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Euxapiotw...

Ta xpovia ekmtovnong tng dtbaktoptknc pou StatptBric amotéAsoav otaduo
otn {wn LoV Kal Ol EUTEIPLEC TTOU arteKTnoa Ja MOPAUEIVOUV XOPOAYUEVEC OTI UVAUN
Hou yia mavta. Auto to Staotnua unnpée aAAnAenibpaon ue moAAoug avipwitoug
Tou¢ omoiou¢ Ba ndeda va euxaplotiow.

Apxika, da ndeda va euvyaptotiow tov Epeuvvnti I Bavduibog k. Anuntpn
Mrén mou pou ES6waoe TNV eukalplio va ekoviiow T SLATPLB LOU OTO EPpYAOTHPLO
ToU Kat v SoUAEYw Ue Eva TOOO OUVAPTIAOTIKO UOVTEAO opyaviouoU to Zebrafish,
10 omoio ayannoa dlaitepa. Emiong Tov euxaplotw yla tn ouvexn kadodrynorn tou
kat vmopovy) kadoAn tn Sidpkeia tng StatpiBri¢ pou. Eivat gvac mpayuotika
eéaipetikoc dSaokalog.

2tn ouvéxewa Sa ndeda va suxaplotiow Tt UEAN TNC TPLUEAOUC ETLTPOTTHC
uou, tov kadnynti k. AxtAAéa MpaBavn kat tov kadnynti k. Mavaywwtn Bapda yla
™V eniBAeyYn kat TNV EVEPYR CUUUETOXN TOUC UE LOEEC yia TN SoUAELd pou. Oa ndeAa
aKOUQ VO EUXQPLOTHOW TA UmOAouta UEAN TNG EMTOUEAOUG LOU EMLTPOTTHC,TOV
ouotiuo kadnyntn k. Avbpéa Mapyiwpn, thv kadnyntpia k. Aouva Kapaywygwc, tov
avanAnpwtn kadnyntn k. Xprioto Toatoavn kot T€Ao¢ tov avanAnpwth kadnyntn
Qpaykioko MapJevakn.

Evac ueyaldoc apiduoc ouvepyatwv ouvéBaAle otnv oAokAnpwan toutn¢ tne
StatplBnc. Euyaplotw Jepua oAa ta uéAn tou epyactnpiov Avamntuélaknc BioAoyiog
tou latpoBioAoyikou 16puuatoc tne Akadnuioc Adnvwv mou ue ti¢ oulnTHOELS TOUG
OUVELCEQPEPAV OTNV TIEPATWON TOU TOPOVTOC E€pyou. ldlaitepa suyaplotw TOV
Mavaywwtn Zapavrn mou Kata TN SIOPKEL TWV OTPATIWTIKWY UOU UTTOXPEWOTEWV
OUVEBaAe onuavtika otn SlaTApPnon TwV VEVETIKWV Oelpwv. Emiong, Ttoucg
ouvabEApouc puou oto epyaotrplo: Aéomowva Mroupvedé, Takn Képado, Mavtw
AydAou kat 6Aouc TTou KATa KopouUc¢ MTEPATAV ATTO TO EQPYACTHPLO LOC.

Enioncg, Ba ndsAa va euxaplotrniow TNV OLKOYEVELX LOU YL TN CUVEXH OTNPLEN
KO(L QY AT TTOU ATTAOXEPX LOU TIPOOPEP QY OAQ QUTH TA XPOVLA.

Tédog, euxaplotw (Slaitepa ) yuvaika HOU Bava TOU OMOTEAECE Ko

anoteAei Tnv 1tbavikotepn ouvodolrtopo otn {wr) Uou.
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To zebrafish €xel avadewxOel TG TeAeuTalEG SEKAETIEG OE ONUAVIIKO TIELPAMATIKO
povTélo Twv avBpwriivwv acBevewwv. MoAhol elvatl ot Adyol mou kaBlotouv to zebrafish
KOTAANAO {wIKO HOVIEAO Yl EPEUVNTIKOUG OKOTIOUG O€ TIOANOUG TOUELG TNG EMLOTAMNG.
XapaKTNPLOTIKA avadEPOUE TNV EEWTEPLKN YOVILOTIOINGN KOl TO YEYOVOC TIWGE OTO OPXLKA
otadla avamntuéng ta EuPpua mapapévouy Stadava, L8LOTNTA Tou pag Sivel tn duvatotnta
VO LEAETAOOUE in Vivo TNV OPYOVOYEVECDH XWPLG EMEUPBATIKEG TEXVIKEG, TO HEYAAO aplBuo
gUBpLWV ava ertuxnuévn Staoctavpwaor, tnv uPnAn opoloyia pe To avBpwrmivo yovidiwpa,
oAAQ KOl TO YEYOVOC WG UropolV eUKoAa va epoppootolv MAnBwpa Hebodwv mpoodlag
KoL avAaotpodnG YEVETIKNG. TN mapouoa Sidaktoplkn Slatplpn meplypddovral ya mpwtn
dopa Vo véa povtéda zebrafish, n yevetikn oslpd s457 mou amoteAel éva vEo HOVTEAO
kapdlakng BaABLoomabelag Kal n s266 YEVETIKI CELPA TIOU QTTOTEAEL €VOl VEO HOVTEAO TNG
noAuveupondBelag Charcot-Marie-Tooth TtUmou 2D. OuL s457 kol s266 OLKOYEVELEG
npoékuav peTd omd tuxaio petoAAaflyéveon pe N-aiBul-N-vitpooupia (ENU) kat
eMAEXONKav Pe Baon TNV MOALVEpOUNCN TOU aipatog LETafU KOATIOU Kol KOWALag.

OL BoABidomabeleg euBUvVovTal KATA £va CNUAVIIKO TIOOOOTO OTNV £UdAvLoN
KopSlOKAG QVEMAPKELAG OAAG KOl OTn OUVOAKH Bvnowotnta Kot Bvntotnta Tou
mAnBuopol. OuL PBaABideg ™G kapdld¢ avamrtvooovtal kKol Slapopdwvovtal HeE Tov
OXNUOTIOMO TNC KOPSLAC Kol eVOow auth cuoTtéMetal. Asttoupyolv KaBoAn tnv Sldpkela
™G {wN¢g evOC OpyavIOUOU LIE GKOTIO TNV MAPEUTOSLON TG TaAivépoung pong Tou aipatog.
H akpBng toug Slapopdwon eival onuavtiki ya tnv kapdiakn Aettoupyia. NponyoUpeveg
UEAETEG KOl £PEUVEC GUYKALVOUV OTO YEYOVOC OTL N GUOTOATIKOTNTA TNG KOPSLAC Kal n
evbokapSLlakn aloSuvapikn pon mailouv poAo otnv avamtuén twv Kapdlakwv BaABidwv.
Qotooo, £xel dpavel OtL oL U0 autol mapdyovteg eival SUoKoAo va peAeTnBolV EexwploTd
ASyw tng aAAnAenidpaong tou evog amd Tov AAAo.

Ta s457 ouoluya euppua pépouy pia onuelakr HeTdAhagn oto yovidlo southpaw,
otov omoio n kapdld mapouclalel eite etepomAeupn Béon amd to ducloloykO (situs
inversus), elte otn péon ypaupn, eite otn ducloloyikn (situs solitus) katd tuxaio Tpomo
oakoAouBoUpevn amo tuxaio B€on Twv OMAAYXVIKWY Opyavwv KOTA TNV avamtuéng tou
evbobéppatog. To southpaw oxetiletal pe to Nodal, yovidlo to omolo €UMAEKETAL OTNV
pLuBULON TNG 6£€LAG-0PLOTEPNG CUMUETPLAC. AlamioTwoape OTL ota LeTalaypéva southpaw
£uBpua n oxetkr Béon petafd Twv SVo KohotNTwv aANGLEL, emnpedloviag TV YEWUETpLa
™G KapSLAC Kal adrvovtoc avennpeactn TNy Luokapdlakn Asttoupyia. Ta petaAlaypéva
southpaw €uBpua pe avaotpodbn Béon tng Kapdldg, eite autd ta omoia oxnuotilouv

dawotumikd ¢uololoyikn kapdld avamtuooovtal GUCLOAOYIKA HEXPL TNV evnAlkiwaon.
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AvtiBeta, ta southpaw pe tnv Kapdld otnv Héon ypappn epdavilouv EMNPEACUEVO TIPOTUTIO
SlaBaABLOIky pong HEOW TNG KOAMOKOWOKAG PBaABidog kabBwg Kol €AATTWUATIKE
kKoAmokol\takn BaABida. Y& cuvdUAOUO LE TN HEAETN LLOC GAANG YEVETIKNG CELPAG TG s459
mou épel pla onuelokr petdAlagn oto yovidlo tng Bapldg aAloou TN¢ HUOGivng Tou
KOATIOU, amhc 1j myh6 Kkal TpoKOAEL TNV aoucToAio Tou Komou kot PaABidomdBela ota
evhAlka petaAlaypéva Papla, amodeiape OTL N aLLoSUVAULKA PON EVTOC TNG KApSLAKNG
KoW\OTnTag pubuileL TNV popdoyéveon TG KoAmokollakng BaABidag avefdptnta amod thv
HUOKOPSLOKE CUCTAATIKOTNTA.

Onwe oavadépaps, HeleTRoape To Tpwto zebrafish poviédo vy 1
noAuveupondBela CMT2D. H moAuveupondBela CMT2D elvol pia €TEpOyevr] YEVETIKNA
opada Twv meplPepkwy veupomabelwv. MéxpL otiyun elval yvwotég 12 petalAagelg oto
avBpwrvo yovidlo tne apwvodkulo tRNA cuvBetdonc tng yAukivng, GARS. Napd To yeyovog
WG ol HeTaAAGéelc oto GARS ouvdéovtal pe tnv gudavion g mMoAuveupomabelog, o
UNXOQVLOUOG EUdAVIONG TOU VEUPOUUIKOU ¢patvotumou Sev ival TANPWE YVWOTOG.

Ta petad\ayuéva s266 €uppua pépouv pia onuetakn LeTAAan oto gars yovidlo,
TIOU TIPOKAAEL TNV avTIKATACTAON TG PUCLOAOYLKAG Bpeovivng pe pia Auoivn oTo apLVoELKO
katdAouto 209. To T209 apwoty eival olaitepa cuvinpnuévo HETOEU Twv €8WV Kol
ovtiotolyel oto avBpwrnivo katdalowro 130, evw Bpioketal SimAa and pia Adn pehetnuévn
petaraén otov avBpwmo, tnv L129P. Ta opdluya s266 éuppua gudavidouv peiwon twv
VEUPOUUIKWY CUVAYPEWY OTOUC QVATITUGOOUEVOUG UG, TIOU OdEIAETAL OTNV OMWAELO TOU
Slueplopoul g petalaypévng mpwreivng. Emuméov, deifope mwg o G319R Gars (G240R
otn GARS) amwAelag tng Aesttoupyiag avBpwrmivog aAAnAopopdoc bev Sacwilel tov
npoavadepBEvTa VEUPOUUIKO datvotumo. TEAOG, amoSEIKVUOUUE TTwE pial AAAN petaAlagn
n G605R Gars (G526R otn GARS) mou oxetiletal pe tnv epdadvion tng avBpwrmivng
aoBévelag, Sipepiletal pe TNV evamopeivavta ayplou-tUmou mpwIeivn ota etepdluya s266
Pdpla Kot LeLwvel Tn Astoupyia Tou evliou T0o0 wote va epdaviotel o pawvotunog. Ta
anoteAéopata Hag UTMOSEIKVUOUV WG elval amapaitnto¢ o OLUEPLOUOC UETALL £VOG
METAAAQYUEVOU HOVOUEPOUC HE €va ayplou-TUTIOU IOVOUEPEG YLOL TI( OUTOCWHLKEG
ETUKPATE(G AOBEVELEC KO TIWE TO HOVTIEAO TIOU TPOTEIVOULE ATOTEAEL £va VEO ONUAVTIKO

gpyaleio yla Tn HEAETN VEWV PeTOAAQYUEVWY avBpwTivwv aAAnAdpopdwv.
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Zebrafish (Danio rerio) is an excellent organism for modeling human diseases and is
widely used for studies during the last two decades. It is amenable to forward and reverse
genetic screens, and embryos can be obtained in large numbers, are transparent during
early developmental stages. This is an advantage that allows in vivo studies through non-
invasive imaging. Most of the organs have simple morphology and are amenable to study at
larval stages. Finally it shares a high presentence of homology with the human genome.
During a forward genetic screen we identified two novel mutant lines. The first is the s457
line which we used as a model for studying intracardiac flow dynamics in respect to the
development of the cardiac valves and the second one is the s266 line which is the first
zebrafish Charcot-Marie-Tooth Disease (CMT2D) model.

Valvular heart disease is responsible for considerable morbidity and mortality.
Cardiac valves develop as the heart contracts, and they function throughout the lifetime of
the organism to prevent retrograde blood flow. Their precise morphogenesis is crucial for
cardiac function. Accumulating evidence suggests a role for contractility and intracardiac
flow dynamics in cardiac valve development. However, these two factors have proved
difficult to uncouple, especially since altering myocardial function affects the intracardiac
flow pattern.

Here, we describe a novel zebrafish model of valve defects. We identified a novel
mutant allele of southpaw (spaw), a nodal related gene involved in the early establishment
of left-right asymmetry, which exhibits randomized heart and endoderm positioning. We
show that midline, unlooped hearts have defects in cardiac valve maturation, contrary to
mutant hearts that are properly looped or exhibit situs inversus. spaw mutants have no
detectable defects in myocardial function. Only the relative position of the two chambers is
altered in these mutants, affecting the geometry of the heart and therefore the intracardiac
flow pattern. Combined those data with another mutant allele of weak atrium (wea), s459
embryos that carry a point mutation in myosin heavy chain 6 (myh6) and affects the
myocardium function causing atrioventricular valves failure in homozygous adult fish, we
proved that that intracardiac flow dynamics regulate valve morphogenesis, independently of
myocardial contractility.

As mentioned above, in this study we also described the first Charcot-Marie-Tooth
type 2D zebrafish model. Charcot-Marie-Tooth (CMT) disease is a genetically heterogeneous
group of peripheral neuropathies. Mutations in several amino acyl tRNA synthetase (AARS)
genes have been implicated in inherited CMT disease. There are 12 reported CMT-causing

mutations dispersed throughout the primary sequence of the human Glycyl t-RNA
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synthetase (GARS). While there is strong genetic evidence linking GARS mutations to CMT
disease, the molecular pathology that underlies the progression of the neuromuscular
phenotype is still not fully understood. In particular, it is unclear whether the mutations
result in a toxic gain of function, a partial loss of activity related to translation, or a
combination of these mechanisms. During a forward genetic screen, we identified a

*2%6). Homozygous mutant embryos carry a C->A transversion,

zebrafish allele of gars (gars
leading to a non-conservative substitution within the gars gene that changes a threonine to
a lysine, residing next to the CMT associated human mutation L129P. We show that the
neuromuscular phenotype observed in animals homozygous for T130K is due to a loss of
dimerization of the mutated protein and the loss of function and dimer deficient G240R
mutant protein is unable to rescue the above phenotype. In addition, G526R Gars dimerizes
with the remaining wild-type protein in animals heterozygous for the T130K GARS and
reduces the function enough, to elicit a neuromuscular phenotype. Our data indicate that
dimerization is required for the dominant neurotoxicity of disease-associated GARS

mutations and provide a rapid, tractable model for studying newly identified variants for a

role in human disease.
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KEDAAAIO 1

To Zebrafish (Danio rerio) w¢ MelpAUATIKO UOVTEAO

1.1 NpoéAeuon, yewypadiki eEAMAwWON Kot OLKOAOYLKOG OWKOG

To zebrafish eivat éva pikpd BevBo-melayilkd tpormikd YapL Tou YAUKOU
vepoU. AVNKel oTnV olkoyévela Twv Kumpvoeldwv Kal meplypadOnke ya mpwtn
dopa otov motaud Fayyn (Braunbeck et al, 2005). Eival evénuikd oe motapoug,
Xelpappoug, kavaAia, Aipveg kat tadpoug g Ivdiag, tou Makiotav, tou NemdA, tou
MmnaykAavtég, Tou Mmoutav kat tTng Muavuap (yewypadiko punkog 33oN - 8oN kat
TAATog 660E - 980E) (Ewkova 1). Qg aAAoxBovo €idog, to cuvavtaue otn KolopPia,
otnv lanwvia, otn Zpt Advka Kat TNV APEPLKA. 2Ta GUOLKA OLKOCUCTHUOTA T ool
eruBlwvouyv ta zebrafish ta vddatva pevpata €xouv taxvtnta Om/sec pe 0.1m/sec,
eV 1 Beppokpacia Tou vepol Kupaivetat amod toug 25°C -38.6°C kat ph 5.9-8.1. ot
VEPQA lval OXETIKA KaBapd, evw Ta PUOLKA UTIOOTPWHATA Elval apylAwdn, Auwdn n

kol AtBwdn (Engeszer et al., 2007).

PAKISTAN

ARABIAN SEA

BAY OF BENGAL

U_._._.il.m INDIAN OCEAN @

Ewkova 1. Katavoun tou zebrafish oto dpuoiko touv nepifardov (Mnyn: Spence et al., 2008).
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1.1.2 Juotnpatikn Katatoén

To zebrafish avikel otnv olkoyévela twv Kumpvoeldwy, To yévog Danio kat

aplOpei mepimou 20 €idn. H ouotnuatiki Tou katdataén ¢aivetal otov mivaka 1:

Xopdwta
ZrnovéuAwtd
l'vaBootopoata
Axtvomtepuylol
TeAeodoteol
Kumpwopopdot
Kumplvoeldn
Danio

Danio rerio

Nivakag 1. Zuotnuatikn katdataén tou zebrafish (Danio rerio).

1.1.3 BloAoyia kat avanapaywyn.
To Boowko popdPoAOYIKO XapPOKTNPLOTIKO Tou kablota ta zebrafish eukoAa

avayvwpiowa ivat n mapoucia 5-7 opoldpopdwv opllovtiwv UrAe Awpidwv
TIAEUPLKA. TOU OWHATOG TOU Ol OTOLEC eKTElvovTal PEXPL TNV oUPA. Ta APOEVIKA
zebrafish €xouv pakpootevo oxnua Kot Xpuoeg AwPLdeg PETALY TWV UIAE, EVW T
OnAuka avayvwpilovtal ano tn HeyaAUTEPN UTIOAEUKN KOWALA PE OLONUEVIEC OVTL yLa

XpuoadEvieg Awpideg kat To KiTpvo TrepUyLo 0TN paxn Toug (Etkova 2).

Ewkéva 2. EviAwka zebrafish.
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O XPWHATIONOG TOU CWHATOG £lval QMOTEAECUA OUVSUOOUOU TPLWV TUTIOU
XPWHATOPOPWY KUTTAPWV: Twv HeAavodpopwv, Twv EavBodopwv Kal Twv
ipLdodopwv. Ta zebrafish ptavouv oe péyebog nepinou ta névie ekarootd, {ouv yla

TLEVTE TEPLTIOU XpOVLA.

To zebrafish gilvat wotoko, n yoviponoinon eival e§wTtePLKr KoL oL YOVASEG
wpualovv aolyxpova. H mapoucia Tou apoevikoU €lval ONUAVIIKG ylo TNV
woppnéia twv BnAukwv. H woyéveon efaptdtal anod tnv €kBeon Twv BNAUKWVY OTLg
0pOeVIKEG depopdveg (otepoeldeg yAukoupovidlo) mou Slax£ovtal oTo VEPO Kol
yivovtal avtiAnmtég ano to oodppntikod emBnAo twv BnAukwv (van der Hurk et al.,
1987, von Hofsten and Olssen, 2005). Eva wplpuo BnAukd €xeL TNV LKAvOTNTA va
anoBétel kABe popa pExpL katl 400 avya, Ta omoia ivat BevOika, un koAAwdn Kot
BuBLa (Hill et al., 2005). AneAeuBepwveTal AUECOH OTO UTOOTPWHA, XWPILG Kapia
TIPOETOLLOOIO TOU UTIOOTPWHOTOC OO TOUC YOVELG, evw O&v UTIAPXEL KATOLA
UETEMELTA YOVIKN ¢dpovtiba. Ta auyd evepyomolouvIal UE TNV emadr TOUG UE TO
VEPO, aKOUN Kal UE amouaoia onéppatoc. Ta auvyad tou zebrafish gival teAoAekiBika
(telolecithal), evw n mpwtn auvAdkwon eivat pepoPAaoctiky (meroblastic) kot
Slokoeldnc (discoidal) (Nagel, 2002). H diapetpdg Toug Kupaivetal amo 1,0 €éwg 1,2
mm, evw Slabgtouv kat dtadavn eEwteplkn MPWTEIVIKN HepBpavn (Kammann et al.,
2006). H mpwtn auvAdkwon (cleavage) mpaypatomoleitor 40 Aemtd HETA TN
yoviuormoinon. Edv oe autd to otddlo ta duo PAactouepidia (blastomers) sival
Sladavr Kol CUMHETPLKA, TO auyo eival yovipomolnuévo (Lange et al, 1995). To
{uywTo Kata tn SlApKEeLa TN yovipomoinong £xetl Stapetpo nepimouv 0,7 mm. Metd
™V Tpwtn auldkwon, ta PAactopepidia Slatpovuvtal ava 15 Aemtd mepimou
(Kimmel et al., 1995) kal pio wpa HETA TN yovipomoinon to €uBpuo Bploketal oto
OTASL0 TWV TECoAPWY KUTTAPWV. OL ouveXI{OUEVEG AUAAKWOELS LETAMOPDWVOUV TO
{uywTo oe pia oupmayn pala Kuttdpwy mou ovopaletol popidto (morula). Evw ot
aUAaKkwoeLg ouveyilovtal kot To EUPpuo €xel dpTAoeL oto otadlo Twv 128 kuttdpwy,
opxilouv oL KUTTOPLKEG OVOKATATALELS Kol TO €UBpuo €lval Ta 0to OTASLO TOU
BAaotidiou (blastula). Zxnuartiletal otn cuvéxela o BAaotodiokog (blastodisc). Zto
Téhog¢ Tou otadiovu Tou PAaotibiou kUttapa Tou PBplokovtal Pabslwd oto

BAaotodloko Kal anoteAoUV to AeKLOIKO ocuykuTloko otpwpa (Yolk Syncytial Layer —
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YSL) kwvouvtal pog tov {wiko TOAo, KAAUTITOUV TN AEKLBO Kal EEKIVAEL TO OTASLO TNG
emBoAng (epiboly) (Kimmel et al.,, 1995). H emuBoAry cuvexiletal koL mepimouv oto
50% autig to €uBpuo eloEpxetal oto otddlo TnG yaotpldiwong (gastrula), mévte
WPEC HUETA TNV Evapén TNG YOVILOTIONONG. 2TO ECWTEPLKO TOU PAACTOSLOKOU UTIAPXEL
1o BAaoTOSEPUQ, TO OMolo amoteAeital and Suo enypépoug oTtBAdeg Kuttapwy. Tnv
eruPBAAoTn Mou eival n avwtepn otipada kot TNV uToBAACTN TOU €lval N KATWTEPN.
JTo OTAdlo aUTO HME OUYKAIVOUOEC KIVNOELG SnULOUPYELTAL MO CUCCWPEULON
KUTTAPWV Kal oxnuatiletal o euPpuikog diokog, mepimou 5,5 pe 6 wWPEC UETA TN
yoviuormnoinon, o omoiog teAkd 6a dwoel T paxlaia mAeupd Tou epPfpuou. Adpou oto
otadio tou BAactidiou Sev untipxe BAaotokolo, & oxnUATI(ETOL APYXEVTEPO KATA TN
yaotpldiwon kot dev umapxel BAaoctomopoc. H yoaotpldiwon oAokAnNpwveTal UETA
and 12 wpeg amo TN OTWYUN TNG YOVLMOMOINonG Kol £XEL WG QAMOTEAECUA TNV
avadlopydvwaon Tou gUfpUOU Kal TO OXNUOTIONO TWV TPWWV BAACTIKWVY oTIBadwv
(e€wbeppa, pecodepua, eVvOOSEPUA) TWV MPWTOYEVWV LOTWV TOU EUPRPUOU. ITO TEAOG
™m¢ yootpdiwong n  efwteplkn empavela tou euPpuou  Ba  amoteAsitat
amoKAeLoTIKA amo eEwdepua (100% emiBoAn). Ano 1o e€wdepua Ba mpokuPouv ot
OUVEXELX OL LoTol TNG emdepuidbag Kal Tou KEVTPLKOU VEUPLKOU cuothuatog. Otav
oAokAnpwvetal To otdadlo TnG yoaotpldiwong n paxlaia emiBAACTN TUKVWVEL OTO
TPOOOLO KOL TO KEVIPLKO UEPOG TNG Kal oxnUatiletal n veuplkr mMAdka. To emouevo
otadlo elval 0 oXNUATIONOC TwV CWHLTWV. MNepimou 16 WPEC PLETA TN Yovilomoinon,
07O 0TAdL0 TWV 14 CWULTWY, YIVETAL N ATOKOAANCN TNG OUPAG, EVW UETA TNV TTApodo
19 wpwv mapATNPOUVTOL KOL Ol TIPWTEC HUIKEG KLV OELG TOU eUPBploU. & 22 WPEG N
yaotpldiwon €xel oAokAnpwoOEeL.

H avamtuén tou epPplou eival ma epdavig kot spdavilovial to
HOPdOAOYLKA XOPOKTNPLOTIKA ToU. Atadopormololvtal Ta XpwHoatodopa KUTTApaA Kol
eudaviletal n xpwon oto dépua tou. Ta pehavodopa KutTtapa tormobeTouvtal £ToL
wote va dnuoupynbolv oL XOPAKTNPELOTIKEC (WVWOELS, TO KUKAODOPLKO cuoTnua
oxnuatiletal kat gival ma epdaveic ol kapdlakol maApol. To MPWTO AOPTIKO TOEO
oxnuatiletal MANPWE, N oupaia aptnpia eival opatr KaBWC ELCEPXETAL OTNV oupd
KOl OAQL Tl ECWTEPLKA Opyava €XOUV OAOKANPWOEL TNV AVATTUEN TOUG OTLG 48 WPEC
(Kimmel et al., 1995). Ytnv Ewova 3 daivovtal ta Bactkd avamtuélakd otadla Tou

zebrafish kaBwg kat o KUKAOG avamTtuéng Tou.
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Emewta, akoAouBel n ekkoAayn Tou euPplou, €va otadlo oto omoio
ouvexiletal n paydaia avamtuén tou opyaviopou. Ot vOUdEG, 3 NUEPEC UETA TN
YOVLUOTIOlNGN €XOUV UAKOG MEXPL 3,5mMm, UmopoUV va KOAUUTIOUV EVEPYNTLKA KoL O
AEKLOIKOC TOUG OAKOCG KATAVOAWVETAL HECA OTLG EMOUEVEC 48 wpeG. Amd To otadlo
QUTO Kall META EeKLVAEL n Brpeuon (Scholz et al., 2008).

Télog, ta EuBpua  €xouv tTaxvutatn avamtuén. H  ekkoAayr Ttoug
T(PAYUATOTOLETAL TNV SeUTEPN N TNV TPLTN HEPQ PETA MmO TN yovipomoinon, o€
Bepuokpaoia 280C. Mepimou 20 NUEPEC UETA TN YOVIUOTIOLNON €XEL OAOKANPWOEL N
avarmtuén tou vuudkol otadiou oe Bepuokpacio 28°C. Ta veapd yBUSa dTdvouv
OE OVATIAPAYWYLK WPLLOTNTA O SldoTnua mou Kupaivetat amo 10 éwg 12

eBSouadeg HeTa TN yoviuomnoinon.
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Ewkéva 3. SYnuartikn anewkovion tou kUkAou avantuéng tou zebrafish.
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1.1.4 To zebrafish w¢ opyaviopdg poviélo yia tn PHEAETN avOpwnivwv acBevelwv.

MoAAol eivat ot Adyol mou kaBlotouv to zebrafish katdAAnAo {wikod poviélo
yla €PELVNTLKOUG 0KOTIOUC o€ TTIOAAOUG TOMELG TNG eMLOTAMNG 0w N To&lkoAoyia, n
Moptakn kat Avamtuélakn Blodoyia twv ZmovouAwtwy, n Mevetikn, n NeupofBLoloyia
Kol yevikotepa ot Boemiotrueg (Lele & Krone, 1996, Whitlock & Westerfield, 2000,
Nagel, 2002, Raz, 2002, Maack & Segner, 2003, Hill et al., 2005).

Katoapyxnv 1o pikpd péyebog Twv evAAKWY atopwv (3-5 cm) to kablotd éva
elbo¢ efalpetikd gvkoAo otn dlaTAPNOon Kol TOuG XEPLOPOoUC. Ol amaltroel os
XWPo, OoAAG KoL KOOTOG Helwvovtol TOAU o€ oxéon Me AMNa  €dn mou
XPNOLLOTIOLOUVTAL YL EPYAOTNPLOKOUC OKOTIOUG.

‘Eva Leuyapt eviAikwy atopwy zebrafish eival tkavo va mapdyel ava wotokia
Tou OnAukoU 200-300 auyd. Av oL ocuvBnkeg Swatripnong tTwv Yapwwv eival ot
KATAAMnAeg, n wotokia Aappdavel xwpoa kaBe 5-7 nuépegc. O OUVEXAG
OVATTOPAYWYLKOG KUKAOG KoL 0 HEYAAOC aplBUOC auywy, 0 CUVOUAOUO LE TO ULKPO
XPOVO YeVLAG (3-4 punveg), divel tn duvatotnta va xpnotuomnolnBel to eidog¢ auto ya
TowiAa mepdpata. To TOCOOTO TNG YOVIUOTOoINoNG, To omoio eival apketd uPnAo
(70-80%), e€aodaAilel 0TOUG EPEUVNTEG OPKETA ATOMO YLOL TIELPAUATIKOUG OKOTIOUG
Kal n taxutatn avamtuén tou euPpuou Sivel tn SuvarotnTa MAPATAPNONG TWV
oavantuélokwyv  otadlwv  Kal  TwV  POLVOTUTILKWY  XOPOKTNPLOTIKWY  TIOU
KAnpovopouvtal o€ Telpdpata PeTaAAaflyeveons. MOALG TECCEPELG NUEPEG LETA TN
yoviuormoinon ta veapd xBudla pmopolv vo KOAUUITOUV Kal €XOUV QVOTTTUYUEVA
OAa ta opyava. Eva akOpo onUavIIKO TTAEOVEKTNUA ELVOL TTWG TOL AUYA TTAPOEVOUV
Sladavn amd T oTyun TNg yovipomoinong kot €éwg kot 30 wpeg UETA, HEXPL TN
OTLyUR Tou ap)ilouv ol Lotol va yivovtal mio ukvol Kal val oxnUatiletal n xpwon.
AUTO ETUTPEMEL TNV ATIPOCKONTN TAPOTAPNON TWV €UBPUWV KATA TNV QVATTTUEN
(Etkova 4).

Entiong, Ta £uBpua pmopouv va ekteBoUv o€ oUGLEC KoL va yivel amoppodnaon
HULKPOHOPLWY Kol XNUIKWV ouowwV (dpappaka, petallaéloyova mou €xouv dlaAuBel
OTO VEPO TIOU QVONTUCoOoVTALl) LECW TaBnTkAg dtdxuong amo To LECO OTO OToio
outa avantuooovtal (E3). To kpo péyeBoc tou zebrafish €xel emiong to

TIAEOVEKTNMOL OTL Omaltouvtol TOAU MIKPEG TOOOTNTEG TWV SaAUPATWY 1 Twv
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TOELKWV OUCLWV TIOU TIPOKELTAL va. HeAeTNBoUV, dlatnpwvtag £T0L TO KOOTOG XAUNAQ,
OoAAG KOL TNV TMOCOTNTA TwV OMOBAATWY TOU TapAyovIal amd To MEPAUATA, OE
HUKpEC moootnteg (Hill et al, 2005). Etoi, pag Obivel t Suvatotnta va
T(PAYLATOTIOLOOU LE EUPELG XNIULKECG KOl POPUAKOAOYLKEG LEAETEG.

EmutAéov, 1o zebrafish wg omMOvVOUAWTOG OpyavIoMOG €XEL UEYAAUTEPO
TIOCOOTO OMOAOYIAC YOVISLWUOTOG UE TO avOpwTvo yoviSiwua o€ oxéon pe Al
YEVETIKA LOVTEAQ TIOU Xpnotpomnolouvral ws twpa (.. C. Elegans, Drosophila), evw
n aAAnAouxia TOU YOVISLWHOTOG Tou €xel oxedov oAokAnpwBel kol umapyxouv
EMApPKeLG MAnpodopiec yia T Yaptoypadnon tou oe Pdaoelg dedopévwv Tou

niepAaBAvVOUV YEVETIKOUG Kol pUOLKOUG XAPTEG.

Ewkova 4. Alactalpwon apoeVIKoU Ko
OnAukou zebrafish. (A). Zeuyocg zebrafish
TPOG avamapaywyny Kotd tn Sldpkela
™G  vuxtag.  AmeAeuBépwon  Twv
eUBpLWV amod to BnAuko. Movipomnoinon
anmd TO QPOEVIKO EKTOC OWMOTOG
OnAukol (B). ZuMhoyn eupplwv oto
TpuBAlo TNV emdupevn nuépa (C).
Awadavr Euppua oto otadlo avamtuéng
CWULTWV

Téhog, to zebrafish  &ivel tn Suvatotnta xpnolpomoinong Siadopwv
VEVETIKWVY TEXVIKWY, OTWG N TpooBlag YeVETIKAG (N Tipooéyylon €vog ayvwoTtou
yovidiou amd évav evdladépov eldiko datvotumo) f avtiotpodng YeVETIKAG (N
Slepevvnon tou $alvoTUMoU TOU TPOKAAEITOL Ao TNV amociwrnnon/uetailayn
€vog Ndn yvwotou yovidiou). INUOVTIKOG aplOpog pPeTaAAayUEVWY EUBPUWV TTOU
npoékuPav amod HEAETEG XNUIKWV HeTaAlallyevioewy, epudavilouv LopdOAOYLKEG
KOL HOPLOKEC OVWUOAleEG Tou TOAMEG ¢opeG mpooopoldlouv  amoAuTa  Ta
CUUMTWHOTO HE €eKElVWV Twv avBpwrivwv yevetlikwv Slatapayxwv. MapdAAnAa,
MPOODATEG HOPLOKEG TEXVIKEG YOVISLWUATIKAG Tpomomoinong, Omweg To ocloTnua
otoxeUMEVNG petadlalyéveong, Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)/CRISPR associated protein 9 (Cas9), pag &ivouv tn duvatotnta va

pueAetrioou e palvotumoug HETAANAEEWV amWAELAG TNG AELToUpYLOC.
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Na OAa autd ta mAsovektiupatoa to zebrafish amotedel éva amo ta
ONUAVTIKOTEPO {WIKA HMOVTEAQ yla T MEAETN TWV OVOPWIIVWY CUYYEVWV
avwHaAlwy. Xtn mopovca UeAETn Ba avaAuBolv SU0 UETOANAYUEVEG YEVETIKEG
OELPEG IOV Tpoékuav amo tuyaia petaAlallyéveon e XNULKO TpOTO, TNV s457 kat
NV s266. H maAwvdpounon tou aijatog XpnolLonoLlBnke oTo YEVETIKO EAeyXo cav
Selktng yla TNV dlatapayr oTto OXNMOTIOMO Kol AELTOUPYLA TNG QVOITTUGGOUEVNG
KapSlac. H s457 yevetkn oelpd ¢eépel pia onuelakn HeTaAAaén oto yovidlo
southpaw kot omoteAel €va MOVIEAO MEAETNG TWV OULUOSUVOULIKWY POWV TOU
emdpolv otnv avamtuén Kal OTOo OXNUATIONO Twv Koapdlakwv PBoABidwv.
MapdAAnAa, n s266 yeVETIKN Oclpd GEPEL pio onUELaKr) HETAAAOEN OTO YoViSLO TNG
apwoakulo tRNA cuvBetdon tng yAukivng (gars) kat amoteAel To mpwto zebrafish

HOVTEAO yla T moAuveupondBela Charcot-Marie-Tooth 2D (CMT2D).

KEDAAAIO 2

Avantuén kapéiag oto zebrafish

1.2.1 Avantuén kapdidg oto zebrafish

H kapdld elval to TPWTO Opyovo ToU Eeklvd va  Aeltoupyel oTo
QVaTnTUOoOuEVO EUPpuo tou zebrafish, poOAlg 24 wpeg YETA TN YoVLUOTIOLNGN TOU.
Mopdoloyikad amoteAeital and éva efWTEPIKO OTPWUA, TO HUOKAPSLO, Kol &va
E0WTEPLIKO oTpwHa evdokapdlakwyv Kuttdpwv. O Sloxwplopog twv SUo LoTwv
TIPAYUOTOTIOLELTOL a0 €val EKTEVEG €EWKUTTAPLO OTpwHa BeuéAlag ouciag mou
KaAeltal kapdlokr yEAn. Ito zebrafish n kapdid evromilecal pmpootd amo TNV
KOWNOTNTA TOU KUplwg KOpHoU Kal KOWLOKA o oxéon HeE tov owooddyo. To pn-
0EUYOVWUEVO OlpO ELOEPXETAL O QUTAV HEOW Tou AeBwdouc KOAmou (sinus
venosus), T TOLYWHATA TOU omoiou elval AEmtd Kal amotelouvtal Kupiwg amo
OUVOETIKO LOTO. XTn CUVEXELQ, TO aipa tepva HEow tnG dAeBokoATIKAG BaABidag kot
€LOEPXETAL OTOV KOATO. O KOATOG SLaB€Tel éva Aemtd HUWSEC TolXWUA, EVW OTOV
oUAO oxnuatiletal €va xaAapod MAEyHA. TUOTIACN TOU KOATIOU Kot n SLaoTtoAn tng
KoWlag wBouv To aipa otnv Kowia péow tng KoAmokowtaknc BaABidac. H kolhia
SL00€teL €éva oAU TiLo TV TolXWHA Ao Tov KOATIO To omoio anoteAeital and duo

otiBadeg, pla e€wtepikn MUIKA otiBada Kol po ecwteplki omoyywdn otifada. H
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cuoTmaon t¢ KoWiag Snuioupyet oxetikd vPnAn mieon, Ue anotéAeoua To alpa va
oavtAeital otov aptnplakd BoAPBo (bulbus arteriosus) PEOW TNG KOATIOKOWALOKNAG
BaABibag. O aptnplakog PoABOG €xel maxy TOlXWHA OIMOTEAOUHEVO QMO LOTO
€AAOTIKWV VWV Kal Aslwv pUikwy vwv. E€attiag tTnG eAaoTIKOTNTAC TOU, UMOpPEL va
EKTELVETAL ONUAVTIKA emnpealovtag TNV mieon tou KowlakoU moApou. TéAog, amo
™V kopdld to aipa Slavépetal ota Bpayxla and TNV KOWLaKN 0opTH HECW TwV
Bpayxlakwv tofwv. H avamtuén kat Stapopdwon tng kopdldg akolouBel ta
apakatw otadla.
1.2.2 Kapbioyevng eeldikeuon kot dtadopomnoinon

H avamtuén tng kapdlag Eekvael pPe TV €EELBIKELON TWV LUOKAPSLOKWY KOl
evOoKapSLAKWY TIPOYOVIKWY KUTTAPWY TIou Bpiokovtal mAayiwg tTng oplakng Lwvng
Tou euBplou mpwv and tnv yootpdiwon (Stainier et al., 1993). Ta koAmkad
TIPOYOVIKA KUTTapa Pplokovtal MeEPLOCOTEPO KOWLOKA OTO €UPPUO O OXEON LE TA
TIPOYOVIKA KUTTapa TNG KOoWiag (Ewkova 5A). Katd tn dldpkela tng Kapdloyevoug
Slagopomoinong, n ékdpacn Twv yovidiwv NG HUOOIvNG TwV CapKOoUeEPLOiwV
TapOTNPEiTOL O0TO MPOCOLo0 TAAYLO KOUUATL HECOSEpUATOC OTo otadlo twv 14
ocwuttwv. H dtadoponoinon twv PHeEAAOVIIKWY KUTTAPWV TNG KOWiag Eekvael oto
otadlo twv 12-15 cwurtwy (Ewkova 5C), akolouBeital and t Stadopomnoinon twv
HMEAAOVTIKWVY KUTTAPWYV TOU KOATIOU PEXPL TO OTASLO TwV 26 CWHLTWVY Kal peExpL tig 30
WPEC META TN yovigomoinon ouvexiletal n kapdloyevn¢ Slwadopormnoinon Tou

aptnplakou moAou (Keegan et al., 2004).
1.2.3 Metavaoteuon Kot £VWon TwV KapSLakwy Iediwv

Katd t Sidpkela ¢ yaotpldiwong Kol TwV apXLkwV CWULTIKWY otadiwy, ta
KapSLaKA TTPOYOVIKA KUTTOpa CUYKALVOUV armeuBeiag otn Héon ypappn Kot ¢ptavouv

OTOV TIPOOPLOUO TOUG, OTO TPOoBOLo MAAYLO KOUUATL pecodéppatoc (Etkova 5B).
1.2.4 Ixnuatiopdg tou evéokapdiou

To evbokapdlo mpogpyxetal anod pia Slakpltr mepLloxr Tou pocbiov MAAyLOU
pHecodEpUATOC, TO Oomolo emiong Slvel YEVEDN OE QALUOTIOLNTLKA KUTTAPO TNG OPXLKAG
Huehoeldoug oslpag (de Pater et al., 2009). 3to otdd10 TwV 15 CWULTWV Ta KAPSLAKA
T(POYOVIKA KUTTtapa Ppiokovtal evildpeoa tou AeKIOIKOU CUYKUTLOKOU OTPWHOTOC

OTNV KOWALOKI TOUC TTAEUPA KOL TOU EUMPOCHOIOU eVOOSEPUATOG OTNV payLoia TOUC
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TAELPA Kol oxnuatilouv dUo apxéyovoug cwAnveg puokapdiou (Stainier & Fishman,
1992). Ta koapdlopuokutrapa akopn 6ev eival ocuotoAtd oAAd apxilouv va
ekdppalouv yovidla tou capkopepiou (Yelon et al., 1999). KaBwg oL audimAeupot
mAnBuopol twv KapdlopuokuTtdpwyv mAnolalouv HeTaty Toug, Snuloupyouv €va
Sloko amod kuttapa, avadepOUevos WG Kapdlakog Kwvog, HEow ulag Stadikaoiag
Tou ovopaletal kapdlakn ouvinén. Amo tn oTlyun Tou apdw Ta Kapdlaka media
€xouv evwOel otn péon ypapun, o Kapdlakog LoTog oxnUaTtilel TO Kwvo, OTOV omoio
Ta HeANOVTIKA KUTTOpA TG KOoWlag Bplokovtal otnv nepldépela, ta evdokapdlakda
KUTTOPO OTO KEVTPO KAl Ta LEAAOVTLKA KUTTOPA TOU KOATIOU otTnV nepldépela (Etkova

5D). 210 KEVTPO TOU KWVOU UTIAPXOUV TA TIPOYOVIKA KUTTAPA Tou evdokapdiou.
1.2.5 IXNUATLOMOG Kat oTpodn TOU HuoKapdlakol ocwAnva

MéExpL TO OTASLO0 TOU OXNMUOTIOMOU TOU KapdlakoU Kwvou, 8eV umapxXouv
Slapopéc petafl Se€lwv Kal aplotepwv kKapdlokwv medlwv oocwv adopd TN
CUMMETPplO oTnV avamtuén tng Kopdldg. AmO tn OTLYUN TIou €XEL OXNHUATLOOEL O
KapSLAKOC KWVOCG, 0O HUOKAPSLOKOG LOTOC TTOU TPOoEPXETaL amd To 6e€l6 kapdlako
nedlo eAlooeTal KOWLAKOC KoL LETOTOTI(ETAL TIPOC TA OPLOTEPA Kot EUmpooBev. Q¢
OUVETIELQ QUTOU, N opxlkn aplotepa-6efld opydvwon tou kapdlakou 6&ilokou
uetadépetal oe pla paylaia-kollakny opyavwon Ttou Kapdlokol owAnva. Ta
evbokapblakd kuTtapa ta omoia Bpiokovtal KoWlakog Tou puokapdlakou diokou,
Ba TtomoBetnBoUv péca otov auld Tou Kapdlakol owAnva. Katdmv Ttou
OLOUUUETPLKOU €AlypoU Kal tng otpodng tou puokapdlakou Lotol, oxnuatiletal o
KapSLaKkog owAnvag, Pe to GAEBLKO AKPO OTA APLOTEPA KOL TO APTNPLAKO AKPO

oKOua otn péon ypauun (Etkova 5E).
1.2.6 IXNUATLONOG KapdLakoU ‘Bpoxou’ Kot OXNHOTIOHOG TWV KOWAOTATWVY

Adotou €xel oxnuatioBel o kapdlakdg owAnvag, otpiPfel mpocg ta Sefld tng
HEONG YPOUMNG. TO KOUUATL autd pe tn otpodr Se€ld eival n peAlovTtiki KolAla,
EVW 0 MEANOVTIKOG KOATIOC TIAPOUEVEL OTA APLOTEPQA TNG MEONG YPAUUNG (Etkova 5F)
(Bakkers et al., 2011). Eivat onuavtikd va avadepBet otL Sev kGvouv otpodn OAa ta
HEpPN TOU KapSlakoU owAnva LooTlHa. MeyaAUtepn otpodr] mapatnpeital oto
HEANOVTIKO PAEBLKO TOAO Kal AlyOTEPO €viovn OTO HEANOVTIKO aptnplakd moAo.

Kata tn SldpKelo Tou oXNUATIONOU Tou Kapdlakol Bpoxou, n Kowiol Kol o KOATIOC
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yivovtal SLakpLtég Kol\oTnTeg Ue oxNUa dacoAol pe pia Siakplt ‘€€w’ Kal ‘Eow’

KaUUAn péoa t¢ Stadikaoiag tng diataong twv BaAduwv (chamber ballooning).

1.2.7 Avamntugn koAnokotAlakng BaABidag

OL kapblakég BaABideg elval amapaitnTteg yla tTnv povodpoun katevBuvon
NG PONG TOU OUMOTOCG KOL TNV owoTn Asttoupyila tng Kapdlac. MoAAEC ouyyeVELS
kapSlomdBeleg kal kapdlakég mabroelg mou eudavilovtalr otnv eviAiko Iwn
odeilovtal oe duoyeveaoieg Twv BaABidwy, OMWCE elval N OTEVWON TNEG AOPTIKAG Kall
™C¢ Tmveupovikng PBoABidag, n bdimtuxn oaoptikiy PaABida, n MPOMTWON TNG

ULTPOELSOUC Kal N avwuaAia Epstein.

B C D
5 hpf 12-somite (15 hpf) 16-somite (17 hpf) 25-somite (22 hpf)

QO atrial precursor

o
@
()
(S
o
(¢
/

ventricular precursor
ventricular myocyte
atrial myocyte
endocardium

AV canal

pacemaker

pro-epicardium

36 hpf

Ewova 5. Ta otadia avantuéng tng kapdiag os Euppua zebrafish
(Mnyn: Bakkers et al., 2011).

H avamtuén tng kapdlokng BoABidoag Efekwvasl pe TOV OXNUATIOMO TOU
KOATIOKOIALAKOU KOVAALOU, TNV ‘OTévwon’ UETAEU KOATIOU Kol KOLWALOG OTLG 37 WPEC
HETA TN yovIpomoinon. ZTo CUYKEKPLUEVO avarmtuélakd otddlo n ékdpaocn Tou bmp4
KOlL TOU versican TeplopileTal ota KOATTOKOWALOKA KUTTapa Tou puokapdiou (Walsh &
Stainier, 2001, Beis et al, 2005). Apyotepa, MEXPL TG 45 wpPeg HETA TNV
yoviuormnoinon meplopiletal kot n €kdpacn tou notchlb oto KOATTOKOIALOKO KOVAAL.

Y& KUTTOPLKO emimedo, mapatnpeital Stadoponoinon Twv evOoKaApSLOKWVY KUTTAPWVY
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nmou Pplokovtal oTto KOATIOKOWLAKO KavaAl, Omou emineda kUTTapa yivovtol
KuBoeldn kat Eekwvouv va ekdpalouv Dm-grasp, €va KUTTAPLKAG EMLPAVELOG LOPLO
T(POOKOAANONG KUTTAPLKNG SLAXUONG TNG UTIEPOLKOYEVELOG TWV AVOCOOohALPLVWV.
MéxpL TIG 55 WPEC LETA TNV yoviomoinon, autd ta evokapdlakd KUTTopa 0To Avw
KOl KATW HMEPOG TOU KOATOKOWALOKOU KOVAALOU oxnUaTi{ouv €va HOVO OTpwa
KUBOELOWV KuTTApwWV Tou ekppalouv Dm-grasp, o€ avtiBeon pe Ta enineda kUTTAPA
mou enadievial oto HUOKAPSLIO Twv KoWotATwv kal dev ekppdalouv Dm-grasp.
Emopévwg, Ta kUTTapa tou puokapdiou kal tou evéokapdiou oTo KOATIOKOWALAKO
KavaAl epdavilouv Eexwplotn popdoloyia and ta kuttapa Twv Baldapwy. MExpL TG
60 WpPEC META TN Yovipomoinon ot SouéG auTéG Slatnpouv TNV emBnALlakr Toug
opyavwon kobwg ekppalouv B-katevivn n omoia UTOSEIKVUEL TNV Tapoucia
onUelwv LOXUPNG MPOOKOAANGONG UETAEY TWV KUTTAPWVY. ATO T 60 WPEC UETA TNV
yoviuomoinon, ta evdokapdlakd KUttapa Tou Ppilokovial oTo Gvw TUAHA TOU
KOATIOKOWALAKOU KavaAloU udiotavtal €va  UETAoXNUATIONO emiBnAlakol o€
HECEYXUHATIKOU LoToU Kol mpoBaAlouv otnv efwkuttapla Bepéla ouoia peTaly
Tou evlokapbiou Kol Tou puoKapdiou oTnV TEPLOXI TOU KOATTOKOLALOKOU KaVOALOU.
Ta KUTTOPA TOU KATW TUAUATOG TOU KOATIOKOWALOKOU KavaAlou akoAouBouv tnv idla
Stadikaoia péxpL Tic 80 WPEG UETA TNV Yovipomoinon. MExpL TG 96 WPEC PETA TNV
yoviuomoinon kat ta &Uo evbokapdlakd emdppota (Avw Kal KATw) €xouv
OXNUATLOOEL. JUVETIWG, EXOULE TO OXNUOTIOUO KOATIOKOWALAKWY EMOPUATWY HE SUTAN
Kuttoplk) otolBada. Ta kuttapa ot dvo autég otolBadeg mapouaoialouv
Slapopetikn Soun. Ta eEWTEPLKA €XOUV TO XAPOKTNPLOTIKO KUPBOELSEC OXUA KAl TA
EOWTEPLKA Ttaipvouv €va mio KUKALKG oxnua (Staudt & Stainier, 2012). Emiong,
T(PONYOUUEVEC UEAETEC TOU €ylvav He ‘Twvtavrh’ amewkovion uPnAng taxutntag
amok@Auav otL ot kopdlakeg BaABibeg &ev mpokumtouv e€oAokArnpou amo To
HETAOXNUATIONO Tou eruBnAiou oe pecéyxuua, oAAd kol ameubeiag amd pia

Stadkaoia ekPAaotnong tou evdokapdiou (Etkova 7) (Scherz et al., 2008).
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B 3 Ewova 6. ZXNHOTLOUOG
Cardiac Valve Formation

KOATTOKOLALOKK|G BaABidag

Metatponn emOnAtakou o€

_AEI_AE%%?EEIxﬁaI HLECEYXU LATIKO LoTo TPOg

<«— Outflow Tract OXNHATOUOG evbokapdlakwy

EMApUATWY Kal avadltapopdwon twv
evlokapdlakwy  EMAPUATWY  TIOU
Snpoupyet T BaAPidec.

Ventricle

Atrioventricular Boundar
- y Endocardial
Cushion
Formation

<— Endocardium

- Myocardium Remodelling of
Cushion Creates Valve

Enetta, pe S1ddopeg HopdOAOYIKEG avaSLATALELG EXOULE TOV OXNUATIOUO
TwV YAwXwwv TG Kapdlakng BaABidag. Tuykekplpéva, Ta Vo emdpuata EEKVoUV
HopdOAOYLKEG avadlataéelc mou odnyouv, 7 UEPEG UETA TN yovipomolnon, otn
Snuoupyia Twv U0 KOATIOKOWALOKWY YAWXWWV Ol Omoleg amoteAolvtal ano duo
OLOKPLTEG KUTTOPLKEG OTOLBASEG KAl EVWVOVTAL TIAEUPLKA E TO KOWALOKO HUOKAPSLO.
Kata tn dldpkela twv otadiwv tng mpoviudng, mapatnpeital MepALTEPW wpipavon
Twv BaABidwv. H avamtuén twv BaABibwv og auto 1o otddlo yivetal oe o paoeLg.
MPayUATOTOLETAL EMUAKUVON TWV TITUXWV TwV BaABidwv amo Tig 6 pEXpL Kal Tig 16
NUEPEG LETA TNV yovIloToinon HeE EAAXLOTO KUTTAPLKO TIOAAATAQCLACUO OE QUTEC TIG
NUEPEG, OAANA LE PETACKNUATIOUO amd eMIONALOKO OE HECEYXUMATIKO LOTO, OMWG
daivetal anod tnv avénon Ekbpaong HeceyxupaTikwy delktwy (Martin et al., 2009).
EvanoBeon e€wkuttaplog OepéAlog ovoiag, mayxuvon Kat wpipavon tTwv BaABidwyv
TIAPOTNPELTOL LETA TIG 16 HEXPL TIC 28 NUEPEC LETA TNV YOVLUOTIONGN, AVAAOYWE TOU
HeYEBOUC Twv Tpovupdwy, PoTeivovtag erMALoy OTL N wpilpavon cupPaivel oe
avtibpaon o pnxavikég Suvapelc. Mexpt tnv evnAlkkiwon Ttou¢ ta zebrafish,

amoktoUV KoArmokolhtakn BaABida pe téooeplg yAwyiveg (Beis et al., 2005).
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Ewkova 7. H dtadikacia ekBAAoTnong Tou evookapdiov pog oXNHATIONO TWV KOpSLAKwV
enappdtwv (Mnyn: Scherz et al., 2008, Haack & Abdelilah-Seyfried, 2016).

1.2.8 TeveTIKOL KOl ETLYEVETIKOL TIOPAYOVIEG TOU €eMNPedlouv TNV €uPpuikn
KOLPKLVOYEVEDN

H maAAouevn kapdia eivat pla e€atpetika Suvapikn doun kabwc n cvomacn
™M¢ mpowBel moAwv edwv Suvapelg, oe Sladopetikd emineda, oL omoieg
ennpealouvv TNV popdn tC. Elval ol Aeyopeves atploSUVAKEG SUVAELG OL OTTOLEC
eMNPEAlOVV TNV AVANTUEN Kal OXNMOTIOUO TNG Kapdldg oto zebrafish kaBwg autn
Aettoupyel. Me tov 0po alpoSUVAKEG SUVALELG EVVOOUUE: TN SUvapn Tou aoKeital
duololoyikd Adyw Tmieon¢ oOTO TOlYWHO TNG KAPSLAG KAl Twv ayyeiwv, TN
duololoyikr) duvapn Twv KUTTAPWV TIOU amopTi{ouv TO TOlXWHO TWV ayyeiwv
gUPavilouv TTEPLUETPLKA EKTATIKN SUVOUN WE ATOTEAECUA AUTAG TNG PUCLOAOYLKNC
Tiieong kat TéAog n Statuntiky taon (shear stress), dnAadn pio Suvaun terRg mou
gudpavifouv ta ev60OnAlaKA KUTTAPO TWV OYYELWV amod TV por) Tou aipatog (Etkova

8).
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Elkova 8. AMEIKOVLON TWV OLLLOSUVALKWY SUVAEWY 0TO ayyeio Kot n aAAnAenidpaon Toug pe Tnv
Aewtoupyia tng Kapduag (Mnyn: Freund et al., 2012).

Exel SexBel 0Tl n puoloAoylky porj TOU QLPOTOC €lval amapaitntn ylo va
npowBnoeL TNV avénon Tou PeEYEBOUC TWV KUTTAPWY, TNV ETUUAKUVON TOUG KaBwWwG
ETIONG KoL va. oploeL TNV €KPpach TwV YOVISIwV O CUYKEKPLUEVN TIEPLOXH YLOL TOV
OXNUOTIOUO TWV KOUMUAWV TWV KOWOTATWY TNG KapSldg. H ouoTaATikotnta tou
puokapdiou amod tnv AAAn amatteltal yio va neplopiosl to PEyeBog Twv KUTTApWY,
To PBaBud emMPAKUVONG TOUC KAl TNV KATAVOUN TNG £KPpaon¢ yovidiwv oTig
OVOTITUCOOUEVEC KOLAOTNTEG

KaBwg n kapdld avamtuoosTal, N aLlatiky por yivetal otadlaka audidpoun
€wg 1ou ol BaAPLdikég yAwyxiveg Snuioupyouvtal PeTtafl KOATOU Kal Kolkiag (Scherz
et al., 2008). [MMponyoUpeveg peAéteg (Vermot et al., 2009) €dsilav TO KAAOHQ
avadpoung pong tou aipatog (retrogate flow fraction, REF) eivatl avénuévo otnv
TLEPLOXI] TOU KOATIOKOWALOKOU KOVOALOU O€ OUYKPLON HE TNV UTIOAOLTTN Kapdld Kal
amoteAel €va SleyepTiko mapdyovta yia tTnv dnuoupyia BaABidwv. Autd cupBaivel
AOYyW TOU OTL TEPLOXEG ME MUIKPOTEPEG Olatopég (cross section) ektiBevral oe
uPNAOTEPEG QLUOSUVAULKEG SUVAUELG AOYW TwV HEYOAUTEPWY TAXUTHTWY TIOU
avarntuooovtal.

ErmutpooBEtwe, peAéteg mou iyav w¢ Baon aAlayr otnv alLOSUVAULKN TNG
KapSLag, pe tnv tomoBETnon piag yudAvng xavipag otov dpAeBwdn KOATO Kal otnv
BaABida petafl kowiag kal tou aptnplakol BoABou (bulbus artiriosus) €ixe wg

OTOTEAECHO EAATTWUATIKO OXNUATIONO TOU XWpou eLc0dou kat €€660ou NG KapdLag
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(Hove et al., 2003). ZuyKekplUEVQ, TIPOAYUATOTONONKE N XELPOUPYLKN TomoBEtnon
YUAALVWV XOVTPWV OTNV apxn n oto téAo¢ tou Kkapdlakol owAnva, oe €ufpua
NAKIOG 37 WPWV KAl HEAETNOE TLG ETWTTWOELG OTLG 4,5 HEPEG UETA TN YOVIUOTIONON
(Etkova 9). Ta éuBpua mapouciacov LELWHEVN ALUATIKN pon HEoa oTnV KopdLd KATL
TIOU 08NyNOoE O€ €CAUPETIKA UELWHEVN SLATUNTIKN TAON KAl TEAKA o€ ducopopdieg
¢ koapdlag. Eddoov o dawvotumog autog Sev mponABe amd TNV XELPOUPYLKN
enéupacn (UE TPOUUATIONO TOU ayyeELakoU Toixou kal evboBnAiou) r tnv ocuvexn
mapoucia NG xavtpag (Ue TNV avamtuén umofeiag i tnv pn dtadoon BpemTikwv
OUOTOTLKWY), CUUTTEPABONKE OTL ATOV OL ECWTEPLKEC ALUOSUVAULKEG POEC OTNV KAPSLA
oL omoie¢ odnynoav o€ un  duowoloyiky Snuwoupyia  Twv  BaABidwy,
emBeBalwvovtog OTL oL evOOKaPSLOKEC SUVALELG TTOU AVAITTUCCOVTAL Ao TNV Pon
TOU QiPOTOG €lval €vag omapaitnTog ETMLYEVETIKOG TAPAYOVIAC YloL TNV

kapSloyéveaon.

g (4.5d.pt. :
Ewova 9: H Siakomr tng apatikng KukAodopiag ennpedlel tnv Kapdloyéveon. H tomoBétnon
yuéAwwv oBoAwv (50pum) oe  Tg(Tie2:EGFP)** éuBpua, n omoia Sev epumobilel Thv awpatiki
KukAodopia, dev eixe emuntwoelg otnv kapdioyéveon (a), (d), (g). AvtiBeta, otav n apatikig
KukAodopia ntapepunodiotnke evieAwg (b) ko (c), n kapdLd Sev KAUMTETAL, TOPATNPELTOL OTEVWON
™¢ GAEBag Kot oL KOATIOKOWLaKEG BaABiSeg Kat o aptnpLakog BoABOg Sev oxnpatiotnkav (h) ko
(i) (MnyA:Hove et al., 2003).

H ocuoxétion Twv BLOXNUIKWY KOL UNXAVIKWV ONUOTOSOTIKWY LOVOTIATLWV
KaTA TN popdoyéveon Twv Kapdlakwv BaABidwv pubuiletal péow tou kif2a yovidiou
(Vermot et al., 2009). To yoviSio auto eival evaiobnto otig aAAayEG TNG TOLXWOTLKO

TileoNg mou aoKe(Tal oMo tn SLATUNTIKA TAON Kal amoatteitat yla tig aAAayEg Tou
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OXNUOTOC TWV KUTTAPWV OTO KOATIOKOWLOKO KavaAL Kol TnG dladkaociag tng
ekBAaotnong mou Tmapatnpeitat ota evdokapdlakda emdpuata. To  klf2a
napatnpnbnke ot KabBwg n kapdld wpipale, n €kppacn Tou MeplopileTal otnv
neploxn t™¢ uPnAng avaotpodng aipatog oto KOATIOKOWALAKO KavaAL (Etkova 10). H
QanmooLwnnon tou yovidiou ota éuPpua zebrafish mpokaAel onuavtikn peiwon otnv
€kdpaon tou notchlb (evdg pubulotikou mapayovta tng Sladopomoinong twv
evbokapSlakwy emapudtwy) oAAG Kal Tou puokapdlakol bmp, yeyovog Tmou
amodelkVUEL TNV EMIKOWVWVIOL TOu Huokapdiou kal tou evbokapdiou Katd TOV
oXNUATIOUO Twv BoABidwv, péow evog apoduvapikou-suaiobntou pnxoviopou.
Eniong, og éuBpua He MAPOSLIKN) AMOCLWINGCT YOVISiwV TTIoU EAEYXOUV TNV MPOSpOUN
awormoinon (gatal kol gata2) i tnv cvomnaon tng Kapdlag (cx3 6.7, myh6, ttna)
Bp€Onke OTL 6TV apoucLaloTav HELWHEVO KAAOUA avadpopng pong Tou alpatog,
UTINPXE Kal PELWPEVN €kdpaon Tou kifa kal auénuéves Suopopodies Twv BarBidwv.
To 610 amotéAeopa €dwoe Kal n xopnynon Awdokaivng (SLaKOMTEL TA KAvAALQ
vatpiou) waote va peltwbouv ot maApoi tng kapdiag (Cummins TR, 2007) 1 n avénon
¢ Beppokpaciag yla va auénBbouv ol maApol tng kapdiag (Galloway JL et al., 2003).

MapdAAnAa, n CUCTAATIKOTNTA TOU pUOKapdiou mailel onUaviikd poAo otnv
avantuén twv kapdlakwv BaABibwv. MeAéteg os petallalelg oto zebrafish, omwg
oto silent heart, mou &nuloupyeital amd petaAAaén oto yovidlo tnnt2 mou
KwdLKomoLel TNV MpwTteivn cuoTaAtikotnTOg TPOomovivn T Kal TPOKAAEL PN cuoTaATh
kapdld (Sehnert et al,, 2002) kabBwg Kal TMEWPAUATA UE XPON XNHLKAG ouaoiag 2,3
Boutavediovn povoéiun (2,3-BDM) oe €uBpua zebrafish n omoila e€odeidel Tnv
ootk KukAodopia, amodelkviouy OTL N amoucia TG puokapdlakng Aettoupyiag
oe opxlka otadla avamtuéng eivat umevBbuvn yw TNV pn  ovamtuén Twv
evbokapSlakwy EMAPUATWY oTnV KoAmokowtakn BaABida (Bartman et al., 2004).
ErumAéov, peléteg oe petaAdaypéva €uPpua zebrafish, onmwg 1o cardiofunk, mou
npokaAeital and petdAaén oe éva yovidlo tng aktivng, epdavilel diataon tng
KapSLag, maAwvdpounon aipotog Hetafl Twv dUo KootATwY Kal §ev apouaoLalel
ootk KukAodopia kot oxnuatiopd svdokapdlakwv emapudatwy (Bertugo et al.,

2003, Bartman et al., 2004).
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Ewkova 10. ZIXNMUOTIKA OMELKOVION TNG PUOULOTIKAG Asttoupyiog tou kifa 6TO0 OXNHUATIOMO TNG
KoAmokolAtakng BaABisag (Mnyn: Vermot et al., 2009).

EmumtAéov, mapayovtag¢ mou Tmailel poAo otnv  popdoyéveon TwV
KAPSLOMUOKUTTAPWY €lval n aywywotnta t¢ kapdiag (Kim et al., 2002). ‘Exet
avadepBel OTL oL NAeKTPLIKEG KapSLAKEG SUVANELS emnpedlouy TNV popdoyEveon Kal
avadlapopdpwon e Kapdlag. Xpnowomowwvtag eva petallaypévo zebrafish, to
dococ (dco), mou mpoépxetal anod pio petaAAaén oto yovidio tng kovveivng 48.5 (cx
48.5), mapouoldlel aclyxpovn KooK cUOTOAR. Ao Melpdpata o€ GUOLOAOYIKEC
KOPOLEG UE LETAUOOXEUHMEVO HETAANAYEVA LUOKAPSLOKUTTAPA dco TTou SLaKOTTouV
TNV NAEKTPLKA aywyluotnta Bpébnke oOtL uttipxav aAlayeg otn Stapodpdwon TG
KapSLag. Anpoupyeital pla Suopopdikr kKoo pe aAAayég otnv popdoloyia Twv
KUTTAPpWV Kal eEAAeLPN TNG OTEVWONG TOU KOATIOKOIALAKOU KAVOALOU.

JUUMEPAOUATIKA, TIOPOTL TO TPWTA OTASI TNG KOPSLAKAG aVATTUENG KoL
pHopdomoinong Twv EMAPUATWY UTIOKELVTOL OTOV EAeyX0 YoVIOLaKAG Ekbpaong Xxwpicg
va €£apTWVTOL O TIC OLLOSUVAULKEG TILECELG TIOU OLOKOUVTOL, UETETELTA YEYOVOTA
onwg n wpipavon twv PBaABibwv puBuilovtar péoca amd E€vav TOAUTIAOKO

ouvluaouUO HOPDOYEVETIKWY OAAAYWV KOL ALLOSUVOLLKWY POWV.
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1.2.9 MovtéAa yia tTnv HEAETN oUYYEVWY Kapdlonmadelwv

Ou ouyyevelg kapblondbBeleg epdavilovtat oe mocooto 0,8-1,2%.

Juykekplpéva otnv EANGda, pe 100.000 yevvnoelg kabes xpovo avapévoupe 1.000
véou¢ aoBeveic anod Toug omoioug oL 500 Ba xpelactouv eneppatiky dtdyvwon Kat

XELPOUPYLKA OVTLLETWIILON TO TPWTA XPOVLa TNG {wNG Toug (WWWw.onasseio.gr).

To zebrafish, onwg €xel avadepBei, mpoodépel MOAAEC SuvaTOTNTEG yla TNV

HEAETN TwV ouyyevwv kapdlomabelwyv. Mepikd poviéAa petallayuévwy zebrafish

TIou T0 amodelkvlouV elval daivovrtatl otov Tiivaka 2.
Zebrafish gene Zebrafish loss-of-function phenotype Human Related human heart disease
name gene name
one-eyed-pinhead/ Reduced mesendoderm differentiation, CRYPTIC Dextrocardia, transposition of the great arteries
egfcfc visceral laterality defects and cardia bifida double-outlet-right-ventricle, AVS defect
lost-a-fin/alk8 Unlooped heart with reduced atrium ALK2 AVS defect, mitral valve malformation
Jjekylllugdh AV valves fail to form UGDH AVS defect
apc Unlooped heart with hyperplastic endocardial APC AVS defect
cushions
silent-heart/tnnt2 Poorly contractile ventricle and atrium TNNT2 DCM and HCM
pickwick(ttn Poorly contractile ventricle and atrium TIN DCM
lost-contact/ Reduced contractility and aberrant ILK DCM
main-squeezefilk cardiomyocyte shape, dilated and reptured
blood vessels
laminin alpha 4 Genetic interaction with lost-contact/ilk LAMA4 DCM
nexilin/nexn Disturbed sarcomere integrity and dilated NEXN DCM
heart
chap Disturbed sarcomere integrity and dilated CHAP Unknown

heart

Nivakag 2. MetaAAdéeig oto zebrafish mou oxetifovta pe cuyyeveic kapdiakég madRoeLg
(Mnyn: Bakkers et al., 2011).

MoA\G amd ta poviéAa autd mponABav amd &va eupl €Aeyxo TPOKANONG
HeTaAAAdéewv oTo yoviSiwpa tou zebrafish, omou aveupéBnkav peTaANGEeLlG TTOU
ennpéalav Tov oxNUATIoNO A TN Asltoupyia Tou Kapdlayyelakol cuoTAUATOS AAG
KOl aro £AEYXO KOTO TOV Omolo amopovwOnkav pHeTalAAelg mou emnpealouv tov
OXNUOTIOUO KOl Aeltoupylkotnta Ttwv KapSlakwv PaABidbwv pe Bdaon Vv
maAwvdpopnon tou aipatog Hetall Twv Koot twy (Beis et al., 2005).

AnO €peuveg Ot QUTA TA MOVTEAQ aveupéBnkav yovidla Tta omoia
EUMAEKOVTAL KOl Of OUYYeVeElG kapdlakég aocBéveleg otoug avBpwroug, eilte
TIPOKELTAL YO LUOKOPOLOTIAOELEG, HE KUPLOTEPEC TNV UTEPTPOGLKA Kol SLATATIKN
pHuokapdlonabela, ite yia Statapaxeg tng B€ong tng KapdLdg, Tou SLaXwPLoUoU TwV
KOW\oTNTWV Kot TtV popdoioyia Twv BaABidwv. XopaKkTnpLoTiKA avadEpw OpLOPEVA
oo auTd: Ta PeTaAAaypéva Eufpua

sih kat pik pe petoAlagelg ota yovidia

tporovivn T Kal Titivn, avtiotolya, oxetilovtol otov avBpwrmo pe eudavion
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UTEPTPODLKAG Kal Slatatikng puokapdlonabelag (Sehnert et al., 2002, Yoskovitz et
al., 2012). Eva yovidio mou £xelL Bpebel oe aoBeveig pe Slatatikny puokapdlondadbeia
elval n kwaon mou ouvdéetal pe wreykpivn (ILK). Metalagn tou yovidiou oto
zebrafish, To main squeeze (msq) mpokaAel SucAeltoupyia oTn CUCTAATIKOTNTA TNG
Kollag. MetaAhagelg otnv dgudpoyovacn tng YAUkOInG otn petallagn Jekyll oto
zebrafish, éxel Bpebel 6tL petalagn tou idlou yovidiou otov avBpwro oxetiletal pe
OVWUOALEG TOU KOATIOKOIALOKOU SLoXWwPLoUOoU.

Télog, To yoviblo gladpd alucog tng Huocoivng tou KOATou (amhc) tou
omoiou petaAlaén oto zebrafish mpokaAel acvotoAia tou kOAmou (weak atrium/
wea), €xeL PBpebel otL Siadopol moAupopdlopol tou yovidiou otov AvBpwrmo
oXeTilovTal HE aVWHUAALO OTOV OXNUATIOUO LECOKOATILKOU TOLXWHATOC, SLOTATLKNA Kal
uneptpodikny puokapdionabela (Ching et al., 2005, Granados-Riveron et al., 2010,

Bendig et al, 2004) oaMd& kat mpdéodata PE TO OUVSPOUO TOU VOOOUVTOG

dAeBokoupou.
KEDAAAIO 3

Ag&1a-ApLoTepr) doUUUETPIO

1.3.1 EykaBidpuon tng apLotepnc-8£§LAc aocUMUETPLOG

Ta péEAN Twv apdOoTEPOMAEUPWY TIAPOAO £XOUV OOV KUPLO XOPAKTNPLOTIKO
v efwtepkn ouppetpla, epdavilouv aplotepn-06e€ld  aoUppETpia  Adyw
KANPOVOLIOUUEVWYV (KUPLWCE OTa €16 TWV avWTEPWV TAEEWV) 1) KN KANPOVOUOUUEVWY
pHopdoAoylkwy Slapopwv o avantuELlakEG SLadlkaoileg og pla amo TG SU0 MAEUPEG
™¢ peoaiog ypapung (midline). MeAéteg mou xaptoypadoUV TETOLEC ACUUUETPLES
avapeca ota Swadopa PuAa Selyvouv TWE yld XOAPOKTNPLOTIKEG OOUEG, N
kateuBuvopevn oouppetpla e€eAixBnke TIOAAEC POPEC aQmO ML TIPOYOVIKN
OVTIOUMUETPLKA KaTdoTtaon.

EWdlkd ota omovOuAwtd, Tapolo mou e€wteplkd ¢aivovtal CUUUETPLKA,
opyava OmMwG Ta OMAAXVIKA aAAd Kol n Kapdld, KATAVEUOVTAL QCUUMETPA.
JUuyKeKplpéva  yovidla mailouv poAo otnv  pubuwon g  aplotepng-6e€lag
OOUUMETPlOC HME Kuplotepa Ta nodal, lefty kou pitx2. Ta tpla autd yovidia

ekppdlovtal otnv  aplotepn TAEUPA TwV  EUPPUWV  TWV  OTIOVOUAWTWV,
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Snuloupywvtag pa onpotodotikn mopeia n omoia puBuilel v aplotepn-6e€la
ooUUHETPpia. EKTOC Twv omovOUAWTWY, GUAOYEVETIKEG peAETeg avédeléav To poAo
TOU pitx2 otnv Snuioupyia ACUUUETPLWY Kal o GAAa PpUAQ TwV SEUTEPOCTOUIWV
OMwG elval ta NUXoPSdwTA KATL Tou Selyvel OTL OL HOPLOKOL pNnXOvViopol Ttou

neplAapBavouv ta mapandavw yovidla eivat e€alpetikd ouvtnpnuévol. (Boorman &

Shimeld., 2002).
Ewkova 11. AmAomoltnpévo MOVTEAO
™G pUBUIONG TG apLoTePriG-BedLdg
aouppETpiag ota onovduAwta (Mnyn:

chick: left sided activin-like v mouse: nodel ollia (also Boorman & Shimeld, 2002).

signal induces asymmetric found in other taxa
expression of shWBmp/FGF8 \ / but function unknown)

& 2 z V ’V ’
Xonopul:poniblemlool\’ql/-\ gf,::.d:w" v a ep(JJT[O, n npwrn

Bmp?
3 €voelln opLoTEPNG-0€€Lag
? OoUpPUETplag evromiletal TNV
23n  pépa NG eUPPULKAG
avantuéng O6mou o KapdLoKOG
Lok , Pigt OWARVOG neplotpédeTal
omprypnuc
midiine b6e€lootpoda. Enetta

akoAouBoUv Kal Ta umoAouta 6pyava, SnULOUPYWVTAC EVOL CUYKEKPLUEVO TIPOTUTIO
OOUUUETPlaC. Amodlopydvwon TwV ONUATWY tNC aplotepnG-6e€ldc acupueTplog
o6nyouv oe ouyyeveic kopdlomabeleg Tou MpoEpxovTal anod pn puctoloyikn Kapdn
™¢ mpodpoung kapdlag. Q¢ amotéAecpa, dev SnULOUPYOUVTAL CWOTEC XWPLKEC
ouoyetioelg Twv BoAdpwv tng Kapdldg kat Sev evBuypappileTal cwotd n Kopdld Kot
To ayyelakd ovotnua. Av kot Oev elval eUvkoAlo va kaboplotel n ouxvotnta
kapSiakwv Suopoppwwv ToOU odeidovial o  TPoPANRUATA  ACUUUETPLAC,
umoAoyiletal otL mapouoitalovtal pe cuxvotnta 1 otig 7000 yevvnoelg (Ferencz et
al., 1989). MeAétec TOU avoyvwPLoOOV ETMAEOV POAOUC YlOL QOUMMETPA
ekppaldpeva yovibla oe oxéon Ue TNV MEPLOXA EKPONG TOU alpatog, Tnv dSnuwoupyia
HECOKOATILKOU Sladpaypatog Kal tnv dnuoupyia Twv KoAmokolAlokwv BaABidwv
UTTOSEIKVUOUV TNV ONUAVTIKOTNTA TWV EAATTWHATWY OTO OPLOTEPA-OeELA TPOTUTIO
W¢ TTPOG TNV altlodoyia twv cuyyevwy kapdlomabelwyv (Frano & Campione, 2003).
MAnpodopie¢ TOU HUMOPOUHME VA TAPOUHE amd Sadopa HOVTIEAQ

OPYQVIOMOUG OXETIKA ME TNV Hoplakn Baon tng aplotepng-6e€Ldg acuppetpiag Oa

MANEMISTHMIO KPHTHS | Etcaywyf



BonBrioouv otnVv dnuloupyla EETACEWY YL CUYKEKPLUEVA KAPSLOKA cUVEpoua Kal
Ba TMPOAyoUV TI( YVWOELS MOG Yl TOUG TOAPAYOVTEC KLVOUVOU-OTIWG YEVETIKEG,
dUGCLOAOYIKEG KOL TEPATOYOVEG ETIPPOEG-TIOU UIMOPOUV VA EMNPEACOUV AUTOV TOV
Baolkd mapayovta TN avBpwrivng euBpuikng avamntuéng. Epoocov mavw amo 100
ouyyevelg Olatapaxég OSelxvouv va €xouv HOVOTMAgupn TAon epdaviong, n
TAELPLKOTNTA. amd MOVN TNG dailvetal va €XeL HEYAAN EMPPON OE TETOLOUG
dawotunouc. Etol, n oe Babog yvwon tng eykabidpuong tn¢ aplotepnc-Sefla
OOUMMETPlag Ba Swaoel VEEC TIPOOTTIKEG OTOV TOMEN TNG KALVLKNG TEPATOAOYLOG Kot
TWV CUYYEVWV 00BDeVELWY, TTEPO QO OUTWV TIOU emMnpedlouv To Kapdlayyelako
ocuotnua (Ahmad et al., 2004).

e auth TNV KoteuBuvon, UEAETEC yla TO TPOOSLOPLOUO TWV YoviSiwv Tou
elval umevBuva yla tov KaBoplopo TNG MAEUPLIKOTNTAG MPAYUATONOLOUVTOL OTNY
o0pviBa, to TovtikL, Tov Batpaxo kot to zebrafish. MoAAd kplowwa povomaTia aUTAG
¢ Swadikaociag meplhappfavouv umodoxeilc Kivacwv oepivng/Opeovivng mou
TIPOOOEVOUV EKKPLVOUEVEG TIPWTEIVEC TNC OLKOYEVELAC TOU METAOXNUATL{OUEVOU
napayovta avantuéng B (TGF-B). Atadopetika yovidia oe kaBe {wikd povtéAo (shh
otnv O0pviBa, Lrd oto MovTtiklL HEOW TWV KWWOUEVWY KpooowTtwVv PBAedapidwv, Vgl
otov Batpaxo kot bmp4 oto zebrafish) kwdlkomoloUv MapdAyovteg Mou MPoKaAouv
€kppaon twv yovidiwv nodal otnv aplotepr MAsUPA TNG HECALOG YPOUUAG Kal
amoowwnnong Tou¢ otnv 6egfld mAeupd wote va  emiteuxBel  aoUUUETPN
opyavoyéveon. Map’ 6An TNV OVOUOLOYEVELA TWV TIPWLLWY YEYOVOTWY, Ta KATWOEeV
BrApata TG oplotepng-6e€lag acuppeTpiag mou meplappavouv to nodal kot TO

pitx2 paivetal va eivat cuvtnpnuéva oe OAa ta €6n mou PeAETHONKav.

1.3.2 H gykaBidpuon tng aplotepnG-6€§Lac acuppetpiog oto zebrafish.

H eykaBidpuon tng aplotepng — 6e€ldc aocuppetpiag oto zebrafish skivael
a6 1o otado ¢ PBAdotoulag. H Swadikaoio €xel ocav onueio ekkivnong éva
BAedpapldbwto opyavidlo mou ovopaletal kuotidlo tou Kupffer. Emetta o 4 Baoika

otadla yivetal n eykabidpuon tng acuppeTplag Kal eival ta e€NG :

1) MpémeL va umapxel aplotepootpodn ponp oto kuotidlo tou Kupffer ya va
KOTOTEPUATIOTEL N CUMMETPLO KOL QUTO ETLTUYXAVETOL XAPN OTNn Kivnon Ttwv

npwtoyevwy BAedpapidwv.
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2) Metadoon g PONG QUTAC OTNV APLOTEPN TAEUPLKH TIAAKA TOU HECOSEPUATOC
LPM (lateral plate mesoderm).

3) H aocUpuetpn éxkdpaocn Twv nodal kol lefty2, 1o omoio mpokaAel TNV
avadpaotikn mapeunodion tou nodal.

4) XwpoefapTwHevn HopdoyEvean LECOAABOULEVN ATO TNV ACUUHETPN Ekdpaon
TOU pitx2 to omolo ekppalel Evav PeTaypadlko mapdyovta kal pubuiletal ano
10 nodal. (Shiraishi, 2012).

Anuoupyia kuotidiou Kupffer

Ta mapandvw popla (nodal, lefty2, pitx2) eivatl umevBuva yla Tnv apLotepn—
61 aovppetpia oe Stadopa {WKA HOVIEAX OTIWCE TOUG BatpAxoug, ot OpVIBEC,
ota Tmovtikia kot oto zebrafish (Yost, 1999). Ito zebrafish éva mapodika
EUPaVI{OUEVO KPOOOWTO Opyavo OTo oupaio PAAcTO Tou ovopaletal Kuotidlo
Kuppfer (KV), amnatteital yia tnv puoLloAoyLlK AoUUHETPN YOVISLOKN €kdpaocn Kol
OUVETIWG TNV TIAEUPLKOTNTA TwV opydvwv (Essner et al., 2005). To kuotiblo Kupffer
TIPOEPXETAL amo pla opada 24 kuttdpwv mou ovopdletal dorsal forerunner cells
DFCs (DFCs) ta omoio petavactelouv otnV AKPn TNG KAAUTTAPLOG KUTTOPLKAG
otolBadac (shield) mapapévouv ekel xwpic va avadumAwvovtal Katd tn SLapKeLD TwV
Kwnoewv tou otadiov tng emPoAng, oe avtiBeon pe Ta yeltovika kuttapa. Movo
KATA TO TEAOC TNG yaotpldiwong Hetakivouvral Pabiwd péoa oto Epppuo
oxnuatilovtag to kuotidlo tou Kupffer (Cooper and D’Amico, 1996, D’Amico &
Cooper, 1997, Melby et al., 1996). Katd tn SLApKeELQ TWV UETOYEVECTEPWVY OTASIWV
To KuoTidlo tou Kupffer epdaviletal kol\lakd otnv meploxn tng vwtoxopdng oto
oupaio BAaotd kot mapakeipeva tng AekiBou. Afilel va onuelwBel wg Sev €xeL
BpeBel akdUN av n MPoEAEUOn TWV 2 TTAPOTIAVW CXNUATIOMWY EIVOL LECOSEPULKN i
evbodeppuikn. Zto kuotidlo Tou Kupffer, umdapyouv ot BAedapideg - kpooool oL omoiot
TIAPAYOUV TNV aplotepootpodn kivnon. Meiwon ¢ onuatodotnong tou nodal
HEOW aUENONG TOU AVTOYWVLOTH Tou -lefty- pelwvel tov aplBuod twv DFCs (Oteiza et
al., 2008). Emiong to evdokuttaplo aoBEotio £xel deiytel va mailel poAo otnv
KLVNTIKOTNTA TV BAedapldwtwy KUTTAPWV Tou ennpedlouv Tnv popdoloyia tou KV
(Kreiling et al., 2008). Autd cupPaivel péow TNG AVAOTOANG NG B-katevivng, n

gvepyomoinon tng omoiag ota DFCs é€xet Sewtel oOtL mpokaAel mpofAnuata
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mAeupkotntag oto KV (Schneider et al.,, 2008). Eva moapOpol0 amoTEAEoUa EXEL
napatnpnOel petd anod mapodikn anocwwnnon tou tbx16 kai tou no tail, 8o T-
box petaypadikwv mapayoviwv (Amack et al., 2007, Amack & Yost, 2004). H
KateuBuvopuevn por Twv Vypwv, Tou odnyel otnv acUUPETPn €kdpacn yovidiwy,
odeileTal o pla avopoloyevr dtavoun twv PAedapldwtwy kuttapwyv oto KV. Ta
neplooodtepa Ppiokovtal oto mpodoblo-paylaio pépog tou KV (Kreiling et al., 2007,
Okabe et al.,, 2008), Snuloupywvtog £ToL Ll ypriyopn aplotepootpodn pory oto
MpocOlo péPog Kal pla o apyn, 6e€lootpodn por oto Tiow PEPOG TOU OpPyAvou
(Kramer-Zucker et al., 2005). Eniong, n kAlon twv PAsedopidwv mpo¢ ta pnpootd
gVIoYVEL TG Sltadopomnolnuéveg pogg peéoa oto KV (Cartwright et al., 2004, Kramer-
Zucker et al., 2005, Okabe et al., 2008, Supatto et al., 2008).

Emypappotika, yia tn dnuoupyio tou kuotdiov Kupffer Stakpivoupe 5

otadia:

1. Tn énuoupyia twv DFCs pe tn BornBeta tou yovidiou cas Katd to otadlo Tng
BAdotouAac.

2. Me tn BonBela ntl kat oep (nodal popla) eAéyxetal n Ekppaon tou left-right
dynein-related1 (Irdr1)

3. Xdpn ota mapanavw popla dnulouvpyeital to kuotiblo tou Kupffer.

4. Anuoupyouvtoal ot BAedapidec—kpooool oto yepdto uypo, Kuotidlo Tou
Kupffer.

5. Ot BAedapidbec—Kkpooool amoktouv TNV aplotepoatpodn Kivnon.
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Dorsal Forerunner Cells
oep,sur ntl oep spt

x\;’\ dyr v{/‘ l l l

\ [3]Kupffer’s Vesicle

organogenesis

(> [4]kv ciliogenesis>

[5]Cilia motility \
C

!

Asymmetry of Nodal, Lefty, Pitx2

Asymmetric heart, brain and gut morphogenesis

Elkova 12. IXNMOTLKA TA BripoTa ToU EPLYPAdNKaAV TOPATAVW
(Mnyn: Essner et. al., 2004).

AMnAovyia yeyovétwv otn mAsvpikn usoodepuikr mAdxka LPM

To Nodal povomatt amoteAel TOo TMPWTO ONUATOSOTIKO HOVOTATL TIOU
eKPPATETAL ACUUMETPA APLOTEPA TNG TAEUPLKNG HECOSEPULKAG TAAKOG KOTA TNV
eykaBidpuon tng deflac-aplotepng acuppeTpiag. OpBoAoya tou nodal €xouv BpeBetl
ota kepaoxopdwtd, ota Baldcola oupoxopda (tunicates) kal ota exlvodepua, KATL
mou Oeiyvel MwWG OUTO TO HOVOTIATL CUMUETEXEL OTNV avaAmtuén OxL HOvVo Twv
omovOUAWTWV aAAd OAwv twv deutepootopiwv (Chea et al.,, 2005) (Mivakag 3). OL
npoodéte¢ Tou povomatol Nodal elvalt PEAN TNG UTIEP-OLKOYEVELAG TOU
petaoxnuati{opevou avamtuélokol mapayovto-f (TGF-B) mou avayvwpilouv
umodoxeig oepivng/Bpeovivng tumou | & Il (ALK4 & ActRIl) kat mpowBouv tnv Spacn
TOUG pEoa amo ta popla Smad2/Smad3 tou povomatioy TGF-B (Shier, 2003).
Movadlkd XapaKtneLoTko yla tnv 6pdon tou Nodal amoteAouUv oL cuv-untodoxeig
™N¢ okoyévelag EGF-CFC toug omoloug ouvioToUV ULKPEG €EWKUTTAPLKEG TTPWTEIVEC
TIAOUGOLEG O€ KUOTEIVEG Kal elval amapaitntot yla tnv petaBifacn touv oipatog (Shen
& Shier, 2000). Ol npwrteiveg EGF-CFC napgxouv emhektikotTnTa ota popta Nodal,

w¢ Tpog Tov umodoxea mou Ba mpoodeBouv, pEow OAANAETUOPACEWY TIPWTEIVWV
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(Yan et al., 2002). MapoAo mou OAeC ot BLOAOYIKEG AELTOUPYIEG TWV MPOCSETWVY TOU
Nodal Siwapecohlafouvral péoa amd T Sdpdocel uTodoxEwv, €xeL Oelytel OTL
etepodiuepifovrat Katl pe AAAa LEAN TNG UTIEP-OLKOYEVELAG Tou TGF-B onwg to bmp4
yla tTnv dnuoupyia onupatodotikwy napayoviwyv (Eimon and Harland, 2002). Entiong
to Nodal pmopet va avaoteilelt tnv &pdon twv BMPs kat Wnt povomatiwy

(Haramoto et al., 2004, Onuma et al., 2005).

Role

Gene

Function

Pathway ligands

Nodal (mouse, chick),
cyclops, squint,
southpaw (fish),
Xnril, Xnr2, Xnré,
Xnr5, Xnré (frog)

Vg1 (frog, fish, chick)

Gdf1 (mouse)

Nodal-related TGFR
ligands

TGFB ligand; signals
through Nodal
pathway

TGFR ligand; signals
through Nodal

pathway

Gdf3 (mouse) TGFB ligand; signals
through Nodal
pathway

Receptors and co- ALK4 Type | serine-threonine

receptors kinase receptor
ActRIl, ActRIIB Type Il serine-threonine
kinase receptors
Cripto, Cryptic (mouse), EGF-CFC co-receptors;
one-eyed pinhead interact with ALK4
(fish), FRL-1/XCR1,
XCR2, XCR3 (frog)

Inhibitors Leftyl, Lefty2 TGFp proteins; interact
with Nodal ligands
and EGF-CFC co-
receptors

Cer1, Cer2 Cerberus/DAN family
members; interact
with Nodal ligands

Smads Smad2, Smad3 Receptor-Smads

Smad4 Co-Smad

Transcription factors  FoxHT Winged-helix

transcription factor

Mixer Homeodomain protein

Mivakag 3. Znuavtikd popLa tov povonatiov Nodal
(Mnyn: Shen et al., 2007).

Itoug efwkuttdploug avootoleic tou Nodal cupmeplhapfdavovtal ot
npwteiveg Lefty, péAn tng umép-owoyevelag TGF-B, oL omoieg avtaywvilovtol to
Nodal péow aAAnAemibpdoewv pe T mpwrteiveg EGF-CFC aAAd kat pe toug idloug

TOUC MIPOCOETEC, UMAOKAPOVTAG £TOL TNV SnULOUPYIA TWV CUUMAOKWY OTLG TIEPLOXEG
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Twv unodoxéwv (Chen & Shen, 2004). Ta yovidialefty amnoteAouv KATWOeV 0TOXOUG
Tou povomoatiou Nodal, Snuoupywvtag €vav apvntikd Bpoxo avatpododotnong
(Brandford & Yost, 2002). Itoug &eVOOKUTTAPLOUG QVOOTOAEIG TOU HOVOTIATIOU
ouykataAéyetal o Dpr2 o omoilog eKTOC and pubULOTAC TOU LovomaTiou wnt Spa Kat
cav avrtaywviotng tou Nodal, emdyovtag tnv amolkoSOpnon Twv UTMoSoxXEwvV
Alk4/AIK5 (Zhang et al., 2004). EmutAéov, n dwodataon cepwvwv/Bpeovivwy Ppm1A
anodwodopullwvel TI¢ Smad2 kat Smad3, amocwwnwvtag tn ocnuatodotnon tou
povornatioU (Lin et al., 2006) (Etkova 13).

Ye petaypodikd emimedo, n 6paon tou Nodal ouvdéetal pe TOUC
petaypadlkolg mapayovtes foxH1 kal mixer (Kunwar et al., 2003). Erniong, to nodal
puBuileTal amd povo Tou HEow evOg BeTikoU avatpododotikol Bpdyxou, Ue Evav
aoUpPETpO Tpoaywyéa (ASE) mou Pploketol 0TO0 MPWTO LWVIPOVIO Tou yovidiou
(Whitman, 2001). O petaypadikoc napayovrag drapl pmopei va aAAnAeTdpAacel pe

Tov foxH1 kot va anotpéPel Tnv cuvdeon Tou e to DNA (Iratni et al., 2002).

Extracellular
Plasma

membrane
Intracellular

Receptor internalization

Proteasomal degradation Smad4

Lysosomal degradation
Mediator
Nucleus

Smad4 Mixer Smad4

Ewéva 13. Zxnpatiki neplypadn tov nodal onpatodotikol povonatiod
(Mnyn:Shen et al., 2007).

MevikOTEPQ, Ol PUBULOTIKEG LOLOTNTEC TOU povormatiou nodal opotalouv evog

BloAoykol cuotiuatog dudaxuong (Ewkova 14), 1o omoio dnuloupyei Eva otabepo
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SlofabuLlopevo onpa Katd URKog evog avamtuélakou nedlou. Autd e€aptatal anod
TNV LKAVOTNTA TIOU £XOUV OL TIPOCSETEC KAl Ol AVTOYWVLOTEC TOUC va Slaxéovtal o€
HEYOAEGC QTOOTACEL], O OUVOUAOMO WE  avatpododotikoug BpOoyxoug.
JUYKEKPLUEVQ, TO lefty €xel peyaAutepn wavotnta Siaxuong amnod to nodal (Sakuma
et al., 2002) koL 0 PNXAVIOUOG aUTOG daivetal va Tallel onUavIKO poAo otnv
Snuoupyia Tou pecodéppartog kabwg kat otnv gykabidpuon tou aplotepou-6eflol

afova (Nakamura et al., 2006).

Nodal source Responsive field

Nodal

& |

>

Distance from source
Ewkova 14. O unxoviopdg avtidpaong-6Léxuong yla tnv npoaywyr] the XwpeKig tAnpodopiog
(Mnyn: Shen et al., 2007).

1.3.3 To yovidio southspaw (spaw).

Y10 zebrafish untdpyouv tpia yovidia tou Nodal onuatodotikol povomatiou,
to cyclops (cyc), To squint (sqt) koL to southpaw (spaw). Ze MPONYOUEVEG UEAETEC
bev umopouoe va amavinBetl to gpwtnua ylati (Long et al., 2003) petaA\ayuéva
EuBpua ya dladopetikd yovidia tou nodal povomnatiol mapoucialov etepoyEvela
oto ¢awvotumo toug (Long et al., 2003). Ta petaAlayuéva yia to cyclops Eéuppua (to
omoio ekppaletal acVpPeTpa oto LPM kat otov Sieykédalo) bev €xouv coBapd
Slatapaypévo aplotepo-6e€La mpotumo. AvtiBeta, ta petaAlaypéva ufpua yla ta
yovidla oep (one-eyed pinhead) (Gamse et al., 2002) kat foxhl (Bisgrove et al.,
2000) moapouoclalouv EvtoveG OLATAPAXEG TNG OOUMUETPLOG TWV  OTAQXVIKWV
opyavwv Kal Tou OleykedAAOU. JUVEMWG TEONKE TO €PWTNUA AV N QACULUETPN
ékppaon twv Nodal yovibiwv otnv aplotepry MAEUPLKA TTAGKA UECOSEPUATO Elval
anapaitntn oto zebrafish ywa tnv eykaBidpuon tng aplotepng-6e€Lag aocuppeTplag.
Etol, peta amd RT-PCR evrtomiotnke to southpaw (spaw), n ékbpaon Tou omoiou
elval aoUUPETPN OTOV KOPUO Kal apdotepOmAsupn oto mapaoviko (paraxial)

pnecodepua. Epoocov 10 spaw ekdpaletal acUUHETpA amd To otadlo twv 10-12
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ocwultwy, eudaviletal va eival 0 MPWTOG XPOVOAOYLIKA HOPLAKOG SEIKTNG TNG
oplotepnc-6e€Lac acuppetpiag oto zebrafish.

To spaw katataxdnke otnv nodal umd-owkoyévela acdol n auvollkr Tou
akoAouBia opolalel meploootepo pe tig¢ Nodal mpwteiveg avaueoa otnv TGF-B
Unép-olkoyévela. Emiong, n Spaw mpwrtelvn meplExel Vo apwvofika potifa
(NAYRCEG & PTNHAY) ta omnoia ivat povadika péoa otnv otkoyévela Nodal. Télog,
TO spaw Katataxdnke otnv umo-kAdon Xnrl (Xenopus Nodal-related 1) adol n
Slataén Twv SLAPOPACUEVWY KUOTEIVWY TOU OUOLALEL TEPLOOOTEPO WE TOu Xnrl
napa pe tou zebrafish cyclops (Long et al., 2003). Apxikd to spaw ekdpaletol
ETEPOMAEUPA OTO TAPALOVIKO LecOSepUa oto oupaio PAaoTo, oto otadlo Twv 4-6
OWUITWV. 2 auTO To onueio Bploketal kat to kuotidlo tou Kupffer. Emelta,
ekdpaletal otnv omicOla aplotepr) MAEUPLKAG TTAAKAG LECOSEPUATOC KOl OTASLOKA
n ékppaon aviyvevetal mpog to kepaAl (Ahmad N. et al., 2004). 3to otddlo Twv 23-

25 cwuttwy apxilel va e€adaviletal n Ekdppaocr) Tou.

Ewodva 15. H ékdpoon tou Spaw arnd toug 4-6 cwiiteg ewg toug 15-18 ocwpiteg
(MnyA: Ahmad et al. 2004).

Me peléteg in situ uBpldomoinong dVU0 XPWUATWY EYLVE N CUYKPLON TNG
£€KPPOONG TOU Spaw Kol TwV KATwOevV otoxwv tou lefty2 kat pitx2. Gavnke OTL TO
spaw ekdpaletal MpwTo Kal akoAovBouv ta lefty2 kal pitx2 and 1o otddlo Twv 17
owptwv (Bisgrove et al., 1999, Essner et al., 2000, Rebagliati et al., 1998b, Sampath
et al., 1998). Enetta, oto otddlo Twv 20-23 cwHLTwV, N €Kbpaon TwV TPLWV yovidiwv

yivetal mapodika emikaAuntopevn (Long et al., 2003) (Etkova 16).
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Ewkéva 16: AvtumapofoAn tng

aw/Ift2

€kppaong Tou spaw He ta lefty2
KoL pitx2 [(spaw:pnwp),
(lefty2:x6kKwo), (pitx2:KO0KKLVO)]

(Mnyn:Long et al., 2003).

1.3.4 H aplotepn-6€§La acuppeTpia TG KAPSLAG

Yta zebrafish éuPpua, To Mpwto 0patd ONUASL Mou adopd TNV APLOTEPN-
Se€la aovppetpla eivat autr g arlayng Tou Kapdlakol cwAnva 6cov adopd Tn
B€on kat tn popdoloyia. Apxlkd, OTMwG TpoavapEpONKe mMpoypOTOMOLETal pia
oplotepn kapyn (jogging) kat ev ocuvexeia pia de€la otpodry tNg KoWiog tNng
kapblag (looping). Emetta amd €psuveg MAPOSIKNAG AMOCLWIINCNG TOU Spaw n
oplotepn-6e€ld  acuppetpia g  Kapdlag  datapacoetal, adou  Sev
npayuatonoleital n nmpoavadepbeioa kauPn tng. Zuvenwc, Snuloupyouvial o€
auvénuévn ouyvotnta £uPpua pe 6gfla i pe kaBoAou kapdiakn kaudn. Emiong,
napatnpnOnke nwg v uMAPXEL CUOYETLON TOU jogging e to looping 6oov adopd

T B€on nou auta Ba €xouv (Long S. et al., 2003).

D-loop

L-loop

Ewova 17. Navw napatnpol e to §e§Ld atpodn TnG KOWALag pLag aypiou-TUMou KapdLAg, EVW KATW
pLag avaotpodng kapdidg (situs inversus) (Mnyn : Liu D-W et al., 2011).
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Katd tn Sldpkela tnG HéEonG owpttoyéveons (17 — 22 owpiteg), 4 Seikteg
(cyclops, leftyl, lefty2, pitx2) exdpalovtol ACUUUETPA OTN TIAEUPLKA LECOSEPULKN
TIAQKOL LE TNV €KPPOAOT) TOUG VAl YIVETAL TILO £EELEIKEVEVN OTA APLOTEPA LEXPL KOL TN
TIEPLOXN TIOU ETUKAAUTITEL TOV KAPSLOKO XWPO Kol €lvol To ovwrtepo oplo. H
Kapdlakn Teploxn elval peyaAltepn amd autr mou opilel 0 KApSLOKOG CwANVaG
adol mepLEXEL Kal Ta TPOdpopa KUTTapA TG HETENELTa Kapdlag (Smith KA et al.,
2011). To ¢ppayua tou spaw 6oov adopd tn HEon ypauun ival to leftyl, evw to
lefty2 meplopiletal oto Kapdlakd XWPO KoL aUuTO amoteAel to ¢ppdyua ya TO
oploteEPO HEPOC TNG Kapdldg, WOoTe va pnv ennpeaotel n  aplotepn-6efla
QOUMMETPpla auTnG. TEAOG, MElpAUATA TOMOBETNOAV TNV ONUATOSOTNON UMECW TOU
BMP onuotodotikoy povomatioU Kal TapdAAnAa Ue To charon Tmou eival
avtaywviotrg tou Nodal (Hashimoto et al., 2004) otov kKaBopLopo TNG APLOTEPNG-
6e€lac aocuppetpiac. To bmp anmoowwnad tTnv €kdpacn tou spaw otnv Sefld mAeupa
NG TMAEUPLKAG TIAAKAG HECOSEPUOTOC Kal emAyeL tnv ékdpaon tou leftyl oto
omnioBo pépoc tng vwtoxopdng (Chocron et al., 2007) péow Twv umodoxewv bmpr2a
kot bmpr2b, ot omoilol kwdikomolwovuvtal amd &vo zebrafish opBoloya Twv
urtodoxéwv tumou Il twv BMPs (Ewkova 18). Avaluon amd tov Monteiro kat
ouvepyate¢ (Monteiro et al., 2008) Twv $alvoTtUTWV TIOU TIPOKAAEDE N amaloldn
TwWV bmpr2a kalL bmpr2b €6€1fe OTL T peTAANQyUEVA EUBpua TTPAYUATOTIOLOUCAV
un duolohoyikd jogging t¢ kapdldc. To BMP pdplo mou euBuivetal yla auto

mBavotata sivat to BMP2 (Lenhart et al., 2011).
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Ewkova 18. MNapodiki anootwnnon twv untodoxéwv bmpr2a bmpr2b Siatapdocoel tnv MAsupLkOTATA
™¢ kapdiag, péow TG 1 puctloloyikig pUOLIONG TwV spaw, leftyl &lefty2 oto LPM. Avaluaon tng
€kdpaong tou cmlic2 otig 32 wpeg (A-G) kat otig 48 wpeg (H-N) oe bmpr2aMO0O3 kaL bmpr2bMO0O3
€uBpua. (A) Ayplou-tumou éuppua. Anocwwnnon tou bmpr2a (B, C) 1 Tou bmpr2b (E-G) mpokaAel
Tuxalonoinon tng kapung tng kapdiag (jogging). (H) Quatoloyikn otpodn tng kapdiag (D-loop) otig
48 Wpeg UETA TN Yovipomoinon. Ta bmpr2a morphants mapouaotdlouv duactoloyiko (1), pewwpévo (J) A
aveoTpappévn otpodn tng kapdidg (K) (Mnyr:Monteiro et al., 2008).

bmpr2bMO3 bmpr2aMO3

KEDAAAIO 4

Madnoeig tou MepiLpepikol Nevpikou Zuotnuatog (MNZ).

1.4.1 NEPIMEPIKEZ NEYPOMAGEIEZ

Ot naBnoelg tou NN (nepidpepikég veupomabeleg) odeilovtal otnv aAlayn
™G SOUNG KAl KATA OUVEMELX TN OSUOCAELTOUPYIO TWV KLVNTIKWY, aloONnTIKwv Kal
QUTOVOUWV VEUpWVWVY Tou MNI. Ta aitia gpdavionc veupomabelwy TOLKIAOUY Kot
uropel va elval €ite KAnpovoulkad, eite emiktnta. OL mepldpePkEG veupomABeLleg
oavAaAoya e ToV aplOpud TwV VEUPWV TIOU TANTTOVIAL KATATACOOVTAL OF:

1. povo - veupomaBeleg

2. TOAU - veupomaBeleg
H tavopnon twv neplidepkwv veupomabelwv pe BAaon ta KUPLOTEPQ QLTI TTOU TIG

T(POKAAOUV UTopel va yivel wg eENG:
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e KANpoOVOULKEC VveUpOTIAOELEG (QOBNTIKOKIVNTIKEG VEUPOTIAOELEG, ALOONTIKEG
KOl OLUTOVOUEG VEUPOTIAOELEG, OLKOYEVELG QMUAOELSIKEG TTOAUVEUPOTIABELEC
K.0.)

e NeupomaBeleg AOyw HETABOAKWV/EVEOKPIVIKWY VOONUATWY (oakyxapwdng
SafBnNtng, xpovia vedpplk avemapkela, mopdupia, apuAosidwaon, nNmaTkn
QVETIAPKELA, UTTOOUPEOELSLOUOG K.0L.)

e NeupomdBeleg Aoyw €kBeong oe ToflkéG ouoieg (ANYNn  dapudkwy,
KATAVOAWON OLWOMVeUaToG, €kBeon oe OlaAlteg, Papéa HETAAAQ Kol
dutodapuaka K.a.)

e NeupomnaBeleg Aoyw pHoAuopatikwy aoBevelwyv (Lol, Baktnpidia k.a.)

o  OAeypovwdng Neuponabela (cuvépopo Guillain — Barre)

e NeupomnaBeleg Aoyw EANAeldNg Brtapvwy (Brtapivn B12, Brtapivn A k.a.)

e NeupomnaBeleg AOyw Ttieong, 1 TPAUUATIOUOU

e NeupomnaBeleg Aoyw mapouaoiag kakonBelag (mapaveomAACUATIKA VOOHLOTO)

Emiong oL mepudpeplkég veupomdBeleg pmopouv va taflvounbolv pe Bdaon tnv
naBoduaololoyia Toug we e€AG:

e NeuvpwvomnaBeleg: Odeilovral og BAAPN TOU KUTTAPLKOU CWHOTOC TOU VEUPOU
KOl KOTA OUVETELA eKUALON TOU TEPLPEPLIKOU Kal TOU KEVTPLKOU afova. Ot
VEUPWVOTIABELEC umopoUV va SlaxwpLoTolV OE:

e KwnTlkEG, Omou mapouctaletal BAABN Twv KUTTAPWY TWV TPocBiwv KEPATWY
TOU vwTLaiou puehou kot epdavifouv puikn aduvapia, atpodia Twv HUWV Kal
pelwon TWV avTavakAQOTIKWV.

e AwOnTIkEG, Omou Tmapouctaletal PAABN TwV KUTTAPWY TWV VWTLALWV
yayyAlwv kal twv yayyAlwv tou autovopou kal spdavilouv peiwon tng
awdnukotntag, awdntkn otafia, pelwon TwV OVTOVOKAOOTIKWY Kol
TapoLoBnoeLg.

o Afovikég veupomaBeleg: Mapatnpeitatl BAABN oTOUG VEUPAEOVEG TWV VEUPLKWV
VWV Kal Topouoclaletal TOOO O€ KWNTIKOUC 000 Kol O alobntikoug
VEUPWVEC. Xapaktnpiletat oamo v évapén ¢ ekdUAoNg amd To
TEPLDEPIKOTEPO TUAHA TOU dfova e Seutepoyevr) anopueAivwaon. KAvika kat

NAgKTPodUCLOAOYLIKA TTapOoUGLAIOUV TTOPOHOLO ELKOVO. LE TIG VEUPWVOTIAOELEG.
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e ATMOMUEAVWTIKEC veupomadBeleg: MNapouoialetal ekPUALON Tou €AUTPOU TNG
HUEAlVNG TwWV KUTTApwv Tou Schwann kol €XeL oav QMOTEAECHA TNV
Kataotpodn TNG HUEAIVNG TwV TMEPLEPIKWY VEUPWY UE OXETIKN dlatipnon
Tou afova. KAvika ekppaletal pe puikn aduvapia kat NTeg SlatapoxES TnG
aloOntikotNTOG KAl NAEKTPODUGCLOAOYIKA Tapatnpeltal PeyaAn peiwon twv
TaXUTATWY aywyng. H anokatdotaon eaptdtol amod tnv anopueAivwon mou
AOyw TtNng oxetkng dlatipnong tou afova ouvnBwG YIVETAL UE YPHYOPOUG
puBuoug (eBdopadec n pnveg). EmavaAappavopevn amopueAivwon -
enavopuelivwon odnyel o MOAAMAQCLACUO TWV GUYKEVIPLKWV OTLRASwWVY
TWV KUTTAPWV Tou Schwann, yUpw amo tov nepldeptko afova. O oXNUATIOUOC
TIOU T(POKUTITEL ovopaleTal Tumou «PBoABol kpeppudlou» («onion bulb») kat
OUVAVTATOL KUPIWG Of XPOVIEC KOL KANPOVOUIKEC QTTOUUEALVWTLKEG
TLOAUVEUPOTIABOELEG.

e MEeIKTEGC TOAUVEUPOTIAOELEC. ITIG VEUPOTABELEG QUTECG TTapATnPELTAL TOOO

a€OVIKN 000 KoL AMOUUEAVWTLKN EkUALON.

1.4.2 NOAYNEYPOMNAGEIA CHARCOT-MARIE-TOOTH (CMT).
H moAuveupondBeiwa  Charcot-Marie-Tooth (CMT) 1 KAnpovouukn

AloOntikoKwvntikry NeupomdBewa (Hereditary motor and sensory neuropathy —
HMSN) i Nepoviaia Muikr Atpodia (peroneal muscular atrophy), meplypadnke yla
npwtn ¢opd to 1886 amnd toug Jean-Martin Charcot kat Pierre Marie oto Mapiot kat
Howard Henry Tooth oto Kéumput, amd Ttoug omoloug THPE KoL TO OVOPA TNG
(Charcot, 1886, Tooth, 1886). Ot Charcot, Marie kat Tooth emiyeipnoav va Swoouv
HLOL CUVOTTTIKN TtepLypadr] TNG VOOOU UE Ta €EAG YEVIKA XOPAKTNPLOTIKA:

° Elval kAnpovoutkn vooog.

. H évapén Twv CUPMTWHATWY TNC VOOOU apXllel amo TNV mpwTtn UEXPL

™V Tpitn dekaetia tnG {wng Twv acbevwv.

° Mapouotaletal katd Kuplo Adyo pe aduvapio kal atpodia oToug

TIEPOVLALOUC MUEG TTAPA OTOUG HUEC TWV TMEPLPEPIKWV TUNHUATWY TWV AKPWV.

. Zuxva ocuvumdpyxouv aoOntikeg Slatapaxég kat pelwon r e§aleuwpn

TWV TEVOVTLWV QVTAVOKAQOTIKWV.

° MNapouaotaletal €vtovn mModikr Kapapa - kolhomodia (pes cavus)
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° ‘ExeL apyn poodEeUTIKI TTOpELaL.
Tnv dekaetia tou 60 oL Dyck kat Lambert (1968a, 1968b) tavouncav tnv CMT ot 4

TUMouG, otnpL{opevoL:

° 01O SLaPOPETIKO POVTEAO KANPOVOUNONG

. OTLG TOXUTNTEG AYyWyng VELPWVY

° oTNV OMAda TWV VWV Tou ennpealoviay, Kot
° oTn HEAETN Tou eykedpalovwTiaiov uypou

Ol tumoL autol NTav:
1. KAnpovoukn AwoBntikokivntiky NeupomdBewa Tumou 1 (Hereditary

Motor and Sensory Neuropathy- 1 HMSN1  CMT1)

2. KAnpovopukn AwoOntikokwvntiky NeupomaBela Tomou 2 (Hereditary

Motor and Sensory Neuropathy-2 HMSN2 } CMT2)

3. KAnpovouwkn Kwntikry NeuponaBela (Hereditary Motor Neuropathy-

HMN)

4. KAnpovouwn AwoBntikokivntiky NeupomdBela Tumou 3 (Hereditary

Motor and Sensory Neuropathy-3 HMSN3 i CMT3).

Me Baon ta nAektpoducloloykd Katl maboloyika kpttipla n CMT Swaxwpiletal o
600 peyAAeC KaTNyopLEC.
1. O mpwtog TtUMO¢ eival o amopueAlvwtikog (demyelinating), otov
OTtoloV Ol KIVNTIKEG TaxUTNTEG aywyng veupwv (MNCV) twv mepldepkwyv
TUNHATWY glvot cuVABWC IKPOTEPEC amto 38 m/s Kot
2. 0 beltepog TUTOG lval o afovikog (axonal), otov omoio oL KLVNTIKEG
TOXUTNTEC aywyng veupwv (MNCV) €xouv KOVOVLIKEG I eEAadpd HLELWHUEVEC
TIUEG (Berger et al., 2002).

MNpoodata meplypddnke Kal 0 UIKTOC TUTIOC O OTtoilog elval £vag cuvOuaouUOG
QTMOMUEAVWTLKOU Kal afovikoU TUTIOU HUE €VOLAPEOEC TaXUTNTEG aywyng VeLPOU
(Mastaglia et al., 1999).

O QMOMUEALVWTIKOG TUTOC Yapoktnpiletal kupiwg omd ekpUALOUO TNG
HUEALvNG Ttou TeplBAAel Tov afova Twv TepLdEPLIKWY VEUPWY, TNG omoiag n KupLa
Aewtoupyla €lval N avénon Twv TOXUTATWY oywyng VEUPWV. ATIOTEAECUO TWV TILO

MAvw €lval va Topouctldalovial HELWUEVEG TOXUTNTEG ot hAekTodUCLOAOYLKA
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EUPNUATA YlOL TOV TUMO autov. O aovikog TUMOG xapaktnpiletoal Kuplwg amo
eKPUALOUO Tou 8lou Tou Afova Kal WG €K TOUTOU OL TaxUTNTEG aywyng VeEUPwVY
Slatnpouvtal OXETIKA 0€ PUOLOAOYLKEG TLUEG TIAPA TLG ALOONTIKOKLVNTIKEG ASUVOULEG
mou mapatnpouvrtal. Me Baon tov Tpémo kAnpovopnong n CMT Swaxwpiletal oe
ETUKPATNTIKO AUTOOWHATIKO (autosomal dominant-AD) (Dyck and Lambert, 1968),
UTTOAEUTOUEVO OUTOOWHATIKO (autosomal recessive-AR) (Harding and Thomas,
1980b) kat puAocuvdeto (X-linked) tumo (Fischbeck et al., 1986).

AmotéAeopa Twv TO TAVW Slaywplopwv NTav N tagwounon  Ing
noAuvevponaBela¢ CMT otoug tumoug: CMT1, CMT2, CMT3, CMT4 kat CMTX
(Harding and Thomas, 1980a, Harding and Thomas, 1980b, Rozear et al., 1987).

1.4.3 Nepypadn ¢ Charcot- Marie- Tooth moAuveupondBeiag.

H CMT moAuveupondBela xapaktnpiletal amd peyaAn KAWLIKA KOl YEVETLKA
ETEPOYEVELQ, TA BACIKA KALVIKA XAPAKTNPLOTIKA yvwplopata eival n aduvapia Kot
atpodia Twv Akpwv pe Bpadeia e€eAKTIK TOpeia, TMAPAKAWVIKA & amo HeyaAn
emPBpaduvon TG KwNTIKAG TaxluIntag aywyng ota Tmepldpeplkd  vevpa. H
veupornaBela oauty odeiletal oe €va peyaho oplOuo  petaAAdfswv TOU
napouotalovtal o meplocotepa and 80 umevBuva yovidia (Timmerman et al.,
2014). Aev sival onavia vooog adou epdaviletal pe ocuxvotnta 30-40 ava 100,000
katoikoug, &nA. oxedov 1/2500 dtopa (Skre et al., 1974). Onwg avadépbnke n
madnon auth KANPOVOUELTAL KAl LE TOUG TPELG LEVTEALKOUG TPOTIOUC (UTIEPEXWV KOl
UTTOTEANG AUTOOWHOTLIKOG KaBw¢ Kat pUAOCUVSETOC) av Kol 0 UTIEPEXWVY PailveTal va
elval o cuxvotepog tpomog petaBifaong (80-90% twv MEPUTTWOEWV).

H mpooBoAn ota katw akpa adopd Toug HUEC TOU AKPoUu TodOC, TOUG HUEG
™G KvAuNG (Wlaitepa Toug mepoviaioug) KoL Toug HUEG TOU KATW TpLtnuopiou tou
pUnpou. Ita Avw akpo n mMpooPoArn apxilel amd Toug MUEG TNG AKPOG XELPOG Kol
OUVEXLIEL TPOC T TIAVW HEXPL TIPLV ATIO TOUG AYKWVEC. XAPAKTNPLOTIKO TNG VOOOU
elval emiong to KaAmaotiko Badiopa. Ita mpooPeBAnuéva Avw Kal KATW GKpa
mapatnpeitol akoun Helwon 1 e€aAewpn Twv AVTOVOKAACEWV TWV TEVOVTIWV. €
VEUPODUOLOAOYIKEC HeAETEC ouvnOwg Ppilokoupe emiPpaduvon NG KLWVNTLIKAG
ToxUTNTOC aywyng ota Tepldeplkd velpa, evw ol Bloyieg velpwv beiyxvouv

eEAATTWON TWV HEYAAWV aloONTIKO-KVNTIKWV VWV PE alénon tou evBoveuplkou
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ouVSETIKOU LoTtoU. MpooBallovtal TOCo oL VEUPAEOVEG 000 Kal N HUEALVN Kol Katd

kavova n BAaBn adopd MOAU TEPLOCOTEPO T TMEPLPEPLKA A’ OTL TA KEVIPIKA

TUAMATO TWV VEUPWV.

Ewkova 19. AcBeveig pe CMT: XapaktnpLlotikn oSk Kapdpa -
kowomodia (pes cavus) oe acBevry pe CMT (Mnyn: Reilly et al.,
2009).

H CMT moAuveupomdBela pe PBaon KAWIKA, VveupodUCLOAOYIKA,
veupomaBoAoylkd, LoTomaBoAOYIKA KoL VEUPOYEVETIKA KpLthplo cUUdwva HE TV

npoodatn Siebvn BLBAloypadia Tavoueital wg €NG:

Tomog Wmm“ oMM | BPhowada | fodbo | OMM |  BPkoyadia
Emupartnrixdc anopwehivwk tumog
(MTIA 17p112-12  |#118220 |(Vance et al, 1989) PMP22  |*601097 |(Lupski et al. 1991;
Raeymaekers et al, 1991)
(MT18 102 #118200 |(Bird et al. 1982) MPZ/PO | *159440 |(Hayasaka et al, 1993a)
(MTIC 16p13 H601098  |((Street et al, 2002) UTAF/  |*603794 |(Street et al. 2003)
SIMPLE
(MT1D 1021-2 4607678 EGR2/ *129009 |(Warmer et al. 1998)
Krox20
CMTIE 17p11.212  |#118220 ((Vance et al, 1989) PMP22  |*601097 |(Lupski et al. 1991;
Raeymaekers et al, 1991)
CMTIF 8p2 607734  |(Merslyanova et al, 2000)  |NEFL *162280 |(Jordanova et al, 2003b)
Emupatnrund afovg timog
(MT2A 1p33-36 #609260  |(Ben Othmane et al, 1993)  |MFN2 *608507 |(Zhao et al. 2001; Zuchner
1118210 KIF18 *605995 |et al. 2004)
CMT AD with pyr. Features 1p36.2 #600361  |(Zuchner et al. 2004) MFN2 *608507 |(Zhu et al. 2005)
(HMSN V)
CMT with opt. atrophy (HMSN VI |1p36.2 #601152  |(Zuchner et al, 2004) MFN2 *608507 |(Zuchner et al, 2006)
or CMT 6)
(M128 313922, #600882 | (Kwon et al, 1995) RAB7 *602298 |(Verhoeven et al, 2003)
(MTXC 1202394 #606071  |(Klein et al. 2003) TRPVA *605427 |(Landoure et al. 2010
MI20 Tp15 #601472 | (lonasescu et al. 1996a GARS *600287 |(Antonellis et al. 2003
CMT2E 8p21 H607684  |(Mersiyanova et al. 2000)  |NEFL *162280 |(Mersiyanova et al, 2000)
CMTF Tql1-q2 #606595  |(Ismallov et al, 2001) HSPB1 *602195 |(Evgrafo et al, 2004)
(HSP27)
(M126 12012-133 H608591  [(Nelis et al, 2004) unknown
(MT2H 8q13-21.1 4607731  |(Barhoumi et al, 2001; Birouk |GDAP! *606598 |(Cuesta et al. 2002)
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CMT 21 1q22-23 #607677  |(Marrosu et al. 1998; Baloh et| MPZ 159440 |(Marrosu et al. 1998; De
al. 2004) Jonghe et al. 1999)
MT2) 1q22-23 #607736 |(Marrosu et al. 1998; Baloh et|MPZ *159440 |(Marrosu et al, 1998; De
al. 2004) Jonghe et al, 1999)
CMT2L 12243 #608014 |(Tang et al. 2004) HSPB8 / *608014 |(Tang et al. 2005)
HSP22
EmupaTnrikdg peikeog tonog
DI-CMTA 10q24.1-q25.1  |#606483 |(Verhoeven et al. 2001) unknown
DI-CMTB 19q12-q13.2 #606482 |(Kennerson et al. 2001) DNM2 *602378 |(Zuchner et al. 2005)
DI-CMTC 1p34-p35 #608323 |(Jordanova etal. 2003a) | YARS *603623 |(Jordanova et al. 2006)
DI-CMTD 1q22 #607791 |(Mastaglia et al. 1999) MPZ 159440 |(Mastaglia et al. 1999)
DI-CMT 8p23 #608236 |(Verhoeven et al. 2003) ARHGEF10 | *608136 |(Verhoeven et al. 2003)
HMSN-P 3q13.1 %604484 |(Takashima et al, 1997) unknown
Emuparnukss duhoouvberog TUmdg ato ypwpdowpa X
CMTX1 Xq13.1 #302800 |(Gal et al. 1985) GJB1 *304040 |(Bergoffen et al. 1993)
L0v8popio Dejerine-Sottas (DSS)
CMT 3A (DSS) 17p11.2-12 #145900 |(Roa et al. 1993) PMP-22 *601097 |(Roa et al. 1993)
CMT 38 (DSS) 1q22-23 #145900 | (Hayasaka et al. 1993b) MPZ *159440 |(Hayasaka et al, 1993b)
CMT 3C (DSS) 8q23-q24 #145900  [(lonasescu et al. 1996b) unknown
DSS-EGR 10q21-22 #145900 EGR2 *129010 |(Chung et al. 2005)
CMT3D 19q13.1-q13.2 |#145900 |(Delague et al. 2000) PRX *605725 |(Delague et al. 2000)
YroAgunopevos anopueMvwnikog tumog
CMT 4A 8q13-21.1 #214400 |(Ben Othmane et al. 1993) |GDAP1 *606598 |(Baxter et al. 2002)
CMT 48-1 11622 #601382 | (Bolino et al. 1996) MTMR2 |*603557 |(Bolino et al. 2000)
CMT 48-2 11p15 #604563 |(Othmane et al. 1999) MTMR13/ |*607697 |(Senderek et al. 2003)
SBF2
CMT4C 5q23-33 #601506  |(LeGuern et al. 1996) KIAAL985/ | *608206 |(Senderek et al. 2003)
SH3TC2
CMT 4D (HSMN-L) 8q24.3 #601455  |(Kalaydjieva et al. 1996) NDRG1 *605262 |(Kalaydjieva et al. 2000)
CMT 4E 10q 21.1-22 17p |#605253 EGR2 *129010 |(Warner et al. 1998)
CMT 4F 19q13.1q13.3 |#145000 |(Delague et al. 2000) periaxin | *605725 |(Boerkoel et al. 2001;
#605725 Guilbot et al. 2001)
CMT 4G (Russe) 10q23.2 #605285 |(Rogers et al. 2000) unknown
CMT 4H 12p11.21 #609311 |(De Sandre-Giovannoli etal. |FGD4 *611104 |(Delague et al. 2007;
2005) Stendel et al. 2007)
CMT 4) 6q21 #611228 FIG4 *609390 |(Chow et al. 2007)
CCFON 18q23-qter #604168 |(Angelicheva et al. 1999) CTOP1 *604927 |(Varon et al. 2003)
Yroheunépevos afovikdg tonog
CMTAC1 or AR CMT 281 1q21.2-q21.3 #605588 |(Bouhouche et al. 1999) lamin A/C | *150330 |(De Sandre-Giovannoli et al.
2002)
CMTA4C2 or AR-CMT 2C or AR CMT |8q21.3 #607731 |(Barhoumi et al. 2001) unknown
2H
CMTA4C3 or AR CMT282 19q13.3 #605589  |(Leal et al. 2001) ARC92/ 610197 |(Leal et al. 2009)
ACID1
(MED25)
CMT4C4 or AR CMT2K 8q13-21.1 #607706 |(Cuesta et al. 2002) GDAP1 *606598 |(Cuesta et al. 2002)

Nivakac 4. Taéwvounon tng moAvvevponadeiag¢ CMT

1.4.4 H agovikn moAuveuponaBsia CMT2D

H moAuveuporndaBeia CMT2D ouvOEetol ME ONUELAKEC HETAANGEELS TOU
yovibiou tng apwvodakulo-tRNA cuvBetdong GARS (glycyl-tRNAsynthetase) to omoio
xaptoypadnbnke oto xpwuoowpa 7pl5 (lonasescu et al., 1996a). H kwdikomolovoa
TIPWTEIVN CUMPMETEXEL OTLG Sladikaoileg petadpacn Kal HeTaAAGéelg Tou yovidiou

ennpealouv tn cLVOeoN TNG MPWTEIVNG TIOU Ttallel oNUAVTIKO pOAO otn dlatripnon
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Kal TNV KaAn Asttoupyla Twv KvnTikwv vevpwv (Antonellis et al.,, 2003). H vooog
ekdNAwvetal o€ NAKIEG HETAEL 8 Kal 36 €Twv. ApXLIKA eMnNPeAlel TOUG ULKPOUG HUEG
TWV AVW AKPWV KoL OTN CUVEXELQ OE ULKPOTEPN EKTAON TA KATW AKPa. Ol KIVNTLKEG
TOXUTNTEG aywYNG VEUPWV €lval GUCLOAOYIKEG, EVW TOPATNPELTOL AMWAELA TWV

HUEYOAUTEPWV OE SLAPETPO KLVNTIKWV AEOVWV.

1.45 tRNA kat opwvodkuAo-tRNA ouvBetaosg: O poOAog TOUG OTNV

npwteivooclvOeon

H petadppaon twv tRNA katd tnv mpwteivoocuvBeon mepllapPavel tnv
opLWVoakUAlwon Twv popiwv tRNA, tn petadopd toug oto plBocwpa, pe tn BorBela
TOU Tapayovta empunkuvong EF-Tu, kat tn dnuoupyio MenMTdikol SeCUOU PETALY
TwWV apwvotewyv (Etkova 20) . H evowpatwaon €vog aplvofEog O LA CUYKEKPLUEVN
Béon evog veoouvtlBépevou mentidiou kabopiletal kuplw¢ amd TO OWOTO
ouvbuaouo apvoééoc—popiou tRNA kal tnv aAAnAeniépaon Tou aviikwdikoviou
TOU apvoakuAlwpévou tRNA pe 1o Kat@dAAnAo kwdikovio Tou mMRNA. Emopévwg, n
TototTNTa  TtNGg oUvBeong Twv opwodakuAho-tRNA popiwv efaodaliilel tnv
QTPOCKOTTN PO KOTAANAWY UTIOOTPWUATWY TIPOG TO pLROCWHA, OAAG KAl o T
Souikn) akepaitdtnta Tou plpoowpatog. H Siepyacia auvthy mepldapPavel tnv
gotepomnoinon ¢ kapBofulopddac evog Kal LOVO CUYKEKPLUEVOU OHLVOEEDOC oTNV
uvdpofuropada tng adevivng oto 3'-CCA dkpo tou popiou tRNA (Rould et al., 1989).
H avtidpaon katalUetal anod pio olkoyEvela eEEAIKTIKA ouvTnpnUEVWY eVIUUWY, TA
omoia ovopdlovtal apwvoakuAo-tRNA ocuvBetdoeg. H miototnta tng PeTAdpaong
efaptaral kupiwg anod dvo Baokéc 18LoTNTeC mou e€aopaAilouv ta Eviupa aUTA: TN
OWOTH E0TEPOMOLNCN TOU CUYYEVOUG apLVOEEDC (cognate amino acid) oTo ouyyeveg
Tou poplo tRNA (cognate tRNA) KoL TNV AMOUAKPUVON N CUYYEVWV QULVOEEWY, Ta
omolia deopevovtal o€ pn ouyyevn popta tRNA (Ibba & Soll, 2000). Yridpyouv BERata
Kol GAAa onpeia eAéyxou Twv apvoakuAlwpévwy tRNA kabwg autd petadépovrtal
0T0 pLROCWHN 0 CUUMAOKO HE TOV Ttapayovta mpikuvong Tu. O mopayovtog EF-
Tu xpnowuorolel wg 66tn evépyelag tnv udpoAucon GTP yua tn petadopd Twv
opwoakuAlwpévwy tRNA oto plpoocwpa. ta mAaiowa ¢ emdopbwong, Ta
AavBaopéva popla tRNA anodeopevovtal mpv | LETA TNV aneleuBépwon tou EF-

Tu. O mapayovrac EF-Tu ocuvelodpépel otV TOTOTNTA TNG UETADPAONG UE TPELG
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Kupilwg tpomoug (Thompson et al.,, 1986, |bba & Soll, 1999). H aloAdynon Aounov
TWV OpWoOoKUAlwHEVWY tRNA Eekivd amod TIG OUVOETAOEC. 2TO YEVWHO TOV
OnAaotikwv umapyxouv 37 yovidia AARS mou kwdlkomololv 17 KUTAPOMAACUOTIKA
kKat 17 pitoxovéplakd €viupo. Ie TPELG TIEPUTTWOELS, UETAEU TWV OMolwv Kol To
GARS, éva LOVO YoVidlo KWOLKOTIOLEL TOOO TN KUTTAPOTMAOCHATIKY OGO Kal TN

utoxovéplakn npwteivn (Antonellis et al., 2008).

apvoiia apvoaxvAo-tRNA cvvBetaoec IRNA

oge
o

opoowpa

Ewkova 20. IXNMOATIKA OVANOAPACTOON TOU HNXOVIOHOU TnG Hetadpaong. Apxkd, To apwoéa
OULVOOKUALWYOVTAL e Ta avtioTola popta t-RNA amd Ti¢ KatdAANAEG apwvodkulo-tRNA cuvBeTdosg.
3TN OUVEXELQ, TA OULVOOKUALWHEVA-tRNA petadépovtal pe tn BorBela Tou mapdyovta EMUAKUVGNG
EF-Tu oto pdécwpa yLa tn dnuoupyia tou memtibikol Seopou.

Ot aupwvodkuAo-tRNA cuvBetdoeg Slaxwpilovtal oe duo kAdoelg, | ko ll,
ovAAoyo HE TNV TOTIOAOYLO TWV EVEPYWV TOUC KEVTPWV Kal Ta SOUKA Toug potifa
(Eriani et al., 1990). KaBe kAdon nepl\apPavel Séka €viupa otnv MAELOVOTNTA TWV

OPYQVIOHWYVY, TIOU €XouV PeAeTnBel wg Twpa (MMivakac 5).
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Apwoaxudo-tRNA ouvBetdoeg

KAdon I KAdon I
Apyivivy ArgRS JAAavivy AlaRS
Balivn ValRS JAonapayivy AsnRS
Toutapivn GInRS JAonapayiviko ov AspRS
Tovtapiviko oy GIluRS FAuxivn GlyRS
IooAsuxivn IleRS |©pcovivn ThrRS
Kuoteivn CysRS JIotidivn HisRS
Aguxkivn LeuRS JAuoivn LysRS
MeOzciovivn MetRS [I[IpoAivn ProRS
Tpurtogavn TrpRS |Zepivn SerRS
Tupooivn TyrRS |®aiwvvAadavivn PheRS

Nivakoag 5. Apwvo-akuAo tRNA cuvBetdosg.
1.4.6 H apwvoakulo tRNA ocuvBetdon tng yAukivng GARS.

H evepyn popdn tng mpwrteivng ival éva opodluepeg. Itov avBpwrmo ta
Hovouepr amotehoUvtal amd 685 apwvoféa Kol UTAPXOUV TECOEPLG SLAKPLTEC
AETOUPYIKEG TEpLlOXEG: a) tnv WHEP-TRS meploxr) (apwoféa 13-63), B) Suo
KATAAUTIKEC TLEPLOXEG (apvotéa 92-168 kat 241-324) kal y) tn mepLoxr cuvdeaong Tou
avtikwdikoviou (apwvoléa 557-655). MéxpL onpepa €xouv avadepBel 12 emikpatig
ONUELAKES LETAANAEELC otnv avBpwriivy GARS SL0lOKOPTILOUEVEG O ONO TO UNKOG TNG
npwTteivng mou oxetilovral pe t afovikn popdry CMT2D (Ewkova 21). EmutAfov,
HETAANGEELC o€ AMNEG TECOEPLG OLVOAKUAO tRNA cuvBeTAOEG £XOUV CUCXETLOTEL PE
™ afovik moAuveuponaBeia CMT (Jordanova et al, 2006, Latour et al., 2010,
Vester et al., 2013, Gonzalez et al., 2013).

&\,
e ket ) G A

w 20 0
| N s I
/ 13|63 92 \168 241/ 324 557 ) 655

GARS

Mitochondrial WHEP-TRS Catalytic domains Anticodon binding
i I— LI
targeting it Qy 22} )29]
sequence

Dimer interface

Elkova 21. IXNUATIKA OMEIKOVLON TWV LOVOREPWY GARS Kal yvwotwv HeETAAAGEEWV oTov AvOpwno
(Mnyn: Motley et al., 2013).
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1.4.7 Zwwka povtéla tng CMT2D
CMT2D povtéAa mmovtikou

Tplo petallaypévo HovtéAa TOVTIKOU ylo T ToAuveupomdBeia CMT2D

€xouv avadepBOel puéxpL otyung (Seburn et al., 2006, Achilli et al., 2009). Ta Svo anod

Nmf249 C201R

outa ¢Epouv emikpat HeTAAa&n oto Gars yovidlo (Gars Kot Gars ) ka

polpalovtal kowd ToBoduUOLOAOYLKA XOPOKTNPLOTIKA HE TOUG QvOPWIOUG.

Nmf249 ovtikt dépel TNV avtikatdotaon pag CC aAnAouxiac

JUYKEKPLUEVA TO Gars
he Tnv AAATA kot MpoKaAEL TNV avtikataotaon t¢ duclohoykng Aucivng os pia
Tupooivn oto auvoflkd KatdAouto 278 Kol avtlotolxel otnv avBpwrivn P234KY
(Seburn et al., 2006). Ta etepoluya peTaAAaypéva TovTikia epdavilouv pHELWUEVO
CWMOTLKO BAPOC KAl OMWAELO TWV KWVNTIKWV 0§OVWV LEYAANG dlapétpou. Emiong, ot
VEUPOUUIKEG ouvadelg dev avamtuooovtal GUOLOAOYIKA HE HEPLKR N KoBOAou
vevpwon. H toaxltnta HeETAd00NG ONUATOC OTOUC VEUPWVEG ELvOL CNUAVIIKA
HELWHEVN, EVW TO EAUTPO TNG HUEAIVNG TwV afovwyv mapapével puctoloytko. TENOC,
Ta movtikia JoUve yla 6-8 €BOOUASEG. ZUVETWG, TMOPATNPOUME TIWCG TA KALVIKA
XOPOKTNPLOTIKA TOU CUYKEKPLUEVOU HOVTEAOU Elval apKETA TLo coPfapd o oXEon e
Tov avbpwro.

MeAéteg ywa in vitro aupwoakuAiwon tou tRNA €dsiav mwg n Nmf249
HETAAAOEN Sev emnpedlel Tn SpAOTIKOTNTA TOU €VIUUOU, EVW KAl TA OALKA emineda
TWV petaypadwyv tou yovidiou mapapévouv ota ibla enimeda pe ta ayplou-tumou
movtikia. Ta amoTeAéopaTA AUTA 08NYyOUV OTO CUUMEPOOUO TWG N METAAAQYUEVN
npwrteivn amoteAel pia veopopdn n evioxuon tng Asttoupyiag tng Gars (gain of
function).

To &eltepo povtéAo movtikoU TponpBe amd tuxaio petaAlalyéveon pe
atBulovitpooupia (ENU) kat ta petaldaypéva movtikia GpEpouv pia onueLoKn
HETAAAOEN TOU TPOKOAEL TNV avtlkatdotaon tng Kuotelvng oe pia tupooivn otn

201 ’ ’ I ’
C20IR elva apKeTd IO ATILOC Otd TOV

B£on 201 (C201R). O ¢awvotuTog TNG TwV Gars
Nmf249, evw ta petaAlayuéva opoluya movtikia {ouve povaxa yla 2 efdouddeg kat
HE TANBWPO KVNTIKWV TPOoPBANUATWY. ZUyKeKpLEva BloPieg oxtakol veupou o€

YC0IR 17 unvov é8et€av pia peiwon katd 50% Twv MeyaAUTEPWY

novtikia Gars
KLVNTIKWV afovwy, xwpig va emnpedletal n taxltnta HeTadoong Tou OAUATOG.

MapdAAnAa, oL VEUPOUUIKEC ocuvapelc ATav PUOLOAOYLKEG, EVW TA TIOVTIKLOL
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napoucialav anwAela Bapoug. In vitro peAéteg apvoakuliwong anédeléav nweg ota
€TEPOIUYA TIOVTIKIOL TO €VIUUO TOPAUEVEL MANPWG EVEPYO, €V OVTIOEOEL PE TA
opoluya PeTalayuEva TTOU N evepyoTnTa tTnNg Gars pelwvetal katd 60%. TENoG, ota
TMPWTEIVIKA €KYUAlopata amod etpoluyotd Kol opoluyotd atoupa 15 nuepwv
napatnenbnke onuavtikng avénon twv emmédwv tng Gars MPWIEivng, evw o€
HETEMELTA NALKLOKA oTAdLla ATav o pucololoyika emineda. Ta anoteAéopata avtda
belyvouv moco onuavikn €ivat n Gars katd tnv avamtuén (Aoyw auénuévwy
TIPWTEIVOOUVOETIKWY ATALTHOEWV).

To tpito povtéAo movtikoU yia tnv moAuveupomaBsio CMT2D eival To

GCIf'SXM256

nou dépel pia ‘kaocéta’ mapepBoAng oto SeUTEPO e€WVIO UE AMOTEAECUA
™ Helwon twv emutédwv twv MRNA ota etepoluya movtikia katd 50%. Mapola
auta 6ev epdavilouv KAMOLO VEUPOUUTKO GALVOTUTIO KAl 08 OpOlUYn KATAOTAGCHN O
XM256 alAnAopopdog sival epBpuikdg Bvnolyovog. JUVETIWG, O OUYKEKPLUEVOC
oAANAGuopdoc anotelel Eva poviéNo anwAelag Tng Aettoupylag tng Gars (Seburn et
al., 2006).

Tooo o Nmf249 6oo kat o C201R aAAnAopopdo¢ Stactavpwbnkav e Tov
XM256 (Mivakac 6). Mapoho TO yeyovog mMwe n evepyotnta tou eviUpou Ogv
ennpealetal, ot Sumthol etepoluywteg dev emiPBiwvay, yeYovog mou amoSEIKVUEL TTWC
ol petaAAagelg P278KY kot C201R mpokaAoUv To GaLvVOTUTIO HECW EVOG UNXAVIOMOU
gvioxuong tn¢ Asttoupylag Tng MPWTEIVNG Kal MWE N MOpousia TG ayplou-TUmou
npwteivng petplalel tov dawvotumo. TeAog, o CMT2D dawvoétunog epdaviiotav ota
HeETAAAQYHEVA TIOVTIKIAL OKOUO KoL Otav umepekdppalotav n  ayplou-tumou
avBpwrivn nmpwteivn (Motley et al,, 2011) kat pdAlota 600 QUEAVETAL N YEVETIKNA

201R/C201 ' ' . '
C201R/C20 RT[OVTLKL(!) TOOO TILO EVTOVO(Q ELvValL O

600N twv petaAlaéewv (0mwg ota Gars
VEUPOUUIKOG dawvotumog. H umepékdppaon tng ayplou-tumou mpwteivng ota
opoluya C201R kat C201R/XM256 movtikia amokaBlotolos MANpwE T BlwoudtnTa
TwV guPplWV, yeyovog mou omodelkvUeEL WG N eUPpulkn) BvnowotnTta mou
napatnpeital odpeidetal otnv amoucia AETOUPYLKAG TIPWTEIVNG, evw 0 afOVLKOG

dawotunog oxl. AMwote to yovidlo ekdppaletal o kabe KkUTTApo Kal eival

anapaitnTo yla tnv Evapén tg npwisivoolvOeong.
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Gars Genotype Life Expectancy  Strain Differences Phenotype
Sensory and motor deficits
N £ AT
) Outcross to CAST/EL] 1?1211101?;112101:1\1
GarsNmP249%+ extended lifespan but | If:ire d narve impulse
or 6-8 weeks did not alter onset or tmgémission pui:
~ o P278KY/+ everi - ALLSIIISS
Gars ST;::&% Oef motor Reduced NCVs
p P Loss of large diameter
peripheral axons
GarsNmf249/Nmf249 Embryonic lethal NA NA
Reduced GARS RNA
Gars™M230%% Normal lifespan ~ NA levels
: Normal NMJ morphology
Normal NCVs
Gars"M250/XM256  Embryonic lethal NA NA
GarsNmf249XM256  Embryonic lethal NA NA
Decreased grip strength
Motor phenotvpe is Poor skilled motor function
more sgvere ot 1p B 6. Increased total GARS
GarsC0IR* Normal lifespan o 4" 1 than on protein at p15
- ) Reduction in large
C3H : ) ST
diameter axons in sciatic
nerve
_ 17 davs Maximum life Reduced weight and
GarsC20IR/C20IR (111'1:({1 ﬁmn) expectancy 15 dayson  viability
- C3H background Impaired limb movement
GarsC20IRAM256 Embryonic lethal NA NA

Nivakag 6. @avoTUNOL TWV HOVTEAWV TTOVTLKOU TG moAuveupondBeiag CMT2D
(Mnyn:Motley et al., 2010)

CMT2D uovtédo uvyac Drosophila Melanogaster

To yovidlo aars-gly otn puya €xet mepinov 60% opoloyia pe To avBpwrvo

GARS. To 2007 avadepbnke n mpwtn HeTaMaln oto yovidlo tn¢ pUyag Tou

TPOKAAOUCE piot apvollkr avTIKATAoTAon oTn MPWTElvN avtiotoln Ue ekelvn TG

P98L otov avBpwmo. O YeVETIKOC £AEyXOC TPAYLOTOMOLONKE HE TO oUOTNUO

MARCM (Mosaic Analysis with a Repressible Cell Marker) mou &ivel tn duvatotnta

HUEAETNG OUYKEKPLUEVWV KUTTOPWV HE HETAANAYUEVEC TPWTEIVEC Ot €TEPOlUYWTO

nieptBarrov (Chihara et al., 2007).

JTG  METOANOYHEVEG OMOTLUYEG MUYEC TIOPOUGCLAOTNKE

aMWAELDL NG

npwteivoolvOeong AOyw TNG METAAMAENG KAl W CUVETELA N avamtuén Kot n
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SLoKAASWON TwV VEUpWVWVY Atav eAATnG. Emiong, o MepApata KATAOTOANG TNG
npwteivoolvBeon¢ Twv pitoxovdpiwv €édwoav éva avtiotolyo afovikd ¢alvoTtuTo.
AMwote to GARS ekdppdlel TO00 TN KUTTAPOTMAACUATIKY TPwTElvn, 000 Kal Tn
HLTOXOVSPLOKH. ZTN CUYKEKPLUEVN LEAETN ATOV N TIPWTN GOPA TIOU EYLVE TTPOOTIAOELN
oLVSEDNC TOU GaLVOTUTIOU TNG MUYOG ME TNV avBpwTivn aoBEveLd, LECW ULOG OELPAG
nepapatwy BeAtiwong tou datvotumou. Etol, otav umnepekPpAoTnKe n aypiou-
Tumou avBpwrivn npwteivn o dpawvotunog Staocwlotave. AvtlBETwg, n Ekdpaon TG

716 kot GARS''™" 8ev eixe kapia emidpaon oto dawotuno

avBpwriivng GARS
(Chihara et al., 2007). MapatnpoUue TwG N UEAETN Tou £€ywe otig Drosophila
Selyvouv MOCO ONUOVTIKO POAO €XEL N TPWTEIVOOUVOECN OTOUC AVATTTUGOOUEVOUG
VEUPWVEC. MNapoAa aUTA, TTOPOUOLEG HEAETEC SV £ylvav OE N VEUPLKO LOTO  Kal
KaTd cuvemnela ev yvwpiloupe av o afovikog patvotumog eivat el61kOG 1 odeiletal

OTO YEVLKOTEPO MAALOLO TNG AVOOTOANG TNG MPpwWTelvoouvBeanG.

1.4.8 Meléteg ékppaong Kot Asttoupyiag tng GARS 0 KUTTAPLKEG KAAALEPYELEG.

Mponyouueveg peAETeg otn doun tng mpwteivng €dsav otL n mMAsoPndia
TWV PeTaAAAEewV Tou oxeTilovtal e tn ToAuveuponabela Bplokovtal otn meploxn
ouvdeong tov povopepwv GARS (Eikova 22) mpog OXNUOTIONO TNG EVEPYOUG
opodiuepng popdng (Xie et al., 2007, Cadez et al., 2007). Ze in vitro melpapata
0VOOO-KOTOKPHUVLONG TNG EVOOYEVNC TTPWTEIVNE TOU TTOVTIKOU HE TIG LETAAAQYUEVEG
avBpwriveg GARS €6eLéav otL n L129P kat n G240R dev oxnuatilav kaBoAou Siuepn,
€V avtiBéoel pe tig G526R, D500N kat S581L mou evioyxuav Tov OXNUATIONO TWV
Swuepwv (Nagle et al., 200&). MapdAAnAa, n P234KY kat n H418R bev ennpéalav
KaBOAou To SLuePLoUO TNG MPpwTEivNG.

EruutAéov, o€ in vitro melpapata apvoakuAiwong twv tRNA £€6etav nwg poévo
n L129P, n G240R kat n G526R kaBiotouv tn mpwteivn avevepyn (Xie et al.,, 2007).
Emiong, o avaAUOELC CUUTANPWHATIKOTNTOG 0 (UUEG TOPATNPENONKE TWC TPELC
avBpwriveg petaldagelg (L129P, H418R kat G526R) dev katddepav va dLocwoouv
TI¢ GRS1 petoAlaypeveg (UUEG. JUVETWG, CUUTIEPALVOUUE TIWE N EUPAvIon TNG
aoBévelag dev cuvdEeTal amapaltnTta e TNV AMWAELA TNG LKavoTnTa SIUEPLOUOU

KQLL TNV EVEPYOTNTA TNG MPWTELVNG.
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Ewkova 22. Katavopn tTwv petaAlagewv otnv tpLrotayn dour tng GARS
(Mnyn: Nagle et al., 2007).

TEAOG, TPONYOUEVEG UEAETEG TIAVW OTO EVOOKUTTAPLKO eVTOTILOUO TNG GARS
O£ KUTTOPOKAAALEPYELEG TIPOSPOUWV KLVNTIKWV VEUpwWVWV NM-1 €dsifav nwg to
€VlUPOo oxnUOTilel KUTTAPOTAQOUATIKA CUUTTAOKA-KOUKIOEG, aAAQ KoL HECQ OTO
mupnvioko Tou KuttaplkoU mupnva (Antonellis et al., 2006). AvtlBétwg, OTIC
HeTaAAaypEVEG HopdEG TNG GARS dev oxnuatiloviav aUTA Ta KUTAPOTIAQCHOTLKA
OUMMAOKO. TIPOKOAWVTOC €val Tilo OLAXUTo ONua PECA OTO  KUTAPOTAQOMUAL.
MapdAAnAa, o melpApaTa avoooloTtoxnUelag evavtiov tng evboyevolg mpwteivng
£€6elfov MWCE T CUYKEKPLUEVO CUUMAOKA gpdavilovtol Kal KOTd UAKOC TwV afovwy
OKOUO KOl OTI UeTOAANayUéveG HopdEC TG GARS, e tov aplBud toug OHWG va
Sladpepel anod petdAain os petaAlagn (Griffin et al., 2014).

1.4.9 MetaAlagelg o€ StadopeTtikéG AARS MOV £XOUV CUOXETLOTEL HE TNV Eldavion

avOpWIVWV aLoOEVELWV.

To GARS yovidlo amnotelel To mpwto amnod tig 37 tRNA cuvBeTdoeg mou £xeL
ocuoyetlotel pe kamowa avBpwrivn acBévela. Mapoda autd petaAlaelg oe 7
SlabopeTIKA YovidLla €XOUV CUCKETLOTEL e ULa OELPA A0BEVELWV. ZUYKEKPLUEVA, VO

VEUPOTIABOELEG TOU KEVIPIKOU VEUPLKOU OUOCTIHUATOC LE UTIOAEUTOUEVO TPOTIO
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KANPOVOULKOTNTOG €XOUV ouvOeBel pe HeTOANAEEL Ot  MLITOXOVOPLKEG tRNA
ouvbetaoeg (n AeukoeykedalomdBela pe tn pitoxovéplakn opwvodkuAo tRNA
ouvBetdon Tou aomapaylkoU o0&€oc-DARS2 kat n Bpedikn eykedpalonmdabela tng
napeykedaiidag pe tn prtoxovéplokn apwvodkulo tRNA ocuvBetdon tng apyvivng-
RARS2) (Scheper et al., 2007, Edvardson et al., 2007).

EmutAéov, PeTAANALELC O TOVTIKIOL OTO €MIOLOpOwTIKO KévTpo (editing
domain) t™¢ auwvodkulo tRNA ouvBetdon ¢ aAavivng €XeL W OMOTEAECUA TN
AaBo¢ ¢doptwon tou tRNA pe 10 apwvofl oepivn. Amotéleopa autng tng AdBog
ETUAOYNG aULVOEEDG Elval n evepyormoinon Tou oTpeg Tou evdomAaopatikol SIKTuou
WG OMAVINON OTn CUCCWPEUCN HUN GUCLOAOYIKWY TPWTEIVWV Kol N gudavion
eykedalonabelog Kal Tov ekPUALOUO Twv KUTTAPwWV Purkinje tou mapeykedaAldikou
¢dAowov (Lee et al., 2006).

TéAog, onwg mpoavadepape HeTaAAAelg o TouAayxlotov 4 tRNA ouvOeTAdoEC
g€xouv ouvdebel pe tnv eudavion Slddopwv tumou CMT2 moAUveupomabelag

(Jordanova et al., 2006, Latour et al., 2010, Vester et al., 2013, Gonzalez et al., 2013).
1.4.10 MBavoi pnxaviopoti tng GARS afovonaOeiag.

AnwAegto tkavotntac tnc outvoakuAiwaonc tou tRNA

Onw¢ mpoavadEPape KATOLEG Ao TNEG LEAETNUEVEG HETAANALELS epdavilouv
XOPOAKTNPLOTIKA ULlag LETAANAENG anmwAELAG TNG AELTOUPYLAG YLl TNV QULVOAKUALWGN
in vitro | og avaAUOELS CUUMANPWHOTIKOTNTAC 0 {UPEC. AUTA TA AITOTEAECOTO YL
TI( OUYKEKPLUEVEG PETAAAAEELG cupuPadilouv Pe €va UNXAVIOUO QTTAOQVETIAPKELOG
(haploinsufficiency). AvtiBétwg, ta Sedopéva amo to {wiKA LOVTEAD TTOU avadEpape
oAAG Kal oL peTaAAAEeLg Tou Sev emnpedlouv TNV evepyotnTa tou evIUUOU in Vitro,
Seixvouv mweg n aoBévela Sev UTOPEL va TIPOEPXETOL OMAWG ATIO TNV ATIWAELX TNG

XM256

gvepyotntog tnG GARS. Mpayuatt To yeyovog wce To etepoluyo Gars TovTikL dgv

Nmf249/XM256

eudavitet dawotuno, ta OSutha etpoluyotd Tmovtikia  (Gars Kol

CZOlR/XM256) Sev emiBlwvouv aAlad kot mwe n E71G petaAlaypévn mpwteivn dev

Gars
Slaowlel Tov afovikd Ppalvotumo ot HUYEG, 0dnyouv OTO CUUMEPAOUA TWE N
aoBévela mbavwe cuvdeetal amod pia toflkr) evioyuon tng Asttoupyiag i anod €va

ETUKPATNTIKO apvnTkO (Dominant negative) punxoaviopo. MoapdAa autd, n anwAela
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NG Aettoupylag mou nmapatnpeite o KATOLEG LETAANALELS daiveTal va mailel KAToLo
pOAo otn maboyéveaon TnG MoAUVeEUpPOTIABDELQG.

Eopaiugvn @optwan tou tRNA ues Aadoc autvoéu

Ev avtiBéoel pe tig Aoutég AARS, n GARS dev pépel emblopbwtikd KéEvtpo. H
YAUKLVN €lval To HKPOTEPO apLvoty Kal €Tol n B€on ouvdeong TNG oto €viupo eival
TIOAU pLKPN woTe va poptwBel kamolo aAo aptvoll. Tuvenwg n mbavotnta ot CMT
ouoxetl{Opeveg METAANAEELC va pewwvouv TNV e€eldikevuon tou eviUMOU yla TN
YAUKivn  elval  apketd Hkprp. H  umap€n wotéco €vOC  UMOAELTOMEVOU
VEUPOEKPUALOTIKOU PalvoTUTIOU OTa TIOVTIKLOL  (Sticky) Tou Tipogpyetal amod
HETAAaEN oTo eMISLOPOWTIKO KEVTPO TNG Aars (Lee et al., 2006), eyeipel epwtrpaTa
yla mBavo CUVOETIKO UNXOVIOUO oTIG avBpwriveg acBéveleg mou odeilovtal OTIC
tRNA cuvBetaosc.

AuoAettoupylo Tou Tupnviokou

O poAo¢ NG MPwIeivng oto mupnvioko eivatl akopn ayvwotog. To 2006 o
Antonellis kal ol cuvepydTeC TOU apatripnoav nwg n GARS cuvevtom{otave pe Eva
TIUPNVLKO avtlyovo o€ SH-SY5Y KuTTOpOKaAALEPYELEC. ITov Tupnvioko yivetat n
napaywyn oAAd Katl n petaypadn twv pocwudtwy. Ta piocwpata eykataleinouv tov
TUPNVIOKO ammd TOUG TUPNVLKOUC TOpoug Kol Sévovtal oto evdomlaopatikd Siktuo. H
apwoakulo tRNA cuvBetaon tng pebetovivng (MARS) €xeL EVTOTILOTEL KOl QUTI OTO
nupnvioko kot €xeL amodexBel oOTL puBuilet ™ oOUVBeEon TOU [rRNA o©¢
noAamAaoctalopeva kuttapa (Ko et al., 2000). MapoAa avtd n MARS amouaclalet
arno ta KuTtapa o€ npepia. Eivat 8UokoAo Aoutov va yvwpiloupe av n GARS €xel pia
avtiotolyn pudbuULOTIKA AEITOUPYLA OTO MUPNVIOKO Kal av ot PeTtaAAdéelc mailouv
KAToLo poAo otnv acBEvela.

Aweptouoc tnc GARS

O un ¢ucLloAoyLKOG SLUEPLOUOG TNE TPWTEIVNG eTidpad e Stddopoug TPOoUG
otn ducAettoupyia tNg GARS 1) otn TOSKOTNTA TNG MPWTEIVNG OTO VEUPLKO oTo. O
Slueplopog dev amoteAel amd HOVOG Tou €val avefdpTnTO UNXAVIOUO, aAAA Lo
ouvdeon petafL Tng Broxnueiag tng GARS kot AAAwWV MaBoAdywv PUNXOVIOUWY TIOU
npoavadepOnKkav. Na mapadetypa n povopepr popdn tne mPwIeivng Umopel va pnv

KATAVEUETOL OWOTA oToug afoveg N onwg Ba Seifoupe peteénerta (PAeme
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AnoteAéopata Mépog B) N cUCOWPEUON TWV HOVOUEPWY OTA KUTTAPA £XOUV TOELKNA
Spaon.

Miutoyovbplakn dSuoAsttoupyia kat ToélkoTnta

Exouv avadepBbel diadopeg avwpaAieg otn Asttoupyila twv pitoxovdplwyv
OTlIC  VEUPOEKDUALOTLKEG a00gveleg, cuunEepAaBavouEVWY KoL NG
noAuveuponabelag CMT. ZuyKeKpLUEVA N TUTIOU 2A TTPOEPXETAL ATIO PETAANAEELG OTO
yovidilo tn¢ ptoduoivng 2 (mitofusin 2-MNF2), o pepBpavikr mpwteivn mou eivat
unevBuvn yla ™ dlatipnon NG pitoxovdplakng popdoioyiag (Zuchner et al., 2004).
Eniong, petaAAAEeLC KoL o€ AANEG LEUPPAVIKEG LLTOXOVOPLAKES TIPWTEIVEC, OTIWC OTO
GDAP1, €xouv ouvbeBel pe tnv epdavion tng moAuveuponabelag tumou 2K kat 4A
(Baxter et al., 2002, Cuesta et al., 2002). H GARS &¢gv sival pia pepppavikn mpwteivn
KOl Katd oUVETELa Sev €XEL TO (610 pOAO OTNV QPXLTEKTOVLKI) TOU HLToxovdpiou,
mMapoAa autd amoteAel pia mpwteivn autoU Tou opyavidiou kol TOAVEG
HETAANGEELG 0TO Yoviblo Urmopel va £XoUV TOELKEG yLa TN AetToupyia Tou LOLOTNTEG.

Mn @uaotoroyikn evdoaéovikn UETAPOPU

OL nepudpepikol Kwntikol afoveg elval OLATEPWG HOKPUG HE HEYOAEC
SLOKAASWOELG OTOUG MUG. ZUVEMWG N ToxUTNTA Kal n amdéotocn Tou €Xouv va
Slavloouv oL MPWTEIVEG HEoA OTO OTEVO Afova €lval KPLTLKA Yyl TNV UYELQ KAl TN
Aettoupyia Twv afovwv. Alatapaxéc otnv afoviky petadopd oxetilovtal Ye TNV
EKPUALON TWV KIVNTIKWV VEUPWVWV: HETAANAEELC OTn KWVEoivn TIPOKAAOUV OTLG
Drosophila kivntikég avwpaAieg (Hurd et al., 1996). Ynidpyouv amodeielg yLa TOTKN
npwteivoolvOeon otoug A€oveg Kal LAALOTA Ol AEOVEG TWV TIEPLPEPIKWY KLVNTLKWV
VEUPWVWV elval Wlatépwg evepyol. H GARS miBavwg €lvol oTto CUCTATIKA TIOU
puetadEépovial HECW TWV HUIKPOKUOTISIWYV OTouC @GEOVEG KOl KATA OUVETELD
HeTAAAOYHEVEG HopdEC TNG TTpwTeivng pmopel va emnpedlouv thv AslTtoupyia Tou
atova.

Mn kavovikn Asttoupyio tnc GARS

MNpoodateg peréteg kablotouv T tRNA apvodakulo-cuvBetaoeg dlaitepa
Snuodeic yia tnv 6paon toug o Sladopous puBULOTIKOUG PNXAVIOUOUS Ekdpacng
yoVvLSilwyv, EKTOC amod tov mpodavr pOAO TOUC 0T MPWTEIVOOUVOEDH. XaPaKTNPLOTLKO

napadelypua oto zebrafish amoteAel n yevetkn oewpd adrasteia (adr) mou ¢épel
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onuelakeg petaAagelg oto yovidio SARS (seryl-tRNA cuvBetdon), to omoio puBuilet
NV ayyeloyéveon péow tou VEGF onuatodotikol povonatiol. Etol, ta adr éuBpua
eudavilouv évav e61KO GaLVOTUTIO OTO KapSLayyelako cUOTNUA. JUYKEKPLUEVA, T
ueTaAdaypéva  EuBpua €xouv Slatetapéva  PBpayxlokd Tofa Kol auénuévn
OYYELOYEVEGN OTOV  OVOATITUCOOMEVO  EYKEPOAO, XWPLG OHWG TEPALTEPW
HopdoAoyikég avwpalieg (Herzog et al.,, 2009). ErutAéov, 800 véeg LETAANALELG OTLG
apwvoakulo tRNA cuvBetdoeg tn¢ LooAeukivng (lars) kat tng Bpeovivng (Tars) ota

Papta éxouv ouvSeDEL pe TV ayyeloyévean (Castranova et al., 2016). Sta tars’®

KoL
iars’®® petalaypéva éuBpua mapatneRBnkay auvénuéva enineda ToU CUGTAMATOC
un SumAwpévwy mpwteivwv (Unfolded Protein Response-UPR) mou 6pa cav mpo-
OYYELOYEVETIKO ONHa Kal auéavel ta enineda ékdpacnc Tou ayyelakou enOnAlakou
auéntikoU mapayovta A, vegfaa. TENog, mpoodpateg HEAETEG EXxouv Tpoodwoel Uia
véa OLOTNTA OTIG HeTAAAAYUEVEG popdEG TNG GARS, omou avtaywviletal aneuBeiag
Vv ouvdeon ¢ Nrpl-Vegf «kat mpokaAel tnv epdavion NG CMT2D
moAuveuponaBelag (He et al, 2015). Juvenmwg mMOoPATNPOUUE TWC KATIOLEG
puetaAAaelc g GARS pmopel va mpoodibouv véeg BLOTNTEG OTNV TPWTEIVN

AYVWOTEC UEXPL OTLYUNG, Tou atilel va pehetnBouv.

1.5 IKomaoGg TG StatpLPrg

Onwg €xoupe N&N avadepet to zebrafish mapExel mMAnBwpa MAeoveKTNUATWY,
€VaVTL TwV UTtoAoimwv {WIKWV HOVTEAOD, yla TN UEAETN TwV avBpwTivwy acBevelwy.
JKomo¢ tng mapouvoac StatplBig eival va dwoel amavtioelg oe dUo0 peyaAa
epwIAUaTa TNG BloAoyiag TwV oTOVOUAWTWY HECW TWV YEVETIKWY OElpwv zebrafish,
5266 Kal s457 mou mpogkuPav O €va EUPH YEVETIKO EAEYXO, KATOTLV TPOKANGNC
tuxailag petalhallyéveonc. H maAwvdpounon tou aipatog xpnoiluomnolénke oto
VEVETIKO EAEYXO WC SIKTNC yla VW UAALEG 0€ SLaKPLTA OTASLA KATA TOV OXNUATIOUO

Kall avamtuén tng koAmokolhtakng BaABidag:

1. Ot yeveTtikol MapAyovTeg TOU EMNPEAIOUV KOl CUUHUETEXOUV OTNV AVATTTUEN
TWV Kapdlokwv BaABidwv, €xouv HeAeTNBOEL eKTEVWCE T TPONYOULLEVA XPOVLAL
(Staudt & Stainier, 2012). MapoAa AUTA OL ETILYEVETIKOL TAPAYOVIEG, KOl

KUplwG oL evOOKAPSLAKEG TILECELC TIOU OOKOUVTOL Qmd TNV OLUOTIKNA
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KukAodopla, mou popdormnolovv tig BarBideg MapaEVOUV OXETIKA AYVWOTEG.
IKOTIOG €lval HEow TNG S457 OELPAG VO ATTOVTCOOUE TIWG OL ALUOSUVOLULKEC
pogg ennpealouv v avamntuén twv BaABidbwv ota guPpuikad otadia, oAAd
KOLL TL ETUTTWOELG €XOUV OL AAAAYEG QUTWYV TWV POWV OTN Soun TV EVAAIKWY
KapdLwv.

Ao Tta pEXPL OTyuAG Oedopéva O HNXOVLOMOG  gudaAviong TG
noAuveupornaBelag CMT2D napapével AyvwaoTod. In vitro Kal ex vivo PENETEG
oe KkUttapa Kol (UPEG, OAAA Kal amoé Tta MOVIEAa tng Drosophila
umodelkviouv Tw¢ HeTaAAdéelc otn  GARS mpwteivn odnyouv otn
TIOAUVEUPOTAOELD HECW EVOC PNXAVIOUOU amwAElAG TNG Asltoupylog tng
MPWTEIVNG KAl KATA OUVEMELD OTOV AvOpwNo HECW €VOG UNXOAVIOUOU
amAoavenapkelag tou aAAnAopopdou (Antonellis et al., 2006, Chicara et al.,
2007, Griffin et al., 2014). AvTIO€TwG, HEAETEC O LOVTEAQ TTOVTIKOU €XOUV
Sel€el OTL 0 pnxaviopog epdaviong tng GARS-oxetlopevng afovomabelag
odeiletal oe evioyuon TN Aettoupyiag tou yovidiou (Seburn et al,, 2006,
Achilli et al., 2009). IkomoG pag eival vo HEAETAOOUUE Kal KataAdBoupe
TIEPALTEPW TO HUNXAVIOMO epdaviong tng maboduololoyiag tng CMT2D,
XPNOloTolwvTag TN S266 yevetlky oeclpd. MapaAAnia, B€loupe va
MPOODEPOUPE OTNV EMLOTNUOVIKI) KOWOTNTA €val Ypryopo Kal a&lomioto

HOVTEAO HEAETNG TNG AetToupyiog Twv avBpwrivwv GARS petaAlaéewv.
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2. YAwka & M£Bobot
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2.1 Zebrafish-Avatpodn epppuwv kat Siatripnon evnAikwv YapLwv.

Ta zebrafish éuBpua peydAwoav otoug 28°C oe tpuPAio pe Bpemtiko
Stahupa avantuéng euPplwv Tou meplExel aoBéotio (egg water/E3) oe B&Aapo
EMWaonG otoug 28°C yla TIG MPWTEG €EL NUEPEG META TN YOVIUOTOLNoN Kal ot
cuotruata tou evudpeiovu oe otdolpo E3 Bpemtikd StdAupa otoug 28°C péxpL TV
evnAlkiwon Ttoug. Ta eviAwkka Yapla Slatnpouvtol Oe  TPEXOUUEVO VEPO

Bepuokpaoiag 27-28°C, pH: 6.7-7.2 katl alatotntag 300-600uS.

Stock #1

E3 Bpentikod StaAvpa 8.0 g NaCl

1.0 ml Hank's Stock #1 9-4 g KCl

0.1 ml Hank's Stock #2 in 100 ml ddH20
Stock #2

1.0 ml Hank's Stock #4

95.9 ml ddH20

1.0 ml Hank's Stock #5

1.0 ml fresh Hank's Stock #6

0.358 g Na,HPO, Anhydrous
0.60 g KH,PO,
in 100 ml ddH20

Use about 10 drops 1 M NaOH to Ph 7.2 Stock #4

0.72 g CaCl2
NAfRpeg AwdAupa Hank's In 50km| H20
0.137 M NaCl Stock #5
5.4 mM KCl 1.23 g MgS0,-7H,0
0.25 mM Na,H PO, in SOka ddH20
0.44 mM KH2 PO, Stock #6
1.3 mM CaCl, 0.35 g NaHCO;
1.0 mM Mg SO, 10.0 ml ddH,0

4.2 mM NaH CO;

2.2 MNMpoéAeuon Kal HEAETN METAAAAYHEVWV YEVETIKWV OELPWV zebrafish and éAeyyxo
OLKOYEVELWV META oo petaAalyéveon

Ot peTaAAAEELG IOV HEAETHONKaAV oTNV €pyacia auth mponABav amod évav
€UPU yevetlko €Aeyxo (forward genetic screen) katomwv mMPOKANONG TUXOULOC
weTaAAallyéveon mou é€ywve amd tov Ap. Mmén oto lMavemotiuio tou Zav
Opavoioko 1o 2005 yia avelpeon LETAANAEEWY TTOU EMNPEATOUV TNV QVATTTUEN TWV
kapSlakwv BaABidwv (Mivakac 7). T tn petalhaiyéveon ot zebrafish
xpnotpornotnke n xnun ovoia N-atBUA-Nitpooupia (ENU), n omoia eival eupéwg
omobeKT) yla TPOKANON Tuxaiwv onuelakwv HeToANdewv oto yovidiwpo Tou
zebrafish. Amnd tnv ev Aoyw petaAradlyéveon eAeéxBnoav 9076 €uppua amod 2392

OLKOYEVELEC TIOU UTEoTnoav Hetalallyéveon. Ta £uBpua amd SL0OTAUPWOELS
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QIMOYOVWV QUTWV TWV OLKOYEVELWV TopaTnPouvtav MeTaty 50-60 wpeg Kol 5-6
NUEPEG UETA TNV yovipomoinon e Kpltriplo Tnv maAivépoun kivnon tou aipotog
HEOW TNG KOPSLAG KaL TNV EAATTWHATIKA LopdoAoyia TG KapSLAG yla TNV avelpeon

yoviSilwv-rapayoviwy pubuiong tng kapdlakng avamntuéng (Beis et al., 2005).

Loci

Phenotypic groups Alleles (CG) Heart defects

Cellular organization defects 4 4 Cell morphology defects

Left-right asymmetry, random heart jogging 2 2 Random heart and endodermal organ positioning
at 36 hpf

Large heart 2 2 AV mis-specification

Blood regurgitation at the AV canal 12 10 Qutflow tract stenosis, lack of cuboidal AV
endocardium

Ventricular defects cause sinoatrial regurgitation 17 13 Noncontracting ventricle, collapsed ventricle,
ventricle fails at 80 hpf

Sinoatrial regurgitation without obvious 6 6 Excessive ECM between endocardial/myocardial

ventricular defects cells, lack of ECs

Heart fins and jaw defects 5 5 Lack of ECs

Day 4 heart defects 7 6 AV cushion and atrial endocardium defects

Total (in eight groups) 55 48

Nivakog 7 ZUVOTTIKOG TVAKAG E TLG LETAANAYHEVEG YEVETIKEG OELPEG TTOU MPOEKUYOAV OF YEVETIKO
€\eyxo Uotepa anod tuxaia pertaAlagiyéveon e ENU (Mnyn: Beis et al., 2005).

JUYKEKPLUEVA, BpEBnkav 55 petalAdgelg, mou avilotolyolv o€ 48 SLadopeTika
yovidla, ol omoieg mapouoltdlouv ovwHOAlEC ot Slakpltd otadla Katd Tov
OXNUAOTIOMOG Kal avamtuén ¢ KoAmokoWlakng PBoABidag (Mivakac 8). H
TAALVSpoOUNon ToU aipatog XpnoLOToBNKe OTO YEVETIKO EAEyX0 oav OelKTNC yla
Vv dlatapayn oTo oXNUATIOUO Kol AElToupyla TG avamTtuocoOUeVNG KapSLAG.

H kUpla EpeUVNTIK KATEVOUVON TOU €PYAOTNPLOU HOG ELvVOL N TAUTOTOINCN TWV
yoviSiwv Tou TPoKOAOUV SlaTapOXEC OTNV  OVATTUEN TWV  KOATIOKOWALOKWVY
BaABidwv. ITic oelpgg omou dlamotwbnke maAwvdpounon aipatog, BéAape va
EVTOTiioOUE Ta HeToAAayuéva yovidla ta omoio mpokaAoUv Tov avtiotol o
dawvotumo. AUO amo TIG OELPEG TTOU HEAETAONKOV OE QUTNV TNV gpyaocia, n s457 kat
n s266, avadépovtal oTov Tivaka 2 Kal cul{nNToUVTOL AVOAUTIKA OTA AMOTEAECUATA.

OL petaM\d€elg Twv s457 kal s266 YEVETIKWVY OEPWV  KAnpovououvtal HE
OUTOOWWLKO UTIOAEUTOUEVO TPOTO oUUPWvVA HPE TOUuC vopoug tou Mendel. Ta

opoluya €uppua mponABav amd Slactavpwon eVAAKWY €TepoluyoTwVv (yla TNV
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5266) kat/n opoluyotwv (yla TV s457) Petaty tous. TEAOG, OTOUG €TEPOLUYOTEG eV

eudaviotnke kamnolog pavotumog.

MetaAlayuévn ZTado avamntuéng Dawotunog
oepd (wpeg perd
yoviuomnoinon)
5812 48 MELWEVN CUCTOAN TOU KOATIOU TNG
KapOLAG

AvwpaAia oxnuatiopoL tng
KoAmokothtakng BaABidag
5813 55 AcuoToAla Tou KOATIOU TG KapSLag
2TEVWOoN TG KOATIOKOWALaKA G BaABidag
s457 48 Tuxalomoinon TnG YewUETPLag TNG KapSLAG.

©¢0on NG KapPSLAG oTn PEoN ypapun N dgfla

QUTAG

5459 48 MEeLwPEVN OUOTOAN TOU KOATIOU TNG

KapSLag

AvwpoAila oXNUOTIOROU TNG

KOATtoKOWALaKkn ¢ BaABiSa
5266 72 fic BoABidac

MaAivépoun kivnon tou aipatog petafd tou
KOATIOU Kot KotAlag.

Avwpualia oxnpatiopol Tng

KoATtokoWALakng BaABidag

Nivakog 8. OL YeVETIKEG OELPEG 5266 Ko s457 Kal 0 GaLVOTUTIOG TTOU aPOUoLAI{oUV 0TV avamntuén
™G KapdLacg.

2.3 Xaptoypadnon tou yovidiou Kat avalucn ouvdeong yovidiou pE TO
yoviSiwpa

H xoptoypadnon tng B€ong tou yovidiou €ylve pe Xprion TMOAUHOPDIKWY
(SSLP) paptupwv-6eiktwv twv ¢uotkwv (LN54, T51) katl yevetikwv xaptwv (MGH)
Tou yoviStwpatog tou zebrafish. Ot SSLPs (Simple Sequence Length Polymorphisms-
microsatelites) eivat emavalappavopevn Oeikteg, SnAadny akoAlouBieg moikilou
unkoug pe emoavainyn Bacewv (CA)n, ouvribwg 23, mou amoteAouvtal and duo

akoAouBieg n pia kwdikn (forward) kat n aAAn avti-kwdikn (reverse).
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LG SSLPS

24593, 79394, 75508, 71705, 71351, 29704, Z11464, 726802, Z1781

27634, 74662, 23430, 721406, 26617, Z1703, Z20550

2872, 78208, 215457, 79964, 711227, Z3725, Z20058, 26019

- 21525, 79920, 721636, 27490, Z984

5 215414, 711496, 26727, Z10456, Z1390, Z3804, 214143, 74299, 71202

6 2740, 13275, 7880, 76624, 210183, 25294, 713614, 27666, Z4297, Z1680

7 23273, 210785, 21206, Z4706, 71182, 71059, 78156, 21239, Z13880, 713936, 75563
8

9

S W ON e

21634, 71068, 74323, 713412, 721115, Z789, 210929, 73526
21777, 26268, 24673, 25080, 21805, 220031, 210789, Z4577

10 29199, 76410, 78146, 713632, 21145, 79701, 23260

11 210919, 73362, 213411, 71393, Z3527, Z1590

12 Z1778, 221911, 71473, 74188, 71358

13 21531, 75643, 26104, 713611, 75395, 21627, 27102, 26657, Z1826, Z6007
14 21523, 75436, 21536, 75435, 24203, 222107, 21226, 73984, 71801

15 26312, 76712, 721982, 74396, 711320, 713230, 713822, 727381, 75223
16 23741, 721155, 76365, 210036, 21215, Z4670

17 24268, 21490, 222083, 722674, 79847, Z1408, 74053

18 71136, 21144, 713329, 78488, 710008, Z3558, 79154, 75321

19 Z4009, 7160, 23782, 23816, 711403, 26661, 27926, Z1803

20 29334, 710056, 211841, Z3964, Z7158, 23954, 722041, Z8554, Z4329
21 23476, 21274, 74492, 710960, 24425, 71497, 74074

22 21148, 710673, 79402, 2230, 210321, 721243

23 78945, 74003, 715422, 74421, 73157, 7176, Z1773

24 25075, 21584, 75413, 723011, Z3399, 722375, 75657, 23901

25 GOF15, Z1378, 73490, 25669, 21462

Ewkova 22. Acikteg SSLP katavepnpévoug os andotacn 30cM petadl Toug o€ OAa T XPWLOCWHATA
(genome scanning) Ttou yoviSiwpartog tou zebrafish.

H tomoBétnon piag PeTAAAAENG OTO YEVETIKO XAPTN TIPAYLATOMOLEITOL YE TN
xaptoypadnon Ttou yoviblwpato¢ (genome scanning). Tivetatr petall Twv
HeETAAAQYHEVWY EUBPUWV TTOU TtapouaLlalouv Tov GalvOTUTIO KAl TWwV UTIOAOLTWY
eUBpVWV NG OSlactavpwong. Ta EuPpua autd okopdpovtal Pe €va TANB0g
HOPTUPWV TIOU KOAUTITOUV OAd TA XPWHOCWHUATA OE (0EC TIEPLMTOU amootdcels (ava
30cM). T va xaptoypadnBel o MO0 XPWHOCWHO UTIAPXEL Hiol LETAAAOEN €xouv
eTAeYel KATOlOL MAPTUPEG O KABe éva amd autd Xpwuoowpa (Etkova 22).
OuolaoTtikd ToAAaAaoLAoU UE pia TteEpLOX LE aAUCLOWTH avtiSpaon MOAUUEPACNC
(PCR) ot0 XpwuOOWHO TOU MG emuTpEnel va OSlaxwpilovpe Ttoug bvo
oAAnAopopdouc. O aplBuoc twv lwvwv Ba dladpépel PeTAll TwV SEYHATWY TWV
HeETAAAQYHEVWY EUPpUwY Kol Twv adepdwv euPfplwyv, Adyw TG ocuvdeong Twv
Selktwv pe tov peTaAaypuévo alAnAopopdo. Q¢ ocuvdeon Twv TMOAUHOPDLIKWV
Selktwv ovopdloupe tn Stadikaoio Katd tnv omoia oL EMAVaAXBAVOUEVES TIEPLOXES
(CA),, ouykAnpovopouvtal pe tnv petalhaln. Katd ouvenela, adol eAéyEoupe TO
pelypa (pool) Twv petaAaypévwy Kal TwV UTOAOTwWY eUPBpUwVY pioag Stactavpwaong

HE TOug 192 Oeikteg oe MAKTWHA ayapolng ota Selypota Twv HETAANAYUEVWV
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EUBpLWV Ba avixveLoou e pia wvn, EVW oTwv uToAoinwy Ba aviyvelooupe SUTAR
{wvn (Ewkova 23). Iuvenmwe, LE Tn OUYKEKPLUEVN MEBOSO yaptoypadnoape tn
HETAANOEN TNG S266 YEVETIKNG OELPAG OTO XpwHOowHa 24 (LG:24) kat tng s457 oto
Xpwuoowpa 5 (LG:5). Emypappatikd, yla va xoptoypadnbel pia petdAAaén n
Stadikacia eivatl n €€nG: Slaotaupwvoupe etepoluya yla pia petaAdaén Yapla,
AapBavoupe €uPpua  petallaypéva kot €uBpua xwpi¢ ¢awvotumo g dlag
Slaotavpwong, anopovwvoupue DNA amo ta éuBpua, MPoyUaTONoLlOUUE dAUCLOWTN
avtidpacn MoAupepacng o€ Yelypa LeTAANQYUEVWY Kol HElypa adepdwv euBplwv
Kal TéAog oafloloyolpe TIC {WVEC O MAKTWHA ayapolng ywo va Bpolue Toug
ouvoebeévoug He TNV HETAAAOEN SeikTEC. TNV MTPOOTABELd HOG VA TTEPLOPLOOUE
TNV  KPLTIK TEPLOXN otnv omoia Ppiloketat To  petaAlaypévo yovidlo
Xxpnoluomnowjoape moAuvpopdlkoUs Oeikteg, mou PBplokovtav cUPdPwvA HE TOUG
YEVETIKOUC XOPTEC KOVTA 0T UETAANaEN. Me Toug SelKTEC QUTOUG PAYLLOTOTIOLOU UE
oAuoldwtr avtidpacn MOAUUEPACNG UEUOVWUEVWY HUETOAAQYUEVWY €UBPUWY HE
OKOTIO TNV €UPECN avaouvduaopEVWY eUPpUwyv. Oco Mo Kovtd MANGCLA{OULE TIPOC
TN HeTAAAagn, TOoo Alyotepa avacuvduaopéva EUBpua eixape yia évav Selktn, evw
Oeikteq ekatépwBev NG METANAENG €xouv Oladopetikd avacuvduaopéva
petalaypéva €uPpua. EToL,  ylo TN YEVETIKN OElpd 5266 KatadEPAUE va
neplopiocouvpe TN MHeT@Aafn petaly twv Sewktwv zk246Lsl (1 avacuvduaouévo
€uBpuo/1880 petalayuéva £pPpua) kat tou zk276I5 (1 avaouvduaopEVo
€UBpu0/1880 petalaypéva £uppua). MapdAAnAa yia tnv s457 yevetikr) oelpd
tonoBetoape TN METANAEN avdpeooa amd toug z4299 (4 avacuvduaopéva
EUBpua/60 petalhayuéva €uPpua) kat otov z1454 (9 avacuvduaouéva Euppua/60
pHeTaAAaypéva EUBpua). XapakTnploTikd avadepw OTL N anmdotaon Tou Paptupa
oo TO YOVISl0 TAVW OTO YEVETIKO Xaptn MGH oe cM Bploketal Stopwvtag tov
oplOpd twv avacuvduaopévwy PeTaAAayPEVWY EUBpUWV (recombinants) oto
OUVOAO TWV PELWOEWV, ETL TOLG €KATO. EvOelkTika, yia to deiktn zk246Ls1, sixope 1
avaouvbuaopévo petallaypévo EuPpua oe oUvolo 1880x2 HEWWOEWV, OMOTE N

anootaon tou Seiktn amno tn petdAaén ival : (1/ 1880x2) x 100, repimou 0,01 cM.
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‘Exovtog Bpel éva SelkTn ApKETA KOVIA OTn UETAAAAEN KAVOUUE pia épeuva
yla mbava vrondla yovidia. Ta yovidia mou Aappavovtat urt’ oYLV og authv TV
avalntnon Ba mpémnel va Bpiokovtal kovtd otn B€on tou Seiktn. H avalntnon twv
yoviSiwv yivetal péow PBacswv Sedouévwy, OTIC OMOLEG UTTAPXOUV XAPTEC TWV
XPWHOOWHATWY HE YWWOTA yovidla mavw o€ autd katl tn B€on touc. Kamoleg ano
QUTEG TIG SIKTUOKEG BAOEL SESOUEVWV TIOU XPNOLUOTIOLOUE Yl QUTOV TO OKOTIO

siva ot www.zfin.org kat www.ncbi.nlm.nih.gov kat www.ensembl.org/Danio rerio.

C 5.2cM
WT MUT WT MUT
%
223491 223276 24299 mutation 21454
70,2Mb 7i6Mb 72,6 Mb
mutation
D 24299 21454
B i 50000 kb Forward strand -
7160 Mb 7L70Mb 7180 Mb 7190 Mb 72.00Mb
Contigs, BX537304.14 > < (103382521
EnsemblHavana g.. e ——
t< GANAB |
|
NCRNA gene. ¢ dre-mir-2188.1
7160Mb 7170 Mb 7180 Mb ~ 7L90Mb 72.00Mb
Ensembl Danio rerio version 62.9b (Zv3) Chromosome 5: 71,536,318 - 72,036,317
Gene Legend I protein coding 5 merged EnsemblHavana
[IIRNA gene

Ewkéva 23. Xaptoypddnon tou yovidiou kot avadAuon oclvdeong yovidiou e to yoviSiwpa (A). PCR
T(POLOVTO. UE YEVETIKO amod ¢ucloloylkd kal petalaypéva uppua e TIOAUHOPDLKOUC UAPTUPEG
KaTavepnuévoug avd 30cM oto xpwuoowpa 5 Tou yovidiwpatog tou zebrafish. Yrdpxel olvdeon tng
UETGANQENG OTO XpwHOoWHa 5 otn Béon 83.1cM. (B). @¢on tou umoPndiouv yovidiouv otov ¢uactkd
xaptn tou zebrafish oe oxéon pe ta umdhouta yoviSla Tou YpwHOOWUOTOG (0XESLO QMo ToV
avakowwpévo duaotkod xaptn otnv ensembl) (C). 2xédlo mou avamaplota tn umoPndla Béon tng
MeTaAAagng otov MGH xaptn og oxéon pe Toug moAupopdLkolg Seikteg (D). Tx£SL0 mou avamaplotd
tn B£on ¢ petdA\aéng otov GuoLKO XAPTN O OXECN HE TN BEon TwV HapTUpWV o€ auTov. Mutation:
MeTAAAan, *avaouvSuaopéva petalhaypéva Euppua.

2.4 Anopovwon yevwpikou DNA amd €pBpua kat AAuvcidwth Avtidpoon
NoAupepaong

H amopovwon tou yevwpikol DNA yivetal pe tnv €€ng dStadikaoia:
Metadépoupe ta Epppua og Stahupa Avong (10ul/éuBpuo).
Bpdiloupe ta Seiypata yia 10 min otoug 98°C

NpoocBétoupe 200ug/ml mpwteivdon K kat enwdloupe otoug 55°C yia 4 WPeC

ol e

BpdiZoupe ta Seiyparta yia 10 min otoug 98°C
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5. Enwdoupe yia 10 min otoug 4°C

6. AmoOnkeloupe Tta Seiypota otoug -20°C f ocuvexiloupe pe oAuoldwth

avtidpacn moAupepaong.

AwdAupa AUong Mrevwpikol DNA
10 mM Tris pH 8.2

10 mM EDTA

200 mM NacCl

0.5% SDS

200 pg/ml proteinase K

AAuoldwtn Avtidpaon MoAupepaong
ZuvOnKeg AvtISpAaoEeLg

Npoypappa avrtidpaong
1uL DNA ekpayeio 1.94°C, 5 min
2,5ul 10x PCR buffer (NEB) 2.94°C, 1 min
50ng amo KAOE ekKVNTH 3.60°C, 1 min
1,2U DNA MNoAvpepdon (NEB) 4. 72°C, 1min/kb

5. EmavaAnyn twv Bnuatwy 2-4
yta 30-40 kKUKAoUG

6.72°C, 5 min

7.4°C, 10 min

2.5 AYPn MPWTEIVIKWVY EKYUALCHATWV oo Eufpua
Ta €uBpua AVovtal pe tn PonBela cuykekpLUévnG ocvotacng SltaAupatog
RIPA kol pe opoyevomoinon toug He pio Behova. H Stadikaoio £xel wg €NG:

1. Metadépoupe ta €uBpua oe RIPA (100ul/50 €uBpua) Kol OHOYEVOTIOLOUUE

pe pia BeAdva mavta mavw oTo Ayo.
2. QuyokevtpoUpe otouc 4°C otig 13000rpm. Kpatdpe To UTIEPKEIEVO.

3. MMoootikomolouue pe tn uéBodo Bradford.

MéBoboc Bradford:

1. Apalwvoupe To MPWTelViko deiypa 5 ul + 45ul ddH,0.

2. MpocBétoupe 1450ul and tn xpwotikr Bradford (Biorad) kot avaptyvOouue

(vortex)

Ta Selypata mapapévouv og Beppokpacio Swuatiou yia 10 Aemra.

AkoAoUBEel HETPNON TNG OTTTIKAG TIUKVOTNTAG Tou Selypatog ota 595nm.

NANENIZTHMIO KPHTHZ | YAwa & Mé£Bodot m



5. H moootikomnoinon mpayUatomnoleital He BAcn Mo TPOTUTN KOUITUAN Tou
TIPOKUTITEL OO TIG UETPNOELS YVWOTWV OUYKeVTpwoewv AABoupivng (Bovine
Serume Albumin, BSA) otov afova X Kal T QVTIOTOLXEG UETPNOELG OTTTIKNG
TIUKVOTNTAG oTa 595nm otov dfova y.

6. META TN TMOCOTIKOMOLNCN TWV MPWTEIVIKWY EKXUALOUATWY Ta Selypata eite
amnoBnkevovtal otoug -80°C yia peAovtiky xprion, €ite xpnotponotovvtal

QUECA YLO OVOOOOTOTUNIW A KATA western.

RIPA SLaAupa (armodLataKktiko)
150 mM sodium chloride

1.0% NP-40 or Triton X-100

0.5% sodium deoxycholate*

0.1% SDS (sodium dodecyl sulfate)™
50 mM Tris, pH 8.0

*To 10% sodium deoxycholate StaAvua (5 g into 50 mL) sivat pwtosvaiodnto

** 3e un amodiataktiko StaAuua to SDS Sev npootidetal

2.6 Avocoanotunwpa katd Western (Western blot analysis).

H Stadikaocia ywpiletal os tpia kKUpLA péEPN: A) TO HOPLOKO SLaXWPLOUO TWV
Selypatwy o mAktwpa moAvakphautdiou, B) tn petadopd twv Mpwisivwv anod to
TINKTWHO 0€ HEPBpPavn ViTpokuTTapivnG Kal ) To avoooamoTUMWHA LE TO OVTIOTOL O

avtiowpa.
Moptakoc Stoxwplouoc twv Selyuatwy o€ mnktwue moAvakpudauidiov 10%:

1. Anuwoupyia 800 MNKTWHATWY akpUAaLSiou. NMpwTa GTLAXVOULE TO THKTWO
Slaxwplopov (separating gel) Twv mpwteivwy Kat akoAoUBw¢ dTLdxvouuE To
TINKTWO TtakeTopiopatoc (stacking gel) Twv mpwteivwy.

2. KoBapiloupe TIC €00xéC Twv TNnKtwudtwyv (wells) yua tuxdv un
TLOAUEPLOUEVO aKPUAAULSLO Kal UoTtepa GOPTWVOULE ToV EMBUUNTO GYKO.

3. Ta Seiypoata tpéxouv Kal dtaxwpilovtal os 1x running buffer ota 30mA yla
nepimou 2 wpeg. AkoAouBel n petadopd TwWV SLOXWPLOUEVWY TIPWTEIVWY OF

HEUBPAVN VITPOKUTTAPLVNC.
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Aannnnn
Gel cassette
running

buffer
prI HT

Negative ! U-
electrode O s .
LY chamber o
Anode (<) — Cathode () l

Tank Power source :
Separate protein

bands
Ewkova 24. Awadikacia nAektpodopnong o nKTwHa MoAvakplapdiov (Biorad).

MEeTapopd Twv MPWTEIVWVY oo To MNKTWUA o€ UEUBPpAvVN VITpoKUTTAPIVNG:
1. KoBoupe pia pepPpdvn kat oxtw kKoppatia SinOntikou yaptiov Whattman

(mailel to poAo Tou PpiATpou) OTIG SLACTACELG TOU TTNKTWUATOC.

2. To TUAMO TIOU QVTIOTOLXEL OTO TAKTWHO TOU TAKETOPiopOTog TIAéov &ev
XPELALETAL KOl ATTOUAKPUVETAL.

3. Anuloupyia tou Aeyopevou sandwich, ool edamnteTal MANPWE TO THKTWHUO HE
™ HeUBpAvn.

4. H petadopa yivetal oe 1x transfer buffer ota 300mA ywa 1,5h oto mayo.

AkoAouBei To avocoamotUmwHA.

Transfer buffer

Cathode ()

Filter paper
Gel
membrane —D Q

Filter pé S

)

Membrane
(with transferred
proteins)

Anode (+)

*If prateins are hydrophobic,

use PVDF membrane instead

Ewova 25. Aradikaocia petadopds MPpWIEivWV amd MAKTwHa ToAvakpllaudiov oe pepppavn
virpokuttapivng (Biorad).
Omttikorroinon Twv nMpwTteivwy otnv UeuBpavn
1. Na tnv enBePfalwon MwWE oL MPWTIEIVEG peTadEpBNKAV EMITUXWEG OTN UEUPPAVN
vitpokuttapivng yivetal Badn (yia 3 Aemtd) pe Ponceau Red 1o omoio Badel OAeg Tig
MPWTEIVeEG
2. Zem\Upoata pe dH,0 yua 5 Aentda
3. ZemA\Upata pe TBST 1x yia 5 Aentd
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AVO0O0QmOTUNWUA UE TO AVTIOTOLYO AVTIOWUA:

1. H pepuBpavn emwaletal yla TouAdyLoToV pia wpa o Beppokpacia dwuatiou
o€ dtaAluvpa 5% yalaktog/1x TBS-T.

2. H pepBpavn enwaletal HeE TO MPWTO OVTIOCWHA 0T KOATAAANAN apaiwon o€
Stdhupa 5% yalaktog/1x TBS-T otoug 4°C yia touAdytotov 12h.

3. AkoAouBoulv EemAUpata TnG HepBpavng ue 1x TBS-T (10min, x3 ¢opEg).

4. H pepPpavn enwaletal pe to OeUTEPO aviiowpa (ouvdedepévo pe
unepoeldaon) otn KatdAnAn apaiwon os StdAvpa 5% yaloktog/1x TBS-T
otouc 4°C yia 1,5h.

5. AkoAouBoulv EemAUpata TnG pepBpavng ue 1x TBS-T (10min, x3 ¢opEg).

6. H peuBpavn enwaletal He TO UTIOCTPWHA TNG UTEPOEELSAONG yla 5min, yla
™V avtidpaon xnuelodwtavyelag, Kot okoAouBel n €kBeon NG O

dwtoypadkd AU woTe va EPPaAVIOTOUV OL ELSIKEC TIPWTEIVIKEG {WVEC.

running buffer: 25 mM Tris base &190 mM glycine & 0.1% SDS
transfer buffer 10x: 25 mM Tris base &190 mM glycine

transfer buffer 1x: 100ml 10x transfer buffer 10x & 200m| MetOH & 0,1%
SDS( 20%) & 695ml dH,0

stripping buffer: Mo 100ml: 10ml SDS (20%) & 4,160ml Tris-HCl ph:6,8 &
700ul B-pepkantabavoln (mpootiBetal péoa os emaywyo) & 86ml dH,0

TBS 10x: 24.23 g Trizma HCl & 80.06 g NaCl & Mix in 800 ml dH,0. pH to
7.6 with HCl.upto 1 L.

TBST: Mo 1 L: 100 ml of TBS 10x & 900 ml dH,0 & 1ml Tween20

separating gel 10% : 2,5ml| N,N-methylenebisacrylamide (Bis) & 3ml Tris-
HCl ph: 8,8 & 38ul SDS 20% & 1,9ml dH,0 & 36ul 10% APS & 5ul TEMED
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Apaiwon (WB)

Avticwpa Etaipia Tumnog
AVTLOWHOTOG

b-actin Sigma#A5441 MOoVOKAWVLKO

(Mouse)

p-Eif2a Cell Signaling MoAUKAWVIKS 1:250
#9722 (rabbit)

t-Eif2a Cell Signaling MoAUKAWVLKO 1:500
#2103 (rabbit)

GARS Abcam MoAuKAWVLKO 1:5000
#ab42905 (rabbit)

Southpaw ANASPEC MoAUKAWVLKO 1:250
# 55655P (rabbit)

goat a-rabbit HRP Vector 1:5000

conjugated #P1000
goat a-rabbit HRP Vector 1:5000

conjugated #P2000

MNivakog 9. Avticwpata o Xpnolponotidnkav o€ avocoanotunwpa katd Western.

2.7 AVOGOIOTOXNHLKEG XPWOELG

EuBpua zebrafish Stadopetikwv otadiwv (48-56, 72-80, 96-105 wpeg UETA TN
yoviuormoinon, 5 kKalt 7 nUEPWV HETA TN yovipomoinon) kat KapSlég amd eviAka
puetoAaypuéva s457 kat aypiou tumou Ydpla povipomowiBnkav oe StaAuvpa 4%
napadoppardeliong kat puldaxtnkav otoug 4°C. Ita EuBpua n avocoiotoxnueia pe
avtiowpa €ywve oe oAokAnpa €uPpua mou PBpiokovtav oe Stahupa PBT (4% BSA,
0,3% Triton oe PBS pH 7.3) peta tnv amopakpuvon tng nmopadopuardeiidng. Ta
TIPWTOYEVH AVILOWHATA TPOOTEBNKAV KAl €YLVE Emwaon yla pia voxta otoug 4°C. Ta
Selypata &emAUBnkav mévie ¢opéc oe PBS/Triton péxpt tnv mpooOnkn Ttou
Seutepoyevolg avtliowpatog. Metd tnv enefepyaciao Toug €yve eyKAELOUOG o€ 4%
ayapolng/PBS (Sigma A9539-500G) kal KOTNKav o€ TOMEC 120-150um og pnxavnuo
vibratome Leica VT1000S. OL TOMEG OTn OUVEXELD KaAUdOnkav pe uypd HEcO
SldAuvpa mpootaciag pBoplopol (Vestashield H-1000, Vector). 16ia Sadikacia
okoAouBnBnkKe Kal 0TNV AvoooToTOXNUELD TWV AMOUOVWHUEVWV EVAAKWY KapSLwV Ue

TO TAXOG TWV TOPWV ayapolng ota 180-200um.
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Etaupia Tumnog Apaiwon (IF)
AVTLIOWHOATOG

Avticwpa/XpwoTIKEG

GARS Abcam MoAUKAWVIKO

#ab42905 (rabbit)

A-Actinin Sigma MoVOKAWVLKO 1:500
#A7811 (mouse)

Sv2 DSHB MOAUKAWVLKO 1:500
#sv2 (mouse)

Vinculin Sigma MovokAwVIKO 1:500
#v9131 (mouse)

zZn5 zebrafish stock MovokAwVIKO 1:10
center (mouse)

a-Bungarotoxin, Molecular 1:250

Alexa 555 conjugated Probes#B35451

Rhodamine Molecular Probes 1:500

Phalloidin Alexa Molecular Probes 1:250
633conjugated #A22287

anti-mouse Alexa Molecular Probes 1:500
488 kou 633 IgG

anti-rabbit Alexa Molecular Probes 1:500
488 IgG

Nivakag 10. AvTIoWHOTO KOl XPWOTIKEG OUGCLEG TTOU XPNOLUOTOLONKOV YLO OVOOOTOTOXNHLKES
XPWOELG otn SLatpLPn.

2.8 Antelkovion epBpuwv Kat totwv zebrafish
2.8.1 3tepe0OKOTTLO/ ULKPOOKOTTLO

ANndn Bivteo katl pwtoypaduwv anod {wvtava EuPpua oe dladopa otadla €yve
HE TNV TOTOOETNON TOUG OE UIKPOOKOTILO Axioplan 2 kot pe pwtoypadikr pnxovn
Sony Carl Zeiss vario-sonnar DSC-S85. Ta éEuPpua tomoBetnbnkav Katomw
avalobnolag N Xwplg oTo OTEPEOOKOTILO UE TO TPUPALO oTO omoio avamtuooovtal n
TMAVW OE OVTIKELUEVODOPO TMAAGKA UE otayova Bpemtikol E3 oTO UIKPOOKOTO Of
pueyébuvon 10x 3 20x. Mo tn péETpnon tTwv SlaoTACEWV TNG KapSLAg €ywve AnYn

QOTIPOUAUPWYV TAWVLWY 0 avaotpodo Uikpookorio PTI IC-200 Nikon pe peyébuvon
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20x pe 1.5x kat kapepa TV lens C-0.6x. H enefepyaoia Twv TAWLWY €YLVE UE TO

Aoylouiko PTl image master.

2.8.2 ZuveoTiakn ULKpooKoTia

OAeg oL dwtoypadieg ouVeCSTIOKOU WULKpOOKOTIiou eAndOnoav pe opbBoO Leica
STP6000 kot avaotpodo Leica TCS SP5 ouveoTlakO HKpooKoTo pe Aéllep Argon. H
AN kat enefepyacia Twv dwtoypadlwv E€ywve He Aoylopiko LAS AF. O
dwtoypadieg mou egudavidovial o€ auTH TNV €pyacia €ival AVIUTPOCWTTEUTIKES

TouAdylotov dekarmévte eUBpUWV MOV eEETACTNKAV.

29 Métpnon kapdiakol puBuol Kol MapapéTpwy aloAdynong KopSLaKNAG

A&ttoupyiag ota Euppua

2.9.1 Métpnon kapdbiakou cuyvotntag (KZ) (HR: Heart Rate)

Ma tVv PETPNON Tou Kapdlakol TAAHOU TWV EKKOAATTOUEVWV TIPOVUUDWV
xpnowuomnownbnke otepeookomo Nikon SMZ1000 pe kaupepa Imaging source
DFK22BUCO3 ywa AAyn Bivteo ywa xpovikd Siwaotnua 10 OSeutepoAémtwv Ue
ouxvotnta AQYelg swovwv uvPnAig avdiuong 60 ARYelg to SeutepoAemnto.
MpovUudec 72 wpwv HETA TNV Yovigomoinon amd tpla avefaptnta melpapota
avalcOntonow}Bnkav o 0.04g/ml avalodntikd péco (tricaine) kot tomoBetOnkav
o€ TpuPBAio og mMAAyla BE0N OTO OTEPEOCKOTILO, WOTE VO UMOPEL va kataypadel pe
Bivteo n kapdiakn Asttoupyia. H avaAuon tou Bivteo éylve pe to HeartRate software
(kataokevaopévo amno tov Ap. Toakavika otn povada Blroamelkdviong tou IIBEAA).
H Aettoupyia tou Baociletol otnv avixveuon tng Kuplapxng ouxvotntac oe pia
akoAoubBia elkovwv. H avdaluon auth katéotn OSuvaty edodoov Sev umApxEL
appubuia otn cuoTaATIKOTNTA KoL SV amalteital HETpnon MaApwyV oto Aemto. Mpwv
v évapén AnPng Bivteo Bepuopetpeite n Bepuokpaocia dwuatiov kol Tou vepoL
oto TpuPAio kal adrvovtol OAa ta €uBpua wWote va Kataoctaldafouv otn Sla
Bepuokpaocia ekTtOG TNG ouokeung ekkoAdapewd. Katda tn Sidpkela ARYPng Bivieo

XPOVOLETPELTAL O XpOvoc €kBeang otn Bepuokpacia Swuatiov (mepimou 30 Asmta).
2.9.2. YOAOYLOUOG TNG CUOTOALKIG AELTOUPYLKOTNTAC TNG KAPSLAS

Mo Ttov UMOAOYLOMO TNG OUCTOALKAG AELTOUPYLKOTNTAG TNG KAPSLAG

UTTOAOYLOTNKE TO TTOOOOTO Pelwang TNG SLAUETPOU TNE KOWLag oTnV TEAOCUGCTOAN o€
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oxéon pe tnv telodlaotoAn (Fractional Shortening-FS). O umoAoylopOg QUTOG €YLVE
HE TN XPnon tou Aoylouikol Imagel. EuBpua 75 wpwv YETA TNV yovipomnoinon amnod
Tpla avefdptnta melpapata avaitcdntomnowOnkav o 0.04g/ml avaliodBntikd péco
(tricaine) kat tomoBetiBnkav o TpuPAio o MAAyla B€0n OTO OTEPEOOKOTILO, WOTE
va propel va kataypadel pe Bivteo n kapdiakn Asttoupyia. Ta Bivteo eAndOnoav
yia 10 OSeutepoAenta ywo to KABe €uPpuo pe plo kapepa Imaging source
DFK22BUCO3 npoocapuoouévn o otepeookornio Nikon SMZ1000 (puey€Buvon 80X) ue
60 ANYelg ava SdeutepoAento. To HAKOG TNG KOWOG otn TeAOSLOOTOAN Kol 0TV
TEAOOUOTOAN LETPNONKe yla va umoAoylotel To Fractional Shortening (FS%). Auto
umoAoyiletal WG e€nc: FS=(TeAoALaoTOALKN ALGPETPOC-TEAOZUCTOALKN
Awdpetpog)/TehoSlootoAkn) Aldpetpog [FS%=(EDD-ESD)/EDDx100]. To MAKOG TNC
KoWAlag otn S1aoToAr UTtoAOYI(ETAL LETPWVTACG TNV HEYLOTN SLAUETPO TNG KOG 0T
Sl1aotoAn. To PAKOG TNG KOWALOG OTN CUOTOAN UTTOAOYIOTNKE PETPWVTAC TO EAAXLOTO

UKOG TNG KOWlaG 0T GUGTOAN).
2.9.3. XapaKtnplopog tng StafaABLdikng pong- Anuiovpyia ‘mpotunov’

Bivteo upnAwv TaxutnTwy Kal cuxvotntag eAndOnoav yla tnv amelkovion
™G PONG TOU aipatog HEow TNG KOAMokoWakAg BaABidag katd tnv kapdlakn
Aewtoupyla kat avamntuén twv s457 mpovupdwv. H APn autwyv twv Bivteo éyve pe
Pnoakn kapepa Hamamatsu Digital Camera, C11440, ORCA, mpOCOPUOCUEVN OF
HLKpookomio Leica DMRA2 kat évav 20x Katadutiko ¢ako kol e cuxvotnta 400
AnYeLc to deutepodAemnto (frames per second). Mo TNV amoteAeopatiki AnYPn autwy
xpnotuormnowiBnke to Aoylopikd Hokawo 2.6 kal to Aoylopikd Imagel ya tn mAnpn
oavaiuon. H kUpla TOPAUETPOC TOU ovaAuBnke ntav n popdoAoyia NG
SLaBaABLOIKAG pon¢ HEOw TNG KOAmokoWlakng PBoABidag katd tnv Sldpkela
oavantuéng tTwv euPpuwv ota otadia 48, 75, 96 wpwv KAl 7 NUEPWV UETA TNV
yovwdomoinon. H porp tou aipoato¢ MEOW TNG KOATOKOWakAG PaABidag
xopaktnplotnke wg Betkn/mpodow, apvntiki/maAivépoun n amovoa/xwpic pon ot
oX£0n HE TNV KateLBuvon Tou aipatog and Tov KOATo otnv Kolia, amod tnv Kowia
TIPOG TOV KOATIO N OTtav Oev UTIAPXE PON HEOW TOU KOATIOKOWALOKOU KavOAloU,
avtiotolya. To mpotumo tnG StaBarBLdiknc pong ota Euppua ayplou TUTOU Kal oTa

petaAaypéva, mpoodloplotnke wg €§NG: HETPROAUE TOV aplOUd Twv ARPewv mou
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napoucotalovtav o€ KABs Kivnon TNG PONG TOU allaTog KAl 0Tn CUVEXELX SLALPECOE
QUTOV TWV 0pLOPO MPOC TOV GUVOALKO aplBud twv AQPewv evog oAoKANpwUEVOU
KapdLakoU KUKAOU. AUTO €ylve avefdptnta ylo Kabs €uBpuo kal LETPRONKAV TPELG

aveaptnrtol kapdlakol KUKAOL.

2.10 Mwpoxelpoupylkl Paplwv yia TNV €KTOUN TG Kopdidg and svidiko Yapt

zebrafish.

TomoBetoupe to eviAiko PapL (EBpa o €va doxeio pe mMaywpEVO vePOd amo To
ocvotnua tou evudpeiou, wote va availcOntonownBolv ta Papld. Meta and Tpia
Aentd petadEpoupe To PapL amod to doxelo pe To vepo og €va tpuPAio pe PBS 1x.
MeTpape Pe Eva XAPOKA TO PUAKOG CWHOTOC TOU eVAALKOU Paplol amod Tnv akpn Tou
OTOMATOC WG TNV apxf TNG oupdg (teAeutaio AKPO TOu KOopUoU). Me €va vuotépl
KOBOUUE To YPapL KATW amo Ta mAaiva mtepuyla (Etkova 26A) kal adrivoupe ya 3
min To aipa va ‘Tpéfel’ eKTOG TNG KOPSLAG. TN CUVEXELQ LOVIUOTIOLOUME TO KEDAAL
oe 4% napadpoApadelidn yia touldaxlotov 2 wpeg o Beppokpaocia Swuatiou. Emetta
Slavolyoupe to PapL pe Aemtég Aafideg otnv eubeia vonth ypopun mavw amnod ta
TAQiVA MTEPUYLA KOL OTMOKAAUTITETOL O TEPLKAPSLOKOC WVWdNG a0KOG OTOV OTolo
TeEPLEXETAL N KApSLA. KOBoupe MpooekTIKA e TIG AaBiSeC TOV LOTO KOl EAEYXOUUE TNV
mapoucia Twv KootnTwv NG Kapdld¢ péoa oto PapL Kal OTn OUVEXELD
amokoBovtag mpwta TNV £€€060 tou bulbus arteriosus and T pia kat Tnv KoWia pe
ToV KOATo amd tnv AaAAn Balovrag tig Aafideg
KatwBev autwv paylaia oto Papt, YIVETAL EKTOUN
™mg KapSLag (Etkova 26B). Adou
npaypatornotnbel n ektoun tN¢ kapdiag eite
amoBnkevetal otou¢ 4°C, eite ouvexiloupe ot
TIEPALTEPW TIELPAUATAL.

Ewova 26. Ektopn kapdiag ano eviAiko Papt. (A). Inueio
TouNG Tou YPaplol oto onueio (kedpaAr BEAoug) katw amod
Ta MAQVA TITEPUYLA YLa TNV EUKOAOTEPN EKTOUNA TNG KAPSLAG
KAl TNV €Kpon Tou aipotog. (B). Aldvolén Owpakikng
Kolhotntag evnAlkou zebrafish, oto omoio daivetat n
KopSld pe Slavolypévo mepkapSlako LoTO KATW Kol

avapeoa and ta Bpayxia. Kokkwvo BEAOG: Kapdid, UIAE
BéAoc: mAaivo mteplyLo.
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2.11 Metproelg enmtpAvelag Kol SLoTAoewv KOWiag tng Kapdldg o€ £vAALKO

zebrafish

Mot TNV HETPNON TWV SLACTACEWV TNG KOWALaG og KapdLEg eviAkwy Yaplwv (ERpa
xpnotpornowiBnkav 16 kapSiég amnd s457 petallayuéva Papla kat 12 kapdlEg ano
papa  aypiou TOmMou. OL kapdlEG auTEG  odwrtoypadndnkav mAVW OE
avTIKELLEVODOpOo TAAKa o€ otayova PBS 1x mou kdAurmte oAdkAnpn tnv kapdid. H
TOMOBETNON TWV KAPSLWV €YLVE PE TNV eMLPAVELA TNG KOWALAG TTOU QVTUTPOCWTEVEL
Tov oplldvtio agova TnG Kowlag va eivat mpog tov pako Kot tnv kapepa (Ewkova 27).
O kOATOG BpLokoTav MPog TV £0Tia pwTog (KATwBEeV Kat mMAdyLa TnG Kowkiag). Angn
dwtoypadlwy €yve Kal amo TG dUo eMIPAVELEG TNG KAPSLAG (oo TNV MAEUPA TNG
KOWlog Lovo Kat amnod tnv enudpavela Koiag kat KOAmou). Ot mAAKkeg TomoBeTnOnKav
oe otepeookomio Leica LSII kat pwtoypadnOnkav pe kapepa Nikon Coolpix 8700
digital tomoBetnuévn kot ouvOedepévn He TO otepeockomio. Dwtoypadieg
eAndOnoav oe peyéBuvon 30x kal 63x. O UTTOAOYLOUOC TWV SLOOTACEWY TNG KAPSLAG
€ylve amo tnv pey£Buvon 30x pe To AoYlOUIKO Slaxeiplong ewkovwy Imagel. OL
Slaotdoelg mou petpriBbnkav eivat o opllovtlog agovag T Kowiag fj kovtog (short)
afovag (i width of ventricle), o emunkng (long) agovac (f length of the ventricle) kat
n emudavela tng Kowiag (area of the ventricle).

Ol pwroypadieg enefepyalovral oto Imagel kat and tnv emloyn Image—>Scale
puBuilovpe ta pixels oe Width:1360 kat Height:1024 kot amoBnkeVoupe 1N
dwtoypadia og aUTEC TIC SLaoTAOELS. ATTO TN dwToypadia evog xapaka 1 xtAlootou
(mm) oto mpoavadepbév otEPEOOKOMIO KAl HE TNV Pwrtoypadlky pnxavhy oe
pueyéBuvon 30x umoloyicape avtiotolyio pixels oe millimeters. Avoiape tnv
dwtoypadia Tou xapaka pe to Imagel kat enmAéyovtag to ‘straight tool’ tpaBnape
gL euBeia pe MOTNUEVO TO APLOTEPO MARKTPO Tou ‘mouse’ amod to 0 ewg to 1 Tou
xapaka (Imm). And to Imagel oto Analyze—> set scale>umoloyioape: distance in
pixels 468, known distance: 1, pixel aspect ratio:1, unit: millimeter. Emopévwg sixapue
OTL 468 pixels avtiotoloUv o 1mm. TN OUVEXELD UTIOAOYLOQUE Ot XIALOOTA TIG
npoavadepOeioeg SLAOTACEL TNG KOWIAG, MeTATPENOVIAG TIG dwToypadileg He
Image) og avdAuon 1360x1024 pixels kot amno to Analyze=>Measure onUELWVAE TNV

napdpetpo ‘length’ yia tov emunkn kat eykapolo afova. H emudadvela tng koiag
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HETPrONnKe avolyovtag tn dwrtoypadia oto Imagel, emiléyovtag to ‘polygon tool’ pe
TO omolo XElpoKivnTa onUelwBNKe OAN N TEPIUETPOC TNG KOWALOG. TN CUVEXELA ATIO
10 Analyze—> Measure umtoAoyi{oE TNV TTOPAUETPO ‘Area’ O€ TETPAYWVIKA XIALOOTA.
Onwg €xel avadepBbel, €ylve opaAomoinon Twv UETPNOEWV TwV SLACTACEWV TNG
KapdLAG o oxéon Ue To UEyeBog Toug Kal OxL He TNV nAwia toug (Carniel et al.,
2005). Ma 1o Adyo autd umoAoyloBnkav emiunkng afovag oe XALOOTA/UNAKOG
OWMOTOC O XIALOOTA, EYKAPOLOC Afovag o€ XIAOOTA/UNKOC CWHATOG O XIALOOTA Kall
emudpavela Koiog og TETPAYWVIKA XIALOOTA/ UNKOG CWHATOC O€ XIALOOTA.

i " Ewkova 27. MeTpAOEL TWV SLOCTACEWV TNG
’BA‘ » koliag NG Kapdiag evAhAikou Yaplov.
TomoBétnon g Kapbldg katda tn Andn
dwrtoypadiag ywa tnv pétpnon Slaotdoewv
Twv afovwv TG Kowiag. KOkkwvn ypappn:
ETUUNAKNG Afovag, UTMAE YPAMUN: €YKAPCLOG
afovag, V: kolia, A: KOATIOG, BA: apTnpLlaKkog
BoABoc, bulbus arteriosus

2.12 METPOELG TWV VEUPOUUIKWY CUVAYPEWV OTA LUOTOMLO TWV EKKOANTTTOUEVWV

NPOVURPWV.

OL METPACEL TWV VEUPOUUIKWV ouvAPewv mpayuatonow)bnkav o€
dwtoypadieg cuUVECTIAKOU HLKPOOKOTIOU oOTnV emipavela SU0 puoTopiwv, OTn
Aek1Okn) amoAnén. OL petproslg eywvav oe dUo avamtuélokd otddla otig 48 kat 96
WPEC META TN Yyovipormoinon. lMNa Tl PETPAOELC XPNOLUOTOLONKE TO AOYLOULKO
enefepyaociag dwrtoypadpuwv Imagel. Ot dwrtoypadieg avoiyovtal oto Imagel kat
amno tnv emloyn Image—>Scale puBuiloupue ta pixels oe Width:1024 kat Height:1024.
TN OUVEXElX, UETOTPEMOUUE TN dwroypadia o 8-bit amd tnv emdoyn
Image—>Type—>8-bit kat petaBaivoupe otnv emhoyr) Analyze->set scale>no scale.
‘ETOL, UE TN OUYKEKPLUEVN pUBULON OAEG OL LETPNOELG yivovTal o pixels. Yotepa, He
™ puBULon Image—> Adjust Threshold puBuiloupe to B6puBo ¢ dwroypadiag
WOTE VA UETPHOOUHE HOVO To eMBUUNTO onua (Etkova 28B). TEAog, petafaivoupe

otn puBuLon Analyze—> Analyze particles, omou petpaue o€ pixels 1 oe M0000TO (%)
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™ emupavela OV KATAAAUBAVOUV OL TIPOCUVATTTIKEG KOl LETOOUVATITLKEG TIEPLOXEG
O£ OX£0N UE TN OUVOALKN eTLdAVELR TwV U0 HUOTOUIWV.

A

Ewkova 28. Metpnoelg tTwv veupopuikwv cuvaPewv. (A). Qwtoypadia TwvV HETACUVATTIKWV
KLVNTLKWV TAOKWV CUVECTLAKOU MLKPOOKOTIOU UoTepa amo xpwon We a-BTX. (B). Qwrtoypadia mou
€xeL enelepyaoTel e TO AoyLOoULKO Image) kal €xel adalpebel o B6puPog, wate va petpnbouv uoévo ot
KLVNTIKEG TIAAKEG. KAlpaka: 25um.

2.13 Iupnepidpopikd melpapata ‘Apaonc-Avtibpaong oe £uBpua/mpovoudeg
zebrafish.

Bivteo unAwv Taxutntwy Kal cuxvotntag eAndOnoav yla tnv amelkovion
TWV s266 euPpuwv. MeAeToape TOo XpOvo avtidpaonc os pnxavika epebiopata
(akouumovoape e TNV Akpn Hlag BeAovaG tnv oupd Twv EUPpUwWY) TOU ackouvTav
o€ petaAayuéva s266 Euppua. H ANdn avtwy Twv Bivteo gyve pe Pndlakn Kauepa
Hamamatsu Digital Camera, C11440, ORCA, npocapuoopévn os otepeookornio Nikon
SMZ1000, o xpovog Sidpkelag Twv PBivteo Atav 8 SeutepOAemTa KoL n ouxvotnta
Atav 60 ANPeLg/SeutepOAETITO. JUYKEKPLUEVA, UOTEPO Ao avaAuon Twv Bivteo pe
ocuxvotnta 1 AqPn to deutepoAento oto AOYLopLKO Imagel, LUETPOAUE TOV XpOVO
TIOU KAVOUV Ta ayplou-TUTIoU Kol HeTaAAayUéva Eufpua yla va KOAUUTTHOOUV pia
npokaBoplopévn améotaon 1,lcm. AkoAoUOnoe OTATIOTIKR OVAAUGCH TWV

LETPHOEWV.
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2.14 Itoxevpévn petalladyéveon (Site-directed mutagenesis) o€ MAaGuiSLO pe TO
aypilou-tumnou gars kot ékppaon twv petaAlagewv C201R, G240R kal G526R o€
zebrafish éuppua.

2.14.1 Ztoxsuuévn ustaAdaéiyéveon

OMAOKANpo TO mAaiolo avayvwong tou zebrafish gars kAwvomouOnke oe éva
pBluescriptR mAaouidlo, pe TG KAAOIKEG PeBOSOUC KAWVOTOINoNG. TN CUVEXELD, UE
™ Xprion €18ka oxedlaopévwy ekkivntwy (Mivakag 11) mou dp€pouv TV emBupunti
UETAANQEN, TIPAYLATOTIOOAUE OTOXEVUOUEVN MeTaAlalyéveon. MNa t Sdadikaoia
xpnowomnow}Bnke to QuikChange site-directed mutagenesis kit (Agilent
Technologies, catalog#200518) cUpdpwva e TIG 06NYieC TOU KOTOOKEVAOTH. YOTEPQ,
akoAoUBNnoe N aAAnAoUXLoN TWV PETAANAYUEVWY TAACULSIWY yLa VoL aviXVEUCOUUE
av €xouv eloayBel ot tpelg petaAlaéels oto mAaiolo avayvwong tou zebrafish gars
(C236R oto zebrafish avtiotolyet otn C201R, G319R oto zebrafish avtiotowel otn
G240R and G605R oto zebrafish avtiotolxet otn G526R). TEAog, Ye tn XPron Tou a
MEGAscript® T7 Transcription Kit (Ambion, catalogtAM1333) petaypadope in vitro
To petalaypéva gars mRNA kot to ekdppacape ota EuPpua oe UPNAEC
ouyKevtpwoelg (330pg ya T C236R kat G319 kat ota 250pg ywa tnv G605R). H

€kppaon twv MRNAs €ylve pe pKpoevEDeLC o€ EuPpua oto otadlo tou evog i dvo

KUTTAPWV.

EKKwNTAG AAAnAouyia (5’-3’)

C236R —FW GGATGTCAAGAACGGAGAGCGTTTTCGTGCAGACCACCTTC
C236R —REV GAAGGTGGTCTGCACGAAAACGCTCTCCGTTCTTGACATCC

G319-FW GCCTGGAGGCAACATGCAACGCTATTTAAGGCCAGAAACC

G319-REV GGTTTCTGGCCTTAAATAGCGTTGCATGTTGCCTCCAGGC

G605R-FW TGTGATCGAACCCTCTTTCCGTATCGGGAGGATCATGTAC

G605R-REV GTACATGATCCTCCCGATACGGAAAGAGGGTTCGATCACA

Nivakag 11. EKKWNTEG OV Xpnotdomnowfnkav yia thv ewoaywyn twv C236R, G319R kat G605R
puetaAAd&ewv oto MAaiclo avdayvwong Tou gars.
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2.14.2 MikpoevEéoelg o€ EuBpua

Ol ULKpOEVEDELG TpaypaTomnoBnkav og éuPfpua oto otddlo Tou evog 1 Suo
KUTTOPWV amod SLaoTOUPWOELS €TEPOlUYWV $266 Paplwv. O eVECLUOG OYKOG 0€ KAOE
€UBpuo Ntav 4,6nl. Ta €uBpua TPOC HLKPOEVEDN €YXEOVTAL OTO OTASLO TOU €VOG
KUTTAPOU ME TAQOTIK Twéta Pasteur o€ Aemtd ‘auAdkia’ ota KatdAAnAa
Sltapopdwpéva kahourua ayoapolng mukvotntag 2% (Ewova 29A). Ta €ufpua
KaBoAn tn Odudpkela ¢ Sadikaociag mapapévouv oe Bpemtikd péco E3. H
Stadikacia eivat n €€ng: To TpuPAio TtomobBeteital oto OTEPEOOKOTMLIO, SUMAA OTO
OTIOLO UTTAPXEL LNXAVIKO CUCTNUA UKPOEVECEWVY. To punxavnua Slabtel EuPoro ue
QUTOLOTO TIPOPUBOULOUEVO UNXOVLOUO TIOU OMEAEUDEPWVEL GUYKEKPLUEVN OYKO. XTn
€uBoAo tou pnxavnuatog tornobeteital yuaAwvn munmétra Pasteur (tnv omola yivetat
n ¢optwon twv mRNAs. Me tnv kaBodrynon Tou otepeooKomiov oe peyéBuvon 35x
npowBeital n BeAdva LEXPL TO KEVTPO TNG AekiBou akplBwg Katw amd o {wikd OAo
tou {uyotoUl (Etkova 29B). Itn cuvéxela n BeAova amopakpUVETOL amo To €UPpuo
Kal TpowOeital oto emouevo €UPpuo petakvwvtag to TpuPAio. H emloyn twv
KATAAANAQ eveBévtwv euBplwv €ylve OTIC 3 WPEC UETA TNV ULIKPOEVECH OTO
OTEPEOCKOTILO HUE TNV TAPOUCLA XOPAKTNPLOTIKOU KOKKLVOU XPpWHATOG oTn AékiBo
(AMyw tNC XpwoTKNCG ouoiac-paptupa). EpPpua pn evebévta amd tTic idleg

Slaotaupwoelg kpatnOnkav wg delypa eAéyxou.

A

Ewkova 29. Mikpoevéoel os £uppua €vog kat SUo Kuttdpwv. (A). Awadikacia Snuoupylog
KOAOUTILWV ayapolng. Ixnuotilovtal to auldkio mou TtomoBetouvtal péoca ta £ufpua. (B).
TomoBétnon twv eufplwyv ota aUAdkla ayopolng (mavw) Kol PIKPOeVESELS e pia Tuméta Pasteur
KATW armo tov {wiko Tolo (Katw).
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2.15 In situ uBpldomoinon

Mpayuatomowjoape in situ uPBpldomoinon oe oAokAnpa €ufpua yla TOV
EVTOTILOMO TOU TPOTUTIOU €KGPAONC TWV YOVISiwv Xpnolpomolwvtag Kwdkoug Kot
avtikwdikoug RNA tyvnBéteg onpacouévoug pe Styollyevivn. Katd tn peAETn TnG s266
YEVETIKNG OELPAC XPNOoLUomoliOnke xvnBETNC yla To yovidlo gars, evw otn HeEAETN
NG OElpag s457 xpnowomowdnkav xvnBeéteg ywa ta yovidia klf2a kot spaw. H

Sladikacia €xel wg e€AG:

MONITOINOIHZH

Moviuomnoinon eUBpVwWV (mou €xoupe PyaAlel amd TO XOPLO) ME 4%
napdopuaAdeiion yia 12wpeg (overnight, O/N) otoug 4°C

2 Eem\Upata pe PBS 1x o Bepuokpacia Swuatiou
2 Eemupata pe 100% MeOH

DUAaEN Twv Selypdtwy otoug -20°C

ENYAATQSH

Je BOepuokpaocia SWUATIOU KAVOUME Ta MOPOKATW EemAUpata ywa 5 Aemtd to
kaBeva:

75% MeOH & 25% PBS

50%% MeOH & 50% PBS

25% MeOH & 75% PBS

2 dopeg: 100% PBT 1x

Enwaon pe MNpwteivaon K(10mg/ ml) kot emavapovipornoinon pe 4% PFA.

Enwaon pe Npwrteivaon K oe Bepupokpacia dwuatiou ya xpovikd didotnua 5 €wg
45 Aemttwv (g€aptatal amno tnv nAwkia Twv eufplwv)

Movipornoinon twv epPplwv o€ 4% (PFA) yia 20 Aemtta
5 popéc Eembpata Twv 5 Aemtwy pe PBT 1x

XwpLopog twv epPplwv oe dadopetika 1,5 ml Eppendorf tubes avaloya pe to Tt
xvnO£tn Ba Sextolv

l1PO-YBPIAOIOIHZH
BUOon Twv euPpuwv oe 500ul preHYB+ yla 3,5 wpeg otoug 68°C
YBPIAOIOIHZH

Adaipeon ¢ neploodtepng mooodtntag preHYB+ xwpic ta €uPpua va €pBouv oe
enadn Ye Tov aépa

BUBon twv euPpuwv oe mpobeppocpévo HYB+ mou mepléxel 20-100 ng RNA
LxvnOetn

Enwaon toug 68°C O/N
AQAIPE>H TOY IXNHOETH
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Zem\upata twv 15 Aentwv otoug 68°C:
75% 2x SSCT & 25%PBT

50% 2x SSCT& 50%PBT

25% 2x SSCT & 75%PBT

2 popécg 0,2x SSCT

ZemAvpata twv 5 Aemtwv pe PBS
ANIXNEYZH

Enwaon ywa 3 wpeg o Beppokpaoia Swuatiouv pe PBT mou mepléxel avtdpaotriplo
(0,2% BSA & 2% sheep serum) (blocking solution)

Mpo-amoppodnon tou AP Fab fragment (anti-dioxigenin) oe sheep serum yla 3 wpeg
oe Beppokpaocia dwuatiov. Quyokévipnon, anoppun WAnatog kot apaiwon 1/10
o€ blocking solution

BUBwoN twv detypdatwy og 0,5ml AP Fab ot blocking solution O/N otoug 4°C
4 EemAUpata twv 25 Aemtwy pe PBS
3 EemAUpata Twy 5 AemTwy e SLAAUPA Xpwong

Katd tn Swdpketa tou 3°%° EemAUpatoc petadopd twv Sewypdtwv o 12 f 24 well-
plate.

BUBwon twv Setypdtwv oe 0,5 ml pe 200ul NBT/BC ava 10ml SidAvpa xpwong
(pAtpaplopa mpv TNV xprHon ylati dSnuoupyouvtal oKOVEC) Kal emwaocn yia 30
Aentd €wg O/N o€ okoTtadL.

Zémlupa pe PBS
KaBaplopog pe yAukepoAn

Movwuomnoinon pe 4%PFA yla va oTApAtioEL n Xpwon.

AwaAvpato
PBT :PBS & 0.1% Triton

SSCT: SSC & 0.1% Tween

preHYB+:50% formamide & 25% (20%)SSC & 0.1% Tween-20 & 0,46% citric
acid 1M

HYB+ :preHYB+ pe 5 mg/ml torula (yeast) RNA+ 50 pg/ml heparin

staining buffer:100 mM Tris pH 9.5 & 50 mM MgCI2 & 100 mM NaCl &
0.1% Tween-20 & 1 mM Levamisol (fresh)
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3. AnoteAéopata: A MEpoG

MeA€tecg T enidpaonc tng StaBaABLdIkNG PONC
TOU OLLLOTOG OTO OXNHOATIONO TWV KaPSLOKWV
BaABidwv
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3.1.1 H 5457 petaAAaypEvn YEVETIKN OELPA

Itnv nmopovoa dLatplpr) HEAETAONKE N HETAANQYUEVN YEVETIKN OElpa s457, n
omnola onwg avadépOnke mponAbe amod tnv tuxaia petaAhanyéveon pe ENU (Beis et
al., 2005). Npokettal yio eTAAAaén He kapdlakd dawvotumo ([livakag 5), n omola
TipokaAel aAAayEG 0T yewMETpla TNG KapSiag Kol KANPOVOUELTAL PE UTIOAEUTOUEVO
QUTOOWULKO TPOTO. H Kapdld v KAUMTETOL WOTE VAL QTIOKTHOEL TO XOPAKTNPLOTIKO
oxnua ‘s’, pe tnv koia ota Se€ld KoL Tov KOATIO OpLOTEPA TNEG LEONC YPOUUAG. ZTa
EUBpUA HUE TN OUYKEKPLUEVN UETAANAAEN oo TIG 36 WPEG UETA TNV YOVIUOTOLNoN, N
kapSld pmopel va eudaviletal otn HEON ypaAUUn O Tooooto 31% Twv
HeTaA aypévwy eUBplwv (Ewova 47), o avtiBetn B€on amod t GuCLOAOYIK WG
TPOG TN HEON YPAUUN (situs inversus) og Tooootd 33% emi Twv HeETAAAAYUEVWY, ElTE
otn duololoyky Béon oe mocootd mepimou 36%. Ta petoaAAayuéva €pfpua
emBLwvouv PEXPL va evnAlKlwBoUV TANPwWE Kot eivatl yovipa. Avaloyog patvotumog,
00wV adopa TN CUMUETPLA TWV 0PYAVWV KoL TN BEon TOUC WG TTPOC TN MECN YPAUUN,
€xeL mopatnpnOel kaL otov AvBpwIo KAl yla AUTO €lval GNUOVTLKH N KOTOVONon Twv
UNXOVIOUWV KOl Twv atwv egudaviong tou (Capdevila et al., 2000). Mo
OUYKEKPLUEVOL OTOV AvBpwrmo mapouoialetal we ‘aomAnvia’ (6e€Ag LoouepLOPOG),
moAuoTAnvia (aplotepOC LOOUEPLOUOG) Kat ‘deflokapbia pe avtiBetn B£on kot Twv
uTtoAoimwV opydavwy cav elkova KaBpedtn wg mpog tn HEon ypauun’ (situs inversus)
(Etkova 30). Xuvenwg, ta s457 petoAaypéva amotedolv €va omoudaio {wiko
HOVIEAO yla NG emibpaong aluoduVOpKwY OUVAPEWV KoL TNG KapSLaKAG

Aewtoupylog otn popdoyeveon Twv Kapdlokwv BaABidwv.

Mflmm

=

i

t;‘x

g

Right Atrial L&fl.' Mr‘ral
Isomerism Isomerism

Situs Solitus Syndrome Syndrome Situs Inversus

(55) (RAI) (LAI) (sl)

Ewkova 30. Acuppetpio otAaxvwv Ko KapSLag otov avlpwrto. ZUvSpopo acmAnviag,
noAuonAnviag kat dg§lokapdiag (Mnyn: Capdevila et al., 2000).
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H petaAlaén tomobetnBnke oto xpwuoowua 5 (LG- linkage group: 5) pe tn
uéEBodo 1Ng xaptoypadnong Ttou yovibwwpato¢, ota 83,1cM kovid otov
TIOAUMOP®LKO yla TNV UETAANAAEN pdptupa z4299. ITn CUVEXELM N aveUPECH TOU
okpLBoUC onueiou TNG LETAAAOENG OTO CUYKEKPLUEVO XPWHUOOWHO EYLVE UE TN XPHON
TIOAUMOPOLKWY Ylot TNV CUYKEKPLUEVN METAMan Selktwv (microsatelite markers),
TwV onolwv T Béon MAVW OTO XPWHOOWHA YVWPLIOUUE OO TOV YEVETIKO XAPTN
MGH tou yovidwwpatog tou zebrafish. Ao toug moAupopdikolg paptupeg z4299
(83,1cM), 223276 (75cM), 223491 (66,7cM), 21454 (96cM) mou PBplokovtal Kovtd otn
pueTaAAaén kataAnfope otov z4299 pe 6 avaocuvbuaopéva £uPfpua amd ta 60
HETAANQYPEVO TTIOU PEAETHONKOV O OX€on HE Tta 8 avacuvluaopéva €uBpua oe
oUVOAO Twv 81 petaldayuévwy epBpuwv tou CU463315 (86¢cM) Seiktn (Etkova 31D).
Ano t 6€on tou Seiktn 24299 (83,1cM) otov yevetiko xaptn MGH tou zebrafish
KaBwg Kal oTov GUOLKO XAPTN TOU XPWHOOWHATOS 5 ota 70,2Mb Slamiotwvoupe otL
Bpioketal kovta oto unondlo yovidlo southpaw (spaw) to omoio Ppioketal ota
70,6Mb (Etkova 31G). NMponyoUUEVEC LEAETEC QUTOCLWTINGCNG TOU Spaw HE T Xprnon
ocupmAnpwpatikwv morpholinos €xouv 6eifel mwe n amoowwnnon tou yovidiou
Slatapdooesl tnv eykabidpuon tng 6€fldG- aplotePng aoUPUETplag TG Kapdiag,
OoAAG TwV oTAQXVIKWV opyavwy (Long et al., 2003). MNa autd to Adyo anopacicape
va oAANAOUXLOOUHE TPWTA TO OCUYKEKPLUEVO yovidlo, avaupeca o €vav oaplOuo
uroPndiwv yovidiwv tng mepLloxne.

ZUuVETWG, VOTEPA A0 OTOXEVOPEVN aAAnAouxLlon tou yovidiou spaw BpéBnke
pio onuetakn petaAdaén (Bupivn oe adevivn) oto kwdikovio évapéng, ATG, oto 5
AKpo NG VoukAeoTOIKAG aAuaoidag (Etkova 31E-F). To spaw amoteAeital anod 1263
bp kat katataxObnke otnv Nodal uno-olkoyévela, adou n apvoikr Tou akohouBia
opolalel meploootepo pe Tig Nodal mpwteiveg avapeoa otnv TGF-B unép-olkoyEvela.
Emiong, n Spaw mpwteivn mou amoteAeitat and 410 apwvoééa, meplExel dvo
opwolika potifa (NAYRCEG & PTNHAY) ta omoia eival povadilka péoa otnv
otwkoyévela Nodal. Adyw tng B€éong tn¢ petdAAaéng n dtadikaoia tng petadpaong

w757 ¢lBpua, pe omoTEAESHA TH TIAVTEAN

tou yovibiou eumodiletal ota spa
ENewdn ¢ Spaw npwteivng (Etkova 31H).
Téhog, yla vo emBefalwooupse Mwe o0 GALVOTUTIOC TIOU TIAPOTNPOULE

odelAeETALl  OTN  OUYKEKPLUEVN  UETAAAAEN  TIPOYHATOTOLCOME €va  TEOT
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CUMMANPWHATIKOTNTAG HE €vav GAAO yVwoTtO HetaAAaypévo oAAnAopopdo
spaw™%73 tou yovidiou Tou dépetl pia onpelakh petdANaén oto tpito e€vio Kat
TPOKAAEL Kol autog tuxaia mAsuplkotnta ¢ Kapdiag. Etol, pe tn Slaotavpwon
opoluywv Yaplwv yla toug Suo aAAnAdpopdoug mapatnpoU e mwe Ta EuBpua mou
npokuntouv eudavifouv tov (610 PaVOTUTIO AVAOTPAUHUEVWY Kal gUBUYPAUUWY

KapSLWwV Kal HAAloTa ota dla moocootd mou AAUBAVOULE Ao SLOCTAUPWOELS TWV

spaw* 7 hapiv (LONG 33% + 3% bUCLOAOYKEC KapSLEC, N=99/299 éuBpua).

BA "

spaw*©75457 situs inversus
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Ewova 31. Ta s457 éuBpua ¢dépouv pia onuelaky petdAAaén oto yovidio spaw tou Nodal
onuatodotikol povornatiov. (A-C). Qwtoypadieg otepeookomniov dwtog amnd spaw5457/5457 £uBpuo
oTIC 48 WPEC YETA TN yoviuomoinon pe tuxatomoinon tng Oéonc tng kapdidg. (A). H kapdid tou
euBplou €xeL avtiotpodn TNG ducololoyikng Béon, pe Tn koo va Ppioketal de€ld NG péong
YPOUUAC. (B). H kapdid tou guPplou Sev €xel Kavel tnv Se€lootpodn kauPn kat 6Aol oL Balapot
Bplokovtal evBuypapuiopévol otn péon ypauun. (C). H kapdia tou petaAlayuévou euppuou
Bploketal otn duclooyikr BEon wg mpog tn TMAeUpLKOTNTA OTN Kéon ypauun. (D). H petdAAagn mou
dépouv ta s457 pPpua £xeL xoptoypadnOei oto xpwpodowHa 5, avapeoa anod toug deikteg z4299 kot
CU463315. (E-F). AAAnAoUxion evog etepdluyou Kal evog opoluyou yla th LeT@ANagn euBpuou. (G).
©¢on tou unoPndiou yovidiou otov duCLKkO Xaptn Tou zebrafish oe oxéon pe ta undAowna yovidia
TOU XpWHOOWHATOC (0XESL0 amd Tov avakowwpévo ¢Gucolkd XAaptn otnv www.ensembl.org). (H).
ATIOSLATOKTIKO QVOCOATMOTUTIWO KATA western og MPWTEIVIKA EKYUALOUOTA QO ayplou-TUToU Kal
5paw$457/ 7 Letalaypévwv epBpiwv oTic 20 WPEC KETE TN yovipomoinon. Mapatnpolpe mwe oe
TMPWTEVIKA eKYUAlopaTa amo ouoluya petalayuéva Euppua dev eviomiletal n mpwTeivn Spaw, oe
avtiBeon e ta aypiou Tumou Euppua. H B — aktivn XpnoLomoLeiTal 6oV E0WTEPIKOC LAPTUPAG.
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3.1.2 H ékdpaon TOU Spaw HELWVETAL OTA SPa éuBpua pEow EVOG

OUTOPUOULOTIKOU |nXOVIoUOoU.

To spaw amoteAel TO MPWTO PUBOULOTIKO yovidlo Tou oxeTileTal He TNV
eykaBidpuon tng Ae€ldc- AploTEpAC ACUUUETPLOG TNE KopSLAg, Tou gykedAAoU Kal
TWV OTAQXVIKWVY OpYAVWVY OTov opyaviopo (Long et al., 2003, Bakkers et al., 2008)
To yovidlo ekdppaletal apxlkd apdotepOMAeUpa OTO MAPAEOVIKO HUECOSEPUA OTO
oupaio BAaoto (tailbud) amod to otadio twv 4-6 cwutwv (Etkova 32B-D). Yotepa,
apxilel va ekppaletal oto onicblo aplotepd mAAyo Kopudtt pecodépuatog (LPM)
Kal otadlakd n €kdppacn Tou avePaivel mpo¢ TN TNPOCOA TEPLOX TOU
OVOTTTUOOOUEVOU EUPpUou. 2To otddlo Twv 20-23 CwHLTWY tapatnpeital ékdpaon
oto kapblakod medio, evw dev umapxel EkPpacr) Tou oto KeDAAL oTo SleykEPaAo

w77 EiBpua N apxiky apdotepdreupn ékdpacn oto

(Etkova 32A). zta spa
oupaio BAaotd undpxet (Eikova 32D). MapoAo OUTA, OTO UETEMELTO OVATTTUELOKA
otadla 6ev ekdppaletal aplotepd tou LPM (Ewkova 32C). MBavwg, Adyw TtNng
aduvapuiag évapéng tng petadpaong ota HeTaAAaypéva EUBpua va evepyomoleital
EVOG OUTO-pUBULOTIKOC HUNXAVIOUOG TNG €kdpaong Tou yovidiou Kkal va Tn

KOTOLOTENAEL.

A

wild-type
C

spaws457/545

Ewkova 32. ‘Ekdppacn tou yovidiou spaw oto otddio tTwv 20 cwptwv. (A-B). Ekdpacn tou yovidiou
oe éuPpua aypiou-tumou. To yovidlo ekdpadletal aplotepd oto LPM (A, BEAog) kat adpotepomAeupa
oto oupaio BAacto (B, BEAN). (C-D). 2ta petolhayuéva éuppua umdapyel ékbpacn Tou yovidiou oto
oupaio akpo (D), avtiBEtwc to yovidio Sev ekdppdletal aplotepd tou LPM (C).
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3.1.3 H yewpetpia ™G Kapdlag dev emnpedlel tn OUCTOALKN A£lToupyia OTLG

spaw***7/**7 gxkohamtopeveg MPovUppEC.

Mo vo SLOMLOTWOOUHE v N TAEUPLKOTNTA TNG KAPSLAG TwV UETAAAQYUEVWY
Paplwv €XEL oNUAVTIKA EMiMTwon otnv Asttoupyia tng Kapdldg, umoloyloope To
kAaoua Bpaxuvong (Fractional Shortening, meplypadetal avalutikd oto Kepaialo
YAlka kat MéBobol) kalL tn Kapdlakn ouxvotnta. AmoTwONnKkeE TwWC OTIC
HeTaAaypEVEG TIpoVUUDEG (KAl OTOUG TPElS dalvoTUmoug) to KAAoua Bpaxuvong
mapépeve o ¢uololoyka enineda (Etkova 33l). MapdAAnAa, HETPROAUE TN
ouxvotnta tou Kapdlakou maAuou (beats per minutes, bpm) ot 72 wpeg kat 7
NUEPEG UETA TN Yovipomoinon Kat Sev BpAKopE ONUOVTIKEG aAAayEG oTo KapdLako
PUBUO TwV petaAAaypévwy Yaplwv (Etkova 33J-K). ZUVETIWG, CUUTTEPALVOULE WG N

TIAEUPLKOTNTA TNG KaPSLAGg dev emnpedlel TNV OUCTOALKA ALToupyia TNG.

T Fractional Shortening in 75 hpf larvae Heart Rate in 72 hpf larvae K Heart Rate in 7dpf larvae
2 ] wild-ype (-] wﬂd-fwe 3 widtype
. myh6 siblings Lt B o midine § 19 B o' midine
. myhs” | spaw " situs I spon situs

>

[ spaw looped
BB spaw” midiine
3 spaw” situs inversus

inversus

2

=
2

Fractional Shortening %
o

beats per minute (bpm)
8

Deats per minute (OPMJ

0
Ewkéva 33. H cuotoAikr) Asttoupyia tng Kopdiag otig spaw pataMavp.svsc EKKOAQITTOUEVES
npovupudeg. (A-H). AfPelc anod Bivteo og o0tepeookdOIo GWTOG O ayplou-TUTIOU Kall LETOAAAYUEVES
npovUudeC 75 wpPeC LETA TN yovipomoinon. H yewuetpia tng kapdlag ev emnpedlel Tn cUOTOALKA
Aettoupyta tng. (1). Nocotikomoinon Tou KAACUATOG BPAXUVONG OTLG ayplou-TUTOU Kal LETAANQYUEVEG
nipovOudec. (J). Moootikomoinon TG KapSLaKAG cuXVOTNTAG OTLG ayplou-TUTIOU KOl UETOAAQYUEVES
TpovUUDEG OTIC 72 WPEC UETA T yoviuomoinon. (K). Moootikomoinon tng KapSLOKAG cuxvoTnTag
oTLG ayplou-TUTOU Kol LETAANQYEVEG TIPOVUUPEG OTLG 72 WPEG LETA TN YOVLUOMOoinon.

$457/5457
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3.1.4 H koAnokotAtakn BaABida avantiooetal GuoLOAOyLKA OTa MPpWTA oTadla

avantuéng.

N'Vwpilovtag ot n kapdld elval To MPWTO OPyavo TOU OXNHATI(eTOal Kal
Aewtoupyel kata tnv avamtuén tou zebrafish kat cuvexilel va popdomoleital kabwg
€XEL €eKLVNOEL N Aeltoupyla TNG, YEYOVOC MOV Ttapatnpeital va cuppaivel kal otov
avBpwrmo otnv euPpuikn nAkia, €ixe evoladpépov va SLAMIOTWOOUUE TIG AAAAYEG
TIoU TIPOKOAEL N avwpoAila otnv avatoulky 6€on TG KApSLAG OTOV OXNUATIOMO TNG
KOATIoKOWLaKkAG BaABidac. MNa va HEAETOOUUE KATA OO0 EMNPEALETAL N AVATITUEN
NG KoATtoKoLakn g BaABidag, xpnotponoloape Tig Stayovidlakeg oelpeg Tg(7xTCF-
Xla.Siam:nsICherry)®, Tg(kdrl:EGFP)®*® kaw Tg(myl!7:EGFP)™"** nou exdpdlovtat ota
Heocgyupatika kottapa tng BaABidag, oto evdobnAo tou evbokapdiou Kal otnv

ehadpla aAvoida tng puooivng avtiotolya. AvaAluon ¢wtoypadLwv amd CUVESTLAKO

Ws45 7/s457

HULKpOOKOTIIO €6el€e  OTL OTIC METAANQYUEVEC Spa npovoudec Ta

evbokapdlakad KUTtapa Tmou Pplokovial OTo KOATIOKOWALOKO KOVAAL OTTOKTOUV
duololoyka KuPBoeldeg oxnua kot ekppalouv To HOPLO IPOCoKOAANonG Dm-grasp,

miou amnoteAel tov mpwto deiktn Stadopomnoinong BaABidwyv (Etkova 34B-C’).

Ewkéva 34. ®Duololoyiky avamtuén twv
koArokothakdv BaABidwv otig spaw™* /47
npovUudeG. (A-C). QOwtoypadieg
OUVECTLOKOU HIKpOOKOTiou UoTepa  armo
QvVOCOlOTOXNMIK  Xpwon  evavtiov Tou
popiou mpookoAnong Dm-grasp (umAe) o€
aylou-tomou  kat  spaw**”**7 mpovopdec
OTIG 6 NUEPEG WETA TN yovidomoinon. Me
npacwvo eival Ta KuTTapa tou gvdokapdiou
Tg(kdrl:EGFP)*®*” kai pe KkOkkwo ta TOTIOU
LECEYXUUATIKA KUTTOpa TwV PBaABLdikwv
‘ EMAPUATWV Tg(7xTCF-X/a.Siam.'ns/Cherry)fa5.
‘ - MapatnpRoape MWE TOOO OTLG TPOVUUDEG UE
guBuypauun kapdia (B-B’), 600 KaL 0 AUTEC
midline 6 dpf pe avdotpodeg kapbiég (C-C’) ta kuTTopa
tou evbokapbiou €xouv TO PUGCLOAOYLKO
KuBoelbeg oxnua Kal ekdpalouv To HOPLO
TpookOAAnonG Dm-grasp (BEAN).

X

AV %

situs inversus 6 dpf
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MNapdAAnAa, petprioape ta TCF  TUTIOU-UECEYXUMATIKA KUTTOPA TWV
EMapUdTwy TNC KoAmokoakAc PBaABiSac oe ayplou-timou kat spaw'*75*7
TIPOVUUDEG OTIC 4 KAl 6 NUEPEC UETA TN yovipomoinon. Napatnproape nmwg dev
UTINPXOV ONUAVTIKEG OlopopéCc otov aplBpud twv TCF-B€TKwV KUTTAPWY OTLC
€UBVUYPAUUEG KAl avAoTpodeC KAPSLEG O oxEan ME TNG PUCLOAOYIKEG (Etkova 35A-
B). Zupmepailvoupe AOUTOV MWE KOTA TWV OXNUATIONO TwV KOPSLOKWY EMAPUATWY

OTIG METAANQYUEVEG TIPOVUUDEG YIVETAL O METACKNUOTIOUOG TwV EMONALOKWV

KUTTAPWV O€ LECEYXUHATIKA (EMT).

A AV valve TCF:cherry* cells in 96 hpf larvae B AV valve tcf:cherry+ cells in 6dpf larvae
30 [ wild- 50 5
— i w,pe 3 wild-type
— spaw”” midline -
40 == (]
20 I spav’ situs Spaw™" midline

number of AV valve
TCF:cherry* cells

o

inversus

w
o

»N
o

W spaw” situs inversus

number of Av valve
tef:cherry+ cells

-
o

>

%

wild-type 6 6dpf spaws375457 midline 6dpf

spaw*>75%7 Jooped

spaw- situs inversus spaw”- looped spaw”- s.inversus

y . i . ; . 457/s457
Ewkova 35. Ta KOATtoKotAlaKd KopSlakd endppata avantucooviat GuctoAoyikd ot spaw’ /s

npovoudes. (A). Moootornoinon twv TCF' kuTtdpwy ota evSoKapSLOKE EMAPUATO OTIC 96 WPEC
HETA TN yovipomoinon. (B). Mocotikomnoinon Twv TCF KUTTApWY 0To EVEOKAPSLOKA EMAPUATA OTLC 6
NUEPEC LETA TN yovipomoinon. (C-J). Elkoveg amod ouveoTlako pikpookorio (confocal) og kapSLEg amo
spaw5457/ 7 1povUPdEC OTIC 4 KO 6 NUEPEC LETA TN YOVLHOTIOiNoN. Tal EVEOKAPELAKE EMAPHOTO OTLC
guBuypappec kapdieg (D-H) daivetal va mapouctdlouv HIkpEG Sladopeg oTnV avamtuén toug, oE
oxéon e tig puclohoyikeg kapdLeg (C-G, F-J) kat Tig avaotpodeg (E-1). Ol BaABideg oTo KOATTOKOIALOKO
KOVOAL TWV peToANaypEVWY ekDpAlouv TO HOPLOo TPOoKOAANONG Dm-grasp (BEAN, WITAE) Kal €xouv
apxioet v Sladkacia  peTacxnuatiopol  EMT. ‘Exouv  xpnoldomolnBel to  Tg(7xTCF-
Xla.Siam:nlsmCherry)® mou pac Seixvel oto 5tadopomolnpévo KOAoKOMakd KavéAl ta TUmou-
HECEYXUHATIKE KOTTapa, Tg(myl7:EGFP)™** yia ametkévion tne ehadpldc aAuoidag te puoaoivng tou
KOATIOU Kal TNG Koilag kal xpnotpomnotdnke to avtiowpa zn8::Alexa-633 Tnv amelkovion Tou popiou
pookOAANonG Dm-grasp. Topég ayapdlng maxoug 150um. KAipakao: 25um.
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3.1.5 H mAeupkotnta tng kapdiag kabopiletal ave§aptnta anod tnv MAEUPLIKOTNTA

TWV UNTOAOLITWYV 0PYAVWV.

To spaw &ekto¢ NG Kapdiag kabopilel Kal TN TAEUPLKN OLOUMUETPEL TWV
OTAQXVIKWV opyavwyv. To MEMTKO cvotnua Tou zebrafish amoteleital anod éva
OpenTIKO KavaAl mou ouvééstal pe 3 Opyava: TO NTAP, TO TAYKPEACG KoL TNV
XoAndoxo «kvotn. [ponyouueveg, peAéteg oto zebrafish mepléypadav tnv
pHopdoyeEveon kat tn ductoloyikn kappn tou evéodépuartog (Westerfield et al.,
1995) .

To AMap AvaMTUCOETAL OO HLa TIPOEKBOAN TOU AVWw EVIEPOU Kl AMOTEAE(TAL
KUPLWC amd NmaTtoKUTTAPO Ta Omola €MITEAOUV TIG TIEPLOCOTEPEC AELTOUPYLEG TOU
OMWG N Topoaywyn TG XOAng, n amotofivwon Tou aipatog kol n mapaywyn
ONUAVTLKWY YLO TO TTAACHO TIPWTEIVWV. APXIKA, OTIC 24 WPEC PETA TN yovIomoinon,
npodpopa nratokUTTOpa evtomilovtal OtnV KOWLaKA EMLPAVEL TOU EVIEPOU.
MeAéteg avédel€av TNV avaykalotnta Tou OutAavol HPECOSEPUATOC ylo TNV
Sladpopormoinon Kal cuvtpnon Twv nroatokuttapwy. (Gauldi et al.,, 1996). Eniong,
HEAN twv FGFs (Jung et al., 1999) kat twv BMPs (Rossi et al., 2001) mailouv
ONUAVTIKO pOAO 0 AUTEG TIC AAANAETIOPAOELC. 2T 30 WPEG O EVIEPIKOG CWANRVAC
UTIOKELVTAL O€ pla aplotepootpodn kaun, otnv mMEPLOXN TWV NITOTOKUTIAPWYV, KOL N
avénon oto péyeboc Toug kavouv To Arap va daivetal mAéov w¢ Eexwploth doun.
Emetta apyilel 0 oxNUATIONOG VOG QUAAKLOU QVAUECO OTNV OVWTEPN TMAEUPA TOU
ATIOTOC KOl OTOV 0l00hAYy0 Kol TEAKA OTIC 50 WPEG £XEL OXNMOTIOTEL O NTTATIKOG
OYyWYyOC OVOUECO OTO AMOP KOL OTOV EVIEPIKO OwAnva. Tov oXNUATIONO auTO
akoAouBel n ddaon avamtuéng Tou EVIEPOU KaL OTLE 96 WPEC N avénon Tou PeyEBoug
ToU 0dnyel oTNV EMEKTACN TOU OTNV OpLOTEPN MAEUPA TOU EUPPUOU KATA UKOC TNG
KOWLAKAG LEONC YPAUUAG W Tov olcodayo (Field et al., 2003).

To naykpeag anoteAsital ano Svo StadopeTikoug MANBUCUOUE KUTTAPWYV OL
oToloL HETAVAOTEVOUV a0 SLODOPETIKEG TIEPLOXEC KL EVWVOVTAL 52 WPEG UETA TN
yoviuormoinon. It 32 wpeg UETA TN yovipormoinon n oniobla cuotada KUTTApwv
eudaviletal oto PHECO TOU EVIEPIKOU CWANVA €VW N MPOoBLa cuoTAdO KUTTAPWVY
gudpaviletal miow amo To AVATTUGOOUEVO €vtepo otic 40 wpec. Emelta n mpoodia

ouoTada KUTTapwv apxilel va avamtuooeTal Kot oTLG 44 WPEG LETA TN yoviomoinon
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EpXetaL oe emadr He tov omicBlo MANBUOUO KuTTApwv. ITG 52 wpeg ot dvo
ouvotadeg ocuyxwvevovtal kot divouv yévvnon oto maykpeag. O davw mAnBuouog
KUTTAPWV QVONMTUOOEL HOVO €EWKPLVN LOTO KAl OTo onpeilo NG évwong HE Tov
EVTIEPIKO OowAnva SnULOUPYEL TOV TAYKPEATIKO aywyo, evw o Miow mMAnBuoudg
KUTTAPWV TeEAKA Sladopormoleital LoOvVo og evoKpLVH LOTO Kal dSnuloupyel Tn vnoida
naykpéatog (islet). TeAlkd oTIC 76 WPEG META TN YOVIHOMOLNON TO TAYKPEAS
Bploketal aplotepd Kol KATW oo TO CUKWTL Kal 1 vnoida elval MARPWG KAAUUUEVN
He e€wkpLvr LOTO 0 omoiog dnploupyel oupaia TNV MAYKPEATIKA oUpd. H vnKTKA
kOotn (swim bladder) éxeL avamtuxBel paxlaia kot OxL o AQueon emodn UE TO

naykpeog (Field et al., 2003).

Ventral P Dorsal

Ewova 36: To mentiko ovotnua tou zebrafish 52 wpeg petd t yovipomoinon. (A). Koltokn
amelkovion tng StayoviSlakng oelpag Tg(gutGFP) zebrafish. H mpaowvn ¢pBopilovoa mpwrteivn eivat
mapouca o OAa T eVEOSEPULKA Opyava OTWE Kal oTtnv evE0SePULKN EMEVOUON TNG VNKTIKAG KUOTNG.
(B). IXnUATIKA QTEIKOVION TWV TEMTIKWV 0pyAVWVY OTLG 52 wpec. L: Amap, hd: nmatikog aywyog, pd:
TIAYKPEATLKOG aywyog, P: maykpeog, ib: evteplkdg¢ auldg, oe: otoodayog, sb: vnktikn kOOTn
(Mnyn:Field et al., 2003).

SUVETIWC, XPNOLOTOWWVTAC TN Slayovidlaky oewpd  Tg(gutGFP)E*

HEAETACOUE TN TAEUPLKOTNTA TWV ONMAAXVIKWV OPYyAvVWwY OTa HETAAAAYUEVA

M/s454 7/5457

spa €uBpua os oxéon pe ekelvn otn Kapdla, yia va Sovpe av cuvdEovtal.

Ws454 7/5457

AvoAuoelg os pwrtoypadile¢ ocUVECTIAKOU HLKPOOKOTIIOU OO spa €uBpua

€delfov Mwg Kal n YEWUETPlO Twv OmMAaxvikwv opydvwv AAAale, alAa &ev
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ouVSEovTaV amapaiTtNTA PE TN MAEUPLKOTNTA TNG KApSLAG adol mpoékuav EUPpua

ue avaotpodn kapdld kot puacloroyikd evdodepua kat avtiotpoda (Etkova 37).

A wt heart wt endodemn B wtheart S.|endodenmn C wt heart ‘midline enodems

Fl

L

B midl";e heatt S.| endodemE midline heart wt endodem F  S.lheart wt endodemn

H_A P P

Ewkova 37: H kaudn tou ev808£pHATOG TUXOLOTIOLEITOL OTOL spaws"s"/ “7¢uBpua. dwroypadie anod

GUVEOTLOKOU ULKPOOKOTTOU amo SpGWS4547/S45 "¢uBpua oT2 52 Wpec PeTd T yoviporoinon. (A-F). Ta

OTAOXVLKG Opyava €xouv oAAayuévn YewRETPla ota petalhaypéva Euppua [mpdotvo: Tg(gutGFP)]. L:
Amap, P:maykpeag.

wi57/5457

3.1.6 H kapdia twv evAAikwv spa Yaplwv mapouotdlel Tuxatotnta we

TPOG TN MAEUPLKOTNTA TNG.

Onwg avadépbnke kol mapanmdvw, Tto 457 petoaAlaypéva EuBpua
ovamntuooovtal GUCLOAOYIKA Kol yivovtal evAALlKa Kal yovipo. Asv mapouotaletal
Swatapayn otnv kKukAodopia tou aipatog, eite peiwon NG pong n otdon Kat
Alpvaoua Tou alpatog o Kamola KoAotnta. Asv mapatnpeital emiong nepitkapdlako
olbnua, oute ocuotaAtikry duoAettoupyia TNG Kapdlag. Alavoiyovtag s457 sviAka
pHeTaAAaypéva Papla pPe okomo va Slepeuvrooupe ) B€on ¢ Kapdlag wg mpog TN
HEON YPOUUN, SlamoTwoape OTL auTr BpLokoTav otn HEON YPAULN ota PapLa mou
elyav Saywplotel wg €uPpua dpépovta tnv kapdld otn péon ypapuun. H koia
gUPavIlETAL KATW OO TOV TMEPLKAPSLOKO A0KO Kol 0 KOATIOC OmLoBev auTr Kal oxL
oTa OPLOTEPA AUTNG OMwE eival ota duacloAoyikd (Etkova 38A). Zta éufpua mou
eixav SlakplBel wg Ppépovra tnVv Kapdila oe BEan avtiBetn g PuUCLOAOYIKNC, HUE TOV
KOATIO ota S€€LA Kal TNV Koo oTa apLoTEPA TNG LEONC YPOUUNAG OTLC 48 WPEC UETA
TNV yovidormnoinon, kot ta eviAltka ¢Epouv TNV Kapdld etepomAelpws (Etkova 38B).

OL 1a0TAOELG KAl TO OXAMO TNEG KAPSLAG KAl CUYKEKPLUEVO TNE KOG TwV EVAAIKWV
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spaw dgev daivetal va epdavilouv OnNUOVTIKEG OTATIOTIKEG SLadOopEC 0 OXEDN UE TIG

duololoyikeg (Etkova 38G).

7/s457

Situs inversus i

G 0.08
€ ool I 3 wild-type
£ B spsw” midine
a
0.02+
s
0.00

$5457/s457

Ewkova 38 Ofon tng Kapdidg ota evAAlka spaw Yapla. (A kat D) Kapdldg amd svAliko
$457/s457

spaw zebrafish rou £xeL ducloloyikn tn B€on ¢ KapdLAC wg Tpog TN Héon ypapun. (B kat E).
$457/5457 7 ebrafish ou £XeL avaotpodn tn B€on NG KAPSLAC WG TIPOG TN

Kapdldg amnd eviAiko spaw
péon ypapun. (C kot F). Kapdilag and eviAiko SpGWS457/S457 zebrafish mou £xeL t 6£on ™G KapdLag
twu34

€UBOUYpPAUULOHEVN UE TN PEon ypappn A: KOATIOG, V: KolAla, pacotvo, puokapdio: Tg(myl7:EGFP)

3.1.7 H koAmokolhiakr) BoaABida twv spaw sevAAikwv zebrafish nmapapével
StyAwxvn 1 TpLyAwxivn

N'Vwpilovtag otL n kapdld eival to MPWTO Opyovo TOU OXNMOTIlETOL Kot
Aewtoupyel kata tnv avamtuén tou zebrafish kot cuvexilel va popdomoleital Kabwg
€xeL €KV OEL N AelToupyla TNG, YEYOVOC TOU Ttapatnpeital va cupBaivel kal otov
avBpwro otnv guPpulkn nAikia, gixe evéladpépov va SLOMIOTWOOUUE TG aANYEG

TIoU TPOKAAEL N avwpoAia otnv avatopkny 0€on ¢ Kapdldg Kat mbavwg tng
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QULUATIKAG PONG KAl TIECNG TWV TOWHATWY OTOV OXNUATIOUO TNG KOATTOKOWALOKNG
BaABidac. H popdoyéveon tTwv kapdlakwv yAwxivwyv yxapaktnpiletal and kamola
Slokpltd otadia. MNePLYpOpPOTIKA, OTA ApXWKA OTAdlo avamtuéng €XOUUE TO
OXNUOTIOUO TWV EVOOKAPSIOKWY EMAPUATWY, OTIOU N TIAXUVON TNG KOATIOKOWALOKNG
BaABidag apyilel va ppdooel Tov aUAO TOU KOATIOKOWALOKOU KavaAlol, epmodilovtag
NV MaAwdpouncn tou aipatog (Scherz et al.,, 2008). Itn ouvéxela pe dladopeg
HETATPOTEG EXOUUE TOV OXNUATIOMO TwV €VOOKAPSIOKWY EMOPUATWY O YAWXIVEC
¢ kopdiakng PalBidag. Mo ouykekpluéva, ta OSUO emdppata Eekwvouv
HOoPdOAOYLKEG avadlatatelg mou odnyouv, 6 HUEPEC UETA TN YOVLUOTOinon otn
Snuoupyia Twv SU0 MPWIHWY KOATIOKOWALOKWY YAWXLVWY, OL OTOLEC amoteAouvTal
a6 Suo SLAKPLTEC KUTTAPLKEC OTOLBASEG KoL EVWVOVTOL TTAEUPLKA E TO KOWALOKO
Huokapblo. 'Yotepa, oTo 0TASLO TWV 6-16 NUEPWV UETA TN YOVLLOTIOLNON OL TIPWLUES
YAWYXLVEG ETILLNKUVOVTAL KOl KAUTTOVTAL TIPOG TO ECWTEPLKO TOU KOWALakoU BaAdpou,
wote va epnodilouv t maAlvdépopunon Tou atpdatog. Enetta, otig 16-28 pépeg HeTA
TN yoviuormoinon apxilel n wpipavon twv KOATIoKolakwY BaABidwv. ZUYKEKPLUEVQ,
o eTONALAKA KUTTOPA TWV YAWXLWWV UTIOKELVTAL O £va UETOOXNUATIONO OF
HECEYXNUATIKA, Ttapouolalovtag HeyaAn evanodbeon e€wKUTTAPLOU UALKOU, OTIWG TO
KOAAQYOVO. ITO OUYKEKPLUEVO OTASLO Ol YAWXIVEG AMOKTOUV ONUAVTLKO TAXOG OF
oxéon Ue ta mponyoUlueva otdadla avamtuéng (Bartman et al., 2009). Télog, oto
eVAALKO OTASL0 oL KOATOKOWAOKEG BaABidec amotelouvtal MAEOV QMO TECOEPLC
vYAwxiveg (Beis et al.,2005). Ta tov okomo autd oTo £pyaotipld pag, Slavoiyovtag
spaw eviAika Papla peAetrioape tTnv popdoAoyia Twv yYAwxivwv TNG KOATIOKOWALOKNC

BaABiSac. H koArokotakr BaABiSa daivetal ota spaw™*7/*47

eviAika Pdapla mou
£€xouv evBuypappun kapdia, OTL ATTOTUYXAVEL VO WPLUACEL KOL VO OTTOKTHOEL TEOOEPLC
vYAwxivec (Ewkova 39D). IUYKeKPLUEVO, 0 OUVOAO £ikool guBUYpappwyY evnAikwy
kapSilwv mou peAetioape eidape OtL evvéa kapdieg eixav SUo yAwxiveg kal ot
UTIOAOLTEC TPEL. MAALOTO, O QUTEC UE TPELC TIAPATNPNOAUE TIWG OL TIPOCOLEG
yYAwxiveg (mou Sladopormolovvtal Xpovikd pwteg) oxnuatilovtal GuoloAoyKd, EVw
n omiocOwa mapapével adladopomnointn o pia eviaia. NoapaAAnAa, LEAETACAUE TOGO
TG avAaotpodeg KApSLEG 000 Kal ayplou TUTOU Kal eldape WG OAEG elxav TEGOEPLS
BaABdikeég yAwyxiveg (Ewkova 39A-C). Etol, ouumepaivoups mwg n oAlayrn otn

YEwHETPLa TNG KapSLAG, apOTL SeV PoKaAeL avixveUoLeG aAAayEG otn AetTtoupyia
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Tou puokapdiou, emnpedlel ™ ¢duclohoykr avamtuén kot Siadopomoinon twv
kKapStakwv BaABidwv. [MpokUMTEL, EMOPEVWG HUial KOATIOKOWLaKN BaABida pe TpELg
yYAwyxiveg avti yla t€coeplg TG PUOLOAOYIKAG. ALAmLOTWVETAL OTL n B€0n TNC KAPSLAG
Stadpapatilouv onuavtikd poAo otnv avamtuén tou evéokapdiou Kal oTnv cwoTtn

Slapopdpwon Twv YAwyivwy tng KoArtokohtakng BaApidac.

A

. spaw ™’
wild type situs inv looping

spaw”~midline

Ewkova 39. H koAmokotAtakr BaABida ota evAhAika spaw$457/ 7 Ppépra. amoTuYXAVEL Vo wPLHACEL

Kot va yivel tepayAwywvn (A-D). Qwrtoypadieg cuveoTlakoU KUKPOOKOTIIOU UOTEPA OO XPWonN UE
darotobivn. (A). TetpayAwxwvn PaABida oe ducololoyikd eviliko zebrafish (B). TetpayAwxivn

BaABida os spaw5457/5457 evihAko situs solitus zebrafish (dpatvotunog euBpluou 6Mwe o GuCLOAOYLKOG
$457/5457

oowv adopd tnv B£on kat popdoloyia tng kapdidg). (C). TetpayAwxivn BaABida os spaw situs

inversus eviAko zebrafish, (D). AwyAwxwvn BaABida oe spaw$457/5457 pe euBUypappn Kapdld evrAko
ia5

zebrafish. Kokkwo elval Ta peceyyupatikd KUTTapa Twv YAwXwwv Tg(7xTCF-Xla.Siam:nlsmCherry)
KoL pe uimAe ta wiSta aktivng. KAlpako:25um.

3.1.8 H'maBoloywkn StaBaABLdiky por] MPOKAAEL EANTTWHATIK) KOATIOKOWALOKA

BaABida ota eviAka Yapta.

H puokapdlakn Asttoupyla eival cuvudacpévn Le TNV LOPOSUVAULKH TIOU
OVOTTTUOOETAL OO TNV PON TOU QUATOC EVIOC TWV KAPSLAKWY KOWoTATwV. Auto
aroteAel eunddlo otnv HeAETN TNG emibpaong g KABe piag mMopapETPOU XWPLOTA
otnv avantuén twv KoATokoWlakwv PBaABidbwv. Exouv yivel mpoomdBeleg oto
napeABov va anodeopeuBbolv oL SU0 AUTEG TTAPAUETPOL Elte YE eMeUBATIKO TPOTO
(Hove et al., 2003), o onoio¢ aAale tnv dopr tng KapdLag, eite POPUAKEUTIKA OTIOTE
UTNpXe emidpacn oOTNV CUCTOATIKOTNTA. XTN Tapouca HEAETN KatadEpape yla
npwtn ¢opd va HEAETOOUPE TOLO TIAPAMETPOG EMNPEALEL TIEPLOCOTEPO TNV
avamntuén Twv KoATIokolakwv BaABidwv Kat pe oo TPOTO, EKUETAANEVOUEVOL SUO
METAANOQYUEVEG YEVETLKEG OELPEG, TNV s457 Kal TNV s459 petalayuévn ogpd mou

OTTOOVWOOUE ATtO TO YOVIOLOKO EAEYXO TIOU TEPLYPAPNKE TIPONYOUHEVWC. Onwg,
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€xoupe avadépel Nén ta petalayuéva spa eudavilouv Sladopetikn

YVEWMETPlA TNG Kapdlag. MapoAa autd, Katd tnv avamtuén toug dev daivetal va
napouolalouvv avwuaAleg otnv avantuén tou puokapdiou (puctoloyikd KAdoua
Bpdyxuvong — Fractional Shortening), twv koAmoko\takwv BaABidwv (popdoloyia,
B€on, aplOuoG Kal mapouasia KUTTApWY), TNG KAPSLOKAG CUXVOTNTOG KAl GUOTOALKNG
Asttoupylag kat OAa ta petaAlaypéva EuPpua emilolv HEXPL TNV evnAkiwon.
AvTIO€TwG, mapatnprioape OtL umapxel pio ditadopomoinon kol avwpoAio otov

OXNUOTIOUO TWV YAWXLVWV Katd TNV popdormoinon tng KoArmokotakng BaABidag ota

W157/5457

eviAlKa spa Papla mou pépouv euBLYpappn Kapdld, evw dev mapatnpeitat

ota umolouta petal\ayuéva (situs inversus, situs solitus). YnoBéoapue Aoutodv ot
KATIOLOC TtapAyovtag o€ mponyoUpeva otadla avantuéng ditadopomoleital wote va

€XOUME OUTOV TOV OLVOTUTIO OTA €VAALKO. JUVETWG, MEAETACAUE KAl OTA

Vvs45 7/s457

spa pHeTaAAaypéva Papla To mPoTumo TG StoBaABLdikig pong Tou aipatog.

ALTLOTWOAE OTL 0TO OTASLO0 TwV 75 WPV AVATTTUENC UTApXE ota spaw'* 7547

€UBpua pe euBLUYpappn KapdLd peyain avénon tng LETPOUUEVNC OAlvEpouUNG pONG
Sla péoou NG KoAmokoAlakAG BaABidag kol onUavTiky eAATTWON TNG UNOEVIKAG
pong Sla LEooU aUTAG o€ oXEon UE TIG GUCLOAOYIKEG avTioTolya poEG (Etkova40A).
Juumnepaivoupe Aowmov nmwg n oAlayr otn yewpetpia tng kopdiag mpokalel Katl

oAAayr oTNV AloSUVOHLKE EVTOC TWV KOWAOTATWV TNG.

A Transvalvular flow fractions in T5hpf larvae Ewkéva 40. Amewoévion Tng
100 B v fraction% SLaBaABLOIKAG pONG o aypiou

0 B rev fraction: tonou (wild-type) Ko
) s457/s457 .

ok Bl null fraction% spaw éuBpuva 75 wpwv

META Tt Yyovipomoinon. (A).

ok Moootikomoinon Tou KAAoUATOG

avadpoung pong oto

KOATIOKOIALOKO KOVOAL  TwvV

ey R mew euBplwv. Mapatnproape TWG
B Inversus OTIG €UBUYpAUUEC KAPSIEC TO
kKAdopo avadpoung pong  tou

= ) o _ aipartog nrov ONUOVTLKA
P auénuévo oe Oxéon HE TG
avaotpodeg Kal PpUOLOAOYLKEG
KopSLEC. (B). IXNHOTIKN
spaw” situs inversus QIELKOVLON Tou TPOTUTIOU

ISR T i o o o

(umAe: eumpooBla por), KOKKLVO:

AY valve %)
- -]
L= L=

Bisod flew fractiens throwgh
1)
=]

]
wild-Type

wild-type

+ - o

ipow’ |ooped

avadpoun pon, mpAcLvo:
N N . s oo
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Katd cuvénela, peletnoape tnv €kppacn tou taceosuaiocbntou yovidiou otnv
Tieplox tou KoAmokowlakoU kavaAwou, to Kruppel-like factor 2a (klf2a). Mg tnv
Slevépyela in situ uBpldomoinon ywa To kif2a yovidlo eldape nwg n ékdpaocn Tou

yovidiou umdpxel otn kohmokoakr BoABisa twv spaw**57

HETAAAQYUEVWV
EUBPLUWV KOl TIWE UTHPXE MLat avodikr TAon otn ékdpoon Tou OTLG EVBUYPAUUES
KapdLEC (Etkova 41B). MNapola auta Sev kabiotatatl Sduvatd n MOcoTIKomoinon TG

€kppaong Tou yovidiou oTig KapSLEG AOyw SUCKOALWVY OTN TEXVLKA.

MapdAAnAa, 0TO €pYaOTHPLO LaG LEAETANONKE piat GAAN YEVETIKN O€lpd n s459. Ta
puetaAaypéva s459 dépouv éva mpwipo Kwdkovio AnEng oto yovidlo tg Baplag
oAUOOU TNG HUOOCIVNG TOU KOATOU, n omoila amalteital yia TV opyavwon twv
HUOVLSIWV KaL TNV cUaTOAN Tou KOATILKkoU puokapdiou, (myh6 n amhc:atrial myosin
heavy chain) kal epdavilouv acucTtoAia Tou KOATOU Pe T SldTaon TOU Kal TNV
amokOAANon tou evéokapdiou amd To HUOKAPSLO KoL LELWHEVN KOWALOKN GUOTOALKN

654949 \otepa amd mapakévinon Tou

Aettoupyia (Kalogirou et al.,, 2014). Ta myh
TeEPLKOPSLAKOU OLBAUATOC TIOU OVATITUGO0UV, KATADEPVOUV VA LEYOAWCOUV UEXPL
™V evnAlkiwon. Zta evAika petalayupéva Ppapla n kapdlakr BaABida mapapével
StyAwxwn. H amhc otov avBpwmo ekppaletal HOVO OTO KOATIKO HUOKAPSLO Kol
nailet onuavtikd poAlo otnv avamtuén Tou HECOKOATKOU  Sladpdypatod.
MetaAagelg otnv  apvoflky akoAouBia TG amhc TPOKOAOUV HECOKOATILKN
ermukowwvia (Ching et al.,, 2005), uneptpodikn kal Slatatik puokapdlomabela

(Granados-Riveron et al, 2010) kot amd mnpoodateg UEAETEC KoL OUVOPOUO

vooouvtog pAsBokopBou (Carniel et al., 2005).
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Ewova 41. Ekdpaon tou kif2a oe £ufpua 55 wpwv META TNV yovipomnoinon. (A). Aypiou-tumou
' $457/5457 . . $457/s457 . . s457/s457 .
€uBpuo (B). spaw pe guBUypapun kapdia, (C). spaw situs solitus (D). spaw situs

inversus

Juvoyilovtag, o ouvOUAOUO TWV OMOTEAECUATWV TwV s457 kol s459
HETAANQYUEVWV YEVETIKWY OELPWV CUUTTEPALVOUUE TTWG N aAAayr] TNG OULLOSUVAULKAG
EVTOC TWV KOWNOTATWV TNG Kapdlag, eite mpoépxetal and aAAayEeg otn LUOKapSLaKN
Aettoupyla elte amd aMayég otn popdoloyio tng kopdiag, kabopilel 1tn

Hopdomnoinon Katl tnv wpipavon Twv kapStakwv BaABidwv.
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3.2 AnoteAséopata: B Mépoc

‘Eva nmelpapatiko poviedo zebrafish yia
thv CMT2D
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3.2.1 H 5266 petaAAaypévn YEVETIKN OELPA

MNapdAAnAa, otnv mapovca Siatplfry HeAeTAONKE n UETOAANAYUEVN YEVETIKNA
OElpaA s266. H Slaotalpwon PETAty Twv yovEéwv-dopéwv Sivel opoluywta EuPpua
0€ TM0000TO 25%, AOYyW UTIOAEUTOPEVOU TPOTIOU KANPOVOULKOTNTAG TNG UETAAAAENG.
Ta petalayuéva €upfpua  eudavitouv maAivépoun kivnon tou aipatog petafy
KOATIOU Kall KOG AOyw OTEVWONG TNG aopTIKNG €€060u, mepkapSlako olbnua Kat
kaBuotépnon otnv avamtuén Ttoug (Ewova 42A). Ita XOPAKINPLOTIKA TOU
dawotumou Twv PeTaAaypEVWY euBplwv Teplhappavovtal emiong, otadlokn
mapaAuon ano Ti¢ 48 WPEG PETA TNV YOVLUOTIOWNGN, TIOU amo TG 96 WPEG Kol HETA
yivetat dlattépwg €viovn. TEAIKWG, Ol LETOAAAYUEVEG EKKOAATITOUEVES TIPOVUUDEG
{oUVE UEXPL TO OTASIO TWV 5 NUEPWV HETA TN YOVLUOTIOLNGON, OMou Kot rebaivouv
Aoyw ENAelng TNG alpatikng kukAodopiag.

Xpnotwuornowwvtag delkteg katavepnuévoug oe anodotaon 30cM petafl toug os
OAa Ta Ypwpoowpata (genome scanning) tou yovidlwpotog tou zebrafish,
xaptoypadnoape tn HeTAMaln oto xpwuoowpa 24 (LG, linkage group 24). Ev
ouvexela pe ™ pEBodo aviyveuvong tou yovidiou (chromosome walking) mavw oto
XPWHUOOWHO 0TO omolo avixvelBOnke n METAAAAEN Kal PE TN Xpron MOAUMOPDIKWY
Selktwv (microsatelite markers) pehetnoape 1880 duthoeldr) petalhayuéva Eupfpua
Kall Tteplopiloape tnVv Kplown meploxn B€ong tou yovidiou ota 0,01 cM petall Twv
Selktwv 217203 kol 29321 (Ewkova 42B). AkohoUBnoe n aAAnAouxion OAwV Twv
TBavwyv yovidiwv tnNg EVTOTLOUEVNG TIEPLOXNG KAl BPAKAUE TWG Ta UETAAAQYyUEVA
€uBpua Pépouv pia onuelakn HeTAAAAén oto yoviblo TG opwvodkulo-tRNA
ouvBetdong tn¢ yAukivng (Gars, glycil-tRNA synthetase). H cuykekplpuévn petdAAaén
TPOKAAEL TNV avtikatdaotacn tnc ¢uololoyikng Bpeovivng pe pa Avcivn oto
opLVoOo€LkO kataAouro 209 (T209K), 0To MPWTO KATAAUTLKO KEVTPO TNG MIPWTEIVNC KAl
oTn MEPLOXN) oUVOEDNC TWV HLOVOUEPWY TIPOG CXNUATIOMO TNG EVEPYOUG OUOSIUEPNG
HopdNnG tnNe mpwteivng (Etkova 42C-E). To ouyKekpluevo apwvoll sival dlaitepa
ouVTNPNUEVO UETALL TwV 0wV (Etkova 42D) , evw n T209K Bpioketal dimAa og pia
€ldn peAetnuévn avBpwriivn petalAaén tnv L129P. Juvenwg, Aoyw tng B£€0ong tng
T209K peAetnoape tnv emnidpaocn tg oto Syeplopd tng mpwrteivng. Etol,
Xpnolpomnolwvtag €va edIko avtiowpa svavtiov g avBpwrivng GARS mpwteivng

T(PAYUATOTIOCAUE €va HN ArmodLaTAKTIKO OVOCOONMOTUNMWHA  KOTA western kat
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napatnpnoape otL n T209K eumnobilel To oXNUATIONO TNG OLOSLUEPOUC TPWTEIVNG,

adol ot MPWTEIVIKA ekyUAiopaTa amd opdluya gars™2eo/s26

€uBpua evrtomicape
HOVO TN Hovouepn popdn tg Gars, AapBAavovtag oo 0To PLoO TOU OVAUEVOUEVOU

poplakol PBapoug (Ewkova 42F). NMponyoUUEVES in vitro LEAETEC otV avBpwTLVN

HeTaMaén L129P £6ei€av avahoya amoteAéopata (Nagle et al., 2007, Xie et al.,
2007).

| zK246L21 |

| | ZK27615 I
1/1880 l

1°/1880

pled1a,
phospholypase C delta 1a

gars,
glycyl tRNA synthetase
kbtbd5b,

vill zinc finger, kelch-like protein Sb

villin-like, actin regulating protein

hhatlb,
hedgehog acyltransferase-like b

C re.ctzx < C &S] P xeiaxnx € € €] D oanio reriorossraon 200 ILEIDCTMLKPEPVLKTSGHY 220
wild-type garss266/s266 Homo sapiens 121 ILEIDCTMLTPEPVLKTSGHV 141
Mus musculus 161 ILEIDCTMLTPEPVLKTSGHV 181
Rattus norvegicus 164 ILEIDCTMLTPEPVLKTSGHV 184
Gallus gallus 121 ILEIDCTMLTPEPVLKTSGHV 141
Oryctolagus cuniculus 121 ILEIDCTMLTPEPVLKTSGHV 141
‘ ‘ Bos taurus 175 ILEIDCTMLTPEPVLKTSGHV 195
Macaca mulatta 174 ILEIDCTMLTPEPVLKTSGHV 194
Xenopus laevis 183 ILEIDCTMLTPEPVLKTSGHV 203
¢ { N J"\ Al Canis lupus familiaris 177 ILEIDCTMLTPEPVLKTSGHV 197
N\ f \'/’\ /\ /\/\/\ / /\ \/\ Drosophila melanogaster 121 ILEVDCSI LTPEPVLKASGHV 141
LA 2 R INLA =~ - nd caenorhabditis elegans 121 ILEVDCTSLTPEPVLKASGHV 141
Catalytic core
E / \ 764 F . x  —— -~ 150kDa
-
2GARS (aa) T209K
o -
1 14 9 :
WHEP-TRS domair Anticodon binding domain = 5 7 s266/s.
\ wild-type gars=2EE/s2ss wild-type gars=25s/2sE
imer interface (48 hpf) (48 hpf) (72hpf) (72 hpf)

Ewkova 42. Avixveuon Kau xoaptoypadnon e£vog véou gars oaAAnAopopdou. (A). Owrtoypadia
OTEPEOOKOTIOU GWTOC amd £va aypiou-turmou £uBpuo (mdvw) Kot VoG opoluyou gar55266/5266 (kdTw)
guBplou otic 96 wpeg UeTA TN yovipormoinon. Ta opdluya éuBpua sival kabuotepnuéva otnv
ovantuén Ttoug, UE UIKPOTEPO KedAAL, patia Kal pe Teplkapdlokd oldnua. (B). H petdAAagn
xaptoypadndnke oto xpwuoowpa 24 petd and avaiuon 1880 petoAaypévwv euPplwv. (C). Ta
garssm/ 5268 ¢uBpua dépouv piol oNUELOKY HETEANGEN TIOU aVTIKAOLOTA T dUCLOAOYLKA Bpeovivn pe
pia Auaivn oto katdAouro 209 (T209K). Aptotepd alAnAouxion vog aypiou-tumou €ufpuo kot efla
€VOG HeTOAAayUEVOU epBplou. (D). To T209 apvoll eival LSLAITEPWE CUVTNPNUEVO AVAUESO OTa
€lén. (E). H T209K PBpiokeTal OTO TPWTIO KATAAUTIKO KEVIPO TNG MPWTEIVNG KAl OTn TEPLOXN
oXnUatiopol tou opodiuepouc. (F). Mn omodlaTtoKTIKO 0vooOoamoTUNIWHA KAaTd western. Ita
petaMaypéva EUpua avixvelTnNKe LOVO N Lovouepn popdr tng Gars oTo HLoO HopLako Bapog oe
oxéon e ta ayplou-tumou Euppua. KAipaka: 100um.

3.2.2 0 5266 Gars aAAnAopopdog dev Stacwlel TG petallaypéveg GSR1 {opeg.

Mpokelpévou va peletnooupe av n T209K emnpedlel tTn SpaoTIKOTNTA TNG
Gars TMpWTEIVNG TPOYUOTOTIOW|OOE OVAAUOELC CUUTANPWHUATIKOTNTAG Of {UMEG
(yeast complementation assays). e TPONYOUUEVEG MEAETEC OL OVOAUCELG

CUMUMANPWHOTIKOTNTAC 0 {UHEC £XOUV XpnotpomotnBel yia tnv LEAETN PETAAAAEE WY
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anwAelag Asttoupyiag (loss of function) otnv avBpwrivn mpwteivn GARS (Antonellis
et al., 2006, Griffin et al., 2014). Etol, swonyape tnv T209K petaAAaén otnv
avtiotolyn GRS1 nmpwteivn (to kataAouto T209 avtiotolxel oto T80 GRS1 otig LUEG
kal oto T130 GARS otov avBpwro) kal peAetrioape av n T209K pmopet va Stacwoet
TG petoAAaypéveg GRS1 TUpec. MNa T mapanmavw HEAETN XPNnoLdomolnonkav
amAoeldn) {Upeg mou toug eixe amaAndBel n evdoyevr¢ GRS1 mpwrteivn, alla
dépouv éva mAaouiblo mou ekppalel tnv aypiou-tumou GRS1 kal to yovidio URA3.
21N ouvéxeLla oL {UHEG peTaoxnuatiotnkay Le Eva Sevtepo MAaouidlo ou dpépel eite
™V ayplou—tumou mpwteivn, eite tn T8OK petaAAaypévn GRS1 kal To yovidlo tng
LEU2 ocav &eiktn emhektikotnTag. OL {UPEG avamtuxdnkav oe BPeNMTIKO PECO TIOU
nepleixe 5-pAovopo-opotikd oL (5-Fluoroorotic acid, 5-FOA) mou amoteAet tofikn
oucia yla ta kKUTtapa mou ekppalouv to URA3 Kal £TOL OTO CUYKEKPLUEVO BPETTIKO
HECO ovamTtuooovtal Uovo Ta KUttapo Tou ekdpdlouv pia Asttoupyiky GRS1
MPWTEIVN amd to MAaouidlo—popéa g LEU2. Onwg mapatnproape, ot LUPEG IOV
dépouv TNV aypilou-tumou GRS1 katddepvav va avantuxbolv OTO GUYKEKPLUEVO
Opentikd pEco, ev avilBéoel pe autég mou ekdpalouv tnv T8OK (T209K oto
zebrafish) (Ewkova 43). Ta ouykekpluéva amoteAéopata pog odnynoav oto
oupmEépaopa mwe n T209K eivat pia petalAaén-anwAslag tng Altoupyiog tou

yovidiou (loss of function).

Ewkova 43. H T80K Sev olacwlel
o petallaypéveg GRS1 {Opeg.
AmAoeldn ¢ Agrsi TOpuec
pUETOOXNUOTIOTNKAY ~— HE  €va
TIAAOLLLOLO Ttou dEpEL elte KeVO TO
TMAaoWiS0 (pRS315), eite dépel
Vv ayplou-tumou GRS1, eite tn
peTaAayuEvn T80K GRS1.
KaAAlépyeleg xpnotpomnolndnkav
0g  TPEWS  OPOALWOELG KaL
MAPATNPACAUE TWG HOVO Ta
kOttapa Tmou  ekdpalouv TNV
ayplou-tumou AeLtoupyikn
npwteivn  avamtvcocovtal o€
OpEMTIKO UECO TOU TEPLEXEL 5-
FOA. Ta TEpapata

npaypotonolnonkav
XPNOLUOTIOLWVTAG 6vo
avefdptnta  mMAaouidla-popeic
™G T8OK GRS1 A ko B.

AGRS1
AURA3, ALEU2

AGRST
AURA3, ALEU2

AGRS1
AURA3, ALEU2

+5-FOA

€

wild-type GRS1
T80K GRS1 A
T80K GRS1 B
pRs315 Empty

Undiluted
1:10
1:100
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3.2.3 To gars yovidio ekdpdletar oe LOTOUG LVYNAWV TMPWTEIVOOUVOETIKWV
OMOALTACEWV KOTA TV avantuén.

Onwg avadépape o s266 dawvotunog epdaviletal anod TG 48 WPeG UETA TN
yoviuormnoinon kat oxt vwpitepa, mapd tn T209K petdAAaén oc éva 1600 BepeAlwdeg
yoviblo yla tn mpwrteivoouvBeon. MNa 1o Adyo auto anodacicape vo LEAETAOOULE
Vv ékdpaon Tou gars o€ yoviSlokKO OAAA Kol TPWTIEIVIKO eminedo, ota apxLKa
otadla avamtuénc. Etol, oe mpwteivika ekyuAiopata aypiou TUTOU 1 WPAC UETA TN
YOVLUOTIOINGN TapatnPAoape evamobeon A£ToupyIKAG Gars MPWTEIVNG UNTPLKAG
npoelevoewg (Ewkova 44A). NMapaAinia, pe tn uéBodo tng in situ uPBpldomoinong
avixveboape kat gars mRNA oto i6lo avamtuélakd otadio (Etkova 44B-C). ITig
npwteg 10 WPEC UETA TN yovipomoinon to gars ekdpaletal oe KABe KUTTAPO, EVW
OTa EMOUEVA OTASLA AVATITUENG TTOPATNPHOAUE EVa ELOIKO VEUPOAOYLKO TIPOTUTIO
€kppaong, adol amod TG 24 WPEG UETA TN yovipomolnon Kot UoTEPQ TO Yovidlo
ekppaleTal KUPLWG OTOV AVATITUGOOUEVO EYKEPAAO. ZUYKEKPLUEVA, TTOPOTNPOAUE
WG To gars ekppaletol OTIC KOWieg tou veupoemnBliou (Ewkova 44H-J). H
OUYKEKPLUEVN  TEPLOX] TOUu  eykepdalou  elval .  meploxy uvPniwv
TpoteivoouvOeTIkwy amaltoewyv, adol ekel yivetal o TMOAAAMAACLACOUOG KAl N
oVATTUEN TWV VEOOUVTEBELUEVWY VEUPWVWY. TO OUYKEKPLUEVO TIPOTUTIO £Kdpaong
Katadelkvuel TO omoudaio poAo mMou €XEL TO gars OTO OVONMTUCOOUEVO VEUPLKO
ovotnua, AOyw TNG TOTIKAG TPWTEIVOOUVOEONC OTOUC AEOVEC Yyl TNV OWOTH
avarmntuén kot Stakhadwon toug (Achilli et al., 2009). MNapdAAnAa kotd Ta oTAdSLA TWV
48 (Etkova 44L-0) kai 72 (Ewkova 44M-Q) wpwv PETA TN YOVLLOTIOLNGN €KTOC QO TOV
eykédbalo mapatnprioape auvénuéva emnimeda petaypddwv TOU gars OTOUG

OKEAETIKOUC UG, OTO LUOKAPSLO KOl OTOUG CWHITEC.
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Gars monomeric =75 kDa, Gars dimeric=150

1cell stage

24h

wild-t

wild-type 48 hpf
72h)

wild-t

Ewkova 44. To gars ekdppdaletal oe otolg vPnAwv mpoteivoouvbetikwy anatioewv. (A). Mn
omoSLOTAKTIKO 0lVOCoaMOTUNMWHA KATA western o MPWTEIVIKA eKXUALOHATA 0TO 0TAdL0 Twv 1, 24, 48
Kol 72 WPEC WETA TN yoviporoinon. AviXVeUTIKE UNTPLKAC TPOEAEUONG AELTOUPYIKA Tipwteivn oe
€uBpua 1 wpag LETA TN yovopomnoinon. 2Tig garsszee/ 2% TPOVUUPEC LT PXE HOVO N HOVOpEPH HopdA
NG Gars oto oo poplakd Bapog, 75kDa, og axéon ue Ti¢ ayplou-tumou. (B-Q). In situ uBpldomoinaon
pe KwdKO Kot avil-kwdikd mMRNA xvnBgtn. (B). Owrtoypadieg and otepeookomnio ¢wtog oto otadlo
™¢ 1 wpag UETA Tt yovipomoinon Uotepa amo uBpldomoinon pe avitkwdikd mRNA xvnB£tn. (C).
QOwtoypadieg anod otepeookdMo GwTOG 0To 0TtAdlo TNG 1 Wwpag KETA TN yoviponoinon VoTtepa amno
uBptdomoinon pe kwdtkd MRNA xvnBetn. (D). Dwrtoypadieg and otepeookono wtdg oto otadlo
™¢ 75% emPoAng votepa anod uBpldomoinon pe avitkwdikd mMRNA 1xvnB£tn. (E). Qwtoypadisg and
OTEPEOOKOTILO PWTOC 0To OTASL0 TNG 75% emBoAng Lotepa amo uPpldomoinon pe Kwdkdé MRNA
xvnBétn. (F). Quwtoypadieg amd otepeookdmo ¢witdg oto otddlo g Sopng ULotepa amMo
uBpLdomoinon pe aviikwdikd mMRNA xvnBétn. (G). Dwtoypadieg anod otepeookomo GwTOG OTO
otadlo tng doung Lotepa amod uBpldomoinon pe Kwdkd MRNA xvnOEtn. MapatnpRoape Mwe To gars
ota oapxlka otadia avamtuéng (B, D kal F) ekdppaletal o kabe kuttapo. (H-K). dwtoypadieg amnod
OTEPEOOKOTLO PWTOC OTO OTASLO TwV 24 WPWV UETA TN yovilomoinon votepa amno ufpldonoincn pe
avTl-kwdIkd MRNA xvnB£tn. Nopatnproaue nwe To gars ekbpaletal 0To VEUPOETLONALO TWV KOWIWV
Tou eykepalou (J) kat oto (K) vwtiaio puero. (L-0). Qwrtoypadieg and otepeookonio Gwtog oto
otadlo Twv 48 wpWV HETA TN yovidomoinon Uotepa amod uPpldomoinon e avtl-kwdlkd MRNA
xvnOtn. To gars yovidio oto K.N.Z., otov apdBAncTpoeldn XITwva Tou Hatol Kol 0To Huokapslo
g kapdiag. (M-Q). Dwrtoypadieg anod otePe0oKoOmMo PWTOG OTO OTASIO TWV 72 WPWV UETA TN
yovipomnoinon Uotepa ano uPpidonoinon pe avit-kwdikd mRNA xvnBétn. To gars ekdpdaletal oto
K.N.Z., 0TOUG HUG KaL TOUG EVOOUUIKOUG CUVEEGHOUC KaL OTO YOLOTPEVTEPLKO AUAG. KAlpaka: 50um.
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3.24Ta garsszss/ S266 etalaypéva éuBpua epdaviiouv pn GucLtodoyikr avartuén
NG KOATOKOWALaKAG BaABLdag Kot TepLKAPSLAKO oidnuaL.

O 5266 petallaypévog alAnAopopdog TPOoKAAel €vav  UTIOAEUTOMEVO
KapSlako ¢alvotumo Pe KUPLO XAPOKTNPLOTIKA TO TEPLKAPSIOKO oldnua Kol To
Alpvaopa tou aipatog otoug Baldapoug tng kapdiag. H awpatikr KukAodopia apxika
Eekiva duololoykd, OUWE amod TG 72 wWPEG UETA TN yovipomoinon apxilel otadlakd
Vo LELWVETAL Kal oTo eninedo tou aoptikol BoABou tng kapdiag (Bulbus arteriosus,
BA) otapatdel pe ouvémela tn maAivépoun kivnon Tou aipatog HeTall Tou KOATIOU
Kal TNG KoWiag. Ta guBpua TeAkws ebaivouv OTIG 5 HEPEG HETA TN YOVIUOTIONoN
Aoyw €ANewbng TG auatikng KukAodopiag. MNa autd to Adyo amodacicape va
UEAETOOUE TNV QVATOMIA KOl AELTOUPYLO TOU HUOKAPSIOU Kol TNG KOATIOKOWALALKN G
BaABidac tng kapdlag. Mo tn Aeltoupyia TOU PUOKAPSIOU HETPACAUE TN oUXVOTNTA
Tou Kapdlakou maApol (beats per minutes, bpm) 1600 og £uBpua aypiou-tumou,
000 o€ etepoluya Kol opoluya petalhayuéva EuPpua. Avalloelg and Bivteo tng
kapSLae £8efav mwe ta gars®%%° §ev mapouotdlouv onUavTkEC aMayéc oth
KapSLakn ouxvotnTa O€ OXEoN HE Ta aypiou-Ttumou éuPpua f e TOUG ETEPOTUYWTES
(Etkova 45A). T va HEAETAOOUPE KOATA TOOO emMnpedletol n ovamtuén tng
KoATtokol\lakng PaABidag, xpnowwomoljoape TG Slayovidlakeég oelpeg Tg(7xTCF-
Xla.Siam:nsICherry)®® kat Tg(kdrl:EGFP)®®* mou ekdbpdlovtal ota pPECEYXUHOATIKA
kOTtapa tng BaABidag kat oto evdéoBnAlo tou evdokapdiou avtiotoya. Avaluon
dwtoypadlwyv amd OUVECTIOKO HIKPOOKOTIO £8ele OTL Ta  PETAAAQYHEVA
evbokapblakd kUTtapa Tou PBplokovtal oTo KOATMOKOWLAKO KAVAAL QTtOKTOUV
duololoyka kuBoeldeg oxnua (Etkova 451, n=10), onwg xeL meplypadel n avamntuén
TNG KOATIOKOWALOKWVY EMAPUATWY yLo Ta pucLloAoykad EpBpua oTig 50 WPEG PETA TNV

yoviporoinon. Moapdia autd ota gars*2e%2%¢

peTaAAaypéva uppua o aplOpog Twv
TCF Betikwv KUTTApWV 0T KoAoko\taky BaABida pelwveTal Spapatikd 0 OXEon
HE Ta ducLloAoyikd Kal eTepoluya EuPpua (Etkova 45B). IUUMEPALVOULE AOUTOV TTWG
oTa apXlKA avamtuélakd otadla Twv HeTaANaypévwy eufplwv n avamtuén twv
KapSlakwv BaABLOIKWY KUTTAPWVY TpayUATOTOLEITOL GUCLOAOYLKA, EVW OE PETETIELTA
otadla n Stadopomoinon Twv eMBONALAKWY KUTTAPWVY O UECEYXUMOTIKA daivetal

WG MEWWVETAL OPOOTIKA HE OMOTEAECHA TN Snuoupyla N  AELTOUPYLKWV

evVOOKAPSLAKWY EMOPUATWVY.
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Ewova 45. Ita gars éuBpua bev Swadopomololvtar ¢uctloloylkd Tta KUTTAPA TNG
KoAmnokolAtakng BaABidag. (A). Nocotikd ypadnua tg ocuxvotntag tou Kopdiakol puBuol (beats
per minute, bpm). Ta petalayuéva €uBpua (n=10) dev epudavicav dtadpoponoL ol oTo KapdLakod

puBbuo, yeyovog Tou odnyel O0to CUUTEPACUA MWG TO HUOKAPSLo Asltoupyel dpuactohoyikad. (B).
$266/5266

Nocotkd ypadnua twv TCF™ kuttdpwv TNe koAmokowokns PaABibac. Sta gars £€uBpua o
OplOUOGC OUTWV TWV KUTTApwV Mewwvetal Spopatikd. (C-K). Dwrtoypadieg amd ouveotlako
ULKPpOOKOTILO 0TO UPOC TOU KOATTOKOIALOKOU KOVOALOU amO €KKOAQTITOUEVEC TMPOVUUDEC aypiou-
TUTIoU, €TEPOTUYEC Kal OUOTUYEG OTIC 96 WPEG PETA TN yovipomnoinaon. Me tn mpaowvn ¢pBopilovoa
npwteivn elvar ta kUTtapa tou evdokapSiou Tg(kdrl:EGFP)®* kau pe ™ Kkékkwn $Bopilovca
npwreivn elvat Ta peoeyxupatikd kUTtapa tne BaABidac Tg(7xTCE-Xla:Siam:nlsCherry)®, evéc Seiktn
tou wnt/b-catenin onuatodotikol povomatiou (J-K, BEAn). V: koia, A: kOAtog, AVC: KOATIOKOIALOKO
KovaAL KAlpaka: 25um.
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3.2.5 H T209K petaAlagn mpokaAel tTnv ateAl velpwon Kail tTnv atpodia Twv
OKEAETLKWV HUWV.

H velpwon Twv OKEAETIKWV HUWV amoteAel gl amapaitntn Siadikaocia
oAnAenibpaong, HETAEU TWV KWWNTIKWV VEUPWVWY 1 CWHOTIKWY Omoywywyv
VEUPWVWV KOL TWV OKEAETIKWY HUWV L€ OTOXO TNV CUMUETOXH TOUG O€ ML OELPA OO
ONUOVTLKEG AELTOUPYLEC TOU OpyaVIOHOU OMwC €lvat n Kivnon oAAdG Kal n oavarmnvor).
AnotéAecpa TG aMnAemidpaocng eivat n avamtuén ouvapewv, OL OMOLEG
ovopalovtat veupouvikég ouvalelg (Neuromuscular Junctions, NMJs). Mia amo Tig
onNUavtikotepeg Sladlkaoieg katd tnv euPpuoyévecn eivat n dnuoupyio pLag
TANPWC AELTOUPYLKAG VEUPOUUIKAG ouvalng, yeyovog mou meplypddetal and to
TOAU ULKPO TPpoodokipo Lwng A tnv uPnAn Bvnoluotnta mou mopouctdalouv Katd
NV Yévvnon toug €uPpua mou UToAelmovTal AEITOUPYLKAG VEUPOUUIKNAE ouvapng
(DeChiara et al., 1996, Weatherbee et al., 2006). H veupopuiki cuvayn anoteAeital
ano Tpila BACIKA TUAMATO TNV TTPO-CUVATTTIKY VEUPLKN amtoAnén, n omoia cuvOETEL,
amoBnkeVel 0€ OUVOMTIKA KuoTidla kot oameleuBepwvel to veupodlafiBaotn
OKETUAOXOALVN, TN CUVATITLKA OXLOWUN, O XWPOG HETAEU TTPOCUVATITIKAG amoAnéng Kal
HUETOACUVATTIKAG EMLPAVELOG Kal TEAOG, TNV UETO-CUVOITIKY ETLPAVELA 1) TEALKN
KLVNTIKNA TAGKO 0TO capkeiAnpa (KUTTapOmAaoUaTiky LeUBpdvn TnG MUIKAG vag), n
ormola mepLEXeL Toug Kat@AAnAoug umodoxeig aketuloxoAivng, AchR.

210 zebrafish n Sladikacia oxnUATIONOU VELPOUUIKWY cuvAPEWV EEKLVA OTLG
16-24 wpeg YETA TN yovipomoinon. YNAapxouv Tplwv 0wV TPWTEVOVTEG KLVNTLKOL
VEUPWVEG, O OUPLALOC KLVNTIKOG VEUPWVAC TIOU VEUPWVEL TOUG KOWLAKOUG MUEG
(Caudal Primary motor neuron-CaP), o &v8LAUECOG KLVNTIKOG VEUPWVACG TOU
VEUPWVEL TOUC paxlaiouc pveg (Middle Primary motor neuron-MiP) kot o
PaUpOEOAC KLVNTIKOC VEUPWVAC TIOU VEUPWVEL TOUG evdlapeooug pueg (Rostral
Primary motor neuron-RoP) (Rodino-Klapac et al., 2004) . & autd TO AVAMTUELOKO
OoTASL0 oL MPWTEVOVTEC KLVNTLKOL VEUpWVEG Eempofaiouv amod To mpocblo KEpag Tou
HUEAOU TOV O0TWV KOl AVOITTUOCOVTAL TAEUPLKOC TNC VWTOXOVOPNG LEXPL TO ONnUELO
kaBoplopou (choice point) (Ewkova, SLOKEKOUUEVEG YPAUMEG), OTIOU KOl OTOHOTAVE
NV avamntuén Toug yla mepimou 1-2 wpeg. Enetta, o KABe TUMOC KVNTIKOU VEUPWVA
ouvexllel TV avamtuén Tou POG TA AVTIOTOLXO LUOTOLA TIOU TIPETIEL VAL VEUPWOEL.

AgutepeuOVTWG, OL OUYKeKpPLEVOoL dgoveg apyxilouv va StakAadilovtal ywa va
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VEUPWOOUV TLG AKPEC TWV LUOTOUIWY PO OXNUATIOUO VEWV cuvaewv. MapdaAAnia
OoTn METO-OUVATITIKA €mipAveld TwV MUKWV WISlwv TPoUmApXOUV OCUGCTOLXLES
urmodoxéwv aketuloxoAivng, AchR oto kévtpo tou kaBe puotopiou. MNa va
OXNUOTLOTEL Mia AELTOUPYLK VEUPOMUIKN oUvaln oL TPOCUVONTIKOL gppUeAOL
VEUPALOVECG KaTaAnyouv o appUeNEG Bpaxeieg veuplkeg amoAnéelg mou eloduouy
Of QUAGKLEG TIAVW OTO OOpPKEANUA KAl €TOL  EMITUYXAVETAL  TANPNG
oAAnAoeTukAAUYN HE TN PETA-OUVATTIKA KNtk mAdka (Westerfield et al., 1988,

Panzer et al., 2005).

Elkova 46. IXNUOTIKO SLAYPAMMA TG OWVATTUENG TWV TPWLLWV KIVNTIKWV afOVwV Twv gUBplwv
zebrafish oTLg 26 WPEC META ™ yovulornoinon
(A). Eykapola 0PN Twv TpLWV MTPWTEUOVTWY KLVNTIKWV afOVwV oTLG 24-28 WPEG PETA TN yovidomolnon.
MapatnpoUUe WG apXIKA EEEPXOVTAL TOU VWTLALOU HUEAOU OE €va KOLWVO LOVOTIATL, MEXPL TO ONnUELo
KaBoplopoU, OMoU OTAPATOUV yla 1-2 wpPeg. 2Tn CUVEXELD O KABe SladopeTikog TUTOG dfova
veupwvel SLadOopeTIKEG TTEPLOXEG TwV HuoTouiwv. (B). MAdyla OYn Twv TMPWIEUOVIWY KLVNTIKWV
veupwvwy. DM(D):akpa paxloia TEeEPLOX TOU poxlaiou puoTopiou. DM: poxlalo HUOTOMLO,
VNC:meploxn ToU LUOTOULOU otn KOWLaKN TAEUpA ™me vwToxopong
VM:KOWALOKO puotopo, VM(V):okpaileg KOWMAKEG TIEPLOXEC TWV KOWALOKWY HUOTOUIWY, SC: VWTLALOG
MUEANOG, nc: vwTtoxopdn (Panzer et al., 2005).

$266/5266 ¢LBpua amd Tic 48

Onwg mpoavadEpOnke ta pPeTaAAaypEVA gars
WPEC LETA TN yovipormoinon apyilouv mpoodeutikd va rapaAvouy. MNa to Adyo auto
HUEAETACAUE TNV AVATITUEN KOl TO OXNUATIOMO TWV VEUPOUUTKWY cuvaPewv os tpla
Sladopetikd otadia avamtuéng (28, 48 katL 96 wpPeC UETA TN yovidomoinon),
onuaivovtag 6AoU¢ TOUG POCUVATTIKOUG KIVNTIKOUC A€0oVeG (Xpnolpomolwvtag Eva

ovtiowpo evavtiov Twv ocuvamtikwyv KuoTtidiwv, Synaptic vesicle 2 - SV2) kat

TAUTOXPOVA  TIG HETAOUVOUTTIKEG KLVNTIKEG TIAAKEG (XpnOLLOTIOLWVTOG  €vav
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avtaywviotr Twv untodoxéwv AchR, tnv a-Bugarotoxin-aBTX). Ztig 28 wpeg PETA TN
yoviuomoinon &ev katadépape vo eviomiocoupe SladopéC OTO OXNUATIONO TwV

5266/5266 Equva

ocuvaPewV LETAL TwV ayplou-TUTOU Kol TWV HETOAAQYUEVWY gars
OL mpwtevovteg Kvntkol agoveg (CaP kat MiP) avamtucoovtal kat StakAadilovtal
dUGCLOAOYIKA TIPOC TO KEVIPO TWV QVILOTOLXWV Huotopiwv (Etkova 47B), omou
OUVOVTOUV TI{ TIPOOXNMUOTIOMEVEG METACUVOITTIKEG KIVNTLKEG TIAQKEG KOl
Snuoupyolv TANPWC AELTOUPYLKEG VEUPOMUUIKEC ocuvayelg (Ewkova 47D kat H).
Eniong, MeTpiocaUE TO OUVTEAEOTH) ypauutki¢ ouoxetiong Pearson (Pearsons
correlation co-efficiency, r) kai €idape mwg n oAAnAoserikdAupn Twv TPO- Kol

$266/5266 ¢ LBpua elval ota avtiotowa enineda pe

HETAOUVATTTIKWY TIEPLOXWV OTOL gars
To ayplou-tumou (Etkova 47E). AvtiBéTwe, amo TG 48 (Ewkova 47M-0) Kal Kuplwg TLg
96 (Etkova 47T-W) wpPEC UETA TN yovipomoinon mapatnpnbnke pia otadlakn peiwaon
TOU 0plBpol TWV  VEUPOMUIKWV OUVAPEWV OTO  OVONMTUCOOUEVO  HU.
MOCOTLKOTIOLNOELG TWV VEUPOUUIKWY TIEPLOXWV OTA CUYKEKPLUEVO otadla £6el€av
ONUAVTKE XAUNAITEPEC TUEC TAOO yia To SV2 600 Kal yia th a-BTX ota gars*26%/526
€uBpua (Etkova 47S). ZuyKeKpLUEVO OTIC 48 WPEG UETA TN YOVIUOToinon ota ayplou-
TUTIOU €UPpPUa OL VEUPOUUTIKEG TIEPLOXEG KaToAduBavav To mocootd tov 7,5 % +
0,398 % o0e oxéon HME TN OUVOAWKN Teploxny U0 HUOTOUIWV OTO emimedo NG
AekBKNG amoAnéng, evw ota petaAAayuéva éuppua PoALg to 3,3 % + 0,765 %. ZtTig
96 WPEC MUETA TN YOVIUOMOINON TO TIOCOOTO TWV VEUPOUUIKWY CUVAPEWV OTIC
EKKOAQTITOMEVEG TIPOVUUDEG ayplou-tumou Atav 18 % + 0,255 %, evw OTIS
garssm/sm TiPoVUUPEC LOALG 0To 5,5 % % + 0,255 %. O datvotumog ival LOLALTEpWS
€VTOVOG OTLG TOXELEG MUTKEG Lveg TTOU BplokovTal OTO KEVIPO TWV HUOTOMIWY Kal OxL
otlG Bpadeleg pUikEG veg (Etkova 47N kat Y). ErumAéov, n aAAnAosmikaAupn twv
TPO- KOLL LETALCUVATTITLKWY TIEPLOXWV EXEL LELWOEL SpaoTika (Etkova 47L) yeyovoc mou
Selyvel mwg ektdC TNG ATEANG VEUPWONG TWV HUWYV, OL VEOOUVTEBNUEVEG CUVAELG
Sev oxnuartilovtal cwotad. Juvoilovrag, mapatnprnoope nwg n T209K mpokaAel pia
otadlakn pelwon ¢ veLPWONG TWV AVATITUCCOUEVWY HUWV OTO UETOAAQYUEVA
EuBpua/mpovipdec. Sta opXlkd otadla avanmtuéng oL VEUPOMUIKEC CUVAYELS
oxnpotifoviat PpuoLOAOYIKA HE TOUG TPWTEVOVIEG KLVNTIKOUG VEUPAEOVEG va

Sletodvouv kat va StakAadilovtal otoug pug pe mARPn aAAnAosmikaAun Twv mpo-

KOl LETOLOUVATTTIKWY TIEPLOXWV. ATIO TIG 48 WPEG LETA TN YOVLUOTIONON KOl EMELTA
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napatnpnbnke plo onUaAvTiki Helwon otov aplBud oAAd Kkat tn Soun Twv
ouvaPewyv, TPOKAAWVTOC TEALKA TNV MAPAAUCH TWV OVATTTUGCOUEVWY TIPOVUUDWV
OTIC 96 WPEG MUETA TN yovipomoinon. Mponyouueveg peAéteg oe CMT2D povtéla
riovtkoU (NmfF%) é8et€av tov (810 veupopuikd dbawdtumo, adol etepoluya Euppua
napoucialov HeEPKN N Kol KaBolou puikn vevpwon amd to P36-P37 otdadio
avamntuéng, aAla oxL vwpitepa (Seburn et al., 2006). Onwg npoavadépbnke, mBavn
g€nynon yati o pawvotumnog epdaviletal amo T 48 wWPEC PETA TN yovipomoinon Kot
oxL vwpitepa eival n evamobeon ayplou-tumou mpwrteivng kat MRNA oto {uywto

amno tn untépa (Etkova 44A-B).
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Ewova H T209K mpokalsi tnv ateAn vsupwon TWV MUKWV wwv. (A). IXNUOTLKA OTELKOVION TNG
avantuéng Kot dSnuloupylag Twv veupouuikwy cuvapewv o aypilou-tumou (A, mMavw TAEUpA) Kot
garssm/ 5265 (A, kdTw TAEUPA) EUPpUA/TPOVOpdEC T OTASL Twv 24-30, 48 Kat 96 WPWVY HETA TN
yoviuomoinon. e kdBe otadlo ameikovilovtal SUo puoTOUla. Me mpdolvo armelkovilovtal ot
TPWTEVOVTEG KIVNTLKOL VEUPWVEC TIOU EEMPOPBAAOUV IO TO VWTLALO HUEAD, UE KOKKLVO arelkovi{ovtal
oL ouoTolyieg Twv urmtoSoxewv akeTUAOXoALvng otn KvnTikr mAdka AchR Katl pe kitplvo ametkovidovrat
Ol VEOOXNMUOTIOUEVEG VEUPOUUIKEG cuvalelc. 3to otadlo petafl 24-30 wpwv UETA TN yovilomoinon

NANENIZTHMIO KPHTHZ | AtoteAéopata



oL Kvntkol G€oveg €xouv ¢ptaoel 1600 Ta paxlaia, 000 Kol KOWOKA AKpa TWV HUOTOUIWV, evw
umapxet MARpN aAnAosmikdAudn pe Toug petacuvartikols urtodoxeic AchR otig taxeleg HUIKES veg,
EVW UTIAPXOUV LN CUVATTIKEG ouotolyieg umtodoxéwv AchR otig Bpadeieg HUTKEG Lveg. ZTIG 48 wWPEC
META TN Yovipomoinon ota aypilou-tumou EuPpua oL Kwvntikol afoveg €xouv otpiet kat StakAadwOel
TPOG TOUG eVELAPECOUG UG KOL VEUPWVOUV KAOE HUIKN (VO OTLG LETOLOUVOITTIKEG KLVNTLKEG TIAGKEG
oxnuatifovrag véeg ouvaelg (kitpwvo xpwua). AvtiBétwg, ota petalaypéva éuppua o aplBuog Twv
ocuvalewv gival onUavTika Pelwpévog. TENOG, HEXPL TG 96 WPEG META TN YOVLLOTOiNon oTLS aypilou-
TUTIOU EKKOAOTTOWEVEG TIPOVUPEG TA HUOTOULA £XOUV 0XeSOV TIARPWG VEUPWOEL, ev avtiBeon pe TIg
gar55266/5266 npovUUdEC TTou OXL HOVO 0 aplBUoC Twy cuvaewy eival HELWPEVOC KaTd 75% oe oxéon
UE TI§ aypiou-tUmou, aAAd Kat N aAANAOETIKAAUYN TWV TTPO- KAl LETOLCUVOITTLKWY TIEPLOXWV SeVv glval
TARPNG. (B-W). AvooOoiOTOXNUKEG XPWOELG HE OVTIOWMO EVOVTIOV TWV CUVOTTTIKWY KUOTISIwV SV2(
TIPOCUVOTTTLIKN TIEPLOXT), TIPACLVO) KaL LE VA avTaywvloTr Twv umodoxéwv AchR otn KvnTikr TAGKa
(HeTaouvarmtikn meploxn, kokkwo). (B-H). dwtoypadieg cuveoTlakoU UIKPOOKOTIOU OTO OTASLO TWV
28 WPWV UETA TN yoVvIHOoToiNoN. ITO CUYKEKPLUEVO OTASLO Ol KIVNTIKOL A€OVEC VEUPWVOUV TOGO TIG
paxlaieg puikég iveg (MiP, kedahég Belwv), 600 Kal TIG KOWALOKEG MUIKEG iveg (CaP, BéAn) kat
OUVAVTOUV TIG LETACUVATTIKEG KIVNTIKEC TTAAKEC TIPOG OXNUATIONO VEWV cuvaewv. (E). Metproelg
TOU OUVTEAEOTH YpoauuLki¢ ouoxetiong Pearson (Pearsons correlation co-efficiency, r) ota
peTaAAayuéva EuPpua £6€LE0V WG OL TIPO- KAL OL LETACUVATTIKEG TIEPLOXEG AAANAETKAAUTITOVTAL
m\npwe. (I1-0). Dwtoypadie¢ ocuveoTlakoU MLKPOOKOTIOU OTO OTASl0 Twv 48 wpwv HETA TN
yoviuomnoinon, €6elEav peiwon otov aplBud tTwv veupopuikwy cuvaewy ota garssm/sm €uBpua.
(L). MeTpNOELG TOU OUVTEAEOTH) YPOUULKNG OUCXETIONG Pearson Twv TPO- KoL METACUVATTTIKWY
TieploXwv oe ayplou-tumou (n=10) Kat garsszse/szss (n=14) nmpovupdwv oto oTAdlo TwV 96 WPWV UETA
1 yoviponoinon. (P-W). Qwtoypadieg cuUVECTLOKOU ULKPOOKOTIIOU OTO OTASLO TWV 96 WPWV LETA TN
yoviporoinon os aypiou-tumou kot garsszss/sm npovUudec. Napatnpndnke pia dpapatiki peiwaon
oTo aplOO Twv cuvaewv ota petalaypéva EuBpua, yeyovog mou e€nyel Tn mapdAuon toug oTo
OCUYKEKPLUEVO avamTUELAKO 0TASLO. (S). MOCOTIKOMOLACELS TWV VEUPOMUIKWY TIEPLOXWVY OE % TTOCOOTO
O€ OX€0n UE Tn oUVOALKN Tteployr) SUo puoToUiwV oto emimedo TNG AeklBIKNG andAnéng ota otadia
Twv 48 Kol 96 WPWV UETA TN yovidomoinon o ayplou-tumou Kal garsszeﬁ/szs& £uBpua/mpoviudeg.
(**p<.0001, unpaired t-test). KAlpako: 25um.

MponyoUHEVEG HEAETEC £XOUV OUOXETIOEL HeTaANALELG otnv avBpwriivn GARS
KOl JE TNV akpaia vwtlaia puikn atpodia tumou V (distal Spinal Muscular Atrophy
type V, dSMA-V). Etol, o€ ouvbuaOouO KOl PE TO POLVOTUTIO OTL( VEUPOUUIKEG
ouvayelg ota peTaAAayHEVA garsszas/ S266 ¢nBpua, amodacioape va peletriooupe
™V avantuén kot tn Soun TwV OKEAETIKWY HUwWV. MNapatnpioope mwg ta widia f-
AxTtivng dev ATaV owoTA eVBUYPAUULOUEVA OTLG UETAANAYUEVEC TIPOVUUDEC OTLG 72
WPEC HUETA TN Yyovidomoinon Omwg ot aypiou-tumou, aAAd moapoucialav upia
KUUATOELWONG popdn HE HeEyOAQ Keva HETAEU Twv MUKWV widiwv (Ewkova 48B).
MapdAAnAa, XPNOLUOTIOLWVTOG £VAl QVTIOWMO EVAVTIWV TNG a-AKTwvivng (tn  Kupla
MPWTEIVN TWV Z-YyPAUUWY OTOUG HUG) elSapE TTWG KAl N YPAUUWON TWV OKEAETIKWY
HUWV ATOV EAQTTWHUATIKN KOL N CUVEXAG OTLG LETAAAAYUEVEG OUOTUYEG TIPOVU UPEG.
Eniong, to maxog kat to UYPOUC TWV MUKWV VWV ATAV ONUOVTIIKA HLKPOTEPO OF
OoX£0N UE TIG ayplou-Ttumou, adou amo ta 5 um + 0,08 (Méoog Opog *+ Tumikd Aabog,
aypilou-tunou n=10) pewdnke ota 3 um * 0,07 (Méoog Opog + Tumikd Adbog,

garssm/sm n=11) avtiotowa (Eikova 48F-G). EmumAéov, UEAETANOAUE TN UNXAVIKA
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TIAQLOTIKOTNTA TWV HUWV HE AVOCOTIOTOXNUELKEG XPWOELG evavtiov TnG BlvkouAivng. H
BwkouAivn eival pia mpwteivn tng mpododuong tng HEPPBPAVNG 0TOUG EVOOUUIKOUC
ouvbéopoug (myotendinous junctions, MTJs) TTOU GUUUETEXEL OTN OTEV) ouveon
TWV OKEAETIKWV KOL KAPSLOKWV MUKWV Kal cUPBAAAEL otnv aykupoBoOAncn twv
vnuatiwv f-Aktivng Twv teAikwv capkouepiwv (Postel et al., 2008). Mapatnproaue
Mw¢ ota petaAlaypéva Eufpua n xpwon tng BuwkouAivng eudavile auPAutepn
ywvia tTwv ocuvdéopwyv (U-oxnua) kot dev Atav eviaio aAAa pe keva (Ewkova 48D,
B€AN). Ta keva autd SnULoupyolVTAL OTN CUCTOAN TNG MUIKAG tvag, otav ta Aemta
vhuatia t¢ Aktivng oAlwoBaivouv mavw ota moxld vnuatio TG puooivng.
JuMMEPAIVOUME AOUTOV TWG ota HeTaAAaypéva opoluya €uPBpua/mpoviudeg n
oteANG veUpwon TwV HUWV odnyel otnv atpodila aUTwWV Kol TEALKA TIPOKAAEL TN
napdhuon twv Yopuov. Mapdla autd ta etepdluya gars”*?%® sev epdavitouv

KATIOLO VEUPOMUTKO PaLVOTUTIO O OXECN HE Ta ayplou-tumou éuBpua/mpoviudeg

(Etkova 49).

wild-type 72 hpf garss266/s266 72 hpf wild-type 72 hpf garss266/s266 72 hpf

a-Actinin |F

B

® e
ot %5
S| L s

wild-type 72 hpf  gars®25¢/5286 75 [ o¢
Ewova 48. H T209K Gars ntpokalei tnv atpodia twv puwv ota petallaypéva opoluya Euppua. (A-
B). Quwtoypadile¢ OUVEOTIOKAG MIKPOOKOTIAG omd TOMEG Tpovupdwv mdaxoug 100um o€
EKKOAQTTOWEVEG TTPpoVUdeG  ayplou-TtUmou (n=30) kat garssm/sm (n=25) oto otadlo Twv 72 wpwv
META TN yovidomoinon Uotepa anod xpwaon pe palotoivn mou Badouv ta widia tng f-Aktivng, (C-D)
UoTepa amo avoooloToXN LKA XPWaon evavtiov TnG BlvkouAivng, piog mpwteivng Tou KUTTAPOOKEAETOU
mou ekdpaletal otoug evdopuikoug ouvbéopoug (aypiou-tumou n=16, gar55265/5266n=15) kot (E-F)
UoTepa amd avVOOO(OTOXNMLKA XPWON €&vavTiov TNG a-AKTIVNG TMPOC XPpWon TWV Z-YPAUUWV TwV
OKEAETIKWY MUV (ayplou-tumou n=10, gars’*”****n=11). stc gars* > npovopdec (B kot F) ta
widia f-Aktivng Sev eixav t ¢puotoloyikny euBuypaupn Sour Toug, aAAd Hla KUPATOELSNG XxaAaph
Soun pe peydAa keva petafl toug. Emiong, mapatnpndnke mwg kal (F) n ypAuuwon Toug nArav
SlakekoppEvn (BEAN) Kkatl OXL cuveXNG OMWG OTLG ayplou-TUTOU TPoVUUdEC. (G) NMoootikomolnon Tou
UPOUG TWV Z-YPOAUUWY TWV HULKWY WVWV. Ta 0apKOUEPLA TWV MUKWV VWV OTLG gar55266/5266 nipovOUbEC
ftav katd 30% KovtUTepa o€ OXEON UE Ta ayplou-TUToU, YEYOVOG TTOU UTIOSEIKVUEL WG OL LUIKEG LVEG
£€xouv atpodnoel. (D). TéEAog, mapatnpnOnke mwg Kat oL evéopuikol cuvSeopoL TapouoLalouy KAmoLa
keva (B€An) kat Sev eival eviaiol. (***p< .0001, unpaired t-test). KAlpaka: 25um otig (A-D) kat S5um

otiG (E-F).
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wild-type 96hpf gars*/26¢ 96 hpf

a-Actinin a-Actinin

wild-type 96hpf gars*/266 96 hpf

wild-type 96hpf gars*/266 96 hpf

Ewova 49. OL gars+/ 5268 etepdluyEeC MPOVUpIdEC Sev mapouotdlouv K&mowo puikd dawdturo. (A-B).

QOwtoypadieg CUVESTLAKNG HLKPOOKOTILAG Ao TOUES Tpovudwy Taxoug 150um oe éuBpua aypiou-
TUToU Kall gar5+/ 526% 510 OTASLO TWV 96 WPWV METE TN YOVLLOTOINoN VOTEPA AMd AVOCOLTTOXNMKA
XpWwaon evavtiov t¢ a-AKTivng MPog Xpwon TwV z-YPOoUUWYV TwV OKEAETIKWYV HUwv (ayplou-tumou
n=16, gar5+/5266n=10), (C-D) Uotepa amd xpwon pe darotofivn mou Badouv ta widta tng f-Aktivng
(aypilou-tUmou n=40, gars+/5265n=25) kot (E-F) Uotepa amd avoooloTOXNULKY XPWON €VaVIioV TNG
BvkouAivng, plog MPWTEIVNG TOU KUTTOPOOKEAETOU ToU ekdPAlETOL OTOUG EVOOUUIKOUC CUVEECUOUG
(ayplou-tUmou n=10, gars+/5256n=11). Y& OAEC TIGC OVAAUOELG TIOPATNPNCOUE TIWC N SOUN TWV HUWV
ftav puololoyikr]. KAipaka: Spm otig (A-B) kat 25 um otig (C-F).
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TéNog, ektO¢ amd TNV atpodia TwWV HUWV Eva AANO XOPOKTNPLOTIKO TOU
CMT2D/dSMAV ¢atvotumou otov avBpwro eivat kot n aduvapio Twv puwv. lNa 1o
AGYO QUTO TIPOYHATONOLOAUE CUMTIEPLPOPLKA TElpApATA Spdcong-aviibpaong oe
€UBpua Kal EKKOAQTITOUEVECG TIPOVULGDEG YLO VA TIOCOTLKOTIOL|COUE TNV aduvauia
TwV pUwv. Ta aypiou tumou éuppua avilbpoloav AUECH O UNXAVIKA gpebiopata
TIou S€xovTav Kal amopoKpUVOVTAV KOAUUTIWVTOG o euBeia ypapun. AvtIBéTw, Ta
gars*?%%52% ¢uBpua eixav TN TAON VO OUTOMAKPUVOVTOL TIOAU O apyd OTa
epebiopata mou Sexdviouoav Kal VO KOAUMMOUV HOVO HIKPEG OIMOOTAOELG.
ITATIOTIKEG aVOAUOELG TwV PBivteo uPNANC TaxUTNTOG OTO OTASLO TWV 62 WPWV UETA
TN yovipormnoinon €delav nmwe ta PeTaAAayuEva EUBpua EKavay we Kal TEEVTATAAGCLO
XPOVO yla va KOAUUIoouV pia kaBoplopévn anootaon pikoug 1,1 cm, os oxéon Ue

ta ayplou-turov éuppua (Ewdva 50L). Mapdha autd ta gars™2eos?6°

éuBpua oto
OUYKEKPLUEVO oTadlo avamtuéng dev mapouoctalouv SopikéG Sduotpodleg oToug
OKeAETIKOUC UG (Ewkova 50K), omwg epdavidouv ota peténerta otadia. Ta
OUVYKEKPLUEVA ATIOTEAECUOTO LOC 06NYOUV OTO CUUMEPACHA TIWE N OPYOTIOPNHEVN
avtidpaon twv petaAAaypEVWY EUBPUWY OTO HNXAVIKO epEBLoUa odelleTal o HUIKNA

aduvapia kat 6xL otnv npoavadepbeioa atpodia TwWV pUWV.
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Ewkéva 50. Ta gars £€XOUV HELWMEVO XpOVO avtidpaong oe pnxavika epebiopata. (A-D). Ta
ayplou-tUmou £uBpua AMOPOKPUVOVTOL TAXLOTA HOKPLA OO TO UNXAVIKO €p€Blopa Tou Toug
aokeital kot ¢elvyouv amd to omtikd medio. (E-H). AvtiBétwg, ta petaAAayuéva €ufpua €xouv
MELWMEVO XpOvo avtibpacong oto epébilopa mou toug aokeital (J-K). QOwtoypadieg cuveoTlakng
MLKpooKoTtiag amd TopéG mpovupdwy maxous 150um oe éuBpua aypiou-tumou (n=10) kat garsszss/ 5266
(n=13) oto otddlo Twv 62 WPwWV UETA TN Yovidomoinon Uotepa amd xpwon pe dahotofivn mou
Badouv ta widla tng f-Aktivng. Ita aypiou-tumou (J) kat ota petaMaypéva (K) €uppua Sev
napatnpidnkav Stadopéc otn Soun twv WISiwv aktivng, yeyovog mou umodnAWVEL OTL N HELWUEVN
avtibpoon oto epéblopa odeidetal otnv aduvapia twv puwv. (L). Mocotikomoinon tou xpdvou
avtibpaong tTwv euPplwWV CE HMNXOVIKO €pEOLOUO yla v KOAUMMGOOUV Hiot TpokaBoplopévn
améotaon 1,1cm (ayplou-tomou £uBpua n=20, gars™*****° n=22, ***p< 0001, unpaired t-test). (A-l).
KAtpaka: 100 mm. (J-K). KAlpoka: 50 um.

3.2.6 H T209K mpokaAel Tov 266 ¢GaLVOTUTIO HECW EVOG HNXOVIOMOU OTTWAELOG

Asttoupyiag tou yovidiou (loss of function).

AOyw TOoU TTOAU onuavtikol poAou mou mailel n Gars otn npwteivoolvOeaon,
adoU o KUplLoC POAOC TNG €lval n oUVOEON TOU OULWVOOEEOC TNG YAUKIVNG HE TO
avtiotolyo tRNA, amodoaocicape va Slepeuviooupe av ol TpoavadepBEVTeG
dawotumol odeilovtav oe pia yeviky SucAeltoupyia TG TpwteivoouvBeonc.
Kataoteilape 1t mnpwrteivoouvbeon, péEOw emwoong HE TO  OAVTLBLOTIKO
KukAoe€auiblo og aypiou TUMOU €uPpua Kal MAPATNPHOAUE TIWE TIAPVOULE €vav

5266/5266

napopolo ¢awvotuno o popdoloylkd eminedo pe Ta gars €uBpua, pe

HUIKPOTEPO KEDAAL Kol MATIA, TAPAAucon Kol EAATTWHEVN aldatikh KukAodopia
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(Ewkova 51C-D). NapAdAAnAa, Pe avOOOLOTOXNUIKEG XPWOEL OE EMWOACUEVEG UE TO
ovTIBLOTIKO TIPOVUUDECG, TIAPATNPNOAUE TIWG UTINPXE E£VOC TIAVOUOLOTUTIOC S266
VEUPOMUIKOG PaLVOTUTIOC OTIG 96 WPEG UETA TN YOVIUOTOLNGON. ZUYKEKPLUEVA, O
0pLOPOC TWV VEUPOUUTKWY ouvaPewv eixe pewwBel Spapatika (ota ibla emimeda pe

p#266/5266 TIPOVUUDEC), EVW TO TAXOG KOL TO WUAKOG TWV CAPKOUEPELWV TWV

G ga
HUTKWV VWV ATOV UELWHEVO OE OXEON HE TIG N EMWACUEVEG TIpoVU e (Etkova 52).
JUVETIWG, TA OUYKEKPLUEVA OTOTEAEOUATA UG 08dnNyoUv OTO CUUMEPACUA TIWG O
5266 pawvotumnog odelletal oe pia YeEVIK avaoToAr TNG MPwTeivoouvBeong Kat oxL
O£ KATIOLO OGAAO PUBULOTIKO UNXAVIOUO TIOU CUUMETEXEL N Gars. AMwote n T209K
Gars UTIAPXEL HOVO OTn HOVOUEPN HOPdN TNG MPWTEIVNG KAl KOTA CUVETELD N
doptwon tou tRNA-Gly dev Suvartal va mpaypatomnolnfel. Miwa erutAéov anddeiEn
yla TNV avaotoAl TG TpwteivoolvBeong elvat ta  auvénuéva  emineda
dwodopuliwong tou Eif2a (Eukaryotic Translation Initiation Factor 2, Subunit 1

Alpha) mou aviyvelBnkav o0& TPWTEIVIKA eKXUAlopata amd peTaAlaypéva

€uBpua/mpovuudec (Etkova 51E-1).

A . B H Phosphorylation levels of Eif2a in 48 hpf embryos
300- ok ok ok
Em——
2004

wild-type

—— siblings 10 uM Chx treated
D

1004

ratio of p-Eif2a/t-Eif2a (%)

- 2
wild-Type 48 hpf siblings 48 hpf ga'sszasﬁzse“ hpf

|
wild-type 10 uM Chxtre —  garsse/sss —_—
E 1 Phosphorylation levels of Eif2a in 72 hpf embryos
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wild-type siblings p——r wild-type siblings p——r wild-Type 72 hpf siblings 72 hpf gars 72 hpf

(48hpf) (48hpf) (48hpf) (72 hpf) (72hpf) (72 hpf)
Ewova 51 H dwodopuliwon tou Eif2a sival avénuévn oe garsms/ 5268 netalhaypéva éuppua Kat
npovupdeg. (A-D). Qwtoypadieg amod WKPOoKOTo GWTOG OTO OTASI0 Twv 96 WPWV UETA TN
yovilormoinon og ekKoAamtopeveg mpovuudeg aypiou-tumou (n=60) kot gars"/5266 (n=40) mou toug £xeL
avaotalel xnukd n mpwteivoolvBeon (emwaon e To avtiBlotikd kukAoeauibio). (A). Ayplou-tumou
npovUudn Haptupag otig 96 WPEG LUETA TN yovipomoinaon. (B). gars+/5266 povUdN TIOU €XEL EMWOAOTEL
pe 10uM avtiBlotiko kukhoe€apidio yio 72 wpec. (C). Aypiou-tumou mpovUudn mou £XEL EMWACTEL PE
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10uM avtiplotikd kukhosfauidlo yia 72 wpeg. (D). garsszwszsﬁ npovludn oTG 96 WPEG PETA TN

yoviportoinon. (E). AmoSLatakTikd avocoamoTumwia KOTd western g MPWTEIVIKA eKXUAlopaTa amd
. , . +/5266 5266/5266 . . ,

€uBpua aypiou-tunou, gars KoL gars ota otadla twv 48 Kol 72 wpwv UETA TN
yoviponoinon. To avtiowpa mou xpnotuomnotnonke frav evavtiov tng ¢waodopuAlopévng Lopdng tng
Eif2a. (F). AmoSLatoKTIKO avooOamOTUMWHA KOTA western o€ MPWTEIVIKA eKYUALlopaTA amo £uppua

, . +/5266 5266/5266 , . , ,

aypLou-tumou, gars KaL gars ota otadla twv 48 Kot 72 wpwv UETA TN yovipornoinon. To
ovticwpa TOU  xpnoldomolndnke Atav evavtiov tng oAwkAg Eif2a. (G). Amodiataktikd

' . . . ' o ' . 266
QVOOOOTOTUTIWHA KATA western o€ MpwTevika ekxuAiopata anod éufpua aypiou-tinou, gars+/5 Kall

garssm/ 266 ota otdbl Twv 48 Kal 72 wpwv HeETd Tt yoviworoinon. To avtiowpa Tou
xpnotwomnot0nke Atav evavtiov tng B-Aktivng. (H). Nocotikomoinon tg dwodopuliopévng popdng
¢ Eif2a mpog tnv oAwkn Eif2a ot 48 wpeg peta tn yovipomoinon. (l). Moocotikomoinon NG
dwodopuliopévng popdng tng Eif2a mpog tnv oAwkn Eif2a otig 72 wpeg PETA TN yovidomoinon. Kat
ota 8o avamtuélakd otadia n pwodopuliwon tng Eif2a ota petallayuéva €uppua/mpoviudeg
gival péxpl kat tpelg dopég auvénuévn os oxéon Pe ta aypiou-tumou uppua/mpovipdeg, YEYovog
o Seixvel mwe N mpwteivoouvBeon ota garssm/ 5256 PdpLa £XEL OTOUATAOEL.

C Synaptic area in wild-type Chx-treated larvae
e
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a:Ac{imn E Pt Myofibril thickness and z-disk length in Chx-treated larvae
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Ewkova 52. AvaotoAn tn¢ npwteivoouvOeong o€ aypiou-tUMou eKKOAAMTOMEVEG PovUUEG Sivel
€Va TTAVOMOLOTUTIO 5266 VEUPOMUIKO datvotumo. (A-B). Dwrtoypadieg¢ CUVECSTIAKNAG ULKPOOKOTILAG
oo TOUEG TPoVU bWV Ttaxoug 150um os mpovUUdEeC ayplou-TUTOU Kol ayplou-TUTIOU TTOU TOUG €XEL
ovaoTalel xnUIka n mpwieivoouvBeon (emwoaon pe 10uM kukAoe€apidio yia 72 wpeg) oTo oTAdLo TWV
96 WPWV HUETA TN yovipomoinon UoTEPA amd AvoooloTOXNULKA XPWON EVAVTIOV TWV MPOCUVATTTIKWY
KuoTSlwy (SV2, mpAowvo) KAl UETACUVOTTTIKWY KWVNTIKWV TAaKwV (aBTX, kokkwvo). (C). Mocotiko
ypAadnUa TWV VEUPOUUIKWY CUVATTIKWY TEPLOXWV O U0 MUOTOULN OTO €mimedo TNG AekIOIKAG
anoAnénc. MapoatnpoUpe TMwC TOOO Ol TPOCUVATTIKEG, 000 KOL Ol UETOOUVATITLKEG TIEPLOXEG
LELWVOVTAL CNUAVTIKA HETA TN avooToAn TnG mpwteivoolvBeong ota emineda Twv PETAANAYUEVWY
Yapwwv. (D-E). Qwrtoypadieg OUVECTLAKAG HLKPOOKOTILAG Od TOUEG TtpovU bWV Ttdxoug 150um o€
PovUUGDEC ayplou-TUTIOU Kal ayplou-TUTIOU TIOU TOUG €XEL AVOOTOAEL XNUKA N mpwteivoouvBeon
(emwoaon pe 10uM kukAog€auiblo ylo 72 wpeg) oTo OTASI0 TwV 96 WPWV UETA TN Yovipomoinon
UoTEPA ATIO AVOCOIOTOXNMULIKN XPWON EVAVTIOVTNG a-AKTWVIVNG TWVZ-YPOUUWY TWV HUWV Kal UoTtepa
and xpwon pe darotofivn mou Badouv ta widta tng f-Aktivne. (F). Moootikd ypddnua Tou mAxoug
kat Uoug Twv oapkopepeiwv. (G-H). Owtoypadile¢ OUVECTIOKAG MIKPOOKOTILOG Omd TOUEG
npovupdwv mayxoug 150um og mpovUUdEeG ayplou-TUTIOU KoL ayplou-TUTIOU TTOU TOUG €XEL OVAOTAAEL
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XNUIKA N mpwTteivoouvBeon (emwaon pe 10uM kukAog€apidilo yia 72 WPEeG) 0To 0TASL0 TwWV 96 WPWV
LETA TN yoviuomoinon Uotepa and xpwon pe palotoivn. Mapatnprioape mwe oe OAeG TIC avalloELg
TIOU KAVapE UOTEPA QMO TNV OVOOTOAN TNng MpwtelvoouvBeong oe aypilou-tumou mpovUudeg o
davdTUTOG NTAV TAVOUOLOTUTIOE E TWV METAANAYUEVWY gUBpUwV. (***p< .0001, unpaired t-test).
KAlpaka: 25um otig (A-B, G-H) kat 5 um ot (D-E).

Emopévwg amoé tn otyu mou n T209K petdAAagn avootéAAeL TN
NpwTteivoolvBeon ota £uppua n umepékdpaon AETOUPYIKAG Gars MPwTeivng Ba
€npene va Slaowlel 1 va KAAUTEPEVEL ToV 266 doatvotuno. Etol, katadépape va
UTIEPEKPPACOUUE TNV aypilou-tumou Gars e Hikpoevéoelg mRNA oe gar55266/5266
€UuBpua OTO OTASIO TOU €VOC KUTTAPOU KOl TIOPATNPNOAUE TIWG OPLOUOC TwV
VEUPOUUIKWY cuvaewv Sduthaolaloviav o€ autd Ta EUPpua. ZUYKEKPLUEVA OTO
5,5% +0,255% aufavovtav ota 14,3% + 0,325% (Ewkova 54H-J kot T), eEvw LETPHOELG
ylol TO OUVTEAEOTN YPAUULKAG CUOXETLONG Pearson £6el€av mwg n aAAnAosmikaAun
TWV TPO- KOl UETOCUVOITIKWY TIEPLOXWYV auEavotav onuaviika (Ewkova 54Y).

$266/5266 povipdeg TOU UTEPEKDPATOYE TN AELTOUPYIKY Gars

MNapdAAnAa, otic gars
TIAPATNPACAUE TTWG N ALUATIKA KUKAodopia cuvexllotav Kol PETA TIG 5 HEPEG HETA
TN YOVLUOTIONoN, KOl KOTA OUVETELD Ol EKKOAQMTOPEVEG TIPOVUUGEG avfavav To
TPoodOKLHo {WwNG Toug OTLS 7 HEPEC. Onwe mpoavadEpOnke n Asttoupyikn popdn
™m¢ Gars elvat  éva  opodluEpPEG.  MPOyUOTOTOLWVTAC [N ATOSLATAKTIKO
0VOOCOQTOTUTIWHO KOTA western o€ MPWTEIVIKA EKXUALOUATA OO UETAANQYUEVES
TpovUUdEeC oTLg 72 Kot 120 wpeg PETA TN yovipomolnon mou eixav eveBel pe aypiou-
turmou MRNA, aviyveloope HOvo tn Asltoupylky mpwieivn ota 150 kDa (otig 72
WPEC), EVW HE TN TIAPOSOo TOU XPOVo avixveloope Kot TG Suo popdéc tng Gars (otTL
120 wpec) (Ewkova 54A). OAa auta ta dedopéva amodeikvuouv wg n T209K eivat
pio petaAagn anwAelag tng Asttoupyiag (loss of function mutation).

AvTIO€Twg, Ootav unepekppdoape pio GAAn petaAldaén tnv G319R Gars
(G240R avrtiotolya otov avBpwro) dev moapatnproope kamowa BeAtiwon oto
VEUPOUUIKO dalvotumo twv Hetallaypévwy Papuwv (Eikova 54N-P), oute otnv

$266/5266 povupdec va redaivouv otic 5

ootk KukAodopla e ouvéETELa oL gars
UEPEC UETA TN Yovipomoinan. NponyoUEVEG in vitro HeAETEC oTov avBpwro £6elav
nw¢ n G240R emnpedlel 1o Sueplopd NG GARS Kol TN AETOUPYLKOTNTA TNG
npwteivng (Nagle et al., 2007). NpAyHOTL O N OMOSLOTOKTIKO OVOCOATOTUTIOMO

Katd western 8ev pmopécape va aviyveUooupe tn Owuepn Aswtoupylkni Gars o€
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Kavéva OTASl0 avamtuéng Twv HUETOAAAYUEVWY G319R—gar55266/5266 TIPOVUUPWV
(Etkova 54A). To OUYKEKPLUEVA OMOTEAECHOTA QMOTEAOUV T TPWTA in Vivo
Sebopéva Aettoupykotntag tng G240R. NapdAAnAa anodacioape vo LEAETHOOUE
™ Aettoupyia, kal tnv enidpacn otov s266 ¢awotumo, SUo akoun GARS
HeTaAaEewv: TnG avBpwrvng G526R (G605R oto zebrafish) plag petallagng mou
ennpealel tn Aswtoupyia ¢ mMpwteivng aAAd OxL to Sipeplopo kot tng C201R
HETAAAOENC TOU TovTIKOoU (C236R oto zebrafish). H C201R Gars eival pwa umtopopdn
(hypomorph) tn¢ mpwteivng adol n pet@AAaén pelwvel, oAl Sev Katapyel EVIEAWS
™ Aewtoupyia tng Gars. Katadépape va vnepekdpdooupe tnv C236R Gars péxpL Kat
TPELG PopEG TMAVW amo Ta evdoyevr emimeda NG MPwrieivng (Ewkova 53) kal
napoatnpnoape nwg n C236R BeATIWVEL HEPKWC, aAAA OxL oTa emineda TNG aypilou-
TUmou Gars, Tov VEUPOUUikO datvotumo (Ewova K-M). Emiong, ta peTaAAaypéva
€uBpua mou unepekdppaotnke n C236R Gars dlatnpovuoav TNV ALLATIK KukKAodopia
HEXPL TIC 6 MEPEG META TN yovidomoinon. Tautoxpova o€ W AMOSLOTAKTIKO
O0VOCOQTOTUTIWHA KATA western o€ TMPWTEIVIKA EKXUALOHATA QUTWV TwWV EUBpLWV
OVLXVEUCOUE HOVO TN SLUEP UIMAVTO OTIG 72 WPEG UETA TN yovipomoinon (Ekova
54A). Zt1¢ 5 YEPEG PETA TN yovipomoinon avixveloape Kal Tig SU0 HopdEG, evw TNV
€B6oun poOvo tn Hovouepn popdn tNC Gars. To OUYKEKPLUEVA OTTOTEAECLOTO
ouudbwvoUV PE TIPONYOUEVEG HEAETEG OTA TIOVTIKLA, OTIOU oL €TEPOlUYOTEG Eixav
€va Lo Ao ¢alvotumo Kal ta opoluya EpBpua {ovoav povo pexpl tnv P14 (Seburn

et al., 2006).
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Monemeric Gars=75 kDa
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Ewkova 53. Yrnepékdpaon tng aypiou-tunouv kat C236R Gars nmpwrteivng oe gar’z“/ “25% npovipdec 72

WPWV META TN yovipomoinon. (A). AmoSLatakTikd avocoanmoTUNWUA KOTA western og MPWTEIVIKA
eKYUAlopOTO OO €KKOAAMTOUEVECG TPpovUUdEG ayplou-TUTou, gars+/ 5266 ko garsszw 5266 5ta otddLa
TWV 72 wpwVv WPETA TN yoviudomoinon. To avtiocwpa mou xpnoldomnolnnke ntav evavtiov tng Gars
MPpWTeivng. (B). AModLaTtakTiko avoooamnmoTUMWUA KOTA western o TPWTIEIVIKA ekXUAlopata amo
€uBpua aypilou-tumou, gars+/ 266k garssm/ 5256 5ta oTddLa Twv 72 WPWV UETA TN yovipomoinon. To
avTiowpa Tou xpnotpomnoldnke ntav evavtiov tg B-Aktivng. (C). Noootikomoinon Twv emmédwy
™G Gars mMpwteivng, UOTEPA QMO UIKPOEVEVELG e ayplou-TuTtou Kat C236R gars mRNA. NMapatnpolue
Tlw¢ TGO OTIG gars+/ 5266 500 KoL OTLC garsszss/ 5268 tpovipudec Ta emineSa Gars £xouv avéndet péxpt kat
TPELG POoPEC UOoTEPA MO TIG EVEDELG.

TéNog, n umepekdpaon tng G605R (n avtiotowxn G526R otnv avBpwrivn
npwteivn) 8ev PBeAtiwoe TOV S266 VEUPOUUIKO GALVOTUTIO TWV garssm/ 5266
npovupdpwv (Etkova 54Q-S), evw n alpatikr KukAodopia otapatovos otig 96 wPEC
UETA TN yovipormoinon. MNponyoUUEeVeG in vitro HeAETEC oTnV avBpwTvn TPWTEIvVN
€xouv Sel€el mMwe 0 opodLueplopog tng GARS Sev emnpealetal amo tn HetaAaln (Xie
et al., 2007). MNpdyuoatt o€ pn OMOSLATOKTIKO QVOCOQTMOTUTOMA KATA western
oVLXVEUOOUE HOVO TN Oluepn popdn tng Gars (Ewkova 54A). Mapola autd eival
YVWwoTto nw¢ N G526R avaotéAel TNV evIUULKN AETOUpyia, KATAPYWVTOG TO onueio
ouvdeong tou AMP oto éviupo (Nagle et al., 2007, Griffin et al. 2014). Juvenwc, ta

5266/5266

gars Papla amoteAolv 10 MPwWTo {WIKO HovtéAo ou n G526R mapouotdlet

XOPOAKTNPLOTIKA HLOC LETAAAOENC amwAELAG TNG AeLToupyiag Tou yovidiou.
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A Anti-Gars, monomeric Gars=75kDa, dimeric Gars=150kDa
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Ewova 54. (A). Mn amoSLoTOKTIKO 0vOCOQmOTUNIWHA KATA western o MPWTEIVIKA eKXUAlopOTa o€
EKKOAQUTTTOUEVWVY gar55266/5266 npovupdwv ou ekdppalouv tig T209K, C236R, G319R, G605R Kat ayplou
TUMou Gars mpwteivn oTo0 0TASL0 TWV 72 WPWV UETA TN Yovilomoinan. AvixveUTnKe n evepyn Siuepn
popdn ™G Gars ot PeTaAAAYUEVEG TTPOVUUDEG TTou ekdpdlouv TV aypiou-tumou, tv C236R kal
G605R Gars, ev avtlBéoel pe Tig garssm/sm npovuudeg ou ekdppalouv tn C236R Gars mpwteivn. (B-
S). AVOOOIOTOXNULKEG XPWOELG EVAVTIOV TWV CUVAMTIKWYV KuoTdiwv SV2 (MpocuvarmTiky TEpLOXN,
TMPACLVO) Kal HE €va avtoywviloth Twv umodoxéwv AchR Tng KwnTlkAG TMAAKAG (UETOCUVATTIKN
neplox a-BTX, kokkiwo). (B-D). Qwtoypadieg oUVEOTIOKAG MLKPOOKOTAG Ot  ayplou-TUTOU
EKKOAOTTTOWEVEG TIPOVUUPEG 0TO 0TASI0 TWV 96 WPWV UETA T yovidomoinon. (E-G). Qwtoypadieg
OUVEOTLOKAG HKpOOKOTILOG o€ garssm/ 5266 £KKONQTTTOMEVEC TIPOVUUDEC OTO OTASLO TWV 96 WPWV HETE
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™ yoviponoinon. (H-J). Qwtoypadieg oUVECTIOKNAG WIKPOOKOTILOG OF gars$266/5266 EKKOAOTTTOLEVEG

npovludeg mou £€xel umepekdpaotel n aypiou-tumou Gars 0To OTASLO0 TwWv 96 WPWV HETA TN
yoviuonoinon. 2to 48% amd TG LeTaAAAYLEVEG OUOTUYEG TTPOVU LdEG TTOU UTIEPEKPPAOTNKE N AypLOU-
tonou Gars (n=41) urtfipxe QALLOTIKA KUKAOOpLla HEXPL TLG 6 NUEPEG LETA TN YOVILOTIOLNGN, EVW Kol
Ol CUVAMTIKEG TEPLOXEG TWV MUOTOMiwV augdvovtav mepimou ota ¢uololoykd emineda. (K-M).
Qwtoypadieq OUVEOTIOKAG MLKPOOKOTIAG OF garsszg‘%”6 EKKOAQUTTTOMEVEG TIPOVUUPEG TIOU EXEL
unepekdppaotel n C236R Gars oto otddlo TwWV 96 WPWV WPETA TN yoviuormoinon. Ito 17% amod tig
petoAAayuEveG opoluyeg povUdeg Tou untepekdpdotnke n C236R Gars (n=121) UTAPXE QLUOTIKN
KukAodopia HEXPL TIG 6 NUEPEG HUETA TN YOVIUOTOINGN, €VW KAl Ol CUVATTIKEG TIEPLOXEG TWV
puotopiwv oxedov SUTAAOLACTNKE O OXEON ME TIG MeTOANayHEVEG TPpovUUdEeG-uapTupeS. (N-P).
QOwtoypadieq OUVEOTIOKAG MLKPOOKOTIAG OF garsszg‘%”6 EKKOAQUTTOMEVEG TIPOVUUPEG TIOU EXEL
unepekdppaotel n C319R Gars (n=35) oto oTAdlo TwV 96 WPWV UETA TN yoviomoinon. Mapatnpoupe
nwg n G319R dev BeAtiwvel kaBOAou To veupopuikd datvotumo. (Q-S). Pwrtoypadie¢ cuUVESTLOKNAG
ULKpOOKoTtiag oe garsszw 5266 eKKONOTTTOHEVEC TIPOVUUdEC TIOU £xel umepekdpaotel n G605R Gars
(n=47) oto otddlo Twv 96 wpwV PETA TN yoviuomoinon. MNapatnpolpe mwg n G605R dev BeAtiwvel
KaBoAou to veupopuikd dawotumo. H G605R Sev emnpedlel to SIUEPLOUO TIC MPWTEIvNG,aANG
avaotéAel ™ Aettoupyia tne. (T). MoooTik avA@AUGCH TWV VEUPOUUIKWY GUVOTTTIKWY TIEPLOXWVY OF
600 puotoula oto emninedo tng AeklOkng amoAnéng. (Y). Moootiky avaAuon tng aAAnAoemkaAung
TWV TIPOCUVATTIKWY KOL METACUVATTIKWY TIEPLOXWV TWV HUOTOMIWVY, UETPWVTIAG TO OUVTEAEOTH
VPOUULKN G OUGXETLONG Pearson (r). (***p<.0001, one-way ANOVA). KAlpoka: 25um.

3.2.7 H to{ikotnta tnG HeTtaAAaypévng Gars ocUoXETI{ETAL AMECA HE TO SLUEPLONO
™G MPWTIEIVNG.

MPayUOTOMOINCAUE HULIKPOEVEDELG WPLHoU MRNA yla tig petaAlaelg T209K,
G319R kat G605R oe Slaoctavpwoel etepoluywv Yapuwv Pe ayplou-tumou. H
€kppaon twv T209K kat G319R dev napouvciacav kKAmowo ¢avoTuTo ot gar5+/5266
€uBpua. AvtiBétwe, n unepékdpacn tng G605R ota etepoluya PapLa TPOKAAECE
€vav  OlOLTEPWC  €VIOVO  VEUPOUUIKO  POLVOTUTIO. JUYKEKPLUEVA TOCO Ol
TIPOCUVAUITTIKEG, 000 KOL Ol UETOOUVATTTIKEG TIEPLOXEG TWV HUOTOUIWY UELWVOVTAV

/5256 ipovopded (Etkévar 55A-C). Tautdxpova, oTLC POVUDEC

Spapatikd otg gars
mou umepekdppaotnke n G605R n alpatiky kKukAodopia pelwdnke onuavtikd. Etot,
anodaciocape va PEAETACOUUE av N Heiwon tou Slueplopol TG MPWTeivng Ba
BeAtiwve Ttov dawvotuno mou oxetwlotav pe tnv €kdpacn TG G60O5R Gars.
Ekppdoape in trans tig T209K kot G605R koL mapatnprRoapue WG 0 aplOuods Twy
VEUPOUVIKWYV ouvapewv oxedbov Sumhactalotav (Ewkova 55G-1). H onupavtiki
BeAtiwon tou datvotumou pag odAynoe OTO CUUTEPACHO TIWG OL TOELKEG LOLOTNTEG
miou mpoaodidel n G605R otn Gars pelwvovtal, KoBwE LELWVETAL O SIUEPLOUOC UE TNV

evboyevy Gars mpwtelvn, AOyw NG €ékdpacng tn¢ T209K. Katd ouvémela

€\ATTWVETOL KaL N ETUKPATAG apvnTIKn enidpaocn (dominant negative) tng G605R.
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Synaptic area in gars*/*?¢° 96 hpf larvae
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Ewkova 55. H to§ikotnta tng G605R petaAAaypévng Gars GUOXETIIETAL AIECA ME TO SLUEPLOHUO TNG
nPwTteivng. (A-1). AVooOioTOXNULKEG XPWOELG EVOVTIOV TWV CUVATTTIKWY KUOTLSlwY SV2 (pocuvarTikn
TEPLOXN, TPACLVO) KAl HE £va avIaywvloT Twv umodoxéwv AchR Tng KwnTkA¢ TAAKAG
(uetaouvarmtiky meploxy a-BTX, kokkwo). (A-C). OwtoypadileG OUVEOTIOKAG HIKPOOKOTIAG OE
gars+/ 5265 ekKONMTOMEVEC TIPOVULDEC OTO OTASL0 Twv 96 WPV HeTd Tt yoviporoinon. (D-F).
QOwtoypadieq OUVECTIAKNAG HLKPOOKOTILOG OF gars%z“ EKKOAQTITOUEVEG TIPOVUUPEC TIOU  €XEL
unepekdppaotel n G605R Gars (n=228) 0To 0TASL0 TWV 96 WPWV UETA TN yoviponoinon. 2to 33% twv
TPOVUUDWY TIOU TOUG €ylvav oL evéoelg €dwoav €vav Tapopolo Gavotumo e to opoluya
peTaAAayuEva EUBpua. ZUYKEKPLUEVA O OPLBOC TWV TIPOCUVATTIKWY KAl LETACUVATTIKWY TIEPLOXWV
TWV VEUPOUUIKWV CUVAPEWV HELWVETAL Katd 75% otav ekdpdletal n G605R Gars ota gars+/5266
Yapia. (G-1). Dwrtoypadleg CUVECTLOKNG HLKPOOKOTILAG OF gars”sm EKKOAQTTTOUEVEG TIPOVU UDEG TTOU
£XEL UTIEpEKPPAOTEL TaUTOXpova n G605R kat n T209K in trans (n=153). H trans-ékdppacn tng T209K
Sumhaclalel tov aplOpd TwWV VEUPOUUIKWY CUVAYPEWY OTLG G605R—gars+/ 5268 povopdec. H Betiwon
Tou davoTUToU POKUTITEL TUBAVWE Ao TN MELWPEVA emtimeda eTepodiueplopol tng G605R-Gars e
™V ayplou-tumou povopepn Gars. (J). MoooTikA avAAucn TWV VEUPOUUIKWY CUVATITIKWY TIEPLOXWV COE
600 puotdula oto eminedo tng AekIOIKAC amoAnéng (gars+/5266 n=11, gars+/5266 G605R n=15, gars+/5266
G605R/trans-T209K n= 19, ***p< .0001, one-way ANOVA). KAipaka: 50 um.
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3.28 H T209K Gars OUGOWPEVETAL OTO KUTTOPOMAQOMO TWV VEUPWVWV.

Mponyoupeveg peAéteg €xouv Oeifel mwe petalayuéveg popdeg tng GARS
eudavilouv SladopeTIKO €VOOKUTTOPIKO €vTOTUOMO. Mo va UEAETAOOUME TOV
EVTOTILOMO TNG T209K Gars oto kuttapo akoAouBnoape SU0 SLopOpPETLKOUG TPOTIOUG
HeEAETNG. MpwTov, xpnollomnolnoape éva mMAacuiblo mou ¢pépet tnv T130K Gars (oto
zebrafish T209K) pall pe ™ mnpaocwn ¢Bopilovoca mpwrteivn (EGFP) kot tnv
ekppaocape O KAAAEPYELEC KLWWNTIKWV VEUPWVWVY TOU Tovtikol MN-1.
Mapatnpnoape Mw¢ ota KUTTapa mou ekdppalotav n aypiov-tumou GARS-EGFP, n

npwteivn evtorl{étav o€ CUUTTAOKO-KOUKIOEG OTO KUTTOPOMAQCUO TWV KUTTAPWVY

Elkova 56. H T209K ouocowpeletal o€
KUTTOPOTIAQLOULOTIKA  OUUTTAOKO-KOUKISEG,.
(A). KOAAEPYELEG KLVNTIKWV  VEUPWVWV
MOVTIKOU Ttou ekdpdlouv tv aypiou-tumou
GARS-EGFP. MapatnpAoae mwe n MpwTeivn
oxnuatifet OUUTAOKO-KOUKIBEC oto
KuTtapomAacpa (BEAn). (B). H T130K GARS-
EGFP £¢dwoe €va SLayuto onua o OAo To
KUTTOPOTIAQOMO. XWPLG TOV XOPOKTNPLOTIKO
OXNUATIOUO TWV CUUIMAOKWY TpwTeivng. (C-
F). QOwrtoypadieg GUVECTLOKNAG
ULKpOOKOTTLOG votepa ano
0lVOOOIOTOXNUIKEG XPWOEL €VAVIIOV TNG
evboyevoug Gars (mpaowo), ™mg
OKETUALWHEVNG LOPDNG TNG O-TOUUTTOUALVNG
mavagovikog  Oeiktng) Kal  UE
(kokkwo). (C kat E). H
Gars  oxnuatileL  évrova
KUTTOPOTTAQOUATIKA ~ CUUTTAOKQL  OTOUG
LeoeykEDAAOUC KOl OTO UATL TwWV aypilwv-
Unwv npovupdwy, (D) ev avtiBéoel pe TNV
T209K Gars mou eixe €va molo ayxvo Kal
Slaxuto onua. Emiong, eivat évtovn n
cuoowpeucn tng T209K  Gars  oto
KuttopomAacpa. MBavov va yilvetatr n
CuooWpEUON HovouepwyY popdwv Tng Gars.

wild-type GARS:EGFP T130K GARS:EGFP

gars266/5266 9ghpf

(Etkova .56A, BéAn). AvtiBetwg, n T130K-GARS dev oxnuatile autd Ta CUMTAOKA-
Koukidec aAld €6wve éva Slaxuto onua oe O6Ao to KuttapomAaoua (Ewkova 56B).
MNapdAAnAa, peletnoape tnv evdoyevry Gars mpwtelvn oe ayplou-TUTOU Kol
gars*?°%52% gxxohamtdpevee TPOVUUDEC 96 WPV METE TN yovipomoinon oto
pueoeykEPpaho kot oto patt. Eidape mwg n evdoyevng oxnUOTilel OVTWG Tl CUUTAOKA

OTO KUTTOPOMAQOUO TWV OCWHATWY TOU VEUPWVWV TOCO OTIG ayplou-TUTou
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TIPOVUUPEC, 000 KAl OTLG LETAANQYUEVEG. MapOAa QUTA OTLC gar55266/ 5266

TPOVUUDEC
To onua tng T209K Gars Atav molo Suaxuto, evw datvotov nwe n MpwTeivn
OUCCWPEUOTAVE OTO KUTTAPOTMAACUO TwV KUTTApwV (Etkova 56D). Emiong, oto patt
BAEmoupe mwe n T209K Gars CUCOWPEUOTAV OE KUTTOPOTAOCHOTIKA CUUTTAOKQ,
OAAQ O apLOUOC QUTWV TWV CUMTAOKWY €lXe HeyAaAn Slaomopd amd MEPLOXH OE
nieploxn (Ewkéva 56F). MoTeVOUPE, WG O CUYKEPLUEVOG TPOTIOC EVIOTLOMOU TNG
MPWTEIVNG va. odelAETAL OTN CUCCWPEUCN TWV QVEVEPYWV Hovopepwv T209K Gars
KOl KATA CUVEMELQ va evepyomotntal to ER stress kat tou UPR (Unfolded Protein
Response) w¢ amavinon o€ auTr TN CUCCWPEUON TNG UETAANAYUEVNC TIPWTEIVNC.
Mo to AOyo auto mpoomabnoape Ye Tn xprion dtadopwv XNULKWY OUCLWV ONWE TO
TUDCA (taurine-conjugated ursodeoxycholic acid) kat to PBA (4-Phenyl butyric acid)
(Ozcan et al, 2006), va avaoteihoupe 1 Kal va emdayoupe to ER stress ota

gars*?%%/52% ¢Bpua, xwplc WOTAOO VoL ETUTUXOULE KATOLO AroTéNECHAL.
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4. Zulntnon
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To zebrafish gival éva pkpo tpormikd YaptL Tou YAUKOU VEPOU TIOU QVIKEL
oTNV olKoyévela Twv Kkumplavidwv, to €idog Danio rerio. Tig teAeutaieg Svo
Sekaetieg €xouv xpnotpomolnBel yia Bloiatplkég HEAETEG Kal €xouv avadelxBel oe
€va 16avikd {WIKO HOVTEAO TOOO yla TN MEAETN TNG OPYAVOYEVECNG OCO KOl ylo TN
HEAETN avBpwriivwy acBevelwy, Aoyw Lo TAnBwpag mAeovektnudtwy. Katapxnyv, o
HEYAAOG aplOuog euPplwv mou Aappavetal and kabe smtuxnuévn Staotavpwaon,
To €UPpua yovIHOTIOLOUVTAL KOl avamTUooovVTOL €EWTEPLIKA TOU OWMATOC, €lval
Sladavn emtpénoviag TNV in vivo HEAETN Kal apatipnon Stadopwyv dalvotunwy,
EVW OVOMTUOOOVTIAL €E€UKOAO KOl yprnyopa OTO €pyacthplo He duvatotnta
QVATIOPAYWYHG EVIOG TWV TPLWV MPWTWV UNVWV. EMmA€ov, To yeyovog otL ta Euppua
Twv zebrafish gival pikpd og péyebog Toug Sivel To MAEOVEKTNUA VA LNV E€QPTWVTOL
TANPWCG Ao TNV OULUATIKY KUKAodOopla yla ApKETEC PEPEC KATA TNV QVATITUEN TOUG,
AapBavovtag ofuyovo pe madntikn Sldxuon, €v avtlBEoel Pe TO MTINVA Kal Ta
OnAaotika mou mebaivouv apeca av Stakomel n awpatiky KukAodopia. TéAog, ToO
zebrafish wg omovOUAWTOG 0pYyaVIOUOG CUYKPLVOUEVOG E TOL YEVETIKA LLOVIEAQ TIOU
xpnotuornotovvral pexpt onuepa (C. Elegans, Drosophila), €xel peyoAUTEPO TTOCOOTO
opoAoyiag yoviSlwpatog pe tou avBpwrou. AapBavovtag urt’ oLV ta mopandvw
KaBwg emiong kot T SuvaTOTNTA TTOU TIOPEXEL AUTO TO HOVTEAO yLa XpnoLlomnoinon
TEXVIKWV TpocBlag yevetkng (forward genetics) 6nAadny tn TPoocEyylon €vog
ayvwotou yovidiou pe adetnpia €vav evdladépov dpatvotumo, kat avtiotpodng
VEVETIKNG (reverse genetics), n dlepeuvnon evog dpalvotumou mou mpoKaAeital otav
€va nén yvwoto yovidlo kabiotatal pun AEIToUpyLlko, To KaBlotouv 1daviko LoVIEAD
VEVETIKWV KoL epBpuoloyikwy peAetwy (Beis and Stainier, 2006).

Jtn mapovoa OSidaktopikn) Satplpry mapabécaps SU0O XOPAKTNPLOTIKA
napadelypata  opyavoyEveong Kol  HEAETNC  avBpwnivwv  acBevelwv

Xxpnotpomnotwwvtag to zebrafish wg opyavioud povtéro.

4.1 O pOAOG TWV QALLOSUVAUIKWY powv otnv popdomoinon Twv KopSLaKwv
BaABidwv.

OL ouyyeveig kapdlomabelec eudavilovtal o HEYANO TTOCOOTO OTOV YEVIKO
TANBUOUO Kol MANBwWPA AUTWV TIPOKUTITEL ATd AVWUOALEG KATA TNV HopdoyEveon

™¢ kapdlag. H ouxvotnta spudaviorg toug molkidel amo 4 ewg 50 ava 1000 {wvta
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veoyva (Pierpont et al., 2007). Qg oL o cuXVEG avadEpPovTal va €ival oL KOWALAKEG
Stadppaypatikéc avwpaAieg (Ventricular Septal Defects-VSDs) pe ouxvotnta 75 otig
1000 yevvnOELG, UE TNV TIOPALOVI) TOU 0VOLKTOU BoTAAelou Ttopou va akoAouBei og
ouxvotnta eudavions. Meydhn enimtwon epdavilel, pe peEYOAUTEPN ouxvotnTA
eUPAVIONG OTOUG EVAALKEG, KaL N LECOKOATILKI ETKOLVWVIO aTtd TOV 1N OXNUATIOUO
TOU UECOKOATILKOU Sltadpaypatog. H cuxvotnta autig tng Sucpopdiag ival moAv
HEYAAUTEPN OTA VEOYVA, OAAA AOYyW OLOUUTTWHATIKNAG TTopouciog ToAAEG dopég be
SLaylyvwoKeTaL KATa Tn yévvnon kot epdaviletal otnv eviAikn {wr. AkohouBouv oe
ouxvotnta Ol OaVWHAAIEG TOU KOATOKOWLOKOU SladppAypotog, OTEVWONG TNG
TIVEUUOVLIKAG BaABidag, n aoptikn otévwaon Kat n dimtuxn aoptikr BaABida.

OL autie¢ twv ouyyevwv KapSlomabewwv TapapéVOUV KUPLwG AYVWOTEC.
AvadépeTtal OTL Ol YEVETIKEC QLTIEG (XPWHOOWUIKEG avwHAALEG Kol cuvdpopa) elvatl
UMELOUVEG pOvVo yla To 8% Twv ouyyevwv Kapdlomabewwv kal pévo to 2%
odpeilovtar oe mepPaloviikd aitia. Zto umoAlouto 90% Tmopoatnpeital
TIOAUTIAPOYOVTIKN)  KAnpovounon kot meptBarlovtikyy enibpaocn (ékBeon oe
TEPATOYOVOUC TIOPAYOVTEC KATA TO XpOvo gumdBelac). OL ouyyeveic kapdlomabeleg
elval amotéleopa Satapaxwv g KApSLOKAG avamtuéng o€ TMPWLLA EUBPULKA
otadia aAAd Kol armoppoLla OVWHOANG AVATITUENG, OTIWG OO LLOSUVAULKEC AAAAYEG
(Hoffman et al.,, 2004). H popdoyéveon kal n Aettoupyia tnG KapdLdg mpoxwpouv
napaAAnAa kat n kapdiakr ducpopdia pmopet va epdaviodel péow neplocdTEpWV
TaBOYEVETIKWY 08WV.

Eniong, éva amd ta kpuripla taglvopnong ylo tTnv avelpeon Tng awtiog
eudaviong twv ocuyyevwv katdlomabswwv eival n euPpuoloyikr TPoéAeuon Twv
LoTwv. Exoupe emMopévwg avwUaALEG TTOU TIPOKUTITOUV KATA T TAPAKATW otadia: A)
otn ¢aon aykuAng, n cuotpodr Tou guBEog kapdlakol cwAnva amoteAel kplouo
ONUElO yld TO OWOTO TPOCAVATOALOUO KOl CUOTOIXlON TWV KOWOTATWVY KoL TWV
HeEYAAwV ayyelwv TNG Kapdlag. AvwpaAieg kata Tn pacn autr mpokaAouv cuvdpopua
omw¢ eTepotagio NG KApSLAG KABWG KoL LEPIKWY 1} OAWV TWV OTIAQYXVIKWY 0pyAvVwWY
(r.x situs inversus). H etepotatia otnv avBpwrivn kapdld mepAapBavel Evav Kowo
KOATIO, KOWALaKN avaotpodr, Un €uBUYPAUULON TOU KOATIOKOWALAKOU KAVOALOU Ko
ToU Xwpou €€060U TNG KOG Kal avwHaleg ouvoEaelg dAeBwv Katl aptnplwv. B).

Tov kKoAtokoW\Lako Staxwplopd: OL TILo KOWVEG CUYYEVELS avwaALEG oTov avBpwrTo,
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oAAQ OxL amapaitnTa Kal oL o coBapEg, oxetTilovtal e aTeEAR SLAXWPLOUO TWV
KOATIWV, TWV KOWLWV Kol TOU KOATIOKOWLAKOU KavoaAiol. Ot Slatapaxeég autég
UMOPOUV VO XWPLOTOUV O EAATTWHATA TOU MUikoU OSladpdypatog Kol Twv
evbokapSlakwy EMOPUATWY TIOU XwPLlouv Toug KOATmou¢ amd TI( Kowieg. H
attioloyia Twv KOATTOKOWA LKWV SLadpayHATIKWY AVWHOALWY TIAPAUEVEL AYVWOT).

Teleutaia oL evOOKAPSLOKEG TILECELG TTOU ACKOUVTAL OO TN Pon Tou aijatog,
kaBopilouv TN KuTTapPlKy ouumepldopd  KalL  evepyomoinon  Siadopwv
ONUATOSOTIKWY HOVOTATLWY, §€xovTal TNV aUEAVOUEVN TIPOCOXH TOU ETILOTNLOVIKOU
koouou (Freund et al., 2012). Npo¢ auth v KateuBuvon mpooavatoAilovtal Kat
OTMOTEAECUOTA OO TIPONYOUMEVEG UEAETEG, OMOU UOTEPA QMO TNV TOMOBETNoN
eunodiou otov PpAeBwWEN KOATIO /KoL otV aopTikr BaABida petafd Koliag Kal Tou
aopTikoU BoABol elxe WG AMOTEAECHA TOV EAATTWMOTIKO OXNUOTIOMO TOU XWPEOU
€10060u n/kat €€660U NG KAPSLAC, TN UN ocwoth ‘otpodn’ TNG KAPSLAC Kol ThV
OMWAELD OXNUATIOMOU eVOOKAPSLAKWY EMAPUATWY O0TNV KOATIOKOWlakn BoABida,
emBeBalwvovtag OTL oL eVOOKAPSLOKEC SUVALELS OO TNV Por TOU ailpatog eival
amopaitnTog EMYEVETIKOG TApAyovTog Yo tnv Kapdioyéveon (Hove et al., 2003).

2tn nopovoa SlatplPr EETACAUE TIG EMUTTWOELG TIOU €XEL N ENAeWPn €vog
Baolkol cuotatikoU tou povomatiou Nodal otnv avamrtuén tou zebrafish, pe tn
Xpnon tn¢ UETAANQYUEVNG YEVETIKAG OEPAC s457. Ta s457 petalhayuéva euppua
dEpouv pLol onUELOK HETAAaEn oTto KwOKOVIO €vapéng tng Hetadpacnc Tou
npwtou efoviou Ttou yovidiou southpaw. H cuotpodr tou e€uBéog kapdlakou
owAnva amoteAel KplOLWO ONUELD YL TO CWOTO TPOCOVATOALOUO KOL TN OTOLXLON TWV
KOW\OTNTWV Kal TwV PHEYAAWV ayyeiwv TG Kapdlag. Avwualieg katd tn ¢don autn
nipokaAoUv cUvSpopa OMwC eTepoTatia TG KaApSLAG KABwE Kal LEPLKWV 1 OAWV TWV
OTAQYXVIKWV opyavwv (m.x situs inversus). Auto odnyel otnv tuxolomoinon tng
KOPSLAKAC  KAUWNG ota  petalaypéva  éuBpua. Tevikd, ta  spaw 7547
pHeTtaAAaypéva EpBpua Slakpivovtal og TPELG GALVOTUTIKEG KATNYOPLEC: a) avTd oV
enpaviCovv Kapdld otnv euctoroykn Béon-situs solitus (€xet kaver ™ 6e&1é oTpoPN|
N KoAia), B) Ta petolhaypuéva Eufpoa pe avactpoen BEon g Kapdidg-Situs inversus
Kot Y) owtd pe thv gubdypouun kapdid otn péon ypouun-midline. Moapola autg,
auti n duocpopdodia dev emnpedalel TNV BlwolndTnTa TWV HETOAAayUEVWY Paplwy, Ta

omola ¢ptavouv oto evhAko otadlo. Kabwg £va onUAvTLKO TTOCO0TO TWV CUYYEVWV
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kapdlomaBswwyv TpoKaAeital amd SlatopaxeG TNG KAPSLAKAG QOUMMETPLOG, TO
HOVTEAO TIOU XPNOLUOTOLoaUE Hag €8woe tn Sduvatdtnta va eAéyfoupe Twe n
VEWHETPlO TNG KOpSLAG emnpedlel tnv popdoyéveon NG Kol TNV Soun Twv
KOATIOKOWLaKWV BaABidwv Kal HECW TTOLWV UNXOVICUWV.

ApXIKA MEAETNCOME TN HUOKOPSLOKNA KAl OUOCTOALK Asttoupyla Twv
HETAAANQYUEVWY EUBpUWV. Mapatnprnoape Aoutdv Kol 0TOUG TPELG GOLVOTUTIOUG OTL N
KapSLaKr) CUCTOATIKOTNTA AAAQ Kal 0 KApSLaKOG pubuog mapapévouv GpuclooyLkol,
Yyeyovog amoAuta Aoylkd adol TO spaw elval €va  pn-puokapdlokd yovidio.
Avtifétwg, otav peAetioope tn SafaAPidikn pory ota petaAlaypéva Eupfpua
TAPATNPNOAUE TIWG T EUPpua pe euBLUypapun kapdld eixav avénuéva enineda
maAwvdpopnong tou aipatog PeTafl Twv BoAdpwy. IToug UTOAOLTOUC KapdLaKOUG
dawotunoug el6OpE WG N AWMOTIK) pon NTav GuOLOAOYLKA. ZUVEMWG, T

w757 fLBpua pe euBOYpaupn kapdld epdavilouv éva mabohoykd TPOTUTO

spa
SLoBaABLOKAC poNG HE PeEYAAN avénon TnG HETpoUMevVNnG TaAivépoung pong S
HEOOU TNG KOATIOKOWALOKNG BaABISAC KOl ONUAVTIKI) EAATTWON TNG UNOEVIKNC PONC
1o HEOOU QUTAG OE OXEON HE TIG GUOLOAOYIKEC QVTIOTOLXO POEC. ZUUMEPAIVOULE
Aoutov mw¢ n aAlayr otn YewUetpia tng kapdiag mpokaAel kat aAlayn otnv
OULLOSUVA LK EVIOG TWV KOWAOTATWY TNC.

H popdoyéveon twv kapdlakwv enapudtwy, mou Ba dwoouv Ue TNV wpipavon
TOUC TIG KopSLaKEG BAABLOEC, £XEL CUOKETIOTEL HE TN Tpooapuoyn TNG popdoAoyiag
Tou evbokapdlakol LOToU ©€ amavinon oAAQYwV TwV ALUOSUVOULKWY Kol
HUOGUOTOATIKWY SUVALEWY TTIOU 0.0KOUVTOL Ao TA YELTOVIKA JUoKapSLaka KUTTapa.
H Snuwoupyia twv wplpwyv Kapdlokwv BaABidwv aAAdlel tnv alpoduvaplkn g
KapSLAag amnod maAivépopeg poEC Tou alpatog HETaEY TwV OAAAUWY OE OLUOTIKEG POEC
povn katevBuvong. O oXNUATIOUOG KAl N TIAXUVON TWV EMOPUATWY YIVETOL HECW TNG
Sladkaoiag tou petaoxnuatiopol tou evéoBnAlakol LOTOU OE PECEYXUMA KOl
evanobeon kuttadpwv otnv efwkuttaplo BepéAla ouoia (Beis et al, 2005).
Mponyoupueveg peAéteg oe petaAayuéva éuppua zebrafish mou dpépouv onuelakn
pueTaAAaén oto yovidlo ¢ kapdiakng tpomovivne T 2a (cardiac troponin T 2a-
tnnt2a), Kol KAt cUVENELD eV €xouv KaBoAou kapdlakn ocuoToAn, €delfav nwg dev
oxnuatilovtav kaBolou kapdlakad emappota (Bartman et al., 2004). Emiong,

QTMOTEAECUOTO OO  MEAETEG OTO cardiofunk'/ © uetaMhayupéva  €uPpua, TOU
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TipOoKaAE(Tal amo Het@AAaén oe €va yovidlo tng aktivng, epdavilel diataon tng
kapdiag, maAwvdpounon aipatog PeTafl twv SU0 KOWOTATWY, ATOUCLO CILUATIKAG
KukAodoplag Kal oxnUaTIoMoU evdokapdlakwy emapuatwy (Berdougo et al., 2003).
AmnodelkvUEeTal, EMOUEVWE, OTL HeTaAAaypéva yovidla tou puokapdiou mpokaAouv
Sdeutepoyevwg evbokapSlako dpatvotumo.

AvtIB€TwG, UeEAETEC TOU €ylvav Pe Bacn tn xprnon XNMWKAG ouciag 2,3
Boutavediovn povotiun (2,3-BDM) oe éuBpua zebrafish, n omola g€adavilel tnv
QLUATIKA KUKAOdoOopia, aAAd Kol n mapodikr amocwwnnon twv yovidiwv gatal kal
gatal/2 mMoOU HUELWVOUV TOV OLUOTOKPITN KOl KOTA OUVETELA TN SLATUNTLIKA TAoNn
ooKeltal ota Towpata tou evbokapdiou (wall shear stress), €6siav otL
oxnuatilovrav evéokapSlakad EMAPUATA OTO KOATTOKOWALOKO KavaAl (Vermot et al.,
2009). Juvenwg, oL HEXPL TWPA HEAETEG amodelkvuouv OTL n evdokapdlako
Statuntikn taon &ev elval to KAWL otnv popdoyEéveor| Toug, aAAd OtTL n amoucia
NG puokapdSLlakng Astoupyiag o apxLkad otadla avamntuéng eivat Kupiwg umevBuvn
yla TNV pUn avantuén twv evéokapdlakwy EMapUATwy otnv KoAmokotakn BaABida
(Combs et al., 2009).

JTO OUYKEKPLUEVO TAAiolo0 MEAETACAUE TNV avamtuén Twv Kapdlakwv
eMappdtwy ota petalaypéva spaw’*” /5457 €uBpua. Mapatnproape AOUoOV wE Kal
OTOUG TPELS KapSLakoUG ¢aLvoTUMOUG TO KOATOKOWLAKO KavAaAl oxnuatilotav
duololoyka (akopa kat otig euBuypappes kapdieg mou mapoucialav avénuéva
enineda avaotpodng AUATIKAG PONG) Kal w¢ Ta eviokapdlakd KUTTAPO ATOKTOUV
To ducLoAoyka KUBOoeLOEC oxNua Kol ekPppalouv To HOpLo MPooKOAAnong Dm-grasp,
mou amnoteAel tov mpwto deiktn Siadopomoinong BaABidwv. MapdAAnlia, otav
petpoope Tt TCF  TUTIOU-HECEYXUMOTIKA KUTTOPO TWV EMOPUATWY  TNG
KOATIOKOWLaKNG BaABidag oTLg spaW5457/5457 TiPOVUUPEC OTIC 4 KoL 6 NUEPEG UETA TN
yoviuormnoinon, mopatnpioaue nwg dev umnpxav onUavtikeg dtadopég otov aplBuod
TwV TCF-B€TIKWV KUTTAPWYV OTIC EUOUYPOUEC KOl AVAOTPOPEC KAPSLEC O OXEON UE
™G duololoykEG (Etkdva 35A-B). Zuumepaivoupe AOOV MwE KATA TwV OXNUATIOUO
TWV KOPSLOKWY EMOPUATWY OTIC HETAAAAYUEVEG TPOVUUDEG TIPAYHUATOTOLETAL
dUCLOAOYIKA O UETACYNUATIOUOG TWV ETUONALAKWY KUTTAPWY OE HECEYXUMOTIKA

(EMT).
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w757 glBpua ota evilka Pdpla pe euBUYpapn

Ev avtiBéoel pe ta spa
kapSld mapatnproape mwg ot kopdlakeés PaAPidec Atav eite SiyAwylveg elte
TPWYAWXWEG. Xta situs solitus kal situs inversus Yapla n kapdiakny BoABida
anoteAeital anod T 4 yAwxiveg, Omwg kal ota aypiou-tumou. Emopévwe, amd tn
OTLYMI TIOU TO spaw, Onwg €xoupe avadepel, Sev eival éva puokapdlakd yovidlo kat
N CUOTAATIKOTNTA TNG KapdLag dev emnpedletal and Tn YEWUETPLA TNG KOL TA Situs
solitus apla Sev mapouaotalouv avixveuolueg allayeg oto StaBaABLoikd mpotuTo
PONG TOU QLUOTOC, CUUTIEPALVOUUE OTL 0 BAAPBLOIKOG datvotumog Twy  PapLwv He
guBuypappn kapdla eubuvetat oto maboAoyikd mpdtumo StaBaABLOIKNAC pONG.

MapdAAnAa, OTO €PYyOOTAPLO HOAG MEAETACAPE KOl TIG METAAAQYUEVEG
VEVETIKEC OELPEG S812 kat s459 mou amoteAoUv SUo véoug aAAnAopopdouc tou weak
atrium (wea) (Berdugo et al., 2003), mou mMapouctalouv GOLVOTUTIKA HELWUEVN
KOATUKI) OUOTAATIKOTNTA, GUCLOAOYIKN KapdlaK ouxvotnta, MEPLKAPSLOKO oldnua,
OTAON TOU aipatog otov KOATo kat otov GAeBwdN KOATO (sinus venosus) kat uPnAo
0000TO BvNoMATNTOC TwV OHOUYOTIKWV EUPPUWY pEXPL TNV 5" nuépa petd TNV
yoviwuormnoinon (Kalogirou et al., 2014). H epdavion tou patvotumou mpokaAsitol anod
™V Uapén mpwipou kwdikoviou ARéng oto apwvolu 486 yla tov aAAnAopopdo s812
Kat 316 yia tov aAAnAopopdo s459 otnv apwvoflkn akolouBia tng Bapldag aAvcou
™G Muooivng tou kOAmou  (atrial myosin heavy chain-amhc | myh6). Zta
pueTaAAaypéva Eufpua avixveluTnkav TPeLS Slokpltol kapdiakol dawvotumol: a)
OTéEVWOoNn TOoU KOATOKOWLAKOU KavaAlol Aoyw oteAol¢ avamtuéng Ttwv
evOoKaPSLAKWY EMAPUATWY KAl CUUMTWON TWV TUNMATWY, AVW Kal KATW, TNG
KoAmtokolAtakiG BaABidag, B) ta opoluywtikd €uBpua mapoucialov pun wpipavon
TWV eVOOKAPSLWV EMAPUATWY OTIWG GUCLOAOYIKA aratteital otig 80 WPEC UETA TNV
yovilomoinon HME TO AVW TUAMA VO OIOTEAsitol amd £€va HOVO OTPpWHO
evboOnAlakwy Kuttdpwv avil ywa Vo Kal y) éva UIKpO TocooTo eUPfplwv
napovuciale dpuololoykny avamtuén tne KoAmokolhakng BaABidag avtavakAwvrtog
mBavotata TO MOCOO0TO TwV OHOlUYWTIKWV EUBpUWV TOU eMIPBLWVOUV WG TNV
evnAlkkiwon. 2ta  petoAdaypéva  myh6  €uPBpua StamiotwOnke  pELWHEVN
OUOTAATIKOTNTA TNG Kapdldg pe pelwon tou kAdopatog Bpdaxuvong. Emiong, ota
puetalAaypéva Euppua rou enilovoav MEPO TWV TPLWV NUEPWV Kal yivovtav evhAKa

KOl YOVLUO, XWPLG avamtuélakeg avwualieg, eixav avamtuéel SladopeTikd MPOTUTIO
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QULULATIKAG PONG TEPAV TOU PUOLOAOYLKOU, e LOLALTEPWE AUENUEVN TN KNSEVIKA pon
SLopECW TOU KOATIOKOIALAKOU KAVOALOU.

Ita evhAika petaldayuéva Papla mapatnpndnke n avadiapdpdwaon tng
KapSLakng SOUNAG TNG UYLOUG EVEPYOUC KOWNOTNTAC AOYw auénueévng TEAOSLAOTOALKNG
Tileong, KUe oKomo va avtanokplOel otig Sltapopomolnuéveg evdoyevelg kal eEwyeveig
Suvapelg mpog amoduyn TNG KAPSLAKAG OVEMAPKELAG TeAKoU otadiou. Emiong,
OVLXVEUTNKE UELWUEVOC aplOUOC YAwXivwy o oxéon HE TO PUCLOAOYLKO eVAALKO
zebrafish kot BaAPBibikr) Suoyeveoia. Asv mpokaleital, &nAadn, duololoyikn
wplpavon Twv evoKapSLOKWY EMAPUATWY 0 SUO TTUXEG OMwG ocupPaivel otig 28
NUEPEC LETA TNV YOVLLOTIOINON Kal 0g TECOEPLS YAwXIVEG oTnV evnAikiwon.

Evéladépov mpokaAel To yeyovog OtL av kot ol alhayég oto StaBaifidiko
npdtuno pofc eivan Sladopetikd ota myh6” kat spaw”, ol Suouopdiec otov
OXNUATLOUO TNG KOATIOKOWALOKN G BaABiSag eival mapopoLeg. xnuatilovtol TpELg avti
te000pwv dualohoykwyv YAwxivwv (£ ¢ £0 v @ 57). Qotdéoo ota peTOAAOYUEVOL
spaw'/ “8ev mapatnpouvtal epdaveic petafoAég oto pEyeDOC KAl oxa TNG KOLALAG,
o€ avtiBeon pe ta evAAKa peTaAAayuEva myh6'/ ". EmutAéov, moapatnpoUpe mwG Kal
OTLG TPELG YEVETIKEC OELPEC TIOU UEAETNOAUE OTO EPYAOTAPLO HAC €ldAUE WG oTa
mpwta otadla avamtuéng twv Kapdlokwv emapuatwy n ducloloyiag Toug ATav
KOVOVLKN. Zupmepaivoupe Aoutov mwg n Snuoupyia pucloAoylkwy KopSlakwy

BaABidwv Slakpivetal og dSuo uepn:

1. 210 OXNUOTIONO TWV KAPSLAKWY EMOPUATWY OTO KOATIOKOIALAKO KAVAAL KaTA
Vv guPpuoyéveon. H avamtuén toug pubuiletal Kuplwg amo YEVETLKOUG
TIAPAYOVTEG, LECA ATtO €Va ALLOSUVAULKA aVEEAPTNTO UNXAVIOUO.

2. Xto oxnuoTopo Twv Kapdlakwv BaABidwv (tetpayAwxiwvn PBaABida). O
oxnUatopog tng kapdlakng BaABidag dailvetal va eAéyxetal HEOW €VOC
QLLOSUVA LKA e€aptwpevou HNXOVLOUOU. JUYKEKPLUEVQ, n
Slapopomolnuévn YeEWPETpla TNG KApSLAG ota spaw PE tnv Kapdld otnv
MEON YPOUUN €XEL WC ATOTEAECO auénpévn alivdépopun pon Slapéoou tng
BaABidag katd tn Oldpkeld TOU KAPSLAKOU KUKAOU HE QTOTEAECUA va
OTTOTUYXAVETOL O OXNUATIOMOC TECOAPWV YAWXIVWwV TG wpLlung kapdlag. Ta

myh6 petallaypéva €uBpua, to omoia UTOAElmovTal KOATIKIG GUOTOANG
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eudavilouv peydAn peiwon tng maAivépoung StaBaAPLdikng pong kot
HEYAAUTEPO XPOVO MN ALUATIKAG pon¢ Slapéoou tng BaABidag katd tnv
KapSlOK OUOTOAN, €xovtag wg €emakoAouBo mo apyrp por, Alyotepa
evbokapSlakd KUTTapa 0TO KOATIOKOWALOKO KOVAAL, oxnuatilovtag apyotepa
otnv avamntuén evnAikn kapdld pe dU0 N TPELG YAWXLVEG Kal OXL TECOEPLG
onw¢ n ¢puactohoyikr) evhAkn kapdid. Elval avapevopuevo pia avwpaAio otnv
AELTOUPYLKOTNTA-CUCTAATIKOTNTA TOU HUOKAPSiou va mpokaAel emumAéov
aAAayn otnv awdoduvauikn evéokapdlakd. Ta opoluywtd spaw, wotoco
niou Sev mapouatalouv puokapdlakn Suoheltoupyia, Sivovtag pag £toL Tnv
Sduvatotnta va dlaxwpilooupe TNV evdokapdlakr porn Kal TNV SUVAULKA TNG
amo TV puokapdlakn cuoToATikOTNTA. H yewpeTpia tng Kopdldg ota spaw
HE TNV Kapdld oTnVv MECN YPOUMUN €XEL WC QTMOTEAECHA QUENUEVN
naAivépopun pon dtapécou tng BaABidag katd tn SdldpKela Tou KapSlakou
KUKAOU HE OQMOTEAECUA VO OTOTUYXAVETOL O OXNUATIONOG TECCAPWV
VAwXlvwv TG wpung kapdlac. Ta myh6 petallaypéva €uppua, ta omoia
UTIOAE(TtOVTOL  KOATILKAG OUOTOANG epdavilouv peydAn Helwon NG
naAivépopng StaBaABLOIkng pong Kal PEYAAUTEPO XPOVO UN OLLUMOTIKAG PONG
Swoapéoou g PoABidag katd TNV KopSlaK OUCTOAN, E€XOVIag WC
emakoAovBo o apyn pon, Awotepa evbokapdlakd KUTTOpA OTO
KOATIOKOIWALOKO KOVAAL oXnUATi{oviag apyotepa OTNV QVATTUEN €VAALKN
kapbld pe SUo0 f TPELG YAWXIVEG KoL OXL TECOEPLS OMWG N GUCLOAOYLKN
eviAlkn kapdia. Eival avapevopevo pia avwpoAio otnv Aettoupylkotnta-
OUOTOATIKOTNTA TOU Muokopdiou va mpokoaAel emutAéov alday otnv
awpoduvaptkr) evéokapdlakd. Ta opoluywtd spaWS457/5457, wotooo bev
napoucotalouv puokapdlakny OSuoAeltoupyia, Olvovtag pag £tol TNV
Sduvatdétnta va Slaxwpiocoupe tnv evdokapdlakni pon Kal tTnv SUVAULKA TNG

oo TNV HUoKapSLaKr CUCTOATIKOTNTO.
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ISlaitepo  evlladpépov €xel N MeEAETN NG PBLOAOYIKAC amavinong Tou
evbokapbiou OTIC TOLXWUATIKEG TILECELC TIOU ALOKOUVTOL OE aUTO. YITAPXOUV QPKETA
unoynola yovidla, apketol TMAPAYOVIEG KOl TPWTEIVEG, OMwWG MopLa Slaxuong,
yYAukompwTteiveg, YAUKOKAAUKAC K., Ta omoio €xel OelxBel OTL Aettoupyolv WG

aLoONTNPEG O€ UNXOVLKO stress.

wild-ype spaw” situs inversus spaw’ midline myh6”
Transvalvular
spaw” situs solitus s - E = d = 2 - flow pattern
+ (=] 0 | -
or or

Adult valve

A: atrium ; V: ventricle

(\wﬂd-type,( ' .r;duced, i increased reverse flow fraction
e Endocardium

Myocardium

Blood cells

Valve leaflets

AV endocardial cells

Wild-type myocardial myosin

x:@‘.

Loss of atrial myosin function
Ewkova 57. H popdoyéveon tng koAmokolAtakng BaABidag emnpedletal anod tng eVOOKAPSLAKES
Suvapelg pong avefaptnta ano tn Asttovpyia Tou puokapdiov.

Tpelg Boowkol MapAyovteg OTNV UETATPOMHA TOU MNXAVIKOU epeBiopatog
daivetal va gival o Kruppel-like factor 2 (kif2), o Nuclear factor erythroid-derived 2-
like 2 (nrf2) kaw o NFkB (Dekker et al., 2002, Vermot et al., 2009, Chen et al., 2003,
Lan et al.,, 1994). To klf2a ¢aivetal va mailel onuavtikd poAo otn pubuwon g
evbokohotikng/dtafarfidiknc atpoduvapikng pong oto zebrafish kat n ékdppaon
TOU MELWVETAL OTA EVUDEVTA PE ULKPOEVEDELG amoolwminong myh6 mRNA (Vermot et

al., 2009). Ita myh6'/' ta omoia Slatnpouv kukAodopia, To kiIf2a, emiong dev
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ekdppaletal, EVw UTIAPXEL EKPOOH TOU OTO KOATIOKOWALOKO KAVAAL OTO spaw'/ “xwplg
va SleukpLviletal AOyw TEXVIKWY TIEPLOPLOUWYV av ekdpaletal ota (Sla emineda i oxL

HE TO PUOCLOAOYLKO.

Itn napovoa Satplpn ya mpwtn ¢opd KatapEPApE va SlaxwpPLooUUE TNV
OUOTAATIKOTNTA TOU HuoKapdiou amod TG eVOOKOIAOTIKEG SUVAUELG TIOU TIPOKUTITOUV
oo TO TPOTUTIO pPONG aipato¢ otnv Kapdla. Amodeiape OTL TO TMPOTUTO
SLoBaABLOLKAG pONG, aveEApTnTa Ao TNV CUCTOATIKOTNTA Tou puokapdiou, embpa
OTNV owoTH avamntuén tng KoAmokotakng BaABidag. Katavowvtag, EMopEvVwe, Ta
BloxnUKA ‘povomaTtia’ TOU EUTAEKOVTIAL KOL TIPOKUTTOUV amo TO TPOTUTO
SLaBaABLSIK, EVOOKOLAOTIKAG PONC TOU QUATOC KoL TNG ‘aviyveuong o KUTTAPLKO
emninedo tn¢ SlatolwHaTkAg rtieong, Ba mpokuPouv xprRotpa Héoa yla tn Beparmneia
Twv BaABldonabewwv. Tuvenwg, Aoyw twv eudavilOpeEVWY KapSLlokwv ¢avotumwy
KOl TNG OUOXETLONG TOUG LE 0OBOPEG OUYYEVEIG KAPSLAKEC aVWHAALEG, Ta evAAlka

w77 etalaypéva zebrafish mapéxouv éva TIOAUTULO TIELPOUATIKG LOVTEND

spa
yla TNV oVAAUOH TWV ETILYEVETIKWV UNXAVIOUWYV TIou ennpealouv TNV popdormoinon
TWV KoWoTNTwV Kal TG KoArokolhlakn¢ BaABidag kat odnyoulv oe avadlapopdwon
™¢ kopdlag avtidpwaoa otnv SLopopomoLNUEVN ALLOSUVALKY TIOU TIPOKUTITEL OO

TNV EKTOTIN YEVETIKN BEon.
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4.2 Nertoupyikég peAéteg Twv GARS petaAlaewv oe éva CMT2D zebrafish

pHovtélo.

H apwodkuAo tRNA cuvBetdon tng yAukivng, GARS, amotelel Tnv KaAutepa
pueAetnuévn tRNA ocuvBetdon mou oxetiletal pe tn mepldpepLk MoAuveupomnadela
CMT2D. MapdAa autd, oL KUTTAPLKOL Kal HopLaKol pnXoviopol mou cuv8Eouve Tn
GARS kot yevikotepa TIG tRNA OuvOeTAOEC ME TIC VEUPOMUUIKEC OlatapayEg
TIAPAUEVOUV OXETIKA Ayvwotol. Ta dgdopéva mou UTIAPXOUV HEXPL OTLYUAG yLa TN
CMT2D naBoduactoloyia, mpoEpxovTal KUPLwG oo HEAETEC O KUTTOPLKEC OELPEC KOl
Qmo MEPANATA CUUMANpWUATIKOTNTOG o€ {UpEG (Antonellis et al.,, 2006, Griffin et
al., 2014) kat ano dvo povtéha CMT2D movtikou(Seburn et al., 2006, Achilli et al.,
2009). O pnxoviopog epdaviong Tou GatvotuTou ota MEPLPEPLKA VEUPLKA KUTTOPQ,
oA\@ kot n eupela Stavoun tTwv peTaAlAdéewv otn mpwrtotayn Sourp tng GARS
OTOTEAOUV OKOUA €VOl OllVIYHO YLot TNV ETILOTNUOVLKA KOWOTNTO. JUUTIEPAIVOUUE
AOUTOV WG UTIAPXEL avAYKN yLa TN SnUoupyilo VEWV {WIKWV HOVTEAWY KaL TN MEAETN
O£ OUTA TWV PETAAAGEEWVY TIOU ATIOUOVWVOVTOL oo KABe acBevr).

Itn moapovoa Swatpln mapabécape to mpwrto zebrafish poviélo, s266, mou
oxetiletal pe ) moAuveupomndBeta CMT2D. Ta petaAayuéva EuBpua gpdavilouvv
naAivépoun kivnon tou aipatog petafl KOAMOU Kal KoWiag AOyw otévwong tng
00pTIKAG £€060UL, epkapdlakd oidnua Kal kKaBuoTépnaon otnv avamntuén Toug. Ita
XOPOAKTNPLOTIKA TOU PalvoTtumou Twv PeTaAAaypéEVwY eUBpUwV Tepllappdvovtal
emniong, otadlakn mapaAuon amno Ti¢ 48 WPEG PETA TNV yovipomoinaon, mou amnod T 96
WPEC Kal PETA yivetal dlattépwc €vtovn. H mapdAuon MPOKUMTEL amd TN oTadloKn
QIOVEUPWON KAl YEVIKOTEPQ Ao TNV ATeEAN VEUPWON TwV HUwWV. H ateAng velupwon
LE TN OElpA TNC TPOKAAEL TNV €KPUALON TWV MUKWV VWV Kal TNV aduvapia Touc.
TeAKwC, oL LETAAAAYHEVEG EKKOAATITOUEVEC TIPOVUUdECG {oUVE HEXPL TO OTASL0 TwV 5
NUEPWV HETA TN yovipormoinon, omou Kal mebaivouv Aoyw EAAeWPNC TNG CLUATIKAG
KukAodoplag. H OUYKEKPLUEVN YEVETIK OELPA TIPOEKUPE OE YEVETIKO EAEYyXO QMO
tuxaia petaAlagnyéveon pe ENU. H xaptoypadnon tng 0€ong tng LetaAAaéng €6¢eiée
WG To PeTaAAaypévo yovidlo BplokeTal oto Xpwpoowua 24 kal Atav To gars. Ta
garssm/sm €uBpua  dépouv pio onuelakr HETANAOEN TOU TPOKOAEL TNV

avtikataotaon tng uoloAoyikng Bpeovivng pPe pia Aucivn oTo apvo§ko KaTtaAouto
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209 (T209K), oto MPWTO KATAAUTIKO KEVTPO TNG MPWTEIVNG KOL OTN TEPLOXN CUVEEDNC
TWV LOVOUEPWY TIPOC OXNUATIOUO TNG EVEPYOUC OUOSIUEPN G HoPPNC TNG TTPWTEIVNC.
To ouyKkeKpLUEVO apvoly eival dlaitepa ouvtnpnuévo HETaEL TWV E6WV, EVW N
T209K Bploketal SimAa oe pia €i6n peAetnuévn avBpwrivn petdAAaén tnv L129P.
MNapdAAnAa, HEAETHOAUE OTO HOVTIEAO MaG OU0 avBpwriveg METAAAAEELG Kal pia
TOU TOVTLKOU Ttou oXeTi{ovtal Apeoa e tn moAuveupondBeta CMT. ZuyKeKPLUEVQ, OL
HETAAAAEELC TIOU peAetnOnkav Ntav ot €€nc: a) n C201R mou amoteAel éva
urnopopdkd aAAnAopopdo (hypomorph) Tou movtikoU TOU MOPOUGCLALEL HUEPLKN in
vivo Aettoupylkotnta, B) tnv avBpwriivn G240R, éva amwAslag tng Asltoupylog
oAANAOpopdO ToU eMnpedlel TO SLUEPLOUO TNG MPWTEIVNG KOl y) TNV avBpwrtvn
G526R, €va AslToupyLlko ekundeviotikd aAAnAopopdo (null allele) mou mpokaAel tnv
evioyuon ¢ Swuepng popdn tg GARS (Antonellis et al., 2006, Xie et al., 2007,
Griffin et al., 2014). Ta &edopéva amd TIC UEAETEC pOG ATMOSEKVUOUV TIWG TO
zebrafish povtého mou SouléPape pmopel va xpnolgomownBel yio TN HeAETN Twv
avBpwrnvwv GARS mMoAUHOpdLOUWY TTOU cUCXETI{ovTal HE TNV Epdavion tng CMT2D
TIoAUVEUpOTABELQC.

MeAETEC CUUMANPWHATIKOTNTAG o (UPEG €6elav mwg n T209K Gars bev
UMopel va. avtlotabuiosl Tn anwAegla TG ALTtoupyLkng evéoyevrn¢ GRS1 otig {UpeC
(to opBoloyo NG GARS). [llponyoUpeveg WUEAETEC GCUUMANPWHUATIKOTNTOAG
avBpwnivwv petaAldéewv oe (Upeg €6elfav TwG APKETEC UETOANGEELC (OmMwe N
T129K, n H418R kaL n G526R) dev Stéowlav TG petarlhaypéveg GRS1 Tupeg, evw
AGAAeG petaAAaéelc omwe n E71G kat n G240R tnv anwAesla tng evdoyevoug aypiou-
tunmou GRS1 (Antonellis et al, 2006, Griffin et al., 2014). MapAdAAnAa, UEAETEC
KUTTOPLKOU EVIOTILOUOU OE KUTTOPOKAAALEPYELEG KLVNTIKWVY VEUPWVWYV TOU TTOVTLKOU
€6etéav otL n T130K GARS &ev oxnuatilel ¢uGCLOAOYLIKA KUTTOPOTTAOCHOTIKA
ouumloka. Zuvoyilovtag, oupmepaivoupe mw¢ n T209K Gars amoteAel €vav
oAAnAopopdo amwAelag tng Asttoupyiag mou TPOKOAEL avtioTOLXEC AELTOUPYLKEG
OUVETIELEC UE TIG avOpwTveG LETAAAAEELS KATA TNV eUdAvIon TG acBEveLaG.

‘Evag KOO TIABOAOYLKOC UNXAVIOUOC TWV YEVETIKWY SLOTOPAXWV ATTOTEAEL N
anwAeLla TG Asttoupylog UG mMpwieivng peow Sladopetikwy emmedwy ekppaong
Twv ayyeAlopopwv MRNA Kal Twv TPWTEIVWY N HEOW QVEVEPYNCG €VIUUATIKNG

Opaoctnplotntag. Onwg €xoupe avadepel n evepyn popdr tng GARS eival eva
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OMOSIUEPEG. AvaAUOoELG amd N amoSLATAKTIKO AVOCOOMOTUTIWHA KOTA western
£6e1€av nw¢ ota petoAdaypéva Euppua/mpoviudeg n T209K Gars umtdpyet HOvo otn
HLOVOUEPN avevepyn Hopdr) oe oxéon HUE TOUuG €TEPOlUYWTEG TOU E€ixav TOCO TN
Hovouepn 600 kal tn Siuepn Gars. EmumAéov, otav slcayayape tnv G240R petdaAAagn
otn zebrafish mpwteivik aAAnAouyia (G319R) kat tnv unepekdpacape ota EUPpua,
napatnpnoape nwg n G319R Gars 6ev mpowbBouos to Slueplopd tng T209K
MPWTEIVNG 0TOUG HETAAAAYUEVOUG OUOIUYWTEC. AVTIOETWCG, OTAV UTIEPEKPPACALE TN
C236R (n avrtiotoyn C201R otn MPWTEivN TOU TOVTIKOU) l8AUE TTWE N CUYKEKPLUEVN
HETAAAOEN eTtAyeL TO Sueplopo tng T209K Gars. And Soukng anodnc, dev mpokaAel
blaitepn evtunmwon nwg ot T209K kat G319R petaAldéel avaotéAAouv TO
Slueplopd ™G Mpwrteivng, adol TO CUYKEKPLUEVO OULVOELKA KaTAAouta eival
E0WTEPLKA TNG TEPLOXNG OUVOEDNC TWV MOVOUEPWVY Kal €TISPOUV KATAAUTIKA OTO
Sipeplopd tng GARS (Nagle et al., 2007).

Emopévwg, amo tn otyun mou n petalaypuévn T209K Gars Sev Sipepiletal n
opwvoakuAiwon tou tRNA dev mpaypatonoleital. JUVENWE n aduvapia oxnUATIopoU
¢ SLpepoug evepync popdng kat n poptwon tou tRNA pmopet va gival n attia poag
YEVLKOTEPNG KATAOTOANG TWV EMUMESWV TNG TPwTEivoolvOeong. MEeAETEC XNULKAG
0VaOoTOANG NG MpwieivoouvBeong pe to avtiflotikd kukAoe€auidlo oe ayplou-
Tonmou €uPpua ot 48 kal 72 wWpPeEG META TN Yovidomoinon €dwoav éva
TLOVOLOLOTUTIO $266 ¢oawvotumo. Ta ouykekplpuéva Sedopéva amodelkviouv mwe n
eudavion tou datwvotumou odeiletal otnv anwAegla NG MPwIeivoouvBeong ota
petaAaypéva EuBpua/mpovupded.

Nepattépw amodeifelg ylia v anwAela tng Asttoupyiag tou yovidiou eival

5266/5266 équUQ

WG O VEUPOMUIKOG ¢OLvOTUTIOC TIOU TapATNnPELTAL ota gars
Slaowletal pe TNV €kdpacn TnG aypiov-tumou Gars. MIKPOEVEDELG O HETAANQYUEVQL
€UuBpua oTo 0TASLO TOU EVOCG KUTTAPOU WE TNV ayplou-TUTIoU PWTEIVN EMEKTELVAV
™ Sapkela {wng Twv opoluywyv epPplwv Kotd dUo UEPeG. Ita evebevta eufpua n
ootk KukAodopia Siatnpeito yla emutAéov SUo UEPEG, evw TapatnpnOnke
ONUAVTLKA aUénon Twv TIEPLOXWV TIOU KAAUTTAV Ol VEUPOUUIKEG OUVAYELS oTa
OVOTITUCOOMEVA  HUOTOMLO KOVt ota  d¢uolooylkda emineda. EmutAéov, Tta

QMOTEAECOTO MOG amod tn MEAETN tnG avOpwrivng G240R amodelkviouv mwe n

HETAA N amoteAel évav aAAnAopopdo anwAelag tng Aettoupyiag tou yovidiou. H
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unepékdpaon tng G319R eixe wg amotéAeopa TNV aviyveuon HOVO TwV LOVOUEPWV
koL Sev eixe kaud emiSpaon otn Blwodtnta twv petaAlaypévwy gars'Zeos2e
EUBPUWV KAl OTO VEUPOUUIKO datvotumo. AvtlBEtwg, n unepékdpaon tng C236R
obnyouoe og mapodikn dlaowaon Tou VeEupouuikou datvotumou Sutdacialovrag ta
EMiMeda TWV MEPLOXWV TWV VEUPOUUIKWVY CUVAPEwWY O oXéon UE Ta garsszss/szss
EuBpua. uvenwg, uia mBavr €€nynon yw auty tn mapodikn Sldowaon Tou
dawotunou eivatl mwg o C236R aAAnAopopdog eival évag UTIopHopdIKOG aAAG OxL
€VaG AELTOUPYIKOG pndevopopdog aAAnAopopdoc. Mpdyupatt ota Gars 201R/C201R
movtikia n evIUULKA evepyoTNTA £ival HELWMEVN Katd 60%, aAAd Ta auénuéva tng
HETAANQYMEVNG TPWTEIVNG TOU Tapatnpouvtal oToug opoluywteg mbavwe va
avtiotaBbuilouv autr tn pelwon. Emiong, o nmotepog dawvotumog twv C201R
€TEPOlUYWY TIOVTIKIWV oUVASEL He €vav uTtopopdkd aAAnAopopdo (Achilli et al.,
2009). MNopatnpoupe Aoutdov Tnw¢ n mapodiky umnepékdppaon Sladopwv
HeTaANaypEVWY TtapallaywV TnG Gars Lkavwy va oxnuaticouv Sipepn pe tnv T209K
Gars, dlaowlouv MopodKA TO GALVOTUTIO KOL UTOSELKVUOUV TWC TETOLOU TUTIOU
£TEPOSIUEP UmopoUV va gival evepyd. TENOCG, apA TO Yeyovog mwe n G526R bev
EMNPEALEL TO OXNUATIONO TwV OpodLUEpWY, N TpWTElvn Tou mpokumtel dev eival
AELTOUPYLKN KOL KATA CUVETELQ N UTIEPEKPPAON TNG OTO HOVTEAO pag Sev BonBa otn
KAAUTEPELON TOU VEUPOMUIKOU datvotumou. Zuvolilovtag, autd Ta anoteAéouata
KaBLoTOUV TO HOVTEAO TTOU OpaBECAE OOV £va ONUAVTIKO in vivo epyaAsio yla TN
ouoTNUATIKA avdAuon twv avBpwnivwyv petaAAdewv oto GARS yovidlo mou
oxetifovtat pe tn CMT2D moAuveupondBela katl tnv enidpacn Toug oto SLUEPLOUO
NG MPWTEIVNG.

Ta opoluya s266 £uPBpua dev eudavilouv to Pavotumo mpwv TG 48 wpPeg
LUETA Tn yovipormoinon AOyw evamobeong UNTPLKAG MPOoeAeVOEwWS ayplou-tUTiou
MRNA kot mpwteivn. Mdévo ota peTeémelta avamtuélakd otadla ta peTaAAaypéva
€uBpua  epdavitouv £va kapblakod ¢awotuno. Ta etepdluya  Papla  sival
duololoyka kat Sev mapouoldlouv KAmoLo Gpalvotumo HEXPL TNV eVAALKN {wn TOUG.
KoAupmouUv duololoyikad yla O0An toug tn Iwn Kol Mapapévouv TANPWE YOVLua.
Ynepekdpaoape TG mpoavadepbevteg PeTAANAEELC Kal O ayplou-Tumou €ufBpua

+/5266

oANG KoL ota gars etepoluya €uPBpua. H unepékdpaon twv T209K, C236R Kal

G319R petaArdagewv Oev eixe kamola emidpacn MAVW OTL VEUPOUUIKEG CUVAELG
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TwV Paplwv. AvtiBETwe, otav untepekdpacape tnv G605R Gars mapatnpnoaue Eva
OLALTEPWC €VTOVO VEUPOUUIKO aLvOTUTIO TOOO OTIC QyPLOU-TUTIOU EKKOAXTOUEVEC
TIPOVUUGEG 000 Kal oTLg €TpOluyeg s266. Zuykekpluéva n G605R Gars mpokaAel
ONUOVTLKA UELWON TWV VEUPOUUTKWY CUVAPEWV KOL TNV EKTETAUEVN ATIOVEUPWON
TWV QVONMTUGOOUEVWY HUWV. MapdAAnAa, OTav TMPAYUATOTOCAUE TAUTOXPOVES
HLKPOEVEDELG TwV G605R kat T209K mRNAs yla va unepekdpAooupe Katl TG Vo
ueTtaAAaypéves Gars mpwtelveg in trans, €idape mw¢ n tofikdétnTa TG G605R
HEWwVOTave ota evebévta €uPpua. Zuvdualovtag Aoutov Ta OMOTEAECUOTA
CUUTEPAIVOULE TIWG N €TIKPATNC TofkotnTa Twv GARS petaAldéewv oxetiletat
QUECQ UE TOV SLUEPLOUO Tou eviUpou. AnAadn, n HeTaAAayuévn MPwTEivn yla va
€xel tn TOfKn Opdcon NG TPEMEL va MMopel va OAANAETIOPAOCEL HPE TNV
gvarmopeivavta aypiou-tumou mpwTeivn. Avtiotolya amoteAEoUATA TPOEKUYAV Kol
oo MPONYOUUEVEG UEAETEG OTA LOVTEAQ TOU TIOVTLKOU TIOU O£ SLAOTAUPWOELS TWV
Nmf249 kat C201R aAnAopopdwv pe tov XM256 Sev €6wvav amoyovoug (Seburn et
al., 2006, Achilli et al., 2009). Mia mBavn e&nynon eivatr n T209K pewwvel tTnv
tkavotnta Sipeplopol tTng G605R pe TNV ayplou-TUMoU MPWTEIVN KoL KOTA CUVETELD
HELWVEL TN To&LkN Spaon tnG. MNa to Adyo autd n T209K Gars (T130K GARS) daivetal
Twg amnoteAel pia ‘Eexwplotnc Aettoupyiog petdA\agn mou umodelkvUEel wg ival
anopaitntog o SIUEPLOUOG HETAEY EVOCG LETAAAQYUEVOU LOVOUEPOUG LE Eva ayplou-
TUTIOU LOVOUEPEC Yla TIG OLUTOOWHLKEG ETLKPATAG aoBéveleg. H mapatripnon auth
uropetl va e€nynoel ylati ota etepoluya s266 Papla Sev mapaTtnPOUUE KATIOLO
dawotumo. Ta ouykekplpéva dedopéva mpoteivouv mwe n gudavion tng GARS-
efaptwpevng CMT moAuveupOMABELAG TIPAYLOTOTIOLETAL HEOW €VOG  APVNTLKOU
ETUKPATIKOU pnxaviopou (dominant negative effect) kot amoteAel koA adetnpia
Yyl HETEMELTO MEALTEC TIAVW OTO OUYKEKPLUEVO HNXAVIOMO eudavionsg tng
aoBgvelac.

Yuvoyilovtog, Ta amoteAéopata mou mapatédnkav otn mapovoa dtatplpn
o6nyouUv o€ Tpila CUUMEPACUATA: O) O VEUPOUUIKOC daLvOTUTIOC TTIOU TTOpATNPOoUVTaL
ota T209K etepoluya Paplo odeiletal otn amwAewa tou Syueplpol tng Gars
MPWTEivng, B) 0tL n G240R GARS mpokalel To davOTUTIO HEOW €VOG AVTIOTOLOU
HUNXoVIoHoU amwAegLag tng Asttoupyiag tng mpwteivng, og avtiBeon pe mponyoupeva

QMOTEAECHOTA MEAETEG CUUMANPWUATIKOTNTAG OTLG (UMEG (Antonellis et al., 2006)

MANEMIZTHMIO KPHTHS | Zulftnon



Katy) n G526R Siuepiletal pe T ayplou-tumou mpwteivn ota etepoluya s266 Yapla
KOl LELWVEL TNV SpaoTIKOTNTA TOUu eVvIUPOU OE TETOLO BaBuo Tou va MPoAyEL TNV
eudavion tou patvotumou. Ta ANMOTEAECUATA LOG AMOSEIKVUOUV TIWE O SLUEPLOUOG
™G MPWIEivng €lval amapaitnTo¢ ylo TN EMKPOTH ETUAEKTIK TOEKOTNTA TWV

VEUPLKWY KUTTAPWV 0TI GARS peTOAAAEELG.

4.3 To zebrafish amoteAei €va WBavikd HOVTEAO yia T HeEAETn avOpwrivwv

acOevelwv.

H owotr emloyn kat n KatdAAnAn xpnon twv {wikwv HoVIEAwv mailouv
KOTOAUTIKO pPOAO OTNV €peuva  Kal HEAETN TWV KUTTAPLKWY KOl HOPLOKWV
UNXAVIoUWVY, TIou eumAékovtal otn maboducioloyia Twv avBpwrivwy acBevelwy.
Movtéda OnAaoTiKwy, OMWCG TO TOVTiKL, €xouv Tavta pio e€€xouvoca Béon otnv
€peuva, KUplwg AOyw TG HEYAANG YEVWHULKAG OpoAoyiag HeTaEl TwV BNAACTIKWY Kall
NG UEYAANG OUOLOTNTOG O TOUELG OMWC n avatopia Kal n Kuttaplk Bloloyia.
EkAemtuopéveg Olayovidlakeég HEBOSOL €xouv TPOODEPEL OTNV  EMLOTNHOVLKN
Kowotnta oxetllopeva He aoBéveleg emikpatn-Slayovidlo  emTpEmoviag TN
Snuoupyla HoVTEAWV TTOVTIKOU Ttou Tipocopolalouv pe akpifela tn maboloyia twv
avBpwrniivwv aoBevelwv. Xapaktnplotikd mapadslypa amotedel n Snuwoupyia
KOPKLVLKWV LOVTEAWV TIOVTLKOU, LEOW TNG LOTO-LOLKNC Ekppaaong oykoyovidiwv (Wei
Zhang et al., 2011). Emiong, n duvatotnta SnULOUPYLOG CUYKEKPLUEVWY YEVETLKWVY
TPOTIOTIOL)OEWV O OTOXEUUEVA yovidla péow opdAoyou avaouvduaopou,
KaBlotouv 1o TOVTiKL oto Tio Sladedopévo TwWIKO MOVTIEAO TWV OavOpWMVWY
00Bevelwv. EKTOC armo TV e€EALKTIKN €yYUTNTO KOL AVOTOULKI) OMOLOTNTA TIPETEL Val
AapBadavovtat urtoyn Kat AAAOL TOPAYOVTEG KOTA TNV ETAOYH €VOC {WLKOU LOVTEAOU
HEAETNG. Mot TOPASELYHO, HEYAANC EKTOONG YEVETIKOL €AEyXOL OTA MOVIEAQ TOU
TIOVTIKOU €lval apKeTd xpovoPopol Kal KooTi{ouv ToAL.

OL ouvtnpnuéveg oe peydlo BabBud Aettoupyieg oe emimedo KUTTAPLKNG
Bloloyiag petafl Twv ONAAOCTIKWY KoL TWV 0LOTIOVOUAWVY OPYAVICUWYV ETILTPETIOUV TN
HEAETN aoBeVELWV TTOU EMNPEATIOUV QUTEG TLG CUVTNPNUEVEG AELTOUPYLEC, OE HOVTEAQ
Drosophila kai C. elegans. Ol YEVETIKEG KOl LOPLOKECG AELTOUPYIEG TWV ALOTIOVOUAWV
UmopoUV  €UKOAQL va  peAetnBolv. YmO outd TO TPIOPQ, OTPATNYLIKEG

pueTtaAAalyeveong mPOoOlOC VYEVETIKAC ot aomovéula umnpéav OLaTEPWE
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ETUTUXNUEVEG OTN HEAETN TNG Asltoupyiag yovidiwv, Sivovtag pia omtikn ylo Tn
Aewtoupyilo petalAaéewv ota avtiotolya avBpwriva opBdoAoya yovidia. Mapoia
OUWG TA TIAEOVEKTAMATA, O POAOG TWV AOTIOVOUAWVY OPYAVIOUWY OTN UEAETN TWV
avBpwniivwv aocBevelwv elval TEPLOPLOPEVOG AOyw TNG EAAeWNG TOUG OF
OUYKEKPLUEVOUG LOTOUG Kol SOUEG, TTOU CUMUETEXOUV OTN avBpwrivn maboyEvela.

To zebrafish €pxetat va ouvbéoel to XAopa HeTafl TwV OMOVOUAWTWY Kal
0OoTIOVOUAWV OpYQVIOUWVY OTN UEAETN TNG VEVETIKNG KoL avamtuélakng Bloloyiag,
EKUETOAAEUOMEVO  TO  Movadikdo  ouvbuaocud  Twv  mpoavadpepBEviwy
TMAgoveKTNUATWY. Ao tn dekaetia tou 1980 n avamntuén oto zebrafish yevetikwv
TEXVIKWV ONMwG n KAwvomoinon (Streisinger et al., 1981), n petoAAallyéveon
(Chakrabarti et al., 1983, Walker et al., 1983, Solnica-Kreze et al., 1994) kal n
€UKOAla dnuloupyiog yevetlkwv oespwv (Stuart et al., 1988) enétpedav tnv
epappoyn TeEXVIKWY MPOcOLag Kal aviiotpodng YEVETIKNG O eupeia KAlpaka o€ Eva
OMoVOUAWTO cUOTNUA, KABLOTWVTAG TO LOAVIKO HOVTEAOD yLa TN HEAETN avOpwWIVWY
ooBevelwv. Ta TteAevtaia xpovia TmANBwpa amd zebrafish poviéda yua
HOVOYOSOVISLOKEG OVOPWTILVEG YEVETIKEC SlaTapaxEC Exouv mapaxBel péow PeyAANG
KAlpakag yevetikwv eAéyxwv (Amsterdam et al, 2006). Emiong, n Bloloyia tou
zebrafish €xeL avoiel véoug opilovteg otn HeAETN avBpwmvwv acBeveElWV Kal oTn
TPooTABeLla aveUPEONC VEWV BEPATIEUTIKWY HOopilwv. XaPaKTNPLOTIKO Tapddelypa
amoteAel pia mpoodatn HeAETN (LE avTioToLXn OTPATNYLKN HE TNV s266 OElpd), OTou
HE TN Xprion tou cuotiuatog GAL4/UAS 1onxOn oto zebrafish yovidio plakoglobin n
avBpwrivn analowdpry 2057del2 (Asimaki et al., 2014). H cuykekplpévn amnalowpn
TipokaAel éva appuBuoyevy patvotumo, mpokoAwvtag peyalokapdio ota Papla.
ITN OUYKEKPLUEVN HEAETN TpayUaTOmoliOnke €vag HEYAANG €KTAOoNG XNULKOG
€\eyxog, Omou HeAetnOnkav 4200 xnuilka popla pe mbavr oavtlappuBuloyovo
Spaon.

XOpOaKTNPLOTIKO TOPASElYpO  pilag EUMPOCOLAC  YEVETIKNG TIPOCEYYLONG
OTOTEAOUV Ol YEVETIKEG OEPEC S266 Kk « t S457 Tou TEeEPlypadTnKOV OTNn
ouykekplpévn StatpBry. Ot petaAAdéelc mou PeAETRONKav OTnV £pyacio auth
nponABav amd €vav €eUpU  VEVETIKO €AEYXO KATOMIV TPOKANONG Tuxaiag

puetaldaéyeéveonc. Na tn petaAlallyéveon oe zebrafish xpnowpomotnOnke n xnuikn
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oucia N-alBUA-Nitpooupia, evw KPLTAPLO yla TNV €AoY Tou GaLvoTUTIOU ATAV N
nmaAivépoun kivnon Ttou aipato¢ HEOW TNG KAPSLAG KAl TNV EANTTWHOTLKA
Hopdoloyia NG Kapdlag MeTaly Twv 50-60 wpwv KAl 5-6 NUEPWV UETA TNV
yoviuomoinon (Beis et al, 2005). Katomiwv, akoAouBnoe n xaptoypadnon twv
HETAAAQYMEVWVY YOVLSLWV KaL N aVayvWELoN TOUG. ZUYKEKPLUEVQ, N s457 EpEL pia
onUelakn MeTANaln oto yovidlo southpaw MPOKOAWVTOG TN TUXOLOTNTA TNG
TIAEUPLKOTNTOG TNG KAPSLAC. TN CUYKEKPLUEVN YEVETIKA OELPA TIOPATNPHOAUE TIWG
Ta peTaAAaypéva EuBpua €xouv aAAQYUEVA QLUOSUVOHLKA TIPOTUTIA TTou 08nyouv
oe un ¢uowoloyikn kapdiakn BoABida otnv evAAikn kapdid. MapoAa autd, n
Asttoupyla NG Kapdlag kat n avamtuén g kapdiakng BaABidag ota mpwrta
avantuélakd otadla Atav ¢ucololoyikr). To yeyovog autod UTIOSELKVUEL WG OTa
EUBpULKA oTadla n apxlkn dladopomoinon Twv KOATTOKOWALOKWY KUTTAPWV €ival
QVEEAPTNTN TWV ALHOSUVAULKWY POWV, EVW N UETEMELTA wpipovon tTwv BaABidwv
elval e€aptwpevn. Emiong, PBAémoupe tnv emibpacn mou MmoOpel va €xeL éva
ovamntuéLlako yovidlo otn Aettoupyia Kal tn Soun evog opyavou ota evhAka otadla.

MapdAAnAa, otn SeUTeEPn YEVETIK OELPA TOU TPOEKUYPE QMO TO YEVETLKO
€Aeyxo, TNV s266, ta opoluya HetaAdayueva EufBpua eudavifouv kal auvtd €va
KapSlako datvotumo. MapoAa auTd, TEPLOPLOTNKAUE OTN UEAETN TOU OXNHUATIOUOU
TWV KOPSLAKWY EMOPUATWY KAl OTn TOCOoTIkomoinon twv TCF-pECEYXUMATIKWY
KUTTOPWV KOTA TO Otadlo tTwv 96 wpwv HETA TN Yyovipomoinon, Kabwg ta
pHeTaAAaypéva EuBpua mebaivouv ot 5 UEPEC UETA TN yovidomoinon. Ta s266
opoluya €uPpua pépouv pia petdAlatn oto yovidlo gars, mou emnpealel TO
Slueplopd TG mMpwteivng katl tn kablotd avevepyn. MetaAAdéelg oto avBpwrivo
yovidlo €xouv ouvbebel pe tnv mepidepikr) moAuveuponadeta CMT2D. Ta opoluya
s266 €uPpua polpalovtol  KOWQA  XOPOAKINPLOTIKA HE TNV avBpwrivn
naBoduolooyia. ITn OUYKEKPLUEVN VYEVETIK OElPA TPOXWPHROAUE Eva BrAua
TIOPOKATW MEAETWVTOG TN AElToUpyla Kal eEMiSpacn TPLWV avOpWIIVWV LETAAAAEEWVY
oto dawvotuno Twv gUPplwv Kol oto SHEPLOUO TNEG MPWTEIVNG, MAPEXOVTAG OTNV
EMLOTNMOVLKH KOWOTnTa €va amAd Kal ypriyopo HOVTEAO yla TO POAO TWV VEWV
napallayuevwy popdwv GARS otnv epdavion tng acbBEvelas.

MapatnpoUpe Aoutov we oL s457 Kal 266 YEVETIKEC OELPEC LOG TTAPEXOUV TNV

LKOVOTNTO VO UEAETNOOUME in Vivo KAl OE TPOYUATIKO XPOVO TOUG UNXQAVIOHOUG
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eudaviong kat tn mopeia ¢ maboloyiag Twv cuyyevwy kapdlomabelwy Kol Twy
veupomaBelwv avtiotolya, Kot wg umodelkvuouv To zebrafish wg éva onuaviko

epyoAelo yla HEAETN TwV avBpwrmvwy aoBevelwWV Kal TNG KUTTAPLKAG Bloloyiag.
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Abstract

Charcot-Marie-Tooth (CMT) disease is a genetically heterogeneous group of peripheral neuropathies. Mutations in several
aminoacyl-tRNA synthetase (ARS) genes have been implicated in inherited CMT disease. There are 12 reported CMT-causing
mutations dispersed throughout the primary sequence of the human glycyl-tRNA synthetase (GARS). While there is strong
genetic evidence linking GARS mutations to CMT disease, the molecular pathology underlying the neuromuscular and sensory
phenotypes is still not fully understood. In particular, it is unclear whether the mutations result in a toxic gain of function, a
partial loss of activity related to translation, or a combination of these mechanisms. We identified a zebrafish allele of gars
(gars$?%°). Homozygous mutant embryos carry a C->A transversion, that changes a threonine to a lysine, in a residue next to a
CMT-associated human mutation. We show that the neuromuscular phenotype observed in animals homozygous for T209K
Gars (T130K in GARS) is due to a loss of dimerization of the mutated protein. Furthermore, we show that the loss of function,
dimer-deficient and human disease-associated G319R Gars (G240R in GARS) mutant protein is unable to rescue the above
phenotype. Finally, we demonstrate that another human disease-associated mutant G605R Gars (G526 in GARS) dimerizes with
the remaining wild-type protein in animals heterozygous for the T209K Gars and reduces the function enough to elicit a
neuromuscular phenotype. Our data indicate that dimerization is required for the dominant neurotoxicity of disease-associated
GARS mutations and provide a rapid, tractable model for studying newly identified GARS variants for a role in human disease.

Introduction

Charcot-Marie-Tooth (CMT) disease is a genetically heteroge-
neous group of peripheral neuropathies characterized by im-
paired sensation and progressive muscle atrophy in the upper
and lower extremities. Pathophysiological studies separate CMT
disease into two major categories: type I (CMT1 or demyelinating
CMT disease) and type II (CMT2 or axonal CMT disease). The
estimated prevalence of CMT disease is 1 in 2500 individuals
worldwide (1). There is an overlap between CMT2 and a similar
group of clinical syndromes classified as distal hereditary
motor neuropathy or distal spinal muscular atrophy (dSMA) (2).

To date, over 1000 different mutations have been discovered in
80 disease-associated genes. Identification of the genetic causes
of CMT elucidated conserved mechanisms that explain the
myelin degeneration in CMT1 and axon degeneration in CMT2.
Disruption of the myelin structure through mutation of proteins
produced by Schwann cells is a recurring mechanism in CMT1.
Defects associated with vesicle trafficking (3), mitochondrial
morphology (4) and cytoskeletal integrity (5,6) have been impli-
cated in multiple axonal forms of CMT. Interestingly, mutations
in six genes encoding enzymes indispensable for protein synthe-
sis [aminoacyl-tRNA synthetase (ARSs)] have been implicated in
axonal CMT2 (7-11).
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The canonical activity of ARSs is to charge amino acids onto
their cognate tRNA molecules in the cytoplasm and mitochon-
dria (12,13), the first step of protein translation, to maintain the
fidelity of the genetic code. There are 37 ARS genes in the mam-
malian nuclear genome that code for 17 cytoplasmic and 17 mito-
chondrial enzymes. In three cases, a single gene encodes both
cytoplasmic and mitochondrial forms of the protein by using al-
ternatively spliced exons or alternative initiation codons, such as
the glycyl-tRNA synthetase (GARS) (14). Human GARS functions
as a homodimer with the monomer unit having 685 residues
and is composed of an N-terminal appended WHEP-TRS domain,
a catalytic core and a C-terminal anticodon binding domain (15).
The catalytic domain contains the characteristic three conserved
motifs of class II tRNA synthetases. There are 12 reported CMT-
causing mutations dispersed throughout the primary sequence
of human GARS (16,17). Subsequently, mutations in the tyrosyl-
(YARS), alanyl-(AARS), histidyl-(HARS) and methionyl (MARS)—
tRNA synthetases have been implicated in inherited CMT disease
with an axonal pathology (7-11).

Three mouse models of GARS mutations were generated and
have been used extensively to study CMT2D onset and progres-
sion (18,19). Two of those cause dominant phenotypes due to
missense mutations in Gars (Gars"™?* and Gars®?°'®) and share
pathological features with the human disease. The GarsN™?%
allele causes reduced body weight, loss of larger diameter
axons, partial or complete denervation of neuromuscular junc-
tions (NMJs), and lethality by 8 weeks of age (18). The Gars“?!R al-
lele, identified in an N-ethyl-N-nitrosourea (ENU) mutagenesis
screen, is considerably less severe. Those mice exhibit impaired
grip strength, reduced weight and show a trend toward smaller
axon diameters (19). Homozygous Gars“?°’% mice are sub-viable
and homozygous GarsN™?%° are embryonic lethal. The embryonic
lethality observed in these Gars alleles is probably not related to
the neuropathy phenotype, as GARS is necessary for translation
in every cell, and loss of function in non-neurological tissue is a
likely cause of the embryonic lethality. Moreover, mice heterozy-
gous for a complete null allele (Gars*™?°°) do not present any
phenotype, ruling out haploinsufficiency (18).

A Drosophila gars mutant was identified in a forward genetic
screen for dendrite and axon formation and arborization, using
the mosaic analysis with a repressible cell marker system. The
Drosophila mutation causes a missense change equivalent to a
P98L in the human protein. The homozygous phenotype in flies
is probably due to impaired translation and it was proposed
that the axons and the dendrites have a greater sensitivity to re-
duced protein synthesis (20).

Finally, structural studies in the human protein have shown
that many of the mutations alter dimer formation that is essen-
tial for tRNA-charging activity, such as L129P and G240R (17). Per-
ipheral nerves with long, large-diameter axons may be especially
vulnerable to decreased activity because of their unusual trans-
port and metabolic demands, suggesting that a reduction of
tRNA-charging function could result in neuropathy. Consistent
with this, the majority of disease-causing mutations in GARS
cause reduced tRNA charging in cell-free assays, which roughly
correlates with a decreased ability to support viability in yeast
cells deleted for GRS1, the ortholog of GARS (16). Furthermore,
some mutations alter the subcellular distribution of GARS in
transfected neurons, suggesting a possible loss of function at
the cellular level through mislocalization, even if the charging ac-
tivity is preserved (7,16). While there is strong genetic evidence
linking GARS mutations to CMT disease, the molecular pathology
that underlies the progression of the neuromuscular and sensory
phenotypes is still not fully understood. In particular, it is unclear
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whether the mutations result in a toxic gain of function, a partial
loss of activity related to translation, or a combination of these
non-mutually exclusive mechanisms.

The zebrafish is an excellent organism for modeling neuro-
muscular phenotypes. It is amenable to forward and reverse gen-
etics, and embryos can be obtained in large numbers, are
transparent during early developmental stages, and have a sim-
ple nervous system. During a forward genetic screen (21), we
identified an allele of gars (gars$?°¢). Homozygous mutant em-
bryos carry a C->A transversion, leading to a non-conservative
substitution within gars that changes a threonine to a lysine at
residue 209, which is equivalent to the T130K in the human pro-
tein and resides next to a previously studied human mutation
(L129P). We show that T209K affects the homodimerization of
the GARS protein. Maternally deposited protein and mRNA sup-
port the development of embryos up to 48 h post-fertilization
(hpf). However, gars™%%/T29% embryos and larvae are under-
developed with a smaller body axis, exhibit denervated NMJs
and a severe muscular atrophy, become progressively immotile
and have a cardiac phenotype. Cardiac contractility and blood
flow initiate as in wild-type animals but, due to impaired cardiac
valve formation, the flow stops and the blood regurgitates be-
tween the two heart chambers. Since T209K exists only as a
monomer, this ablates the ability to aminoacylate tRNA, thus in-
hibiting protein translation in mutant embryos. Heterozygous
garsT2%%+ embryos and adults do not show any phenotype, are
fertile, and can live more than 2 years with no swimming or
other behavioral phenotypes. Based on this, we hypothesized
that dimerization is required for dominant GARS-associated
neuropathy. We modeled several known human mutations in
zebrafish to test if garss?®® can be used as the first vertebrate ani-
mal model for studying CMT-associated human mutations. The
garsT299K/T209K phenotype was transiently rescued by overexpres-
sing the wild-type and C236R zebrafish gars (which is equivalent
to the C201R mouse mutation). However, overexpression of a
human mutation that reduces, but does not ablate dimerization
(G319R; equivalent to G240R in GARS) did not improve the pheno-
type. Finally, overexpressing G605R gars (equivalent to G526R in
GARS, a human loss-of-function mutation that does not affect
dimerization) in zebrafish embryos heterozygous for T209K gars
resulted in a neuromuscular phenotype.

Altogether, these data suggest that: (i) the neuromuscular
phenotype observed in animals homozygous for T209K is due
to a loss of dimerization of the mutated protein; (ii) the loss of
function and dimer-deficient G240R mutant protein is unable to
rescue the above phenotype due to the loss-of-function nature of
this mutant protein and (iii) G526R gars dimerizes with the re-
maining wild-type protein in animals heterozygous for T130K
gars and reduces the function enough to elicit a neuromuscular
phenotype. Our data indicate that dimerization is required for
the dominant neurotoxicity of disease-associated GARS muta-
tions and provide a rapid, tractable model for studying newly
identified variants for a role in human disease.

Results

The s266 mutant allele destabilizes the dimerization
of Gars protein

We identified a recessive lethal mutation, s266, with retrograde
blood flow between the two heart chambers in a forward genetic
screen in zebrafish (21). Homozygous mutant embryos exhibit peri-
cardial edema and are underdeveloped with unconsumed yolk and
smaller head and body axis (Fig. 1A). They become progressively
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Figure 1. Identification and cloning of a novel gars allele. (A) Bright-field images of wild
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delayed in development. They exhibit smaller head, eyes, body axis and a pericardial edema (B) The mutation was mapped on linkage group 24 (BAC clone DKEY-27615)
using 1880 mutant embryos. (C) s266 embryos carry a C->A transversion, leading to a substitution within the gars gene that changes a threonine to a lysine at residue 209. The
gars sequence is shown at the region of the mutation from a wild-type (left panel) and a homozygous mutant (right panel). (D) The amino acid change is in a highly
conserved region of GARS protein throughout species (conserved amino acids are in black; the altered lysine is highlighted). (E) gars is a 17-exon gene encoding 764-
amino acid protein with two catalytic domains. The T209 mutant corresponds to the T130K in the human protein and is inside the first catalytic domain and in the
dimer interface domain. (F) Using a specific human anti-GARS antibody to protein extracts from gars®?°®/s2%¢ and wild-type embryos at 48 and 72 hpf on a native
western blot, we showed that T130K interferes with the dimerization of the protein. Scale bar: 100 um.

immotile starting at 48 hpf, but survive up to 120 hpf. To identify
the s266 gene, we employed a positional cloning strategy. Bulk seg-
regant analysis placed the s266 locus on zebrafish chromosome 24.
Fine mapping with 1880 diploid mutant embryos positioned the
$266 locus to a 0.01 cM genomic region using markers z17203 and
29321 and subsequently new markers we developed within two
partially overlapping BACs: DKEY-246L21 and DKEY-276I5 (Fig. 1B).
We sequenced all genes in the defined region and found a sin-
gle-nucleotide transversion (C to A) in the gars gene, which is
predicted to cause a substitution of a threonine with lysine
(T209K, equivalent to a T130K in human GARS) (Fig. 1C and D).
Importantly, zebrafish have a single gars gene on chromosome
24 (ZDB-GENE-030131-9174) encoding both the mitochondrial
and cytoplasmic Gars, as in Humans. T209 is inside the catalytic
domain at the dimer interface of the protein (Fig. 1E), suggesting
that it could affect homodimerization. Indeed, native western
blot analysis from garsS?°®/52° mutant embryo lysates demon-
strated the presence of only monomeric Gars proteins (Fig. 1F).

The T209K Gars mutation reduces yeast cell viability

To determine if the T209K amino-acid substitution alters the
function of the Gars protein, we employed a yeast complementa-
tion assay (Fig. 2). Yeast complementation assays have been used
to identify loss-of-function properties of human GARS mutations
(7,16). To assess the functional consequences of T209K gars, we
modeled this mutation in the yeast ortholog GRS1 (residue T209

~
&
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o
o
z
=
3

T8OK GRS1 A
T80K GRS1B
pRs315 Empty

Undiluted

1:100

Figure 2. T8OK GRS1 fails to support yeast cell growth. Haploid Agrs1 yeast strains
were transformed with a vector containing no insert (pRS315 Empty) or an insert
to express wild-type or T80K GRS1 (equivalent to the T209K, s266 zebrafish
mutation, T130K in human GARS). Cultures resulting from each transformation
were spotted undiluted and diluted (1:10 and 1:100) on plates containing 0.1%
5-FOA. Experiments were performed using two independently generated T80K
GRS1 expression constructs (A and B).

in zebrafish GARS is equivalent to residue T80 in yeast GRS1
and T130 in human GARS) and tested for the ability to support
yeast cell growth compared with wild-type GRS1 or to a vector
with no GRS1 gene (‘Empty’). A previously validated haploid
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Figure 3. Abnormal NMJs are observed in gars mutant larvae. (A). Cartoon summary of neuromuscular synaptogenesis in wild-type zebrafish (A, top view) 24-30, 48
and 96 hpf. For each stage a side view of two myotomal segments are shown. In each panel, green structures represent motor neuron cell bodies and axons; red structures
represent AChR clusters, and yellow represents overlap of pre- and post-synaptic structures and thus a synapse. At the appropriate stage, the phenotype of garss26¢/s26¢
mutant is shown. At 24-30 hpf in wild-type and mutant embryos, motor axons have reached the dorsal and ventral edges of the myotome, and AChRs are clustered
beneath synaptic vesicle clusters. Non-synaptic AChRs are present along the myosepta between adjacent myotomes. At 48 hpf in wild-type zebrafish, motor axons
have turned and have grown along the rostral lateral myosepta, and axon branches are present in all muscle fiber layers. Synapses form along all axon branches, and
synaptic vesicle clusters and AChR clusters are well co-localized (yellow). However, in gars?°®/52°6 embryos pre- and post-synaptic areas are smaller (bottom). By
96 hpf in wild-type zebrafish, motor axon branching and synapse formation has increased and the entire length of the rostral lateral myosepta is innervated (yellow

in the myosepta). In mutant embryos at 96 hpf, synapse number is reduced in the myotome and not properly localized (neuromuscular synapses are labeled with
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yeast strain with the endogenous GRS1 gene deleted and a vector
that expresses wild-type GRS1 and URA3 to maintain viability
(22) was transformed with a separate vector harboring a LEU2 se-
lection marker and either no insert or a wild-type or T80K GRS1
allele. Yeast were then selected on media containing 5-fluorooro-
tic acid (5-FOA), which is toxic to yeast cells expressing URA3 and
thus selects for cells that have spontaneously lost the mainten-
ance vector. Only yeast cells expressing a functional GRS1 allele
from the LEU2-bearing vector will survive on 5-FOA. The wild-
type GRS1 expression vector sustained yeast viability, while the
empty vector was unable to complement the knockout allele,
consistent with GRS1 being an essential gene (Fig. 2) (22). Yeast
expressing T80K GRS1 demonstrate minimal survival on 5-FOA
media (Fig. 2). These results indicate that T209K gars is a
loss-of-function allele.

5266 larvae exhibit partial innervation and
degeneration of fast muscle fibers in the
developing skeletal muscles

To form a functional muscular unit, motor neurons grow out
from the spinal cord to establish contact with muscle fibers of
the corresponding somite. Zebrafish have three types of primary
motor neurons (PMNs), the caudal primary (CaP), the middle pri-
mary (MiP) and the rostral primary. Between 16 and 24 hpf the
axon of each PMN grows along the common pathway, lateral to
the notochord, to the choice point, pauses for several hours
and grows across the medial surface of one myotomal muscle
(23,24). Axons subsequently grow along the lateral myosepta
and branch extensively to innervate more lateral muscle fibers.
At the same time, pre-patterned acetylcholine receptor (AChR)
clusters at the choice point are present in almost all medially lo-
cated muscle fibers. Each muscle fiber has one cluster situated in
the middle of the myotome (Fig. 3C, asterisks). Between 20 and
28 hpf, each primary axon extends into its appropriate territory
of the myotome and the synapses are formed by overlapping of
the axon and the AChR clusters (Fig. 3D, arrows and arrowheads).
We examined gars*°®/s2°° homozygous mutants (n = 8 embryos at
28 hpf) for development and the formation of NMJs. Embryos
were co-stained with the synaptic-vesicle 2 (SV2) antibody mark-
ing the pre-synaptic motor nerve ends and a-Bungarotoxin
(aBTX), binding to the post-synaptic acetylcholine receptors,
AChRs. At 28 hpf s266 mutants do not exhibit a phenotype and
we could not detect any differences within the clutch. The pri-
mary axons (CaP and MiP) are developing and projecting at the
center of the myotome normally (Fig. 3F) and the pre-patterned
AChRs are clustering, too (Fig. 3G, merge in Fig. 3H). Robust over-
lapping NMJs are formed without any difference in the co-local-
ization of SV2 and aBTX as shown by the Pearson’s correlation co-
efficiency analysis (Fig. 3E).

In contrast, starting at 48 hpf (Fig. 3M-0) and more profound
at 96 hpf (Fig. 3T-V) we observed a progressive reduction of
NMJs in the developing muscle. Quantifications of pre- and

post-synaptic areas at 48 and 96 hpf showed that garss26¢/s26¢

larvae had lower volumes of both SV2 and aBTX (Fig. 3S). Par-
ticularly, at 48 hpf wild-type embryos had NMJs occupied area
of 7.5% +0.398% as a percentage of the total area of two somites
at the level of the hindgut extension, in comparison with the
3.3%+0.765% of garss2°6/526, At 96 hpf wild-type larvae had
NM]Js occupied area of 18% +0.255% in comparison with 5.5% %
+0.255% of garss2°%/2%¢ 1arvae. NMJs occupied area were not sig-
nificantly altered between wild-type and siblings larvae (data
not shown). The reduction of the muscle innervation is more
pronounced in the fast muscle fibers in the center of the myo-
tomes, since the NM]Js are located at the edge of slow muscle fi-
bers and form chevron-shaped lines at the boundary of body
segments (Fig. 3R). Moreover, co-localization of SV2 and aBTX
was significantly reduced by 1.6-fold (Fig. 3L). In summary,
T209K causes NMJ defects in homozygous mutant embryos by
arresting innervation. The primary motor axons entered the
muscle and branched properly, while the nerve terminal
completely overlaps the post-synaptic receptor field on the
muscle. However, from 48 hpf and onwards the innervation of
the muscle is significantly decreased, causing the observed
paralysis of garss?°®/52%¢ larvae at 96 hpf. Those data agree with
the Gars™™2%* mice that exhibit denervated or partially inner-
vated NMJs from P36 to P37, but not earlier (18). A possible ex-
planation of normal NMJ development during early stages is
maternal contribution of wild-type mRNA and protein (Supple-
mentary Material, Fig. S1A and B).

Since GARS mutations are also associated with distal spinal
muscular atrophy V, we examined the development and
formation of skeletal muscles in gars$2°%/52% larvae by immu-
nostaining with sarcomeric a-Actinin that stains the z-disks
and phalloidin that specifically recognizes f-actin of fast muscle
fibers. We observed that the myofibrils of homozygous mutant
larvae lack the normally aligned arrangement to the chevron-
shape somatic semi-segment. Moreover, they lost their integ-
rity and tight formation (Fig. 4B) and were thinner compared
with the myofibrils of wild-type larvae (Fig. 4A). The thickness
of the myofibrils is reduced from 5 pm + 0.08 (average + SE, n=10)
in wild-type animals to 3 um+0.07 [average + standard error
(SEM) of the mean (SEM), n=11] in mutant animals (Fig. 4G).
The formation of this looser muscle structure in homozygous
mutants affects the striation of the sarcomeres, since in
garss26%/5266 laryae myofibrils are discontinuously striated
(Fig. 4F, arrows). Finally, we investigated the mechanical stability
of the muscles by immunostaining with Vinculin, a cytoskeletal
protein associated with cell-cell and cell-matrix junctions.
Vinculin normally localizes to the myotendinous junctions
(MTJs) (25). In gars?°9/5256 embryos, Vinculin stains discontinu-
ously in MTJs with gaps at regions where the actin filaments
have retracted (Fig. 4D, arrowheads). In addition, we observed
larger angle and more U-shaped like somites. Heterozygous
larvae showed no neuromuscular alterations (Supplementary
Material, Fig. S2A-F).

antibodies against SV2 (green, pre-synaptic vesicles) and aBTX (red, post-synaptic AChRs). Images are oriented so that left is rostral and top is dorsal. (B-H) At 28 hpf the
PMN of the embryo projected straight axons dorsally (MiP axons, arrowheads) and ventrally (CaP axons, arrows) and robustly overlapped with NMJs. (E) Quantification of

co-localization of SV2 and aBTX in 28 hpf garss2°¢/s2%¢ (n = 8)

and wild-type (n=15) embryos showed no difference at this stage. However, as the mutant embryos develop

they showed a progressive loss of NMJs resulting to a severe muscular atrophy. (I-O) Projections of confocal z-stacks at the level of hindgut extension (I: 62 um, O: 70 um). In
48 hpf, mutant embryos (n = 13) had reduced synaptic occupied areas, compared with the wild-type embryos (n=9). (L) Quantification of Pearson’s correlation (r) of pre-
and post-synaptic regions of wild-type (n=10) and garss?°**?%¢ (n = 14) 96 hpf larvae. (P-R) Projections of confocal z-stacks at the level of hindgut extension (R: 64 um) of
96 hpf wild-type and mutant embryos. During the development of gars®°?°® denervated post-synaptic regions were observed, as only the 5.5% = 0.8% of synaptic area
was present in mutants (T-V) larvae (W: 63 um). These measurements reflected differences in larval muscle innervation, explaining the immotility of gars®2°¥/52%deficient
larvae. (S) Quantification of synaptic occupied areas in the two somites of the region of hindgut between wild-type (n = 9) and gars®?°¢/s2%¢ (n = 13) 48 hpf embryos and wild-
type (n=15) and gars$?°%/52%¢ (n = 20) at 96 hpf larvae. (L and S) mutants had significantly lower synaptic occupied area when compared with siblings and wild-types

(**P <0.0001, unpaired t-test). Scale bars: 25 um. Agarose sections width 150 pm.
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Figure 4. gars mutants exhibit structural defects in muscles and somites. (A and B) Confocal analysis in 100 um agarose sections of 72 hpf wild-type and garss2°¢/5266

larvae stained with filamentous Actin (wt n = 30, gars®2°¢/s26 n = 25), (C and D) with Vinculin, staining the chevron shaped-septa along the anterior-posterior axis (wtn = 16,
gars$266/5266 y — 15) and (E and F) with sarcomeric o-Actinin (wt n = 10, gars$2°%/2% n = 11). In gars*2°*/*2%® mutants (B and F) the myofibrils lacked the aligned arrangement to
5266/5266 embryos (F) myofiblis
were discontinuously striated (arrows). (G) The sarcomeres in mutant embryos were 30% shorter, compared with wild-type when measuring the length of z-disks
(a-actinin), (wt n=10, gars®?°*26 n=11 in C and D). Vinculin staining showed that garss?°®/*?¢ larvae do not exhibit the typical chevron pattern in septa, but a
U-shaped, more fainted signal and a discontinuous formation with gaps (arrowheads, D). Arrows (F) are indicating z-disk and arrowheads (D) the discontinuous septa.
(G) The myofibril thickness and z-disk length was significantly reduced in mutants when compared with wild-type (**P <0.001, unpaired t-test). Scale bars are 25 ym in

the chevron-shape somatic semi-segment and lost their integrity and tight formation, comparing with wild-type (A and E) embryos. In gars

(A-D) and 5um in (E and F).

Finally, we performed touch-evoke response assays at three
developmental stages (62, 72 and 96 hpf) on wild-type and
garss2°%/s2%% ganimals to assess for muscle weakness (26). Wild-
type embryos responded to mechanosensory stimuli with rapid
and vigorous swimming in a straight line (Supplementary Mater-
ial, Fig. S3A-D). In contrast, homozygous mutants tended to
weakly flex and move for only a short distance (Supplementary
Material, Fig. S3E-H). Statistical analysis of the captured videos
showed that the time interval for swimming of a fixed distance
(1.1 cm) was significantly increased up to 5-fold for mutant
compared with wild-type embryos (Supplementary Material,
Fig. S3K). However, at this developmental stage garss?°®/s2°¢ em-
bryos did not have any structural dystrophies in the skeletal mus-
cles, as exhibited at later stages. (Supplementary Material, Fig. S3J
compare with Supplementary Material, Fig. S3I). This suggests
that the increased interval time for swimming was a result of a
muscular weakness.

S266 larvae exhibit immature AV cushion formation
and pericardial edema

The s266 mutant allele causes a recessive cardiac phenotype with
pericardial edema and blood stasis by 96 hpf. Blood circulation
initiates but from 72 hpf is gradually reduced and then at the
level of the bulbus arteriosus stops, with the blood regurgitating
between the two chambers of the heart. All mutant larvae die by
5 dpf due to the lack of blood circulation similar to most mutant
lines with cardiac defects from the forward genetic screen (21) or
the silent heart mutant line (sith) where a mutation in the cardiac

troponin T results to a non-contractile myocardium (27). We,
therefore, aimed to examine myocardial function and the
morphology of the AV cushion. Bright-field videos of the heart
showed that gars*?°*5?°° animals had no difference in myocardial
function compared with wild-type or sibling larvae and exhibit
an unaltered heart rate (Supplementary Material, Fig. S4A). To es-
tablish whether cardiac valve morphogenesis was affected, we
used the transgenic lines Tg(kdrl:EGFP)*®** to mark endothelial
cells and the wnt signaling reporter Tg(7xTCF-Xla.Siam:nslCher-
1y)1®°. In these lines endocardial and valve cells can be visualized.
Confocal analysis of hearts showed that AV canal endocardial
cells in mutant larvae acquired the cuboidal shape. However,
analysis of Tg(7xTCF-Xla.Siam:nslCherry)'®> showed a dramatic
decrease in the amount of TCF:cherry positive, mesenchymal
looking endocardial valve cells in the AV cushions (Supple-
mentary Material, Fig. S4B arrows in Supplementary Material,
Fig. S4] and K, compare with Supplementary Material, Fig. S4D
and E and Movie 2A and B). Taken together, these results indi-
cated that at early developmental stages AV valve differentiation
occurs normally, but at later stages impaired Gars function
prevents formation of functional cardiac valves.

T209k is a loss-of-function variant of Gars protein

The canonical function of GARS is to catalyze the ligation of gly-
cine to cognate tRNAs, resulting in glycyl-tRNA complexes neces-
sary for protein translation. To analyze whether the observed
phenotypes in s266 mutants are caused by defective protein syn-
thesis, we chemically inhibited protein synthesis between 24 and
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96 hpf by the addition of cycloheximide (Chx) to wild-type and
siblings embryos. Treatment of wild-type animals with Chx
(Fig. 5B and C) led to a phenotype similar to garss?°®/s2¢ (Fig, 5D)
with treated embryos being underdeveloped with smaller body
axis and having a smaller head and decreased swimming cap-
ability (Supplementary Material, Movie S3). Chx-treated larvae
also developed a progressive neuromuscular phenotype with a
significant reduction in the NMJs occupied area (Supplementary
Material, Fig. S5A and B and quantification Supplementary
Material, Fig. S5C) and reduced myofibril thickness and shorter
z-disks in the skeletal muscles (Supplementary Material,
Fig. S5D and E and quantification in Supplementary Material,
Fig. S5F). These findings are consistent with the s266 phenotype
being caused by impaired translation. Since T209K Gars exists
only as a monomer, it would be predicted to ablate aminoacyla-
tion of tRNA-Gly molecules. Furthermore, this could result in in-
creased levels of uncharged tRNA and phosphorylation of Eif2a
(Fig. 5E and quantification in Fig. 5I). Thus, T209K demonstrates
loss-of-function characteristics, which result in impaired protein
translation and the observed phenotype.

In support of a loss-of-function mechanism, overexpression
of wild-type Gars protein improves the motility and extends
the life span of mutant embryos by 2 days. gars$2°%/52%° larvae
overexpressing wild-type Gars also maintained blood circulation
up to 6 dpf (Supplementary Material, Movie S4A) and have a
2-fold increase in pre- and post-synaptic density in NMJs com-
pared with uninjected controls (Fig. 6H-J and quantification in

Fig. 6T). This partial rescue is achieved only by the overexpression
of a functional protein. Indeed, native western blot analysis from
injected embryo lysates showed the presence of the active homo-
dimer form of Gars in gars*2°¥5?%® larvae injected with wild-type
gars mRNA at 72 hpf and a double band of both forms (monomer-
ic and dimeric) of the protein (Fig. 6A). These data support our
conclusion that T209K is a loss-of-function gars allele.

In contrast, we did not detect rescue of the phenotype upon
overexpressing G319R gars (equivalent to the G240R in human
GARS), which reduces dimerization and aminoacylation (17).
Overexpression was confirmed by immunoblots at 72 hpf and
injected larvae had significantly increased levels of GARS protein
(up to 3-fold) compared with uninjected controls. Native western
blot analysis from injected mutant embryo lysates demonstrated
only the monomeric form of GARS in gars$2°%/52% injected mu-
tants (Fig. 6A) consistent with previous in vitro data showing im-
paired dimerization of this protein (17). These data for the first
time show in vivo that G240R GARS affects dimerization.

The disease-associated G526R mutation ablates enzyme ac-
tivity but retains dimerization (16,17) and, as mentioned above,
the C201R mouse mutation is a partial loss-of-function allele.
We, therefore, tested these two mutant proteins for the ability
to rescue the s266 phenotype by modeling them in the Gars pro-
tein (G605R and C236R, respectively) and overexpressing them up
to 3-fold compared with endogenous levels. C236R does not
interfere with dimerization of the GARS protein, but does reduce
enzymatic activity in homozygous mice (19). Overexpression of
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Figure 6. Functional analysis of C236R, G319R and G605R mutations using gars*2°**2%° larvae. (A) Native western blot analysis of protein extracts from injected with wild-
type, C236R and G605R zGars and uninjected mutant embryos at 72 hpf showed that in injected gars*2°9s2¢ embryos, Gars existed in an active, dimer formation, while in
the control as a monomer. In contrast, injection with G319R did not result in the formation of heterodimers. (B-D). Projections of confocal z-stacks at the level of hindgut
extension of 96 hpf. (E-G) During the development of gars*?°*?%¢, denervated post-synaptic regions were observed, as only the 5.5% + 0.8% of synaptic occupied areas were
present in mutant larvae. (H-J) Forty-eight percent of the homozygous mutant larvae injected with wild-type zGars exhibited blood flow (n =41, not shown) at 6 dpf and
showed nearly wild-type levels of synaptic areas at 96 hpf. (K-M) Seventeen percent of the homozygous mutant larvae injected with C236R mRNA exhibit blood flow
(n=128, not shown) at 6 dpf and showed an increase of synaptic areas up to 2-fold at 96 hpf compared with mutant control. (N-P) Homozygous mutant larvae injected
with G319R mRNA (n = 35). Injected embryos had denervated muscles with a similar decrease of NMJs occupied areas compared with gars?°®/2 uninjected larvae. (Q-S)
Homozygous mutant larvae (n=47) injected with G605R mRNA. Injected embryos had denervated muscles with a similar decrease of NMJs density compared with
gars®266/5266 yninjected larvae. Although dimers formed in the injected larvae, both mutations rendered the dimer non-functional and as a result embryos died by
5 dpf. (S and T) Quantification of synaptic occupied areas in injected larvae (wild-type n = 10, garss2°9/s2%6 n = 14, garss266/52¢ wild-type zGars n = 10, garss2°¥/52%¢ C157R
zGars n=9, gars®?°¢/526 G240R zGars n = 10, gars®2°%/526 G526R zGars n=11, **P <0.0001, one-way ANOVA). (U) Quantification of co-localization of SV2 and aBTX in
injected embryos (wild-typen = 10, gars$2°6/s2%6 p = 14, gars®260/2%6 yjild-type zGars n = 10, garss2°%/2°6 C236R zGars n =9, gars*2¥/52%¢ G319R zGars n = 10, gars*2°¥/526¢ G6OSR
zGars n=11, **P <0.0001, one-way ANOVA). Scale bars: 25 pm.
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C236R transiently rescues the levels of NMJs occupied area by
increasing pre- and post-synaptic areas (Fig. 6K-M) and by main-
taining blood circulation up to 6 dpf (Supplementary Material,
Movie S4B). Native western blot analysis of injected embryo lysates
revealed only the homodimeric form of Gars in garss2°%/s2% in-
jected larvae at 72 hpf (Fig. 6A). At 5 days a double band indicating
the presence of both the monomeric and dimeric forms of the pro-
tein was observed (Fig. 6A), and only monomers were detected at
7 dpf (data not shown). A likely explanation for this partial rescue
is that C236R is a hypomorphic allele. Indeed, this is consistent
with the milder phenotype in heterozygous C201R mice and the
partial viability of homozygous C201R mice.

Finally, overexpression of G605R gars, (a functional null
allele equivalent to G526R GARS that does not reduce dimeriza-
tion 7,16,17), failed to rescue the neuromuscular phenotype of
garss206/s266 since the pre- and post-synaptic NMJs occupied
areas show a decreasing shift to lower values comparing to
garss2°%/s2 Jaryae (Fig. 6Q-S). In parallel, the garss2°*52% injected
larvae could not maintain the blood circulation later than 96 hpf.
Previous reports showed that G526R does not affect dimer forma-
tion (15). Indeed, on a native western blot analysis from injected
embryo lysates, we observed the homodimeric form of Gars
(Fig. 6A); however, G526R ablates enzymatic activity by direct
blocking of the AMP-binding site (16,17). Importantly, this is the
first evidence in a vertebrate model system that G526R causes a
loss-of-function effect.

Dominant toxicity is associated with dimerization

We injected gars capped mRNA to overexpress T209K, G319R and
G605R proteins (equivalent to the T130K, G240R and G526R
human mutations) in s266 siblings (heterozygous and wild-type
embryos). T209K and G319R overexpression had no effect (data
not shown), but G605R enhanced the NMJ phenotype. In particu-
lar, we observed a severe reduction of pre- and post-synaptic
densities in NMJs at similar levels to gars*?°®s2%® larvae (Fig. 7D-F).
In addition, injected heterozygous larvae exhibited pericardial
edema and reduced blood circulation. To determine if reduced di-
merization would improve the phenotype associated with G605R
expression we co-injected both mRNAs harboring the T209K and
the G605R in trans. Interestingly, this ameliorated the NMJ pheno-
type by increasing the NMJs occupied area by almost 2-fold
(Fig. 7G-1, quantification Fig. 7]). A possible explanation for this
improvement is that the toxic potential of G605R is reduced
when the dimerization of the protein is reduced by an excess of
T209K in trans, which would impair any dimerization with en-
dogenous, wild-type Gars and therefore reduce any dominant-
negative effects of G605R.

T130K GARS mislocalizes in neurons

Altered subcellular localization has been reported for mutant
forms of GARS (7,16). The affect on localization of the gars$?°¢
allele (T209K) was examined by introducing the mutation into
the human coding sequence (T130K) in frame with an enhanced
green fluorescent protein (EGFP) tag and transfecting constructs
into immortalized motor neurons (MN-1). In cells expressing
wild-type GARS-EGFP, the protein formed puncta (Fig. 8A, ar-
rows). In contrast, T130K GARS-EGFP was diffusely localized
throughout the cytoplasm and did not show any points of con-
centrated localization. In addition, endogenous zebrafish Gars
protein was visualized by staining with a GARS antibody in
wild-type and homozygous mutant larvae at 96 hpf and puncta
were observed in the cytoplasm of the soma and cell processes

of the midbrain. However, the number and the intensity of
these puncta were highly variable. In mutant larvae, Gars showed
a more diffuse staining pattern and seems to accumulate in the
cytoplasm of neuron somata of midbrain (Fig. 8D, arrowheads).

Discussion

GARS is the most well-studied of the ARS enzymes implicated in
CMT disease; however, the molecular and cellular mechanisms
linking GARS and other ARSs to neuromuscular disorders remain
unclear. Mechanistic insights into CMT2D pathology came from
cellular and yeast studies (7,16) and from two mouse models
(18,19). The broad distribution of CMT-causing mutations on
the primary sequence of GARS has long been puzzling. Under-
standing how GARS mutations cause a highly specific phenotypic
peripheral neuropathy (28-31) requires additional insight into
mutant forms of GARS found in affected individuals. In this
study, we present the first CMT2D-associated zebrafish model,
which arose from an ENU-mutagenesis screen. Positional cloning
led to the identification of a threonine to lysine change (T209K) in
Gars, which corresponds to T130K in human GARS. This residue
is highly conserved, resides in the catalytic domain, and is direct-
ly adjacent to the diseased-associated human mutation L129P.
The T209K mutation causes a progressive, but severe, denerv-
ation of muscles with subsequent muscular atrophy of fast mus-
cle fibers and disorganization of the muscle cytoskeleton leading
eventually to paralysis and premature death in homozygous an-
imals. In addition, we studied two human and one mouse muta-
tion associated with peripheral neuropathy in our model by
overexpressing them via injecting capped mRNA into one-cell
stage embryos: C201R, a known hypomorphic mouse allele with
partial function in vivo; G240R, a complete loss of function human
disease-associated allele that demonstrates decreased dimeriza-
tion and G526R, a functional null allele that is capable of dimer-
ization (7,15,16). Our results indicate that our zebrafish model can
be used to systematically study human disease-associated GARS
polymorphisms.

Modeling T209K GARS in the yeast ortholog (GRS1) revealed
that it does not complement loss of endogenous wild-type
GRSL1. In previous studies, modeling human GARS mutations in
the yeast revealed that several mutations (e.g. L129P, H418R and
G526R) do not complement deletion of wild-type GRS1, whereas
others (E71G and G240R) do complement loss of endogenous
GRS1. Furthermore, T130K GARS mislocalizes in cultured neu-
rons similar to other GARS mutant proteins that cause CMT dis-
ease (7,16). In summary, T209K is a loss-of-function allele
that has functional consequences similar to human disease-
associated GARS mutations.

A common pathological mechanism for genetic disorders is
a loss of function through altered mRNA and protein levels or
enzymatic inactivity. The active form of GARS is a homodimer.
Native western blot analysis showed that in mutant embryos/
larvae T209K Gars exists only as a monomer compared with het-
erozygous fish that have both monomeric and dimeric Gars. In
addition, when G240R GARS was modeled in the zebrafish gene
(G319R gars) and overexpressed in embryos, it failed to promote
dimerization of the T209K protein in mutants, while overexpres-
sion of C236R Gars induced dimerization with T209K Gars and
transiently rescued garss2°®/52%¢ larvae. From the structural per-
spective, it is not surprising that T209K and G319R mutations dis-
rupt dimer formation since these residues are involved in the
interaction domains of monomers to form a dimer (17). Since
GARS must form a dimer to charge tRNA, the failure of mutant
monomers to dimerize and charge tRNA could be the general
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Figure 7. Dominant toxicity is associated with dimerization. (A-I) Projections of confocal z-stacks at the level of hindgut extension (C: 42,57 um; F: 42,3 um; I: 31,22 um) of
gars*/s2%6, gars*/2%6 GEOSR, gars*/*2%® G60SR/trans-T209K larvae at 96 hpf. (A-C) gars*/*?°® uninjected larvae. (D-F) gars*/*?*° larvae injected with G605SR mRNA (n = 228
injected larvae, 33% of injected larvae gave a s266 phenotype). The expression of G605R caused a dramatic reduction of the pre- and post-synaptic densities in the
injected larvae. (G-I) gars*/?*® larvae injected with G605R/trans-T209K mRNA (n = 153 injected larvae). However, trans-expression of T209K mutation ameliorated the
observed NMJ phenotype probably due to lower levels of G605R Gars available for dimerization with wild-type Gars. (J) Quantification of synapse density in injected
larvae (gars*/*2%° n = 11 larvae, gars*/*2°° G605SR n = 15 larvae, gars*/2°® G6OSR/trans-T209K n = 19 larvae, **P < 0.0001, one-way ANOVA). Scale bars: 50 ym.

cause for decreased protein synthesis. Importantly, protein- phenotype is the lack of protein synthesis. Further evidence for
synthesis inhibition studies on wild-type embryos at 48 and a loss-of-function effect is that the CMT-disease-relevant NMJ histo-
72 hpf phenocopy s266 fish, suggesting that the cause of the pathology is rescued by wild-type Gars. Injections with wild-type
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wild-type GARS:EGFP

wild-type 96 hpf

T130K GARS:EGFP

garss266/s266 96 hpf

Figure 8. T209K-Gars has altered sub-cellular localization. (A) Expression of wild-type and mutant GARS-EGFP in mouse motor neurons. The T130K mutation was
introduced into the human-coding sequence in frame with a C-terminal EGFP tag, and transfected into MN-1 cells. Cells expressing wild-type GARS-EGFP
demonstrated localization of the protein to cytoplasmic puncta (arrowhead). (B) T130K GARS-EGFP appeared diffused throughout the cytoplasm and did not form
punctate structures. (C and D) Confocal analysis in agarose sections width 50 um of 96 hpf wild-type and gars$?°¢/2¢ larvae stained with filamentous actin (red), anti-
Gars (green) and the ac-a-tubulin (blue), a pan-axonal marker (wt n =12, gars®2°¥/52%¢ n = 11). (C) Endogenous Gars is localized in cytoplasmic puncta of the neurons in
the midbrain of wild-type larvae at 96 hpf. (D) In contrast, in mutant larvae Gars showed fainter, diffused staining. Scale bars: 5 um.

Gars extended the life span of mutant larvae by 2 days with im-
proved blood circulation and increased NMJs occupied area to near
wild-type levels. Our results for the human CMT2D mutation G319R
are consistent with this mutation being a loss-of-function allele.
Overexpression resulted in the presence of only the monomeric
form of GARS and injection of G319R mRNA did not complement
the lethality or neuromuscular phenotypes of gars?°®2%® larvae.
In contrast, overexpression of the C236R gars (equivalent to the
C201R mouse Gars mutation) ameliorates the phenotype in the
NM] as it increases the occupied area of NMJs by almost 2-fold (but
not to wild-type levels) and extends the lifespan of mutant larvae by
2 days. A possible explanation for the amelioration of the neuromus-
cular phenotype is that C201R is a hypomorphic (but not functional
null) allele. Indeed, in Gars®?***¢201R myjce the enzymatic activity is
~60% decreased (19), but overexpression of the mutant protein
may compensate for this reduction of enzymatic activity. Transient

overexpression of variants capable of forming dimers with the
T209K mutant variant seems to transiently rescue the phenotype,
indicating that such a ‘heterodimer’ can be functional. Moreover,
even though G526R GARS does not affect dimerization of the en-
zyme, the protein is not active and as a result the overexpression
of G526R in our model did not rescue the NMJ phenotype. Import-
antly, these findings reveal our in vivo model as relevant for the
systematic analysis of CMT-associated human mutations to
understand their impact on dimerization. A recent report (32) de-
monstrated a neomorphic function for mutated forms of GARS
binding to the receptor Nrp1 and competing with the VEGF-Nrp1 sig-
naling. Also, a non-canonical function for several ARSs regulating
angiogenesis has been demonstrated (33,34).

5266 homozygous zebrafish appear normal up to 48 h post-
fertilization with a normal heart rate. This is very likely due to
maternally provided mRNA and protein. Only at later stages do
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embryos show a cardiac valve phenotype. Heterozygous zebra-
fish appear normal and have no observable phenotype up to 2
years of age at which point they continue to actively swim and re-
main fertile. We overexpressed the zebrafish equivalents of four
GARS mutations (zebrafish T209K, mouse C201R and human
G240R and G526R) in clutch-matched wild-type and T209K het-
erozygous embryos. Overexpression of T209K, C236R and G319R
Gars had no effect on the NMJ phenotype. In contrast, expression
of G605R had a severe effect on the NMJs of both wild-type and
heterozygous larvae at 96 hpf, causing a significant denervation
of muscles comparable with homozygous T130K animals. Com-
bined, these findings show that the dominant toxicity of GARS
mutations is likely associated with enzyme dimerization. That
is, the mutant protein must be able to interact with the remaining
wild-type protein to enact the toxic mechanisms (e.g. a domin-
ant-negative effect that would further reduce GARS function
well <50%). Indeed, when both G605R and T209K gars mRNA
was co-injected to overexpress both mutations in trans, the
toxic effect of G605R was reduced. A possible explanation is
that T209K reduces dimerization with wild-type, thus reducing
the toxic effect of G605R. Therefore, Gars T209K (T130K in
GARS) could be a ‘separation of function’ mutation that shows
that dimerization between a mutant monomer and a wild-type
monomer is required for the autosomal dominant disease; this
observation could explain why s266 heterozygotes show no neur-
opathy. These findings indicate that a dominant-negative effect
may be a potential mechanism of GARS-mediated CMT disease
and warrant follow-up studies to further test this mechanism.

Materials and Methods

Zebrafish maintenance and breeding

Zebrafish embryos were raised under standard laboratory con-
ditions at 28°C. s266 is a recessive mutation identified during an
ENU screen (21). The mutants were anesthetized using a tricaine
chemical (tricaine methanesulfonate). The genetic backgrounds
used were wild-type Ab strains, s266 carrying the following trans-
genes Tg(kdrl:EGFP)**** and Tg(7xTCF-Xla:Siam:nlsCherry)i®®
(35,36). All zebrafish animal work has been approved by the
BRFAA ethics committee and the Attica Veterinary Department
(EL25BIO001/no. 4739).

Positional cloning of s266

Bulk segregant analysis for s266 was performed and the mutation
was mapped between zk246Ls1 (@4 kb, 1 recombinant/1880 mu-
tants tested) and zk276I5 (@80 kb, 1 recombinants/1880 mutants
tested) on LG24 near the gars gene. Sequencing of the gars gene in
homozygous and heterozygous larvae revealed a C->A transver-
sion, causing a non-conservative threonine to lysine amino
acid change at residue 209 in zebrafish (T209K), which is the
equivalent for a T130K mutation in the human protein.

Yeast complementation assays

Yeast complementation assays were performed as previously de-
scribed (7,16). Briefly, mutation-containing oligonucleotides were
designed and used with the QuickChange II XL Site-Directed Mu-
tagenesis Kit (Stratagene, Santa Clara, CA, USA) (per the manu-
facturer’s instructions) to model the zebrafish T209K gars
mutation in the yeast ortholog GRS1 in a pDONR221 Gateway
entry clone (Invitrogen, Carlsbad, CA, USA). Plasmids were iso-
lated from individual clones and sequenced to confirm mutagen-
esis and exclude polymerase errors. The T209K GRS1/pDONR221
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entry clone was recombined into a Gateway-compatible LEU2-
bearing pRS315 destination vector. Resulting clones were purified
and digested with BsrGI (New England Biolabs, Ipswich, MA, USA)
to confirm recombination. The Agrs1 haploid yeast strain [harbor-
ing a pRS316 maintenance vector to express wild-type GRS1 and
URA3 (22) was transformed with wild-type or mutant GRS1 in a
LEU2-bearing pRS315 vector and selected on medium lacking ura-
cil and leucine (Teknova, Hollister, CA, USA). For each transform-
ation, two colonies were selected for further analysis. Each
colony was grown to saturation in the selection medium for
48 h. Next, 10 ul of undiluted and diluted (1:10 and 1:100) samples
from each culture were spotted on plates containing 0.1% 5-FOA
complete medium or SD -leu -ura growth medium (Teknova) and
incubated at 30°C for 72 h. Yeast cell growth was determined by
visual inspection.

Cell culture and protein localization studies

The mouse motor neuron, neuroblastoma fusion cell line (MN-1)
was cultured and transfected as previously described (7,37). Brief-
ly, MN-1 cells were grown in a four-well culture slide (BD Bio-
sciences, Bedford, MA, USA) and incubated at 37°C for 24 h. Cells
were then rinsed with one-time PBS and transfected with 1.5 ug
of purified plasmid DNA or the equivalent volume of water for
mock transfections constructs to express wild-type or mutant
GARS in-frame with an EGFP tag [using Lipofectamine 2000
(Invitrogen) per the manufacturer’s instructions]. Cells were incu-
bated with the OptiMEM/lipofectamine/plasmid solution at 37°C
for 4 h. Next, transfection reactions were removed and replaced
with normal growth medium and the cells were incubated at 37°
C for 48 h. Growth medium was removed and the cells were
washed in one-time PBS and then incubated in one-time PBS/
0.4% paraformaldehyde for 10 min at room temperature. Cells
were washed in one-time PBS, co-stained with 300 nm 4’,6-diami-
dino-2-phenylindole for 5 min, washed again in one-time PBS and
finally coated with pro-long antifade reagent (Invitrogen). The
IX71 Inverted Microscope using the cellSens Standard image soft-
ware (Olympus) was used to obtain images.

Immunohistochemistry

Time-staged zebrafish were fixed overnight at 4°C in 4% PFA.
Whole-mount antibody staining was carried out as described
previously (21). The antibodies were used in the following con-
centrations: anti-a-Actinin (1:500), anti-SV2 (Developmental
Studies Hybridoma Bank, catalog no. sv2; 1:250), anti-Vinculin
(Sigma-Aldrich, catalog no. V9131; 1:400), anti-GARS (Abcam,
catalog no. ab42905; 1:3000), Rhodamine Phalloidin (1:500) and
aBTX-Alexa Fluor 555 conjugated (1:500). The appropriate sec-
ondary antibodies were used with Alexa Fluor 488 (Molecular
Probes, catalog no. A-10235; 1:500) or 633 (Molecular Probes, cata-
log no. A-20170; 1:250).

Confocal microscopy

Imaging was performed using a Leica TCS SP5 inverted confocal
microscope. The images were captured with the LAS AF software.
Images shown are representatives samples of at least 10 em-
bryos/larvae examined.

Synapses quantification and co-localization

Quantification of pre- and post-synapses were made on confocal
scans at three developmental stages of 24, 48 and 96 hpf. Images
were obtained from trunk segments located at the level of the
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yolk-sac extension. Measurements were carried out as described
previously (38,39). In particular, to quantify the NMJs we used the
Image] analysis software to measure the pre- and post-synaptic
area (SV2 and BTX, respectively positive area as a percentage of
the total area in those two myotomes, Fig. 3A). To study the co-lo-
calization of pre- and post-synaptic regions, we quantified the
Pearson’s correlation co-efficient using the Bitplane: Imaris
7.7.2. software. Data analysis was made in the Microsoft Excel
and GraphPad Prism version 5.01 software.

Touch-evoke response assays and muscular weakness
analysis

Touch-evoke response assays were carried out as described be-
fore (26). In brief, we captured videos (60 frames/s) of embryos/
larvae at stages 62, 72 and 96 hpf and they were analyzed
frame-by-frame using the ImageJ analysis software. Using a met-
ric ruler, we marked the start and end points of the swimming
bout (1.1 cm). After delivering mechanosensory stimuli to the
embryo/larvae by touching the tail with a needle, we measured
the time interval of swimming the fixed distance. Data analysis
was made in the Microsoft Excel and GraphPad Prism version
5.01 software.

Statistical analysis

Results were obtained from at least three independent experi-
ments and shown as mean + SEM. Statistical analysis (unpaired
t-test) was performed to compare two groups (Figs. 3E, L, S and
4G; Supplementary Material, Figs. S3L, S5Cand S5F). A one-way
analysis of variance test was performed for statistical analysis
in all other cases by using the GraphPad Prism version 5.01 soft-
ware (Figs. 5H and I, 6T and U and 7J), (*P <0.05, *P<0.01 and
**p £0.001).

Western blots

Proteins were isolated according to (40) and run on a native and
denatured 10% acrylamide gel. Membranes were incubated with
the anti-GARS antibody (Abcam, catalog no. ab42905; 1:5000),
anti-p-Eif2a (Eukaryotic translation initiation factor 2A, Cell
Signaling Technology, catalog no. 9722; 1:250) and total-Eif2a
(Cell Signaling Technology, catalog no. 2103; 1:500). Normaliza-
tion for loading was done by using a monoclonal anti-B-actin
(Sigma, catalog no. A5441; 1:2000).

Heart rate measurements

Heart rate [beats per minute (bpm)], analysis of captured videos
(60 frames/s) was done as described previously (41). In brief, larvae
at 72 hpf (AB, wild-type, n = 10; siblings, n = 11; gars"2°¥52%¢, n=11;
P>0.05, ns) were anesthetized for 2 min in 0.04 g/ml tricaine and
then placed lateral to the microscope lens for video capture.

In situ hybridization

Whole-mount in situ hybridization experiments with gars anti-
sense probe were performed in different stages embryos and
larvae, according to (42).

Site-directed mutagenesis and overexpression
of C201R, G240R and G526R in gars

The zebrafish gars open-reading frame was polymerase chain
reaction (PCR) amplified using a full-length cDNA clone as a

template. PCR-amplified gars was cloned into the pBluescript R
vector (Agilent Technologies, catalog no. 212240) using standard
methods. Subsequent site-directed mutagenesis was performed
using the QuikChange site-directed mutagenesis kit (Agilent
Technologies, catalog no. 200518). The appropriate C236R-bearing
oligos are FW: 5'-GGATGTCAAGAACGGAGAGCGTTTTCGTGCA
GACCACCTTC-3' and REV: 5'-GAAGGTGGTCTGCACGAAAACGCT
CTCCGTTCTTGACATCC-3’, the G319R are FW: 5'-GCCTGGAGG
CAACATGCAACGCTATTTAAGGCCAGAAACC-3’ and REV: 5'-GGT
TTCTGGCCTTAAATAGCGTTGCATGTTGCCTCCAGGC-3’ and the
G605R are FW: 5'-TGTGATCGAACCCTCTTTCCGTATCGGGAGG
ATCATGTAC-3’ and REV: 5'-GTACATGATCCTCCCGATACGGAAA
GAGGGTTCGATCACA-3'. Then, we in vitro transcribed the muta-
genized gars mRNA (C236R equivalent to the C201R, G319R
equivalent to human G240R and G605R equivalent to G526R)
using a MEGAscript® T7 Transcription Kit (Ambion, catalog no.
AM1333) and we injected the capped-mRNAs at 330pg for muta-
tions C236R and G319R and at 250 pg for G605R mutation in one or
two cells in wild-type, siblings and gars$?°*52°® embryos. The
overexpression of Gars was quantified by denaturing immuno-
blots with a specific anti-GARS antibody (Abcam, catalog no.
ab42905; 1:5000).
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Supplementary Material is available at HMG online.
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1. Introduction

Valvular heart disease is responsible for considerable morbidity and mortality. Cardiac valves develop as the heart con-
tracts, and they function throughout the lifetime of the organism to prevent retrograde blood flow. Their precise mor-
phogenesis is crucial for cardiac function. Zebrafish is an ideal model to investigate cardiac valve development as it allows
these studies to be carried outin vivo through non-invasive imaging. Accumulating evidence suggests a role for contractility
and intracardiac flow dynamics in cardiac valve development. However, these two factors have proved difficult to
uncouple, especially since altering myocardial function affects the intracardiac flow pattern.

Here, we describe novel zebrafish models of developmental valve defects. We identified two mutant alleles of myosin
heavy chain 6 that can be raised to adulthood despite having only one functional chamber—the ventricle. The adult
mutant ventricle undergoes remodelling, and the atrioventricular (AV) valves fail to form four cuspids. In parallel, we char-
acterized a novel mutant allele of southpaw, a nodal-related gene involved in the establishment of left—right asymmetry,
which exhibits randomized heart and endoderm positioning. We first observed that in southpaw mutants the relative pos-
ition of the two cardiac chambers is altered, affecting the geometry of the heart, while myocardial function appears un-
affected. Mutant hearts that loop properly or exhibit situs inversus develop normally, whereas midline, unlooped hearts
exhibit defects in their transvalvular flow pattern during AV valve development as well as defects in valve morphogenesis.

Our data indicate that intracardiac flow dynamics regulate valve morphogenesis independently of myocardial
contractility.

Zebrafish e Intracardiac flow pattern o Contractility e Cardiac valves e Adult models of cardiomyopathies

and others (reviewed in Refs 2,3).

BMP/TGF-B, Wnt/B-catenin, NFATc, VEGF, Erb2/4, has2, microRNAs,

The heart is the first organ to form and function during development,
even before its morphogenesis is completed. The vertebrate heart func-
tion is triggered to support organogenesis shortly after the formation of
the cardiac tube and undergoes excessive rearrangement while beating
and pumping blood throughout the organism. Cardiac valves originate
from endocardial cells at specific positions along the anteroposterior
axis of the heart after the heart begins beating. They serve throughout
the lifespan of an organism to prevent retrograde blood flow. A
number of processes, including epithelial to mesenchymal transition,
lead to the differentiation of valve progenitor cells at the atrioventricular
(AV) canal from the endocardium.” Highly regulated signaling pathways
orchestrate their development. These pathways include Notch,

Atrial myocardial contractility is crucial for proper ventricular mor-
phogenesis in a non-cell-autonomous way, ** whereas ventricular con-
tractility is similarly critical for proper ventricular myocardial cell
shape in a cell-autonomous manner.® In addition, an increasing
number of studies highlighted the significance of cardiac function for
valve development (either through myocardial contractility” or intracar-
diac flow dynamics) via the induction of an endocardial shear stress re-
sponse.®?

To date, it has been very difficult to uncouple these two aspects of
cardiac function. Pharmacological inhibition of contractility and zebra-
fish mutants with a non-contractile myocardium have been used to

show that contractility affects valve development.” However, altering

* Corresponding author. Tel: +-30 210 6597197; fax: +30 210 6597545, Email: dbeis@bioacademy.gr

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2014. For permissions please email: journals.permissions@oup.com.
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myocardial contractility invariably also influences intracardiac flow
dynamics. Surgical positioning of beads to obstruct blood flow® resulted
in lack of AV specification and blocked subsequent valve development. In
addition, the reduction of blood viscosity by gatal/2 knockdown
affected valve morphogenesis.” These studies suggested that intracar-
diac flow dynamics are also a crucial factor in valve formation (reviewed
in Refs 10,11). Both these approaches, however, affect different aspects
of heart morphogenesis and function, leading to embryonic lethality.
[t remains therefore unclear what would be the long-term consequences
of reduced contractility or altered intracardiac flow dynamics on
valve morphogenesis: a paradigm closer to the corresponding human
conditions.

Zebrafish {shows} a number of advantages to address these questions
invivo."> They have a simple heart with a single atrium and ventricle, an AV
valve, and an outflow tract (named bulbus arteriosus). High-resolution
live imaging of intracardiac flow can be employed,®*'* " and valve devel-
opment has been described ata cellular level.">"* =" The first sign of dif-
ferentiation is when the endocardial cells at the AV valve canal change
from a squamous to cuboidal shape at 36 h post fertilization (hpf). Sub-
sequently, the bi-cuspid valve remodels and gives rise to adult AV cardiac
valves, which consist of four leaflets.'® Accordingly, a number of muta-
tions have been described that affect all aspects of heart development,
including contractility and valve development.® 1618

Myosin heavy chain 6 (Myh6), in zebrafish, is the atrial-specific myosin
heavy chain. Mutations in myhé (aka weak atrium, wea) have been
described and studied during early stages of development.>® wea
mutants show defects in atrial myocardial function but also in ventricular
chamber morphogenesis. In particular, the mutant ventricular myocar-
dium is more compact, indicating that atrial contractility defects affect
ventricular morphogenesis. Recently, heterozygous adults ofadominant
wea allele with reduced atrial contractility were shown to exhibit defects
in cardiac maturation including incomplete rotation of the heart tube.'®
However, the extent to which reduced contractility affects the intracar-
diac flow pattern and cardiac valve morphogenesis has not yet been
reported. In addition, a nodal-related gene, southpaw (spaw), has been
shown to be a crucial regulator of heart geometry by establishing
left—right asymmetry>®?! without affecting cardiac function. spaw is
necessary to establish left-side identity through the induction of pitx2
in the lateral plate mesoderm, and therefore, when absent, the
looping of the heart is randomized. Furthermore, in spaw mutants,
endoderm and central nervous system left—right asymmetry is also
randomized.

During a forward genetic screen,'® we identified two novel alleles of
myh6. Homozygous mutants for both alleles could be raised to adult-
hood with one functioning chamber: the ventricle. The mutant ventricle
was enlarged and showed signs of dilation. The transvalvular flow pattern
through the AV valve was also altered. Moreover, AV valve had fewer
cells and failed to undergo the physiological maturation from two to
four cuspids. We have also identified an allele of spaw, where the left—
right looping of the heart was randomized. Consequently, three
classes of heart positioning could be identified in the homozygous
mutants: midline, situs inversus, and situs solitus (i.e. wild-type hearts).
Interestingly, only midline spaw ™'~ mutant hearts exhibited an altered
transvalvular flow pattern and subsequently defective valve remodelling:
they also failed to undergo AV valve maturation to four leaflets and
remain bi- or tricuspid. However, spaw '~ hearts do not exhibit any
detectable contractility defects. Altogether, these data indicated that
intracardiac flow dynamics are critical factors for cardiac valve morpho-
genesis independently of myocardial contractility.

2. Methods

2.1 Zebrafish maintenance and breeding

Zebrafish embryos were raised under standard laboratory conditions at
28°C (Westerfield, 2000). s459, s812, and s457 are recessive mutations
identified during an ENU screen.' s459 and s812 fail to complement each
other. The mutants were anaesthetized with tricaine (tricaine methanesulfo-
nate) in egg water. The genetic backgrounds used were wild-type AB strain,
s459, s812, s457 carrying the following transgenes Tg(kdr:EGFP)s8*3 22
Tg(Tie2:EGFP)*3*° "2 Tg(myl7:GFP)™, and Tg(7xTCF-Xla.Siam:nlsmCherry) > 2
Adult zebrafish protocols have been approved by the BRFAA ethics commit-
tee and the Attica Veterinary Department (no 4739).

2.2 Mapping and linkage analysis-genetic
mapping and cloning

Bulk segregant analysis for s459 was performed, and the mutation was
mapped between 222041 (86.5 cM, 11 recombinants/64 mutants tested)
and z43294 (117 cM, 12*/64) and in close vicinity of 26357 (112.3 cM, 1%/
106) on LG20 near the myh6 gene. Sequencing of the myh6 gene in homozy-
gous and heterozygous mutants revealed a C to T mutation in both s459 and
s812 alleles causing a premature stop codon in aa316 and aa486, respectively.
s457 bulk segregant analysis showed linkage to LG5 between markers z4299
(83.1 cM, 4/60) and 21454 (96 cM, 9*/60) where the spaw gene also maps.
Sequencing of the spaw genomic region revealed a T to A mutation in the
initiation ATG of the spaw gene.

2.3 Morpholino microinjection knockdown

Wild-type embryos were injected at the one-cell or two-cell stage with 1 ng
of anti-amhc morpholino, which was predicted to block the initiation of
translation of myh6 (gene tools). The sequence of the anti-amhc morpholino
is 5’ CTCTGCCATTAAAGCATCACCCATC3'.

2.4 Ventricular area, length, and width of
ventricle to body length

Dissected hearts were imaged with a Nikon COOLPIX 8700 digital camera
attached to a Leica LSII microscope. Image] software was used to calculate
the area of the ventricle from these images in pixels squared. The number
of pixels per millimetre was calculated to convert the ventricular area into
square millimetre. To determine ventricular area to body length, the ven-
tricular area (in mm?) was divided by body length (in mm). Body length
was manually measured with a millimetre ruler, from the tip of the mouth
to the body/caudal fin juncture. Graphs present the average diameter of
wild-type, myh6=87%812 and spaw***”***” hearts using Image| arbitrary units.

2.5 Immunohistochemistry and histology

Time-staged zebrafish and hearts from adult wild-type and mutant animals
were fixed overnight at 4°C in 4% paraformaldehyde diluted in phosphate-
buffered saline. Whole-mount antibody staining was carried out as described
in Beis et al."® The antibodies were used in the following concentrations:
mouse monoclonal antibodies anti-MF20 (1:20), antiS46 (1:10), zn8 (1:10),
and rhodamine phalloidin (1:200). The appropriate secondary antibodies
were used with Alexa Fluor 568 or 633 (1:250, Molecular Probes). OCT
16 pm cryostat sections were stained with Masson’s according to the Biop-
tica kit protocol.

2.6 Confocal microscopy

Imaging was performed usinga Leica TCS SP5 inverted confocal microscope.
The images were captured with LAS AF software. Images shown are repre-
sentative samples of at least 10 embryos/larvae examined.
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2.7 Transvalvular flow characterization

High-speed videos were taken with a Hamamatsu Digital Camera, C11440,
ORCA, onalLeica DMRA2 microscope anda x 20 water-immersion object-
ive at 400 frames/s. Hokawo 2.6 software was used for capture and Image] for
frame-by-frame analysis. The main parameter measured for this study, as an
intracardiac flow dynamic indicator, was the transvalvular flow through the
AV valve during valve development, according to Vermot et al.’ It was char-
acterized as positive/forward, negative/reverse, or absent/no flow by analys-
ing blood cell motion from the atrium to the ventricle through the
developing valve leaflets. The transvalvular pattern was determined by divid-
ing the frames of each fraction by the total frames of a heartbeat. For each
embryo, we took an average of three non-consecutive heartbeats. For the
myh6 ™'~ measurements, 12 wild-type, 9 myh62"%*, and 15 myh68'2/812
were analysed. For spaw, 12 wild-type, 16 spaw™**”***7 midline, 11
spaw*** 7537 situs inversus, and 6 spaw™**”'***7 situs solitus were analysed.

2.8 Statistical analysis

Results were obtained from at least three independent experiments and
shown as mean =+ standard deviation of the mean (SD). Statistical analysis
(unpaired t-test) was performed to compare two groups (Figures 2J and 6G
and L; Supplementary material online, Figures S1A, S4C, D and G). A
one-way ANOVA test was performed for statistical analyses in all other
cases by using GraphPad Prism v5.01 software (Figures 2A, 3F and G, 4K,
and 5A and B; Supplementary material online, Figure S3A) (*P < 0.05,
kP < 0.01, #**P < 0.001).

56 hpf

s

TCGTACATCTCATAAGGAGA

5459 Q316 Stop

2.9 Western blot

Proteins were isolated according to the Zebrafish Book protocols and run
on a denatured 10% acrylamide gel. Membranes were incubated with the
Anti-Spaw zebrafish antibody from ANASPEC (Cat. # 55655P) at 1:150
and then processed. Normalization for loading was done by using a
monoclonal anti-f3-actin from Sigma (Cat. # A5441).

2.10 Assessmentofheartfunction and heartrate

Fractional shortening was measured using image analysis software Image].
75 hpf larvae from three independent experiments were anaesthetized in
0.04 g/mL tricaine placed lateral to the microscope lens for cardiac function
assessment (wild-type = 22, spaw***7*7 situs solitus = 24, spaw***7*7
midline = 27, spaw’*7**7 situs inversus = 23, myh6%'¥* =12, and
myh681%872 — 15) Video images of the beating heart were captured for
10 s with an Imaging Source DFK22BUCO3 video camera mounted on a
Nikon SMZ1000 stereoscope (x80 magnification) at 30 frames/s. The
lengths (in pixels) of the ventricle in end-diastole and end-systole conditions
were measured to calculate the ventricular Fractional shortening% (FS%). It
is counted as FS% = (EndDiastolic Diameter — EndSystolic Diameter)/End-
Diastolic Diameter [(EDD — ESD)/EDD] x 100. Ventricular diastolic
length was estimated by measuring the maximum length of the ventricle in
diastole. Ventricular systolic length was assessed by measuring the
maximum length of the ventricle in systole.>***

Heart rate, beats per minute (bpm), analyses of captured videos
(30 frames/s) were performed by HeartRate, an in-house freeware

GTGACC GAGAAGCTGCAATAG TTCTTCAATCAC

5812 Q486 Stop
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Figure | Identification and cloning of two novel myhé alleles. (A, D—G) Brightfield images of wild-type (WT) (A, D), myh6*87%8"2 mutant (A, E, G), and
myh6é MO-injected embryos (F) at 56 hpf. (G) Brightfield images of a myh6°4'2*¢"2 larvaat 72 hpf. (H—K) Confocal scans of wild-type (H,]) and myh637%/s872
(I,K) at 60 hpf. (A, E, G) myh63"%*872 display a dilated atrium, blood pooling in the atrium and sinus venosus, and pericardial oedema. (F) myhé morphants at
56 hpfphenocopy the myhé ™'~ (n = 32).(B) s459and (C) s812 are novelalleles of myh6 and carry (C—> T) mutations causing premature stop codonsin the
myosin head of Myh6 in Q316 (s459) and Q486 (s812). The atrium of myh6*3"%/*8"2 fajl to stain for S46-atrial myosin heavy chain (wild-type n = 22, H),
(mutants n = 23, ) or MF20 (wild-type n = 18, J), (mutants n = 30, K). A, Atrium; V, ventricle. Scale bars = 25 um.
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Transvalvular flow fraction in 75 hpf larvae

100 fw fraction%

80 I rev fraction%
B null fraction%

@
o

Y
o

AV valve (%)
™
*
*
4

(5]
=3

Blood flow fraction through

i

Wild-type Siblings myhé6

wild-type._
P

AV valve '
->

A'\

myh 67 e

wild-type

J AV valve TCF:cherry® cells in 6 dpf larvae

B0 [ wild-type
—_— %% Bl myh6™"

40

= 204

Number of AV valve
TCF:cherry® cells

Figure 2 myh6~'~ mutants exhibit altered transvalvular flow pattern and AV defects at 6 dpf. (A) Quantification of transvalvular flow fractions in 75 hpf
wild-type, myh6*87%+, and myh6*'#872 larvae. Confocal scans of wild-type (B, C, F, G) and myh6°4'%*8'2 larvae (D, E, H, I) at 72 hpf (B—E) and 6 dpf (F—1).
Surviving mutant larvae exhibit an altered transvalvular flow pattern at 75 hpf with an increased null fraction at the expense of the retrograde flow fraction
(Supplementary material online, movies S3a—c; wild -type n = 12; siblings n = 9, myh6°3#872 h = 15) (I). The majority of myhé '~ animals die by 72 hpf
with an AV canal stenosis (D and E, compare with B and C). The surviving mutants have properly specified AV canal valves but a decrease in the number of

TCF:cherry positive, mesenchymal looking cells (H and | compare with FandG). (/) Quantification of TCF:cherry positive cells in the AV valve of myh

658 12/

812 (n = 28) and wild-type (n = 7) larvaeat 6 dpf (t-test: *P < 0.05,**P < 0.01, ¥**P < 0.001). White arrow, AV canal; A, Atrium; V, ventricle. Scale bars =

25 pm.

program based on the detection of the dominant frequency of an image
series, in this case the videos used for the transvalvular flow analysis
(developed by P. Tsakanikas/Bioimaging Unit, BRFAA, available upon
request). Larvae at 72 hpf (wild-type, n = 18; spaw***”***” midline, n = 29;
spaw* 3757 situs inversus, n = 10; P > 0.05, ns) and 7 dpf (wild-type,
n=10; SPGWS457/S457 midline, n = 11; spaw5457/5457 situs inversus, n =9;
P> 0.05, ns) from three independent experiments were anaesthetized
for 2 min in 0.04 g/mL tricaine and then placed lateral to the microscope
lens for video capture.

2.11 Insitu hybridization

Whole-mount in situ hybridization (ISH) experiments with kif2a antisense
probe (obtained by PCR amplification of the plasmid IRBOp991B0734D
provided by Vermot ].) were performed in embryos at 55 hpf and larvae at
72 hpf, according to Thisse protocol for ISH.

3. Results

3.1 Two novel alleles of myhé exhibit
reduced atrial contractility and pericardial
oedema

Two novel mutants (s812, s459) with retrograde blood flow phenotype
and AV canal stenosis were identified in a forward genetic screen.®
These mutant lines failed to complement each other and gave a recessive
embryonic phenotype with a dilated atrium, pericardial oedema, and
blood stasis, by 56 hpf (Figure 1A). We mapped the mutation on LG20
nearz6357inthe vicinity of myhé. Because of the reduced atrial contract-
ility of the mutants, we hypothesized that these were in fact novel alleles
of myh6.> We therefore carried out targeted sequencing of the coding
region of myh6 (NCBI ref. number: NM_198823) in these alleles and

found that a single nucleotide transition A— T created a stop codon in
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Figure 3 A mutation in the spaw gene causes cardiac laterality defects. s457 carries a T— A transversion in the initiation codon of southpaw. (A) spaw
sequence is shown from a heterozygous (upper panel) and a homozygous mutant (lower panel). (B) Western blot analysis showed non-detectable

levels of Spaw protein in mutant animals. (C—E) spaw***7"s*”

mutant larvae (72 hpf) exhibit randomized relative positioning of atrium and ventricle (C,

situs inversus; D, midline; E situs solitus/looped) resulting to three classes of mutants in relation to the cardiac looping. Heart beat measurements at
72 hpf (F) and 7 dpf (G) show no significant difference between the wild-type and all three classes of spaw***”"***” mutants (wild-type, n = 18; spaw***”’
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midline, n = 29; spa

the amino acid sequence of Myhé in positions 316 (Q316X, for s459)
(Figure 1B) and 486 (Q486X, for s812) (Figure 1C), both of which are
in the myosin head domain of Myhé. The primary features of myh6 ™'~
phenotype (s812, s459) included reduced atrial contractility, pericardial
oedema, and blood stasis in the sinus venosus and the atrium (Figure 1A
and E compare with Figure 1D, Supplementary material online, Video S1a
and b) apparent by the second day post fertilization (dpf). Antisense
morpholino (MO) injections phenocopied the myhé mutant phenotype
(morphants n = 32, Figure 1F). The mutant atrium became dilated over
time (Figure 1G). In contrast to the atrium defect, the mutant ventricle
contracted normally and with a physiological heart rate (Supplementary
material online, Video S1b and 2b). To confirm further that the s812 and
$459 are novel alleles of wea, we used the monoclonal antibody $46°2¢
which recognizes an atrium-specific sarcomeric myosin heavy chain
epitope in zebrafish (Figure 1H) and the MF20 antibody™”® which recog-
nizes a sarcomeric myosin heavy chain epitope found in both the ven-
tricle and atrium (Figure 1J). We showed that both antibodies failed to

situs inversus, n = 24). A, Atrium, V, ventricle; BA, bulbus arteriosus. Scale bars = 25 um.

stain the mutant atrium in s812 (Figure 1/ and K) and s459 (not shown)
that carry stop codon mutations in the myosin head domain, indicating
that both alleles lack myosin heavy-chain proteins in the atrium, while
the ventricle stains for MF20. Blood circulation, although reduced,
persisted until 72 hpf through ventricular contraction and then it
subsequently stopped. Most of the mutant larvae die by 5 dpf.
However, ~30% of these mutants survived until adulthood despite
the atrial defects. We therefore aimed to examine the morphology of
the cardiac chambers in adult myh6*3'%*8'2 and study how reduced
atrial contractility affect AV valve development. By using an ‘insulin’
needle (8 mm) that pierced the pericardial tissue of anaesthetized
embryos, pericardial oedema was released and the percentage of surviv-
ingmyh6 '~ wasincreased (controln = 165/467, oedema releasing sur-
vival n = 210/362, P = 0.00364). These survivors continued to have
ventricular beat but no atrial contraction. Six days post oedema
release they did not re-develop pericardial oedema and maintained
blood circulation (Supplementary material online, Video S2a and b).
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Figure 4 Fractional shortening measurements of spaw™ '~ and myh6 ™'~ mutant hearts show no ventricular contractility phenotype in spaw ™'~ . Frac-
tional shortening was measured using image analysis software ImageJ. The length of the short axis of ventricle in end-diastole (EDD) and end-systole (ESD)
conditions was measured to calculate the ventricular FS%. It is counted as FS% = [(EDD — ESD)/EDD] x 100. (A, B) Wild-type larvae, (C, D) spaw***75**7
midline, (E, F) spaw***”5**7 loopedsitus solitus, (G, H) spaw***”***3 situs inversus, and (I, /) myh6°"2872_(K) Only myh6°4'?*8'2 embryos have a lower
fractional shortening fraction compared with wild-type and spaw™’~ (P < 0.001) (wild-type, n = 22; spaw***”****” looped/situs solitus, n = 24; spaw***”/
57 midline, n = 27; spaw**7*7 situs inversus, n = 23; myh6*8"%*, n = 12; myh6°4'2*8'2 n = 15). Scale bars = 50 um.

They could be raised to adulthood and were fertile. Therefore, s812 and
5459 are novel alleles of myhé that can survive to adulthood solely with
ventricular contractility.

3.2 Myh6 mutations lead to defective
transvalvular blood flow

To investigate how an atrial myocardial contractility defect would affect
valve development, we compared the transvalvular flow pattern of
the surviving mutants with their siblings and the wild-type pattern.
myh6 ™'~ that survived beyond the first 3 days of development
became adults and fertile without any detectable growth abnormalities.
We acquired high frame rate videos of 75 hpf larvae and identified a sig-
nificant difference in the transvalvular flow pattern of myh68'#/<872,
Namely, the no flow fraction was increased at the expense of the
reverse flow fraction (Figure 2A) reflecting a slower flow through the
AV canal (Supplementary material online, Videos S3a and b). To establish
whether cardiac valve morphogenesis was affected as a consequence,
we used the transgenic lines Tg(kdr:EGFP)*®*3 > Tg(Tie2:EGFP)*8* >
and Tg(7xTCF-Xla.Siam:nlsmCherry)®> > In these lines, endocardial cells
can be visualized. We also used rhodamine phalloidin to detect sarco-
meric actin of myocardial cells and zn8 (a mAb against Alcama) to
depict the lateral membrane domain of myocardial and differentiated
endocardial cells."® Mutants that failed to maintain circulation by

72 hpf showed AV canal stenosis (Figure 2D and E Arrow, compare
with Figure 2B and C). AV canal endocardial cells in mutant embryos
acquired cuboidal shape and showed Wnt signalling up-regulation,
similar to wild-type, indicating at least partial AV canal specification.
However, confocal analysis of Tg(7xTCF-Xla.Siam:nlsmCherry)™® in
mutants that maintained circulation showed a decrease in the amount
of TCF:cherry positive, mesenchymal looking endocardial valve cells in
the AV boundary at 6 dpf (Figure 2H and | compare with Figure 2F and
G and quantified in Figure 2J). These defects were first observed at
96 hpf (Supplementary material online, Figure STA—C compare with
Figure S1D and E). In addition, kif2a expression was not up-regulated in
the AV canal of myh6%8'2%812 (Supplementary material online, Figure
S2A and B). Taken together, these results indicated that an atrial con-
tractility defect altered the pattern of transvalvular blood flow and
affected cardiac valve development.

3.3 Cardiac laterality mutants uncouple
myocardial contractility from intracardiac
flow dynamics

Myocardial contractility influences intracardiac flow dynamics, thus hin-
dering the uncoupling of these two processes. We took advantage of a
mutant we isolated from the forward genetic screen'® that showed
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A Transvalvular flow fractions in 75 hpf larvae
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Figure5 Inspaw '~ midline hearts, the effect of transvalvular flow pattern on AV valve development is uncoupled from myocardial function. (A) Quan-
tification of transvalvular flow fractions in 75 hpfwild-type larvae (n = 12) and the three classes of spaw***”** (midline,n = 16;situs inversus,n = 11;situs
solitus/looped, n = 6) (B) Quantification of TCF:cherry positive cells at the AV canal (wild-type n = 13; spaw***”***” midline, n = 21; spaw**”**7 situs
inversus, n = 13). Confocal scans of wild-type (C) and spaw***”***” larvae (D—F) at 96 hpfafterimmunostaining with zn8/AlexaFluo633. (A) The transvalv-
ular blood flow pattern is different in midline spaw™**”***” larvae at 75 hpf due to the altered heart geometry (Supplementary material online, movie S4d,
compare to Supplementary material online, movies S4a—c). The reverse flow fraction is significantly increased at the expense of the null fraction. (B) The
number of TCF:cherry positive cells at the AV canal of spaw***”"***” midline larvae is comparable to wild-type and spaw***”***7 situs inversus at 96 hpf.
Confocal scans of (C) wild-type heart, (D) spaw***”***” midline, (E) spaw***”"***” situs inversus, and (F) spaw***”"**3” situs solitus (looped). Myocardial dif-
ferentiation and AV valve specification are comparable to wild-type. Scale bars = 10 wm.
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Figure 6 myh6 '~ adult hearts have an enlarged ventricle while spaw™’~ adult hearts are similar to wild type (A, D, H', I', K'). Fluorescent stereoscope
images of adult hearts (B, E), brightfield images from stereoscope, and (C, F) cryosections (16 wm) ofadult hearts with Masson’s staining (blue, collagen; red,
myosin; black, nuclei). (G, L) Graphs exhibit measurements from ventricle area/body length (VA/BL). (A) wild-type, (D) myh6*'#872 and (H—K and H'—K")
spaw***75*7 mutants. (D) myh6*"#872 adult hearts have a single myl7:GFP positive chamber, the ventricle, appearing more spherical than in wild type. (D)
6°812%812 3trium does not have myl7:GFP positive cells (compare with A) and is positive for collagen staining (F, compare with C; n = 5 mutants). (G)
ventricle is 1.5-fold larger than the wild-type ventricle. spaw**7***7 adult hearts can be divided into three classes by the altered relative pos-
ition of the ventricle to atrium that can be recognized also in adult animals. Looped/situs solitus mutant hearts (H, H') or situs inversus (I, /") and hearts that
remain midline (K, K'). (L) Ventricular area measurements show no significant difference between wild-type and spaw***”***” midline mutants. (G; wild-type
n = 14,myh6%87%812 n = 14, *+p < 0.01;; wild-type n = 4, spaw***”**” n = 5,P = 0.866; not statistically significant, ns).V, ventricle; A, atrium; BA, bulbus

myh
myh6812/5812

arteriosus, A*, position where the atrium should appear. (**P < 0.01). Scale bars = 100 pum.

laterality defects. s457 was mapped on chromosome 5, in the vicinity of
spaw, a nodal-related gene, involved in the development of left—right
asymmetry.2%2"28 5457 mutants carry a point mutation in the ATG ini-
tiation codon of spaw (Figure 3A, NCBlI ref. number: BC163616) suggest-
ing that it could affect its translation levels. Indeed, western blot analysis
from embryo lysates demonstrated undetectable Spaw protein levels in
spaw**37**7 mutants (Figure 3B). In spaw***7'**37

using MO knockdown, there is an independent randomization of both

, as previously shown

cardiac laterality (Figure 3C—E) and endodermal organ laterality (not
shown). All mutants were viable and fertile and showed no difference
in myocardial function and differentiation as indicated by Tg(myl7:GFP)"
expression, heart rate measurements during development (Figure 3Fand
G), and ventricular fractional shortening measurements (Figure 4A—H

and quantified in Figure 4K). We then measured the transvalvular
blood flow pattern of the different classes of mutants and found that
mutants whose heart was situs solitus or situs inversus had an intracar-
diac flow pattern similar to the wild-type one (Figure 5A). In contrast,
hearts that remained midline had an increased reverse flow fraction at
the expense of the null fraction (Figure 5A). Endocardial cells at the AV
canal appeared properly specified as indicated by the zn8 antibody stain-
ingandthe Tg(7xTCF-Xla.Siam:nlsmCherry)™ expression, and they were
comparable in numbers and size at 96 hpf (Figure 5B and C; Figure 5E—F
compare with Figure 5D) and at 6 dpf (Supplementary material online,
Figure S3A, and compare Figure S3B—E). Finally, klf2a was expressed in
the AV canal of all spaw**°7/s*7
out its up-regulation in spaw***”***” midline mutants, as a response to

embryos, although we could not rule
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the increased flow fraction (Supplementary material online, Figure S2A
compare with Figure S2C—F). Thus, we concluded that an increased
reverse flow fraction of the transvalvular flow pattern has little impact
on AV valve cell differentiation.

3.4 Intracardiac flow dynamics is a crucial
factor for AV valve morphogenesis

Since these novel mutant lines could be grown to adulthood, we ques-
tioned how a prolonged disturbance in the intracardiac flow pattern
could affect cardiac valve morphogenesis, a condition that resembles
the relevant human disease paradigms. myhc’f/* adults survived with
only one functioning chamber: the ventricle. There were no myl7:GFP
positive cells where the wild-type atrium was (Figure 6A—C compare
with Figure 6D—F). In addition, due to the lost atrial myocardial function,
the ventricle was enlarged (Figure 6G) by an increase of its size along the
short axis, appearing more spherical (Supplementary material online,
Figure S4A—D) and athinner ventricular wallindicating dilatation (Supple-
mentary material online, Figure S4E—G).In spaw5457/5457,the threeclasses
of mutants (situs solitus, Figure 6H, H’; situs inversus, Figure 61, I'; and
midline hearts Figure 6K, K') could be still recognized. However, there
was no significant difference in ventricular area measurements
(Figure 6L) supporting further the observation that spaw™**”***” have
intact myocardial function. Inadult zebrafish, AV valves have four leaflets,
which arise from the initial two valve structures (the inferior and super-
ior valves'®). We examined AV valve morphology in the three classes of
spaw***75*7 and myh6 ™'~ and compared them with wild-type AV valve
development (Figure 7A and E). In situs solitus (looped) spaw***”/**7
hearts (Figure 7B, n=10) or situs inversus spaw**"**’ hearts

A

myh6™"

wild-type

(Figure 7C, n=10), AV valve maturation proceeded as in wild type
(Figure 7A). However, spaw™**”***7 with midline hearts failed to form
four cuspids (Figure 7D, n=25) and exhibited partially separated
valves with two leaflets (bicuspid, n = 10/25) or three leaflets (tricuspid,
n = 15/25).Similarly, in myh6*3"272 AV valves remained immature and
had only two leaflets instead of four (Figure 7F and H compare with
Figure 7A, E, and G, n = 22). Occasionally, we also observed hearts
with a tricuspid AV valve (n = 4/22 for myh6¢'%7%) In the myh6
mutants, the primary defect was clearly a lack of atrial contractility
that caused ventricular remodelling and aberrant transvalvular flow
pattern. myh6°%'2872 3t 75 hpf exhibit a FS that is almost half of the wild-
type value (Figure 4l and | and quantified in Figure 4K, P < 0.001).
However, the FS of wild-type, spaw***7**7 midline, myh6*3"?* siblings,
spaw**7*7 situs inversus, and spaw***”**7 situs solitus larvae at
75 hpf (Figure 4K, P > 0.05, ns) showed no statistically significant differ-
ences. In midline spaw***”***7 only the heart geometry was affected,
resulting in life-long alteration of the intracardiac flow pattern and
valve defects. Our data uncouple myocardial contractility from intracar-
diac flow dynamics (Figure 8) and suggest that altering the transvalvular
flow pattern independently of myocardial function can cause AV valve
morphogenesis defects in vivo.

4. Discussion

Fluid flows that shape cell behaviour and activate signalling pathways
during development are receiving an increasing amount of attention."’
Total loss of flow by obstruction with beads or in mutants with impaired
cardiac function showed defective AV specification.””” Here we show

A

Figure 7 AV valves of midline spaw™ '~ hearts and myh6 '~ hearts fail to complete their morphogenesis from two to four leaflets. (A—F) Projections of
confocal z-stacks (A, 76 wm; B, 80 wm; C, 50 wm; D, 50 wm; E, 70 wm; F, 65 wm) of adult AV valves and (G, H) cryosections (16 wm) of adult hearts with
Masson’s staining) (blue, collagen; red, myosin; black, nuclei). Wild-type AV valves have two leaflets, which mature to form four leaflets (arrows) by 3 months

ofage (A, E, G). A similar morphogenesis is observed in spaw®**7*57

mutant hearts that looped situs solitus (B, n = 10) or exhibit situs inversus (C,n = 10).

However, in spaw***7**37 midline hearts (D), the AV valve remains bicuspid or tricuspid (n = 25) as shown by TCF:Cherry (D, compared with A, B, C, E).

Similarly in myh6872/+812

adult hearts (F, H), the AV valve remains also bicuspid or tricuspid (n = 22) as shown by Tie2:EGFP and TCF:Cherry expression

(F, H compared with A, E, G). Arrows, leaflets in AV valves. Scale bars = 100 pm.
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Figure 8 Valve morphogenesis is affected by intracardiac flow dynamics independently of myocardial function. Transvalvular flow pattern during AV
valve development as well as adult valve morphology in situs solitus or situs inversus spaw***”"***” larvae is identical to wild type. However, the altered
geometry of the heart in spaw***”***” midline larvae results in alterations of the transvalvular flow pattern. They show an increased reverse flow fraction
at the expense of the null fraction and AV valves fail to form four leaflets but remain bicuspid or tricuspid. myh6 ™'~ have no atrial myocardial contractility,
which subsequently affects the transvalvular flow pattern. More specifically, myhé '~ larvae show an extended null fraction at the expense of the reverse
fraction and slower circulation resulting in fewer AV valve cells and the adult AV valve remain bicuspid or tricuspid. While a myocardial defect is expected to
additionally affect intracardiac flow dynamics, spaw***”"**” show no myocardial defect, therefore uncoupling intracardiac flow dynamics from myocardial

function.

that long-term disturbances in intracardiac flow dynamics are respon-
sible for defects in valve morphogenesis. Intracardiac flow dynamics
can be affected through changes in myocardial contractility or changes
in the shape/geometry of the heart independently of contractility. Our
experimental models are more relevant to congenital human diseases,
where prolonged but minor blood flow disturbances are a likely cause
for valvulopathies. In humans, valvular heart defects are common, and
they are treated with surgical correction and/or replacement (prosthet-
ic or xenotransplantation).

In this study, we describe how cardiac function influences the devel-
opmentand morphogenesis of AV valves. We show the adult phenotype
of two novelalleles of myhé. myh6 '~ survive to adulthood, and they are
fertile with just a single functional chamber: the ventricle. The mutant
ventricle becomes enlarged and dilated, reminiscent of a ventricular
pressure overload phenotype. In addition, we describe an adult zebrafish
mutant in a non-myocardial-related gene: southpaw, which affects the
geometry of the heart by randomizing cardiac looping. Homozygous

mutants are viable and can be divided into three classes: properly
looped, situs inversus, or midline. Interestingly, only the midline
mutants have defective AV valve morphogenesis. Since southpaw is a
non-myocardium-related gene and looped homozygous mutants have
no detectable changes in intracardiac flow pattern, we may attribute
the AV valve phenotype of the midline mutants to the affected transvalv-
ular flow. Interestingly, although the changes in the pattern of trans-
valvular flow are different in myh6 ™'~ and spaw ™'~ (Figure 8 and
Supplementary material online, movie S4e), the valve defects we
detect are similar: they fail to remodel the AV valve from two to four
cuspids.

Endocardial cells at the AV canal are exposed to shear stress; but how
these cells transduce this mechanotransduction stimulus remains
elusive. There are a number of candidates proposed to sense the mech-
anical stress on endothelial cells including cytoskeletal proteins, integ-
rins, the apical glycocalyx, primary cilia, and cell adhesion
molecules.””*° Three key players in the transduction of the signal
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appear to be the Kruppel-like factor 2 (kif2),>"3? the nuclear factor

erythroid-derived 2-like 2 (nrf2),%* and NFkB signalling.* kif2a is proposed
to have a crucial role in regulating intracardiac haemodynamics in zebra-
fish,”3132 and its expression is down-regulated in myhé morphants.”
In myh6 '~ that maintain circulation, kif2a is also absent, while it is
expressed in the AV canal of spaw™ '~ (Supplementary material online,
Figure S2). However, due to its expression in cells outside the heart
region and the limited quantitative resolution of the in situ protocol, it
is yet unclear whether kif2a is expressed at the same levels in
spaw '~ midline hearts.

Blood flow alterations are believed to confer resistance or make vas-
culature susceptible to atherosclerosis. Lucitti et al.>* elegantly showed
that fluid shear stress mediates the vascular remodelling of the mouse
yolk sac. However, it is very difficult to study the interactions of form
and function of the heart in vivo during mouse development. In the devel-
oping four-chambered heart, blood flow patterns are extremely
complex, due to the contraction of the myocardium and the looping
of the heart. Zebrafish embryos develop externally; they are transpar-
ent, allowing non-invasive observation and survive even in the total
absence of circulation until very late stages of development. All of
these characteristics, together with the ease to carry out forward and
reverse genetic screens, make zebrafish an ideal system to study late pro-
cesses of heart morphogenesis. Here, we were able for the first time to
uncouple myocardial contractility from intracardiac flow dynamics and
show that the transvalvular flow pattern independently of myocardial
contractility are instrumental in driving proper valve morphogenesis.

The zebrafish embryonic heart rate (120—180 bpm) is closer to
the human heart rate (60—90 bpm) than the mouse heart rate
(300—-600 bpm), but the zebrafish heart is a simple two-chambered
heartwithasingle AV valve and one aortic valve. While this configuration
provides an advantage for in vivo imaging and measuring transvalvular
flow pattern, it is intriguing to propose a similar dependence of the
cuspid number on embryonic intracardiac blood flow in the four-
chambered hearts. The two AV valves in the four-chambered hearts
of mammals have a different number of leaflets (the mitral being bicuspid,
while the valve on the right side is tricuspid). A non-lethal defect in intra-
cardiac flow dynamics during human embryonic development may arise
from transpositions of the great arteries. In the case of congenitally cor-
rected transposition, the systemic tricuspid valve exhibits an Ebstein’s
anomaly and leakiness,> reflecting the effect of disturbed intracardiac
flow patterns on valve morphogenesis. Ventricular septal defects and
atrial septal defects are common congenital heart abnormalities, but,
in most cases, they are hemodynamically neutral during the critical
stages of embryonic AV valve development and are not commonly asso-
ciated with AV defects. However, the most common congenital valve
defect is bicuspid aortic valve disease, which affects the valve that
appears to be most sensitive to haemodynamic alterations. Understand-
ing the molecular pathways downstream of blood flow and shear stress
sensing will be pivotal in treating valvulopathies. Additional tools to
image and measure intracardiac blood flow in four-chambered heart
embryos in vivo such as optoacoustic tomography®’ will reveal the evo-
lutionary conservation of our proposed hypothesis. More insights in this
complex morphogenetic process will also certainly result from develop-
ing tools for liveimaging in the adult zebrafish heart with resolution com-
parable to the embryonic stages.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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