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ABSTRACT

In@heBEeneralPpopulation,®he @iming@®f@he@nset@®fBuberty Asthormally@istributed.fThis
variationAs@etermined by ZeneticlandEnvironmental#actors,but@helxactmechanisms
underlying@hesenfluences@n@he@ontroldffubertal®nset@emain@lusive.fTheurpose®df
thisBtudy@vas@oBgainBnsightAnto@eneticlregulation®fPpubertal@iming.@ontributionsbf
geneticBversusZenvironmentalfactorstoPthe ZhormalPvariationPofZpubertal ZkimingPwere
explored@nAwins.Familial@®ccurrencefandAnheritancepatterns®fonstitutional @elayfbf
growth@ndpuberty, DGP{a®ariant®ffhormal@ubertal@iming),BvereBtudiednfedigrees
ofBpatients@Evith@hisProndition.floPultimatelyetectBgenesfinvolved Anlthe Aregulation Zbf
pubertalZtiming,ZgeneticBlocifronferringsusceptibility @oPZCDGPEAvere Bmapped BbyPlinkage
analysisin@he@amefamily@ohort.

ToBdecomposelthelRloverall@phenotypicBvariancePoffpubertal@timingPintolgeneticPland
environmental@omponents,Beneticfmodelingbased@®nfmonozygous@winsBharing @ 00%
and@lizygousBwinsBharing®0%Df@Bheir@enesBvas@sedAn2309Birls@ndA 828@oysErom
thePFinnTwinPl 201 7Btudy.fThe @iming@fPpuberty@vasstimated ArombheightBrowth,A.e.
changeAn@heAelativetheight®between@hehge Bvhenfubertal@Frowth@elocityBeaksdAn@he
general@opulationinddulthood.his@Eeflects@he@ercentage dfdulttheight@chieved it
theB@verageeakheight&elocity@ge,And&hus,Pubertal@iming.

BoysPhndEgirlsPdiagnosedBwithECDGPEwerelPgatheredPthroughPmedicalPrecordsPfromBsix
pediatricBclinicsBin@Finland.AFirst@legreelrelatives@of@the@probandsPwerelinvitedto
participateyetter;@ltogether,286HamiliesBvere@ecruited.BWhen@possible, amilies@Evere
extended@olnclude@lsoBecondBEhird BdrEourth@egree @elatives.The@iming@ffubertyln
allZfamilyPmembers@vastbrimarilyPhssessedFromPlongitudinal Bgrowthata.fl'his@nabled
objective@ndBimilar@stimation®fBubertal@imingin@amily@embers@f@ifferent@ges,And
ofbothBenders.MelayedPubertyBvas@efinedbybnset®fpubertal rowthBpurt®rzpeak
height@elocitytakingPplacell.5relaxedriterion) PbrP2EED [ strictltriterion) Pbeyondthe
mean.AfErowth@ata@vereMinavailable,Bpubertal@iming@vasased®n@Anterviews.AnRhis
case,lLDGP@riteriaBivereBet@staving@indergone@ubertal@evelopment@nore@han2 {strict
criterion) ®r@.5Fearsfrelaxed@riterion) Bater@han@heirBeers,Brinenarche@fter@ 5{strict
criterion) ®rA4B8tearsfrelaxed@riterion).Anfirst@egreeelatives,@heBiming@fGubertyBvas
mostlyZassessed@romBErowth@hartsd80%),ZindAnBecond@egree@elatives,yl@nterviews
(60%).EFamilialPbccurrencePoftrictPCD GPBvasPexploredBinPfamiliesPofPll 24 Phatients?(95
malesPhndPR9lfemales)BinvestigatedBinPtwoPlhospitals@romBESouthernFinland.PZInBlinkage



analysis,BveMised@EelaxedDGP Eriteria; b2 FamiliesAvithBolelyBrowth@atatbased L DGP
diagnosesfivereBelectedfrom&lI@linics.

Based@®nAwin@ata,BeneticBactors@xplainB6%AndB2 % mfEfheRrariance®{Bubertal@iming
inBirlstind@oys,Fespectively.AnHamilies,B0% Dffnale And @ 6% BDfFemalefprobandsthad
affectedBfirst@egreelrelatives,RinBwhomPACDGPEwasA15EtimesPmoreZcommonfthanfthe
expected®.5%bbrevalence@n®helgeneralpopulation.AAn 4% 17 PR 3) EbfPthe Bxtended
families@vithEBbnly Pbnelhffectedpbarent,FamilialBpatterns@vereEonsistent@vithPhutosomal
dominantPinheritance®(affectedPpedigreePmembersbfbothlsexesPtransmittingCDGP Fxo
roughly® 0% @®f@heir@®ffspring). By MisingB 83 @nultiallelicBnarkers@ndBubsequently#inel
mappingBwithPR5FhdditionalBimarkers,Bsignificantflinkage Bfor2CDGPEwasPdetectedZrolthe
pericentromeric@egion@f@hromosome®,Bo2p132ql3fmultipoint@LODZ.44,@0.41).

Thefindings@®f@hedarge @winBtudy@mply@hat@he&ast@najority@®f@hefhormal Fariation@f
pubertal@imingfis@Attributed@ofAnter@Andividual@ifferencesin@enetic@actors.Moreover,Zhe
highf@requency@f@ominantfnheritance@atterns@nd@he@argefiumber@f@Affected@elatives
of BLDGPEpatientsPbuggestfthatzeneticeffectsPalsoPmarkedlyProntribute@ofonstitutional
delayBofPpuberty.EDetectionBofPthellocusE2p13@2 ql3RinPthelpericentromericlregionFof
chromosomePR2PassociatingBwithECDGPEisPone BstepBtowardsBunravelingltheZgenesfthat
determineubertal@iming.
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INTRODUCTION

The@iming@ffhe@nset@ffuberty&aries@reatlyin@he@eneral@opulation (tannerm9s2).@Based
on@oncordantPpubertaltimingfbetweenPmonozygoticBwins (Fischbein1977,Bharmari 983, Arreloarfand
Martin@990,Kaprio®t@l.A995,Beunen®t@l.22000,Towne@t@A1.2005 Fan@enBergfindBoomsmaR 007,BilventoinenZtzl.2008) and
similaritiesn@he@ges@AtGubertal@nsetbetweenFamily@nembers (sedimeyer@tal 2002, @edries®tal.
2004,PErsoyfetlal.@2005,BvanBden@BergZand@Boomsmaz2 007),|Ztheimingubertyppears Ptolbe argely
regulatedyBeneticactors.Ankhddition,#he@iming@®fPpubertyBFeems@obbeAnfluenced by
signalsBfromBperipheral@tissues (FernandezfFernandez et? al.? 2006,8 Gamball and® Pralongt 2006) land Plthe
environment (MageeBetflal B1970,BAlbrightzetal.21990). AT he PexactPgenesPandPmechanismsPinitiating
puberty@nd@ontrollingts@iming,tiowever,Arefoorly@haracterized.

ABlobalBecular@rend@owardsRarlier@uberty@®bserved Forfmore @hanEentury@eflects
improved@utrition@ndfealth (Rochem979,mVyshakmndeFrischm 982).ANovel Bnvironmental@nfluences
havebeenBuggested@oxplain@nore@ecentbbservationsf@xceptionally RarlyPpubertal
signsPinfsomelemalePpopulations (Hermaniddenset?al 21997, BHuenBetfal. #1997, BPapadimitriour2001). 2T he
increasingPproblemPbfthildhoodPbbesityAsPassociatedBvithPearly Phuberty PhndPmayfbela
factor@nderlying@dvanced@naturation (Guoztal.a997,BiroRtal.2001,He@ndKarlberg001,Kaplowitz@tALZ001,
JuulBetal. 220 06,2KindblomBetZal. 22 006,BSand huBetBal. 22006, BSilventoinenetZal. 22008). ZIn PAd dition, Zenvironmental
endocrine@isrupting@hemicalsthaveeenBuggested@o@xplain@arlyfubertal@naturation,
e.g.AnAnternationally @dopted@hildrenagxrstevskarKonstantinovatl. 2001, Mul L2002, ETeilmannBtaALR006).
Early@ubertal@evelopment@nay@ause @ong@erm@dversehealth@ffects,Buch@sAncreased
riskffbreast@ancer@n@eneticallyBusceptiblefndividuals (Hamiltonmnd®Mack2003,BhlgrenBtel.2004),
and@educed@dultheight BirortaLz001,AlopWinolasztalzoo4). Furthermore,@dvancedaturationfs
associated@vithAdult®besity@nd@ardiovascular@isk@actors (Remsberg@tml.2005,Kindblomt@l.2006,
sandhut@l.2006), And@nayPredict@sychosocialfroblemsfn@dolescence (kaltialafieino®tml.2003,Patton
etml2004).fThus,@heBossibility@hat@rends@owards@arlyBnaturationffect@ot@®nly@ertain
subgroupsbutBvholefopulationsis@&najorublicthealth@oncern.

UnravelingPthelexactPmechanismsPofPthe BcomplexPneuroendocrinelnetworkPcontrolling
pubertal®nset,AndAinderstanding@henterplay Between®hisfhypothalamicBystem@And&he
environment,Bvould@indoubtedly be#acilitatedBynoreBreciseknowledge®fEheFenetic
factorsfinvolved@n@he@egulation@f@ubertalBiming.
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REVIEWWOFTHELITERATURE

1.MIMINGOOFPUBERTALONSET

1.1.PUBERTYRASAMATURATIONALPROCESS

Puberty@shPmaturationalrocessbf@helhypothalamicBpituitaryBonadald HPG) Baxis.AtAs
initiatedBthroughfreactivationbffhypothalamicPgonadotropin@eleasingPhormone? GnRH)
neurons,@vhich@reformonally@EctiveAn@he@etus (kaplanetalmoze) AndBewbornnfant winterzt
alm975),but@hereafterecomeelatively@ormant (TerasawamndeFernandezz001).PRobust@elease@®f
GnRHEtAhelPonsettbfPbuberty BtimulatesPgonadotropesfheanteriorPpituitaryPgland o
secrete@gonadotropins,Auteinizingfhormoned LH),Pand HollicleBtimulatingthormone{ FSH)
(TerasawaPand@Fernandez?2001,8Grumbach?2002). ZLHPANd PFSHEAnd uce fthe Pfinal Bl evelopmentPb fBenital
organs,BeadingPtoPproductionPbfPmaturegametestandBexBteroids@ gonadarche) (Grumbach
2002).83mallAmounts@f@onadal@strogen@nd@estosterone@reBecreted@lready@n@hildhood
by®he@repubertal@onads Mitamuramtalm999,z000), ut®nly@BufficientBncrease AnEheirflasma
concentrations@nduces@he@levelopment®fFecondary@ex@haracteristics.During@uberty,
alsoodyheight,Bveight,And@omposition@hange@n@Bexually@imorphic@attern,@esulting
in@Attainment@f@AdultBtature@ndbody@roportions (Tannerfl962,2989).

hypothalamus v GnRH
. neurons
" GnRH
anteriorpituitary gonadotropes
. LH,FSH
secondaryBex
v characteristics,pubertal
growthBpurt
gonads

SEXBTEROIDS

Figure. Maturation®ffhe P G@Axis.Hypothalamic@inRHBtimulatesBecretion @ ffituitaryFonadotropins,dLH
andBFSH,EwhichlinducezonadalBmaturationPand Pproduction PofsexPsteroids?(testosterone PandRestrogen),
leadingfo@evelopment@f@econdary Bex@haracteristics@nd fubertal@rowth Bpurt.
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1.2.[CLINICALIMARKERSANDNORMALVARIATIONDFPUBERTALAIMING

Clinically,Activation®flhe M PG@Axis,Ale.dnset®ffuberty, Banbe@Assessed@nlyAndirectly by
recording@different@physicallchangesfrelated@tolpubertal@maturation.@TheseBappearfat
different@gesnhealthy@dolescents,Avith@he@iming@ollowing@Bormal@istribution (Tanner
1962).2 Thed cut®ff@ agel limits? for normall pubertalZ timingPl are? based? onf statistical
considerations;t2Pstandard PdeviationsP(SD)EbfPthe PimeanPhgePhtPpubertal FlonsetlinZthe
population.PPubertyPbeginningPearlierforPlater@hanhisPrangelinPanbtherwisePhealthy
adolescentB@s@alledAdiopathicBrecociousubertydIPP)®r&onstitutional @elay®fBrowth
andBpuberty®@(CDGP),Arespectively.@Originally,Bithe@2EBSDRageAlimits@werelbasedon
photographedBbreast,Fgenital,ZandPpubicthairstagesofP420FlinstitutionalizedPCaucasian
BritishZhildrenBrom®hell1960s (MarshallzandeTannerr1969,21970).ZHowever,PthefhgeshtPubertal
onsetrhangelPbverftime (Rochem979,awyshakrandeFrischz1982)ZAnd BvaryZbetweenlPpopulationsPand
races/ethnic@roups (parentzetml.z003).EDistinctBpubertal@®vents@sfarkers@®ffpubertal@iming
and@xamples@ftheirBvorldwide®ariation@re@Meviewedbelow.

1.2.1.BECONDARYBEX@HARACTERISTICS

ThellevelopmentBbfZsecondarysexPrharacteristicsPusuallyEbccursfinPaltertain@sequence,
classically@escribed by anner@tages@ Bhrough® Borbreast,@enital, AndBubictair@rowth
(Marshall@ndfTannere1969,1970). BAppearance®freast@issue@ TannerbreastBtage 2,MB2)As@heHirst
signPoflfpubertylinlgirls (MarshallzandeTannera1969).ZHowever,Pbrematurelbreastissuelgrowth,
thelarche,@nay@ometimes@®ccur@s@nfsolated@henomenon,Bvithout@rue@Activation®f@he
HPGRxis (piamantopoulos@ndBao2007).Exogenous@nvironmental@strogensnay@lsofnduce@arly
breast@levelopment (Colénztrlm000,Felnertandavhiter2000). Furthermore,breast@issue@naybhotbe
easilyPdistinguished HromPfatfinPobeseBgirls (Bonatzetzalrz002). Thus,FhssessmentPbfpubertal
timingy@recordingreasttbudsBnlymaybeAmprecise.Pubicthair@rowth@pubarche)fs
mainlyRactivated@independentlyPof@thefgonads@bylladrenal@androgensl (adrenarche),
especiallyAnBirlsgskarztalaogo).BAdrenarchelis@Brobably@BEradual@rocessbeginningin@arly
childhood (paimertmtmlzoo1).®Pubicthair@s@hereforefot@@eliable@narker@orBonadarche,@nd
thus,Bubertal@iming.An®oys,@he @irst@®hysicalBign@fGuberty@s@nlargement®f@hefestes
and@eddening®{@heBcrotalBkinfTanner@enitalBtage®,@2) Marshallanderannera970).Fl'esticular
volume®f@BEniBDrEnorefaybe@sed@o@ emarcate@pubertal@®nset (zachmanntetal.z1974,Biroketsl.
1995).ZlHowever,Bobservation@of@thisArequires@frequent@longitudinal@examinationsPand
palpationBinceBtaging@f@enital@evelopmentihaybefinreliableby®isual@nspection@lone.
MeasuringPofftesticular@sizellis,Ahowever,Bimpracticalland@mayl cause@ considerable
embarrassmentltoPthe Padolescent.BOverall,BselfZhssessmentPofPpubertalZtimingPmaybe
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inaccurate (FinkelsteinEtPhl. 71999, FHergenroederftal F1999,fBonattetzal. 22002), Pbut Bassessment by @ Bphysician
alsofnvolves@nharked@nterobserver®ariation (Hergenroeder@tal.1999).

According@o@he@British@eference@ata,@hefeanfge@t@EchievingB2As? 0.8FearsAnFirls
(Marshall@inderanners1 969). BBased@®n@his,APPAs@liagnosed Affbreast@issueppearsieforege .0
years,EZandDGPAfthobreast@evelopmentBccursbyll 3.0Fears.he@neanageit@B2has
been@eported@oel 0.8F ears@lsodn@therarts@fEuropeind@inland (ojajarvizn 982, Muletel.
2001,guuletzl2006). An@heAJS, RhisBge@ariesbetween 0.6 EindFl 1.2[Fears (NicolsonBandeHanleya1953,
Fosterft@l.EL 977, fTannerBandmavies?l 985, RRocheretfl. 71995), ZAlthough @hePmost@recentBtudies@eport@mean
ages®f@B.9M 0.4 FearsgHermaniddenstetzal 71997, Bunftfal. 2002,22005, BVutetzal. 2002). BBase d @n@hese, @he
meanBPB2PagePlamonglAfrican@AmericansBisPearlier?(8.9M®.5years) BthanfinPICaucasian
American@irlsf10.070.48rears).Thefnean@ge@tlhi2based®n@Marshall@ndTanner’s (1970)
reference@latalsfl 1.6 Fears,Bpproximately@.8Fears@ater@han@B2@AnEirls (Marshallznderanner
1969).AnAPP,ResticularBErowth@s@bservedbeforeZige®.0,Bvhereas@DGPAsAliagnosed Affho
testicular®enlargementPoccurstbeforel 3.5Fears.BThefmeanhgePatG2EinPbther@BWestern
European®ountries@slPl 1.5@ears (Lindgrenk1996,2Mulettal 22001, Fuulzetzal.22006), ZFimilar@o@atarom
Great@ritain.MhisBgeAsdater@nFinland{ 12.2@ears) (ojajarvim9g2),EindBomewhat@arlier@n
Greece11.0Bears) (Papadimitrioumtml.zo02).An@he WS, Bhe@nean@2 AgeFariesBetween 0.8@nd
11.9@ears (ReynoldsBaind@VinesH 951,MNicolsonfandBHanl ey 953, Arannerfindfaviesd 985, BRocheftEl Al 995, BunfetBil.2002),
beinglearlierPinPAfricanPAmericanf 10.8Byears)fthanfinECaucasianPAmericanfboys(11.1
years) (Sun@t@l.z002).

1.2.2.MENARCHE®RBPERMARCHE

Menarche,@he@®ccurrence®ffirst@nenstruation,Astalrelatively@ate@henomenon@n@Female
puberty.BAlthoughBtPusuallyPoccursPhpproximatelyPR.3 By earsPhfterfhchievingPB2,FitBmay
sometimesbe@XheHirstBign@fPuberty (Marshalltand@rannerti 969,arannerfandeWhitehouser976).Z’he@ime
intervaletween®B2@And@nenarcheds@ongerAn&hoselvith@arlierbreast@evelopment@han
in@hose@vith@ater®nsetM2 (Bourguignon@ 988, BemRidder@tEl. 71992, MartiFHennebergBAnd¥izmanosz 997, AlopWifiolas
et@l. 2004, Birokt@l.2006).MMenarchethas@urrently®eenBhown@o@nly@noderately@orrelate@vith
thePbnset@®fPbreastoripubicthair@evelopment@r=0.37™.39) ederRidderretral ol 992,EBiroR:tE:l 22006),
although@n@arlierBtudies@he@orrelation@vas@.64 (Marshallmnderannerm969).Zl’hisBuggests@hat
menarchePhndPbreastforpubicPhairfdevelopmentlhrefnotrompletelyBparallelPeventsfin
female@ubertalBnaturation.BAppearance®{B2@anbe@egardedZi@nore@eliable@narker®f
pubertal@nset@han@ge@tEnenarche.An@Addition,Although®ecalled@nenarche@fterB0&ears
may @orrelate@vellBvithfnedical@ecordsfr=0.79) Mustetalzoo2), BomeBtudies@eport@hatiess
thanPhalfPofBgirlsBrecall®theirBmenarchealPageltorrectly Zafter@woB/ears (KooPandeRohanz1997).
Spermarche,@he @irst@®mission@®f@permatozoalin@oys@orresponds@o@irls’@nenarche.Ats

16



determination@sased@®nlbserving@permatozoalnfirine {spermaturia).flhis,thowever,
maybe@scertained @t@ARvide@angedfesticular@olumes{32 9.6[nl) (Nielsental.a 986,MNysommtal.
1994).Further@imiting@he@se dfBpermaturia@s@nAndicator @orBubertal®nset,Bubsequent
urineBamples@fterBpermarche@nhaybefntermittently@permbhegative (Hirschetala9s8s).

The@nean@nenarcheal@ge&ariesbetween@ 3.0BindA 3.58 ears@AnBcandinavia@nd@Vestern
Europe (0jajirvin 982, Aindgren®t@l. @991, Fredriksmtal2000,guulmtaml2006). LThisBgeAsAower{ 12.3Fears) @n
theMMediterranean@ountries (defaPuente®t@l.z 997, Papadimitrioutdl2999)And AN sia (Chompootaweep@tal.
1997,Huenttml.@997).An@he @IS, @heBneanfge At@nenarche@ariesetween@ 2.0@nd@A 2.8 Fears,
with@heAowestlages@ecordedAnFAfricanPAmericans@12.0P1 2.5 ears) (NicolsonfandeHanley®1 953,
TannerEandE)aviesIZ[985,[?HermanEGiddens@t@al.lil997,EBiroEet@11.00I,BNuEbtlﬂil.EEOOZ,nderson@deZMust005).menar€hen
AfricanPAmericanBirlsBbccursBapproximatelyne®ear@arlier@han@nblackBirlsAnPAfrica
(Cameron@nd @ right?1990,Pasquet@tala999).AnAinderprivileged @ountries, Bhe@nean@nenarcheal Age s
as@atelhs@ 6.0@ears (simondonfetfalm997,Mrahametalei999).FThe@eported@nean@rfmedianhgeslat
spermarchefaryetween@ 3.4@nd@A 5.0B8rears (Nielsen®t@l.m986,Kulin@t@l. 4989, Bornman 990,Bchaeferf@tal.

1990,i2001).
1.2.3.PUBERTALEGGROWTHBPURT

TheBrowth®fERhild@®anbe@livided@ntoAnfancy,@hildhood,EindPpubertalBrowthBhases
(Karlberge1989). ZGrowthAnAnfancyAsAnitiallyFastfPbutfecelerates@apidly.ZhildhoodBgrowth
somewhat@verlaps@vith@helinfancy@hase@ndBlowly@ecelerates@eaching@Rrelocity @ {5 b
cm/yearfnboth@enders (Tannera9s9).AtBhe@nset@{fuberty, Browth&elocity@lmost@oubles
(Tannertetzal.71976). Anoys,@hisBnsetBBpubertal Browth@purt@ take @ ff) BmostBften Bccurskat
Tanner@enitalBtage®,Avhile@nFirls@tAs@ften,Bogether@vithB2,@he@irstBignBfGuberty
(TannerBand@Whitehoused1976). 2P ubertalPgrowth Bspurtfusually PreacheslitsPhighestBvelocity,Bpeak
height@relocity? phv),tht@TannerftageBPand M PinEEirlsPhnd Pboys,Prespectively (Tannerzand
Whitehouse1976). PAfterBphv,Bgrowth @elocity Bradually @ eclines,Bluring@vhich @imePmenarche
usuallyPoccurs@ngirls (Tannertand@whitehousern 976).2PubertalZgrowthBpurtfincreases@tature by
approximatelyP25frange@ 7@ 3)tAnd 28 range 2 1B 6)EmAnBirlstandboys,Fespectively

(Tanner@t@LA976).

MultiplePfactorsileterminePtheZprocesstbfZzrowth,.g.PappropriatefhutritionZand Phormal
endocrinefunction (Kerriganmnd®ogolm992).HetalAndAnfantBrowth@sBpparently @nainly@imited
byPimetabolicBsubstrate@supply (Blizzardzandzalbertse1956),Bwhereasfchildhood BgrowthBinvolves
regulationy@rowthormonefGH) (albertssonawiklandmnd®osbergaoss).BexBormones,AnAurn,@Ere
responsible@or@he@cceleration®fFrowth@uring@uberty (KerriganmndmRogolim9oz),@Ithough@lso
GHOs@ritical@or@ormal@ubertaltheight@ain (aynsieymreenmiaiaoze). OfBexBteroids,Bstrogenfs
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the@mainPonelregulatingPonsetZofPpubertalBgrowthfinPbothBgenders (cutlers1997).2ThisElis
evidencedby@he@bsence@f@APubertalBrowthBpurtiin@nenBvith@strogen®eceptor@efects
or@@eficiency@n@he@romatase@®nzyme,Avhich®onverts@indrogens@o®strogens (smithetal.
1994,BMorishimaBlet?al.81995).2SincePthe Bimajority BofPestrogeninPmenPisBformed PbyPperipheral
aromatization (MacDonaldeetealm1979),BwhereasBinkgirlsPestrogensfhrePmainlyZproducedbylthe
ovaries,BexMifferences@inParomataselexpressionmaylexplain@heZpubertal Bgrowth@Fpurt
occurringfaterfn@ubertalBnaturation®f®oysBhan@irls (Tannerand@hitehousem 976).BVhereastow
doses@f@®strogenBtimulate@cceleration®fBpubertalFrowth,thigh@osesAnduce@piphyseal
closure (cutlern1997).BWithBlaromatasel@deficiencyPland@estrogenlreceptorldefects,Zigrowth
continues@xceptionally@n@Adulthood (smith@tal.m994,Morishimatal. A 995).

Occurrence Bfflake®DffAndBhvEsBvellAs@Attainment@fAdulttheight@epend@nEhe Biming@f
puberty@ &hey@re@elayed@ndate@naturersdFigure2A),And®ccur@arlier@han@verageln
those@naturing@arly@Figure@BA) (Tanner®tal.n976,fannerfindMaviesd 985, Karlbergtal.2003). Ll he @iming
ofPpubertylPhlsoltharacteristicallyZinfluenceslrelativeheight? height?5D) PHuringPpubertal
years.PReductionlinPheightPSDEisPobservedPinPlatePmaturersZcomparedBwiththoselwith
average@ubertal@imingMecause®f@he@onger@repubertalPerioddfBlow@rowth@nddater
acceleration®fBrowth@nBuberty (Tanner@trl.e1976,mrannertand®aviesd 985 Karlbergetl.2003), And @hus,
these@ndividuals@nayfhaveBhortBtature@elative@ogefmatched@dolescents{Figure2B).
However,AinPCDGP,Ahefreduction@infheightZEDPmayZometimestbelbbserved Bvellbefore
puberty,An@arly@hildhood (Rensonnetmtalm999, mumajumtal.mooo). Lonversely@oBubertaltheightED
reduction@nMatePmaturers,ZarlyPmaturers’theightBBDuringPpubertalBears@s@ncreased
comparedBwithBthosePwithPhveragelPpubertalZtiming,ZandPthesePadolescentsParetallZin
relation@oBbeers@t@dolescence (Tanner®t@l.m976,mrannerBindmaviesa 985, Karlbergetal2003) { Figure B B).
AdultBtature,Phowever,@ends@olbeeducedEspeciallyAfEpuberty@sPtprecocious (Bourguignon
1988 Birort@lL2001).ANMDGP,AdultheighttasBeenBhownfo@MangeBvithin@heformalBimits (volta
etfal.F1988,BrimswigRt@l.f 990,AIbaneseAndBtanhopel 993, Bperlich® L2 995, ArrigoBtELA 996, Rensonnet @l m 999). Final
height@AsPhot®xpected@olelaffected,BalthoughBatePmaturersthavefreduced@urationand
amplitude@®f@helpubertalBrowthBpurt,BandZonsequently,Feduced @otalZpubertaltheight
gainftelative@o@hose@nteringuberty@arlier (Tanner@ndmaviesn 985, Bourguignonl 988,Btanhope®tal.f1988,
Karlbergtetl.22003),Bbecause@ateBnaturersthave@onger@hanlaveragebrepubertalBBrowing@ime
(TannerPandPDavies?1985,FBourguignonl 988, Btanhoperetal. 71988). BFinalPheightfin @elayed Bpuberty @loesthot,
however,lways@orrespond@o@enetictheightlpotential A.e.Rargettheight (Brimswigretzalmoo,
LaFranchifetfal A1991,BAlbaneseandBtanhopel 993,21995). An@heBiverage B opulation,@he@orrelation@®fHinal
height@nd@argetteightls@.71 (Tanner@tmm970),Bvhereas@his@sBignificantly@ower0.40)Hor
boysBvith@DGP (Rensonnet@tal.m999).
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Figure. Longitudinal@rowth®fZAnale Bvith@ater@hanEverageBubertal@naturation. A)Aater@han@verage
onset®{Bubertal@GrowthBpurt,Bpeakheight@elocity,ind Attainment®fEdulttheight. B)Typical@eductiondn
relativefieight@height@D)AtpubertalftearsBvhen@ompared&vithAgelnatchedBeers.
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Based®nAhePHarpendenMirowth@BtudybfAongitudinal BsrowthPofEB 5EBritishBirlsZand 2 5
boysArom@he@ 960s,Ehe@neanAges@AtBake®ffAre@ 0.3@ndA 2.1 ears,@espectively (Tannermt
ale976) (Tablell).ZFewlbtherBtudies@eporting®ake@®ffthgesxist.ZinPoneBwedishBFtudy
investigating@ childhood® growth patterns@ retrospectively from® routinel health® visit
measurements,Xake®ffthgeAvasthlso@ 2.1FearsAnboys,butf@ 1.1Fears@AnBirls (perssonkteal.
1999).fender@ifferencelinBake®ffAgeBeemsMobeApproximately@.8Btears (Tannerztalag7e).dAn
theMarpenden@irowthBtudy,@he@ean@ge@tihvAvas@A 1.9@nFirlsAndA 3.9 earsAnboys
(Tannertetml.m976). BwedishBErowthBtudies@eport@neangesthvAoFarybetween@ 1.6 End
12.0Horirls,AndBbetween@ 3.5@AndA 4.0 §earsfor®oys (Higganderarangers 991, Aiukt@l2000,&Kindblom
etmal.2006).Fl’he Bnedian®rnean@alue@orBhv@geAnboys@aries@rom 3.5@0A 4.0 Fearsfn
otherZEuropean@ountries (HulanickafandeKotlarz21983,EKemperkettal. 7l 985, fleHakPuenteretthl. 21997), ZAnd As 1 1.5
years@orBpanish@irls (demamuentertarnos7).Based®n@SBtudies,BhefneanphvRAgeis@ 1.1 1.9
years@An@Eirlsanicolson@ndmanleyr 953, Berkey®tal.22000,BirotEl.2006) EAnd A 3.8 FearsAn@oys (Nicolsonmnd
Hanleyn953). PhvAgehasBeen@eported@obed 1.98tearsinCaucasian,And@ 1.58ears@n@African
American[@irls (BirortaLzo06).AnFapan,@hel@nean@ge@tBhvis@A 1.2AndA 3.08 earsAn@irls@nd
boys,@espectively (Tanakamtmlmoss).BasedBnlTanner@t@l. (1976),hv@®ccurs@.0Fears@aterdn
boys@hanin®irls.

Table@.Reported@neandmedian)ZgesAyears)EtBnsetBbBubertal@rowth Bpurtdtake®ff) Zand Bbeakheight
velocity@phv)EnhEirlsEnd boys.

Girls Boys Reference
takeff phv takeff phv
10.3 11.9 121 13.9 Tanner@t@l. @ 976[{Great®ritain)
111 121 Persson@t@l.@ 999 {Sweden)
12.0 14.0 Hédggind@aranger@ 991 {Sweden)
11.6 13.5 Liu@t@l2000{Sweden)
13.6 Kindblom@t@IL.2006{Sweden)
13.9 Hulanicka@nd®Xotlarzf 983 {Poland)
(14.0) Kemper@t@l.@ 985 {Netherlands)
11.5 13.5 dellaPuente@t@l.E@ 997 [Spain)
11.5 13.8 Nicolsonltnd®anley™d 953HUS)
11.1 Berkey@t@l.2000[US)
Biro@t@l.2006{US)
11.9 @ aucasian@mericans
11.5 @A fricanBAmericans
11.2 13.0 Tanaka@t@l.A 988{Japan)

20



1.3.BECULARA'RENDSAN AIMINGIDFPUBERTY

Ahange@nAhe@iming@®fPpubertalfmaturation@owardsinarlierigethasbeen®bserved
fromPthePmidZ 9th2toPthe Bimid 22 0t Erentury.EDuringBthisftime,ZthePhge PhtPimenarchelhas
advancedfrom@ 7@o@inder@ 4Fears,And@oncurrently,@he @heanAdultteightfhasincreased
approximatelyZl B@mpPper@ecade,but@hot@nBynchrony@BvithEhddvancement@n@menarcheal
age,Buggesting@lifferent@ausalPmechanisms (Rocher1979,BVyshakendeFrische1982,Eole2000).EABecular
trend@n@nenarcheal@geas@venbeen®bserved@uringihefatterthalf@fihe 20t @enturydn
developingPpartsPoffhe@vorld (Grahameetzal.m1999,FHwangretzal.22003) Band AnBome PpartsbfPEurope
(Papadimitriouftl.f1999,Ehodick@tm@l. 2005, Ersoyt@l.2005), Bvhereas AnAnost@uropean@ountries@he@rend
hasfalted (Fredriks@tal.2000,mMulzt@l2001,guuldtalzoos). The Mean@AgesAtB2And @2 have Btabilized
inPEurope (Fredriksfetfal.z22000,BdePMuinckBK eizerBchramaPandPMul 2 00 1,BPapadimitriouBet Bal. B2 00 2, Bjuul PetPal.22006). 1N
Sweden,thowever,@®eryfnodest@ecline@0.2@.6@Fears)An@heselagesbetween@ 970Cnd
1980 (Lindgrenm996),ZAndE@.5FearBdvancementdn@he@neanfge @tPphvthavebeenlthotedAn
bothEZgenders (Karlbergz1989,aLiuzetzal.i2000). ZAlthough PtheFsecular®rend@nlpubertalEmaturation
seemsZolPhave®loweddownlbrBtopped@nfindustrializedountries,’theBecularftrendfin
heightBeems@o@ontinue (Cole®000,Fredrikstal2000,Guultrl.2006), presumably Bhroughfncreased
heightin@heirst@ 8rearsdfltife (colezooo).

In@he@S,AnA 997,@@ollaborativeediatricnteroffice@esearch@rojectfPediatricBResearch
inMfficeBettings,PROS) Areported BaBtrikingBbservation@hat@helneanhgeZatMBB2AnBirls
was,@omparedBvith@revious@eports (Nicolson@ndMHanleyd 953,Foster@t@l.A 977, Manner@BndMaviesA985,Roche®t
alm99s),Zapproximately@®ne®ear@arlier@n®aucasian®10.0Fears),Zand@woFears@arlier@n
AfricanPAmericanPgirlsP(8.9Bears) (Herman@iddenstetral.m1997).2ZMethodologicalPproblemslPimay,
however,thavel@nfluenced@hefindings.EMultiplePbbserversfhssessedthelbreast@tagesfin
mostBgirlstbylvisualPinspectionbnly,BwhichPmayPhavelPrausedBoverestimationfbffbreast
development.2Moreover,@he #indingsEverelprobablythot&epresentativebf@he@ISBeneral
population®ince®@he@lata@Bvere@ollected AromBpecialist@ffices.@omparedAvith@PROS,@he
datafromationalBtudies@NationalMealth@nd W utrition®ExaminationBurvey, INHANESHI]I,
1988™@994),Bprovidingetter@overage @f@he@holeBAmericanBopulation,®videnced Aess
dramaticPhdvancementlinkbreastPdevelopment,ZreflectedbyPmeanB2hgePbeing?1 0.4Fin
Caucasianand®.5FearsAnlAfricanPAmerican@irls (sunretealr2002,2005mwuktElL2002).Zlhe Bmean
menarcheal@gehasfot@ecently@ecreasedin@istinct@acialBroupsinhe@S (anderson@tmlz003,
Andersonfand™Must2005). AN eitherBvasZhdvancement@eenAnAheFirls@®f@he PPROSHtudy, Alespite
earlierfige@tM2 (Hermaniddensatmlm997).AThe@lissociationetweenB2@AndAnenarche@naybe
explainedbyBeparatelearly Pbreast@levelopment,BvithoutZfull LHPGEBaxisPactivation,Por by
typicalBPlengtheningPofPtheZtimelintervalPbetweenPB2PandPmenarchellinPearlyPmaturers

(Bourguignon@988,deRidder@t@]l.A992,MartitHenneberg@nd®izmanos@A997,AlopXifiolas@t@Al.2004,Biro@t@L.2006). Bimilarf@o
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girlsEbffthe PPROSEtudy,especiallybreastPlevelopmentBhowed Fhdvancement@nhinese
girlsbetween@helfears@962fmedian@Age@AtB2A0.78ears)AndA 993 fmedianEAgeAtHB2®.8
years),Bvhile@dvancementlin®he@nedianEge@tfnenarcheBvas®nly®.58tears (Huenetala997).

In@he@S,ANHANESAII{1988M 994 ) @eported@heedian@AgesAth 2inBoysBobe@ 0.1Fears
inMaucasian@mericans@And@nly®.3@ears@n@African@Americans (Hermanmiddenstal.2001,Karpatift
al.B2002,BSunettal.@2002).ELater Bthan fthese Pmedians,EPbutBstillZsomewhatRearlierZthanBreported
previously@~11.9Blears) (Reynolds@nd®inesd951,Micolson@ndfHanleyfl 953, anner@ndMavies 985, Roche@t@l.A995),
were@alculatedBmean®@alues?11.12andRL 0.8Fears) (suneetmlzooz).ZHowever,BpubertalZtage
determination@n@heseBtudies@nayhaveeenfnaccurateBince@esticularBizeBvas@ssessed
by@Anspectionfalone.Ankddition,Bhefise dfAlifferent®riteria@or@he ®nset@fPnaleFenital
developmentPinPdifferentPAmerican@studiesfhindersfthelevaluationEbfZwhetherfpubertal
onsetfas@ruly@dvanced.Boysinfnore@ecentBurveysihay havebeenfaller@tBounger@ges
(Hermanfiddenseetal 22001) BAnd PAttained PmaturePheightearlier@hanBin@helpast (Karpatieteal.z2001),
indirectlyBuggesting@n@dvancedBubertalBrowthBpurt.An@reece,fthowever,@norelntense
advancementfn@ubertal@naturationthasbeenBuggestedinEirls@han@nboys (Papadimitrioumtal.
1999,22002,2Papadimitriour2001). FFurthermore,ZhllthoughBnPHongKong@hemeanPage PatBB2 An Bgirls
showedPhdvancemente(Huenretzal.21997),FhePmedianPagePht G2EinEChineselboysfshowedlfho
comparable@rend wongetaimo96).AVhether@Bubertal@iming@dvancesAnGirlsbutfotinboys,
and@vhether@hePphenomenon®fPhFecular@rend@sBlobalForEntire{female)populations
remain@inanswered (Euling@t@L2008).

2.MGENETICREGULATIONDFPUBERTALAIMING

2.1.EEVIDENCEFORMENETICEFFECTS

Within@Bopulation,Bnuch@f@he®Fariation®fBubertal@imingAs @ue@o @BeneticHactors.T his
is@videncedby@emonstrating@Bimilarities@n@AgesAtPubertalBnsetBvithinfacial@roups wu
et@L.R2002,AndersonandMust2005) And Between@amily@nembers (sedimeyer@tal. 2002, EeM ries@tal. 2004, ErsoyBt
al. 22005, BvanPdenEBergandBoomsmar2007). EBBoth PearlyPhnd Plate BrariantsEbffthePhormalBspectrumEbf
pubertal@iming,Ae.APPAndEDGP,Also@end@oAggregaten@amilies (sedimeyer@tml.z002,medriesmt
alz004). TheBtrongest@videncefor@enetic@ffects@erives@romAEwinBtudies;@ubertal@iming
betweenBnonozygousdMZ)AwinsBharing@ 00%BbfZheirBenesAsBnuch@noreBimilar@han

between@izygousdDZ)BwinsBvithBnly®H 0% DfFenesBhared (Fischbeinm 977, Bharmam983,arreloarand
Martin21990,2Kaprioletal.21995,EBeunenetthl.22000,EM ustanskiletrPhl.22 004, AT owneZetfhl. 22005, BvandenBergfhnd BB oomsmal2007,

silventoinent@l.2008). A’ he®nset®fBuberty, Bstimated frombreast@rFenital@evelopmentdn@ 8
twinBairs,thaseenBhown@obe@oncordant,A.e.Bccur@Bvithin@ @Enonths,An@As@nany AsB8
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100%BDMZAwins@ompared Bvith@®nlyBOEB% DM ZEAwWInS (sharmam9ss).By@EomparingMZ
andPDZAwinZorrelations,ZindPmorelrecently,bbyAising@winBeneticBmodels (Nealemo003),@Ahe
magnitude®{Beneticlinfluences@o®he ariation@®fPpubertal@iming@anfbestimated.@Mhe
estimates@re,thowever,Anfluenced by @hemumber®fwins Btudied @nd@he@narker@sedfor
pubertal@nset.ZbmallBtudiesBnayverestimateBeneticHactors@ue@oBZelection®ffects@r
sampling®ariation.f'hey@nable,fiowever,Borractical@easons,Thefisedf@Aprecisetarker,
and@hus,@xact@ssessment®fEhe@nsetBDfBuberty.Byaising@Age AtEakeDff@s@AnAndicator,
theBenetic@ontribution@o@he@ariation®f@Riming@fEuberty@vas@sfnuchZsBI®3%Anz
studyPlofE99BtwinBpairsoffbothPlgenders (Beunenzetmalzz2000).2ConsiderablyPlargerBstudies,
encompassing@®ver 000@AndividualsEBindMisingZhge@tBnenarche ZhisEZhfmarker@orBubertal
timing@or&irls,thave @evealed @@nuch@ower@ontribution®fFenetic@ffects@50@ 5%) (Treloar
andMartinf 990, KaprioRt@l.a 995, Townetal.2005). Lompared Avith@ubertal Erowth@rBecondaryBexual
characteristics,@robablyPmore@omplexPnenarche@s@essPprecise@s@narkerHorBubertal
onsetPandBprovidesBnformationFor@nly Females (Marshallzand@rannert 969,Arannerand@Whitehouse 976,
Tannerf@t@lEL976,AeRidderBtal. A 992, Biroktml.2006).Aarge Btudiesthaving@omparablefhumbers®ffhoth
femalesPhndPmalesPhre@ew (Mustanskizetzal.z2004).2The PexactProntribution Pbffinter@Andividual
differencesin@eneticfactorsfo@hefariation®ffubertalfiming@emainsBomewhatfinclear.

2.2.CURRENTONCEPTSMFGENESIRELATEDAOPUBERTALITIMING

Based®nhefhaussian@istribution®f@he Biming@fGubertaldnsetin@heEeneral@Bopulation
(Tannerm962),enes@egulating@his@rocess@re@nultiple.However,@heseBenes@emainfargely
unknown.fAlthough®@he@eneticomposition®fzARomplex@olygenicArait,Buch@sBpubertal
timing,Plikely PerivesBromPmodestfhdditive ZffectsEPbfPmultipleBgenes,ZimportantBnsights
may PresultPfromPlidentificationPofBsinglePhigh@mpactligenes,ZmutationsPinBwhichPcause
abnormalities@n@he@nset@®{Pubertal@evelopment.ZAPhumber®fBenes@mportant@n#he
onset@fpubertytaveeen@iscoveredbynvestigatingfndividualsBvithfiypogonadism@ue
to@ariable@ongenital@efect@n@nRHEeuron®rFEonadotropeBtructure@®r@unction@ausing
congenital/idiopathicfhypogonadotropicthypogonadism,HHH.BHHAs@amilial@An 3B 0% B f@ases
(Waldstreicher@tele1996),EAnd@As@urrentlyGknown@obe@ausedbyBeveralene@nutationsf Table
2).fThe@enes@ontributing@oXamilial CDGPEANAAPP (sedimeyerretral 2002, mervriesretml.zoo4) Avould
also@provide@lues@o@®hose@enes®hataire@mportant@or@he@ontrol@®fBpubertal®nset.fTo
date,thowever,BheRrast@najority @ fBenes@ausingBusceptibility@o DGPAndAPP,AsAvellAs
HH,BhrePinknown.@urrentknowledge @b fBenesfandZnechanisms@nvolvedfin®helbnsetlbf
pubertyik@eviewedbelow.
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2.2.1.GENESANVOLVEDAN@®NTOGENESIS®FEGinRHANEURONSAND ZONADOTROPES

GnRHEeurons@nigrate@uring@mbryogenesis@rom@utside@hebrain,@he®Ifactory@lacode,
alongPthelblfactorylPguidancelfibers,Ftolftheblfactorybulb,Pand BthenlresideinPthePfinal
destinationAn@he@nedial@asalfhypothalamus (schwanzelfFukudamndefatfe9g9). MutationsAnEenes,
which@relnvolved@n®hisrocess,@ause@bnormallinRHEnigration@nd@nderdeveloped®r
absentBlolfactoryBlbulbsBlorftracts,Zlandthus,ZHHEwithZlanosmia/hyposmialfl—EKallmann
syndrome[{KS).EKS@nay Bbe X@hromosomal,AnBvhich@ase@hereAs@@eficiency@n@he KALI
gene@ncoding@nxonalBuidance@actor,Anosminfl I Table®2) (Francomtal.@991,Aegouistt@l.@m9IoN).
In@Addition, KSEnaybeAutosomal@ominant@ausedbyfnutationsinfibroblast@rowthfactor
receptor@ AFGFR1),HorBvhichBnosminfl AsB@igand (podézetzal. 2003 murtrlzo07). MutationsAn
prokineticin2 @PROK2) Bndts@eceptordPROKRZ) (Dodértml.2006,@itteloudatal 200 7b,Mbreulktrl.2008),
and@nutationsfn FGF8@re@lsoGossible@n@he@tiologyDfKS (Falardeaurtml.zzoos). @neBporadic
casefhad@@nutation@nfasal@mbryonicl.H&eleasingthormone@actor@NELF) (Miuramtal.zo04),
but@here@s@urrentlyfho@efinitive@inkfbetween NELFEandEKS. CHD7Emutations@ausingla
multisystem@utosomal@ominant@isorder, LHARGE,@Enay@lso@ause KS@phenotype (Kimetal.
2008).Especially@vithBiutosomal@nutations,®he@®henotypes@aryBreatly; BheFense D fEmell
is@otlAnvariably@&ffected (pitteloud@tal.2007b,Kut@L 2007, Falardeaut@l. 2008, Kim@tal2008), hypogonadism
maye@eversible@ripartial (pitteloudretnl22005,2006,Raivioreteal 22007, Ribeiroteteal 22007), Bbr AtPmay Zhot
beginfintil@nFhdulthoodeNachtigaetmimo9o7). CDGPEphenotype@silsolpossible (seminararetelezoos,
Pitteloud@t@l.22005,2006,AinEtal.2006).FThus,Beither@isruptiondf@he@Ifactory@ulbs Bior@@efectln
GnRHBEnigrationfsAlways@omplete,Br@dther@nechanisms@naybefnvolved.Mhefrariationin
phenotypes@vrithinPfamiliesPmaylbelpartlyPexplainedPbythe BpresencePbfBmodifier @zenes.
FamilyPmembers@BcarryingPtwoldifferentBmutations@may@havePtheZfullZHHEphenotype,
whereasPmilderZphenotypeslare@seenfinfthose@vithPhBbingle PgenePmutation (podémeteal.z006,
Pitteloudfetfal.22007a). 2P olymorphic®ommon®ariants b fhese@enes@ausing@ariable PHHH & ould
potentiallyPdeterminelpubertal ZtimingPinPgeneral.ZBHowever,BanPextensivePrecentBstudy
exploring@hef@ssociation®f@ommon&enetic@ariants@n KALI, FGFR1, PROK2,7And PROKR2
with@arly@rihte@ge@t@nenarche,Metectedfio@ssociation (Gajdosetalzoos). L hisBuggeststhat,
althoughPhecessary@orfhormalBnitiationEofPpuberty,@hese@enesdon’tPplayZh Bubstantial
rolefin@heformal&ariation@fBubertal@iming.

XPchromosomalPDAXM Pgenelfisfinvolved Anfthe ZformationEbffthePadrenal BglandPand,Binka
complexPmanner,Palso@hePGnRHAegionAn@helhypothalamus,Zhs@BvellZhisFormationbf@he
pituitaryfand@onadsq Table2).E2Mutationsfin@hisBene ausePHHEAnd @ongenitalPadrenal
insufficiency Muscatelli@tml.n994,Taron@tala999). A evelopment@fEhefhighlyBpecialized @ells@f@he
anteriorBpituitary@gland,fincludingPgonadotropes,isfregulated Pby PhPtascadelbfsignaling
moleculesPandPdevelopmentalPkranscription@factors@-fhomeoboxgenes (zhueetral.z2005).2In
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humans,utationsin@fewdfEhese Benes,fiamely HESX1 (Dattani®tal m998 homas®t@L 2001, Majimatt
al.2003),PROP1 qwurtal.a998), . HX3gNetchinetml.2000), and@LHX4 (prafiemtalzoos), Areknown o @ause,
inPladdition@tollvariable@ degreesofll defects@inf otherd pituitary@hormones,? defective
gonadotropinBecretion.ZlheselPgenesPunctioninght@®helpituitaryllevelBmayhlsolprovide
cluesPtolthelgeneslinvolvedlinPitheZcontrolBofBpubertalBonset.EVeryPrareEmutationsfin
gonadotropinEBBubunitPzenesaffect®helstructurebffthe BpecificBonatropin.Anfemales,
mutationsPlin FSHBRencodingPFSHEPBRAsubunitfcauseldelayedPbreast@developmentland
menarche,PhsBwellPasPinfertility (Laymaneetzalmi1997).2However,BinfertileBmalesPrarryinghese
mutationsthave@inaffected@ubertal@naturation (philipztalm99s).@nefnaleBvith@AnfAhactivating
mutationfin LHB,Bncodingd.H@PBBubunit,thasBeenfeported (weissztaLasoz). HepresentedBvith
infertilityPhind@elayedPpuberty.fT'he@ole®f@®heselpituitaryBenes@rAheirfpolymorphisms
havef@inknown@olefn@heformalBrariation@ffubertal@naturation.

2.2.2.GENESANVOLVEDANGinRHAWEURONRNDBONADOTROPEFUNCTION

Uponbhigration, @inRHBeurons@xtend@xonal@rojectionsfinto@he@nedian@minence,Evhere
GnRHAsAeleased®o@hefhypophyseal@irculation.@linRHAnduceskituitary@onadotropes@o
release@onadotropins@hroughAts@eceptor,linRHR.MMutations@n@he GNRHEened8p11.20
p21)havemotbeenAdentified@nfumans,But@mumber@fAutosomal@ecessive@nutationsn
GNRHRRBAre&nown@o@ausefsolated M H,A.e.HHRVvithout@AssociatedEnomalies (de®oux@tmlLzm 997,
Layman@etBal.z1998) 2 Table2).ET oBexplorePtheFsignificancePbf GNRHPAand GNRHREorEhormal
variationPbfPpubertalZtiming,PSedlmeyeretlhl. (2005)Finvestigated@thelhssociationBbftheir
sequencelvariationsBlorZhaplotypelstructuresflinfsubjectsBwithEICDGPElasBwellFlasElinZa
multiethnicProhortBrecruitedfinPHawaiiPhand@Californialre presentingthePfullZspectrumbof
pubertalZtiming.ENoPassociation@BvasFoundAnPeitherZgroup.ENorBverepolymorphismsfin
GNRHR (NanaoPandeHasegawa2000),@r GNRHR@Nd GNRH (Gajdoseetrl.ro08) associated@vith@he Biget
menarchelin@woBtherBtudies.

InEaddition®o@heituitary,@inRHBheuronsiilsoForm@many@housands@®f@onnections@vith
other@entral@euronsfn@hefypothalamus.fThese@onnections@re@rucial@o@he@egulation
of HPG@xis@naturation.@MtherfhypothalamiceuronshavebeenBuggested@o@nhibit@dinRH
secretion@uring@he®hildhood@ormantPperiod An@nRHEacitivity,Band@oAeactivate@linRH
neurons@t@dolescence (Terasawamnd®ernandezz001).lHowever,BheBiologicalBbackgrounddor@his
inhibition@nd®&eactivationasfong@#emained@Binresolved.BActivation®f@inRH@elease@tEhe
onset@®ffpubertyhasbeenBuggested@olbeAnducedDy,HFor@xample,BFElutamate (Goldsmithatrl.
1994,ATerasawaPet?al.21999).EGammalhminobutyricPacid { GABA),Anfturn,PhasPbeenZproposed to
mediate@he@ownregulation®flinRHAeurons@uring@hildhood (Mitsushimamtal.m994,mrerasawamtzl.
1999, ECottrellzetPal 22006). AnZhttemptEolelucidatefthelrelationshipfbetweenPIPPEAndEfunctional
mutationsPorPpolymorphisms@in@GABARreceptorfigene@has@beenlcarriedBout,Zbutfno
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association@as@ound (BritomtaLroos).Zl'he@xact@oles@BfFlutamate@nd lGABARtRhe@®nset@Df
pubertyBremainPlobscure.BInBlcontrast,@multiple@studiesPlinPanimalsPandZhumansfhave
consistentlyPdemonstrated@hatBkisspeptins,BtructurallyfrelatedZproteinsZencodedbythe
KISS1%ened1q32@41),AvhichBvasFormerlyZknown&orAnvolvementfAnAumorPmetastasis

suppression (Leeretml.zi996),Care @irectBnd@erypotent@ictivators@BEin RHEheuronsacottscheetal.
2004,dArwig@tzl.2004,Navarro@t@l.2004,2005,Dhillo@tAl.2005,Messager@t@Al.2005,Bhahab@t@1.2005,Lastellano@Bt@Al.2006,®lant

etml.zoo6). With@educed@one,®hey@nay@lsobe@argely @esponsible Hor @hebrakeAnBpulsatile
GnRHM@&elease@nBrepuberty. The@mportant@ole dfEisspeptins,AndEheir@Brotein@oupled
receptor@GPR54 (Kotanifet?al m2001,a0htakifetBal.z2001),ZinPthe BcontrolBbfZpubertalBonset@vas Birst
discoveredPafter@anlobservationPthatBfamilialBisolated ZHHZand ACD GPBwere Bcaused Eby
mutations@n KISS1R encoding@iPR54 (demRouxtml003,Beminarartrl.2003){ Table2). KISSTIREANnd
KISS1Benestare®trongandidates@or@eterminingubertal@iming@neneral.Zin@act,Gan
activating@utosomal@ominant@nutationfn KISS1RMhasbeen@eporteddn@BatientBvith@APP
(Telestml.2008), and Also@wolnutationsn KISST havebeenBuggested,butfot@onfirmed,Hobe
associatedBvith@his@ondition (abstractyilveirartalzoos).However,BiwodtherBtudies@valuating
thePassociationPlofflpolymorphicBvariantsflof KISSIREland KISS1BwithBIPPErevealedfno
significant@orrelation (Luan@telmo07a,mo07b).@ajdos@tl. (2008)FoundPho@ssociationetween
menarchealfhgeBand@ommon@eneticWariants@n KISSIR or KISS1.fTherefore,Bbther@enes
andpathways@re@xpected@obeinvolvedlin@he®egulation®fPubertal@iming.

InPadditionltolPcentralZneuronal@stimulus,PalsoPmodificationsPinglialPinputsthavefbeen
proposed@o@rigger@linRH&elease @t@he®nset®f@puberty (0jedartmlmo03).Furthermore,@Both
neural@nd@lial@ells@ontrolling@linRHButputhaveBeenBuggestedBo BeegulatedByRpper
echelon@ranscription@actors,Buchhs OCT2, TTF1,zind EAPI (0jedaletrl.z1999, MastronardiBtEl.22006,
Hegerfeteal. 22007). ZBased BonBhinimalBtudies,MossBbfffunctionfin@hese Bgenes@esultsfin@elayed
pubertal@naturation@n@emales.fTheir@ole@n@he@ontrol®f@ubertal®dnsetinfhumanss@et
unknown.

At@hehypothalamicevel,@nutations@n@eptin@LEP) AndReptin@eceptor@LEPR)@enes@ause
absence®fBubertal@naturation@nd@Bbesityaciémentrtzl.m99s Brobelrimleoos) (Table2). LEPRr
LEPRMavefot®eenBhown@obe@ssociated@vith@ge@tAnenarche (Gajdosetmlrzoos),Dr@elayed
puberty (Banerjec@talz006),Buggesting@ofnajor@ontribution@ofubertal@imingin@eneral.®'he
role®f@eptin@nfhypothalamic@ontrol@®f@ubertal®nset@s@nore @losely@iscussed@n@@ater
sectionfflSignalsfintegratingetabolism@nd@ubertal®nset,(.B31).
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Table2.MenesAmplicated Binthefetiology b ffhypogonadotropicthypogonadismZ{HH).Buggested Bpathogenic
mechanismsfindPmajor@henotypesfassociated BvithPmutationsireZilso Aisted .ZLDGP=constitutional @lelay b f
growth@nd Puberty,@PP=idiopathic@recociousfuberty.

Gene Locus Pathogeniciinechanism Phenotype
Hypothalamus
KAL1 Xp22.3 abnormal@nRHMeuronfnigration HH@EvithBAnosmia/hyposmia
FGFR1{KALZ2) 8p12 abnormal@nRHMeuronfnigration HH@vith/without@nosmia/hyposmia, LDGP
PROKRZ2 (KAL3) 20p13 abnormal@nRHMeuronfnigration HH@vithBAnosmia/hyposmia
PROK2 (KAL4) 3p13 abnormal@nRHMeuronfnigration HH@vith/without@nosmia/hyposmia
FGF8 10q24 abnormal@nRHMeuronfnigration HH@vith/without@nosmia/hyposmia, LDGP
NELF 9q34 abnormal@nRHMeuronfnigration HH@Evith@Anosmia/hyposmiaf?)
CHD7 8q12 abnormal@nRH@euronfnigration CHARGE, M HBvith/without@nosmia/hyposmia
KISSIR (GPR54) 19p13 abnormal@GnRH@euronMctivation HH,@ZDGP,APP
LEP 7q31.33 abnormal@ppetite@ontroland GnRH obesity,BHH
secretion
LEPR 1q31.2 abnormal@ppetite@ontroland GnRH obesity,{H
secretion
Hypothalamus@nd pituitary
DAX®A Xp21 abnormal@evelopment®fhe@drenal congenital Adrenal@nsufficiency,fiypogonadism
cortex,Mypothalamus,@ituitary duefo@ombinedfypothalamicbpituitary
gonadotropes,@nd@onads gonadal@efect
Pituitary
HESX1 3p21 abnormal@eveloment@f@heforebrain, septolbptic@yplasia,solated®r@ombined
midline,And @heBituitary deficiency@fituitaryfiormones
PROP1 5q35 abnormal@eveloment@fEheBituitary,Br combined@eficiency®fituitaryfhormones
specialization®fTts@ells
LHX3 9q34 abnormal@eveloment@f@heBituitary@nd  combined@eficiency®fituitaryfhormones,
extrapituitary@tructures rigid@ervicalBpine
LHX4 1925 abnormal@eveloment@f®heBituitary,Br combined@eficiency®fituitaryfhormones
specialization®flts@ells
GNRHR 4q13m21 abnormal@onadotrope@ctivation HH,@DGP
LHB 19q13.32 abnormalleydig@ell@timulation@n@A@nale® infertility@nd@elayedubertyfn@mnale
FSHB 11p13 abnormal@®varian@timulation@nfemales infertility@n®oth@enders,@elayedBreast

andBertoli@ellBtimulationfn@nales

development@ndfhenarchefnfemales,
unaffectedubertal@levelopmentdninales

2.2.3.GENETICAOCIRELATEDEO®PUBERTALAIMING

MostBstudiesPattempting®olidentifyPgenesftleterminingfthePhormal@ariationfPpubertal
timinghave@ised@andidate@eneMasedBtrategies (Nanaomndmasegawa2000,Bedimeyer@t@l. 2003, Banerjee

et@l.2006, Auan@t@ALR007a,2007b,Gajdostal2008). In@ontrast,@he @ise fAvholeBenomeBcans@nay@llow

ultimate@dentificationBofBpreviouslyinknownblgenes.Ainthumans,Ainkage@canshiminght
detection®fEeneticloci@ssociated@vithBubertal@iming@refewfndfhave®nly@ised Aget
menarche@s@markerforPubertal@iming.AARBvholeBenomeBcan@nEge At@nenarchebyfuo
et@l. 2006)@etected@Bignificant@ocus@®n@hromosome22q13@LODB.70),AndRothenbuhler
and@ollegues (Rothenbuhlerteal.z0os) Found BABtronglyBuggestiveAocus®nZ1 6q12{LODEB.12) @
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16217 LODME.33).cARhirdBenome@vide@inkageZnalysis@nhge @tBnenarche@id thot@ind
evidence@or@ommonbhighlyBbenetrant@ariants@Anfluencing@®hisArait,however (andersontetel.
2008).EInPmice,FZhuantitative@raitPlocusPbnthromosomelbfhasfbeenldemonstratedtobbe
associatedPwith@aginalPopening(alinarkeroffthelinitiationbfZpuberty) (Nathanzet?al.z2006).
Another@BvorkAnhese@nimals@etected@Bignificant@ocus@nX@hromosome (zhuwtalz008).

3.ENVIRONMENTALMODIFIERSOFPUBERTALAIMING

ThelPheuroendocrinePhetwork@nitiatingBubertalZmaturation@sBensitive@o@nvironmental
factors,AvhichPmay@husffectBubertal@iming.ForAnstance,Bathological@onditions,Buch
asfchronicPsomaticPillnesses (PozorandeArgenter2002),PpsychologicalPdistress (Tahirovicz1998),Zand
intense physical@rainingaceorgopoulosetaln999),Arefknownfio@elay@ubertal@naturation.@nhe
otherthand,fhypothalamicfesions,Buch@sthamartomas®r@®ptictherve@liomas (Chemaitillyrtzl.
2001)@BsBvellZisBther@ntracranialrocesses,®.g.thydrocephalusaLspponentiamlmos),@nay @ause
precocious@ubertal@evelopment.@EarlyBrirecocious@uberty@s@lso@ommonfn@hildren
having@teceived@dowRloseZranial@rradiation@orfnalignancy,@vhereasthighfosesisually
causelpubertallfdelay (Toogoodz2004).FAlsolinPhealthylPadolescents,ZthePnormalBvariationEof
pubertal®iming@shpparently@nfluencedPbyPhongenetic@actors.fl'hisAsEvidenced Bby,For
example,Bocial®lassfand Airban@ersusfural@ifferences@npubertal@iming,CasAvellzhs by
observing@ecular@rends@oward@earliermaturation@nonjunction@vith@mprovedrhealth
andbBhutrition (Rocher 979,aleEMuinckiKeizerBchramazandeMul2001). FThe Bvorldwide@ariation @B fBubertal
timingPisPlargelyPexplainedPbylhutritionalPfactors (parentzetzal.z2003).EClimate ZandPthePlightl]
darknesslyclePhlsofhavefsomelnfluencePonPpubertal@imingBAnalphysiologicalBituation
(Magee@t@LA970,Albrightetala990). Based®n@win Btudies,@he@ontribution®f@nvironmental #actors

to@he@ariation@®fPpubertal@imingPnaytbe,thowever,AessEhan@ 0% (Fischbeinr1977,harmar1 983,
Treloar@ndMartin@990,Kaprio@t@Al.A995,Beunentzl. 2000, owne®t@EL.R2005,Fan@lenBerg@ndBoomsma2007,Bilventoinen@tzl.

2008).MeneticlifferencesPmay@vell@leterminefhowPanBndividualZresponds@ofhongenetic,
environmentalPmodifiers (van@den@BergBland@Boomsmar2007).2Environmental BfactorsPinfluencing
hypothalamic@ontrol@f@ubertal®nset@irectly@r@hrough@hangesin@eripheral@issues,@s
well@As@ffectsBf@FonadalBexBteroids@tihetypothalamiclevelAre@iscussedbelow.

3.1.HYPOTHALAMICEFFECTS@WFTGONADALBSEXBTEROIDS
SexBteroids@nducePmaturation®fZecondaryBexlPtharacteristics@hrough®heirfeffectsbon
peripheral®arget@issues,but@®heylsofhaveffectst®hehypothalamic@Aevel Mooretandeprice

1932).AnAemales,@ositivedeedbackdf@strogensfnduces@he@reovulatorydLH Burge@equired
for@vulation (karschztala997),Bvhereasfegativeeedback@f@lasmalevels@fBexBteroidsfrom
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both@he®estisZind®varies@nhibits@tinRHArelease.[Thisthegative MeedbackPpartly@®perates
already@n&hildhood,BvhenBlasmafevels®fBexBteroids@re®ery@ow (Mitamurartel.z1999,2000).
AnRarly@gonadostat@heory”®fEhe®nset®fBpubertyyMHohlweg®t@l. (1931)Btates@hatit
thefinitiation@fBhubertal@aturation@heBensitivity@dfthe fiypothalamiclleveloBuppressive
effects®fBexBteroids@ecreases,@esulting@n@hednitialBubertallinRH&elease.This@heory
has,Bhowever,Pbeenllcontradicted BbyRlobservationsBoffsimilar@patternsoffigonadotropin
concentrationsAn@gonadal@ndfealthyBubjects (contemtamimogo).Bince@heFonadostat@heory,
GnRHMavebeenEnown@obe@entrally@egulated (rerasawamnd®ernandezz001),As@eviewedAbove.
ThelfeedbackPeffectstbfBsexBsteroidsfare,Fhowever,@mportantPmodifiers@nZhefbonsetland
during@thelprogressPloffpubertal@maturation,PandParelcrucial@for@adultBreproductive
competence.fincePGnRHPheurons@hemselvesPdolfhotPexpressreceptorsfforfsexisteroids
(HerbisonPandeTheodorisz1992), he eedbackZeffectsEmustfbe Pmediated by EBbtherfheurons,Buch s
thosel expressing KISS1. KISS1@ expressingl neurons found® in@ thel? anteroventral
periventricular@AVPV)@And@ArcuateBhucleifArc) df@hefhypothalamus (Gottschitml. 2004, Bmithatal.
2005a,b),ZAreasBknown@o@endPprojections@o@helParea@vhere@inRHEellbbodies@eside (simerly
2002),Areegulatedy@BonadalBteroids (rwigtl. 004 MNavarro®t@l.2004,Bmith@tal2005ab). An@he@Arc,
KISS1PexpressingPheuronsfpossiblynediatefthelfhegative BfeedbackPbfPkexZteroidsBince
thesefheurons@renhibitedby@estosterone@nd@stradiol@eplacement@nd@pregulated by
castration@nd@®variectomy@n@nale@nd@emaleats,@espectively (rwigztml.®2004,Navarrotal.2004,
smithEetzal.2005a,b). Zl' heBositive@eedbackfE@strogen@nHemalesBeemsAobeAegulatedby@he
hypothalamic@AVPV,inBvhich KISS1 expressionfs@timulatedn®esponse@o@strogen (smithmt

al.2005a,2006).
3.1.1.EENDOCRINEE®ISRUPTINGELHEMICALS

InBlourBenvironment,Bwellarellexposed(inflintrauterinellife Bor@postnatally) Btolvarious
hormone@ikePcompounds,Pe.g.BorganochlorinePpesticides,BsyntheticPmedicalBdrugs,Zand
phytoestrogens.BThesePsubstances@may@havelbiological Beffects@and@disturbBendocrine
functions,@BsuchBasfreproductivelhealthBandPpubertal@maturation,BandParefthusfcalled
endocrine@isrupting@hemicalsAEDCS) (Teilmannetel. 22002 Rasierftal.2006,BucktLouisttl2008).FEDCs
mayBometimesthave@Anti®strogenicr@AntiZindrogenicBctions,nBvhich@ase@xposurefhas
beenBhown@obe@ssociated@Avith@BlowEBempoBffubertal@naturation®r@@elaydn@nset
ofBpuberty (staessenfetral.z2001,BSelevantetBal.B2003).ZForPinstance,Zthe Pprobability BbfZslowgenital
development@nbboysribreast@evelopment@nFirlsAivingAnhPBelgianfndustrialBuburb
rises@viththigher@erum&oncentrations®f@PCBs@rAlioxinAike@ompounds (Staessenmtzl.z2001).
EDCs@re,however,@nostly@strogenic@nd@nay@otentially@dvance@ppearancedriubertal
indicesPorPfullZmaturationPoffthePHP GBhxis.ZFoodPtontaminationPbrbtherPaccidentalZEDC
exposureAn@hildhood@®rAnAiterothaseen@emonstrated@oelassociatedBvith@hearly
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appearance@ffbreast@lissue (saenz@emRodriguez®@tal.m985,TolonEt@LER000,FelnerdndMhite2000),Acceleration
of@rowtharelnerandmvhite000), And@arly@nenarche (Blanck@tal.z000,wasiliurtalzoo4). ARrge@pidemic
offpremature@helarche@n@hildren@n@PuertoRico@uringfl 978@ 981 AvasBuggested@olbe
causedby@xogenous@strogen@ontaminationf@n@he@oodingested by @he @hildren@nd&heir
mothers (saenziiteRodrigueztml.moss).Precociousuberty,Bbserved@nuch@nore@ften@n@hildren
adopted@rom@eveloping@ountries@hanfin@hemativesfincidence20@B0Hold), has@lsobeen
proposed@obe@ausedyFEDCS (Proosttal.z@991,&KrstevskaKonstantinovaltil. 2200 1,Mul Bl 2002, eilmannftal.
2006),@.g.esticides,Bvhich@Ere@ot,An@ontrast@o@he@VesternBvorld,®banned@nleveloping
countries (Turusov et al® 2002).2SupportingPthelrolePof@lanPorganochlorinelpesticide@DDT
(metabolite®,p'@DDE)An@ARBeries®f@recociousfubertal &irls@romBelgium,@hose@n@thnic
minorityPeroupsfhadPZmuchPhigherZerumblevelsPbffthisPcompoundthanPhatives  (krstevskan
KonstantinovaBet@al.#2001).ZFurthermore,BtheBrisk o flprecociousBpubertylisPincreasedZinolder
adoptees@xpected@othavefhad@Aonger®EDCRxposure@han@hose@dopted@tFoungerges

(Teilmann@t@Al.2006).

Childhood@xposure@oEDCsBvithBexBteroidAikeRffectsDrBexBteroid@ntagonistic@ctions
may PhffectPpubertalPdevelopmentBbylPperipheral,Bgonadotropin@ndependentPimechanisms
throughfnteractionBvithBteroid®eceptors,Brhrough@lterationsin@ex@teroid@netabolism
(BuckPLouisetmlr2008).ZAs B @onsequenceMfE@strogen@xcess,Beparate@arlybreast@levelopment
may @ccur@Bvithout@ullEHPGAxisBnaturation (saenzieRodrigueztial.m 985 Eolénmtal2000). EED CsAnay,
however,Alsofhave@irect@ffects@At@hefhypothalamiclevel.fThisfsAnticipatedBy®bserving
the@ssociation®fEDCRxposure@vith@arly@nenarche@nd@cceleration®f@ubertal Erowth,
possiblyPreflectingPull PHPGEhxisBmaturation (Blanckzet®al.22000,EFelnerfandBWhiteP2 000, BVasiliuBetal. 220 04).
Furthermore,Bn®itro@atathave BhownR&hat@ertainPmixtures®f@®rganochlorine@esticides
increase@GnRHEMRNARXpression@nZultured@mmortalized@GT 1 &ells,AvhichPhave Bmany
similarities®oPGnRHEPheurons@n@ivo (Goreeetzal.rzoo2).ZinEhildrenZhdopted@romeveloping
countries,BprecociousPpuberty@hasPbeenfsuggestedZtolbellinducedBbyAdirectZHP GRaxis
activation,PorlindirectPwithdrawal BbfEEDCs’ZsexPhormonedikePhegativePfeedbackleffects,
which@ake®lace@Bvhen@noving@o@mewhome@ountry (Krstevskafonstantinovartral.z2001).Prenatal
exposure@oPEDCsthasbeenBproposed@olpermanentlyhlter@ndocrine@setBoints”AnAater
life,ossibly by @Affecting@ize BfheMaby (Rylanderrtalzooo)DrAltering@xpression@f@Eenesfhat
regulate@ex@teroidActivity@ndmetabolism (Teilmann@talzo02).

3.2.WNUTRITIONASAREGULATOROFPUBERTALAIMING
Appropriatefhutrition@s@nfmportantBrerequisite@or@hefunction®f@ndocrine@rgans@nd

reproduction.BExcessiveBweight@lossPsecondary AtoAsomaticBorBpsychiatricllillnessesis
associatedPwithPhypogonadotropicfPhypogonadism (vigerskyzetzalz1977).2InBchronicfchildhood
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caloricPdeprivation,BpbubertalZmaturation@-PhppearancebfBsecondary@sexharacteristics,
menarche,zind Browth@-As@lelayed ®rZzbsent (satyanarayanafandNaidufl979,Kulinfetzle1982, e enstraftl.
2005),ZandPhlsolowEbloodPlevelstbfPgonadotropinsfhavelbeenlreported (kKulinetzalz1984).EIn
addition@o@elay@n@henset®{Puberty, Blowkprogressiondtempo)Bfnaturationfsalso
possible,@videncedbyliBnore@pronounced@elay@n@nenarche@han@nget@chieving@B2
(kulinmetral.@982).AnKenya,@vhere@he@evelfalnutritionAsthigh@n&hildren,Ppubertyegins
1.52FearsAater@han@nAhe@JS (Leenstrartmimoos).ANVithEZhdequate@nergyBupplies,thowever,
specific@liets@ndEnacro@rimicronutrients@nostly @ack@@orrelation@vithBubertal®iming
(MoisanPetZal. 71990, EMaclurePetPhl. 71991, EKoprowskitetral.m1999). BEarlierZige BitBmenarche Gand Ghge Bt Bbhvhave
been&eported@o@orrelate@vith@onsuming@nore@nimal@han@egetable@rotein@t@he@Ages
of BB FearsAndB@BBrears,Fespectively (Berkeymimlrzooo),But@nostly,ubertal@iminghashbeen
shownoMeAnfluenced by @he @mount@®fBadipose@issue (Maclurertrl.z991,&Koprowskikteal.r1999). An
fact,in@he@970s,ARertainBodyBveightBvastypothesizedoMrigger@ubertal@nset (Frischnd
Revelle?1970,BFrischBand@McArthure1974). 2T hisBproposition BwasPbasedBbnfthehssociationPbetween
menarchealfhge@nd@&ertainody@veight/bodydat@atio®alculated@Andirectly@romeight
andBweightPmeasurements.BThis@ criticalBweightPtheory”Ebffpubertalfonsetlis,Fhowever,
controversial.BasedB®nAongitudinalBtudiesZind@irect@kin@old@hicknessPmeasurements,
menarche@ccursfindependently®@f@hangesinbody@ompositionAs@AResult@fEnaturation®f
theMPGRAxis@ndncreasedevels@ffubertalthormones (demidder@talm 992, Aegro@ta@l.2000).

3.2.1.BIGNALSANTEGRATINGBMETABOLISMAAND®PUBERTALBNSET

Despitel controversyl regarding® thel “critical® weight® theory”,B nutritionall factors
(accumulationBlofBfat)Binfluence@hypothalamic@control@offlpubertal@onset;Zthefcentral
regulationBbfPenergylbalancefhndBreproductionPhretightly@inked.El'hus,ZthePinformation
from@nergy@eserves@nustBomehowbeBignaled Bo@hebhypothalamiclinRH&egion,Evhich
determines@he@nset@®fubertal@naturation.Beveralfactors@nayBervesBuch@eripheral
signals.@ne®fEheseAsAeptin,BinZdipose®issue@lerived Batietyhormone,@he@eficiency®f
which@ue®o@nutationsAn@hedeptin (strobelretmlmoos)BrAeptin@eceptor@ene (clémentrtral.m998)
causesl obesity,? and@ in@ addition,? absencel of pubertal? developmentl becausel of
hypogonadotropicthypogonadism.AnAact,Aeptin@vas,@AnEhe@ate 990s,Bbroposed@ode@he
initial@rigger@orPpubertalfbnset.flhisAvasthasedPbnthelbbservationhat@eptinBnduced
pubertal@attern®fA.H&eleaseAnAFirlAvith@ongenital@eptin@eficiency (Faroogimtm.m999),And
reversedBreproductivefailure@nBleptin@eficientPmice (chebabretzal.z1996).FBomeBBtudiesPhave
shown®hat@eptin@reatmenticceleratesPbubertal@®nsetPalsolnPhormallmice (Ahimartzla997,
Chebabmetmlm997).BHowever,Btherstave@ound@hat,@lthoughdeptin@dvancedBuberty AnHood
restricted@rodents@withPdelayedBlpuberty,Zladvancementlfwaslnotlflobservedfrelative Eto
untreated PhdAibitum@edZinimals (cheungretzal.zn997).20neAongitudinalBFtudy@nfPhumanlnales
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reported@brief@ulse®fAeptin@receding@he@®nset@fBuberty (Mantzorosetamleooz),Butther
studiesthavedailed @o@epeat@Ehis@inding (ahmedmtmim999).@nAEhe@ontrary,Aeptindevels@Bvere
shownRoeelatively@onstant@nlprepubertalboysnd&irls,Zand Ao AiseAnEaimorphic
pattern@elating@o@XharacteristicBexBpecificBgainsAn#atPand Hat@reemassnlyhfterhe
onsetfbfpuberty (Ahmedeetzle999).ZThisandfthe @bservation@hat@eptin@reatmentfhdvances
pubertyPonlyBinffood @estrictedGrodents@Bvrith Belayed Bbuberty (cheungzetmalzi997) contradicts
leptin’s@olefas@heBrimarylactivator@®fBpubertal@maturation.BHowever,deptin’s@ermissive
role@n@he®nset@ffubertal@evelopmentis@pparent.

Overfthe@ears,FhlsolfattyPhcids (schneiderfandewader1989),B8lucose (Hemetzal.r1999),ZAndAnsulin@ike
growth@actorAAIGFA) (Hineyretmlro9e)havebeenbroposed@oMacilitate@inRHBecretionand
link®hePHPGEhxisZindPmetabolism.POtherBpossibleBperipheralBignalshreZzastrointestine
derivedBhrelinEindBolypeptide®Y,Bhdministration@®f@Avhichfhas®eenBhownRoBuppress
LHBecretionBnfxperimentalZhnimals (FernandeziFernandeztetal.zz006).ZRecently,Ansulinfhasfeen
found@oBerveshBperipheralBignalAntegratingfmetabolismEndhypothalamic@ontrol@®f
pubertalPonset.ZKnockButPmicePharboringPheuron@pecificlinsulinlfreceptorlfinactivation
displaythypogonadismBecondary@o@mpaired@inRHBecretion (Briningetzl.z2000).Ankaddition,
increasedfevels@fnsulin@timulated.H@eleasen®ats (Burcelinztalz003).AnEirlsBvith@ow Birth
weightPandBubsequentffasttatchBMip@veightBain,Bobesity,ZandPhyperinsulinemicfinsulin
resistance,BrequentarlyPmenarchelfisfelayed PbyPmetforminPtreatment (iafezzetzal. 22006b,c).
ThisBuggeststhatinsulinfik@Major@odeterminant@fhe BrogressionBfuberty@n@irls.

PeripherallPimessengersPmaylrequirePotherPcellsBtofmediateltheirfinformationPtoPGnRH
neurons.Ansulin@ossibly thas@lirect@ffects (savirtmlzoos),Butl@eptin’sBignaling@ffects@nust
occurEhroughther@ells,Bince linRHmheurons@hemselves@omot@xpressleptin@eceptors.
Leptin’sBignaling@ffects@nay@®ccur@hrough@proBpiomelanocortin@ells@®rheuropeptide®
(NPY)EBproducingPheuronsoffthePArc (Finnretralz1998).ZNPYPhastbeenfshownltofhave,le.g.
inhibitory@ffects@n@inRH®@ells (Eimajdoubimtmlzo00),AndBnediate@tarvation@nduced@nhibition
of@heHPGExis.fThisAsfvidenced byPmiceAackingNPY A 1 EeceptorfroceedingPhormally
into@uberty@ven@henEnergyBtoresre@nadequate (pralongmtmlmo02).fThe@xistence®{he
leptinNPY®nRHPpathwayBAsPreflected inEramaticallyZhcceleratedBpubertyZin@heselmice
with@Bblocked@NPYReffectsBlwhenBtreatedBwithEleptin.BIRecently,@hypothalamic KISS1
expressingPheuronsPhavefbeen@hownolbeBbensitivetofnetaboliclronditions,Phs KISS1
expressionAs@iminished@luringBtates®ffhegative@nergy@alance (FernandezfFernandez@tl.2006).
In@Addition@o@irect@Ectivation®flinRH@eurons@t@he@nset@fGuberty (Gottschtml.mo04,arwigkt
al. 004, Navarro@tf@l.22004, 2005, DhilloBtALR005,Messager @il 2005, Bhahab®tal. 2005, Lastellano@t@LR2006,Plant®tEL2006),
andfnvolvementinmegative@ndpositiveeedback@fBexBteroids (irwigktalzo04,Mavarro@t@l2004,
Smith@t@ALR2005a,b,Bmith@tal.2006), KISST@eurons@AlsoBeemoBerve@s@entral@inksbetween@nRH
neurons@ndperipheralfhetabolicBignals,Buch@septin (Luguertalz007).
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3.2.2.EFFECTS®FAVEIGHTGRAINDNITIMINGODFPUBERTY

InBtontrast@oBindernutrition,Zxcess@fPhutrientsZind @besityfhaveAnEmany Btudiesfbeen

shown@obe@ssociated@vith@dvanced@ubertal@evelopment (Macluremtal.f991,Kaprioktal.f995,Buo
et@l.A 997, Koprowskitzl.21999,Biro®tzl.22001, HeZEnd Karlberg?001,KaplowitzEt@l.22001,Remsberg@tzl.2005,Juul @ tzl.22006,
KindblomPetPhl.F2006,B5an dhuPetPal 22006, Bilventoinentettal. 22008). For@Anstance,BirlsBvithPabodyPmass@ndex

(BMI)abovethePmedianPhavelPalBsignificantlyowerPhgehtPB2E[10.43s.01 1.2 B ears) ZAnd
menarche@13.1@s.03.7Fears)@ompared@vith@hose@vithBBMIbelow@hePmedian (uuleetal.
2006).BAlthough@nostBtudiesthave@ncompassed@irls (Macluremtal.m 991, Kaprioktal. 11995, Koprowskital.
1999, BBiroet Bal. 22001, EKaplowitz Bt EAl. 220 01, Remsberg et Bal. 22005, g uul etz 2006), Bimilar@bservationsthave been
made@lsofn®oys (Guortal.m997,Hemnd&Karlberg2001, Kindblom @t@l.2006,Bandhuft@lL 2006, Bilventoinen@t@l.2008). A
study@AnBwedishEnale@wins@emonstrated @hatBMI@EtEAges Bhrough@ 0Grears@orrelated
negativelyPwithPhgePhtPonsetPandBphvEoffthePpubertal ZerowthBspurt (silventoinenzetmal 22008).
Similarly, Mle@nd&arlberg (2001) showed@hatthigherBMI@EainAn@hildhoodbetween2@And B
yearsnboth@enders@vasitelated@o@arlier®nset@fGubertalBrowth.An@Addition@oRarlier
pubertalBlgrowthBspurt,BichildhoodPlgrowthBrates@arelincreased@inPlobeselchildren,Ebut
subsequently,PheightBainfuring®helpubertalBgrowthBpurt@s@educed (HezandeKarlbergezoo1).
Thus,@espite®allerBtaturen@hildhood, AdultheightisGotincreased.

WhereasPexcessivelpostnatalBweightPgainFisPclearlyPassociated BwithBearlyPmaturation,
advanced@ubertyelates@oBoorBveightBEainfnGrenatalfife,d.e.@oBmallBveightielative@o
lengthatbbirth (coopermetral.z1996,2adair?2001,ALUOREtEALE2003, BTamEeteal. 22006). PHy pothetically, Phutritional
deprivation®@ausing@ntrauterineBgrowth@etardation IUGR)Eluring®hePprenatalBensitive
periodl® could® independently affectl the® subsequent® maturation® schedule® through
developmentalBplasticity@inFresponse ftoPindernutrition (Barkerz2004).2ZFromBanevolutionary
perspective,@hisBvouldBebeneficialavhen@n@dversefrenatal@nvironment@redictsBhort
survivalBafterBbirth (GluckmangandzHansonz2006).EHowever,FIUGREChildren@withBpersistentBhort
stature@nd@bsence@f@atchMp@Browth@fterirth@naturedate@ather@han@arly (Lienhardtmtal.
2002).&ast@ostnatal@atch@pErowth@uring@®hedirst@wo FearsfdifeAsBftenBeen@nAUGR
childrenPwithBsmallBbirthPweight (Hokken&oelegaretzal.m1995)PAndlisPpositivelyPassociated Bwvith
childhood@®besityhtthge2 B Fears (ongrtml.m000,mbaiezreteal.2006). I hus, Bhe @ ffectsBBprenatal
malnutrition®n@iming@f@Enaturation@nayefotentiatedby HastGostnatal@atchBipAveight
gain (PerssonPetfal.B1999,FAdair?2001, FLuoletPal. 22003, ATametPal. 22006), Por B arly Bbbesity Bmay Aindependently
contribute@o@dvanced@naturation (dosBantosBilvartal.2002).An@heBtudy BbyRlosBantosBilvaRt
al. (2002),@he@nitial@inding®hatAowbirth@veight@Bvasassociated Avith@arly @nenarche@vas
reversed@fter@ontrolling@or@Erowth@nAnfancy;@Enenarche@vas@eached@ater@nirls@Bvho
werellightPatPbirth.PInPforeignPhdoptedPZchildren,PearlyPmalnutrition (Millerzetpalm1995) and
subsequentBfast@catchMplgrowthPafterParrival BtoltheZnewhomellcountry@havellbeen
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suggested@o@xplainheirfncreased@iskHor@Advancedprecocious)@Enaturation (proosetalmoo,

Mul@t@El.2002,Teilmann@tE@l.2006).

Obesity@elatedPhormonalBfactorsZmaylcontributePtoPthePassociationEbetweenPadvanced

pubertalPmaturationZandPbbesity.BincelbercentagebftbodyatAsZorrelated BvithPserum

leptin@llevels (Considined et alz 1996,8 Ahmeda et al.e 1999),Fladiposity@Aelated@increases@infleptin

concentrationsPmayPpermitPpubertalPdevelopmentPatPanPearlyPhge.ZAbnormalitiesZinBkex

hormone@productionZandPmetabolism (Kirschnerzetralr1982) mayZhlsoEplayhlfrole@nPadvanced

maturation.PInPobesity,PlevelsEofZprehormonesfforfbothlPtestosteronePandPestrogenlare

elevated,@ extragonadal@ aromatization® of@ androgens@ tol estrogens@is@increased,Zand

bioavailabilityPbfZkexBsteroidsBisfheightenedBbecausebffloweredBlevelstbffkexPhormonel
binding@lobulinademidderrtalassz).EnhancedAdrenal@land Bunctionn@besity (Genazzanitalaozs,

deBRidderfetal.71992) Binay PhlsoProntributeZtoPearlierPpubertalPdevelopment.ZSuchPrhangesfin

hormonalPmilieuPImay@acceleratelfirstBappearancelloflpubertalPsignsforthe Btempolof
maturation,A.e.Bprogression@®fPpubertyhfter@Ats@Anitiation (derRidderfetral. o992, mBiroretzal. 22006), by

peripheral@ffects@e.g.@hrough@strogen@eceptors).BHormonal@hanges@naylsofAnfluence

pubertal@aturation@t@hehypothalamiclevel@nd@dvanceBull HPGRAxis@naturation.f hisfs

evidencedy@n@AcceleratedPubertalErowthBpurtAn@ssociationBvith@®besity (Hemnd&arlberg

2001,KindblomEt @006, Bilventoinen@teal.2008). An @etal Browth@etardation@nd Bubsequent@ast@atch
upBveightBain,PamplifiedPadrenarche,Functionalbvarianfhyperandrogenism (Francoiszandede

Zegher997,Abafeztml.a998),AncreasedAGFAdevels (ongmtaml®002),Andhyperinsulinemia@ndAnsulin

resistance@elated@o@rapidRarly@veightBain (Bhargavartrl. 22004, Dngktzl. 2004, AbafezBtrL 2 006a,2006b,

2006c) may e@mongihefactorsihediating@heBhift@nBubertal@iming.

ObesityPmay@partlyZxplain®heRikelihoodPbfPearlier@uberty AinEAfrican@ersus@aucasian
Americans (Hermanfiddens®t@l.A997, Biro@tEL 2001, Bunft@l 20022005, WuEtBl 2002, AndersonAndMust2005) Bince
meanfbody@at (kaplowitzeetml.moo1),ZasAvellEisAeptin@evels (wongmtmimoos),Zarethigher@nAfrican
Americans.Ancreasing@revalence®{@hildhood®besity@n@he@S (0gdenmtrl. 2002 Medley®t@l.2004)
may be@®ne@xplanation@or@he@xceptionally@arlyBubertal@naturation@®bserved@nBome
AmericanPgirls,PespeciallyPAfricanPAmericans (Herman@iddensBetfal. B1997,BKaplowitzBet@al.22001).ZThe
prevalence®fbesityfs@ncreasing@lsodnEurope (ongrtalzooo)And@alls@or@areful@ecording
ofPpubertal@imingPlata@nlEuropeanopulations.Becular@hangesfnlpubertal@imingnd
obesityZmay,Phowever,EbelindependentPphenomena,forthelincreaseinfobesity FisPhotlPh
determinant@butfratherfallconsequencellofflearly@maturation.?ZDespiteAthellassociation
demonstrated@n@ongitudinal@ohorts (Guomtal.m997 Biromt@l.2001,HeBnd&Karlbergf2001,Kindblom Bt@LE2006,
sandhu etd al.? 2006), @allcausalBlink@betweenlFlobesityPlandPlearlyFmaturation@hasfnot@been
substantiated.ZBothPhighPBMIPandRearlyZpuberty BmayfbePconsequencesPoffaccelerated
maturation®{he HPGRxis,@huseingPmanifestationstbf@heFamelphysiologicalProcess.



Supportingfthis,@win@atafhaveBhownfhatboth@besityAnd Barly@uberty Are@egulated by
aBubstantialroportion®fBharedBenes (kapriort@l.a995,Bilventoinen®t@LR2008).

Infronclusion,®helPhormal@rariationfbfPpubertalimingfsPinfluencedPbyPmultiple Hactors,

includingPlgenesPand@thelenvironmentl( Figure?4),2butftheir@exactlcontributions@and
mechanisms@reBetlargelyfinknown.

ElightlZﬂarkness endocrinel
cycle,@limate disrupting |
: \ | chemicals

Timing of
puberty

fatﬁn§SS; childhood
leptin, (catch@ip)
insulin growth

intrauterine
growth

adoption,
| migration

ENVIRONMENTAL

EFFECTS

Figure®@. Normal®ariation@n@he@iming@ffubertal®nset@sAnfluenced by Beneticlactors@ndBuperimposed
by@nvironmentalthits,Bvhich@nay&ffect@hrough@hangesfiineripheral@issues@r@directly AtEhefypothalamic
GnRH&egion.Modified@rom@arent@t@l. The@iming®formalpuberty@ind@hefige@imits®fBexualrecocity:
variationsBaroundBthe Bworld,Bseculartrends,tandthangestufterbinigration.BZEndocrZRev,22003;24(5):668@H93
(Copyright®™R2003@heEndocrineBociety).
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AIMSOFITHEBTUDY

Mechanisms&ontrolling@he@iming@®{@he@®nset@®uberty@emain@lusive.fTheBurpose®f
thisBtudyBvas@Bo@hedfight®niheBeneticegulation®fubertal@imingBy:

1.@nvestigatingheMse@f@rowth@attern@atafn@Assessing@he@iming@{@uberty,@.g.theight
SDBnEpuberty@ersusfadultPheightBD.EInEhddition,2ZthildhoodBgrowthpatternsPandPadult
height@ttainmentin@onstitutional@elayin Browth@&nd Buberty@ICDGP)Bvere@xplored ).

2.Evaluating@he®ontributions@®fFenetic@ersus@nvironmental@Factors@o@heFariation@f
the@liming@ffuberty@Assessedby@rowth@datadnBwinBoys@nd @irls@II).

3.Eexploring@amilialPrlusteringPandPinheritancepatternsPofECDGP,EZAnPextreme@ariantlof
normalPpubertal@timing,FasfdiagnosedBfromPlongitudinal BgrowthPdatalinPpedigreesfof
patients@vith@his@onditionIII).

4.@etecting@eneticloci@inked@oEDGP,®husssociating@vithBubertal @iming,AnEnultiply
affected@DGPBedigreesby@enome@videBcansHIV).

36



SUBJECTS

1.POPULATIONFA'WINSHII)

Contributions@f@enetic@And@nvironmental@actorsBo&he®ariation®fBubertal@imingRvere
investigated@nAwins.PDataBverelerived@rom@he ZFinnTwin12A 7 Btudy,BvhichBncluded
fiveBubsequentbirth@ohortsfFinnish@EwinsBornAn@983@ 987 (kapriortalzoo2).Meight@ata
at@hefnean@ges®fA 1.4SDM.29)AndA 7.6 earsfSDM.27)AnEirls,AndA4.1SD®.08)@And
17.6@earsqSDM.24)AnBboysAvere@ollected by @uestionnaires.Anformation@®nZ2309&irls
and@828Moys,Ancluding@57MZEAndA65BameBex@lizygousSSDZ)AndB99 DppositeBex
dizygousP(OSDZ)BcompletePtwinlpairs,Bwasfobtained.BZygosityPwasfdetermined Bbylla
deterministic@lgorithm@Bsing@uestions@nphysicalBimilarity@tBchool@ge (samagtalaozs).

2.FAMILIESOFPATIENTSWWITHDELAYEDPUBERTY

Boys@nd@irls@iagnosed@vith@DGPAvereathered@hroughfnedical@ecords@®fAdolescents
referred@oBpecialist@ediatric@are@ue@oBubertal@elayICDB,BDrAaA 0@iagnoses®26.00,
2590A,obr2E30.00/E30.09)BfirstZatPthePH ospital BforEChildrenPandPAdolescents,ZHelsinki
UniversityEHospital,EandPatEJorviEMunicipalBHospital,ZEspoo,BFinland,PbetweentheByears
1982Fnd2004.M'hen®heBtudy Avas@xtended@oEncompassalsolpatientsAnvestigated Zat
PeijastMunicipal@ospital,antaa,And@t&Euopio, Tampere@nd T urku@niversityMospitals
duringPthePsamelyears,FasBwellZhsthtPthePHospital for@ChildrenPandPAdolescentsPinPthe
beginning®f2005.Xriteriaor@DGPAverePmore@han@ B DMAater@hanlaverageage CatAG2,
corresponding@o@@esticular@olume @ {nore@han@ @nlAnMboys,ZandEnore@hanZ FHDBater
thanBaveragelhgePatMBB2AnBEirls (Marshalltanderannerm969,m970),AvithPhoBigns@®f@hronicAllnesses
accounting@forfdelayed@puberty.@ TheseAwerelexcluded@byZmedical@history,Bclinical
examination,PandProutinellaboratoryPtests?(blood EcellZcount,Bthyroid,ZkidneyPandZliver
function@ests,Bonadotropin@ndZexBteroid @letermination,AAnd@aboratory&ests@xcluding
chronicnfections@nd@eliac@isease).@rowthformoneBtimulation@estsBvereBerformedf
growthPpattern@uggested PlGHeficiency.EZHypogonadotropicfhypogonadism,AfZuspected,
waslexcludedfbyPGnRH RestingPhnd Pbytlinical Zfollow@ipZensuringBspontaneousPpubertal
development@nPaterPhdolescence.fAllBubjectsBvereorn@ull@ermandfhad Phormalbbirth
weight.
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AllPpatientsPwithPCDGPEwerelcontactedEbylletterBrequestingtheirZandBprimarilyBtheir
parents’Bland@siblings’ @ (first@legreelrelatives)@participation.Z Altogether,@1 2862 families
(146+23BromPEHelsinki,PEspooPand@antaa,zZhndFl 17 FfamiliesBfromPKuopio,fTampereZand
Turkul participated? (Figure® 5).21 All&l membersP in@ participating familiesP filled in® a
questionnairePandPwerelinterviewedbyPphone.BFamiliesPwereRexcludedBifBfirst@egree
relativesfhad PhnychroniclllnessesthatProuldfhavePhffected BsrowthPoridevelopment.fin
addition,®nlyBamilies®fFinnish@riginBverencludedBecause,As@hefnheritancePattern®@f
CDGPsfikely@obe@omplex,Bhe@imEvas@oHeep@heBtudyBopulation@sfhomogeneous@s
possible.Becond@egreeltelatives,Buch@s@Aunts,@Bincles,And@randparents,Andthird@egree
relatives,Buch@s@ousins@nd@rand@randparents,Zind@ven@ourth@legree@elatives®f@he
probands@vere@ecruited@f@hefnterviewBuggested@DGPs@o@lsobe@resentdn@hesednore
remotelrelativesPland@ifZ]permissionBwasllobtained BfromBEitheBparentsfoffithe@proband.
ConsanguinityBvasfotBuspecteddrierifiedinEnyBfhe families.

2.1.PEDIGREERNALYSISHIII)

Clustering®f@ DGPAnfamily@nembersBvas@xploreddnfamilies®ffnale@ndHemale@atients
investigated@or@ubertal@lelay@n@elsinki@And Espoo@uring@ 9822004 fFigure®).MfT26
patientsP566Pmales,fl 60females),t68% X 401Bnales,? 1 emales) Fulfilledheiagnostic
criteria@or@DGPPAndPhad PbothPparentsPhvailableBforontact.POfPL 46 Zfamilies@villing o
participatelhfterfrontactlbyfletter,222BwerePexcludedPbecausefbffparental Fillnesses?(6),
undeterminablePpubertalZtimingPinPonelorfbothBparents?(14),EorPparentalBoriginfbeing
something@ther@han®innish{2).he@nalysis,®hus,Ancluded@ 24@amilies{of@5&nale@nd
29M@emalelprobands)Erepresenting 5% bfAFamilies B fEallRligibleBubjects.FT’heFhumberbf
probands’Hfirst@egreelrelativesPZwasfB387,Pincluding@248parentsPand@1 39Fpostpubertal
siblings®@ (58@ brothers,? 812 sisters).? Second@egreel or more remotel relatives@ were
successfully@ecruited@nB0%{37/124)®f@heHamilies.fTotalBhumbers®{Anvestigated@nale
andBfemalelfamilyPmembersBoffithe@probandsBweref290@andk304.@Theselfamilies
encompassed@Rotal@f 18@ndividuals,@ncluding@he@robands.

2.2.MINKAGERANALYSISHIV)
For@Ainkage,Zh®otal®f® 2@amilies 37 +4Families@romMelsinki,EspooZind#Fantaa,and@ 1
familiesBrom@uopio,'ampere@And urku) Bvith@ubertal@elayn®nly@ne @fihe Barents@f

thePprobandPandbthis/herBecond@legree®rfmore@emotelelativesBvere@elected Hromall
participatingamilies@Figure®).
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2.3.ANALYSISDFGGROWTHRPATTERNSHI)

Ofhelparticipating@naleprobands@nvestigated ForZCDGPEtEIBixElinics{ Figure ), 3
wereBged20Btears@rinore,AndBor@0,Also@hildhoodErowth@ataBvere@vailable.@nEhese
men,@hildhood@Browthpatterns@ndAdultheight@EttainmentBvasinvestigated.

726Datients investigated for
i pubertal@elay@566Mnales,A60
i females)@n@elsinkiEndEspoo

— I

492 Matients@iagnosedBvith@DGP
i (401mnales,®1Hemales)bBased®n

! morefhan@2BDHater@hanAverage
! age@t2@rM2,EbHoysAnd@irls,

! respectively,Evith@oBignsBf

chronicBllnesses Fm e
' i families®f22 Matients i
4 i excludedBecausedf !
families®fA 46 Patients  parentalllinesses({6), !
participatedfrom®elsinkiEnd 1 undeterminable@ubertal |
Espoolfter@ontactiyfetter g ! timingfh@neBrboth i
1 parentsf14),arental !
! 'i origineingBomething !
families@f@ 24 Patients95@nales, i otherfthan®innish{2) |
29@emales)included@npedigree S
analysisflIII
families®fA 17 Patients
participated@rom l additional families@f 23
Kuopio,@ampere,End families@fB 7 PatientsBelected Hor patie.nts.marticipatedﬂ]rom
TurkuiEfterBontactiy linkage@Enalysisfonly®ne@ffected HelsinkilindWantaa@fter
letter contactbyetter a
- parent)
| !
families®{A 1 Patients aflotal®f% 2 BamiliesEhcludedfn families®f 4 patients
selected@orfinkage linkage@nalysis{IV) | selected@orfinkagefnalysis
analysis@only@ne > (only@ne@ffected Barent)
affectedparent)

Figure5.2CollectionEbfPfamiliesBbfZpatientsBwithronstitutional PZdelayfb fZzrowth Band Bpuberty Bl CDGP) Efor
pedigree{11l) BaindAinkage {IV)Ehnalyses.Beventyfimale L DGP BubjectsForBrowth BatternBanalysisA[) Bvere

selected@romProbands®fAllparticipatingfamiliesa).
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METHODS

1.ASSESSMENTOFPUBERTALTIMINGBYGROWTHDATA

The@iming@®fPpubertyAnkhllFamily Bnembers@vasiprimarilyPhssessed@rom@inear@rowth.
Probands’Bgrowth@ata@verefetrieved @romPmedical@ecords,PandamilyPmembers’Hrom
archived@wvellbabyltliniclhndZchoolPhealthcarelheightPandBrveightPmeasurements.fFinal
adultfheight@FH)Bvas@btained@nostlybydnterview.he@iming@{fuberty Bvas@ssessed by
observing@hehronologicalhge GatBbnsetP®fBpubertalErowth{take®ff) Band PpubertalPpeak
height@elocity@dphv).fT'helhgePat@EakeDffAvastestimated@rom@hePpointPatAvhich Bgrowth
velocityAncreasedAfter@he BlowestBrowth&elocityAtEhebeginning@f@hefubertalErowth
spurt,@esulting@nPmore@han@.3BDAncrease@ntheight@D (karlbergatemlrroos).ZAgeBtEphvAEvas
estimated@romEthePpointBwherelgrowthivelocityPwastthe Ffastest,Fi.e.Bvherethellargest
incrementfnBtandingfeight@ccurred@uring®nelfear@t@Adolescence (Nicolsonand@ianley@953,Aiu
eteal.22000).ZLriteriaBfor@CDGP BvereBettby the Zhge Phtftake B ffBbrphvEoccurring2 B DA strict
criterion) dr@A.5@FD{relaxed@riterion)®eyond@he@neand Table@),bbased ®n@he@eference
databy@annerfand@olleagues (1976)meanhgeZit@ake®ffA 2.05A).85Endz 0.3032.90,
and@neanBAge@AtHhvA3.912M.84AndA 1.89E®.90EnMalesBEndfemales,Respectively).

Based@®n@hese@riteria,@he@ge@At@akeDffAvas@B.4@nd2.8BDAater@han@hefverage@n®5
male@probandsdmeankigeft@ake M 4.97+0.65Fears) AndAn2 9HFemale@Probandsdmean
agelht@ake ®ffA 2.96+0.84Fears),Aespectively,Ancluded@An@helpedigreenalysis.Melay@n
thePhppearancelfbffTanner@tage2RinfthesePprobands@vasftomparable;themeanG2hge
(15.10+0.83@ears)@vas@.4BDAater@han@verage@n@FinnishBoys (ojajarvimosz),Eind@he@nean
agelat@B2[13.7520.71Fears)Bnore@han.3@BDAater@hanverage ForFinnish&irls (ojajirvi
1982).2Thus,PtheBsetPgrowthchartasedECDGPEcriteriaPwerePexpected Prolidentify Zfamily
members@vithEpubertalfdelay.EPBasedPbnlretardationEbffbonematurationfdetermined by
calculating@he®ifferenceetween@onel@ge (Greulichmndmylem9s59) and@hronologicalBge@tihe
initial@valuation{2.6+0.7Fears@Anboys@End2.7+1.0FearsAnFirls),®helegree ®fFpubertal
delay@vas@Bimilarn®othmale@ndfemalefrobands.

FamilyPmembers'Browth@ataf®btained#romErchivedtheightEnmeasurement@ecords@vere
notPhlwaysB&ufficiently@omplete@olhssessBxacthgesPht@ake @ ffBbrEphv.fTherefore,Pother
components@®fubertalErowth,Buchs@hefge@Et@Attaining@dulttheight@growth&elocity
lessPthanPRPrm /year),BwerelusedPinEgrowthrhartasedPhssessmentbfZpubertalZtiming
(Table®).®Pubertal@imingRvasased@nBrowth@atanB0% DfEhefirst@egree @elatives.df



growth@lataBvere@inavailable,@he@iming@fBuberty@or@amily@nembers@Bvas@valuated by
structuredBlinterviews.PInterview@basedZICDGPHcriterialwerelsetPasfhavingPundergone
pubertal@evelopmentPmore@han fstrict@riterion) ®rAl.5FearsArelaxed@Xriterion)Aater
than@heir@eersdbothBexes),Br@nenarchefter@ 5Fstrict@riterion)@rA 4FearsArelaxed
criterion) P Table3).InterviewsEwereZmostlyPused Zforfsecond @legreeZorfmorelremote
relativesfi60%).

TableB3.Applied@rowth@hart@and @ecalltbased@gelimitsBor@DGP.

Gender  Marker®fipubertal Relaxed(triteria Strictltriteria
development for@DGP{years) for@DGP{years)

Male onset@fubertalBrowthBpurt,Bake@®ff >13.3 >13.8
peakfeightBelocity,hv >15.2 >15.6
adultheight@Attainment >18 >19
recalled Ppubertal@evelopment >1.50aterfhanpeers >2[aterhanieers

Female onset@ffubertal@rowth@purt,Bake®ff >11.7 >12.2
peakfeightBelocity,hv >13.2 >13.7
adultheight@Attainment >16 >17
recalled Ppubertal@evelopment >1.50aterhanpeers >2aterhanieers
menarche >14 >15

InAdditionBoAge@AtAttaining@dulttheight,@elativefheight,Ale.theight@ompared BvithBamel
aged@eersfheight®D),@uring@®ubertalFearssAnfluencedby@ubertal@iming.MeightB DMk
increasedBif@maturationfisPearly@and@decreasedBifflpubertalZldevelopmentlloccurslate
comparedBvithPthoseAvithFhveragelbubertalPmaturation (Tannerfetzal.z1976,er annerBandeDavies?1985,
Karlberg@t@l.2003). Especially@t@heAgeAvhenheight@rowth@eaksAn@he Beneral@®opulation, At
approximately@ 4@nd@A 2Fears@nboyskndBirls,Aespectively (rannermtmlenoze),theightBDAs
influenced®y®@he@iming@f@ubertal@naturation,But@lsobyBEenetictheight@otential (Tannermt
al.m976,Karlbergitml2003).@By @alculating@he @ifferenceAnfheightBEDMbetween 2®BrA 4Brears@nd
adulthood,helnfluenceofPgenetictheightpotential@anbelexcluded.fThus,heFresulting
changel@nhelrelativefheighttbetween@helhge@vhenlheightPgrowthPpeaksAnheZeneral
populationBand@adulthood,ZHD:SDSE(HeightZDifferencellin@Standard@Deviation@Scores),
reflects@ubertal@iming.
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ValidityPofPHD:SDSEhsPhPmarker@or@he@imingPofZpubertyAvas@ested by AinvestigatingAts
correlationBvith@heAgeAtBake®ffAndPhvAnARBubpopulation®f2158nen@And211Evomen
from@EDGPAamiliesBrovidingdongitudinalBrowth@ata.fThehges@t@ake B ffEindphv,zand
heightBDEAtAhefgeM4®rA 2FearsBvere@®btained @romBrowth@harts,Zind FHBbyphone.
For@nen,@he@orrelation®fED:SDSAchangedntheight@BDMbetween@ 4 Fears@nd@dulthood)
withPagelhtPphvEwasf0.842(p<0.001)Z(Figure@6A),Fand PwithPthePagePatlitake @ ff,20.75
(p<0.001).FFor@Bvomen,®he@orrelations®fEHD:SDSHchange@ntheight@D bhetween 2Fears
andPhdulthood)BvithPhge ZhtBphvEhnd Hake B ffAvere).78p<0.001) A FigureB) tand@.7 1
(p<0.001),&espectively.Bignificant@orrelations@onfirm@hatPHD:SDSAsPh@alid Bnarker@or
pubertalfimingfn@Apopulation@fboys@r@irls.

A) B)

> >
= =
= T &
) P
= =
%) %)
en en
< 1 <
12
B r=0.78
il 10
-3 -2 -1 0 1 2 3 2 -1 0 1 2 3
Differ ence of height SD between 14 yearsand Difference of height SD between 12 yearsand
adulthood (HD:SDS) in men adulthood (HD:SDS) in women

Figure®. Correlation®fID:SDSAvith@Age@tBhvEn A) 215Mhealthy@Bnen@r=0.84,3<0.001)&And B) 211healthy
womenr=0.78,8<0.001).ModifiedFrom@Vehkalampi®tzl. Geneticlind@nvironmental@nfluences®n@ubertal
timing@issessed By theight@rowth. A AmFAHumBiol,22008;20(4):417 @23 (Copyright@® 2008 WileyA.iss,Anc.,FA
Wiley@ompany).
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Pubertal@iming@n&wins@vasssessedbyPHD:SDS.MHeights@An@entimeters@eportedby@he
twins@Bvere@hanged@ntoBtandard@leviations@ZndZdjusted by @he@xactfhgeZait@heEime b f
responseby@alculating@egression®esiduals@o@ccountfor@mallAge@ifferences (colemndreen
1992,@oletml.n998).[TheAged 1.5FearsAnBEirlsAs@lose®o,AndA 4.0 earsindoysisFheAverage
age@t@hvnfhe@eneral@opulation (Tannerztmlaoze).Meight@tBAge@ 7.5 earsBvas@onsidered
tobemearHinaltheightBincey@hisBge®9.8% D fFirlsAnd®9.1% DfBoys@BeachBEdulttheight
(NicolsonfandeHanleyr1953). Height B D GatPage A1 1.5 AnBpirlsPand 1 4.0 Brears@ntboys@AvasBubtracted
fromPheight@BDEatlhgell 7.5F ears,Ereating@hellifferenceBHD:SDS.BHD:SDSAsPhegative or
early@nd@ositivefordate@aturers.

1.1.-tROWTHRPATTERNSANMELAYED®PUBERTYH{I)

Forhe 0@naleDGP@robandsfncluded@n&he@Analysis®f@hildhood Browth@atterns@nd
adulttheight@ttainmentBrom@llBix@linics@Figure®),AtAvas@xplored Bvhether@hose®oys
who@idmotAttain@HRBorresponding@o&heir@eneticlargetfeight@isplayed@nAdentifiable
growth@attern@lreadyin@hildhood.

Thelge@tHirst@bserving@i2Ehs@vell Bs@Bone@naturationft@he Anitial@valuation (Greulichznd
pylem9s9)Bvere@btained@rom@nedical@ecords.Birth@ength,@elativeteight@tBAgesB, B, ,And
9 ears,Ghgeat@ake D ff,PminimumAelativeheight@tBuberty@dminSD,®he Aowest®bserved
height@BDEtAheDeginning®{BubertalFErowthBpurt),Gige @tEinSD,BindBMIEtEheAnitial
evaluation@vere@ecorded@romBrowth@harts.&HBAvas®btainedby@honeBrAromBErowth
chartsPatPthePmeanPhgePbfPR3.9BearsP(range20.0B5.58 ears),tbyBvhichPhgePevenllatel
maturing®oysBvere@xpected@otave@eached@dultheight (HiggandTarangern991). M eights@fthe
parentsBvere@btained@rom&heir@rowth@harts®rbyAnterview,@ndBarentBpecificBarget
heightf TH) Bwvas@alculatedZasFollows:@.0611ZxAather’stheightcm) & [).0703 EXEmother’s
heightfcm)@22.37 (Sorvaretzalzi9gg).AVhenaskedEbout@eceiving@estosterone@reatment, 0
subjects?(57.1%)PhadPdecidedPto BwaitforZspontaneousPprogressiontofZpubertyBwithout
medication,Avhereas@B0f42.9% )thad@hosenEhe@reatment.fThisBvasBtartedetween@he
agesifll 4.2BhndEl7.0Bears meanll 5.5 ears),BvithEaPmonthly BlosePbfZ5 07 00 Emg A 12
mg/kg/month)bfftestosteronelenanthatef[meanb2.68ng)bverB A 8FmonthsE{meankB.3
months).

Before®Grears®ffge,@4%{31/70)DfheBubjectsthad@Brogressive@eductionntheightBD
(differencelnfheightBBDbetweenBPand® Fearstranged Arom .40 Ao .90FD).Ankb 6%
(39/70) ®fBubjects,BhoBuch@arly@eductionfnfheightBDAEvasBeenddifference@nfheight@D
betweenB@And® Brears@anged@rom@).30BDsEo@0.90FD).AnEheFEroupsBvith@nd Bvithout
earlyfheight@BD&eduction, 3B 1ZAnd A 7B fBIFubjects,Brespectively,thadbeenAreated
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with@®estosterone.fl'hefemaining@ubjectsAnbbothBroups@hosefhot@olreceiveAreatment.
PubertalPheight@gainP( FHEminSD),PFH,PandBattainmentPofftarget@height?( FHEH) Bwere
comparedetween@hose@vith@arlyPprogressivetheight@DAeductionlpresent@®rZibsentdn
untreatedBubjects.fT'hen,@ffectsDf@estosterone@reatment@n @ HEninSD,&H,Bnd @H T HAn
both@roupsiverefnvestigated.

2.TWINIGENETICMODELING{II)

The&lassic@winBtudy@iesignAsbased®n@omparing@he@henotype®fFEenetically@dentical
MZRwinsBvith@hatBf@DZEwins,BvhoBhare®nlyhalf®f@heirBegregating@enes (Boomsmamtail.
2002).2 Based® on0 this,@ phenotypicl variation can be@ decomposed into@ genetic@ and
environmental@omponents.fThe@stimated@eneticomponent@an@eFurther@ivideddnto
additiveBenetic@ffects@nd@ffects@ue@o@ominance,d.e.Anteraction®etween@llelesAnhe
samelocus.BWithinPMZPpairs@hexpected@orrelationForfhdditiveZand@lominantZenetic
effects@s,Bvhile@AvithinZBpairs@he@xpected@orrelation@As@.5 For@dditiveEand@.25 For
dominant@enetic@ffects.Environmental@ariation@an@urtherbe@ivided Anto@ractionsf
commonPhndBspecificBenvironment.ZCorrelationsBforZcommonPenvironmental PeffectsPare
assumed@ob el ,AndBpecific@nvironmental Bffects@,BvithinothMMZAndMZEwins.Based
onfthese@assumptions,Bitllis@possibleAtolestimatefivaluesfor@eachPof@thesellvariance
components@reating@hemPhsPatentZtandardizedArariablesBinlinearBtructuralPequation
models.HHowever,Bince@he@winslin@heBpresentBtudyBvere @earedBogether,Bimultaneous
estimationfPbf@EommonPnvironmentalPandBHominantPgeneticPeffectsfrouldthotbbe Rarried
out.fThus,@helPpossibleAwin@nodels@vereadditiveBenetic/commonZnvironment/specific
environmentZ ACE),Ehdditive@genetic/dominantgenetic/specific®nvironmentfADE),Pand
additivelgenetic/specificBenvironmentP(AE).E0fEthese,PthebestHittingPmodel Bfor@both
gendersfvasBelected.Assumptions@fthe@winfnodel,fle.Bqualfneans@ndB&ariancesforM7Z
andDZ@Ewins@sAvellBsHorMirstBAndBecondborn@o@winsBvere@ested By @omparing@hil
square@hangebetween@he@winfodel@nd®heBaturated@nodel,Bvhich@id@ot@EnakeAny@f
thesel assumptions.? By® using@ twinf geneticl models,? genetic® versusl environmental
contributionfo®@heflrariation@fD:SDSBvas@xploredin @57 MZEAndA65E8SDZEwins.

3.PEDIGREEANALYSIS{III)
InPfamilialBtlusteringPandPinheritancePpatternfanalysisPbflll 24 Ppedigrees? Figurelb),the

appliedPZCDGPZriteriaP(bothBgrowthPchart®andlinterviewbased)Bwerelkstrict.ZBasedZon
pubertal®imingfAn#irst@egreetelatives,hePbrobands@vereBroupedas@amilial{at@east
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onelffectedirst@egree®elative) drBporadicfno@AffectedHirst@legree@elatives).Bccording
to@heBumber®ffhffected@parents@nd@vailable@ata@®nBecond@r@hird @legree@elatives,
familial@®robands@verefurtherBubdivided@nto@hree@roups:@ ) @nilineal@amilies@lonly@ne
affectedBparentandBnolevidencePofECDGPEinEthelotherBparentforfhis /herlfirst@legree
relatives),?2) Ebilineal BfamiliesP(eitherbothZparentsfthemselvesfaffected BorZonellparent
affected@nd@he®therMnaffectedbutthaving@n@ffectedBibling®riparent),BindB) Hamilies
withPinaffectedBparents? onebrPmore@iblingsPaffected).ZloBurtherfevaluate@nheritance
patternsPbffCDGP,EextendedPbedigrees@vithPinilinealPbackground@verexplored.EBilineal
extendedpedigreesBveremotlncludeddnfnheritance@attern@nalysisecause@heBresence
ofPtwoPlhffectedBparentsPmakesfldeterminationPlofZthePmodellofflinheritance Bdifficult.Eln
relativesPbffallPbrobands@vithPhkbositive FfamilyPhistory BofBCDGP,PbccurrencePbfFLDGPEin
malesPandPfemalesBwaslcalculated, BfirstinPfirst@egreellrelativesBwithPpubertal@timing
assessed@nostlyby@rowth@ata,End@henfinBecond@legree®elativesBvith@nostlynterview
based@ssessment@Dffbubertal@iming.MccurrenceDfED GPAvas@lso@alculated Beparatelydn
parents@AndB&iblings@®f@he@nalefind#emalerobands@vith@inilinealackground.An&hese
families,®heBproportions@®fPpaternalZaind@naternal@nheritanceBfELDGP @anbe@ompared,
and@lsofhe@ccurrencefDGPEnfnhalefersusfemaleBiblings@valuated.

4.GENOMEMVIDELINKAGEBCAN{IV)

From@ll&linics,B2Ainilineal#amilies Bvith@®nly Browth@hartased@DGPRAliagnoses@vere
selecteddor@inkage{Figure®).fThe@riterionHor@DGPAn@amily @BnembersBvas@elaxed.fThe
familiesPlcomprisedPalltotal Flof?4 10Bsubjects?(213Pmales,21197 Bfemales).2OfAthese,[179
individuals[{97@nales,B2@emales)Bvere@lassified@s@ffected.The@argest@amily@ontained
nine@ffected@edigree@nembers.

AlbloodPsample@wvasPdrawnforPDNAPextractionPhfterbbtaining@ignedPronsent@romPall
individuals.@ienome@videfmapping@vas@arried But@isingPABIPPRISMA.inkageEnapping@et
MD10fAppliedBiosystems).Btandard?PCREprotocols@BverePised ForEamplification BfEDNA
fragmentsPusingPll 0BngPofPgenomicPDNARhsPhPtemplate.BThefluorescentlyZlabeledZPCR
products@ werel separatedl using@ anPl ABI3730@ (Applied® Biosystems)Z automated
electrophoresisBystem,And&he@Eenotype@alls@vere@ade®yfieneMapper3.7Boftware.All
alleleBcallsBwerelverifiedZbyBtwollindependentPreviewersZand BanyfdiscrepanciesBwere
resolved.BGenotypes@wverefretrievedZforZB 83 PmarkersZspanningfallZhutosomesPand Zthe X
chromosome.M'hefrogram@GRREGraphicalRepresentation@fRelationships)gabecasistalzoot),
which@alculates®he@veragedenticaltby Btate@lleleBharingetween@llBairsin@@ataset,
wasfised@oBcreen@orfinconsistenciesfin@amilial@elationships.@enotypesBvere @heckedfor
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violation®fMMendelianBegregation®f@lleles@sing@PEDCHECK (0'connellzindaveekse998).Marker
locations@vereased@®n@eCode@nap@istances.An&aseZEnarkerfhadhotbeenlaced®n
the@eCode@nap,@stimates®f@heir@eneticlocationsBvere Based@®n@inearfAnterpolationby
using@he@hysicalAocationfand @he BeneticAocations@®f@he Ammediately#lanking@eCODE
markersBinfthefUniversity Pbf@aliforniafSanta@CruzE[UCSC)BdatabasePising@Cartographer
(https://apps.bioinfo.helsinki.fi/software /cartographer.aspx).®@ine@Bnapping@narkers@vere
selectedBfromBPitheIUCSCEdatabase.BMarkersBwerelselected Bonelleveryf1EmillionEbases,
preferentially@icking@narkersBvithteterozygosityZM.7.


https://apps.bioinfo.helsinki.fi/software/cartographer.aspx

STATISTICS

Statistical®Package@orBocialBciencesJSPSSHor@indows,@eleasefol 1.0.Anc.,Lhicago,AL)
wasflised AnPhnalyzingPerowthPpatternsPhand @amilialBbccurrence BbfECDGP.EComparisonZbf
growthBparameterstbetweenlPmalelprobands@withPearlyPheightPSDFreductionpresentlor
absentBwas@performedBusingllindependent@samplest@est.ZPearsonly2f&estlservedito
comparehefumbers®fBubjectsbetweenfhese@Eroups@ndbetweenFroups@dfndividuals
meeting@istinct@DGP@riteriafin Pedigrees.f<0.058vas@onsideredBignificant.

TwinBeneticBnodels@vere @reatedMisingMxBtatisticalPpackage@version@.4.06)Eesigned
forBtudies®fEwinBnd@Family@ata (Nealeroo3).ZTheBignificance®f@he@win@orrelations@vas
evaluated byfittingfested@nodelsAnd Bxamining@he@hiBquare@istributed@hangelin@he @
2B@logAikelihood Bvalues(Ax?) BbetweenBtheZmodelsEwithBandZwithoutlthelcorrelation
parameter@etioZero.

ParametriclinkagefnalysisBised @ DGPEsE @Alichotomized Araitthnd Bvas@arried But@ising
thePprogramPMerlin.PAllPunaffected amily BnembersBverefscoredhsPhavinganPinknown
phenotype,@i.e.Bllinkage@analysesBwerel run@using@thelaffected@®nlyllapproach@since
expressivityPoffbotentialPhllelesProBegregatingBwithEZCDGPEsPunknown.fThreePdominant
models@Bvere@ested.fThe@enetrance@or@ffectedtheterozygotes@ndfomozygotes@vaskept
at@.9@nRAllEnodels,Bvhereas@he@isease@llele@requencyBvasBet@o®.01,M.001,And@.0001
in@nodels@,2,AndB,&espectively.
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ETHICS

TheEthics@ommitteedf@he@ospitalMistrict@df@ elsinkiEnd@Wusimaafnd@he@Anstitutional
Review@BoardsbfAndianaPJniversity,PBBloomington,PAndiana,Zhpproved@heBtudylprotocol
andPdatalollectionPontwins.PAppropriatePtonsent@BvastbbtainedZattheFAnitiation o ffthe
study.

DataollectionPbon@DGPBpatientsfandHamilies,ZandPprotocolsBorBrowthPandBAnheritance
patterninalyses,Zis@vellGisHor@MNARollectionfind @AinkageZnalysis@vere@pprovedby@he
EthicsBCommitteePoffthePHospitalPZfor@hildrenPandPAdolescentsPandftheDepartmentlof
Psychiatry,ZHospital@DistrictBlofZHelsinkiPandEUusimaa.BTheBapproval BwasBextendedEto
encompassBthe@family@land@DNARsamplelcollections@atfIKuopio,@Tampere,BlandATurku
University@ospitals.First@egree@elatives®f@robands@vere@nitially@ontacted@®nlylafter
proband’s@Bpermission.ZISubsequently,@second@egreeZor@morelremotelrelatives@were
contactedEhfterZpermissionBfrom@helparentstbrZproband.Bonfidentiality BvasPmaintained
during@helfinterviews.f'heBtudy@vasfonductedAnccordance@vith®heZuidelines®fAhe
Declaration@fMelsinki.AllParticipants@riheirfarents@r@uardiansprovided@heirBvritten
informed@onsent.



RESULTS

1.GROWTHPATTERNSANMELAYEDPUBERTY{I)

Thefnean@FHAnRIF 0Bubjects@ncluded@nAhefnalysis@®f@hildhood Browth@patternsizind
adulttheightBhttainment@vas@.13+1.08D,A 78+6.8&m.[hisAvas@.23+0.755DbelowT'H
(range@rom@.95B8Dbelowlo@.77BDEAboveH).MWntreatedBubjectsBvhotad@r@hosevho
didPhotthavelearlyPbrogressivereduction@nfheight@D Alid PhotEifferBignificantlyAnbbirth
length,theight@t@ge B Fears,[T'H,Bige At@ake Bff, DrAlelay®f@oneBnaturation@®rBMI@AtEhe
initialPevaluation? Table).B5ubjectsBvithPearlyPheightBEDEreductionthad BmallerminSD
thanBubjectsAvithoutBuch@Feduction.BothEroupsZainedheight@quallyBvell@uring@he
pubertal@rowthBpurtfFHEninSD).@HBAvas@Ascertained@t@he@nean@ge df@2 3Brears@nboth
groups.BFHENnRubjectsBvholdidPhotfhavePearly PreductionPinPheightPSDBvasBignificantly
closer@o@heir@rHAFHA'H) @hanfnAhose@vithZarlytheight@BDEeduction Figure7,Bray
boxes).

Table@. GrowthBarametersdmean +FD)AnRintreated@nale@DGPBubjects@vithRarlyeductionfnlrelative
height@resent®r@bsent.Modified From@ehkalampi@t@l. Progressive@eduction®f@elativelheightin@hildhood
predictsthdultBtaturebbelowltargettheighttintboys@vithBtonstitutionallelay@®fyrowthtinduberty@ormRes,
2007;68(2):997 04 {Copyright@® 2007 B.KargerAG,Basel).

Earlyteductionin®elativetheight

Present Absent
BirthBength{cm) 50.9 £2.6[N=14) 50.9 +2.1{N=18)
Height@AtRAgeBGrears{SD) @.52 £M.82[(N=18) @.52 +M.84[N=22)
Minimum Belativefeight@tfuberty,@ninSDHSD) @2.19 +M.65QN=18)2 @[.34 +M.810N=22)7
Delay®fthone®nhaturation@tfhitial@valuationfyears) 2.51+M.730N=16) 2.23 +0.63[N=18)
BMIMAtEhitial@valuationfkg/m?) 18.49 +@.27[N=18) 19.47 +B3.700N=22)
AgeBAtBnset@ffubertal GrowthBpurt,
take@ffflyears) 14.93 +M.67N=16) 15.04 +@.62{N=20)
Difference®fffinal@dultteight@romninSD,
FHEninSDESD) 1.54 +@.42[N=18) 1.64 +D.64[N=22)
ParentBpecificBargetheight, MHSD) @.02 +M.490N=18) 0.25 +0.680N=22)
Final@dultteight, FHESD) @.65 +M.690N=18) 0.30 £@.17@N=22)2
Difference®ffinal@nd @argetheight, FHETHESD) @.63 +M.50N=18) 0.05 £M.94{N=18) &

*B<0.05betweenfintreated BubjectsBvith@arly@eduction Gh BieightBDpresent®rEbsent.
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InBbothBgroupsBwithPearlyheightPSDEreductionBpresentlor@absent,ZbothPtreated @and
untreated Bubjects@vereBimilarAnlphysical@haracteristicsBuchlasbbirth@ength,heightlat
ageBFears,AndTHAdatafotBhown).AnEhoselvithout@arly@eductionnheight@D,FHETH
didPhotBignificantly@ifferetween@ntreated ndAreated BubjectsF FHETH@.05+0.94 &s. @]
0.08+0.70,8=0.64)@Figure®,@ight@anel). Neither@id FHT H@iffer®between@intreated@nd
treatedBubjects@vith@arlyheightBD&eduction@BresentdFHA'HA.63+0.50@And@.36+0.48,
respectively,?=0.15){Figure®,Aeft?anel).fThese@ataBhowhat®estosterone@reatment
doesPnotlinfluence@inalPheightPhttainment.2Thus,ZthePgroupskofftreatedPandPuntreated
subjectsBvere@ombined.BubjectsBvho@id Bothave@arly #eductioninheightBDReached FH
closerftoltheir@l'HZhanBubjects@vholhadfthisEtharacteristicB{ FHETHEAD.01+0.8 3B D& s.2R
0.52+0.508D,3=0.004).ABignificantfover®.58D)Bhortfall@rom HEvas®bserved An&5%
(17/31)EBbffthose@vholhadZearlyPheightBSDEreduction,Pand BAnkbnly PR 1%E 8/39) Bbfthose
withoutBuch@lreductiondp<0.01BbetweenBroups).FHAvasBmaller@AnZubjects@vith@han
withoutBarlyfeightBD@eduction@FHED.56+0.64BD&s.M.20+1.138D,3=0.001) @Figure®).

FHITH

[ Untreated

3 ] [] Treated

Reductionpresent Reduction@bsent

Figure@. Differencefbetween®inaladulttheightfand BharentBpecificfargettheight® FHEITH) BinBubjectsAvith

CDGP.EBoxBplotsBsummarizingfthe ZmedianBand BquartileBvaluesfin BsubjectsBuntreatedZand Btreated Bwith

testosterone,Bvhofad fleftfanel) AndBvho didfotthavefrightanel) An@arly&eductiondnielativefieight.H
THRlidBhot@ifferbetween@reated Bind @intreated BubjectsAn@ither@roups.Antreated BubjectsBvithout@arly

heightBD&eduction@eached theirHbetter@hanf@intreated@BubjectsBvithBuch®eduction{*p=0.009).Modified

from@MVehkalampi@t@l. Progressive@teduction@ftelativelheight@n@hildhood®redicts@dultBtaturebelowdarget

heightfinEboystwithBtonstitutionaltlelayffyrowthandtbuberty.HHormMRes,Z2007;68(2):997 04 { Copyright0

2007 B8.Karger@AG,Basel).
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Figure®. Height@BDRurvesZnd BneanBarentBpecifictargettheightsdarrows)mbfEllBubjects@ividedbyEhe
presence@dN=31)EandEbsence AN=39)®fEarly GreductionAnfrelativetheight.Heights@mean +1&D)GtlhgesA
throughlPR0®&earsfinZubjects@vhofhadsolidfline)Pand@vho Alid Bhotthave f{dotted Aine) RearlyZreductionZin
relativetheight.B#p=0.001DetweenHinalZdulttheights.Modified #rom@Vehkalampi®t&l. Progressive@eduction
oftrelativelheightfntthildhoodbbredictsthdultBtaturelbelowltargettheightlintboys@vithBtonstitutionallbtlelayf
growthl@ndpubertyMormMes,2007;68(2):99@ 04{Copyright@®2007B.Karger@AG,Basel).

2.GENETICWERSUSENVIRONMENTALANFLUENCESMNPUBERTALAIMING{II)

Totaltlhumber®fEwins@nd Bneans@®f@he@raitsdheight@D,FHD:SDS)Gppeardn Table®.MDZ
boys@vere®aller@hanMZboystiges@ 4.000.20BD&s.@.10BD,3=0.036)@nd@A 7.5Fears
(0.198D&s.M.073D,1=0.021),Bvhereas@oMifferences@vereBeenin@irls.Birth@ataflength,
weight,BindBestationallhge,@atalhotBhown) BrrHD:SDSElid PhotAifferbyRygosity Avithin
genders.Ageldjusteddntra@lass@orrelation@oefficients @ ftheightBD At@Mifferent@EgesBvere
higher@vithinMZ@pairs{0.89™.92AnEirlsEind@.92Anboys)Ehan@ZBpairsF0.51End@.49R
0.52,&espectively)@Table®).Bimilarly,Borrelations@fD:SDSBverethigherfvithinMZ{0.82
in@irls@nd®.86AnMoys)than@Zmpairsf0.51And®.27,Bespectively).

51



Table.EMean® BDEBbfelative theightSD) athgel 1.5 earsBin AwinBirlstand 14.0 Fears@nboys{ Height
11.5/14.0),AndEtEhge 7.5FearsForbothFEirlstandboys@Height@ 7.5),Bind Aifference AntheightBD between
agesfl1.5BindBL7.5Fears@nBirls,Zaind @ 4.0Zind Bl 7.5 Brears@nfboysE HD:SDS) by BexEind Zygosity.Bp @alues
indicate@heBignificance ®fhe@ifference@nBneansbetweenMZAndDZEwins.Modified FromBVehkalampiz®t
al. GeneticBandBenvironmentalllinfluences@onlpubertalltimingBassessedBbyheightBgrowth. BAmEJEHumEBiol,
2008;20(4):417@23 (Copyright®2008&VileylLiss,fnc.,BAAViley @ompany).

Height11.5/14.0 Height17.5 HD:SDS

Girls

MZ 0.08@A.01N=778) 0.25@@.00@N=706) 0.18@M.78N=673)
DZ 0.15@M@.04{N=1515) 0.35@M.99@N=1292) 0.18&M.80fN=1244)
p 0.21 0.11 0.94

Boys

MZ 0.102A.11N=666) 0.07&M.910N=779) @.01&M.790N=570)
DZ 0.20®@A.00fN=1450) 0.19E0.95fN=1679) @.03@M.790N=1247)
p 0.036 0.021 0.85

Table®.Antra&lass@rait@orrelationsf@elativetheight@tged 1.5Fears@n@winFirls@ind@ 4.0 FearsAnboys
(Height@ 1.5/14.0),zAind Eatlhge 7.5 Fears@ortboth Girlshndboys@Height 7.5),Band @ifferencefnheight@D
betweenfages11.52and@17.5Byearskinfgirls,Zand214.0Band @1 7.5Fyearskin fZboysE(HD:SDS).EModified Bfrom
WehkalampiletZhl. GeneticBind@nvironmentallinfluencestbnBpubertalttimingissessedlbytheight@rowth.FAmB
Hum@iol,2008;20(4):417 @23 (Copyright@® 2008 ileyLiss,Anc.,AAViley Lompany).

MZ SSDZ 0SDZ
Girls Boys Girls Boys
Height@1.5/14.08 0.92QN=381)2 0.92[N=319) 0.510N=357) 0.52[N=362) 0.46N=668)
Height@7.5 0.890N=344)2 0.920N=284) 0.510N=313) 0.490N=321) 0.460N=604)
HD:SDS 0.860N=321)A 0.820N=267) 0.510N=291) 0.27@N=300) 0.31[N=563)

Offthe@win@enetic@Bnodels,the ACE@nodelhad@hebestEitHor@irls@Ay26=6,0=0.44),And&he
ADE@nodel@or®oysdAx%6=4,3=0.68).MNonsignificant@ifferences@nZAaluesbetween@CE
orfADEMnodels@ndBaturated@nodelsBuggest@hat@he@ssumptions@®f@win@nodeling@vere
not@iolated. Fit®fEhe@nodelsAsresenteddn Table®.Asing@hePACEBnodelAn&irls,& 1%
(95%TIB6B7%) BDftheFarianceDHD:SDSAvasttributed @o@AdditiveBEenetic,A 5% 7 95%
CIDMEB0%)EBoBommon@nvironmental, And@A4%{95% 1A 27 7% ) BoBpecific@nvironmental
effects.@Wsing@he@DEnodelnboys,24%F{95%LID0H2%) DfEheRrarianceAn@ D:SDSAvas
attributed@toladditivegenetic,258%E(95%ECIA20@B5%)AtoAdominantlgenetic,Zland@the
remainingll 8%E[95%PCIRL 52 2% )PtoBpecificBnvironmental Zeffects.FAsthe Fise Pbfequal
modelsBnbbothBendersallowsbetter@omparisontbetweenbboystandZirls,Zinalyses@vere
repeatedPising@hePAEEmodelAnPbothBenders.fThisAvasPpermissiblefbecauselalsofthelPAE
modelFieldedBanEhdequate@it@o@he @lata @ pAaluesForB2@ifferences@ompared@vith@he
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saturated@nodels@vere®.28@ndM.06,espectively).An@his@ase,B6% H95%LIB3@B8%)And
82%q95% 1T B8MB5%)DfEhe@arianceAnEHD:SDSAvas@ttributed@o@dditiveBenetic@ffects
inBgirlstandoys,Aespectively.Bpecificlnvironmental@ontributions@vere®he Bamelasfn
ACE@AndADEmModels.

Table.Fitdfhe Baturated Bwin@eneticfhodel@omparedBvithAACE,ADE,And A ERnodels@mostparsimonious
modelfbolded).EBModifiedBFrom@VehkalampiletPhl. GeneticlindBenvironmentallinfluencestonBpubertaltiming
assessedtbytheight@rowth.BAm3EHummBiol,22008;20(4):417 223 (CopyrightEOR008@VileyAiss,Anc.,EAMViley
Company).

saturated(inodel ACETnodel ADETnodel AEnodel
RLLAd.f) Ax*@Ad£)E pBalue Ax*QAdf) pBalued Ax*@Ad.f) pBalue
Girls
HD:SDS 2518([1279) 6(6)z 0.44 9fe)a 0.17 9@7)@ 0.28
Boys
HD:SDS 2584[{1213) 13@6)@ 0.04 4@6)2 0.68 13@7) 0.06

3.FAMILIALCLUSTERINGOFMELAYED®PUBERTY{III)

PositiveZfamilyPhistory BofECDGPE( strictPcriteria) BwasZevidentZin79%(98 /124 ) Boflthe

probandsFigure®).Male@ndfemale@robandsthad@ffected@irst@egreeelatives@qually

often: @ 6®f®5@nales80%)And 2229 Femalesd76%).BporadicDGPAvasFoundA@n2 6

families@19@nale@And 7 Bemale®robands).Anfhese,Bione dfhe@ Sfirst@egree @elativestad

CDGP,AndBparental@nterviews@evealed®nly®nedirst@ousinBvith@DGPAmong@llBecond
orffhird@legreefelatives.

MostEtommonly,Zthe @ 8Ffamilies@vithEmultiple LD GPPhadPonelaffectedZparentFunilineal
families) {Figure@ 0A).ThisBvas@oundAn A 6% EAnd @ 1% BDfEhe@amiliesBffnale@nd@emale
probands,&espectively.AnB3%@And B 1% D fEheFamilies@®fEnale@nd@emale@Brobands,Bboth
parentsBverelhffectedAbilinealZfamilies) A Figurel 0B).20fhese 0Xamiliesflassified Phs
bilineal, ®23%)&vereBoMbyRxtension,le.@he@naffected@arentthad Adirst@egreeelative
with@DGPFigurefl 0C).FFamilies@AvithPonlyBiblingstaffected@vere@ared 2%).20fthe2 3
extendedPunilinealPfamilies?(Figure?9),ECDGPEwaskverifiedCinPthreePgenerationsin16
families@70%),AndA 7Hamilies{74%)@isplayed@nfAnheritance@atternBf DGP@onsistent
with® autosomal® dominant® inheritancel (affected@ pedigree® members® of@ both sexes
transmitting@CDGPEolroughly P60 %Ebfftheirkoffspring) A Figure21 0A).FInAllPR 3Pextended
unilinealPpedigrees,9%A91/186)Ebffthe @amily Pmembers,Ancluding@heprobands,Avere
affected.
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i 124[95M;R9F)Probands@nd
i theirfamilies@ncludedfn

i pedigreefnalysis

i @18Andividuals

v

40 (31 M; 9 F) probands
with bilineal inheritance
-176 individuals

®8H76M;R22H)Brobands
withfamilialbackground@f
CDGP

@108hdividuals

v

v

14 families extended to
second-degree relatives of
the proband

5644 M;A 2H)ProbandsBvith
unilineal@hheritance
M 268nhdividuals

2 (1 M; 1F) probands with
affected siblingsonly
- 8individuas

v

8 families did not want the
second-degree relatives to be
contacted

31probandsivithBuspected
CDGPlh[@elatives®fthe
affected Parent

25 probands with no
suspected CDGP in relatives
of the affected parent

v

4 families with only males
affected

- 13 of 15 mdes affected, 12
femal es unaffected

23@amilies@xtended o
second@legree@elatives@fthe
proband

@231Gndividuals

v

17@amiliesBvithEAutosomal
dominantf@nheritance@attern
@ 86ndividuals

2@amiliesBvith@nlyflemales
affected

@6 @A 1 Females@ffected,@
malesfinaffected

Figure®.MAggregation®flLD GPAnHamilies®®8@robandsdM,mnale; F, Bemale) Bvith Atdeast@ne Affected Hirst?
degree@elative,Zamongfhefotal® 1 24 FamiliesAncludedAnBedigree Zinaly sis Figure®).T he figure Zhows
proportionsEbfZprobandskhnd Ztotal ZhumberbfPinvestigatedZindividualsPin Binilineal ¥amiliesZ(onelhffected
parent@ndfo@videncefor@DGPEnEhedtherParent®rhis/herlfirst@egreeelatives),bilinealfamiliesfeither
twolffected@arents,Br@®nefffected arentfind@heDtherthaving@AnGAffected Bibling@rBarent),Eind @amilies
withPholbhffectedZparents?onelormoreBiblingsthffected).ZEnrolmentlbofBse condBthird BzZhnd Zfourth @legree
relativeshand BproportionsZofffamilies@withPanPautosomalPdominantPinheritance Bpattern,fhsPevidenced Eby
affectedBpedigree BmemberstbfZboth ZsexesZransmittingPCDGPEoZroughly 250 % EbfEtheirfoffspring,Parelhlso
presented.ZModified BfromBWehkalampiletPhal. Patternstbflinheritancelbfronstitutionallelayloffyrowthland
pubertylntfamiliestbfthdolescentByirlstandlboystteferredtoBpecialisttpediatricBare.fElinEEndocrinolEMetab,
2008;93(3):723F 28 Copyright@m 2008 T heEndocrineBociety).
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Figure@ 0. Examples®ffedigrees®f@dolescentsfproband,Arrowhead)@Bvith@DGP.MAffected@ndividuals@vith
more@Zhanf2BDMAaterhanfaverageBpubertalZrowthZpurt,torirecalled 22 @earsBater@hanfaverageuberty
(e/m),@naffected@ndividuals@o /o). A)MaleBrobandBvith@neBffected Barentfind Gffected Aelatives@®fboth
sexesBransmittingPCDGPRo Broughly thalfebffth eirfbffspringf{unilinealPhutosomallominantBinheritance). B)
Male@proband@vith@wo Gffected @arents@bilineal@nheritance). C)FemaleBroband@vith@neBarentffected
andZhelbtherEparentPinaffected PbutthavinglrelativesBvith @LDGPE(bilineal Anheritancefby Bextension).BFrom
Wehkalampi@t@l. Patterns@f@nheritance@f@onstitutionallelay®frowth@ndBubertyinFamilies@fidolescent
girls@ind®oyseferred@oBpecialistediatricare.TlinEndocrinolMetab,2008;93(3):723#F 28 Copyright@®
2008@heEndocrineBociety).
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MaleHirst@legreeltrelatives@®fllPprobands@vithEZh@amilialbackgroundB I DGPEvere@nly
slightlyPmore@ftenffected@han@vere Females; & 9 @ fA 48males@{58% ) Aersusb4 A 64
females@(39%)0(x%=6.46,2p=0.01).8The@male@oAemalelratiolforRaffectedfirst@legree
relatives@as@.2:1.BWhenBecondB&hirdAndHourth@legree@elatives@vithubertal@iming
assessment@nostly@ased ®nAnterviews@veredAncludedfn@he@nalysis,AnEqualBroportion
offaffected@nale@nd@emalefelatives@vasfound; A 33@f265@nalesd50%)Brersus@ 28290
females® (44%) @ (x2=0.73,8 p=0.39).8 GenderBpecific@ occurrence® of@ CDGPA was then
investigated@eparately@nPparentsBindBiblings@fEllPprobands@vith@nilinealbackground.
CDGPZendedtobelmorecommoninfbrothersfthan@isters,Pbutlthis@ifference@waskhot
significant: D@27 brothers@33%)@ersus®B DB 7Bisters@14%) A x2=3.59,5=0.06){ Table
8).Mothers@vere@qually®ftenzffected Bvith@LDGP s @Avere @heHathers: B2 @ fBH6@nothers
(57%)Fersus24mdfB6HFathers@43%) @Ax2=2.29,3=0.13).Mothers@vere@nore@ftenAffected
thanBisters:B2mDfH 6@nothersd57%)&Fersus® BB 7Bisters{14%)dx2=17.7,5<0.01).LDGP
criteria@vere@net@qually®ften@n@athers@ndbrothers:24 @ 6Fathers{43%) Brersus® @f
27Brothers@33%)fx?=0.69,3=0.41).The®ccurrenceBfELDGPAvasBimilar@nEnothers@nd
fathersfalsoBwhenfunilineal@familiesPof@maleflandPfemalellprobandsBwerellinvestigated
separately.MNoBignificant@lifference@ppearedbetween@nale@nd@emaleBrobandsfn@heir
numbers®f@ffectedBrothers®rBisters@ither,But@hefhumber®fBiblings@An@hese @amilies
wasBmall.

Table®. Prevalence®flLDGPAnHirst@egree@elatives@f@robandsBvith@Rinilinealdackground dfEDGP.&From
Wehkalampi@t@l. Patterns@f@nheritance@f@onstitutional@elay®frowth@ndBubertyinFamilies@fltdolescent
girls@ind®oyseferred@oBpecialistpediatricare.TlinEndocrinolMetab,2008;93(3):723#F 28 Copyright@®
2008@heEndocrineBociety).

Femalelprobands (N=12)2 Malelprobands (N=44) Alllprobands (N=56)

Fathers 70fA2058%) 18mA4M041%) 24BB6 M43 %)
Mothers 5mfA 2042 %) 264 [59%) 32@B6M57%)*
MaleRBiblings 0B H0%) 6@ 9[32%) 9MR7M33%)

FemaleRiblings 2BfA0[20%) 3B24H13%) S5BB7H14%)*

*B2=17.7,0<0.01Metweennothers@nd@emale@iblings
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4. GENETICALOCILINKEDTOPUBERTALMELAY{IV)

ThelgenomelPwaslscreenedBwithPB383PmicrosatelliteZmarkersfin?52PfamiliesPtolidentify
chromosomallregionsProBegregating@withPerowthrhartased@CDGPE(relaxedPriterion).
Thefverage@narkerBuccess@ate@vas®8%,End Ehe@verage@nformation@ontent@.87.'he
reported@HLODBcores@vere®btainedyBetting@lisease@llele@requency@o®.0001dmodel
3).AlIEHLODBcores®btained@vithBharametriclinkage@nalysis@re@resenteddn Figure1,
andBBummary®fdociFielding@LODBcores@bovel.5Eppearsdn Table®.[The@wolpoint
LODBcores@xceeding@.5@vere@rom@hromosomes@,2,7 ,Find @ 8.0 f&hese,®nly®hedocus
on@hromosome® BvasBupported by@multipointZinalysis,AvhichEtBnarker@ocus@2S2216
resultedAn@EHLODBcore®f2.54fa@.31).MNeighboring@oci@d2S52333@EAnd@D25160Fielded
HLODBcores®f@.79@ndR2.18,®espectively, Bupportinghelinkage.

Chromosome

1 2 3 4 5 8 T 8 -] 10 11 12 13 14 15 18 17 18 19 2021 X

HLOD Score

d MImran

1000 1500 2000 2500 3000 3500

Cumulative Genetic Distance
(cM)

Figure@ 1. LODRBcores@btained by Biwo Ablueffine) And@nultipointfredfine)finkage@Enaly sesBfETLDGP.Brom
Wehkalampit@l. Association®fthe @iming®@fipubertyAvith@i@hromosomeZ Ao cus.ATlinEndocrinol@Metab,@n
pressfCopyright@®2008@TheEndocrineBociety).
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Table?9. Two@hndPEmultipointBHLODEscoresfexceeding1.5ZinfthegenomeBvide Blinkage PofACDGP.EFrom
Wehkalampit@l. Association®fthe@iming®fipubertyAvith@i@hromosomeZ Ao cus.ATlinEndocrinol@Metab,@n
pressfCopyright@®2008@TheEndocrineBociety).

Locus Position(cM)  Twolpoint@nalysis Multipoint@nalysis
HLOD a Information® HLOD a Information

D1S2697 32.0 1.82 0.45 0.55 0.59 0.22 0.78
D2S2333 108.8 1.14 0.22 0.71 1.79 0.24 0.92
D2S2216 111.5 1.62 0.27 0.67 2.54 0.31 091
D2S160 1249 0.97 0.20 0.67 2.18 0.26 0.86
D78657  103.5 1.56 0.31 0.74 0.93 0.19 0.92
D18S462 116.4 1.58 0.47 0.47 0.39 0.19 0.88

ToBurther®est@vhetherftheMnitialdinkage@ignalPbnPrthromosomelRrepresentsiruelo
segregation®f@he@hromosomalfegion@vith@DGPEBrAszhFalsePpositiveFesultEassociated
with@narker®2S2216,&he@egion@®n@hromosome@pl132ql3@vas@inemapped.AllHamily
members@vere@enotypedHor@ 5hdditionalEnicrosatelliteBmarkers@overing@he@egionZt
0.97 &MPEntermarkeristances,Bncreasing@helfbverallBnmultipointBinformationBtontentto
0.97.FAdding@hesePmarkers@learlyBupported @hefAnitialAinkage@inding.fThehighest@wol
pointBHLODBcore@vasbtained@t@narker@ocusM2S2364FHLODB.70;@@.62) FTable@0).
Six@ther@ociFieldedHLODBcores@xceeding®.fThefhighestfnultipointHHLODBcoreAn&he
regionfHLOD™.44;@@.41)BAvas@®btainedGtEnarkerAocus®M 252229, At@A R istance®{ 19.0
cM@Figured2).

TableZ10. TwoMhndEmultipoint@HLODEscoresBexceeding2 FinFfine@nappingthelocus2p13@2ql3.EFrom
Wehkalampit@l. Association®flthe@iming®fipubertyAvith@i@hromosomeZ Ao cus.ATlinEndocrinol@Metab,@n
pressfCopyright® 2008 heEndocrineBociety).

Locus Position(cM) Twooint@nalysis Multipoint@nalysis
HLOD a Information? HLOD a Information

D2S388 110.1 2.15 0.36 0.62 2.01 0.26 0.98
D2S2159 112.6 2.12 0.33 0.73 2.62 0.33 0.99
D2S2209 114.8 2.77 044 0.70 2.70 0.34 0.99
D2S2264 116.1 2.17 041 0.57 3.94 0.41 0.99
D2S2364 118.3 3.70 0.62 0.71 4.08 0.40 0.97
D2S2229 119.0 3.38 043 0.73 444 0.41 0.99
D2S293 119.8 2.44 0.65 0.76 3.01 0.37 0.99
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HLOD Score

100 105 110 115 120 125
Genetic Distance
(cM)

Figure[12.EMultipointPHLODEscoresPafterZadding25microsatellite Bmarkersftofthe regionZ2p13@2q13.CThe
highest@nultipointtHLOD Bcore@vasbtained Btz @istance®fEA 19@M.From@ehkalampi®til. Association®f
thel@imingbftbubertyBwithEatthromosomel2Blocus.flinPEndocrinolBMetab,BnBpressA Copyright@OZ2008he
EndocrineBociety).

Asfindicatedy@he @ Falue,Bnly 0% B fAhe Families@ontributed@o@hedinkage Bignallat
chromosome .M oreducelllelictheterogeneity,@he@amiliesBvere@XurtherBtratified based
onlace@®f®rigin,And AEBet®DfF FamiliesBriginating@rom@he@entral@ndRastern@partsf
FinlandBvasPreanalyzed.PRunningPthese ffamiliesZhlonelinthehnalysisBhowedthathey
contributed@oBubstantialPproportion®fEhe@inkage BignalCat@hromosome2.MMultipoint
analysis@®fthe @ @amilies@or@ll@Enarkers@®n@hromosome@p132q13&ielded@EHLODBcore
ofB.4602[al0.75).BThefkegregatingPhaplotypeslPinPthePb BfamiliesPthatProntributed Po Pthis
linkage@ignal@vere Further@®xamined.MNonelbf@hese@amiliesBharedfhaplotypelpattern
spanning@nore@han® fharkersfdatafotBhown).
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DISCUSSION

By@ising@rowth@harttbased@ssessment@f@he@imingDfGuberty@And@win@enetic@nodels,
genetic@ontribution@o@heformal®ariation@nBpubertal@iming@vas@stimated @obeFEbout
85%AnDoth@Eenders.@Mf@Enalefnd@emaleBatientsBvith@onstitutionalBelay®dfErowth@End
puberty,EZCDGP,Papproximately0% Phad Hirst@legreeFelatives@vithPubertalPdelay.fThus,
thisPhormal@variantfbfZpubertalimingfisPexpected @olbelstrongly Finfluenced Pby Pgenetic
factors.AAdocus@2p13@2ql3AvasBignificantlydinked Bo@elayed Buberty@n DGPBedigrees,
and@nayfhusharbor@@ene,BvhichsAmportantin@he@egulation@fBubertalfiming.

1..GROWTHITHARTBASEDASSESSMENTODFPUBERTALTIMING

TheEimingPbfPpubertyfintbothEwinPhnd PfamilyProhortsBvasfhassessedtbyPusingPpubertal
growthBpurtPhsPhlklinical@ndicator.PInPfamilies,XhePhge BatBvhichPpubertal BgrowthFpurt
occurred@vaskestimatedromBgrowthfrhartsfromprisingfarchivedtheightPmeasurements.
Retrospective@ssessment@ffubertal@imingRvasmportantBince@nostFamily@nemberstad
long@sincel@ passed@ puberty.@ Assessingl exactPlages@atPlappearancel of@lsecondary@sex
characteristics@vould PhavelBrequiredBprospectiveBatatollection,BvhichFisFAmpractical Gin
familyBtudies.BDbjective PhssessmentEbfhe RimingPbfPpuberty Bvas,Phowever,rucialZor
linkagel analysis,@ which® is@ very [ sensitivel toP misclassification? off the phenotype.
MisclassificationBsAikely Afheimebffpbubertal Anitiation@Asfased Bbnfrecall.2ZMostlrecalll
basedBdataBonEpubertalZtimingfhavelused ZageBatlmenarcheasEalmarker,ZwhichRonly
moderately@orrelates@Bvith@nset@freast@evelopment{r=0.37[.39) (demidder@t@l.m992,Birokt
al@ 2006).2IMenarchellisBlalsollaflateFlphenomenonlinfpubertal@lmaturation@andBlprovides
informationPbonly@orfemales (MarshallBand@Tannerd1969,2Tannerand@Whitehoused1976). InEbothPgenders,
acceleration® off growth@ velocity @ during® adolescencel reflects initiation? of® pubertal
maturation,@lthough@ubertalrowthBpurt®ccursdater@longBomaticBnaturation@n@oys
than@BnPgirls (MarshallBandaTannerd1970,8TannerBland@Whitehoused1976).2The PlaterPgrowthBspurtfintboys
comparedBwithPgirls@may@belallconsequencelof@sexPdifferencesllinEthePexpressionPof
aromatase,BvhichPronvertsandrogens@olestrogensP@hePmainfsexfhormonesegulating
pubertal@Browth (cutlern997).

TheEimingPbfPpubertalZgrowthBpurtfinPfamily BinembersfbfECDGPEprobands@vasmainly
assessedlbyPestimatingPhgesPhtPtake®ffPandPphv.ETheselrouldPhotPhlwaysPbelPhssessed,
however,Bince@rchivedeight@easurementsivere@ccasionally@oolinfrequent.An@Addition
to@Age@tAake®DffAnd@hv,Also@Attainment®DfAdulttheight@eflectsBubertal@iming.fl'his@an
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belhffectedPbylestrogenlreceptor@defectsBorfaromatase@deficiencyldelayingPepiphyseal
closure (smithzetzal. 21 994,MMorishimareteal.z1995), Balthough@®hese @onditionshre ®xtremely Brare.2ZAdult
heights@vere@nostlyBelf@eported,But@heselisually@orrelateBvellAvith@neasuredBtature
(r=0.75) (Brooksmunn®tm@l.@987,Bperlich@tal.m995). Mbesity@nayfinterfereBvith@ssessment@fGubertal
timing@romBgrowth@hartsBince@tPaccelerates@Browth@elocity@lntthildhoodindBreduces
pubertaltheight@ain (HemndKarlbergroo1).@Indernutrition@nd@hronicHllnessesaxkulin@tal.a9sz,@ozo
andPArgenter2002) andPhypogonadotropicfhypogonadism,ZallEofBvhichBmaylinfluencepubertal
growth,@vere@xcludedy@horoughfAnterviewsZind@ssurance@®fBpontaneous@lbeit@ater
thanfverage@uberty.

Pubertal@iming@n&@winsBvas@stimatedy @ D:SDSEEhangeAnAelativefheightfetween@he
age@vhentheightBErowth@eaksAn@heZeneral@opulation@nd@dulthood,BvhichEeflects@he
percentagelfAinallheightPachievedPatPpopulation’sfhveragefphvihge.PAtlthe@ime b ftheir
highestlincrementBinPheightlfperyear@luringpuberty,PhdolescentsfhavePisuallyreached
about®2%mfEheirfinalfeight (Beunenztalzooo).AAt@hefopulation’s@veragehvEge, lowever,
atfge@ 4Fears@Anboys@Andl 2FearsAnBirls,@hose@naturing@arly@naylreadybe@t@heir
adultPheight,AvhereasBatePmaturersfmay@tillthave@heir@vhole@BrowthBpurtPhhead.fThe
validity@flHD:SDSEAs@AEnarkerforfubertal@imingBvas@onfirmedby@bserving@Bignificant
correlation®r=0.71@.84)Bvithfake®ffPandPphvhge An L DGPHamilyZmembersZforBvhom
longitudinal@PgrowthPdatalwereavailable.ZHD:SDSEcalculatedPbetweenlonly Ptwolheight
measurements@vas@speciallyPiseful@in®he®eryfAarge@winBpopulation.ZHD:SDSEanbebf
valuelinfuturefhrgeBcale@valuations@elated®oPubertal@iming.

Examination@f@rowthpatternsn@dult@DGPEnales@evealed@hatBpproximately halfthad @
reductionfin@elativetheight,A.e.BlowBrowth®&elocity,Already@n@hildhood.@uringfubertal
years,FallBubjectsthadEhBimilarfreduction@nlrelativefheight,ZandBubsequently,EaBimilar
amount®f{theightBain@uring@heBubertalBrowthBpurt.Amportantly,@EistinctBatternsf
childhoodBrowthlid PhotBeemPolhffect@®stimation®bthe@imingAhelpubertal Browth
spurtly@he@hosen@rowthfarameters.#Finaltheight@n@DGP&oesfhotzlways@orrespond
to@enetictheight@otential (Bramswigetal.m990,A.aFranchi®t@lm991,RibaneseBndBtanhope 993,A995).BAlbanese
andBtanhope (1995)@bserved @hat@DGPAnalesBvhoBvere@allerfindfhad@asterErowth@ates
atPdiagnosisfhttained@heir@argetfheightfbetter@han®hose@vithoutftheseltharacteristics.
Accordingly,@heresentBtudy@evealed@hat@hose @ DGPBubjects@hoad@arlyfheight@BD
reductionPdidPhotPattainPtheir@argetfheightPhs@wellPhsthoseBwithBrelativelyPinchanged
relativefheightbetweenBEnd ® Fears@®ffage.Amportantly, Bestosterone@reatment@id thot
affect@dulttheight@ttainmentin@ither@roup.
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2.AIMPORTANCEMFGENETICEFFECTSONIXIMINGIFPUBERTY

Based@nfhefresentiarge@winBtudy,@Bhefastinajority@f@hefariance@fubertal@imingliks
explained@ byl inter@ndividual® differencesP in@ genetic factors@ink both? genders.@ This
strengthens@he@®bservations@rom@reviousBtudies,Avhichthave,thowever,@nostlyAssessed
pubertal@iming@n@itherBex,MsedAess@eliableZigeCat@nenarche@s@narker,BbrZssessed
the@liming@f@uberty®nlyin@Bmall@winBopulation (Fischbein@ 977,Bharmam 983, mreloar@ndMartin? 990,
KapriofetZal. 21995, 2BeunenBetfal. 220 00, AT owneBetPal. 2005, Bvan PlenfBergPand ZBoomsmak2 007, BSilventoinentet?al. 22008) .LH ere,
contributions@®f@enetic¥actors@oAhe@ariationf@he@iming{BpubertalBrowth,@B6%An
girlsPandB2%Einkboys,Ebbtained Bby Bisingfthe PAERimodelBwereZsimilarinEbothPgenders.
However,@ising@heferybestHittingACERAndADEmodelsin@irls@ndboys,@espectively,the
estimates@or@enetic@ontributionsevealedPaBex@ifference @ 71% Hor BirlsPand @B 2% FHor
boys),Bvith@ommonlPenvironmentalZtomponentfinlgirls,ZandBlominantBeeneticeffectsZin
boys,being@reater.AA@orresponding@reater@nfluence®f@he@nvironmental@omponentin
girls@hanfin®oysthasbeen®eportedn@therraits,®.g.theight (siventoinenztalzoo3).An@Addition,
aBtrongerfnfluence®@f@nvironmentalfactors@n@ubertal®nsetdn@irls@haninboysinay bBe
suggested,PbasedBonlrecentPobservationsPoffadvanced Ppubertal BsignslinFgirls,Ebutlnot
convincinglyPinPboys (wonglet?al.21996,ZHermanfiddensBetBal. 21997, BHuenBetal. 21997, BHermanfid dens Bet Pal. 22001,
Papadimitriour2001).ZHowever,Zinfthe PpresentZstudy,Zthe Bsex Plifference FinBimodel BfitsPand Bthe
increased@stimates®fZither@ominant@enetic®rZnvironmental®ffects@noysndEirls,
respectively,@nayfave@®een@aused byBmallBex@ifferences@nBtagesBfBexual@naturation
atBhges@f@esponse (Eavesmndmilbergrz003).2AtEheZhge A 7.5F ears,Bome@fEhe@oysPmayhot
havelreased®olgrowlyet (HulanickaBandeKotlarz21983,BHaggPandeTaranger?1991),BwhilePevenfthePlatest
maturing@irlsthave.@urthermore,Eirls@AtZhe@Age®fF 1.5 earsfayfhave®beenfess@nature
than@boysPaged@14.0Byears.AThus,Bpossible@differencesBintheleffectsBoffigeneticllor
environmentalfactorsbetween@enders@annotbe@scertained Based®nhefresent@data.

Clinicianstaveforfongknownthat@DGP Aggregatesfinfamilies (sperlich@talm995mutajumtal 2000),
butPonlyPonefstudylhaspreviously PextensivelyPhddressedPtheZscopeZofPpositiveZfamily
histories@n@hese@atients (sedimeyerrtmlz2002).Zlhe@resentBtudy@vastot,thowever,Based@®n
histories@®nly;@Pubertal @iming@nfnost@amily@nembers@Avasfassessed@romZrowth@harts.
In@edigree@nalysis, LDGPAvas@iagnosedinfirst@legree@elatives®fB0% BflinaleAnd& 6%
ofemalelBprobands.MTheMbservedthumber®ffffected Hirst@egreeelativesBvasfl 5@imes
higher@han@he@xpected®.5%prevalence®f2BDHater@han@verage@ubertal @rowthBpurt
in@he@eneral@opulation.fThe®bservation@hat@ffected@®edigree@nembers@foth@Eenders
transmitted@he®rait@o@oughlythalffbf@heir®ffspring@uggests@he@nheritancePpattern@f
CDGPRolbeltonsistent@vithPautosomalPdominantPinheritance.@ThisBvasfhlsoltommonfin
CDGPBpedigreesfnvestigated by Bedlmeyer@t@l. (2002).AnAhePpresentBtudy,Belectionias

62



possibly@ffectedthe@requency®f@ominant@nodesBince@arentsBvith@elayed@ubertyinay
havelbeenPmore@villingAokparticipate@hankparents@vithfaveragePpubertal@iming.@Mnfthe
otherPhand,ZthelprevalencebffsporadicPZCDGPEmayRhlsoPhavelPbeenkbverestimatedsince
extensivelnterviewsdf@elatives@n@hese@amilies@Bverefot@arriedDut.Based@n@ominant
inheritance@atterns,@inkage@napping@or@etecting@oci@onferringBusceptibility@o L DGP
was@Assumed@obeBuccessful,providedthat&ery@arefuledigree@electionBvas@onducted.

Abpeculiarity fELDGPAs@hat&linicians@®bserve@his@onditionnore®ften@nBboys@hanfin
girls;®hePnale@oXemalelratiothastbeen@eported@o@ange@romP2:1A0@b:1 (crowneretml @991,
Sedlmeyer@ndfPalmert2002,Bedimeyer@tal2002).ANo Bbhysiological@xplanation@xistsHorhis, Althought
hasPbeenlbuggestedZthatPthefsensitivity Bbfpituitaryfgonadotropes@oGnRHECould Aiffer
betweenthePgenders (stanhoperetzal.r1987).AThisBwouldPhlsoPexplaingirlsPmorelbftenPhaving
precocious@uberty@han®oys (chemaitillyztalzoo1,@ewriesztalzoo4). However,Mefining@ DGP Based
onbktatisticalftonsiderations,Ztheltriteria@should PheBmetibyPR.5%EbfZhdolescentsEbfPboth
genders.fThe@pparent@ontradiction®f@Enore@requent@inding@fDGPAnDoysEhan@nFirls
has®nly@rarely@een@ddressed@An@heiterature (Papadimitrioutind@hrousos2005). Family@nembers
ofBPpatientsBwithFIPPPhavebeenBshowntolbelimostlyfemale,PkuggestingPsex@ependent
penetrance (demvrieszetzal 22004).ZBex@ependentPpenetranceannot,Fhowever,tbeZproposedfin
CDGP®ince@emalelPhndPmalePprobandsfhadBaffected PmothersPind Hathers@qually B ften.Ef
CDGPErulyBwasPlessBfrequentlinPgirlsBthanfinkboys,FitZwouldbelexpectedZthatZfemale
probandstad@Btronger@enetic@redisposition@o@elayeduberty@hanboys.m hisBvasiot
the@ase@inceBimilarthumbers@®ffemaleZind@nale @D GPBprobandsthad @ffected@elatives.
ThisEnd&hefact@hat@@omparable@nale@oAemale@atioBo@hat@bserved An@DGP robands
(3:1)Bvasmot@etected@mong@ffectedfirst@egree@elativesf1.2:1) Buggest@hat@he Marked
overrepresentationbfPboys@BvithZCDGPEatPpediatriclinicsAsPbiased.BBkewinglbfeferral
practices@enerating@he@naleredominance @haybe@uefofhefubertal@rowthBpurtbeing
later@noys (Tannerztalnoze),AndBheirstBigns@ffuberty®eing@nore@asily@etectedAn@irls
(recording®fB2&s.@:2).BAsBARonsequence,®ne@vould Bxpect@eferred Eirls@oBhownore
severelPdelayPbfPpubertyPthanPboys.FThisBwasPhoted Finh PbreviousstudyldetectingPimore
severelelayPffbonelmaturation@nPCDGP Birls@hanAnPCDGPBoys (sedimeyerfandzPalmert2002).
Delay®fonefnaturation@n@heBresentBtudylvasot,thowever,Mifferentbetween@enders
(meanPapproximatelyP2.6 By earsPinEbothPboysPandPgirls).BTherefore,Pinstead PofPskewed
referral@ractices,@he@xplanation@or&hefhigher@atio®foys@oZirls@Bvith@DGPEnaydiefn
boyskrequesting@urtherf@nvestigations@or@heirflelayedPpubertyPand BrowthEmore Rasily
than@irls.fThisPmaye@ue@obboys'Zkeenerfnterest@nfthleticBperformanceindhysical
characteristics,Buch@sheight,Arounduberty (crocket@nd®etersena987).
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Boys@utnumbering@irlsBvith@elayeduberty@nay @Alsole@xplained by @BelectiveBecular
trend@owards@arlier@ubertal@aturation@n@he@emale@opulation.An@his@ase,@he@iseDf
1960’s@ut®ff@gedimits@orormal@ubertal@naturation (Marshallmnderanneran969,m970) would ot
identify@similar@numbersfofAgirlsPand@boys,Por@daughters@and@mothers@withZICDGP.
Supporting®his,Bnothers@®fBrobands@ere@ore®ftenffected@hanBisters@n@he@present
study,Bvhereashe@ccurrence fDGPRvasBimilarbetweenfathers@ndbrothers.Brothers,
in@urn,@ended Bothave@DGPEnore@ften@hanBisters,But®he@ifferenceBvas@ot@tatistically
significant. WWhetherBex@lifferencesfnBsecular@rendslexist,fremainsfolbeelucidated by
futurefnvestigations.

3.PUBERTALA'IMINGASASSOCIATED WITHAKTHROMOSOMERZA.0OCUS

ByPusingPhPlinkagePmappingPhpproach@nPmultiply PaffectedBpedigrees,theBpresentstudy
detected@@ocus@oBegregating@vith@DGPAnEhe@ericentromeric@egion®f@hromosome.
ThisBzenomiclhrea,Ppredisposing@ollate@rariantfbfZhormallpuberty,BmayPharborfhlgene,
which@s@potentially@mportantdn@he&egulation@®fBubertal@iming.PreviousdinkageBcans
of LDGPFhavefhotbeenlreported,butlhfew@tudiesthave BmappedBocifforbtherpubertal
timing@henotypes.WVholeBenomeEcans@®n@geGt@nenarchethave@etected@oci®n@2q13
(LODB.70) (Guomtmlz006)AndA 6q21{LODB.33)A6q12FHLODE.12) (Rothenbuhler@tml.zo06).FThese
lociPdifferBfromhePboneldetectedCinthePpresentBstudyPprobablyPbecauseBmenarchePand
pubertal@BrowthBpurt@Arefot@qualfharkersforBubertal@iming (Marshall@ndmrannerfl 969, Aannernd
Whitehoused 976, fanner@t@la976). AnAddition,he BcansHor@nenarcheal Agefisedhe henotype@s@
quantitativefrait,Bhusfapping@ommonfowAmpact@enes@ffecting@heBvhole@istribution
ofPpubertal®imingPpresentBnEhel(female)@opulation.Zl'hepresentBtudypopulation? of
both@enders)BvasBelected@rom@he@xtreme@nddffhe@ontinuous@istribution®fGubertal
timing,Prepresentinglflesshanfl 0% PbftheBgeneralPpopulation,PprobablyZpossessingrare
genesBvithfighfmpact.

TheAocus2p13@2ql3@AtRhelpericentromeric@egion®f@hromosomeR @oeshotharbor@Any
previously@&nown@enesielated@o@ubertal@iming.Mowever,Afiumber®f@enesln@he@Area
haveB@otential@onnection@o@he@ontrol®fBubertal®nset.Mne®dfEheseds GPR45,EBene
coding@ora@:Bprotein@oupled@eceptor,®@he@amily®fAvhich@GPR54,linRHR,ZAind PROKR 2
are@xamples@®f.MMutationsAn@heir@ncoding@enesfreknown@o@auseMH (demRouxmtmlm9g?,
2003,PLaymanetEal. 21998, B eminarafettal 22003, EDodéreteal.2006). T he Bpresent@ocusalso@ontains POU3F3, a
memberDfEheBamily@f@OUMomeodomainfiranscription@actors,Bvhich@refnvolvedAn&he
development@®f@helinteriorBituitary@land zhumtmleoos).MMutationsAnnother@nemberf
this@amily, POU1F1{PIT1),Bause@eficiency@nBituitary@hyrotropin, rowthfhormone,@nd
prolactin (pfiffleretzal. 71992 Aratsumitktal.z 992), AAnd Bmutations@Ankbther@evelopmental@ranscription
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factors@HESX1, PROP1, LHX3, LHX4) also@leficiency@nBonadotropins (Dattanitzl. @998, avubetzl.
1998,ENetchineletal. 22000,BThomasBet?al. 2200 1, BT ajimaletPal. 200 3, EPfaffleeteal. 2008). LPOU3 F3@ould Bpotentially tbe
involvedPinftheldevelopmentEoffcentralZstructuresoffthe ZHPGEaxisEcrucial Bforfnormal
initiation®fBubertal@naturation.®urthermore,@hefdentified@hromosomal@egion@ontains
alfneuronal@PASEdomainBprotein@2,RINPASZ (zhout et al.m 1997),Balflcentral@nervousfsystem
transcriptionfactorfunctioning@s@part®f@A@imeZkeepingolecular@lock@nechanismihat
generateslrircadianBrhythmicPbscillationsBinBgenelexpressionsPandZphysiologicPfunctions
(Reickzetzal.2001).BBuchBtlockPmechanisms@egulate, AnBynchrony Avith@hePmasterfacemaker
residing® inf the®@ hypothalamic@ suprachiasmatic@ nucleus,? e.g.B rhythm[ of sleep® and
wakefullness,@sAvellAs@vulatory@ycles (deaaglesiamndBchwartzz006). NPASZEnighteart@df,Br
interactBvith,@he@evelopmental@lock@egulatinghe@iming@ffubertal®nset.
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SUMMARYANDWTONCLUSIONS

Retrospective@nvestigation®f@ongitudinal@hildhood Browth@anbe®fFalueAn@stimating
howlvellAnAndividual@vill@xploittis@Eenetictheight@otential. Affreatment@oAmprovelinal
heightby,Borfnstance,Aromataselinhibitors wickman@tal.zo03 merotalzoos) is@onsidered,dt@an
be@argeted @o@hose LDGPDoysEvith@@eduction®felativetheight@n@hildhood,BvhoAreAt
riskffhot@isingheirBullZenetictheight@otential. For@hose@repubertal 7-9Fear®ldboys
investigated@orBhortBtatureAvithBrogressive@eductiondn@elativetheight@fterB & earsbf
age,ltareful@ollowip@hroughPpubertyandfronsiderationbffireatmentfoBimprovelfinal
height@relvarranted.

AnPapproximatelyB5%genetic®omponent®othe@ariationof@imingfZpubertal Bgrowth
spurtBnPthe@winBtudylfindicatesfthatfinter@ndividual PlifferencesPinPgeneticBactorskare
strong@leterminantsBf@helfhormal®Fariation@®fBpubertal@iming.FAt@he@nd®f@helhormal
spectrum,Zeneticfinfluencesfarefalso@mportant.fThisAsvidencedbythePapproximately
80%mccurrence®fDGPAn@elatives®fBubjectsBvith@his@ondition.@urtherBupportinghe
stronglmpact®f@enes@®nEheMrait,ominant@nheritance@atternsfnedigreesBegregating
CDGP@Arerequent.fThis@Enticipates@hatBenetic@oci@onferringBusceptibility@oLDGP Enay
befdetectedEbyllinkage.ZUsingPgenome@videZscansfandrareful BelectionPbfZbnly Bgrowth
chartbasedPmultiply Paffected @families,Palllocus@affecting@CDGPEAwaslldetected@inPthe
pericentromeric@egion®f@hromosome®.fThe@ocus@p13@2ql3@otentiallytharborsBene
involvedn@he @ontrol®f@he @nsetDfGuberty.@However,@iven@heldargeBized{~6Z2 0@Mb) @ f
theldetected@chromosomallregion,BfurtherflidentificationPofthelflcausativelgenewillEbe
challenging.BSaturation@linkagePmappingPandBlinkagePdisequilibriumPhnalysesBwithBvery
dense@inglefhucleotidefolymorphism@narkers@villhopefully@onfinehefocus@o@Bmaller
genomic@egion,AvhichBvillthenlallowBpositionalZloning.PFEvaluationBf®helAmpactbfthe
identifiedFlocusPinPotherPCDGPEsamplesPandPatPthe PpopulationFlevel,ZhlsoPAwaitBfurther
studies.
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TIIVISTELMAGJABSTRACTANFINNISH)

MurrosianPhalkamisenPhjankohtaPhoudattaalterveessalvaestossaPnormaalijakaumaa.BT ata
vaihteluaBelittavat@raikutusmekanismeiltaan@ielaPpuutteellisestiunnetutPgeneettiseta
ympadristotekijat.ZTamanftutkimuksenftarkoituksenalloliBiselvittaaBimurrosidanfaikataulun
geneettistalkaatelya.tlervettaBvaestodPedustavillalkaksosillaPtutkittiinPkuinkalyksildiden
valiset@Brot@EeneettisissafaBmparistotekijoissaBelittavat@Bnurrosian@ikataulun®aestollista
vaihtelua.ENormaaliaPharipaataPedustavanPmyohdisenPmurrosiankesiintymistaBsuvuissalfja
periytymismallejaltutkittiinBperheaineistossa.fKytkentdanalyysilla PkartoitettiinPperheissa
viivastyneeseen@nurrosikaankytkeytyvid@eenialueita,@Bnista@ulevaisuuden@avoitteena@®n
tunnistaa@nurrosian®aynnistymista@aatelevid@eeneja.

TutkimuksenBkaksosaineisto&asittiFinnTwinfl 271 7&ohortin223 09y tt6aRFall 828poikaa.
MurrosidnPhormaalivaihteluBjaettiin,BperustuenBsamanmunaistenkaksostenlgeneettiseen
identtisyyteen@rimunaistenfkaksostenGhkaessa®ain@oinB 0% Beeneistadn,Beneettistenfa
ympadristotekijoidenPmadraamiin@osuuksiin.BIMurrosidanPlaikataulun@mittarinafkaytettiin
suhteellisenl pituuden muutostall aikuisian@ ja@ vaeston keskimddrdisenl murrosian
kasvupyrahdyksenbfhuippunopeusian@alilld,Bmikatheijastaako.zjankohdanBGalkeenFaljella
olevaallkasvual@ja@sitenBmurrosidnfaikataulua.@Murrosidn@kasvullvarhainBmurrosiassa
kehittyvilla® onll vaestonll keskimaaraisen kasvupyrahdyksenl huippunopeusidanfl jalkeen
vahdisempadkuinPmyohaankehittyvilla,FjoillafkokolkasvupyrahdysPksaattaaltuolloinkblla
viela@dessa.

Tutkimuksenl toisenPl aineiston? muodostivatl potilaat® jall heiddnB perheensa.
KonstitutionaalisestilviivastyneenPmurrosian@ uoksiPkuudessalsuomalaisessalkairaalassa
tutkittuja@oikiafa@yttoja@anhempineen,Bisaruksineenfa@nahdollisuuksien@ukaanfnyos
kaukaisempine@ukulaisineen®yydettiin@®sallistumaan@utkimukseen.@sallistuvia@erheita
olif 286.8 Murrosianfl ajoitus? perheenjasenillall maaritettiin@ kasvukayrilta® murrosian
kasvupyrahdyksen@jankohdan®erusteella.fTama@nahdollisti@arkan@nurrosianikataulun
madrittamisenPerifkaisilta FhenkililtaBjalfimolemmiltaflsukupuolilta.ZMurrosikaPtodettiin
viivastyneeksi,PimikaliPkasvupyrahdyksenPhlkultaiPhuippunopeusPhjoittuill.5Ptai PR PSD:ta
keskimaaraista@nyohdisempaddnfkaan.XKaikkifutkittavatinyosthaastateltiin,@nitaEaytettiin
hyvaksiPmurrosianfhjankohdanPimaarittamisessalPkasvutietojenPpuuttuessa.FEnsimmaisen
asteenBukulaisten@nurrosika@naaritettiin@padasiassafkasvutietojeniperusteellad80%),d&un
taas@suurimmanflosankaukaisempienfsukulaistenBmurrosidnFaikataulun@Pmaarityksesta
perustui@haastatteluun®(60%).AViivastyneen@ murrosianll (22 SDEkriteeri)Plperiytymista
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tutkittiin@® 1242 (95Bpojan,B29Atyton) Blpadkaupunkiseudunpotilaan@suvussa,Bkunftaas
kytkentdanalyysiin@ valittiin@ 527 sukual kokoll Suomesta.? Kytkentdanalyysiin@ sopiviksi
katsottiinBsuvut,FoissalkasvutietoihinPperustuva@iivastynytBimurrosikaf[ 1.5EEDEkriteeri)
todettiin@ain@oisellafotilaanfBanhemmistafh@salla@amanBukulaisista.

Kaksostutkimuksen@erusteella,Fksiloiden®alisetEeneettiset@rotBelittavatBytoillaB6%Ea
pojillaB2%mMurrosidn@ikataulun®aestollisesta@aihtelusta.Wiivastyneen@nurrosian&ruoksi
tutkituistaBpojista@80%:1lalja Bty toistd @7 6%:1laBtodettiin@samanlainenPominaisuus2myos
vahintaanf yhdellall ensimmaisenf asteenl sukulaisella.? NaillaR viivastynyttd® murrosian
kasvupyrahdystalPloli@l15EkertaisestiBvaestonkeskimaardiseenP2@ASD:taBimyohdisempaan
kasvupyrahdykseenmahden2.5%).WiivastynytBnurrosika@eriytyifrallitsevasti,@liRsiintyi
molemmillaP sukupuolilla@ ja® noin@ 50%:llal@ jalkeldisistd,® 74%:ssal@ (17/23)0 niistd
kaukaisempiinkin@ sukulaisiin@ laajennetuistal suvuista,? joissall vainfl toinenf potilaan
vanhemmistall oliPl murrosidssaanfl viivastynyt.? Kokol® genominl kartoituksellall ja
kytkentdanalyysilla® hienokartoituksineenl viivastyneeseenll murrosikdanll kytkeytyi
merkitsevastifkromosomialue2p132ql3fmultipointtiLOD®.44;@®.41).

TutkimusPbsoittaa,PettiBeneettiset@ekijattmadradvatBuureltalbsinPmurrosianfhikataulun
normaalivaihtelua.@minaisuusehittydBnurrosidssadan@eskimadraistaPmyohdisemmin@n
vahvastiferinnollinen.Wiivastyneen@nurrosidn@seinfrallitsevaeriytymistaipumus®ertoo
geneettisten@ekijoiden@ahvastalfvaikutuksestalfilmiasuunBalmahdollisuudestalpaikantaa
tata@ominaisuutta@ maaraaviallgeneettisia@tekijoitd @kytkentdanalyysilla.? Tutkimuksessa
viivastyneeseen@nurrosikaanfkytkeytyikin@nerkitsevastiZp1322q13&romosomialue.fTama
sisdltinee@urrosianlkamisenBaatelyssa@nerkityksellisen@iemmin®&ield@untemattoman
geenin,fonkaunnistaminen@uleelfhuttamaanPmurrosidanfhikataulunBaatelynfa@ielasin
tuntemattomien@hurrosidan®aynnistysmekanismien@elvittimisessa.
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