Alsoknown@sNasu-Hakolaldisease,is[alMonogenicinodelforidementia.Mt0s ]
characterizedbyoss[oflWwhite[Matterlinthe rain, [tysticboneesions,AndlbsteoporoticO
features,Jeadingo[$evereldementialand$pontaneousiboneractures.PLOSL[has[an
autosomalrecessive[mode[oflinheritance.ThelincidencelbfltheldiseaselisChighestlnO
Finland@nd[PLOSL [hereforeelongslibiheFinnishldiseaselheritage.I

a

When(this[StudylvasStartedih[1998, [fhellbcusforPLOSLIONFinnishpatients(hadbeend
restricteddo[@A53kbtegionlnchromosome19g13.1.0nkhis[studyehaveliseddhel]
positionall¢loningfapproachfolidentifyfhefirstigenelutatedin[PLOSL.Welidentified &[]
homozygous5.3kblgenomicldeletionlh@lIFinnishPLOSL[patientslihfthe[DAP12[gene.
DAP120s[@MWidelyléxpressedransmembraneladaptorioleculefhatdransmits@ctivatingd
signalstiromC$everalltell-surfacefeceptorsihatlactivate[Immuneltesponseslinfmyeloid ]
andnaturalKiller(@ells. I

O
Weldid[hot[detectCmutationsOn[algroupbffpatientsCoutsideFinland.[ThisCbbservation
suggestedpeneticCheterogeneity(0n[(PLOSL,Candencouragedustolkearchfor[otherd
PLOSLIgenes.[BincelDAP12[@éncodeslaldell-surfaceeceptorlélementihatihteractsiwith]
many[differentCproteinsCdependingCbntheltellltype,CwvelusedCalyeneticCapproachltol]
searchfor[geneslnvolvedOn[PLOSL.[ByCanalyzing[familiesChotOinkeddo[DAP12[Ford
segregationCofCmarkerChaplotypesCflankingCgenescoding(for(the[(DAP12-associatedd
polypeptides, OwelidentifiedCDaOsingleCchromosomalCregionthatCshowedOJalCcompleted
cosegregationOwithOPLOSL.OSequencingUof(OtheOregionalOcandidate OgenesCrevealedd
mutationsCinOTREM2.00nhelkellsurfaceOTREM2OsexpressedCasCalcomplexCwith
DAP12[@ndlmediatesfheldifferentiationofldendriticldells.(]

O
SincethenOwelhavedetectedmutationsCinCallCPLOSLpatientsCinCeitherCDAP12Cord
TREM2.[AlRotalCbf(773%[{(n=37)[bfthe[patientsCtarryCalmutationOn[DAP12[and[27%0
(n=14)0nMREM2.Welhaveliherebyldeveloped[DNALdiagnostic[iestingtdor[PLOSL o]
enableleéarlier@nd@ccurateldiagnosis.l

a
TheltlinicalCtourselCandpathologicallmanifestations[of(PLOSLhad[beenOnsufficientlyd
characterized.OInOthisOstudyOweO presentdaldetaileddlong-termneurologicaldandd
neuropathological@nalysislof(PLOSL[patients.(Wehavelfoundhatiinutationsih(DAP12[]
andTREM2[Resultiinaltlinicallyldenticalldiseasebhenotype.FFurther,[AlthoughPLOSLO
inlmostpatientsnanifestsby$keletal(problems, lipdo25%df(patients[domot[Showlany
osseousdsymptoms[JandsignsObefored0theOonsetofJneurologicaldOmanifestations.d



Therefore,[FadiographicCexaminationCbfCankles[orOwnristsCshouldCheltonsideredOnCalld
casesloflalpresenileldementialoflunknown(originblénsurefheldorrectldiagnosis.O

O
InCorderolinitiate[theltharacterizationCof(the[pathogenesis[bf(PLOSL,WeltestedCbur(]
hypothesisOthatOosteoclasts,OthedboneOremodelingOcells,Jarelresponsible OforOthe
generationloffheonedesions.WelstudiedIheldifferentiationlofldsteoclastslinpatients
with[Jloss-of-functiond mutationsdin(0DAP120or0 TREM2,0anddfound that[lloss[ of
DAP12/TREM2[kignaling[fesultsOnCalkeverelyldelayeddifferentiationCbf[bsteoclasts.[
Further,[IDAP12/TREM2[deficiencyleadsolimpairedbonetesorptionbyldsteoclastsini
vitro.O

a
DAP12[AndTREM2[havelbeen3uggesteddolplayltruciallfolesnlmmuneltesponses.]
However,[DAP12-[or(0TREM2-deficienttPLOSL [patientsCdoChotCseemtolpresentCwith(]
primarydimmunologicaldsymptoms.OThisOobservationOsuggestsCthatddIDAP12/TREM2[0
signalinghasl@norelimportantolelihfheMormalfunctionloffheldentralervousSystem
andbonefhanlihimmuneldesponses.[]

a
Takenogether,@helmolecularlgeneticbasisdorPLOSLhasbeenltharacterizedlnihisO
studyby(thelidentification(ofthedausativeldgenes,IDAP12[and[TREM2.[Thelheurological(
andCheuropathologicalCtourse[bf(PLOSLWwas[tharacterizedlinCdetailCbyperformingCald
long-term[follow-up@nalysislof@lSeriesof IPLOSL[patients.FFinally, IDAP12@&nd[TREM20
signalingCwas[foundtoCimediatethe differentiationCandCbone[resorptionCfunctionJof[]
osteoclasts[ihtitro.

Oo0oooooooooooooo



REVIEWIOFTHEMLITERATURED

THEHUMANIGENOME[D

Thelhaploidfhumanldienomeltontains[BlbillionCbasepairstof(DNALdividedbetween[220]
autosomallandldnesex[échromosomes,[fanginglh8$ize from[=F50-2600Mb,[Asvell@sThe
DNA[presentlinCmitochondria.C5omaticCcellsCarediploid,f.e.,[theyltontain[(R2pairs[of]
autosomes(ihfadditiondolonepairlofSex(chromosomes.[Thelgermcells{i.e.[Spermandd
egg)@arehaploidlandldontain(alSingledopylofléachlautosomelanddnelSex[éhromosome. [l
O
Thelthromosomes[tontain[ihegenes(ihatltodeforCproteins,thebuilding(blocks[offanC
organism.[Thelmumberloffhumanigeneslisestimatedoe30000.TheAveragefumand
genel$pansibetweenAdo200kblbdf[genomic[DNA.[Thel$izelofihe[genestangedromO
~100bpL{e.g.dheIRNA" [gene)dolover2.3IMbl{e.qg. dheldystrophinigene).[Associated ]
withfhelgenes(areliheldegulatorylélements{promoters,[@énhancers,ihhibitoryl[Sequences]
amongothers)ihatldeterminelwhere,when,@ndibvhatlevellgeneléxpressionoccurs. I
a
Coding[Sequencesliepresentonly[1-2%[oflthevholelgenome.Theliemainingmoncoding
DNALtonsists[of(tepeat[sequenceslandlbther$equencesWhoselsignificancelspoorlyl
understood.[Repetitive[elementsCarellikely[toCaccount[for[bver[60%[bf(the[genome.[]
Repetitive[elementsCOcanUbedividedOinto05CmainCcategories:[01) (transposon-derived
repeats(suchOasUOAluCrepeats),CcomprisingCapproximately045%Cof (the Ogenome; [12) [
processedpseudogenes({(0.5%/ofthelgenome),fhatlaremon-functionallgenesihathavel
beenOmovedOfromOtheirOoriginalOlocationCthroughOanCORNACintermediate; [03) Osimpled
sequencelrepeatsOthatOareOtypicallyOrepetitionsdof0shortd0n-mersd(mono-,0O0di-Cord
trinucleotide [fepeats);4)[Segmentallduplications(0fBlocksofl@around10-300kKbihathave
beenlcopieddfromOonelregionOof(theOgenomeltoCanotherregion; Cand[5) Cblocksof
tandemlyOrepeatedsequences,suchOasOatCcentromeresandCtelomeresC(Prak Dand
Kazazian[2000;Lander[et(@l.[2001;[Scriverlét[al.[2001;[Collins[&t[@l.[2003).[Atfhelends
ofCeachCthromosomeltherelareltelomeres,whichstabilize(the[thromosome, [preventd
fusionOwithOotherCDNA, DandCenableIDNAOreplicationOwithoutOlossCofCchromosomald
material.(J

O
InCaddition(tothromosomallDNA,ChumanCtellsCalsoltontainCmitochondrial [ DNA.[The
mitochondriallgenomelisCéxtremelylcompact.[Therelarelholintrons,(Somelgenesleven
partiallyfoverlapléach[other,[and[Almostleéverybasepairloffhe[16569bplofEhehuman
mitochondrialéanbelassignedio@lgenel(Lewin2000).00

a

TheléomplexStructurefanddunction[oflthe lhumanigenome@relonlypartiallylinderstoodd
andseverallSurpriseslareyetlikelydolappear.[The[Human[GenomeProject(HGP)vas
establishedtoCknablealbetterfunderstandingCbf(the ChumanCgenomelandtolprovided



fundamentaltoolsOforOmolecularCgeneticCdanddbiomedicalCresearch.0HGPOisOan0
internationallfesearchprogramiwhoselprimarylgoaliwasfolobtain@finishedSequenceldfl]
theumanlgenomeland,ihparallel,[fhatlof(severallinodelldrganismsapartfromiegionsd
thatC¢annot[bel¢lonedlorisequencedith@helturrentlylavailable[@echniques.[The[HGPO
officiallylbeganin[1990.[Almilestonelinhe[HGPwaslachievedlinfhelyear2000,when
thelnternationallHuman[GenomelSequencinglConsortiumpublished@nlapproximately
90%[eompleteldraftisequenceldfiheeéntire[denomel¢oncurrentlylvith[aldraftisequencel
producedibylalprivate[companyl[Celeral{Landerletlal.[2001;[Venter[&tlal.[2001).[Thel
primarygoallCof(the(HGPOwasl[achievedOn[CAprill20030Wwhenihenternationall(HumanO
Genome[SequencingCConsortiumtompletedthe[sequencing[bf(theChumangenomel
(NHGRIOwebOpages), 15000yearsafter Cthe OcharacterizationDof(theCstructure Jof (IDNAC
(Watson@nd[Crick[1953).00

a
Theldomparativelanalyses(oflthelgenomeoflhumansiandimodelldrganismshavehelped
usiolunderstandCwhatCmakesChumanCuniqueCamongCbther[Epecies.oThelkize[bfthel
genomeldoes[hotltorrelate (velllvithThe[tomplexity[offan[brganism.Foréxample,@hed
humanOgenomeUis[1200timesCasClargeCasthatOofCbuddingCyeast(Saccharomyces(]
cerevisiae)ut200dimesSmallerihanihatldoflameballAmoebaldubia),[dneoffhelbwestd
organisms[{iGregory@ndHebert1999;Hartl2000).[ASurprisingfindinglisfhatthehuman
genomeldontainsionlylaboutwicefheMumberlofigenesneededbinake@fruitfly, vorm,
or[plant.[Theniqueldomplexityldfhumansi@omparediolotherorganismslispartlybased
onlalhigherldegreeloflalternative$plicing,[.e.,[orelproteinsfare[éncodedipergenelin(d
humans[ thanO in0 lessd complex species.O In0 addition,[] complexO posttranslationalC
modificationsCandCmorecomplexClselof[protein[domainsCtreatediversitylinthe[genel
productslinfhiumanidomparedibother8pecies(Rubin2001;Rimoinétal.2002).00

a

GeneticDiversitylihlHumansO

Geneticldiversityfand[hongeneticHactorsogetherlcontribute dodhe[differencesetween
individuals.Dueohelcomplexityloflindividuality, fheollowingeviewlisfestricted[only]
tolthelinolecular[geneticbasisforldiversity.[TheDNAbfl@éachlihdividualldontainsinillions
ofdifferencesCcomparedtothe(IDNACofJanotherlindividual, CexceptOinOtheOcaselofd
monozygousOwins.[The[DNALdifferences[tan[beldividedlntoourlmain[tategories:[&)]
thoseOwithChoCphenotypiclCeffect{e.g.O0most[shortCiandemCrepeatCpolymorphisms), b))
thoselcausingOphenotypicOdifferencesOwithoutTaffectingOdiseaseOsusceptibilityd(e.g.O
differenceslin[height),¢)fhoselmaking@modestldontributionfoldiseaselprocesseslie.g.O
complexldiseaseslinvolving[guantitativedraitdoci),and(d) Ehoseblaying [alinajortolelind
causing@ldiseaselphenotypel{e.g.Cmonogenicldisorders).[Overall, [ 0n100-200base
pairsdiniheChumangenomelarelestimatediolbelpolymorphic.[MostChumanZequencel
variationdisOattributableOto0single-nucleotidedpolymorphismsO(SNP),OwithOtheOrestO



attributable(to[tandemlytepeated5equences,insertionsCbrCdeletionsCofCbnelbrCmore
nucleotides,[andearrangements.[ENPs[areléstimatedfoldccurleévery[1000-2000bases]
whenwohumani@hromosomes@reléompared.[Somed%[of[SNPsHallwithin[Goding@ndO
untranslatedOregions,0and185%of0exonsOareOwithinO50kbOofOthenearest0SNPID
(Sachidanandam(et(al.[2001;[Scriver(ét(al.2001).01

O

Modelldrganisms]

ModelCbrganismsCarekeylCinformational(tools[(forCunderstanding[thetontents[bf(thel
humanOgenome,JandOimportantCexperimentalOtoolsObecauselltheselgenomeshelpO
researchers[tharacterize[andlinterpretltheChumanCgenome.Toldate,fhe[genomes[of]
numerousmodellbrganismsChavebeenkequenced.[IComplete[(genomeshavelbeenl]
obtainedfromChine[eukaryotesCincludingCiwoOwidelyCusedCanimalCmodelCbrganisms,0
namelyOruitdly[{Drosophilalimelanogaster)(AndWorm{Caenorhabditis(élegans),[AsOivell
aslbaker's[yeast{Saccharomyceslterevisiae).(InCaddition,Ltomplete[(sequencehave
beenlobtaineddrombver[1000viral[{viruses[andviroids)[genomes,[bver[100microbialC
genomesl[{bacterialandlarchaea),[and[almostb00Cbrganelles[{mitochondria,plasmids,
plastids,[anduclemorphs)((NCBIRndINHGRIMWebpages;Tlanderlét@l.2001).0

a

ThelmousedMus[musculus)CisOikelyCtoCbethe CmostOmportantCmodelCorganism.Ond
additiontolbeinglinexpensiveltokeeplunderOvell-controlledCenvironmentalCtonditions
andWeproducing&fficiently, fheinouselandhumanshaveinanyl@ommoninetabolic@nd
developmentallpathways.[Aldrafti$equenceltovering[@6%[ofThe[&uchromaticiportion[of]
thelmouselgenomelvaspublishedatlfhelendofyear2002.Theaploidimouselgenomel]
consistsof[1200chromosomes.[0ComparativeJanalysis[hasOrevealedthatCtheCOmoused
genomelisabout14%Smallerfhanihefumanigenomel(2.5[Gbldomparedo2.9[Gb).[AtO
thelhucleotideevel,approximately[(40%_[bf(ithe[mouselgenomeltanlbelalignediothe
humanUOgenome.interestingly,(theCmouselandDhumanCgenomesOcontainCtheOsamed
numberOofOprotein-codingOgenes.OTheOproportiondofdmousellgenesOwithOJalsingled
identifiableCorthologuelin(theChumanlgenomelseemsiolbelApproximately(80%.[less[]
than[1%lofthumanigenesldolhotthavel@nyhomologuelinfihemouse{Waterston[ét[@al.(]
2002).0

GENETICIFACTORSIANDIDISEASE[N

TheltontributionCofCgeneticdactorslintheletiologylofldisordersVariesdromltompletelyd
geneticallydetermined{e.g.[phenylketonuria)[to[tompletelyCenvironmentallyCinduced
(e.g.Oaccidents).[O0ThelroleDofCgeneticfactorsCinCdiseasesOcanbeOdividedCintoCfive [
categories:[Ja){0MendelianO(monogenic)Odisorders,0b)OchromosomalOaberrations,dc)



mitochondrialCdisorders,[0d)OmultifactorialJdisorders,Jandde)dsomaticllcellCd geneticOl
disorders.

O
ForCsimplicity,CgeneticCdisordersCareltlassicallydividedlinto[single-geneldisordersCor(]
complex(disease(raits. In(eality, Therelislaldomplex[¢ontinuumhvolving@)fhemumberd
of0loci,Ob)OthedrelativedinfluenceOofdeachOallele,dc)dnongeneticOfactors, dOsuchOasO
environmentalO differences (diet,d smoking),00 stochasticll factorsd (immunoglobulind
rearrangements),[$omaticimutations,and[d)Wariable[¢ontributionslinlindividuals[With[&[
similarforirtuallylidenticallphenotypel(Scrivereét@l.2001).00

a
Thousandsloffhuman(disordersfare[causedlbylsingle-geneldefectsCandlaretherefored
calledCmonogenicCorfMendelianCtiseases.(On[March[2003the[Human[Gene[Mutation
Database[(HGMD)[¢ontained[33252[mutationsfoundin[1338[genes{Table1).Theruel
numberCbflfidentified (disease[mutationsCskevenhigherdueltolincompletely[updated
databases.[I

a
:
(DiseaselGeneslinthe[HGMDI[Databasell

O Mutation el No.ofmutations™

a Micro-lesions O

0 [MMissense/nonsensel] 193680
MS$plicingO 32070

U [MRegulatory[ 2660

O [MBmallldeletions™ 54980

0 [MBmalllihsertionsO 20930
[MBmalllihdels*O] 3220

U GrossllesionsO 0

0 [MRepeathrariationsO 570

0 [Grosslihsertions[&[duplicationsO 2740
[MComplexMearrangements] 3400

O M{includinglihversions)

0 (MGrossldeletionsd 18270

0 TotalO 332520
*a[deletion[Followed[byCanlinsertion[after(theChucleotides[affected. I

O UpdatedMarch(26,[2003.[ForlHGMDIURL,[3eelElectronic[Databaselll

0 Information.O

a

a

MonogeniclCliseases[becomelmanifestfivhenthelpatientCtarriesCbnelbriwolHiseasel]
alleles,0dependingdonOwhetherOtheOmodeOofOinheritancedisJautosomalOrecessive, [
autosomalldominant,[orX-linked.[Environmentalfactorshavelittle[ormolihfluencelonthe
onsetOorOseverity(lofC0monogenicOdiseases.0TheOoveralldpopulationOfrequencydofd
monogenicldisorderslisfabout1 [per100iveDirths,[@onsisting(0f(7[ih[1000dominant,2.50
in[1000Tecessive,[And0.4[h[1000X-linkedldisorders{excludingldolorblindnesspresent]
in(1lihA2Males){Scriver(étlal.2001).00



a
Althoughfhelfules[dfiMendelianlinheritancelinthumansarelgenerallyl¢orrect,Fhere@red
somelexceptions:dunstabledmutations,duniparentalCddisomyCandOimprintedgenes.O
Unstablemutationslinvolve@heléxpandingdripletldiseases[$uchlas[Huntingtonldisease]
andUOspinocerebellardataxias,in0OwhichOtheOdiseaseOphenotypeOworsensOoverOthed
generations[{anticipation)duerolincreasingChumberCbf(repeats.[Uniparental Cdisomy
exists(WhenlanlindividuallnheritsGwoltopies[ofbpartlorfalllofalehromosomedromoned
parent.[The(SignificancelofWiniparental [disomylishostly[¢ausedBylgeneticlimprinting,ih
whichtheOmaternalCandCpaternalCcopyCofallgene CareCdifferentiallyCexpressed. OFord
example,dhel@genesltausingPrader-Willildyndromelarelinherited@romthefather,Oivhiled
thel$amelgenesltauselAngelmanlsyndromelivhenléxpresseddromihelinaternallcopy.[]
ImprintingCmayCalsoCoccurWwithoutCuniparentalldisomylWwhen[alheterozygous[mutation]
causeslaldiseaselphenotypelorfhotldependingloniheparentlofloriginfof(ihe mutation.
ThislisthelSituationiwith(hereditary[paragangliomas({inherited fumorSyndrome)ihhich
the[phenotypelisCexpressedlonlylivhenthenutated@llelelisOnheriteddromihedatherd
(Scriverét[al.2001).0

a
TheCltlinicallriskFor[X-linked[disorders[aredifferent[for(the(iwo[sexes.[In[males,the
disorder,(such(as[ted-greenlkolor[blindness,[(becomesmanifestCwhenCanCindividual(
inheritslonelmutant[@llele,[Whereasfemalestequirewolutated@lleles{oldevelopthel
disorder.[

a

ThelOmitochondrialCgenomeUisCinheritedCfromCtheOmother.OT herefore,OmalesOdoOnotd
transmitCmutationsOnCtheCmitochondrialCgenomeioltheir[offspring.OrhelroportionCof
mutatedfoMormallinitochondrial¥ariesfamonglihdividualsfih[alpedigree,[dfteneadingio
alphenotypiclbeterogeneity(Scriverletal.[2001). 01

O
MultifactorialCorCtomplexCdiseaseslare[tausedbylinteractions[ofCmultiple[genesCand
environmentalCfactors.OTheseldisordersObecomeOmanifestdonlyOwhenOanUindividual O
inherits( ad certaind combinationd of] disease-predisposing alleles,0 and triggeringd
environmentalUinfluencesOareOpresent.dOManyOoftheOcommonCchronicUillnessesCof0d
adulthood(e.g.ObipolarCdisorder,JAlIzheimer’s(disease, Jessential Dhypertension, Jand 0
schizophrenia),@shvelliasfhelcommonibirthldefects{suchlascleftdiplpalate,[dongenital
heartldisease)falllintofhis@ategory{Scriveretal.[2001). 1

a

IDENTIFICATIONIOFIHUMANIDISEASEIGENESO

Therelarelkeveralstrategies[thatCtan[belutilizedtoOdentify[thetausative[genesford
human(diseases.[Thelstrategies[tan[beldividedlintofourlmain[tategories:Tfunctional
cloning,@heltandidate[genelapproach,positionalltloningCandthepositionalltandidate



genelapproach.[0OftenOtheOgenelidentificationOprocessisOaldcombinationCofCthese
strategies. I

O
Functionall¢loninglivas(ihe[onlylwaylofindingtalgene@lecoupleldecadeslagoivhenlhol]
informationlonfhumanigenomeappingvas(available.[Alprerequisiteforihisimethodis[
knowledge[bf(ihelbasiclbiochemicalltiefectlunderlying@heldisease,Suchlasalpurifiedd
defective[proteinihatl¢anbeisedoldeterminefhelamino-acidand[¢DNASequence[of]
the[mutated[proteinCandgene.[Therefore,[thepossibilities[tolutilizethis[strategylared
ratherOlimited.d0ClassicalCJexamplesUofCOthe OusefulnessCofOhavingDalpurified Cprotein
availablelihclude[Studies[onfhemutationsunderlying(Sickledelll@nemia,landemophilial
causedbymutationslinl@oagulationfactordli[{Ingram1957;Gitschierlet@l.[1984).10

O
Theltandidate[genelapproachlalsotequireslsomelknowledgelbflthepathogenesislor(]
molecularbasislof(iheldisease.[Thelcandidate[genes,Selected@ccordingfoliheirknown
or(supposedFunction,CaredirectlyCanalyzedforCmutationsCorOinkagelinFamilies.oThed
candidate[jgenellapproachis[perhapsthe[imost[kelegantCandleast[laboriousOway[of[]
identifying[disease[geneslivhensufficienttknowledge[onthebasiclbiochemicaldefect
underlying@heldiseaselis[@vailable.[AsIheknowledgelonihedunctionoflhumanigenes
andbiochemicalpathways(increase,this(iethodls(likelyfobecomeloreividelyised.[
Forléxample,fheldandidate[denel@pproachiwasSuccesfullytilizedlihthis[Study{ll).0

O
Positionall¢loning[ineans(thelisolation[of@ldiseaselfenelbased$olelylonlitsdocationln]
the[genome;Cholknowledgeloflits[functionCsltequired.[This[strategydependsCbonthe
analysis[offaffectedfamiliesWwith[geneticihappingodind@lchromosomalegiondinked o
theltlisease.[Havingocalizedthe[defective[genelinfalchromosomallocus,thel¢tritical(]
regionlsurtherFestrictedWithOinkage[disequilibriumCand$haredChaplotypelanalyses.[
WithOincreasingCknowledgeOofOtheOhumanOgenome,dtheOprincipalCdiseasellgenel
identificationCmethodChowadays[salmixtureof[positionalCtloningfand[tandidate[§enel]
methodscalledthepositionalCcandidate Ogenelapproach. d0AfterCassignmentCof(thed
diseasellocus,fheltegionall¢andidate[geneslare$elected[and[analyzedbasedloniheir(d
knownfunction(ScriverUet[al.[(2001).[WhenOsufficientCknowledgeCofCtheCmolecularC
mechanisms[of(theldiseaselarelAvailableihisimethodmaylbeVerylefficienttandast.O
However,thelpathogenicCmechanismslbfthediseaselbrtheFunction[bf(theltegional
candidatelgeneslareloftenhotSufficientlyllinderstood.Therefore,lihlmanyl¢ases(Several
geneslihthelgdriticalfegionhavelibbe@nalyzed.

O

THEFINNISHIDISEASEMHERITAGED

ThelFinnish[diseaselheritage,nitiallyldlescribedin1973,ls@&Widelylknown[tonceptlin
geneticliesearch{Noriolét@l.[1973).[Toldate, Fhis[grouplihcludes[almost40nonogenic



disorders(ihat@re[ioreprevalentin[FinlanddhanlélsewherelinltheWworld[{Table2).[Thed
majority[bf[iheseldiseases[areecessivelylinherited;[onlydwoldominantl{amyloidosis¥/[
and[ibialiinuscularfdystrophy)andiwoX-chromosomal{retinoschisisfand¢horoidemia)d
disorderslhaveeenldharacterized.

a
ThelFinnishldliseaseheritagehas(its[originlin[@he$pecialibopulationhistorylofFinland.O
TheDbopulation[of(Finlandhas[evolvedOn[solationtithoutSignificant[geneticlinfluence
fromheloutside.[Theteasondorihelgeneticlisolation[havemainlybeenldeographical,[]
butCalsodanguageCandCreligionChavehadCanCeffectConthelisolation.[(IBasedCon[Y-
chromosomallhaplotypelstudies,[Finlandhas[beenlihhabitedinfwolwaves[{Kittles[et@l.(
1998).[ThelirstOmigratorylivavebf[Uralic[$peakersromdheleastldccurred[Somel40000
years[@golandhasChadlaldistinctleffection@hedFinnishjenelpool.[Thelmajoritylofihe
FinnishCenel[poollisthoughttolbriginate[fromUater[smallfounder[populationsCwhich
immigrateddromihe$outhlapproximately[2000years[&ago.(However,$inceltherelistho
unequivocallevidencedorwoldistinctlimmigration[Waves, fitlisCactuallyCmorelprobable
thatCsmallOmmigrationCgroupsCarrivedOnFinlandCcontinuouslyCafter(the[glacialperiodd
(Peltonenlet[al.[1999).[Thefounderpopulationsirsti$preadalongfalharrowStriploffhe
southernfandvestern[toastline[of(Finland{early(settlement).(ForadongdimeFinland
remainedVery$parsely[populated.nihe 12" ¢enturyhepopulationWasénlyF50[000.]
By(the[16™¢enturylthelpopulationhad@xpandedfo3250000, butiwas stillldoncentrated]
on[theltoastalCareas.CAnLinternalCmigration EbeganEin[the[[LGthEbenturyEfrom Calkmalld
southeastern[areal{South[Bavo)dolbtherltegionslof(Finland{late$ettlement)[{Peltonend
et[al.[1999)[{Fig.[1).[Theléxpansionloffhelpopulationhashotbeen[¢continuous;$everal ]
bottleheckshavebeenlmet.[Thelmost$evereWasihellgreatdamineatdheléndofEhe
17“’|Iientury.D'his@nd [SeverallSmallerleépidemicsKilled[dnelthird[ofthe [population6f[4000]
000Muringtheyears[1690-1730.%incelfhen,fhelpopulation@fFinlandhasgrownapidlyd
tolfoday’sB.2millionlihhabitantsoverthreeldenturies{Peltonenleét@l.[1999).0

a
ThelFinnish[genepoollsverylhomogeneous.[Analysesloflihegeneticldiversitylofthe[YO
chromosomelJandCOmitochondrial IDNAOshowOthatOFinnsCdiffer COfromCotherdEuropean
populationsOinOhavingOanOexceptionallyCreduceddamountdofdJY-chromosomaldand
mitochondrialldiversity.[Thislindicates[fhat(felativelyf@ewlpeoplehave [tontributedfofhel]
geneticllineageoflfoday’sFinns{Sajantilalet@l.[1996). 00

a

TheSmalllhumberlofforiginalfounders,isolation, apid (&éxpansionoffhelpopulationfand
thelereationCdfCsmalllimmigrantCgroupsdromhelmainCpopulationalloweditheFounderd
effect[{i.e.,[almutationCenrichedCnCaspecificCpopulation[tueltolthe[presencebfthat(]
mutationtnCalkingleCancestor[brCsmallChumberCbfCancestors)CandCgeneticdrift{i.e.,O
randomUfransmissionIbfAllelesfromIparentodbffspringMesultingih@nénrichmentord
a



FigureO1.0ThedfirstOfounderOpopulations
spreadUalongtheOsouthernCandOwestern
coastlinelofFinland[{early(3ettlement).[The
internallmigration [began[m[ﬂheELGthEcentury
fromdhe$outheastern@realofFinland{late
settlement){Modifiedfrom[PeltonenlCet[al.
1999;Morio2003a).00

disappearanceloflalleles)Holshapeihelgenelpool,[@speciallylinlthefegionallsubisolates
(Noriol&t[al.[1973;[delalChapelle[1993;Peltonenlet[@l.[1999).[Theselfactorshaveledio
theCenrichmentCof(some[Mendeliandiseaseslin[Finland,treatingtheFinnish[disease
heritage.[OnthelbtherChand,5omelbtherdisorderstelativelyCtommonlCinCotherCwhited
populations(e.g.OcysticOfibrosis,Ophenylketonuria,[0galactosemialdandCmapleOsyrupC
disease)[@reveryfarelinFinlandlsincefhelespective[fenesivere&itherdackinglorostd
fromhelgeneldollectionlofiheldriginalSettlers(Palolet[al.[1987;Kerelet@l.[1989).N

a
Mostldiseases[belongingdodheFinnishldiseaselheritagelpresentf@ltegionaltlustering.
ThelancestorsCof(thepatientsCoriginate[fromthelatesettlementCiegionOnChalfCof(thed
cases.[InGSix[diseases[ofliheFinnishldiseaselheritage,dhebirthplacesloffhe@ncestorsd
haveObeenOdistributedOrelativelyOevenlyOthroughoutOthe Ocountry, Ohowever, COtheOlate
settlementCarealis[bverrepresented[{AGU,[Battendisease,[artilage-hairChypoplasia,]
congenitalOnephrosis,CINCLOandOprogressivedmyoclonusCepilepsy).COnlyOdiastrophic
dysplasialandMeckelSyndromelShowldistributionsleéqualfoihepopulationdensity;most]
patientslarefbundlih[SouthernfandiwesternFinland{Norio[2000).10

a
Theldistributionfof@heirthplacesoflgreat-grandparentsiofhepatients[canbellisedod
estimate(ihelageloflfhemutation.Tightldlustering,SuchlaslinfheldaselofWariantlinfantiled
neuronalCceroidOlipofuscinosisOandOprogressiveOepilepsydwithCOmentalOretardation, O
suggestshatihemutationfs[young.[Aldistribution[équaldodhelpopulationfdensity, [as[
described@bove,lihdicatesthatfhemutation[is[old.[]

a



Table2.Diseases[offhelFinnishiDiseaseHeritage. Wpdatedfrom{Norio[2000;MNorio[2003b)

[A)IDENTIFIEDMMUTATIONSO
Diseasel
O
Gyratelatrophy[(GA)II

O

AmyloidosisV[ID

O

Aspartylglucosaminuria[([AGU)O

O

Choroideremial

O
Nonketoticyperglycinemial(NKH)]
O

Diastrophicldysplasial(DTD)O]

O
InfantileMeuronall@eroid-
lipofuscinosis{INCL)O

O
Batten(disease[[CLN3)O]

O

Hypergonadotrophiclovarian(]
dysgenesisODG1)0

O

Congenitall¢hloride[diarrheal]
(cco)o

O
Progressivelmyoclonus(épilepsy
(EPM1)O

O
Autoimmune[polyendocrinopathy(]
candidiasis(éctodermalldystrophy

Defectiverotein[]
0

Ornithinel@aminotransferaseld
(OAT)O

O

Gelsolin[IGSN)I

O
Aspartylglucosaminidase[[AGA)[]
g

Rabl@éscort[protein[(REP1)

O
Glycineldecarboxylase[{GLDC)O
O

Soluteldarrierfamily26,0
member2[(SLC26A2)0]

O
Palmitoyl(proteinfhioesterase[1]

O
CLN3I[protein(D

O
FSHIdeceptor{(FSHR)I

O
Soluteldarrierfamily(26,0
memberB[SLC26A3)0
O

CystatinB{CSTB)I

O
Autoimmunefegulator[{AIRE)0

Referencel{FinnishMutations)[
0
Mitchelllet[al.[19890]

Eevy@t@l.ElQQOb, Mauryétal.19900
I?(onen@tﬁlﬂgng
gankila@t@lﬂQQZD
Eure@t@l.ﬂQQZD
Eastbacka@tﬁlﬂg%lj

0
Vesalet[al.19950]

g
ThelihternationalBattenldiseasel]
Consortium{Consortium1995)0
g

Aittomakilet[al.[19950

g
Hoglundlet[al.19960

g
Pennacchiolet(al.[1996,Virtanevalét]
al.19970

g
Nagamine(ét[@l.[1997,TheFinnishO
German[APECEDIConsortium[]

(APECED)O (Consortium1997)01

O O g

Congenitalephrosis[{INPHS1)[ NephrinJ Kestilalet[al.[19980)

O O g

Variant(atelihfantileeuronald CLNS5I[proteinD Savukoskilet[al.[19980]

ceroid-lipofuscinosis[vLINCL)O

O O g

Retinoschisisl Retinoschisin Thelfetinoschisis[ConsortiumO
(Consortium[1998)0

O O g

Lysinuric[proteinlintolerance[{(LPI)0 | Solute(@arrierfamily(7,ithember| Torrents[et[al.[1999,Borsanilet[al.C]

7SLC7A7)O 19990

O O g

Megaloblasticlanemia1 CubilinICUBN)M Aminoffletfal.19990]

O g g

ProgressivelepilepsyWithimental(l | CLN8[proteinl Rantalet(al.[19990]

retardation[((EPMR)0]

O g g

Free(Sialiclacid(Storageldiseasel] | Soluteldarrierfamily17,0 Verheijenlet(al.[19990]

(Sallaldisease)O memberB{SLC17A5)0

19




Cornealplanal@ongenitallCNA2)O
O

MulibreymanismIl

O

Polycysticllipomembranous(]
osteodysplasialith[Sclerosing
leukoencephalopathy[{(PLOSL)C
O
Cartilage-hairfhypoplasial(CHH)O

SsherByndrome,[typeD]ID]]
?ibialIIhuscIeIIﬂystrophy[(lTMD)D
gRACILEByndromeD]]
Eydrolethalus@yndromeﬂ]]

O
Cohen(syndrome(l

O

RAPADILINO(Syndrome[]

O

Infantilel®onset(SpinocerebellarC]
ataxial[(IOSCA)M

O
Muscle-eye-brainldisease[(MEB)I

KeratocanKERA)II

O

TRIM37[I

O
DAP12[(TYROBP,[KARAP)I

O
RNA@GomponentdffRNaseMRP
(RMRP)O

O

USH3AMD

g

TitinQTTN)

O
BCS1-like[BCS1L)I
O

11q,movellprotein

O
COH1[proteinO

O

unpublished

g
10q,npublished

g
1p,Minpublishedd

Pellegatalétfal..20000
O

Avelaletal..20000

O

This[Study({)O

O
Ridanpaalet(al.[20010

O

Joensuulét[@l.20010

O

Hackman(ét(al. 20020

O

Visapaalet(al.[20020

O
Visapaalet(al.[1999;[Manyilet@al.0]
20020

O

Kolehmainen(ét[al.1997;0
Kolehmainen(ét[al.220030

O
Kestilalet[al.,[personalldomm.]
O
Nikalilét[al.[1995[@andpersonall
comm.[d

O
Cormand(ét[al.[1999; M ehesjokil]
personall@domm.O

0 0 0

Diseasel] Locus( Referencel]

O g O
MeckellSyndrome(ll 17q0 Paavolalet[al.19950
O O O
Lethall@ongenitall@ontracturel] | 9q0 Makela-Bengs(etlal.1998,[Jarvinen]
syndrome[(LCCS)I et(@l.19980

O O O
Congenitalllactaseldeficiencyl | 2q0 Jarvelalet(al.19980
(CLD)O

O O O

PEHOSyndrome[d unknown[J Salonen(@t(al.19910
O O O
Lethallarthrogryposisiwith() unknown[J Vuopalaletal.19950

anteriorlhiorn(dellldiseasel]
O

U
O
U
U

20



PLOSLIINASU-HAKOLAIDISEASE)O

The[PLOSLsyndrome[{ICD-10:[G31.8,[MIM221770)ls[tharacterized[byspontaneous]
bonelfracturesfandpresenile[dementialleadingioldeathlin(iheléarly[40's.[ThelacronymO
isCcomposedofCthelfirstOettersCof(theCcharacteristicCpathologicfindings: [OPolycysticl
Lipomembranous[Osteodysplasialvith[Eclerosingleukoencephalopathy. IPLOSLI[is[&lso]
known[as[Nasu-Hakolaltisease,[orCmembranousipodystrophylinthelearlyiterature.]
PLOSLOwasHirstldescribedlih@heléarly[1960s[concurrentlylinFinland{Jarvilet[al.[1964;0
Jarvilet[al.[1968;Hakola1972)[AndJapan((Terayamall1961;MNasuletladl.[1973).0

a
Approximately[200patients(havebeeneportedWworldwide{Pekkarinenlétal.[1998aland
unpublished).[Mostlof(ihepatientsChavebeenltliagnosedlinJapan{~100)andFinland
(~40).[Bporadicpatientshavebeenldiagnosedvorldwide,inostlofthemOh[Europe.[Thel
reported DncidenceDsEhighestElnEFinIand,DZD([l0'7/yearD(HakolaEﬂ990b),EandEPLOSLD
thereforebelongslibihelFinnishldiseaseheritage.ThelincidencelihJapanlisnknown. Il

0
a
D y f"-\k
a N\ ,-" / Figurel2.[Regionall¢lusteringofthedirthplaces
a \ g 9 offgrandparents[oflPLOSL [patients{dots)hthe
0 eastern[Finland[{Kuopio[district)[indicates[that

f N thedl PLOSLO mutationd isO relativelyd young.
U p / Accordingfo[{Norio2000;Morio2003b).0
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Symptoms[BflPLOSLO

Thelhaturall¢ourseof(IPLOSL¢anbeldividedlinto[Mourstages:[1)Tatent,2)bsseous,3)
earlylheurological,land[4)dateCheurological($tages{Hakola1972).[Theatent[period[of(]
PLOSL[eéxtendsibladolescence.2)Theldiseaselsuallyfnanifestsliselfl@pproximatelylat]
thelage[0f(20[yearswith[painfand$wellinglin@nkles[andfeetFollowing$train.[Theirst
fracturesCn[thebones[bflthelextremitiesCafterCminimaltraumaltypicallyCoccurShortly



beforelageB0years.[Radiographsishowlsymmetricleyst-like[boneltavitiesléspeciallylin[]
thelbonesloflvrists,[(hands,[anklesCandfeet, (in[additionIoXrabecularfbonedosslinthe
distalCendCofltheOongtubularfbones.oThedracturesCusuallyChealwell.[B) [Attheearlyd
neurologicallstage,[althangeldflpersonalitylbeginsioldeveloplinsidiouslylinthelearly
fourthfdecade.[Thelpatients[graduallyltlevelopihedull-blown[picturebfiheFrontaldobe
syndrome:oss[offjudgment,[éuphoria,Ldisinhibition{includinglmoria,.e.[A@endencydo
joke),[disturbanceldfl@éoncentration,@sivell@s@lackoflinsight.[Wrinarylihncontinencel@nd
impotencelinayel@monglthelfirstisymptoms.Progressivesignsloflipperinotorheuron
involvement[{spasticity,[Babinski's[sign)@lsobecomelhoticeable.Memoryldisturbances
setlinCat[thelkamelagelas[thelpersonality(thange.[The[memory[disturbancelisessO
severelthan(thepersonalityl¢hange@tthelihitial[heurologicall$tagebutlitlis[(progressive.
EpilepticlSeizures@ndlinvoluntarySlowlghoreiformhovementsiorimyocloniciwitches@rell
common.[4)nfhelate[heurological$tageltheldiseasel¢ulminateslih[profoundidementia.(]
Finally, thepatients[layCOwithoutCanyCactive[imovementCinCanCapallicCstate. [Primitive
reflexes,Such@siheNisuall@andiactilelgrasplandinouthdopeningeflexes,@shivell@sihel
suckingreflex,[becomelnoticeable.DeathlisuallyldccursbyB0yearsioflage(Tablel3).00

a

a
0
0
[Tablel3.MaturallCoursedfPLOSLO
Stagel Agellyears)C Symptoms[]
l)MatentO -200 o
0 a O
II)[@sseous 20-300 Painlih@nklesandrists(
O O Pathologicalfractures
0 a O
Il EarlyMNeurological( 30-400 FrontalbbeSyndromel
O 0 Progressiveldementiall
0 0 MMM emoryldisturbancel]
[IDtherdisturbances(ofIl
[IIhigher(@orticalfunctions®”
O O EpilepticiSeizuresd
0 a O
IV)[Late@eurological ] 40-0 Profoundldementiall
O O Primitivefeflexes
O O ApalliciState[
O O PrematureldeathO
aAgnostic-aphasic-apraxicI3ymptomsD
0



Identification(@flthelFirsttPLOSLIocusOn[Chr.19g13.10

ThelirstPLOSLOocusvasdentified[using[@genome-wide$can.Onitially, dive (affectedd
individualsfrom fwofamiliesiwerelanalyzedforlgenomicliegionsihatilvereSharedwithin[
families.Ondhelsecond$tage,Ihelsix(nostlpromisingiegionsiveretharacterizedlhihe
wholeOfamilyOseries.[UsingOthisCapproach, OtheOPLOSLOocusCwasOassignedCtoCchr.O
199g13.1.[Wsinglhaplotypel&nalysis,ihel¢ritical lPLOSL tegion[Was[testricted 10153 kb
betweenCmarkersDD19S117500and[D19S608.0SequencingbfthelltodingregionofCall
potentialltandidate[gene[APLP1,[&ncodinglamyloidbrecursor-likeprotein,fevealedhol]
mutations[(Pekkarinen(@t(al.[1998a;Pekkarinen(étfal.[1998b). 1

O

O

DEMENTIAO

Dementialis[defined(as[awide-spreadldeclinelofldognitive functions[{(DSM-IV).[ThelostO
prominentSymptomisinemorylimpairment.(Theldiagnosislofldementialalsolequiresihel
presenceloflotherldisturbancesoffhigherCtorticalfunctionslincludingfaphasia,@praxia,]
agnosialorCadisturbance [bfCexecutive [functioning.JACwide[varietyof[(disordersCared
associatedWith[demential{Table[4).[(Dementialisfuisually(progressive{e.g.[Alzheimer's
disease)[butlimaylalsodemainflinchanged{e.g.[$equellolbrain[¢ontusion)orlin[Somel
instanceslitis(@venl(durable{e.g.Pellagra,[dementialdausedbyldeficiencylofbiacin).[AsC
thelpopulationf@ges, fhelincidencelofldementialtiseséxponentiallyluintilthe minth[decade
ofllife.[Thelprevalencedfldementialis@boutl.5%@tlage B5years, butldoublesléveryd-50
years[tolteachCabout[B0%[at(BOyears.[ThelmostCltommonltausesforfdementialare
Alzheimer's(diseasel(AD),¥ascularl[dementialanddementialwith(lewybodies.In[Europel
andNorthCJAmerica,[JADCisCestimated(toCbe[theOmostCcommoncausebfCdementia,
whereasWascularldementialhasbeeneportedfobemoreprevalenthanADlinSeverald
AsianOcountriesOsuchOasOChinaOanddJapanO(MirraJandOHyman[02002; 0RitchieJandO
Lovestone2002).0

a

InheritedDementias

AlSignificantf@dvancelnlourinderstandingof(fhelgeneticlbasislof[dementiashasbeen
madelnhelpast[decade.However,the[geneticlbackgroundCoffmostlofltheftommon
formsUofOdementiallisCstillOpoorlyCunderstood.OOTheOgenetics DofCdementialisCalvery
challengingopicofeviewl$incel$everalldementing[tonditions[are&xtremelylcomplex
disorders.[Theollowinglieviewltovers[someldfihelosthllustrative[éxamples[of@dult-
onsetldementingldiseasesforiwhichlgeneshavebeenidentified.[]

a

O



[Table[4.[Classification[of[Demential]
Neurodegenerativeldisordersd  PrimaryldementiasC

0 [MMAlzheimer'sidisease M
O [MMDementiawithlewyBodiesO
O [IFrontotemporalementialithparkinsonisminked o

chr.A7FTDP-17)0]

O Secondarilyldementing(disordersd

O [MHAHuntington(disease

O [MParkinson(disease

O O

Vascular(diseasel] Multi-infarctldementiall

O CADASILO

g Hereditaryl@derebrallhiemorrhagelvithi@amyloidosis,
Finnish,Dutchl@andktelandicfypesO

O O

Infectious, ihflammatory@nd PriondisordersO
Mmmune-mediated(disordersd | AIDSO

O O
ToxiclandetabolicldisordersO | AlcoholismO

ad Vitamin[Bi.[deficiencyO
O O

Otherldonditions™ TraumaticMrainlhjuryd

NOTE:[ThelistlsMotidomplete,OnlylSomelillustrative[@xamplesofléach(dategory@ared
presented.Modified@romMirral&Hyman((2002).0

O
a

Alzheimer's(disease(AD)O]
Alzheimer'sOdiseaselisOcharacterizedObyOslowlyOprogressive dadult-onsetCddementiall
associated[WithCterebralCatrophylimost[prominentlCin[thefrontal,[iemporallandparietal]
corticalCareas.[ThellypicalltlinicalCtluration[of(ihe [diseaselis[eightlodenyears, ith(al
rangeloflbnedo[25Vears.[ThelhistopathologicalChallmarksCofCAD@arelheuriticCplaques
andUOneurofibrillaryOtangles.OTheOcoresUOofOtheOneuriticOplaguesOconsistOmainlyODofd
aggregated(B-amyloid.(Neurofibrillaryfangles[arelintraneuronallinclusions[éomposed[bfl
abnormallyCphosphorylatedtau-protein.T he[&xact[pathogenicCimechanisms[ofCADCared
unknownbutlitlis(believed(ihat(plaques@ndiangleslarelinvolvedlin(heuronall¢ellldeath
(MirralandHyman[2002;[Cummings[étfal.[1998;Hardyland[$elkoe[2002).
O
Alzheimer'sldiseaseld¢an(beldividedlintothreelain[¢ategories:SporadiclAD,FamiliallAD,
and[AD[associatedWith[Down[$yndrome.[Sporadic[AD[accountsfor(3-75%, MfamiliallAD
for25%CandCADCassociatedwith[Downsyndromelfork1%.Ot[should[belhotedthat]
sporadiclandfamilialformsoflADGannotbeldistinguishedfrom(@achother(dlinicallylor(at]
thelhistopathologicalevel.(On(practice, (positivefamilyhistorylorfagedfldbnsetbefore[650]



years(arelthelostlimportant(SignsioffamiliallAD[{Cummings(et(al.[1998;[GeneReviews
weblpages).O]

O
FamiliallTAD[¢an[bel$ubdividedbyIhelodeloflinheritance@ndgeneoldate-onset[{15-
25%)[and[éarly-onset[ADL(<2%).ILate-onsetdamilial [ AD[{ADdype2)ls[¢onsidered[as[al
complexldliseaseWith[ThelmostlmportanttiskdactorbeingCApoE-c4@llele. IMostlofihed
patients[with[ADbefore(dge B5Sufferfromearly-onsetfamiliallAD.Early-onsetformsof]
familialCADCareCautosomallyCtlominantlyCinheritedCandCtausedbyCmutationsCn[genes
codingCforOamyloidOprecursorCprotein(APP; JAD Otype01) (CummingsOetal. [01998),00
presenilin(L[{PSEN1;[AD3){Sherringtonl&t[&l.[1995;[Crook[ét[@l.[1998),[br(presenilin(20]
(PSEN2;[AD4)[{Cruts[and[Wan[Broeckhoven[1998).[MutationsCin[eitherCbne[bf(thesel]
threelgeneslleadolanlihcreasedproductionlofthe(amyloidogenicipeptide[AB42[(Hardy
and[Gwinn-Hardy[1998).0

a
Bylihe@gel0f(40years,dlirtually@llihdividualsiwithDown8yndrome({trisomy21)[develop
manifestations[0f(AD.[Thislis[fthoughtibbedausedbylthelifelonglover-expressionloflthe
amyloidprecursoriprotein[{APP)[genelonl¢hr.[21[AndEhefesultantldverproduction[ofB-
amyloidlih[personsiwholarerisomicforthisigenel{Bruggelet@l.[1994).00

a

a CADASILO

Cerebrald autosomalll dominant arteriopathyd withd subcorticald infarctsd andO
leukoencephalopathy[{CADASIL)OsCalmicroangiopathyCprimarilyCaffectingCthe Cbrain. (D
Ischemiclattacks[{TIAs[or[stroke)[at(themeanlagelbflonsetlbf(45Vearslare[themost]
frequentfindingsCOmanifestingDin[(~85%UofCthe Opatients. dCognitiveCdecline,Cincludingd
dementia,[begins[toldeveloplatlthe[samellime.[By[age[65,wo-thirds[bf(thepatients]
sufferfromdementia.(MigraineithAuralis(amongheirstisymptoms[of ([CADASILE&nd O
manifestsCinCabout[B0%[bf(thepatients[{Kalimoletlal.[1999).[CADASILOstausedby
mutations[inINOTCH3[gene[(Dichgans[2002).INOTCH3[&ncodelal¢ell-surfaceleceptor
thatlislihvolvedlin[¢ellfate$pecificationlduringldevelopment;theléxactolefortNOTCH30
islunknown{Weinmaster[1997).00

a

O FrontotemporalDementialwithParkinsonism-170
FTDP-170sCalmajorklass[bfCautosomallyCdominantlyCinheritedCdementing[disorders
linkeddol¢hr.[17.(FTDP-17[affectsfhefrontallandfemporall¢ortex[@ndsomelSubcortical ]
nuclei.CAlthoughhelianifestationslofldifferentSubtypeslof(FTDP-17ary[¢onsiderably[
dependinglonhelmutation,Severalldommon(factorsieéxist.[Thelagelofldnsetdf[FTDP-170
isOtypicallyJ40-6000years.O0TheOpatientsOpresentOwithOslowlyOprogressive Obehavioral
changes,[$uchlasldisinhibition@ndbssoflihitiativeih(addition[folanguagedisturbances
andO extrapyramidald signs.0 Some[d patientsO presentd with{ rigidity,d bradykinesia,
supranuclearCpalsy,CandsaccadicCeye[movementldisorders.[Theltiseaselprogresses]



over[afewlyearslintolalprofoundfdementia.[Neuropathologically,[thepatientsChaveal
pronounceddrontotemporallatrophyWith[loss[of(heurons.[Most[patients($howlheuronall
andgliallaggregationsoflthenicrotubule-associatedproteinfiau. [FTDP-17[is[causedby]
mutationslih[microtubule-associatedproteinfaulgene (MAPT)lih[hajorityofthepatients.
(Hutton[et[al.1998;Spillantiniétfal.1998;[GeneReviewsWeblpages).O
O

FamiliallCerebrallAmyloid[Angiopathies[([CAA)T
CAAls[@AssociatedWith[dementialh@humberloffamiliallconditions,[3uchashereditary
cerebrallhemorrhagelwithCamyloidosis({HCHWA),[Finnish,[DutchCandOcelandicCtypes.O
TheOFinnishCtype(HCHWAU[(gelsolin-relatedCamyloidosis) (isOJanCautosomalOdominantd
disorderfandsl[tausedbylmutationslinthe[gelsolinfene[{GSN){Levylet[al.[1990b;0
PaunioCet(al.[11992).0Gelsolin-relateddamyloidosisClisCcharacterized ObyCfacial Opalsy, O
peripherallneuropathyJandCcornealOlatticeJdystrophy.[0SomeOpatientsOpresentOwith[
cognitiveldecline[(Kiurulet[al.[1999).[TheDutchypel(-D)0f HCHWAI[s[¢haracterized by
multipleChemorrhagesCandlinfarctsCassociatedWithCamyloid[depositsCin[thelmeningeal
and[dorticalbloodVesselsoflihel¢erebrum@ndlderebellum.ementialmanifestslinmostO]
patients(that{Surviveliheirlihitial[Stroke[(Mirral@andHyman[2002).HCHWA-Dlis[¢aused by
alpointhutation(atidodon®93[0flthe[APP[gene(Levyletlal.[1990a).Thelcelandiciypel(-
[bf HCHWAI[is[causedby@lmutationlinfhefgenel¢odingforldysteinelproteaselinhibitor(]
cystatinOCOO(CST3)(Levyet[al.(11989). IHCHW A-ICusuallyOmanifestsCwithOcerebral O
hemorrhagesassociatedOwithCcerebralCJandCOmeningealCJamyloidOdeposits.(0Demential]
occurslih[Some, butmot@llpatients[(Mirral@andHyman[2002).[Althoughheselthreeiypes
ofl¢erebrallamyloid@ngiopathiesare¢tausedbylinutationslinfdifferentlgenes,fherelis[@0
common(europathologicalfeature:fhepathologicallaccumulation@flamyloid.
a

Prionldisorders[]
Prion[diseases,@lsolknownlasdransmissible[$pongiform&éncephalopathies,areliniquel
inCthatCthey[tanCbelat[the[sameltimelinheritedCandOnfectious.OThelprion[proteinCis[]
encodedbythe [PRNP[gene.[Thelpathogenicity[dffabnormallprionpolypeptides(PrP*)0]
isCmediated [by[their[\abnormalEbonformation.EPrPSCDmoIecuIesEareEabIeEtoEbauseDaD
conversionLofChormalOsoformCbfthelprion [protein[(PrPc) Eto[pathogenic[PrPS°[that[]sD
insolubleCandtendsiolhggregate.[BixifferentiformsCofChumanCprionCdiseasesChavel
beenldescribed,includingOCreutzfeldt-JakobOdisease[(CJD),[0Gerstmann-Straussler-
Scheinker[{GSS),fatalfamilialihsomnial{FFI),hewvariantlCJID, Kuru,@ndatypicalprionC
disease.[Autosomalldominantiutationsih[PRNP[genel&itheresultlin[CID,FFI,[GSS,0
phenotypelintermediate CbetweenCJDandOGSS, CbrCalbhenotypeackingdistinctivel
histopathologicalll features.[] Theld predominant neuropathological( changed ind priond
disorderslis[8pongiform[éncephalopathybutldifferent[Subtypesihave$pecificlhistological ]
characteristics[{Haltial2000).0
a



Approximately[5-15%[bf[(CID[caseslareFamilial. PRNPImutationsknowniolassociate]
with[CJID[are[EE200K[AndD178N.dnterestingly, lin[MamilieswithfheID178N nutation,fhe
phenotypedependslonthegenotypelatCadifferentClcodon(position[1129).Patients[]
carrying[the[(D178NmutationCandCvalineCatCposition1129CpresentCwithCtypical OICJID, O
whereas[patients[With(D178N[Aandmethionineatposition[129[developFFI.[Theypicall
symptoms[ofd CIJDOared progressiveld dementia, ] gaitd disturbanced andd behavioral(
disturbancesWhereas[the$symptoms[oflFFI,[&.g.[tompletelinsomnia, [dementia, [igidity,
andmutism,[iarkedly(differdromCJD.[Similarly,[thelheuropathologicinanifestationsof]
CJDOaredistinctfrom OFFI.OThe G SSOsyndromeOwithCdementia, Jataxia, Odysphagia, [
dysarthria,@ndhyporeflexialarel¢ausedby$everalnutationsin[the PRNPgenel{Haltia(l
2000;Tsuang@ndBird[2002).00

O

O Huntington'sidiseasel({HD)[
ThellypicalCsymptomsCof(HDlincludethorea,[dementia,(and[behavioraldisturbances.O
ThelOmodeofCinheritanceCof(HDOsCautosomalCdominant. OHuntington'sCdiseaselisal]
trinucleotide [fepeatldisorderfand[dausedby@bnormallyhighiumberCAG [fepeatslinthe
5'IregionoftheMD(gene.The@gelofldonsetiof(HDCorrelates(feciprocallyiwithfheumberd
of[CAGHepeats.[Anticipation,ile.Worsening@ndlearlier@geoflonset(offheldiseasefromO
generationfolgeneration, lis[6bservedin[HD.Further,[HDIalleleslihheritedfromihefather(d
tendOtoOundergoOdmoredsignificantOexpansionOthanOmaternalOalleles.OTheOprimaryd
histopathologicalindinglnHDTs[heuronaldosslinhebasal[ganglial{caudate[fhucleus,
putamen@nd(globus(pallidus)(Tsuang@andBird2002).0

a

DISORDERSIOFITHEBONED

Thel3$keletonls[@dynamicissuehatlis[¢ontinuouslyllinderiemodeling@hroughoutihe
wholelife.[ALStrictlbalancelsmaintainedbetweenbonedormation[bylbsteoblastsandO
boneesorptionbylosteoclasts.[Theldisordersiofibonel¢canbedividedlintodhefollowing™
categories:[fereditary,[congenital{e.g.[anomalies),[Acquiredinetabolic{e.g.Mickets[@and
osteomalacia),JandOinfectiousOdiseases(e.g.00osteomyelitis)JasOwelldOasOtraumasO
(fractures)Canditumors{KumarCet[al.[11997).[AlthoughthelskeletonChousesthe[bonel
marrow,theChematopoieticCelement,ftOs[tategorizedCasCaldistinctCorganfromhone.
Sincellhe$copelofihisihesisfarelinheritedldisordersiof(bone@ndlbsteoporosis,dhesel]
entities(arelfeviewedlihthoreldetailbelow.

O
NumerouslihheriteddisordersofliheSkeletonhavebeenléharacterized.Monogenicbonel
disordersOcanObeclassifiedintoCtwoUOmajorCcategories:OimpairedOdevelopmentOdand O
defectivelinaintenancelofbone.[Achondroplasialisfaldisorderfofboneldevelopment@ndO
thelmostleommonChumandiseasehatltesultsbnCdwarfism.[Theldisorderls[tausedby]
autosomalCdominantCimutationsCnCgeneltodingForibroblastfgrowth[factorlieceptor[(BO



(FGFR3).0FGFR30OmutationsUresultOinOanOimpairedOmaturationOJofOcartilage DinOthe O
developing(growth(plateldfdonedeadingfolShortibones(Vajoleétlal.[2000).[Osteogenesis]
imperfectal{Ol)Os[anlmportant[@groupofiinonogenicldisordersiofbonenaintenance.OI]
istiisuallyl¢ausedbyl@autosomalldominantimutationsGh[COL1A1[or[COL1A2[genesThat]
codefforldollageniypell, [@l¢ruciallboneatrixi@omponent.This[Spectrum ofldisorderslis ]
characterizedby[the[bccurrencelbfCmultipleCspontaneousfractures[duetoCabnormald
synthesislof(tollageniypelldeadingiolbonedragility({(Kumarlet[al.[1997).[Theltlinicald
phenotype[of(OlVaries[¢onsiderablydanging@rom éarlyldeathfomormallife[Spaniwvith@C
milddecreaselinonelmass{Scriverlétlal.2001).0

a

OsteoporosistisfanCextremelyCcommonUdiseaseCof(OtheJelderly. OThe[WorldOHealth O
OrganizationOdefinesOosteoporosisCas[boneOmineralCdensitylinCtheOspineCover[02.50
standardCdeviations[below[thed'youngChormal"Cmeanvalue.[Osteoporotic[bonesare
brittlefandproneopathologicallractures.[Thelcomplications[of(bsteoporosisi{e.g.hipO
fractures)areCallsignificantOcauseCofCdeathCinOWesternCcountries.OTheOpathogenic
mechanismofosteoporosisCis[allong-termimbalancebetweenbonelformationCand[
resorptionthatlresultsOnCaltecreaselin[totallbone[mass[anddensity. [(MetabolicCand
genetic,[nCadditiondolhutritionalland$everallbtherifestyle Hactorsdogetherhavel@heir(
own[influencelinOtheOpathogenesisOofCthisOcomplexCdisorder. OTheOgeneticOfactorsd
influencing@helpathogenesisloflosteoporosisarelpoorlylinderstood{Kumarlét(al.[1997;0
Lazner[et[al.[1999).0
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AIMSIOFTHEITUDYU

O

ThisOstudyOwasOundertakenOwhentheCautosomalCrecessive[imode CofCinheritanceCofd
PLOSLOwasOestablishedOJandthe OlocusforOPLOSLONOFinnishOpatientsOmappedCto
chromosomel19q13.1.[TheltlinicalfeatureslofPLOSL Overepartiallyl¢haracterized.[Thed
molecularpathogenesis(ofltheldiseasewas@ompletelydinknown.I

O

Thelnitialdim [ofhis$tudyiivasdoldentifyihePLOSLIgenelin[Finnishdamilies.Duringd
thelfesearchiproject,fhefbllowing@dditionallgoalsiwereformulated:

O
e Theldentificationloffheldausativelgenelh[PLOSL[patientshotdinkedfo[19q13.10
e Theldevelopmentof(DNAdiagnosticsfor(@arlier@ndorelaccurateldiagnosisof]
PLOSLDO
e Morelaccurate[¢haracterizationloffhehaturalleourselandpathologicalfeaturesd
of [PLOSLO
e Thelhitiation[of@heltharacterization[offhepathogeniciiechanismsuinderlyingd
PLOSLDO
a
O
O
a
O
O
a
O
O
a
O
O
a
O
O
a
O
O
a
O



MATERIALSIANDMETHODSO

PATIENTSIANDETHICALASPECTS{I-IV)O

The@amilylnaterialivas[obtainedfhrough@worldwidel¢ollaborationivith[¢linicians.[This[O
studylhasbeen@pprovedbyliheléthicalltommittees[of(National(PubliclHealthOnstituted
and[HelsinkiUniversity[Central(Hospital. Onformedwritten[€onsent[as[bbtaineddrom
thelpatients,[0rtheir[Statutorylguardians.

O
Fortheltharacterization[of(thehaturalCtourse[bf(PLOSL,tlinical,Cheurophysiological,[]
andlimagingldatalonleéight[patientsiivere@vailable[{lll).[Five[patientsiivereléxamined @&t
leastiwice[at[R2-[to[1l0-yearlintervals.CAutopsylspecimenslivere[available fromthreeld
patients.d

a

SEQUENCEANDMUTATIONIANALYSISI,mM,0v)O

Thelknown[genesOinCthe Ocritical DDNACregionOwereidentifiedObyOsearchingONCBIO
databaseslisinghe BLASTN U lgorithm.Putative dranscriptsfinihel¢riticaltegiontvered
identified(by[$earching[(EST [databasesllising[the(BLASTNC&lgorithm[@atINCBI.Further,
severalldifferentlgenelprediction[éomputerprogramsiverelised:[Fgenes{URLprovided
indhelseparatesection),[Genotator[{Harris[(1997),[Genscan{BurgefandKarlin[(1997),0
Grail[(Xulétf@al.1994)[andMZEF[{Zhang[1997).0

a
ThelprimersOvereldesignedioflankthetoding[fegions[bf(the[henesCandpredicted
transcripts.[Thelprimer[$equencesarelprovidedliniheloriginal[publications.[The[PCR-
amplifiedCtodingfegions[Were$equencedbylautomatedZequencing[{ABI377;Perkin-
ElmerZAppliedBiosystems)singihe[PCRprimersiasiSequencingprimers.

a

RNARNALYSES(,M,0V)0

Northern-blot” analysisCofJhumancellsOandOtissuesCOwereOperformedOusingO[**P]-

radiolabeledChuman[DAP12Cand DTREMZDCDNAsDasEprobes.EPon(A)TRNAD‘rom thelO
FinnishPLOSLAnddontroldymphoblasti¢elldinesHormorthern-blotlanalysisiwaslisolated ]
using@FastTrack2.0mRNAsolationkit[{Invitrogen).[Poly(A) TRNAWas$eparated by
electrophoresisCJandOtransferreddtodalnylonOmembranedasOpreviouslyddescribed
(Sambrook[1989).MHumaninultiple-tissuelorthern [ﬂ)lotsE(CIontech)Bmd Eﬁnultiple—tissueD
mRNALexpression[array"(Clontech)CvereChybridized Caccording[to"theCmanufacturer's(]
instructions.Erhem)robes,morresponding%[fhe[transcribedmegionDof[[DAP12BderREM2,D
werelgeneratedby[PCRdrom EtDNAEtIonesD(GenBankDaccessionEhumbersDareD‘oundD
belowlinCalseparatelection) obtainedfromthe[(IMAGE Consortium.[Thelprobeswerel]



labeled@andpurifiedWsingfheRediprimell RandomPrimelabelling[System {Amersham]
PharmacialBiotech)&nd the[@QIAquick[Nucleotide[(Removal Kit[{Qiagen)andhybridized]
usingfhe ExpressHybhybridization$olution, ccording todheinanufacturer's{Clontech)”
protocol.O

a

For[guantitative[RT-PCR[@&nalysesinonocytesWerelstimulated ith(M-CSFAnd[IRANKLO
forL,[B,7Cand[(21[daysas[describedbelow.OTotal (RNAOwvassolatedCusingOTrRIzol
reagentd(GibcoBRL).OQuantitative DRT-PCROexperimentsOwere OperformedOusingdal]
LightCyclerCPCROmachine{Roche,[Molecular[Biochemicals)Cas[describedpreviously]
(Palonevalét[@l.[2002;Konttinen(ét@l.[2001).[Serial[dilutions[of(humanDAP12,[TREM2,00
TRAP,[and[CALCR)EDNAL¢lonedlih@[plasmid¥ectorlierelisedfoldeterminelthel¢opy
numberOofOtheOamplicondperdhousekeepingOgenedcDNAOcopies(porphobilinogend
deaminase,[PBGD).[Probes@ndhumanigenomicDNAWerelisedfoldeterminefheldopy
numberof[B-actin[([ACTB),[CathepsinK,[PBGD@AndRANK.[ThelprimerSequencesiised
in[quantitative[RT-PCR[Analyseslareprovidedihfhelodriginalpublications{ll,IV).O

a

PHENOTYPICIANALYSISIOFPBMCI{I)O

SamplesOofd 1x10°0PBMCOwerellabelledOwithOFITC-Cor phycoerythrin-conjugated(l
monoclonalfantibodiesfagainsttCD3,[CD4,[CD8,[CD16[aAndICD56[{BectonDickinson)
andimmediately@nalysedbyflowldytometryusing[AFACScan{BectonDickinson).[

O

CYTOTOXICITYIASSAYM)O

PBMC[ereltestedfor[tytotoxicityCagainst(T K562 kerythroleukaemialtells.[Beforelthel
cytotoxicityCassay,[lIPBMCOwerelincubatedOovernightOat[(037 °CLintheOpresenceDor
absenceloflinterleukin-2[{500W/ml;0L-2,IR&D[Bystems).[Thelarget[eellsOiveredabelledd
withBodium®'chromate[{PharmaciaBiotech), WashedBfimes, @ndIBxposedfoPBMCat[]
effectordofargetcellfatios[6f30:1,0R25:1[and[12.5: 1[h[96-wellplates.[Supernatantiwered
collected&fter[4[hlincubationandtheltelease[of(? Criwas[ineasuredWith[A{-counterl]
(Wallac).[Triplicatewellshiverepreparedforéachleffectorfolfargeti¢ellldombination.[Per[
centOcytotoxicityd(Cx)OwasOOcalculatedJusingOtheOformulad %0 Cx=(testOrelease—
spontaneous(Ttelease{without[kffectorCtells)/maximallfelease {with[(1L0%[T riton[TX)—
spontaneousl(ielease)100.00

O

IMMUNOPRECIPITATION[ANDIWESTERN-BLOTIANALYSISI)O

PBMCI[wverelihncubatedl@vernightat37ECIhIRPMI640hedialSupplementedvith[10%[]
fetallbovine$erum({Life[Technologies), antibioticsandIL-glutamine.[Aotal©f(2-3x10"0



cellsCiverevashedwith(PBSCand[TysedwithCINP400ysis[buffer.CrheIproteinsCwered
immunoprecipitated (fromOysatesOwith[the [Tanti-human[DAP12CmonoclonalCantibody
DX370almousedgGlIgeneratedbylimmunizing(Balb/cC0mouseOwithCalpolypeptide D
correspondingolthel¢ytoplasmicldomainlof(humanDAP12).Mmmunoprecipitatesivere
collectedCwithCproteinCA/G—Sepharose[T{PharmacialBiotech)and[wvashedCwithCNP40IT
lysisCbuffer.00The[beadsOwereboiledCinCsampleCbufferC(Laemmli), CandCaliquotsCOwvered
separated[on[4—-20% [T gradienttSDS—PAGE[gels[{Readygel,[BioRad)for[Wwestern-blotIl
analysisusing[theOsamelCmonoclonalCantibody.ODAP120was[DvisualizedJusingCHRPO
conjugated@nti-mouseg{PharmacialBiotech)AndECL{SuperSignal,Pierce[Chemicall]
Company).[IDAP10ysatesiverelimmunoprecipitated fromymphoblastslobtainedfrom
the[FinnishCPLOSL [patientCandCaltontrolCsubjectTusingCanCaffinity-purified {with(thed
immunizingOpeptide) polyclonald Orabbitd antiserumOagainstC all polypeptide, Dwhich
correspondsio[MtheChuman[DAP10C¢ytoplasmictdomain,Corfwith[@[controlFabbitMgG. O
Immunoprecipitatesiivereanalyzedbyesternblotlisinghel$ameltabbitfanti-DAP100
antiserum{Wulet[al.[1999).0

a

NEUROIMAGINGINDO

Five[CTand[A1IMRI[bfCeight[patientsliverete-evaluated,[andihebicaudatetatiotvas[
calculated{Aylwardl@t[al.[1991).OnAddition,Ghebrainsoflthreelpatientsvere@xamined
with[aL.500 GmagerCpostCmortem, withCalechniqueldescribed[previously[{AuttiCet[&al.0
1997).0

O

NEUROPHYSIOLOGY{INO

ConventionallEEG[Was[fecordedon[allCeightCpatients{altogether12Fecordings)with[]
Ag/AgClielectrodes,singfhelinternational10/20[8ystem.
a

HISTOLOGY[ANDIMMUNOHISTOCHEMISTRY[{II,OIV)O

Thelbrains,Spinalléordslanddonesiwerelfixedin[4%[phosphate-bufferedformaldehyde.O
Representativerain[Samplesiwerelémbeddedihparaffinlandstainedwith(hematoxylin-
eosin,van0Gieson,[Luxol[Fast[Blue-cresylViolet,Cmodified [Bielschowskysilverstain, ]
periodicCacid-Schiff({PAS), Celastin,(dland[0CongolfedCmethods,accordingtostandard
protocols.[Mhelbones[ereldecalcified[beforeCtuttinglthemlinto[sections,[Andtained
with[H&E[@Andfor[TRAP.[

O
ImmunostainingOvasperformedCbyCusingtheavidin-biotinCcomplex[{ABC)kechniquel
(Vectastain[JABC-kit,[Vector[OLaboratories,0Burlingame,JCA).[0MonoclonalOantibodies[



againstCamyloid[Cbeta-protein[J(clone4G8,[0Senetek, (IMD[Heights,[MO;IClone[16F3D,
Novocastrall Laboratories,[0 Newcastle,d UK),O0 a-synucleind (cloned LB509,0 ZymedO
Laboratories,0 South(d Francisco,d0 CA),00 phosphorylatedd tau-proteind (Cloned AT8,0
Innogenetics,d Zwijndrecht,00 Belgium),00 phosphorylatedd neurofilamentsO (SMI-34,0
Sternberger-Meyer,Jarrettsville,IMD),Wbiquitin[{Dako, [Glostrup,Denmark),[CD68[{clonel]
PG-M1,[Dako),landltollagendV{clonelCIV22,[Dako),[brltabbittantiserumagainstglial ]
fibrillaryCacidicCprotein[((GFAP;[Dako)andLé&-B-crystallinC{Novocastra) (Werelapplied[(on
deparaffinizedOsectionsOatOrecommendedCdilutionsOafterJappropriate Opretreatments.d
Phosphate-bufferedCsalineCorChormaltabbittserumOvasCusedlinsteadbf(iheprimary
antibodyfor[dontrollofSpecificity.[

a

INDUCTIONIOFIOSTEOCLASTICICELLSIIV)O

PBMCOromPLOSL[patients[anddwolhealthylndividualsWerelisolateddrom buffy[toat]
cellsOoverOFicoll-Paqued(AmershamOPharmaciallBiotech,0Uppsala,(0Sweden).0PBSO
washedOcellsOwereOresuspendedUinOa-MEMO(GibcoBRL),OFetaldCalf0SerumOand
antibiotics.EEQDOGE:eIIs/weIIE}veremllowed[ﬂo@dhere[ﬂo[@—wellm)latestﬂorﬂmmtB-EB?ErC. O
Nonadherentc¢ellsilverelvashed@waywith[PBS, [and[adherentcellsivereStimulatedfor(
1,08,[7,[14And 21 [Hays With [R5 0hg/mIM-CSF{R&D [Bystems) [and [A0hg/mICRANKLO
(AlexisBiochemicals).[Thelhedialwith[dytokinesWwasfeplacediwicel@aweek.[

O

INWVITROANDINVIVO[ANALYSISIOFBONERESORPTION{IV)O

InLvitrolboneltesorptionCanalysisas[performedbyirst[stimulatingdPBMCOrom[dhreel
DAP12-deficientfandHourlhealthylindividualswithOM-CSFAnd[RANKLHor (7 [or(21[days.O
4x100beellstiveredhendransferreddolivell[7.5mmlndiameter[¢ontaining@dentin$lice
5mmlinfdiameter[{Immunodiagnostic[Bystems).[CellstWerelincubatedbnldentinfnihe
presenceloflinedialvith[¢ytokines[{replaced@wice@lveek)For(T [days, fixed[And$tained
forTRAP.[Theumberldfimultinucleatedlosteoclastsanducleilperiéelllivereldalculated]
using[alightinicroscope.[Thel¢ellsiverethenbrushed@waylandfheldentinslicesivere
stainedlwith{{oluidine bluefoisualizefheesorptionpits.[TheSurfacelarealanddepthof(]
theesorption[pitsivereldetermineduising[AnalySIS[3. 2[Software{Softdmaging[BSystem)]
andlCaltonfocallmicroscope,fespectively.[Boneltesorption[nVivolWwas[tetermined by
serum[CrossLaps[ELISAlhFourDAP12-AndloneTREM2Edeficient[patients@ndlnfourd
healthylihdividualslas[previouslyldescribed{Rosen[ét[al.[2000).0

a



HISTOCHEMISTRYANDOIMMUNOFLUORESCENCESTAININGS{IV)O

StainingforOTRAP Owas[performedCusing CadT RAP Dstaining Ckit[{ Sigma-Aldrich).C0Thed
cytoskeletalCactinfivasstained[usingCAlexaFluor[633[phalloidin[ieagentCaccording[tod
instructionsOprovidedObyOtheOmanufacturer(MolecularCProbes).d0TheOnucleilOwere
visualizedOusingODAPIOreagent(Sigma-Aldrich).OOTheOstaining CforCcathepsin OK Owas O
performedd usingd polyclonal anti-human cathepsinl KO antibody (Santall Cruz[(
Biotechnology).O

O

GENBANK[ACCESSIONINUMBERSI{I,01,0v)0d

ThelgenomicllBequenceléncompassingfheldriticallfegioniasldonstructed from[Gosmids(IT
F19541[{currentthamelJ95090),[R33502[{AC002133),[R28051[{AD000864),[TF19399]
(AD000833),[IR31158[(AF038458),[IR318741AD000823)[land1R28125[(AD000827).0]
DAP12[genomicIsequence,[AF019563;[DAP12[cDNALsequence,[N41026,LAF019562[]
and[AA481924;[TDAP10genomicLsequence,[AF072845;[APLP1[genomic[Isequence,l]
NM_005166;[NPHS1[tDNAsequence,[JAF035835;[TDAP12[probe,[N41026;[TREM2[]
cDNA,[BF343916,[TRAPLEDNA,[J04430;[CACLRtDNA,[INM_001742;[B-actin({ACTB)J
CcDNA,[X00351;[PBGDIGDNA,M95623;[TA-NFKBH,INM_032721;[RANKIEDNALLI

O

DAP12IKNOCKOUTMOUSED

Dapl20oss-of-functionCmutantOmousel$train E(DaplZAeXS"‘) Owas[generatedby[Drlewin
Lanierfandlhis[¢olleagueslnDNAX,Palo[Alto,[California, [USAL{Bakker[ét[&l.[2000).0nC
thisousestrain, [@xonsBand4codingforihefransmembraneldomainlasiwvelll@spart]
of(thecytoplasmicCdomainof(Dapl2Cincludingthefirst(tyrosineof(thelintracellulard
tyrosine-based[activationmotif[{I TAM)havebeenldeleted.[TheDapl2knockoutlinouse
strainlis@hybrid[df(C57BL/6[And[129[0Olalousetrains. [T heliniceMordhis$tudyivered
obtainedl@nfaldollaborativelbasis.[]

OOo0ooooooooo



RESULTSIANDIDISCUSSIONO
O

IDENTIFICATIONOFITHEFIRSTIPLOSLGENE)O

AnalysisoffhelCritical[PLOSL[Region

TheCleriticaltegiondorPLOSL [in(theFinnishpatients[hadbeenlpreviouslylassignedio
chr.019q13.10using genome-wideld linkage,dlinkage disequilibriumOand haplotype
analyses.[OThelkriticalCregionCencompassed1153kbCandOwas(CrestrictedCbyCmarkersd
D19S1175Mand[D19S608{Fig.[B)[{Pekkarinen[&tlal.[1998a;Pekkarinen[&t[al.[1998b).00
Thelgenomicl$equenceloverliheldriticallegionlivas¢onstructed@slal¢ontigloflcosmidsO
available[at(fhe[(INCBIdatabase[({Pekkarinenl&t[&l.[1998b).[Sincelnultipointfassociationd
analysis[Suggested(hatfthemutated(deneWasbcatedlinthelticinityldflinarker(D19S6100
(Pekkarinenl&t[al.[1998b),(Weltoncentrated[dnthedelomeric(B0kbpart[ofthetritical ]
regionestrictedbylithelmarker[D19S1175Cand[StylTestriction[&nzymelpolymorphism.O
ThisOregionOcontainedCthreeOknownOgenes:OINPHS1[0(KestilaOetOal.(01998),0APLP10
(Lenkkerilét[al.[1998)[andDAP12[{Lanier[&t[@l.[1998b).OnorderFolidentifylhewlputative]
geneslinfhel¢riticaltegion,Wel$earched@he[EST[Andlhrldlatabases[available@tINCBIO
using[the(BLASTN[algorithm.[Wel&lso[&@nalyzedthe[genomic[sequencellsing[severalll
differentCgenelpredictionCprograms{Genscan,[Grail, (IMZEF,[Fgenes,[Genotator).[With(d
thesemethodsOwelddentifiedthreeOpreviouslyOunknownOCputativeCtranscriptsCordESTO
contigs.[Bincelthen,[bnelbf(theselputativetranscriptsChas[beenpublishedCas[DAP100
(KAP10){Changlét@l.[1999;Wuletlal.[1999).[Another[predicteddranscripthasecently
beenltlonedlnl3ilicolasFILTRIN{Ihalmolétlal.[2003).T helastputative dranscriptthas
notbeenltloneduttheEST¢ontiglhasbeenldesignated@s@putativelT-cellActivation[
NFKB-likelproteinl{TA-NFKBH). I

NPHS1 E/PL APLP1 E/P2  DAP10 DAP12
cen tel

D19S1175
D19S608

Oooooooono

O

Figure[3.[Thelknownlgenes@ndpredictediranscriptsliniheldritical PLOSL [fegionlih[¢hr.[19q13.1.
E/P,[ESTontiglbrpredictedtranscript. OoThepolymorphicCmarkersCrestricting(theregionCare
indicatedastheirCD-names.[Styl,[restriction[enzymepolymorphism.OTheCarrowsCindicate[the
orientation[{cen-telCortel-cen) of(the(genes.[E/POL:CFILTRIN,CE/PR:OTA-NFKBH.OThescale
indicates[the[distancefromtheltentromericCborderCbf(theltritical(fegiontestrictedbyCmarker
D19S1175.00



Identification@ffheFirstPLOSLIGenelasDAP120

Inforderdoldentifydheldefective[@genelindheFinnishPLOSL[patients,ivelexploitedEhe
positionaltloningCapproach.Orhelbnlypromising[regional[Ttandidate[(genewas[the
amyloid-precursorZlikeproteinChene[APLP1[becausebflitsChomologyltotheCamyloidd
precursorCprotein(0(APP)genethatCisCOmutateddinOpatientsCwithCfamilial DAlzheimer’s O
diseaseltypedId(LendonOet0al.01997).0SequenceanalysisOof(Jthe[dgenomicCODNAO
(Pekkarinenletl@l.[1998b)@andmorthernfanalysisofliheSteadyState MM RNAdid hotMeveal
mutationsOnCAPLP10nheFinnish[patients.[Because[holbther[FunctionalCtandidates]
existedlin[ihelcriticaltegionWestarted[$ystematically(fo[analyzeiheknown[genesas[]
welll@spredicted@ranscriptslinheleriticalltegion.[5equencinglofiheamplified [€odingd
regionsofltheldandidatel[geneslfevealedholdisease-associated[IDNANariants, [@xceptlih]
thellastlfegionalldéandidate(gene,[DAP12[(alsoknown[@s[TYROBPGrIKARAP).O

O
Welfailed@olbbtain[products[by[PCR-amplifyingthetodingtegion[bf(DAP12[bf(thel
genomic[DNAGf[FinnishPLOSL [patientsiwith(primersflankingéxons[1—4[6fltheB@xons
of[DAP12,lwhereasléxonBwasamplifiedimormally.Thislindicatedihatfhepatientséarry
albomozygousldeletion[éncompassingéxons1-4ofIDAP12.Inlorder{oldeterminefhe'O
and(3'boundaries[oflthelidentified[deletion, ive[PCR-amplified[genomicDNALbfFinnish
patients[acrossliheldeletion.Weldbtainedlaproduct0f699Mp,ihsteadoffhel@xpected B
kb,with[alprimerlpairldelc/del:[{(Fig.[11,[p.35).[SequencingoffhisIPCRproductfevealed
the[®'[deletion[breakpoint(2900bpluipstreamFromihelinitiationCnethionine,[andthe[B3'0]
breakpointlinhedastlntronof(IDAP12,[1300bpupstreamdromIhedermination[¢odon.
Theldienomicldeletions5265bplandlincludesCB43[bpl{exons1-4[andB' UTR)bfEhe
604-bp[transcribedCregionCof(IDAP12.CAICFinnishOPLOSL Opatients, CasOwellCasCone
Swedish[patientiwithCknown&ncestorsnFinlandarehomozygousdorihisCileletion{l)O
(Nylanderlét[al.[1996;Pekkarinen[et@l.[1998a).[The[samelmutationWwas@lsofoundih[al
NorwegianBamilylwithoutlknown@ncestorslih[Finland[{Schrader(ét[al.[2000;TranebjaergC
et[@l.[2000).[ThePLOSL;,[dleletionbreakpointsaredlankedby[Alultepetitive[&lements
thatSharel@nldentical23MplSequence.[Asltheldeletionreakpointsioccurlin@nlidenticaldl
nucleotide[sequence,fhelpreciseldeletionbreakpointsi¢annotbeldefined.[ThePLOSL;,0
deletion[probably@rosedromiomologousecombinationbetweeniwoldirectlAluiepeats
(5.3kbApart)CandlresultedlinthegenerationofCalfusion[AluCelementlinthediseasel]
allele.(]

O

OtherpatientsivehavefoundfotarrynutationshIDAP 12 arefromSweden{PLOSLgin,
onelfamily)[I{l),(Norway[{PLOSLg,, "onelfamily){I)[{ TranebjaergCetCal..2000), [WapanC]
(PLOSLJpn,Dl41deIG,Ebne[family)[(l),EPortugaIE(145G>C)E(BaetaEétEaI.DZOOZ),EtheEUKD
(154ins42bp,Cunpublished),Cand“Brazil {~8kb[Heletion“encompassingexonsl—4,one"”
family)[{Il)[{Table®,p.[39).0



O

Expression0fDAP12[@ndIDAP10GhFinnishPLOSL [patients[]

Weldid[hot[detect[$teady-state(MRNA[¢orrespondingo[(DAP12[inihelymphoblastsof(]
FinnishOPLOSL [patientsuisingmorthern-blot@nalysis.[AmplificationyIRT-PCR [failed o
producelanysignallfromdymphoblasttRNAbf[Finnishpatients. (Western-blot[analysis[of[]
thelimmunoprecipitatesfromperipheralloodmononuclear¢ells[(PBMC)oftheFinnish(J
patientsluising[almonoclonal@ntibody$pecificlio[DAP12[fevealedholsignal.[Therefore,
FinnishOPLOSLOmutationCresultsCinOalcompletedossofCexpressionfandCfunctionCofd
DAP12.0]

O
DAP12[aAnd[DAP10&relbothltell-surface@dapterproteins.[Theirlgeneslaredocatedon]
the[3amel¢hromosomalDNAIStrandlintheloppositefranscriptionallorientation,AndTheird
translationCierminationCtodonsCareseparatedCby[only[#08[bp.MhePLOSL;,[deletion
doeshotlinclude@heknown3equenceldf(DAP10,Dutlgiveniheproximityloflthelgenes,d
welexploredthelpossibility[that[thedeletion[affectsiranscriptlevelsCof(DAP10.[(Both(
patientdandO controld lymphoblastd linesOyieldedd abundantdd DAP100transcripts; 0 nold
differencesiverelbbserved.[Bimilarly, (vestern-blotCanalysisCOfLDAP10CpolypeptidesCinO
PBMClrevealedholdifferenceDetweenlihelpatientlandldontrol.(Moreover,[ahormallevel
ofltheAP10-associatedeceptorMKG2DMWasfoundlihfhePLOSL[patient.[]

O

PhenotypiclandFunctionallAnalysis@f(PBMCOh[PLOSL [patients

Since[DAP120s[anactivatingINKLtellreceptor,[Welinvestigated(NKtellfunctionfand
numberOind Finnish(J PLOSLO patientsO withJ loss-of-function mutationsd inC) DAP12.00
ImmunophenotypingCof(PBMCsOfromsix[(FinnishOPLOSL Opatients[revealedthat[thed
frequency[bf(NK[tells[({CD3-CD56+)and[ICD56+[T [tells({CD3+CD56+)Overewvithin(d
normallimits.(Moreover,ihereerehol&bnormalitiesfin(thehumberlorfrequencyof(T0
lymphocytesubpopulations[{CD3+CD4+,[1ICD3+CD8+).[Furthermore,Owve[detectedholl
differences[betweenlthelpatientsCandtontrolsCinCkitherspontaneousorlinterleukin-20
activated(dytotoxicitylofltheymphocytes(againstiheK5620eukemicldells.[Theselstudies
implyhelhormaldunction[of INK[¢ellsOnPLOSLpatients.[Accordingly, [PLOSLpatients]
dolmotSufferfromproblemslarisingfrom(defective[NKgellfunction,Suchl@sherpesitirus]
infectionslor@anlihcreasedrequencyloflinalignancies.Takenfogether,[durfindingoflthe
normaldNKOcellOfunctionOdinOPLOSLOpatientsCsuggestsOfunctionaldOredundancyCord
developmentalldompensationlihfarget(dellifecognitionyMKdells.(]

a



IDENTIFICATIONOFITHESECONDIPLOSLIGENEASTREM2INO

WeldidhotldetectimutationslihDAP12ih[@MNorwegian@nd@aBwedishfamily.Ih@ddition,O
linkageol¢hr.[19q13.1[touldbeléxcludedlinthesefamilies({Pekkarinenl&t[al.[1998a).0]
Theselbbservationslindicated[genetic(heterogeneityinPLOSL.[Since[DAP12[¢odesord
altell-surfacelteceptorlélementdhatlinteractsWwithmanyldifferentteceptors,elised@O
geneticlktrategytolidentifyCgenesCmutatedin[(PLOSL [patientsCwithChoCmutationsOnO
DAP12.0WeinitiallydanalyzedOtwoOinformative Ofamiliesd(NorwegianOandOSwedish) O
showingOexclusionOofOlinkageCtoOtheOPLOSLOlocusOonCOchromosomed19qg13.1,Oford
segregationbf(theCmarkerChaplotypesflankingCgenesthatCencodelthepolypeptides
interactingOwithOhumanODAP12.0ThesellgenesOincludedOthoseOforO0humanODAP12-

associatedreceptorsOSIRPB10(chromosome120p13)O(DietrichCetal.[12000),OTREM10
(chromosome[6p21.2),0TREM2[{chromosome6p21.2)[{BouchonletCal.[2000),(NKp44[
(chromosomelbp22.1){Vitale[ket[Al.[11998),[LMDL1{chromosomel[7q33){Bakkeret[al.]
1999),1CD94[{chromosome[112p13.3),[NKG2C{chromosome[12p13.1){Lanieretal.O0
1998a)Cand[KIR2DS2{chromosome[19q13.4)[{Lanieretlal.[1998b).[Furthermore,[wel]
analyzedUChaplotypesOofCichromosomalCregionscontaininggenesforthelintracellulard
proteinflyrosinekinases[{PTKs)(BYK{chromosome[®g22.1)[and[ZAP70{chromosomel]
2q11.2){Lanier[et[Al.[1998b;McVicar[etlal.[1998) [bf(the[downstreamDAP12[signal-

transductionpathwayforl¢osegregation.dForhaplotypeld¢onstruction,Welselected@wolor]
threelpolymorphiclinarkersflankingléach[dandidate[gene.[Thelonlylchromosomallfegion
showingOcompletedcosegregationdOwithOPLOSLOwasOonOchr.06p210encompassingd]
approximatelyfad100cMODNAOregion.OThisOregionCcontainsdgenesOcodingOforCthed
Triggering[feceptorCexpressedCbnCmyeloidCtellsdTREM)OLCandRCasOvellCasCNKp44 0O
(TablelB).[$equencingofitheselgenes(fevealedhomozygousutationsih[TREM2. 0T he

0
0
a [TABLED 5.0 Cosegregation ofd Marker[d Haplotypes[ in(0 DAP12-
0 AssociatedocilihPatientsMotMlinkedfo[Chr.[19g13.10
0 Genell Chr.O0 HaplotypelCosegregation(]
0 ZAP700 20 -0
0 TREM10 6p210] +0
TREM20J 6p210] +0
. NKp44[Q 6p210] +0
0 MDL10 70 -0
U SYKO 90 -0
O NKG2CO 120 -0
0 CcD940 120 -0
0 KIR2DS20 190 -0
SIRPB10J 200 -0
D Thelocitoflithelgenes[havelbeenldeterminedlisinglUCSCIHuman(ll
a Genome[Browser[August®6,[2001, [draftdssembly)0




SwedishfamilyOhadCathomozygousCnonsenseOmutationUatOposition[2330(233G>A), O
changingiryptophan(78o[&atranslationtermination[codon{W78X).00nthe[Norwegian
family,[AB58G>T hutationiWasfound, Teading@oldonversionofdysine[186olasparagine
(K186N).INeitherloffheselnutationsiivasFoundln@l¢ontrol(panelof[(100[5candinavian
DNABSamples.O

O

Sincellhen,ve[havebeen[able@oldentifymutationsOn[TREM20n &l Cpatientsvithho O
DAP12[mutations[{Table[6).CFamiliesCwithCmutationsCin“TREM2are[from IGermany[]
(40G>T){IV),BelgiumQC97>T){unpublished),Bolivial{132G>A){II),[(Bweden{233G>A)
(INO(NylanderOetal.01996),0France1(26 7delG)O(unpublished),[0Germany(313delG) [
(unpublished), [Brillanka{377T>G){unpublished),the United (Btates {401 A>G){II) [(Bird]

et(@l.[1983), Maly[(482+2T>C){Il), Norway(558G>T){I) (Edvardsen@tal.[1983).00

O
[DAP120J

Country] Typefiutation Exon(s)00  Npatients)(l
Finland,[Sweden, Del%.3kbO Ex-40 270
Norway(
BrazilO Del@BkbO Ex-40 10
JapanQ 2T>C/Met1Thri0 Ex(10 20
Japan(] 141delGIITP’ O Ex30 40
PortugalO 145G>CIIGly49Arga Ex30 20
Scotland 154[FnsI212biD Ex3 10
Germany[d 40G>TGlul4StpO ExA0 1d
BelgiumO C97>TUIGIN33StpO Ex20 20
Bolivial 132G>AllTrp44StpO Ex20 10
Swedenl 233G>AllTrp78StpO Ex20 20
France[{Turkey)O 267delGUITPO Ex20 1d
Germany[d 313delGUITPO Ex20 1d
Srillankal 377T>GVal126GlyO Ex20 10
USAI[(Slovakia)O 401A>GITAsp134GlyO Ex30 10
Italyd 482+2T>CII$PO Int30 20
Norway[ 558G>TMlys186Asnd Ex40 20
®Reported[by{Kondol[&t[&al.[2002). Ij’Reported (bylusCand{Kondolet[al.[2002).CTP,khelll
mutationesultslihfafruncatedprotein;[BP,Splicingnutation.[Theumberdfpatientsisl]
likelyCtolhavebeenllinderestimated[becausemutationsOn[3omelpatients[with[tlinicalll
diagnosis(@ouldotbeNerified[duefoadlqualityDNA.O

O

g

O

O

g
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ExpressionofDAP12[@ndTREM20

Inforderoldeterminedheléxpressionpattern[0f(DAP12[and[TREM2[indifferentthuman
tissues,Welperformednorthern-analysesofinultiplehuman(issuesland(¢elllines.[AP120
wasoundobelexpressedinlalllhumanissuesistudied.This[suggestsfafundamental]
roledorDAP120nChumans.[However, ElheB;trongestl:tteady—stateDDAP12HnRNABsignaID
was observedlinChematologicalltells andtissuessuchas[bonelmarrow, 5pleen,Cand"”
peripheralbloodeukocytes.[AStrongDAP12[$ignallivaslalsolbbservedlindissuesihat]
form@abarrierfofhelénvironmentoutsidefheMody{lung,intestineslétc.)[{Fig.[4).[Within(
thellhematologicalltompartment,Ihelexpressionof(TREM2[Wwas[imorel$pecific, [TREM20
signalias(detectedonly'indymphhodes.Inthe[CNS, Bhe'intensitiesdffheSteady-state”
mRNAESignaIsEDfDI’REMZDcIoserDoIIowedEﬂhose[tbf[DAPlZ,Eﬂsuggesting [alfegionallto-
expressiondfthesefwolgenes(Fig.B).Ihhe CNS, HelativelyStrongmorthern-blot SignalsC
of (DAP12[and[TREM2[tould[belHetected"in Elhe[basal[gangliam(putamen (and[caudate
nucleus), medulla, Spinal@ord,@ndtorpus@allosum{Figs@-5).0]

1
e o » . whole | Cerebellum(] Substantialll Kidneyd | Lungd FetallD
brainO leftd) nigrall brainO
.+ B ¢ cortexd] | Cerebellum{ Accumb.O | SkeletalD | Placental]] Fetall
rightd nucleusd | muscled heartO
. » . e o Frontall | Corpus( Thalamus[| Spleen | Bladder(l| Fetal(
lobel callosumO kidney[
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Figure[d.[ExpressiondfDAP12lih(hiumaniissues.TheSize@ndlihtensitydfl@éachdotlihdicate
theSteady(Statelfranscriptlevelihfhe@dorrespondingissue. L
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DAP12[@ndTREM2Mutations[Resultlih@nIdenticalPhenotype

TolseellftherearedifferenceslnheltlinicalCpicture (of (PLOSLbetweenpatientsWwith[d
DAP12[andOrREM2[mutations, Owve(tomparedthe[disease[manifestationsCwithCeach
other.Remarkably,(Weldid[hotldbserveldifferenceslinihel¢linicalSymptomsorisignsiin
theseliwolpatientCgroupsdTable[¥).[Thus,[PLOSLOsCanlinterestingCexampleofChowd
mutationslih[differentidomponentsof(aeceptorSignalingléomplex@esultslin(anlidentical ]
diseasel[phenotype.[However,iwvelstudiedConlythelklinical(symptomsCandCwe[dohotO
know(iflsomelminorldifferenceslarepresentlatihistologicallevel.(However,@ccording o
thelpublishediteraturefhathecessarilyldonsistlof(bothpatientsiwith[DAP12[and[TREM20
mutations,fhelhistopathologicallimanifestations[@reldlsoluniform.

O

[TABLEI.[ComparisonOf[PLOSL Mmanifestationslih[patientsWwithhutationsih[@ither U
[TREM2[or[DAP12[] a
Symptoms[] Patients(] a
0 TREM20] a DAP120] O
Bones[(3"“decade)d O 0 0 0
MBkeletal(pain] +[ O +[ -
MBonelesionsorfractures] +[ [l +[
CNS[-5"decades)O] O O O 0
[FrontallobeSyndrome®] +0 O +0 U
MViemory(disturbancel +[ [l +[ O
[Dtherdisturbancesofl +[] 0 +[ 0
[I]]]]Iﬂuigherlﬁortical[ﬂmctionsblj 0
MConvulsionsd +[ [l +[ -
[MPrimitive Meflexes +[ [l +[
[hiffuseSlowingihtheEEGO +[] 0 +[ b
Brain@trophy" +0 0 +[ U
+[=[present; 3 =Cabsent.[Datalbn[patients[withCDAP12mutationsCare[basedCon] [0
reports[by[{Hakola[1972;[HakolalandPartanen1983;Hakola1990b;Hakolaland[] 0
Puranen[1993;Palonevalét[al.[2000;Palonevaletl.[2001). B EuphorialandDoss[ofC]
social[[hhibitions.ﬁAgnostic-aphasic-apraxicBymptoms.[I]] O
a

O

NATURALICOURSEIOFPLOSLIINO

InforderoltharacterizeIhelhaturalltoursedf(PLOSL[n[moreldetailleltorrelatedihe]
clinicald coursel ofld the diseasel to] neuroradiological,[] neurophysiological,0 and
neuropathologicallprogresslih@iseriesof[Finnishipatients.

ClinicalPictured

Thelearlyldevelopmentofialli@ightlpatients(Studiedbad beenmormal.[Alllvere[@mployed,
andle@xceptloneiwholWwasléngaged,@lliverearried@ndhadghildren.O



a
TheirstCsymptoms[bf(PLOSLCappearedCinCearlyCadulthood.OnCtheirCearly[20s, Fourd
patientsChadChadCpainfandendernesslinitheirfanklesCanddeet[aftertrain[orACminor
accident.Thefirstfracturesloccurred@tihemeanl(ageof(27 Years[(range,[18-33years),0]
mostléommonlylihfheonesloffheléxtremities.(Radiographsishowedfrabecularbss[in[
theistalCends[bf(thedongubularCbonesCandsymmetricCtyst-like[CalterationsCinthe
phalanges(of(fingers@ndoes,ih(theheadslof(netacarpals@ndnetatarsals,@sivelldsC
infihel¢arpals{Fig.[6),[Anddarsals,[Where[a{all-in[dracture[ofdhedalusivasypical.[Thel
fractureshealedivell. IRemarkably, [Ewolof(éightpatients[hadhot(hadskeletalproblems
althoughltysticllbonellesionslWereltadiologicallyltliagnosed[atihe XimelofCheurological
evaluation.O

O
Alechangel[ofpersonality(beganoldeveloplinsidiouslylin(ihefourthldecade[atheean
agelof(B3[years.[Thelpatients[showedprogressivedossofjudgment,leadingfol$erious
socialOproblems:Odivorces,dunemployment, (financialCtroubles, Jand Osuicide Dattempts. [
Subsequently,OtheOfull-blownOpicture DofCthe Cfrontal ClobeCOsyndrome DappearedCinCall
patients:[osslof(judgment,[éuphoria,[disinhibition, [disturbancedf[concentration, fas[vell
asOackbffnsightCandOibido.[ProgressivelsignsCofCupperCmotorCheuronCnvolvementd
(spasticity,[Babinski's[$ign) werehoticed@tthe3amelagelasithethangeof(personality]
inCalllpatients.[WithChdvancingCdisease,[alack[offnitiative CandCactivity[toncealedthe
aforementionedSymptoms.[

a
Memoryldisturbances[3etlin[approximately[atlthe[$amelagelasithelpersonality(¢hange,[
andvere[best[detectable[bypsychometricliests[{Benton’s[Visual(Retention[Test,den-
wordtest,ClandDWMSc).[0The[Cmemory[disturbanceOwasCinitially(less[severe[than[the
personalitylchange,@ndfhelpatientsiwereldblefofhaintainfheirlhostlimportantipersonal
datalnameletc.)WintilihedhstStagelofiiheldisease.]

a

OtherOdisturbancesOofUhigherCcortical Cfunctions, OsuchCasOmotorOaphasia, Jagraphia, [
acalculia,dandOapraxia,JappeareddonlyOatOtheOlastOstagedofCtheOdisease. OAOveryd
conspicuous(featurelvas[posturaltyspraxia.(0ThepatientsCvalkedCbr(satlinCpeculiard
skewed[postures,orléxample,ithTheupperpartlofihebodyilteddaterallyup o200
degrees.[Finally,thepatientsOost[their[ability(toCWwalkatltheCmeanagelof[#2.5yearsd
(range,34-47[years).[Atlthe[inalStage, fhelpatientsTayvithoutlanylactive inovementih[]
an[apallicCktate.[Primitive reflexes,[(suchCas[theVisualCandtactile[graspCand CmouthO
openinglreflexes,@swell@sihelSuckinglfeflex,becamelnoticeable.]

a
In[$Somepatients,impotencelordackofibidolandlrinarylincontinenceWere@mongihe
firstCsymptoms.OnvoluntaryCslowlhoreiformCmovementsCbrCmyoclonicCiwitchesOwvere



common.[Almostlallfhepatientsivhohadlfeachedtheirinid-30s[hadepileptic[$eizures.[
Fivepatientsfhad(died(atthemeanlage(0fd3years({range,37{o4d8years).(]
O

NeuroimagingC
Cerebrallatrophyl{dilated¥entricles(andSulci)iwasHoundih@llléxaminations.dtiwasinild
infthreelpatients[@aged28ib[33[years[@ndinoderatefolSeverelinfivepatientsaged32{o]
470years.JACslowOprogression[wasseenduringfollow-upCexaminations.[OCerebellar(d
atrophywasobservedlin[Somelpatients.[Calcificationsiwerefoundlihfhe basallganglialih
alllpatients[éxaminedWith[CT.Mostloftenfheylvere(Situatedlinthe[putamina.[Thebasal(l
ganglia,[theputaminalinCparticular,(3howed[verydow[signallintensitiesCon[T 2-weightedd
MROmages.OThisdfindingOwas[probablycausedChy[calcifications.[TheCheads[of(thed
caudatelhucleiliveresmalllonOMRI,[and@he[bicaudate (fatiosDivereabnormallythighfor
agedAylwardet[al.[11991)CandCncreasedCprogressively. 0T hesignalCintensity Cof(the
cerebrallivhiteliatterfvaslincreasedlon[T 2-weightedlimages, beinghigher@hanhatlof(]
theldéortex(in[Someldegions.[Thel3ignallihtensitylof(deeplgrayatteriivasbwerfhanihat(
ofltheSurroundingivhiteMatter.[T helWhiteinatter[¢hangesivereldiffuseland,@partfromO
thedrontalClobes,ChadChoCpredilectionregions.OT heyusuallyCwereentrallyClocated, O
sparinglihostoflthelarcuate(fibers, butlih(Somelinstances(alsoléxtendedlipibihedortex.O
In[Somelpatients, fhelivhiteMnatterléhangeshiverenorellimitedlin[@xtent@nd@symmetric.[]
AlllpostimortemMRIs3howedvhiteatterf@bnormalitiesZimilardodhoselindheivingd
patients.[One[patientthadmolwhitelfnatter(¢hanges(@tltheléxamination(performedbefore
thenanifestation[df(CNSZ3ymptomsbutldevelopedthemlater.[(However,Ihebicaudated
ratioCwas[CJabnormalOevenUatthe dfirstCexamination. JOnlyOinCone OpatientCwithOCNSO
symptomsldidtheWwhiteOmatter(ookChormal.[The[basal[§anglialtalcificationsCcouldbe]
demonstratedCbyCheuroimagingbeforetheklinicalOmanifestationCofOCNSOsymptoms
suggestinglearlydasallganglialihvolvementihPLOSL.O

a

Neurophysiology

AtQthelearlyCstagelof(theldisease,[the[EEGs[Were[hormal.[Patients[(WithCmoderate[to[]
severelinentallsymptoms[showed[accentuationloffhefhetalandldeltalactivities.Onitially, 0
the@hetalWasloftenthythmic,[61o¥ [Hz,[dominatingbn[thecentrotemporallareas,but[]
laterlonldiffusel$lowinglwas(évident.[Atfhellate[$tage [of(theldisease,Therellisuallylivas[]
irritative[activitylihfthe[EEG.[ParoxysmallEEG[dhangesilere@ssociatedWwithlépilepsy.[

a



MacroscopicallAutopsyFindingsC

ThelheuropathologicaldindingswveresimilarfinCallCpatients[WwhollinderwentCautopsies.[d
Therainiweights[{1170,1170,And®100g)WwerelmarkedlyBelowhormal,[andiherevas
generalizedOcerebralOgyralOatrophyOwithOfrontal Jaccentuation. dOnCcoronalOsections, O
particularlyihe frontalldeepivhiteatterivaslatrophicfandfoughwith[@nUineven grayish
discoloration,lWhereas(thel¢erebrallcortexiwas[generallyldffmormalleolor@ndihickness.O
Thelgorpusldallosumivas@abnormallyfhinfandgrayish.[Thebasallganglia,[@speciallyihe
caudatelnuclei,CwereOvariablyOreducedOinOsize. JAlOthreeOpatientsCOshowedOmarked O
hydrocephalusCeVacuo[{Fig.[B).[Thel¢cut[surfaces[of(thelterebellum,brain[$tem,andO
spinalldordiwerednremarkable.O]

O

Figure[®.[&)[Radiographishows[ypicalldysticlesions[{arrows)ihfadditionforabecularbsslih
theChandCofCA[PLOSL [patient.Ch)OCoronal(sectionCofCalcontrol ((left) Cand(PLOSLright)
hemispheres.[TherelsCalprofoundMieduction[dfihedleeprontalland@emporalQvhite[matter
(wm)OnhePLOSLbrain.[Notedhe[$everelaffectionfofiheltingulate[gyrus{cg)landltorpus
callosumJ(cc).O0TheOcaudateOnucleus(c)CisCshrunkenCandCthe Olateral Oventricle[(v) Omuch
enlarged.[{Fig.BbmodifiedfromafigureRindlyprovidedDymDr.[MHaltia) O

Histological@ndImmunohistochemical[Findings

ThelterebralCheocorticalleytoarchitectureasellCastheChippocampusvere[generallyd
welllpreservedwithoutlobvious[heuronalloss.Inll (patients,[Scatteredargemeuronsind
the(deeperkorticalClaminaeshowedroundedtontours,OmarginalizationJof(the [(NissI
granules,Oand0eccentricCnuclei,Di.e.,OfeaturesCofOchromatolysis. JApartOfromOaOfewd
neurofibrillaryC tanglesdand neuropild threadsO inC thed entorhinalC cortex, 0 noO otherd
intraneuronallorglialbpathologiclinclusions,immunoreactivedorphosphorylateddau, [éx-

synuclein,CorCubiquitin,OvereCpresent. (There[wereholtorticalCorChigralCLewyChodies, O



neuriticCor[diffuseplaques,orfeongophilicCangiopathy.[ThelthromatolyticCheuronalleelll
bodiesldid[hot[stain[forCphosphorylated[heurofilamentCproteinCorl&-B-crystallin.[Thered
wasslightfoinoderatelastrocyticproliferation[andhypertrophylandheuronallbsslihhe
caudatemuclei@siwell@s(Scatteredldalcospherites, [particularlylinfheputamina@nd(globil]
pallidi.0

O
TherelWas[Variable[heuronallosslinfhe@halamiclhucleifand$lightdolmoderate Dossof (]
the[PurkinjetellsOnlthelterebellarCtortex.CAtthebrainCstemCandspinalCtordOevelsO
featuresCbfCthromatolysisCvereCbbservedlinCheurons,particularlyCin(thepontineCand
cranialderveucleilasiwell@slihthelSpinallanteriorhorns.O

a
Alllpatients$howed[an[advancedossof@xons@ndimyelin,[Accompaniedbyl$cattered
axonal($pheroids,[Somellipid-ladenmacrophages,andpronounced(astrocyticfeactionih(J]
thel¢entrum$emiovaleoffhefrontalland@emporalllobes[With[inoderatelinvolvement[bf(]
thelgyralOvhiteOmatter.(nCaddition,@hereWasWidespread@ctivation[of(inicroglialinihed
cerebralQivhite[matter.[The[parietalland[occipitallhite[matteras[slightly@onoderatelyd
affected.[MyelindossOwvas[foundOnthelktorpusCrallosumCandOntheTerebellarOvhited
matter.[All[patientsC3howedldegenerationCof[ihedateralltorticospinaldractsCandmedial ]
partsiofithelposterior[dolumns.]

a
Vascularlalterationswerelobservedlih@llpatientsihiheldeepirontal@ndemporaliivhited
matter.[Thelalterationslaffected($cattered[$mallarterioles[and[¢apillariesand[¢consisted
ofléoncentriclihickeninglofthe WascularQvalliWith[harrowinglor[obliterationofEthelumen.O
Immunostainingfori¢ollageniypedV,abloodWessellwalllcomponent,[showedThickened
and[multiple(basementimembranes.MNoldongophilicldepositslorbasophilic, [PAS-positive
materialBetweenitascularlSmoothhusclel(dellsiwereldetected.O

O

OSTEOCLASTIDIFFERENTIATIONIANDFUNCTIONONPLOSLPATIENTSIV)O

Thelgystichonelesions[andbssoffrabecularonelih[PLOSL[&repotentiallyldaused iy
dysfunctionlofldsteoclasts,Theltells[tesponsible Hortesorptionfandtemodeling[of(bone
(Palonevalet[al.[2000).[Tolesthis[hypothesis, WeStudied@hedifferentiation[andbone
resorptionCtapabilityCbfCbsteoclasts[HeriveddromperipherallbloodCmononucleartells™
(PBMC)OfromCfourOFinnishJandOonedGermanJPLOSL OpatientOwithOloss-of-functiond
mutationih(DAP12[0r[TREM2.00

O



DAP12-[andTREM2-DeficientiMonocytes(hefficientlyDifferentiatelinto[Osteoclasts[]

Osteoclasts@relinultinucleatedlgianticellshatlare formedbyihefusionldfinononucleard
precursor(gellsthat@irculatelihfhemonocytefraction{Fujikawalét[@l.[1996;[Heymann(ét[]
al.[1998;[Budaletlal.[1999).Inorder{blgenerateldsteoclasts,Welstimulatedihe PBMCof(]
patientsCwithCthomozygousCmutationsOnCDAP12[{PLOSLE;,)and[TREM2[{40G>T)[andO
healthylindividualsOusingHalcytokine CcombinationOconsistingUofOmacrophageOcolony
stimulatingactor({M-CSF)@&ndteceptorlactivator[ofChuclearactor-kBigand[({(RANKL) O
knowndolinducedunctionallbsteoclastsdromPBMCLorbonelmarrowltells[{QuinnletAl.0
1998;Budaletlal.[1999).[Stimulationiwith(M-CSFAnd[RANKLIgeneratedmultinucleated
osteoclastswith(210mucleilih[3-7daysfromdontrolPBMC.MNotably,fheldifferentiation[0f]
DAP12-OandOTREM2-deficientOPBMCLintoCmultinucleatedCosteoclastsCOwasOseriously
impaired((Fig.T).[After[7 [days[stimulationheMumberofiultinucleated [(>[3nuclei)GellsC
generatedbyDAP12-[and[TREM2-deficienttPBMCLwvas[only[10%[offhatlof[controllcellsO
(p<0.01).CAOMajority[of(theselgeneticallyldeficienttmultinucleatedCcellsChad[B-4Chuclei.[d
ThelpercentagelofldsteoclastswithZ5mucleilivasonly[6%oftheldontrols[(p=0.01).[Afterd
stimulationfor14[daysihemMumberloflgeneticallyldeficientimultinucleated[dellslihcreased
to[18%[{p<0.01),BndthedproportionofellsMvithI®5Thucleifo20%6ffhatdf[dontrolsl

Figure7.[DAP12-[{a)and[TREM2-[{b)
deficientd monocytesd inefficiently
differentiated  intoO  multinucleated
osteoclastslin[¥Y[days,[Whereas[tontrol
cells{c)CefficientlyCformOmultinucleated
giantCtellsOn7 Ways TRAPCstaining).
Note theO) numerousO processesU in
DAP12-deficientldells.O]




(p<0.05).0rheFusionprocess[bf(DAP12-Cand0rREM2-deficienttellsCappearedtolbel]
comparabledoléachlother.[Thelgeneticallyldeficientlbsteoclastic[tellstiverepositivefor[
osteoclasticlinarkersartrate-resistantfacidphosphatase [{TRAP)[And[tathepsin[K.[The
calculatedltellldensity[of(tultured(DAP12-[and[TREM2-deficienttPBMCWwas[Similaro
thel¢ontrolslatalldimelpoints,lindicatingfhatfhelgeneticallyldeficient[¢ellsivere[ableoO
proliferateCnCalsimilarCOmannerCas[theDcontrols.(OThus,[theCDAP12/TREM2complex
mediates[the[differentiation[bf(bsteoclasts.(Further,linthe[Absencedbf(DAP12/TREM20
signaling,thefusion(isery(ihefficient, Butproceeds(ihfhedourseoflfime.O]

O

AberrantMorphology0fIDAP12-[and[TREM2-Deficient[@steoclastsIl

Inforderol¢haracterizelfhelnorphologyloflihelinducedldsteoclastictellslinnoreldetail ]
welsStainedhelcellsMorl¢ytoskeletallactin.[AnCactiningls[Afunctionall¢haracteristic[of(]
resorbinglosteoclasts[andltelineatesithelbonelfesorptionarealbetweenl@anlbsteoclast]
andbone.[Thelactintingleonsists[primarilylofF-actin{ilaments[{Vaananen@ndHorton
1995;Balolét@l.[1997;Teitelbaum2000).(After(7 [days[fhellypicalSingle Targelactining O
followingliheldcontoursiofltheldellinarginiivasiseenlhld¢ontrolldsteoclasts,Whereas[évenl]
afterOstimulationCTfor014 OdaystheCmultinucleatedODAP 12-deficientCosteoclasticOcells O
containedOseveralOsmallCunorganizedCgranularUactinCclusters. OThe T REM2-deficientd
osteoclasticleells[generatedlonlylonelgranularting-like[actin¢lusterlafterC14days.[The
transmembraneOadaptorCmolecule(0DAP120formsOalcomplexOwithOseveralOdifferentd
activatingteceptorsCtlependingloniheltelllypel{LanierfandBakker2000).0nDAP12-
deficientlcells,[AlIIDAP12-associated[¢elllSurfacelfeceptors@rellikelyfobelhactive.[The
potentialCtostimulatoryCfunction[bf(btherCDAP12-associatedtellCsurfacefeceptorsin]
TREM2-deficientCtellsCtouldCexplainthe lightlyCdifferenttmorphologyloflactin¥ingsin
DAP12-[andTREM2-deficientlosteoclasticdells.O

O

Quantitative[RT-PCR[AnalysisC

InlorderiolsStudyltheinolecularbasisforesorption[¢apabilitylandldosteoclastic¢haracter,[]
welAnalyzed[theexpression[bftathepsin[K,receptorCactivator[bfChuclearfactor-kBO
(RANK)[{Nakagawalet[al.[1998),[TRAP,[andtalcitonin(teceptor[{CALCR){Zaidil&t[al.[]
2002)(ih(¢ellsStimulatedfor1,[3,[7,[And 21 [daysUising[quantitative[RT-PCR.[Cathepsin[
KOranscriptsCbecamestronglyfupregulatedCafterCstimulation[forCBLdays[{p<0.001).[No[
differencebetweenDAP12/TREM2-deficientdandOcontrolCcellsOwasOobserved.O0Thed
transcriptOlevelOofOdthedgeneOencodingDdRANK, OtheOreceptorCOforORANKL, Obecameld
upregulatedin[both[genetically[teficientCandtontrolcellsCafterstimulationfor[[day.
Therellvasholsignificant[differenceetweenihelpatientland¢ontrolltells,@Elthoughihed
RANK{transcriptOevelOnCgeneticallyCdeficient[tellsCappearedChigherftomparedtolthe



controls.[TRAPranscriptevelivaslihitiallyTowbutecamelupregulated(after[Stimulation
for(B-70days.[(Noldifferences[betweenihe[patientsCandtontrols[Were[bbserved.[Both[
DAP12-OandOTREM2-deficientUcellsCexpressedOCALCR, theOreceptorCregulating Cthe
resorption[processlofldsteoclasts.Reliable[guantitation(¢ouldmotbe performeddue o
lowlranscriptevelbuttholobvious[differencesWerelbbservedbetweenihelgeneticallyl
deficientCandontrolells.O0TakenCtogether, the[HelayedifferentiationCandCimpairedd
resorptionfunctionloflgeneticallyldeficientlosteoclastslis[notlcausedby@lossOf[RANK,
CALCR,Oord TRAPO expression.Od There werel[1 no significant differences between[
DAP12/TREM2-deficientland¢ontrolltells,[Suggestingihatihelsteady$State[éxpression]
levels[aremotldependentOnDAP12@AndTREM2.0T

a
TheltranscriptOevellbf(DAP12CandOrREM2C0nChormaltells[FollowedeachbtherCand
increased(progressively[duringihestimulation[forfupto[21[days.(AB-foldlncreaselin(]
DAP12[(p<0.01)0anda39-foldOincreasellin(OTREM2transcriptOlevel ((p<0.001) OwasO
observedbetweenStimulationsHorClAand21days.[TREM2[proteinhaspreviouslybeen
shown(fo[belindetectablelinlinacrophageslderivedbystimulation[ofinonocytesivith[M-
CSF&lone[{Bouchon[ét[@l.[2001b).[Therefore,[bsteoclastslarellikelyoléxpressIDAP12[]
andMREM2,Bincellheléxpressionof(DAP12@And[TREM20nhPBMCIdifferentiatinglalongd
thelbsteoclasticllineagebecamelprogressivelyllpregulatedparalleltwith[Zhelincreasing
numberdfiinultinucleatedldsteoclasts.ThelfranscriptevelldffheselgenesldidhotShow
signsCbfCdownregulationCasOvouldChavelbeenCexpectedDfCDAP12CandOTREM2Cvered
involvedl@nlylihlthefusion(processioflprefusionlosteoclasts.]

a

DAP12-Deficientl@Osteoclasts[ResorbBonel

InforderCtoCassess[thel[boneltesorptiontapabilityCbfC(DAP12-deficientCimultinucleated
cells,lwelperformed@niihvitrodoneesorptionfassay.[WeflfirstihducedDAP12-deficientd
and¢ontrollPBMCLwithIM-CSFAndRANKL Hor [T [days andihenfransferredihecellslon
dentinklicesFor7 ays.[Multinucleated(DAP12-deficientTellsCstimulated For[7 (days O
beforeliransferringConCdentineklicesCvere[tapablebf(bonelfesorption.CAlthoughtheld
samemumber[6f(DAP12-deficientlanddontrollcellswasiransferredperldentinislice,fhe
totalCBurfacelarealtesorbedbyDAP12-deficientlbsteoclastsiWas[dramaticallyteduced,]
beingOonly[10.03%0(a03500-foldOdifference) Jof (thatCofCcontroldosteoclastsO(p<0.01).0
Similarly,Ca0striking[01000-folddifferencelin[theCaveragelresorbedCsurfaceCarealperd
multinucleated osteoclast[Ibetween1DAP12-deficientdandI controld osteoclastsOwas[]
observed Eﬂ36mm2@md E35700mm2,mespectively,m)<0.05).ERemarkany, fhelsurface@reall
peresorption(pitlgeneratedbyDAP12-deficientlandltontrollosteoclastsiwas(the$ame.O
However,OtheOresorptionOpitsCgenerated CbyODAP12-deficientOosteoclasts Owere [125%[1
deeperl@omparedibiheldontrols[(25mAnd200um, Mespectively, [<0.0001) [(Fig.[B).00

a



Inlorderfo@ddressltheboneldegradationfatelin Wivolle[measuredfhel¢oncentration(of(]
typelCtollagenCtarboxy-terminalCtrosslinks[{CTX),OnCserum [of(DAP12-[and[TREM2-
deficient(patients.[CTX[assaylis[¢onsidered@s@$pecificiinethodoldeterminelfheone
degradation[tatelin[vivo[{Rosen[et[&Al.[2000).0Theaverage[CTXtoncentrationOnthed
serumof(thepatients[{meanCage[B6years)was[A0%higherthanthatCofChealthy
individuals(meanCage (136 years)(p<0.05).0Takentogether, (the OcapabilityCofCbone
resorption(definitivelyldonfirmsihatIDAP12-deficient
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Figure[B.IDAP12-deficientldsteoclastslarel¢apableloflboneliesorption.{a)[Controlldsteoclasts
generatedOongltontinuoustesorptionCpits.[{b)Theaveragelsurfacearealperltesorptionpit
generated(by[DAP12-deficientldsteoclastslis[similarioiheltontrols. [(INotetheSharp-looking
edgeslofltheesorptionpitlgeneratedbyldgeneticallyldeficientlbsteoclastlindicatingfhatfhe [pit
isldeeperl@omparedibldontrols{toluidineBlue(Staining).O]

O

O
multinucleatedCcellsCarelosteoclasts.[Furthermore,heltesorption[tapability(bf(DAP12-
deficientlosteoclastslis[$eriouslylimpaired.[Thisls[potentiallyléxplainedbyhelimpairedd
actintringOnthe[DAP12-deficient[bsteoclastsCsincetheactin[fingOsknowntolbe[a
prerequisiteforléfficientoneMesorption{Salolétlal.[1997).[Ontheldtherhand,lihcreased
CTXCtoncentration[suggestsihattheltathepsin[(Knediated[boneltesorptiontate,[and
therebythelbsteoclastic[activity,[isCabnormallyChighlinthepatients.[This[discrepancy
betweenlOnLvitrolandlinVivolstudies[tould[belexplainedbylthepossibilitythatlinthel
courselofldimelthe[geneticallydeficientCbsteoclastsfinallydifferentiate[intoefficientlyd
resorbinglosteoclasts.[However, fhelstriking[differencelinlthelesorbed3urfacel@realperl
celllbetween[DAP12}deficientCandkontrol[bsteoclastsCmayCbeartefactualto[somel
extent[$incefheléfficientliesorptionbyl¢ontrolldsteoclaststauseslal$ignificantincreased
inCextracellularCcalciumOconcentrationthatChas[beenshowntolinduceCapoptosisfOnD
osteoclasts[J(LorgetCetal.[12000).0T herefore, (the CresorbedCarealperCcellCOcannotChe
accuratelyldetermined.]



DAP12-[and[TREM2-DeficienttPBMC[MigrateEfficientlyd

InCorderoldeterminelifltheldifferentiation[of(DAP12-[and[TREM2-deficientlbsteoclast]
precursor(tellsfselayedduetolfeducedmotilityCiveperformedanlinvitroCmotility [
assay.[Weltultured[DAP12-,[TREM2-deficient,CorCtontrollPBMCLonltoverslips[Wwith[AO
cylindricallsiliconelobjectdirmly@ttachedodhetenterlof(éachEoverslipbeforeplating.O
Thelbbjecttivas[femoved(after[R4hstimulation.CAfter[¥ Cdays,[the[geneticallyCdeficientd
cellsleéffectivelylinigrated{ofhel¢enterloflthe¢overislip,[andmultinucleatedlosteoclasts]
weredoundat@helcenter.[Alhotableldifferencelivaslobservedlinihelcontrol¢ellldensityd
betweenliheltenterfand$urroundinglareas{p<0.01),0Whereas[therellvasholsignificant[]
differencelinliheldensity[of(geneticallyldeficientldellsbetweenihesel@reas(p>0.05).ThisO
indicates[thattDAP12-CandOTREM2-deficientCPBMCOmigrate CefficientlyCandthat(the O
delayedfusion(ofiprefusionldsteoclasts(isfoti¢ausedBylimpairedmotility.[]

O

Osteoclastslih[PLOSL[Patients[AreMultinucleated@ndResorptive

InCorderCioseewvhetherthel[boneltells[Of(PLOSL patients[showfeatureskimilartol]
osteoclasticcellsdinOvitro,0weOanalyzedObonedsamplesOfromOtwoO patientsOwith
homozygousdeletionCbfCexons1-4[bf(DAP12For[osteoclastCimorphologyCandboned
resorption[capability.[As[&xpected,dhelbsteoclastsWerelnultinucleated,[andIheir[$ized
appeared(iobemormal.[Theldsteoclastslinfthepatients[@eneratedlextensive[Howship’s(
lacunael{resorption[pits)ith(mormallfuffledorderinembranes(atightinicroscopelevell
(Fig.®).Unfortunately,[boneamplesdrom[patientswithCMREM2Cmutationsverehot[
available.[However,[tlhsOikelythatthelbsteoclastsbnCpatients[with(MTREM2[imutationsd
showfeatures[Bimilarfto[DAP12-deficient[patients[becauseltheltlinical(phenotype[bf[]
patientsiwith[DAP12[@and[TREM2[mutations(isidenticalllll).O

m
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*% O ‘paid FigureO 9.0 Multinucleated bone-
b \ 4 g A o J/ resorbing osteoclastsO (arrows)d in
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ANALYSISIOFDAP12[KNOCKOUTMOUSEUNPUBLISHED)O

InfordertoCaddress[thelkignificancebf(Dapl2C0nCmouse,Ovelperformedaldetailed
histologicalCandfunctionaldJong-termCfollow-upOanalysisDof (theCcentral ChervousJand O
skeletal(systemslbflimiceltarryingtargeteddoss-of-functionCimutationfin[Dap120nbothO
alleles.On@hisDapl2knockoutinouselstrain EﬂDaplZAeX“),mroducedmymaniermndﬂhism
colleagues,[éxons[Band4bf(the blexonslof(Dapl2havelbeenldeleted[{Bakkerletlal.(]
2000).(ExonsB@And4[codedorIhelfransmembranelandpartloffhel¢ytoplasmicldomain]
asWellCas[theOirstiyrosinelin@helntracellulariyrosine-based&activationCmotif({ITAM).O
Therefore, [DaplZAexs"‘Dmice Ceorrespondoltheoss-of-function[§enotypelbf(Dapl2el]
havelbbservedlnPLOSL [patients[{l).(Welanalyzedbrainfandbonel$amplesiaken[at[]
severallagesangingrom®{o[19inonths.[TherainsWerelanalyzedlisinghistological
andlimmunohistochemicalliethodslinlérderibStudyfhefissuelpathology,@ndinagnetic]
resonancelimaging{MRI){Eechniquesibfurtherlévaluatefhe[CNSrnhanifestationsofadult]
Dapl2knockoutinice.[Behaviorallestsiivere[performedolassessihe [CNS[affection[df]
micelaged[1-11Cmonths.[Onlorderiolevaluatethelbones,histologicalland¥adiologicall
analysesivere[performed.CBurprisingly, veldidhotldbserveanysignsofbrainatrophy,d
loss[ofliyelin,[astrocyticlgliosis,heuronaldosslor@ctivation[offmicroglialinihe brain[of]
Dap12&nockoutmice.[Similarly,fhebonesldidhotlshowlsignsofleyst-likebonelesions
orOobviousCchangesCinOboneOmass.OFurther,Cthere OwereOnoOsignificantOdifferencesd
betweenChomozygousandCheterozygoustontrolCmicelinCprepulselinhibitioniestthat[]
measuressensorimotorgatingCmechanisms.[However,[IDap12[knockoutCmicelshow[
impairedimmuneesponses,asipreviouslyieportedl{Bakker&t[&l.[2000)[{seelpp.[62-
63).0
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GENERALIDISCUSSIONO

THEPOWERIOFDIFFERENTIAPPROACHESIFORIFINDINGIDISEASEGENESH

Inhishesis,BwolapproachesHorfindingldiseaselgenesiveretilized.TheirsttPLOSLO
gene,[DAP12,waslidentifiedbyisingfhelpositionalldloning@pproach.Thisiwasihelonly
usefullgenelidentificationCmethodOsinceConlylittle CwasOknownCabout[the Odefective
biochemicalOpathwaysOinOPLOSL.OTheOorderOinOwhichOtheOcandidate OgenesCOwere
analyzediwasldetermined[accordingibohe&nownlorhypothesizedfunctionih@dditionfoO
thelexpressionlpatternCof(the[geneslinthe[tandidatefegion.[Thisprovediolbelguite
inefficientSince[(DAP12Wwasihelastlgenelintheldriticallfegionwithfhebwest[priority[of[]
allldandidates.[]

O

TheOcandidatelgeneCapproachCwasOsuccessfullyCutilizedOin(theldentification Dof Cthe O
second[PLOSLIgene,[TREM2.[Systematicall$equencinglof@lllgenesicodingforDAP12-
associated[proteinsiivouldhave een¥erydime-consuming@andlaborious.Furthermore,d
an[advantagelbf(thisCapproachOwvasthat[onlyCalsmallCamount[bf(DNACwasheeded
becauselveryOittleCDNAOwvasOeftCfromsomelindividualsthatOwereessential (for[thed
analyses.[Thel$segregation[analysis[of(inarker[haplotypeslbflihe[tandidate[genesivas]
performedlihwolihformativelunrelatedfamiliesWith(a{otal(0f[4[@nd T [ihdividuals(and by
analyzinghwolbrthreeOmarkersCpber[tandidate[docus.JACtomplete[o-segregation[of]
markerhaplotypeslinlihe[TREM2[bcus[Spannedalarge,approximately10EM,genomicll
region.UldentificationUOof(theOdsecond OPLOSLOgenelisCalgoodDexample DofOhowCthe O
candidate[geneCapproachcanCpowerfullyCbeCexploitedtofind(diseasegenesOwhend
enoughlisknownl@boutfhelpathogenichechanismsofliheldisease.(

a

STRUCTURE[ANDFUNCTIONIOFDAP12/TREM2SIGNALINGICOMPLEXO

The[230-amino-acid{aa){~40kD) " TREM2polypeptidebelongs o thelimmunoglobulinC
superfamily[{lg-SF).Itspredicted o tonsistdf@13-aa Signal(peptide followed by ar154-
aalkextracellularCdomain"encodedCbyCexons[2"and13,[with[twocysteinespotentially[]
involved(in generatinglanthtrachaindisulfide bridge@fthely-SF V—typelfold.[The33-aa”
transmembranemomainHSDIollowedDoy@Ethort,[BO—aaDcytopIasmicmomain [{(BouchonletO
al.[2000).0

a
DAP120s[@M13[&Aal12kKD)proteinihatldonsists[of(a27[@aleaderpeptide,[@Short14@all
extracellularCdomainCfollowedObyOal124DaaCtransmembranelsegmentfand Ja48Caal]
cytoplasmicdomain.[0Theeader[peptideCandextracellularCdomainsCarefencoded by
exons[J1-2.0ExonsO30and04OcodeOforOthe OtransmembraneOasOwellCasOpartCofOthe O
cytoplasmicCdomains.[On[thelcelllsurface[(DAP12[s[expressedlasialdisulphide-linkedd



homodimerOmediatedObyOtwoOcysteinedresiduesOinOtheOextracellularCddomain.0The
transmembraneldomain[of(DAP12[¢ontains[alhegativelyl¢thargediesiduelthatliediates
thelinteractioniithfalwideVariety[of(associatedteceptors,[TREM2[beingloneloffhese.O
Thislinteractionlis mediatedbyCbppositelyltharged amino-acidsLinthe transmembranel
domains[bfthese proteins; bnelbfthese amino-acidslis[& positivelythargedlysinelin"”
TREM2,[andthebther'isCalthegativelytharged asparticCaciddn[DAP12{CampbellfandC
Colonnal1999;Bouchon(ét[@l.[2001b).O

a

ThelinteractionCbetweendTREM2CandtheOsofarOunidentifieddligandOresults OinCthe O
phosphorylation[of{iyrosineltesidueslinthelintracellulariyrosine-basedactivationmotif]
(ITAM)of(DAP12.[Phosphorylated[(DAP12iransmits[activating[signals[byproviding[al
dockingsite[dor(ihe[(BH2tlomainsofiheltytoplasmiclprotein@yrosinelkinases{PTKs),O
preferentially[to[8YK[but[also[to[somelextentto[ZAP70.Thislinteraction(leads tolan[]
increase[[hqntracelIuIarBDa2+E:oncentration,mnd%ubsequentmelluIar@ctivation [(McVicarO
et[@l.1998;Manier@nd [Bakker[ZOOO)[(]Fig.ElO).D

a

a

Figure[10.[The(DAP12/TREM23ignaling TREM2 TREM2
complex.0OnCtheOcellOmembraneJ(CM)
DAP120isOexpressedasOal0homodimer
linkedObyOcysteinesCinCtheCextracellular
domain[ofDAP12.[DAP12[dimerlsdinked
tolaldimer[d6fLTREM2[polypeptides.[This
interaction is0 mediatedd by oppositely
chargedd aminod acidsO ind the
transmembraneddomainsDof(DAP12[(D)
and0 TREM20 (K).O Thel interactionC of SS
TREM2@&nd@&ninidentifieddigandesults SS
indhephosphorylationfofhelntracellullar CcM K+D- D-K+
tyrosine-basedactivationCdomain[{ITAM,
consensusl] sequencel] YxxL/Ixs.gYxxLI/I,
whereOx[OdenotesOanyaminoOacid)of
DAP12.[PhosphorylateddTAMTecruitsfhe
cytoplasmicO proteinO tyrosine kinases
ZAP70[AndBYK.Thislihteractiondeadsio
anOincreaselin0theOintracellulard Ca**
concentration andO subsequentO cellular
activation.O The[ stoichiometry[ between

wmw
" w

TXXA

TXXA

DAP12[@andTREM2polypeptideshashot DAP12
beenléstablished@ndlisonlyhypothetical.

ModifiedOfromO(CampbelldandOColonna

1999)[] Cellular Activation




MUTATIONSINIGENESIOFMTHEDAP12[SIGNALINGIPATHWAYUO

Welhave'identified mutationsih&ll42patients With PLOSL Wholvere[Availablefo Us; 350
(75%)tarryCa" mutation[(inCDAP12,Cand~12[(25%)0nCTREM2.To[date, (sixHifferent]
mutationshaveeenfeportedihIDAP12[{l,dl,Wnpublished, Kondo&t@l.[2002),hereas
10differentOmutationsChavelbeenOfoundCin DTREMZD(II,DIV).DTheDmoIecuIangeneticD
background@f[PLOSL appearsbbe ‘explained bythesefivolgenes.O

O

ThelfelativelythighfhumberofIPLOSL [patientsfnFinlandéxplainsdhehigherproportiond
of(patients[¢arryinglimutationsfin(DAP12¥hanln[TREM2[because[alllof four250Finnish
patientsCaredhomozygousifortheOsame[05.30kbOdeletionCinODAP120(PLOSLgy,) O(1).O
Mutationsh[DAP12[aredypicallyfoundinEcandinavialandJapan,Whereas[TREM2 s
mutatedlinCother[¢ountriesCioredrequentlyfhan[DAP12.[t[thus[$eemsihat(TREM2[s[]
morel[susceptibletoCmutationsCbecauseltheChumberCofCdifferentCTREM2Cmutationss[]
higher.O

a
Therel@appearsiolbeliwolmajormutationsOnOPLOSL:[PLOSL;,[OsHoundOnCallFinnishO
patients[and[141delG{PLOSL;,,)nhlinostlJapaneselpatients{l) [(Kondol&tlal.[2002). [AlIO
othermutationsOn[DAP12[and[TREM2lare$poradiclanddoundlintsingledamiliestonly,Od
exceptorliheBwedishTrp78Stplutationihichhasbeenfoundinhwoamilies{{Il). TAIIC
patientsl@arrylhiomozygousimutations,[dompoundheterozygoteshaveotbeenfound.

a

TheB.3kb{PLOSLE;,)[AndF8kbIPLOSLg,,) [grossideletionsihIDAP12[@ncompasséxons
1-40ofhefive[exons[Of(DAP12[andtesultbOnCaliotaldoss[Of(DAP12[expressionCand]
function.JACMet1 ThrOmissensemutation[nCallapanesepatientt{KondoCet[al.[2002)0
disruptsiheranslationlnitiationmethionineandihereforeihelivholepolypeptidesince
noldtherlputativefranslationfhitiatorldodons[@relpresentihfheMicinityoffhis[@amino-acid.[]
Threeldffhelidentified[DAP12[mutationsdisruptfhe@ransmembraneldomain{Gly49Arg,O
141delG,54ins42nt).[Thesingle-nucleotide[deletion{141delG) Goundlnalhumber[ofd
Japanese[patients[creates[aldirameshiftCpredictingCprematurederminationof@ranslation]
after[52[amino-acids.ThelmutationfalsothangesihelasparticlacidFesidue{D)lnGhed
transmembraneldomain,CwhichOsCessentiald0nCmediatingthelinteractionCbetweenlthe
DAP12[anddhelassociatedligand-bindingieceptors.[Thelinissenselnutation{145G>C)
infthePortuguesepatientdesultslin(conversionof[Glysine[49{o[Argininelone@mino-acidC
beforeOtheOfunctionallyOcriticalCasparticCacidO(Asp50), JandCinsertionCof 42 0bpOafterd
nucleotide145[ihfhelimmediateNicinity[df(Asp50potentiallyldisruptihel¢onformation [of[]
thelfransmembraneldomain,[andSubsequentlyfhelassociation[of[DAP12With(leceptors
(Fig.11).0

O

a
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O

a
Nine[bfltenlbflthelidentifiedCmutationsCnCOIrREM2havebccurredlinlthelextracellular
ligand-bindingOdomain(Fig.012).00TheOfourCnonsenseCmutations(40G>T/Glul14Stp,
C97>TOGIN33Stp,[M132G>AlTrp44Stp,[and[(233G>ATrp78Stp) fesultbinCaliruncatedd
proteinCwithOnoOtransmembraneOdomain.OTwoOframeshiftOmutationsCduetoOsingle-
nucleotideldeletionlin@heléxtracellularfdomain[of(TREM2[{26 7delGLand[B13delG)both
resultOinCaCprematureiranslationermination[todon[atCposition[188L0nthefamino-acidC
chain.[Thel@xactinechanismbylvhichfhefwolissenselinutationsB77T>GIVal126GlyO
and[401A>G[1Aspl134GlyliesultiihfAnlmpairedfunctionof(TREM2¢annotbepredicted.Od
Theltonversion[bffhucleotide T Ho[Clatthe[$econdposition[of($plice-donorl¢onsensus]
site[inCintron[B[{482+2T>C)OsOikely@olresultlinkippingLofCexon[BHromthe[matured
MRNA.OOTheOonlyOmutationOinOtheOtransmembraneddomainOofOTREM2O(558G>A
/Lys186Asn)disruptsihefunctionally(dritical(positivelyl¢charged[@mino-adiclLlysinelthatlis ]
essentialbrfhel@ssociation0f[(TREM2Wwith(DAP12.00

a
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a
MutationsOn[genesCtoding(forCDAP123-associatedtellsurfaceteceptorsibtherthan
TREM2[havelbeenlTeportedbnlylinCNKG2C O HikamiCet[al.[2003).JAOargedeletiond
encompassingfheiwholeMKG2Clgenelisfoundlih(#5%[06ftheJapaneselpopulation.The
deletion[toes[hot[appeartoltauseanysymptoms.[(Mutationsln[ZAP70[&ncodingthe
proteinfyrosinekinase[{PTK)[bf(iheldlownstream[$ignalransduction[pathwayesultin
severe[tombinedd0mmunodeficiency{SCID)syndromelnChumans.TheJunctionCof T d
cellsih(3CID[patients(is[Severelylimpaired;thelpatientslackperipheral[CD8+(T [Cellsfand
theirCCD4+(T LtellsCareldysfunctionalC[dueioldefectiveT Leelleceptor{TCR)Signalingl
(Arpaialet[@l.[1994;[Chanlet(al.[1994;Elder[ét[al.[1994).[Germlineutationsih[($ YK, he
secondDAP12-associatedPTK,have[hotbeenldescribed, butisomatic[BYK[deficiencyd
hasbeenlassociatedivith[¢hildhoodpro-Bléellldcutedymphoblasticlleukemial{Goodman
etf@l.2001).0

a

ITAMIDOMAININIHEMATOPOIETICICELLISIGNALINGO

DAP12[belongstoCafamilyCofCintracellularCtyrosine-basedCactivationCmotif ({ ITAM) -
bearingpolypeptides.[BYKAnNd[ZAP70[playlaltrucialtolelin@he$ignaldransduction[of]
hematopoietic[kells(dChuet[al.[1998).00The[kytoplasmicCdomainof(thelkellsurfacel
receptors[utilizing[BYKAndZAP70domotisuallyldontain@hedT AMIequiredforinding
these[PTKs.OTherefore,[theselTeceptorsCuseXransmembraneadaptorCmoleculesCas
intermediatesO(LanierdandOBakkerdJ2000).0AllCthese DadaptorOmoleculesChaveOsmallC
extracellularCregionsthatOare ChotCcapableCofCnteractingCwithCligands.COTheCadaptorsd
typicallylhaveltysteinedesidueslinfheléxtracellularidomainsfandlareéxpressedlonhe
celllCsurfaceCasdisulfide-bondeddimersJCampbellCandOColonnal11999).[0The dTAM-
bearing@ransmembraneladaptorfamilyls[dividedlintofourl¢ategories:[1)[IDAP12;[2){he
CD3y,8,[d[And I Subunitsoffhe T -celleceptor[TCR)Eomplex;3) Fhed@and B Subunits
(CD79)Associatedwith(surfacelimmunoglobulin({lg)inthe[B-cellfeceptorléomplex;And
4)dheySubunitfassociatedWwithhehigh&ffinitydgE teceptor[{FceRlIy), Bhe Oowaffinity O
IgGFeceptor{CD16)[(AnddheM CRLEomplexes{Lanierfand[Bakker2000).[Most[bfthel]
ITAM-bearingCmoleculescontainCmultiple OcopiesCofC0TAMO(LoveCandO0Shores[2000) 0
whereas[DAP12[containCalkingledTAMOdomain.OTheOprototypicOdTAMsequencelis
YxXL/Ixe.g YXXL/I,llvhereX[denotes@ny@mino-acid[(Reth[1989).0

a

DAP12[-MEDIATEDISIGNALOTRANSDUCTIONICOMPLEXDO

DAP12dransmits[activating[$ignalsdrom@alvide variety[bf[teceptors[élependingfonihe
cellilype.Otlis[@pparenthatonlyVeryittlelistknown[aboutfheMiologicalfole [@f(DAP12
mediated($ignaling. INewieceptorsihatfutilize[DAP12[&re (being[eontinuouslyteported.



Theselteceptorsivhich3ignalWialDAP12[$howl$omeld¢ommonltharacteristics. [First,[all(]
DAP12-associatedreceptorsOtransmitOactivatingdsignals.00Second,dtheOcytoplasmicl
domainloff@lldheseteceptorsdackitructurestequireddordownstream$ignaling.Third,d
alllreceptorstontain[alpositively[thargedaminolacid[tesiduelin(thefransmembrane
domain,Cusuallyysine[{K+),[or,[inflsomeltases,arginine[(R+)thatlsltequiredforthed
associationwithIDAP12.[Beverallbf(iheselteceptorsibelongoladargerdamilylincluding™
bothOactivatingOandUinhibitoryOreceptors.dThedinhibitoryOformsOtypicallyCcarrydan
immunoreceptortyrosine-basedlnhibitoryCmotif({ITIM)OntheGransmembranetdomain.O
Despitehelcharacterization[df(the&xpression[patternCoflthefeceptors,thelbiologicalll
significancedfimostloftheselmoleculeshasotbeenldetermined.(]

a
Thelfeceptorsicanbefoughlylcategorizedlinto@wolgroupslaccording@oiheirléxpression
pattern:[(TREM1,[TREM2,[TREM3,IMDL1[and[SIRPB1Arelinainlyléxpressedlininyeloid
cells,[andKIR2DS2,MNKp44,[CD94,INKG2C[andmembers(ofihelly49ieceptorFamilylihd
NKIgells.However,dranscriptsl@orrespondingfoSomelinyeloiddeceptorshave@lsobeen
detectedliheutrophils[ériSomeB-[and[T-[gelllineages(Bouchon[ét[@l.[2001a;[Chungétd]
al.[2002).[Mostlof(fthese[DAP12-associatedteceptorslareltloselylhomologousioleach
otherfinChumanlCandCmouse.[Onthelhext[section,theknownstructure[AndFunction[df]
these[genesCandlproteinsareldiscussed.[Most[bf[the[commonlylusedChames[bf(the
geneslandlproteins[bf(the[DAP12[kignaling[pathwaylarel&aliasesCandChot[the[official(l
names.OTheOapprovedOnames(inOparenthesis)dandOlociCof(OtheOgeneshave CObeen(d
determinedylsingfheEnsembl,[GeneCards,[Genome[DatabaselandMouseGenome]
Informaticsiweblpages.[]

TREM10O

TriggeringfeceptorsCexpressedlonCmyeloidtells({TREM)&Aredocatedonlthr.[6p21.1-
21.2.MLike@helbther(DAP12-associatedeceptorslinthisdocus[({TREM2aAnd[NKp44),O
TREML1[Garries(alsSingleV-typelg-like[@xtracellularldomain.Thelgeneldodingfor(TREM10
consistsloflfive[@xons[that[¢odefora234@alpolypeptide.[Gingras@ndldolleagueshave
reporteddaOspliceOvariantOdof OTREM1OthatOlacksOtheCtransmembraneddomain.OThis[
potentiallyCrepresentsCalsolublefvarianttbf CTREM1OGingrasCet[al.[2002). OTREM10sO
expressedlonlCheutrophilsCfandimonocytesTandmediatesihelactivation[bfiheseltells.O
TREM1[becomesstronglyupregulatedlinCheutrophilsCasCaltesponseltolinfectionsCby
bacterialSuch@s[Pseudomonas(@eruginosaland$tafylococcuslaureus.[TREM1@mplifies[
inflammationfandhasbeeneported@olmediate$eptic[sShocklnCpatients[With[bacteriall
sepsis.[Interestingly, lockade@f(TREM1hasbeenShownoprotectimicelagainstsSepticO
shock.[Therefore,[TREM1[s[Apotentialtherapeuticfargetfor$eptic[shock{Bouchonét[
al.[2000;Bouchonletlal.2001a).0



TREM20O

The[TREM2[gene,docatedlonlthr.(6p21.1,[consists[offivel&xonsihatléncode690bpO
cDNA.TREM2[displaysalsingle[V-typelg-like@xtracellularfdlomain[andbelongsoihe
immunoglobulinfSuperfamily({Bouchonlét[@l.[2000).[ThelS$tructure [bf [ TREM2hasbeen
discussedlelsewherelinthis[study{pp.[(52-53).[Despiteiheirflcommonlhames,[TREM10
and[TREM2[arelonlyliveaklylhomologousoléachlother.[TwoldifferentTrem2[{Trem2al
andrem2b)[genesChavelbeeneportedlinCmouse.ITheselsoformsdifferdfroml&ach
otherlonlybydhree@minolacids{six[basepairs)Scattered@hroughouthepolypeptides,d
andCarel[therefore[hotCalternatively[splicedOvariants[{Daws[et[al.[2001;CChungCetlCal.O
2002).L.ChungCandCtolleaguesChavelsuggestedthe[presencebfiwoldlrem2heneslin
C57BL/6And[BALB/cCimicelandConelin(129,[AJCand[DBALMice[{Chunglet[al.[2002).0
However,[@ligninglofimouseTrem2bleDNAAgainstihelavailableINCBInouselgenomel
sequenceldatabaseldoveringlover@6%oflthelgenomicSsequenceloflthe[C57BL/6[Strain,d
inCadditiontolsequencesbf(the1129S1/SvimJ,[1129X1/SvL,[DBA2/JCandA/J2Mousel]
strains[{Celeraliveb[pages)using[(BLASTN[&algorithm[tevealedlonlyCalsingledocusin{
mouselthr.(0L7c,synthenicCtoChumanCTREM2O0nchrbp21,CandCholevidencebfthel
presencelbfliwollrem20oci0nC57BL/6CbrCbtherCmouselktrains.[Therefore, [different
variantsCimostOikelyCtepresentdifferencestbetweenCmouselstrainsCorCmutationsCinthe
cDNAlibraries.O]

O
Schmidlandltolleaguesthavelteportedalsplice[VariantloflmouseMrem2blin[C57BL/60]
mousel8train.[Thel@lternativeSplicelSitelihlintron3sIbcatedB5Mucleotidesipstream [0f[]
the®'oundarylofléxon[d@andlidauses@irameshift.[TheldlternativelySplicedTrem2is 220
aallongerihanihelainproduct.[ThelTrem2Variantacksthe@ransmembraneldomain[]
requiredfortheassociationOwithCDap12,CandCsthereforepredictedtorepresentall
solubleformofihelprotein[{Schmidl&t[al.[2002).[Bplicevariants(of(humanTREM2have
notbeeneported.]

Trem3Q

Triggering[receptorCexpressedCbnCimyeloidCtells[(BChas[beenlteportedConlylnCmousel
(mouselcthr.[17).[0Trem30séxpressedmainlylin[hemonocyte/macrophagelineage, but]
has@lsobeenldetectedih(T [delllines@talbwlevel {Chunglétal.2002).0

MDL10

MDL1[{CLECSF5,[C-typelJcalciumdependent,[¢arbohydrate-recognitionfdomain]ectin,]
superfamilyfinember®;humanlchr.[7g33,Mnouselchr.[) s foundlihothfhehuman@ndO
theOmouse.MDL1Omediates[theCactivationCofCimonocytesandCmacrophagesCandCis
associatedWwithhyeloid(differentiation[{(Bakker(et[al.[1999).0



SIRPB10O

SIRPB1chr.[20pl13)[haslbeenlieportediolbelexpressedlinChumanCimonocytesCand]
dendriticléells[{Dietrich[et[al.2000;Tomasellolét(al.[2000a).(5IRPB1belongsio@familyd
of (BIRPIolecules,[andishowsahighhomologyibandT IM-containinglihhibitoryfeceptord
SIRPa{PTPNS1,[proteinltyrosine[phosphatase,[hon-receptorltypeSubstrate[1){Cant]
andUlIrich2001).0

KIR2DS20

KIR2DS2[{killer@¢ellimmunoglobulin-likeeceptor, @woldomains,Shortldytoplasmiciail,2;0
chr.019913.4)ObelongsOtoOalmulti-memberOfamilyOofOkiller Ocelldimmunoglobulin-like O
receptors.OThisOfamilyOcontainsOboth DactivatingUas OwellJasOITIM-bearingUinhibitory O
receptors.[KIR2DS2[s[thelbnlyCmemberCinthis(family(thatCassociates Cwith(DAP12.00
KIR2DS2[iriggersnaturalldytotoxicitylihnMNK[Gells[{Lanierletlal.[1998b).[

NKp440

NKp44O(NCR2,0LY95,0Naturaldcytotoxicitydtriggeringdreceptord2;0chrd6p21.1)disO
specificallyCexpressedCbnalltestingCandCactivated[(NKtells.[NKp44lisOocatedlinthed
samelocus[asthe[MTREMCmoleculesCandltarriesCalsingleV-typellg-likeCextracellulard
domainZimilarlylo[TREM1[and[TREM2.INKp44driggerstytotoxicitybyINKLcells[{Vitaled
etlal.1998;Bouchon(ét[al.[2000).0

CD94@andINKG2CO

CD94JKLRD1,killerCcelldectin-like CreceptorOsubfamilydD, Cmemberd1) Cand ONKG2CO
(KLRC2,XillerCeelldectin-liketeceptorBubfamily[C,member2),[bothdocatedOnhuman(d
chr.12p13.2-p12.3[@ndmouselchr.[6,@reéxpressed(as(aldisulfide-bondedheterodimer.O
Thiseceptorléomplexparticipateslinlthe Activation[ofINK[¢ells[{Lanier(&t@l.[1998a).[AT
totalCof[4.3%[bf(the[JapanesepopulationChas[beenlteportedioltarryCalhomozygousl]
deletiond encompassing the whole[d NKG2CO gene withoutd any(] obviousO clinicald
manifestations[(Hikamilet(al.[2003).0

Ly49[ReceptorFamilyd

Thislthajorfeceptorfamily, foundonlylihhelouse,ihcludesSeveralhighlylhiomologous
members,[Ly49AhroughlV.IMostiinemberslinhisdamilyldontain[AnOTIM@omainand
are(thuslinhibitoryreceptors.CActivatingCmembers[Cof (this[familyCthatCare Cknown[to
associate[with[Dap12Care[1y49D(Klra4,killerCkellOectin-likereceptor,(subfamilyCA, O
member#),[Ly49H(Klra8, killerCtellOectin-likereceptor,[SubfamilyCA,Cmember(B),[And
Ly49PIocated[dnlinouselthr.[6.[ThelinteractionbetweenlLy49landDapl2(is[inediated]
bydhelpositivelyl¢hargedlarginine[{R)tesiduelin@hedransmembraneldomain[{Smith[&t
al.[1998;Makrigiannis[etlal.[1999;Silverlet[al.[2000). I



O

SIGNIFICANCEOFIDAP12[ANDTREM2[]

An[nteresting[findinglisthattheltlinicalCphenotypelbflpatients[WwithCeithertDAP12[br
TREM2[mutationsCsOdentical.[TDAP12transmitsCactivatingCsignals[fromseverallCtellO
surfacelreceptors,JandCloss-of-functionOmutationsOin(ODAP 120potentiallyCOdisruptCthe O
signaling[bflCallltheseTreceptors.OTherefore,[bneltouldChypothesizethat[the[Hisease
phenotypeldnPLOSL [patients[tarrying(DAP12mutationsiWouldbeldifferenttandmorel]
severelhanhatlin[patientsCearryingmutationslnlonlylbnelbf(iheseteceptors,hamely
TREM2.[IFurthermore,[PLOSL [patients(homozygousfornutationsinMDAP12[or[TREM2[
dolmotShow@nyprimarilylimmunologicallsymptoms.[Theseldbservations[suggestleither
significantfunctionalCredundancylorthepresenceloffadditionalCcelllsurfacemolecules
capableloffeplacingfhelihactive[DAP12-TREM2[domplex(ihldells[oflihnatelimmunity.(]

O
Ourffindings@lsolprovideldirectl@videncedhatDAP12[And[TREM2[playlakeylfolelihfhe
normalfunctionslofleellsthotldirectlylinvolvedlindmmuneesponses.dtlseemsihatihe
CNSTand3keletal$3ystemlaremoreligidlyldependentlonihehormal@unctionof(IDAP 12
andT'REM2[hanihe{unctionoflgellsioffhelihnatelimmunelS8ystem.Determiningihelroled
of(DAP12/TREM2[signalingCinbthertiseases[bf(the(ICNS[andhone,[uchCasCmore
common(forms[ofldemential@ridsteoporosis,fequiresiurtherStudiesd

O
MutationsihDAP12&ndTREM2Hesultihtlinicallyidenticaldiseasephenotype.[We'are
aware Ed)f[danemearliertmample [ofCanlnherited human(tisease [resulting [fromdefectslin0
different@:omponentsDofD]heBameEtignaIingDpathway. [CAutosomallyCélominantlylinherited
holoprosencephaly({HPE),CinCwhichthe[developing[forebrainfails[to[divideintoiwoll
separate[dhemispheresUandventricles,DisCOtheOmostOcommonlyOoccurringdcongenital [
structuralOforebrainCdanomalydinOhumans.OThisOnonsyndromicOholoprosencephalyOis O
causedbylnutationslin genesencodingihesignaling molecule,[(SHH, andCits teceptor,
PTCH,[m[fheDsonic[ﬁledgehog [Signalingpathway.In[dontrastfo[PLOSL,Ihephenotypelofl]
holoprosencephalylslCextremelyVariable, (fangingdromCalobarfTHPE[{alsingle ventricled
andOnoOseparationCofCthe CeerebralChemispheres) OtoOclinicallyOnormal CwithOaCminordD
anatomicldefectl@veniwithinfheSamefamily[{Minglét[al.[2002;[GenereviewswebSite).O

O

DAP12[KNOCKOUTMICE[SHOWICONTRADICTORYMANIFESTATIONSO

TheDapl2knockoutlinousel$train(ivelanalyzed[tarries@ldeletion[of[&xons[3-4linboth
aIIeIes[(DaplZAeX?"“).DThisDnouse[Strain[has[been Cproduced(byll ewis[LanierCandChisO
coIIeaguesEﬂBakker@tml.E:EOOO).D\Ithough[ﬂhemap12AeX3'4mniceE:orrespond[ﬂo[ﬂhe[I]oss—

of-functionlgenotypeof(PLOSL [patientsthomozygous[forIDAP12[inutations, the[iiceldo



notldevelopl3ymptomslor$ignsisimilarfoiheldiseaselphenotypelbbservedlin(the [CNSO
and[bone[bf(PLOSL [patients.[ThisCisCaltommonlybobservedkituation[sincekeveral
differentiiouse(Strainsiwithfargetedmutationslin[germineldevelopoSymptoms@tall, 0
orShow(ibtallyldifferentianifestationsiwhenl@omparedibhumanipatients.(]

a
Kaifuland[his[tolleagueshavetecentlyteportedihe[CNS[aAnd[bonelmanifestationslin]
theirDapl2&nockoutimouselstrainld¢arryingldeletion[offhe [putativepromoter@ndéxons
1-3[0fDap12iihboth@lleles(Dap1 2" ) [(Kaiful@tal.[2003).Thishouselhodelpresents]
withOaOthalamus-accentuatedCreductionOofCOmyelinCasOearlyCas01.50monthsCofCage, O
whereas(theDap12***“*micevelanalyzeddohotshowlanysignsofiinyelinboss[@ven]
when[aged19Cmonths.[Furthermore, [their[DaplZAeXl'SDm utantCmiceshow[behavioralll
changes[{abnormal3ensorimotorgating)mot$eenlin EIDaplZAeXS"‘Dmice. (nterestingly,@he
Dap122®**MmicelproducedbyKaifu@ndhisdolleaguespresentwith@milddsteopetrosis]
(pathologicalClincreaselof(dbonel0mass),[whereastheChumanOPLOSL OpatientsOshow(
osteoporoticfeatures,fheldppositelofldsteopetrosis.

a

TherelarellseveralOpotentialJexplanationsCforCthe Ocontradictory(OICNSCOmanifestations [
between[Dap122*“*"andDap12***®.[Oneltould[bethedifferenttargeted mutations;]
deletionloflthefransmembraneldomainlandpart[éfthe [dytoplasmicldomainlincludingfhed
firstCtyrosine[of the 1TAMHomainbin[Dap122®**’mice, Canddeletion[ofthe [putative
promoter@smvell@s[the@xtracellular@nd[transmembranemiomainsﬁh[IDaplZAeXl's%ouseD
model.[However,thisCseems[unlikelyCbecauselseveralstudiesChavelshownthatthe[
transmembranedomainCasCvellCas[the[tomplete O0TAMCdomainCareTequiredfor(the
complexdormationCof(lDapl2Wwith[the[associatedteceptorsCasvelllasForlLtell-surfaced
transportation[of(theDap12/receptorleomplex{Lanier[et[al.[1998a;McVicarleét@l.[1998;0
Smith[CetCal.[1998;[BakkeretCal.[1999;1 ovelland[Bhores[2000).[Thus,thetargeted
mutationsfihbothinouseStrains@repredictedioMesultlihfaibtallbsslofDapl28ignaling.
Along[ihistine,[ho[Dap12polypeptideChasbeenltletectedlinissueslofleither[df(ihesel]
mouselstrains[(Bakker[&t[al.[2000;Kaifulétlal.2003).[Further,thefargetedldeletionsinC
theselfwolthouse[Strainsiaremot&nownlib@ffectfhefunctionofgenesiotherfhanapl2.0]
a

An[@lternative(@éxplanationfor(differenceslihthe(phenotypeldould [‘r’be[that[fheD]])aplZ“""?"4D
and [DaplZA“'Xl'?’Dmouse[StrainsDepresent[butcomes[bf[kjifferent[knockout[lstrategies:D
Cre/lox[ktrategylin [DaplZAeX3'4DniceE(BakkerEEtDal. [(2000)[andtheltonventionalCheol
cassette(disruption6ftheDap12[genesihDap12°**>mice[(Kaifu@t@al.2003).0]

O
Theldhird(éxplanationtorheldifferentimanifestationslinihesedwolmousel$trains[couldd
bedhel(potentialldlivergencelin(Dapl2signalinglinldifferenttmouse$trains.[Thelgeneticl
backgroundoflbothinouseStrainslistheterogeneous.[TheDap12-***"micelarelhybrids(
of[129[0laland[(C57BL/6[Strains, (Whereasthe[Dap12***mouselstrain s AChybrid (of]



129/SvJ0anddC57BL/60strains.[0Furthermore, 0 McVicardandOhisO colleaguesThavell
demonstratedlalsignalingdeficittwithin[@he INK [¢ells[in[129/J[And[129Svinouselstrains[]
downstreamdo[Dapl2{McVicarlet@l.[2002).dtls MinknownivhetherhisHeflects[alviderd
Dap12(signalingldeficitlinCmicelderiveddrom129(strain. dtseemslevidentihatldetailed O
neuropathologicallandbonel$tudiesoffleongenic[Dapl2[knockoutlinicearetequiredo]
clarifylihelissueloflihelphenotypeldifference.l]

a

IMMUNOLOGICALPHENOTYPEOFMICEWITHMANIPULATEDIDAP12[GENESO

Previous[ieportsidemonstratefhatmicewith[disruptedDap12noleculespresentormall]
myeloid@nddymphoiddevelopmentButShowlimpairedlimmunelfesponses(Bakkeretlal.[
2000;O0TomaselloCetOal. 12000b). OTheDimmunologicalCOphenotypeDofOtheDDap12°* 41
knockoutCmouse[strainCwelusedChas[beenTeportedCbyBakker[CandChis[colleagues
(Bakker[®t[al.CR000). Onterestingly, (these[Dap12°***"knockoutCmicearetesistanttol]
experimentalCautoimmuneencephalomyelitisC{EAE),CaCmousemodelforCtheChuman
diseaselmultiple[sclerosis({MS),[inducedby[subcutaneousimmunizationCwithCmyelin(
oligodendrocytelglycoprotein((MOG)[peptide.[Further,CWwhile[the[(NKLtellsCofCknockoutd
micelfecognizelSeverallouseumorldelldinesimormally,Theyshow@nlimpairedfunctiond
bylnefficientlydyzingxenogeneic[Chinese[hamsterfovary[{CHO)[tells,[asTeportedby]
Bakkerf@andmhis[dolleagues({Bakkerletal.2000).0

O
Infalmouse(strainl¢reatedy[Tomasello@ndher[¢olleaguesiheutatedDapl2protein]
lacksthe[bneltyrosine[bf(thedTAMUCaAt[position[I75{Y75)Cas[vellCastheCwild-type ICO
terminus@minolacids{Y75-R86){Dap12“*""®)[Tomasello@t[I.[2000b).[TomaselloandO
herTolleaguesChavelteportedCanCaccumulationCbfCdendriticCtellsCnCmuco-cutaneouss
epithelia,[associatedWwith(anlimpairedhapten-specificléontactSensitivitylihitiated by Skin [
dendriticOcells. OTheONKOcellsOofODap12X4Y"* OmiceOshowfunctionalOdeficiencyOas
determinedbyanlmpairedfecognitionfandkilling[bf(3omelmousefumorleellldinesfand
CHOLXells.OTheirCmousemodelCalso[showsCanOmpairedresistanceCagainstCmurineld
cytomegalovirusbyNKGells[{Sjolinlétal.[2002).00

a
ThelDapl2ransgenicinouselnodel,[dreateddyllucas@ndhis[¢olleagues,darry11,[170
or[BOLkopies[bfChumanDAP12henes[bothOnCmyeloidCandOymphoidCtompartments.Od
Overexpression[of(DAP12[hasbeenshowndotesultlnT andBLeelldymphopenialand D
reductionfintheChumberCbfNKLtellsCandCmonocyteslinCaltransgeneltdose-dependent
manner.[Theselinice@lsolshowlanlihflammatorysyndromel@ssociatedWith[heutrophiliall
andlunglinfiltrationyhultinucleatedmacrophages({Lucas(ét@l.2002).00

O



Inl¢onclusion,Dapl2signalinglistequired{orhelhormal INK@ndldendriticl¢ellFunctiond
inltheCmouse.[However,[theimmunologicalldefects[tausedby[Dapl2[teficiencylarel]
ratherimild.[]

PATHOGENICIMECHANISMSINPLOSLO

Thelbathogenesis[of(PLOSLOsinknown. [T helhypotheses[onlihepotentialjpathogenic
mechanismsin[OPLOSL OhaveOevolvedOalongOwithOanCincreasingDknowledge Cof(the ™
disorder.[Thefirstypothesisléonsidered@nlérrorinfhel$ystemiclipidetabolism{obe
responsible(forCPLOSL{Nasulkt[al.[1973;Wood[11978).[T he[basicCmetabolic[tefect
woulddhenltauselthelbreakdownlbflthelmyelin($heaths,butfholuinequivocallévidencel
hasbeenpresentedlinSupportlofihisiheory{Akailétlal.[1977;Kitajimaletlal.[1989).0n
addition,fhelasymmetrylofltheQlvhite inatter[¢hanges, evealedbyMRI, Os[hotEypical [bf]
systemiclinetabolicldisorders.[Thelsecondhypothesis[suggestedWascularfdamagellvith[]
resultantCblood—brain[barrierlbreakdownandtonsequentthroniclbrainfedemalasihel]
mainCpathogenicCimechanism{Kalimolet[al.[01994).0nadditiontothebrain,Cabnormall
bloodVessels[havel@lsolbeenlieportediinihe®ones,[andlimmunohistochemical$tudies
haveOshownOextravasationCofOplasmalconstituentsCinCtheObrain.OTheOmicrovascular
alterations[observedlinlfhel¢erebrallivhite[natterfofldurlpatientsl¢ouldonceivablylead
toCledemalorlschemialCandresultCinCobligodendroglialCandCaxonaldamage,Cincludingd
spheroidformation,[andWidespreadoss[offaxons[andlmyelin($heaths.[(However,[tls
unknown@Wwhetherlfhe@ascularl@dhangeslarelprimaryloriSecondary.l

a

Ourinding[bf(defective (DAP12/TREM2signaling[doesChot[directlysupportCeither[bf]
theselprevious[hypotheses.[WelhavellhypothesizedIhat@heltonnectingactorbetween
lesionsinthe[CNSCandbonesltouldbelihe[commonlmyeloidlorigin[ofleells[potentially
expressinglDAP12[&nd[TREM2.Microglia,@helphagocyticléellslinthe[CNS, [differentiate
from[eells[offmonocyte/macrophagellineage{CuadrosfandNavascues1998) knowndo
expressDAP12[andTREM2.[Eimilarly,[bsteoclasts, [tellsiesponsibleforfemodeling[of]
boneltissue,CarelderivedfromtheChematopoieticCstemCcellCpopulationCinthe Choned
marrow,[Which$hare[@[common[differentiation(pathwaylwithfmacrophages[{Vaananen
andHorton[1995;Fujikawalet[&al.[1996;[Heymann[et[&l.[1998) [(Fig.[13).[Accordingly,d
analyses[of(iheléxpression[df(Dapl2landTrem2hnihelmousebrain[have$hownihatd
theselgeneslarelexpressedlinmicroglialCtells{Schmidletlal.[2002;KaifuletAl.[2003;0
unpublished).Furthermore,CourCuantitative[(RT-PCR[Analyses[how(thattDAP12andO
TREMZ2[arelexpressedn[PBMCifferentiating@olosteoclasts(IV).Otzhouldbehotedd
thatfalthoughAP12@ndTREM2@rel@éxpressedbylmicroglialldells,fhelrole@finicrogliall
inlfhe[CNS[pathogenesisliklinknown.[Similarly,[despitefhel¢haracterizationof[aldefectD
in[bsteoclastCmaturationCandfunction,determiningtherueltolebfCbsteoclastslinthe
bonelpathogenesisoflPLOSLIfequiresfurtherStudies. I

a
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Figure[13.Microglialleellsfin@he [CNS[And[bsteoclastslin(bone[originate frombonelarrow
andlareldifferentiatedd@romIhe$ameCD34+[progenitor(tellfypeltirculatinglintheonocyte
fraction.Modifiedfrom[{Abbas(étal.2000)

T

0
Kaiful@ndhis[tolleagueshavefecentlyldetectedDapl2polypeptides@nddranscriptsini
primaryl¢culturesfoflmouselbligodendrocytesfandloligodendrocytelbrogenitors{Kaifulet[
al.[2003).[Thisls[@alrathersurprisingdindingsince[Dapl2haslpreviouslylbeenteliablyd
detectedlonlylinlhematopoieticllineage,Whereasloligodendrocytes[areofiheuroepithelial ]
origin({Miller2002).[TheFole[ofloligodendrocyteslinthe(CNS[pathogenesis[of(PLOSLO
hasiobelStudied@arefully.

O

DevelopmentlofitheBonelllesionsO

Thefirstsymptoms[of(PLOSL@ppear@pproximatelylatlage 20GAspainfandwellinglin
thelanklesfandeet[ollowinglStrain. (Fractureslinfhebones[offhehands[and{eetlafter
minimaldraumaloccur@dewyearsOaterfduedolsymmetricbonel¢avitiesHilledWithipid
materialthatCOmicroscopicallyCconsistsCofCconvoluted -2 CumCthickOipidCOmembranes, [
amorphousl(ipidinateriallandfatléells((Fig.[14)[[Nasulet(al.[1973;Palonevalet(al.[2001).00
Thellesions[arefoundin@lliboneslofihelextremities, [@speciallylinfhe¢arpalland@arsall
bones,netacarpals,iinetatarsalsf@ndphalanges.dnihedongZubularbones,Ihel¢avities]
arellypicallyOocatedCatthedistallendCbf(the[bones.OnCaddition[to[boneltavities,the
affectedObonesOshowOpronouncedfocalosteoporoticCifeatures,i.e. OmarkedOlossOofd
trabecularfbone.Theldevelopmentlofthebonelesionslis$lowly[progressive,[andthe
ageloflonsetoflthedesionslisdinknown[{Makelalét[al.[1982).[Thehormallaveragefeightd
andfhelacroscopicStructureloflthebonesinPLOSL [patients,[@part@romhelcyst-liked
lesionsland(irabecularbss,ihdicatesihatbonefemodelingylosteoclastsiduringlgrowthd



istmot(3everelylaffected.In[¢contrastofhephenotypelwith[$everelosteoclastfailure,fhel
boneslarelnotldsteopetroticl{deWVernejoullandBenichoul2001).
O

Figure14.0ContentsOofOtheObone
lesion.Theesions[donsistofdavities
thatOradiologicallyOresembleOcysts.
Microscopically,OtheOlesionCcavities
containCconvolutedOlipidOmembrane
structures[{C)HilledwithCamorphous
lipidiSubstance,@ndfatlc¢ells{F).(The
boneOtrabeculae(B)O ared partially
preserved.0 The scaled bar
corresponds told 1250 pum{ (van
Gieson).O

LI
Thelfeasonlwhy(fheonelesions@refoundlonlylihfhedimbboneslandéspeciallylinfhe
distalCend[bf(the[bonestemainsCunclear.[Bones[teveloplkitherCbyendochondralCord
intramembranouslossification.(dnféndochondralldssification@¢artilageinodell$ervesas[]
theOprecursordof0bone,OwhereasOintramembranousdossificationOJoccursOwithout[anO
intervention[oflal¢artilageprecursor{Rosslét[al.[1995).[Onterestingly,[allbones@ffected
by[PLOSL [areformedbylendochondrallCbssification.[Noltysticllesions[or[pathologic[l
fractureslhavel®eenfoundlihfhebonesldevelopedbylintramembranouslossification{thed
skull,COface,CclavicledandOmandible). OHowever,CthisCdoesOnotOexplainCOwhyOthe Oaxial O
skeleton((vertebrae),d0developedOdbyOendochondralOossification,isOunaffected. 0 Thed
pathogeniclinechanismesultinglinthe[accumulation[ofipid(material (withinthelesion
cavitiesOremainsOunestablished.OTheOaccumulatedOlipidOmembranesCOmayOrepresentd
incompletelyCprocessedlbreakdownl[productsCofltelllmembranes.tlsnlikelydhatihe
lipidOsubstancelisOtranscytosedOfromOthe dbonelresorptiondarealandOsecreted Oby
osteoclasts[becauseliheltesorbedbonelmatrix[tonsists[mostlylbf[¢alcium,bsteocalcin(d
fragmentsandypell¢ollagendragments, butlhotipids{{NesbitttandHorton[1997;[Balo]
et@l.1997).0

O

CLASSIFICATIONOFTHEBONEMLESIONSO

ThelturrentOiteratureCon[(PLOSLdescribes[thelbonelesionsCas[boneltystsfortysticO
lesions.[Thisls[father(iisleading$incedhelesionslare[hotealtysts,ThatbyldefinitionC
havelo[belivell-demarcated[¢avitiesinedbylépithelium{Dorland2000).Histologically,
theOboneOlesionsOinOPLOSLOareOpoorlyCddemarcatedCcavitiesOwithOinhomogeneous
contents.[TheBone[davitiesiesembleldysts(onlylihdadiographs[ofibones((Fig.6a,p.[44).0
ItOsCactuallyCpossibleOthat[theOcavitiesCrepresentCpredilectionCregionsCof (trabecular
osteoporosis-typebonelossihatlisobserved@roundiheldavities.O

a



NEUROPATHOLOGICALMECHANISMSINDIFFERENTHFORMSIOFIDEMENTIAO

Certain(forms[bflbothlinheritedCandsporadicCdementiaCandCbtherCheurodegenerative
disorders[are[found[toChavekeveralCtommonCheuropathologicalCmanifestations. CFord
example,ihewokeylpathologicallesionslin[Alzheimer'sldisease{AD)Areiheplaques
(aggregated[B-amyloid) CandCheurofibrillary(tangles{intraneuronalCaggregationsCof(taull
protein).However,Similareurofibrillaryfangles@re@lsoiheeuropathologicalallmark
inrontotemporalldementialwithparkinsonisminkedolchr. A 7[(FTDP-17).[Furthermore,
amyloiddplagquesOmayOalsoOoccurdinOdementiaCwithOLewyObodiesOasOwelldasOinO
transmissibled spongiform(] encephalopathies.O Further,d Lewy(] bodies[] (intracellulard
aggregates[ofld-synuclein)@refoundihewybodyldementia,[Parkinson'sidisease,@nd
somelformsoffAD{HardyAnd[Gwinn-Hardy1998;MHaltia2000; MirralandHyman2002;0
Ritchie[@andllovestonel2002;Taylor(et[@l.[2002;[TsuangandBird2002).Mostdementias]
discussedCabovelprimarilyCaffectlthe[heurons.0TheCheuropathologybf(PLOSLCtlearlyd
differsOfromOthedbrainOlesionsCfoundOinOthedabove-mentioneddneurodegeneratived
disorders.[PLOSL[doeshot[Seemiobe@primaryheurodegenerativeldementialsincethe
neuropathologicalChallmarkCof(PLOSLCstheseveredossbfCmyelin, CandCholsignsCof]
intraneuronallorlihtragliallinclusionshaveBeenlidentified,[despitefhedallooneddontours
foundOnsomelheurons.[Thelpresencelbf(balloonedCheuronsCimightCiepresentCtentral]
chromatolysisCasCalsign[bfltegenerative Cattempts[bfCheuronsOnltesponselioCaxonall
damagelduebyelindbss.

a

PSYCHIATRICISYMPTOMSINIDEMENTINGIDISORDERSQ

PLOSLOpatientsOshowOaOprominentUfrontal Clobedsyndrome OwithOlossCofDjudgment, O
euphoria,dackOofOsocialCinhibitionsC(includingCmoria,Ci.e.Caltendencytofjoke), Dand O
disturbancelofléoncentration.[SuchSymptoms(inldementingldisorders@reléommon.[The
frontalllbbe ($yndromelis[@fypicalnanifestation(in[severallheurodegenerativeldisorders,
suchCas[FTDP-17CandCklassicalPick’s[disease{Fosteret[al.[11997;[Dickson11998).0
Psychiatriclsymptomslincludinginood(disturbances[{euphoria,[depression),[pbersonality]
change,behavioralldifficulties[{agitation,[apathy, [disinhibition, @berrantinotorehavior),
hallucinations,[delusions,[and[eatingldisorders[occurlinipoP0%[of[dementialpatients]
(Fosterlet[@l.997;[Ritchielandlovestone[2002). [

a

DIFFERENTIALIDIAGNOSISIOFPLOSLO

ThelOcombinationOofOfrontal-typeddementia,ddebuting0inOtheOfourthCOdecade,d0andO
radiologicallyldemonstrable[@yst-likeldsseousllesions[isMatherliniquelandnakesliléasyl]
tolklinically[distinguish[PLOSL [(from thelestablished (formsof(JsporadicClandfamilial
frontotemporalldementialsuchlas[Pick’'sldisease,monspecificlrontalllobeldegeneration,d



andUOtheOvariousUentitiesOofOfrontotemporalCDdementialandOparkinsonismUlinkedOtod
chromosome[17[(FTDP-17)(Foster(@t(al.[1997),inSeverallofiivhichnutations[dfthefaul
genelhavelbeenlteported{HuttonCet[Al.[11998; BpillantiniCetal.[11998; G oedertet[al.O]
1999).0Atkhetissuelevel,theresCholbeta-amyloidCaccumulation,Cand theOvarious
synucleinopathiesfandauopathies[{Hardyland[Gwinn-Hardy[1998)canbeléxcluded by
theOabsenceOof0intraneuronaldorOglialddeposits,dimmunoreactivedforda-synuclein, O
phosphorylateddtau,JorOubiquitinC0(Dickson[11999).0ADIack DofdJimmunoreactivityOfor[
phosphorylatedCheurofilamentCepitopesDoraB-crystallinCdistinguish(the Cchromatolytic[l
neuronsoflPLOSL [patients@romdheballoonedldellsseenlinPick’sldisease@ndseverall
otherfdementinglLeonditions[{Dickson[1998).4T hebrain[pathologyof(PLOSL [patientslis]
dominatedy(sclerosingeukoencephalopathy®ut,[in[¢ontrastfoPLOSL, [¢yst-like[done
cavitiesCarehot[foundOntheknownForms[bfCadult-onsetOeukodystrophy.[TheCwhited
matter[lesionsCin[PLOSL CareassociatedCwith[vascularCalterations, [distinct(fromthe
various[terebralCamyloidCangiopathiesCandterebralCautosomalldominantarteriopathyd
with[Subcorticallinfarcts[@ndleukoencephalopathy[[CADASIL)[(Kalimolet[al.[1999)bylhe
lack[ofCtongophilialorCgranularfbasophilicCand[PAS-positive[materialCin[thethickened
vesselOwalls.CAChegativeChistory[forCelevated[blood[pressureprecludesChypertensived
small-arteryldisease.]

a

ItOslimportantdolhotehat,[accordingfolourldata, upHo25%[bf[fThePLOSL [patients[do]
nothavel@nyldlinicallskeletallSymptomsbeforelfheldnsetloffhemeurologicallSymptoms,
andkome[patientsCdohot[sufferCfromfracturesCatlall,[despite[thebresenceobf[the
pathognomonicboneesions{llIandinpublished).Fromtheldifferential[diagnosticpoint
oflNiew,it[Should[@lsobeMotedfhatldccasionallpatientsihelderebralWhitefhatterdboked
normallWhenlinvestigated(by(MRIat[thellimelbftheirsttlinicaltheurologic[symptoms[
(n.o

O

TREATMENTIANDICLINICALICOUNSELLINGO

Currently,(hodherapyoldelaylorfhaltiheprogressionof(PLOSLsknown.Therefore, I
onlyBymptomaticlfreatmentlis[@vailable.dhlihdividualldases, 0rthopediclankle[Surgerylas

well@s3upportivelorthopedicldlevicesnaylbebfWalue.[Epileptic[$eizuresnayvorsen]

thelpatient'sl@ondition.[Consequently,[ddequatelantiepilepticinedicationlisimportant.[To

preventCandCiminimize[the[severeSocialCproblems{divorces,[Linemployment,financialC

troubles,$uicidelétc.)[tausedbyfhedrontaldobe$yndrome,fhelfamilylinembersishould

belWelllinformed@boutiheatureloflfheldisorder{Hakola1990a).0]

a

O
O
O



CONCLUDINGIREMARKS[

O
Thisdhesis[presentedimolecularCgenetic, tlinicallandpathogeniclaspectsoflpolycystic
lipomembranous[bsteodysplasialivith[Bclerosingleukoencephalopathy[{PLOSL,[Nasu-
Hakolaldlisease),[altnonogenicmodeldordemential@ndboneldegeneration.dnZhedirst
originalCpublication[theltausative[genefor[(PLOSL[WaslidentifiedCas[DAP12,[and[the
mutationsfesponsibleforiheldiseaselininajority[offthelpatientsiwerelestablished.Onfhe
secondarticletheOmolecularCgeneticCbackgroundof(PLOSLOwascompletedCbythed
identification[of(iutations(inthe$econdPLOSL[genel¢odingforlthe[DAP12-associated
receptor(TREM2.[Thelthird[article[characterizedfhehaturallcoursedf IPLOSLI[in[fespect
todheltlinical,(*adiological,Chistopathological,CandelectrophysiologicalCmanifestations.
TheOfourthOoriginalOarticleOcharacterizedOtheOroleDofODAP12/TREM20signalingdinC
osteoclastOdifferentiationCdJandOfunction, JandOprovidedOanOinsightOintoCtheOpotential O
pathogeniclihechanismiofbonelesionsih[PLOSL.I
a
Withhelidentificationlof(ihe[DAP12/TREM2[¢omplexdobedesponsibledorPLOSL,The
basic[ioolsdorhelelucidation[of(ihepathogenesis[of IPLOSLhavelbeenléstablished.O
FunctionalOstudiesOtoOfollowOwillJanswerOtheOessentialJquestionsOconcerningOthed
molecularpathogenichechanismsOf(PLOSL.O
O
Theiologicallsignificanceloffthe[DAP12-mediated(signalinglinlinnate immunityhasjust(
beganobeinderstood.Basedonfhisihesis,Thelsignificance@fDAP12@And TREM20hO
themormalfunctionoffhe[CNSEndbonehavebeenléharacterized.This[Studylalsoldinks
thelimmune[S8ystemIb[CNS[andboneldisorders(ih[@anlihterestingiway. I
O
Inffhelpastldecade,@remendous[advanceshaveeeninadelin[ourllinderstandingofihel
molecularCmechanisms[bfldisordersCbfthelbrain.O0ChopelthatthisCstudyCwilllCprovide D
perspectivesfor[thestudies[bf(bther[degenerativedisorders[bf(thetentralChervous]
system@ndbonelS$uchlasinore[écommonformsoffdemential@andlosteoporosis.dFinally, O
wish(thatCsomeldayburfindingsOwillCbenefittthe (PLOSL CphatientsCbybromoting[thed
developmentofalireatmentiorihisdramaticldisease.[

Oooooogoooao
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