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«We think we have a good candidate in the
form of a small nematode worm»

ATIOOTIOOUA OTIO EPEVVNTIKN TtPOTACn Tov S. Brenner
mpo¢ to MRC, 1964

Sydney Brenner (1927-2019)



2002 Nobel Prize in Physiology or Medicine

“for their discoveries concerning genetic regulation
of organ development and programmed cell death”
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Sydney Brenner John Sulston Bob Horvitz
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Image from Maria Gallegos
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O Caenorhabditis elegans

ZEISS Microscopy, Flickr.



https://www.flickr.com/photos/zeissmicro/
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OMAokAnpwon spppuoyéveang oe 15h!

2e tepimov 3 pépeg E£XOUpE EVIIALKO Gtopo!
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Zuvtopn gpPpuoyeveon (15 wpeg otoug 25°C)

[evid - 3 NUEPEG

AlyoL KUTTOPLKOL TUTIOL.

oAU Alya kutTapa (959 to wppo atopo, 558 n Aapfa)

H kuttapikn yeveahoyia yvwaotn (dtapavng) (DIC-Nomarski).

H kuttapikn yevealoyia emMavoAaUPAVETOL GXEOOV ATOPAAAOKTN OO TO €VQ
XTOMO OTO GAAO YU OUTO KOl N «lOTOPLo» KABE KUTTAPOU OTO £UPPLO UTIOPEL VO
avixVeLOEL TIiow PEXPL TO eval KUTTAPO- TO QUYyWTO!

Eppa@poditog - auTtoyovIoTIoinan oAAA KOt OLOCTOAUPWOELG PE XPTEVIKA ATOUX
‘OAo 1O yoVISIWwHa YVWOTO (TIPpWTO TIOV XapTtoypa@nonke -1998)

OpoAoya yovidia pe oTtIoVOLAWTA KOl AGTIOVOUAX

2TO EPYOOTNPLO OVOTITUOCETOL O TPUPALa Petri, Tpe@eTal pe PBaktripla Kot ot
TIPOVUPPEG TIPWIMWY OTadilwy elval duvatov va dlatnpenBouvv KaTeEWLYUEVEQ
(EUKOAEC KOl OLKOVOULKEG TLUVONKEG AVATITUENG TOV).

MNMpoo@épetal yiax yevetikn avaiuvon!!
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AloXwpLlopog opoluywy aTOMWY HETA QMO TEIPOAPO METOAAOELYEVEONG KOl OUO YEVIEG
QUTOYOVLIOTIOINONG.



>  Mwkpo peyeBog avywv.

> [MToAU oKANpO KEALPOG > AUOKOAOL LLKPOXELPOVPYLKOL XELPLOUOL KOl

AP ULKPOXELPOVPYLKA TIELPAATO




H avantuén tou C. elegans






Ek@ppaaon - 6paacn (TpoBAeTtOpeVOC POAOG)
AvaoTOAN

EKTOTIKN eK@paon f/kKal YITEpEKPpPOON



A\

To awyo dev TIapoualadel EPPAVI) COVUUETPLOL.

Mg oLOTIACELG TNG MNTPOG TA WAPLA TIPOWBOVVTAL OTN OTIEPATOONKN.

H yovipomoinon AauBavel xwpa KaBwg T wapLar HETAKLWVOUVTOL TIPOG TN MNTPX
MECW TNG OTIEPUATOONKNG.

H yovipomoinon akoAouvBsital amod svepyomoinon Tou auyou (OAOKANPwWGON TNG
uelwoNng KL OXNUATIOMO TOU KEAVPOUG).

H eicodog tou omeppatolwapiov ival amapaitnTn yw tnv £vapén TNng
gpBpuoyeveang (MTOC, KEVTPOOWHUATLIO KO TIPWTELVN (£Q)).
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To awyo &ev TtapovaLadel EPPAVI) QOVUUETPLAL.

Mg oLOTIACELG TNG MNTPOG TA WAPLA TIPOWBOVVTAL OTN OTIEPATOONKN.

H yovipomoinon AauBavel xwpa KaBwg T wapLar HETAKLWVOUVTOL TIPOG TN MNTPX
MECW TNG OTIEPUATOONKNG.

H yovipomoinon akoAouvBsital amod svepyomoinon Tou auyou (OAOKANPwWGON TNG
MELWONG KOL OXNUATIOMO TOU KEAVPOLG).

H eicodog tou omeppatolwapiov ival amapaitnTn yw tnv £vapén TNng
gpBpuoyeveong (MTOC, KEVTPOOWUATLIO KAl TIPWTELVN (£G).
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H yovipontoinon otov C. elegans




Evtomiopog
Ektormikn ‘Exkdpaon

AvooToAN

MeTaAAGEELC TTATPIKNG ETTIOpAONCG



SPE-11

DNA

AvooodOoplopog

H SPE-11:

>
>

[Mupnvikn TIpWTEIVN, AslToLpyia?
EkppadeTtal Kata Tn OTEPUATO-
YEVEDN KOL TNV TIPWLN QVATITUEN.
Epppua aTto
OTIEPUATOWAPLOOTIO T  OTIOIX
amovaotadlel n spe-11 daocwdlovtal
av T wapwx  ekppalouv
EKTOTUKG TNV SPE-11.

Aev  amotelel oTolkeElo  TOUL
KEVTIPOOWMATLOV.

Ta onteppatolwapla Tou C. elegans ival TIOAU JUKPQ 0 oxean PE To wapla (1%v/v).

[la TTolo AOYO [ TIPWTEIVN va eKPPALETAL O AUTA KOl OXL OTA WAPLY;



1-cell
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4-cell
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pronuclei meest
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posterior spindle
displacement

cell cycle timing and
spindle orientafion
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H mpwtn dwxipeon csival acVppeTpn N avAaka oxnuatidetal
KOVTUTEPO TIPOG TO OTioBlo Aakpo Kol dnuiouvpyovvial Suo
KUTTOPQ TO AB kot To P, OAOBAQCTIKA QUAGKWON

OL OUAOKWTIKEG OLOLPEDELG €lval AOVUUMETPEG — OTIG OLAUPETELG
NG MPWIPNG VAGKWONG oxnpatilovtal eva LOPUTIKO KUTTAPO
(founder cells: AB, MS, E, D, C) kot eva BAAOTIKO KUTTOPO (stem
cells: P, - P,).

Kata tn 8€0tepn Swaipeon 10 AB Swapeital onuepva (kabeta
otov epmpocBomicBio &éova) evw TO P; peonuPpwva =
TIEPLOTPOPLIKN XVAGKWON.

Amo to AB mpokumntouv tar ABa kat Abp, (a: anterior, p: posterior)

evw amo to P, 1o EMS kau to P,.

Ta BAOOTIKGA KUTTOPO SLALPOUVTOL TIAVTX MECNUBPLVA Kol amod
K&Oe Slaipeon TTPOKUTITEL EVA LOPUTIKO KUTTOPO EUTIPOTOL KOl

gval BAAOTIKO KUTTOPO OTtiaBLa.

ATIO TO OPUTIKA KUTTAPO TIOXPAYOVTOL SLAQOPOTIOINUEV

KUTTOPA.

OAoBACCTIKN TTEPLOTPOPLK AUAGKWOT)



MoAAEG popeg Ta kuTTOpPa otov C. elegans ta ovopalovpe pe faon tn BEon TOUG WG TIPOG TA
AOEAPIKA TOUG KUTTAPOL.

T.X. ABal= To KUTTOpPO IOV £XEL TIPOEABEL amod Tn Slaipeon touv ABa kol BpilokeTal aploTepA.
To ABa mpogpxetat amo tn daipeon Tou AB Kal ival To KOTTAPO TIOV PPIOKETAL TIANCLECTEPX

OTO EUTPOCOLO AKPO TOVL EUPPUOU.
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H petaypaen Twv QUYWTIKWVY Yovidiwyv EEKIVA 0TO OTASOLO TWV TECTAPWY KUTTAPWVY

OMWG Yyovidla punTtpikng emidpaong (repimou 100) EAEyxouV TNV QVATITUEN HEXPL TNV
evapén t™ng yaotpldiwong (28 kutTtop)

IToomuonveg WevdovAdHmon Zvywto 2 ®0TTOQU 4 w1t

[Towiun emunzuvvon OyYLun eTLunruvon

8 nuttaQa ITomLUo YooTEIdLOo

Ta mpwipa otadia Tng avantuéng tou C. elegans eAéyxovtal amo yovidix
HNTPWKNG EMiSpaong



2apwon HETAAAXELYEVEONG YIX TNV AVEVPECT HETXAAXYWYV OE yovidia
MNTPLKNAG EMidpaong
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‘Ohat GyQLOV TUTTOV Metorhayn og yovidlo
UNToLKNG EidoaoNg
TOQEUTOOITEL TNV AVAITTTUEN
TV WPV e F3




O oXNUaTIWOopOG Tou eunmtpocBomicOiov aéova
otov C. elegans



» O gumpocBomicOiog a&ovag oxnuatideTar otn
MOKPLA SLAC0TOON TOV Wapiov.

» O eumpooBomicBlog &fovag Sev  eival
KaBopLlopEVog TPV amo Tn yovipotmoinon (To
WAPLO SEV EXEL TIOAKOTNTA).

» To G&kpo mou [plokeTal TANCLECTEPO OTO
onuelo €l00dov tTou omeppatolwapiov (point
of sperm entry) yivetal To peAAoVTIKO omticBlo

QKPO TOL Eufpuov.

»  MNwg pmopoupe va To amodei§ouue?

Ouwg 1o wapto tailst kKt aUTO POAo...




H elcodog tou omeppatolwapiov akoAovBsital amo To OXNUATIOHO €VOG KUTTAPOTIACCUATIKOU
PEVUOTOC TO OTOI0 PAIVETOL OTL KOTOVEUEL OQOVUMUETPA O0TO QUYywTO Ola@Oopa HOPL N
OUMTIAEYUOTO HOPLWV.

» [MNepupepelako KUTTAPOTIAQCUA - ENM )

» Kevtpiko kuttapomAacua- Orl

JUMUETEXOLV:

» To KevTplOoAlo Tou oTeppatolwapiov KaBwWC A
OPYOVWVEL (ILKPOCWANVIOKOUC,

> Mikpoividla otnv avadlopydvwon Kol oTo
OXNUOTIOMO TNG XTPAKTOV (KUTOXOAQTivN).
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PAR-1: kuttapookeAetik) MARK Kivaon oepivng-Bpeovivng

PAR-2: mepiexel SaktuAioug RING emikpatela tpoodeong ATP OnizeIA
PAR-3: Tteplexel emikpatela PDZ, opoAoyn He TTPWTEIVEG TTOU
oAANAeTidpouv pe PKC (kwvaan), - caAAnAemidpa pe PAR-6 EMIPOSOIA

PAR-6: Tieplexel emikpatela PDZ - aAAnAemiidpa pe PAR-3

PAR-4: ? OpuoAoyn pe avBpwrtiivn pwTeivn
PAR-5: mpwteivn 14-4-3

Agv gival amoAVTWG CAPNG 0 TPOTOG LE TOV OO0 T yovidia par puOpi{ouv tTa enminmeda
OUAGKWOTG | TNV KATAVOUN Stapopwv popiwv ato éufpuo.

AAMNAETUO PATELG UE TOV KUTTOPOOKEAETO (KPOCWANVIOKOL)



(A)

[lpomupnvag " ., Kevipoowpa
ql}\t.l;_]ﬁ \\ . . e * F/ﬂﬂﬁpuﬂ'ﬂ}l:
Epnpoctio [® © - T @ Onidbio
S Mpomvpivag ~ ~ PAR-3 kat PAR-6 aAAnAetuidpouv pe v PKC-3 (kwvaon)
OMEPUATOS

KO KATOVEOVTOL OMOLOMOPPO OTO TIEPLPEPELOKO

L Kvtrapomhaopatiki) KUTTOPOTIAQCHAL.

B v
(B) : / Pon » Ot PAR-1 kat PAR-2 mieplopilovTtal 0TO KEVTPLIKO

KUTTOPOTIAQOUO AOYW Pwao@OopuAiwang amo PKC-3.

> To KEVTIPOOWUO TOV OTIEPUATOlWAPIOV EPXETAL OE ETIOPN

H PAR-2 : : :
€ TO TIEPUPEPLKO KUTTAPOTIAACHUA PECW TWV
ELTEPYETAL K PLpER P KO K
ﬂ?‘r‘ omigbo MKPOOWANVIOKWVY KoL EEKLVOUV Ol KUTTOPOTIAQCUATIKEG
'I'{l il )
I KLVNOELG.
(D . O mpomupriveg s
| L7 NTvVTiKovTal » OLPAR-2 apxka kot otn ouvexela n PAR-1 meplopidovtal
omicgOwa.

» OLPAR-3 (pwaopopuAiwvetal amo PAR-1) kat padi pe tnv
PAR-6 mieplopilovtal EumpoaOia.

Metagaoikn

(4) i (E) Kbtrapo AB Kottapo Pl
PAR-6 PAR-1
PAR-3 PAR-2




> Katavepovtal opolopop@a TpLv
QTIO TNV YOVLIUOTIOINON.

> Meta ™V €l00d0 TOV
OTEPUATOWAPLOV  KATOAVEUOVTOL
QOUUUETPO  OTO  TIEPLPEPLKO
KUTTOPOTIAQCHA ((PAOLOG).

> Na TNV KOTOVOWN) TOLG
ATIALTOUVTOL UIKPOGWANVIOKOL.

> Ta yovidia PAR ouvepyalovtal
ywx tov 0pO0 OXNUATICHO TWV
MITWTIKWY OTPAKTWY KXl YlX TO PAR-2 GFP

SLXWPILOHO KOl TRV KATAVOMN PAR-6 mcherry
SLapopwv mapayoviwv.



Chromosomes

oo k.

sperm nucleus
——eggnucleus
A s e P

P granules

PLBOVOUKAEOTIPWTEIVIKA CUUTIAEYUOTO TA OTIOIX
KATAVEUOVTOL QACUUMETPA LETA TN YOVIOTIOinoN.
Mepexouv RNA-eAIKAOEG, TIOAVPEPATEG TIOAU-A,
TIOPAYOVTEG EVAPENG TNG HETAPPAONG K.O.

Meta oamo ka&Be OSlaipeon TAPAPEVOUV OTO

BAaoTikO KUTTOPO.

AkoAouvBouv TNV TOAKKOTNTA TIov oxNuaTileTal

atto TI¢ PAR.

KutoxaAaoivn D avaoTteéAAel Tn peTakivnon twv

KOKKLWV P

ZUUMETOXN HLKPOIVISIWV.






H katavoun twv kokkiwv P amovaoia PAR2 kat PAR5



Ertnpeadouv TNV KAXTAVour Twv KOKKIwV P i dAAwv kKaBoplotwv

AANOYEG OTO ETUTIEO O UAAKWONG

ANy OTO TIPOTUTIO EKPPACNG GAAWY YOVLISIWV

To éuBpuo TTOU MPOKUTITEL XapaKkTnpi{eTal amno
OUMLLETPLKEC Slapéoseig Kol AoV
Swapopomnoinong.

‘Exouv xapoaktnplotel 6 petaAAaéelg PAR.

> ALPOPETIKN KATAVOUN.
> ALPOPETIKA OTAOLAL.

> ALPOPETIKA HOPLOL.

®
>
©
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par-1 C D C)

AMNAeTUdOpaoElG PETAEL Twv  Yovidiwv

@D COF
MetoAAGEelg tov evog emnpealouvv TNV

par-3 © O KOTAVOUA TWV UTTOAOITIWY

part D DT

we{ O O QD



(o) EpBpuo ayplou TUTIOL 0TO OTtolo Olakpivovtal Ta kuttapa AB kot P1. (B) ‘Epppuo
TIOU £XEL TIPOKUVIPEL ATIO WAPLO OTIO TO OTOI0 ATOVALAdEL TO AEITOUVPYLKO TIPOIOV TOU
par-3. Ta dvo PAacTopEpiOla exouv TO (010 peyebog. Ao tn dnuoacicvon Goldstein &

Macara (2007) Developmental Cell 13, 609-622, pe &dsla amo TOV €KOOTIKO OIKO
Elsevier.



H eykaBidpuon ToOAKOTNTOG O&v  OpKel!
[TpOKEUEVOL VO TIPOXWPNTEL OMOAQ N AVATITVEN
Oa TPETEL N ATPAKTOG VA ELVAL LETATOTILOMEVN.

‘ExeL OexOel o1
N METATOTILON OPELAETOL TN SLXPOP& TWV

SUVAUEWY TTOU AGKOUVTOL oTX SVOo

KEVTPOOGWUXTLX

ATtaltouvTal:

PAR-3: emtnpeadel Tn otaBepotTnta TWV MT
PAR-2: PAR-3 (Tteplopilel TNV evepyoTNTA
TNG OTO EUTPOCOLO TUAUQY).

par-2,3 ustoAdayuata???

Kevtpoowpa: pavpot lokol, PkpoowAnviokoL: LoUpeg
VPOUUEG HE YKPL{O XPWHA OL TIPOTIUPNVEG OL TIUPHVEG
KOLL TOL XpWHLOCWHLOTA

PAR-3/PAR-6 KOKKWO TEPLOEPELAKO KUTTOPOMAQCUQ,
PAR-2 kot PAR-1: pmAg, GPR-1/2 mpdowo cortical LET-
99: xpuoadt



Models of spindle centering

A Three force-generating mechanisms operating on astral
microtubules: (i) pushing by microtubules, shown in green,
growing against the cell cortex, (ii) pulling by microtubules,
shown in red, shortening while maintaining contact with the
cortex, and (iii) hydrodynamic force generated by movement of
vesicles, shown in blue, moving towards the center of the aster.
The pushing and vesicles forces are centering, meaning that
they move the aster and the spindle towards the cell center.
The pulling forces can be centering or anti-centering
depending on the details of cell shape and cortical attachment.
B Origins of length-dependent pushing forces. Displacement
of the spindle to the right leads to larger leftwards restoring
force because (i) the microtubules spend less time growing
and shrinking from the right-hand cortex, and (ii) the buckling
forces are larger for the shorter microtubules on the right. C
Spring and dashboard model of the spindle showing the
equivalent mechanical circuit for pushing microtubule arrays. D
Microtubule buckling after contact with the cortex (show
cortex). Upper microtubule: clamped at the aster center and
fixed at the cortex (but free to pivot). Lower microtubule:
clamped at the aster center and free to slide along the cortex.
If there is friction at the cortex, the microtubule will initially
buckle as shown in the upper part, but then transition to the
shape shown after sliding. Bioessays. 2017 Nov; 39(11):
10.1002/bies.201700122.



) polarized cortical ruffli
i " (psuedocieavage)
cytoplasmic flows

pronuciear migration
PAR-3'PAR-6/PKC-3
PAR-1/PAR-2

asymmaerric divizion

1) Eicodog omeppatolwapiov - TO
KEVTPLOALO TOV omeppatolwapiov
OPYOVWVEL ULKPOCWANVIOKOUC,.

2) Anuovpyla KUTTOPOTIACCUOTIKWV
PEVUATWY — TIOAIKOTNTA.

3) Ot PAR-3 kat PAR-6 mieplopilovtal oto
gUTPOC0OLo TN, Kat ot PAR-1 kat PAR-2
mieplopilovtal 0To oTioBLlo AkPo. ACUUUETPN
Katavoun Twv PAR (ota BAACTIKE KOTTOPO).

4) Ta kokkia P petokivouvtal oto otmicBlo
AKPO.

5) Ala@opd SUVAPEWVY TIOU QCKOUVTOL OTO
SV0 KEVTPOOWUATLA .



> EykaBibpuetal oto oTAddLl0 TWV
4-KUTTAPWV KoTa TN dlaipeon
Tou KuTTOpou AB.

> Mnxavikn TIEPLOTPOPN  TOU
ABp avTIOTPEPEL TOV pO)Laio-
KOLALOKO aéova.

> ABp: koBopilet ™ payaia
TIAELPQ.

> EMS: kaBopilet tnV KOLALOKN
TIAELPAL.

Normal development

Experimental manipulation
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Normal worm
Dorsal
Right
Anterior < Posterior
Left

Ventral

AB P
P

e

A O ' . .
| | Manipulation
(S

Normal worm
Ventral
Left
Anterior ¢ Posterior
Right
Dorsal




AlOXWPLOPMOG N KATOOTPOYH  TWwV
BAaoTtopepdiwv oto otadlo Twv Svo
KUTTOPWV:

oL amoyovol tou P1 oxnuatidouv
OAOUC TOUCG KUTTOPLKOUC TUTIOUC TIOU
Oa £dvav QUGLOAOYLIKA.

oL amoyovol touv AB oxnuatifouv
UOVO MEPLKOVG aTto TOVG
KUTTOPLKOUC TUTIOUG TIou Oa €dive
(PUCLOAOYLKAL. l

P1: avtovoun e€eldikevon

AB: kot cuvOnkn e€eldikevon



AlOXWPLOPMOG N KATOOTPOYH  TWwV
BAaoTtopepdiwv oto otadlo Twv Svo
KUTTOPWV:

oL amoyovol tou P1 oxnuatidouv
OAOUC TOUCG KUTTOPLKOUC TUTIOUC TIOU
Oa £dvav QUGLOAOYLIKA.

oL amoyovol touv AB oxnuatifouv
UOVO MEPLKOVG aTto TOVG
KUTTOPLKOUC TUTIOUG TIou Oa €dive
(PUCLOAOYLKAL. l

P1: avtovoun e€eldikevon
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» P1, EMS kot MS o€ TtElpApaTa ATOPOVWONG - WUEG TOL PAPUYYX .

» SKN-1, PAL-1 kot PIE-1: kaBopilouv Tnv TUXN Twv WpLTIKWYV MS, C, E kot D (petaypagikol

TIAPAYOVTEG).
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> Mntpikd mMRNA, aoUPUETPN PETAPPOON
> EAgyxeL TNV TOXN ToL PAacTOMEPLSiOL EMS

> To skn-T1 KWSIKOTIOLEL YL EVAV PHETAYPAPLKO TTapayovTa Tng bZip/homeodomain.
»  Amougoia tng SKN-1: - avTi yla UEG TOU PAPLYYA EXOUME ETILOEPULIOAL.
- 10 E petatpenetal o C (MPOPANUATO KOL GTO EVTEPO) .



Wild type skit-1 mutant

Pharynx
muscle
antigen

(B)

Gut
specific
granules

([

Lose it



» H SKN-1 ekppadletar oto P1, oto P2 kau to EMS
Kol o€ xaunAa emtineda ota E, MS,P3 ko C.

> H ekppaon tng SKN-1 ektomuka oto AB
METOPAAAEL TO TIETMPWMUEVO TOV- VIOOETEL
TO TIEMPWEVO TOu MS.

> H SKN-1 eumAéketar otov KoBoplopo Tou
TIETIPWEVOL TNG yeveaAoyiag Tou P1 (EMS).




A expression

i a Nl
| MED-1 —

1
——* [MEDA =
i E.i et
Hiﬂ
B SKN-1 sites
oy I
wt

E!..:lni.'!!'! totigtcatcatgatgattttbggagoatHatoatoat ot aqt::r
gtggagacagtagtactactaaaaacoctogtaatagtagtaaagateac

mut
casatotogoogoogoqgatttotgoagoattogoogocat b btotagtg
gtaggagagoggoggoagoectaaagacgtogtaagoggegtaaagateac

| | SKN-1 sites o mutated base pairs
Psil site | med-2 base difference

MED-1 kouw MED-2 : GATA
QuywTikol LETAYPOPLKOL
TIAPAYOVTEC

H SKN-1 avayvwpilet puBuLoTika
OTOLXEI OTOV  UTIOKWVNTH TWV
MED-1 kou MED-2.

Ektomn  ék@paon  Twv  med
uetatpemnel pn EMS kVttopa og

EMS amovoia tng SKN-1.

ATtouoia Toug — (810¢ PaLVOTLTIOq

ue amovaio SKN-1.
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Mntplkd mMRNA

KaBopidel TNV avamtuén Twv CWHATIKWY amoyovwy Tou P2.
METaypa@LKOG TIAPAYOVTOG - TiEpLEXEL homeodomain.
OpoAoyn tng Caudal, pNTPLKO PNVUUO PETAPPOOT TOTILKH).
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|

A

uninjected

mex-3 (RNAI)

Mwx osipd oo RNA-binding mpwteiveg eAeyxouv Tn

METAPPOCN TWV UNTPLKWVY HUVNUATWV.

A: ekppaon tng MEX-3

B: ekppaon tng PAL-1 mapovaoia ) amovaoia tng MEX-3

MNwc emnpeadletot n PAL-1 otav amovotadst n MEX-3?

Mwg eAeyxel n MEX-3 tnv ékppaon tng PAL-17?

H petappaon tov pal-1 puBpidetoar ano tn MEX-3
(RNA binding protein ) — omov unmapxet n MEX-3
amovaolalel n PAL-1.



> H SNK-1 avaoteAAel tnv PAL-1
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> Mntpikd mMRNA

> KaBopilel TNV TUXN TWV KLUTTAPWVY TNG YOMETIKNG OELPAG

> MeTaypa@ikog mapayovtag - zinc finger

» Amouoia Tou to P2 cupmepipepetal cav EMS

» KoataoTteAlel skn-1 kat pal-1 0T KOTTAPA TNG YOUETIKNG OELPAG



‘Ekppaon tng PIE-1 katd TV auAdkwon

Centrosome

PAR-3/PAR-6 J_
J. PAR-3/PAR-6
Anterior PAR-2, PAR-1 + Posterior
AB cell ¢ PAR-2, PAR-1 | P1cell
MEX-5/MEX-6 l
PAR-2 MEX-5/MEX-6
PIE-1

Segregation of PIE-1 determinant into the P1 blastomere at the 2-
cell stage. The sperm centrosome inhibits the presence of the PAR-3/
PAR-6 complex in the posterior of the egg. This allows the function
of PAR-2 and PAR-1, which inhibit the MEX-5 and MEX-6 proteins
that would degrade PIE-1. So while PIE-1 is degraded in the resulting
anterior AB cell, it is preserved in the posterior P1 cell. (After Gdnczy
and Rose 2005.) Gilbert+Barresi 11th ed

PIE-1:GFP






(. ’ 1
P2
EMS cell types
cell types

EAEyxeL TNV TUXN TOL EMS.

le-1 , , :
e KaBopidel TNV avamTuén TwWV CWHUATIKWY

_Z x_ amoyovwy tou P2 (C kau D).
skn-1 — pal-1

AB QTOUTEITAL VLA TNV TUXN TNG YOUETIKAG OELPAC.

Hunter and Kenyon, Cell, Vol. 87, 217-226, October 18, 1996

Figure 8. Model for Regulatory Interactions between the pal-1,
skn-1, and pie-1 Proteins
(A) In 4 cell embryos, both SKN-1 (blue) and PAL-1 (red) are preferen-
tially localized to the posterior blastomeres EMS and P,, yet SKN-1
functions in EMSto promote the production of EMSfates, and PAL-1
functions in P, to promote the production of P, somatic fates. PIE-1
4 (black outline of P, blastomere) is localized to P, (Mello et al., 1996)
and functions to promote the production of P, somatic and germline
fates (Mello et al., 1992). In this model, regulatory interactions be-
PAL-1 mm B tween pie-1, skn-1, and pal-1 (B), in conjunction with the protein
SKN-1 . — distributions diagrammed in (C), allow skn-1 to function in the EMS
descendants and pal-1 to function in the somatic P, descendants
PIE-1 mm (see text). In principle, the regulatory interactions could be at the
level of the proteins or their targets.

active inactive

61



AlOXWPLOPMOG N KATOOTPOYH  TWwV
BAaoTtopepdiwv oto otadlo Twv Svo
KUTTOPWV:

oL amoyovol tou P1 oxnuatidouv
OAOUC TOUCG KUTTOPLKOUC TUTIOUC TIOU
Oa £dvav QUGLOAOYLIKA.

oL amoyovol touv AB oxnuatifouv
UOVO MEPLKOVG aTto TOVG
KUTTOPLKOUC TUTIOUG TIou Oa €dive
(PUCLOAOYLKAL. l

P1: avtovoun e€eldikevon

AB: kot cuvOnkn e€eldikevon
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Koatéd ouvOnkn g&eldikeuon kKatd TNV MPWLIHN AVATITUEN
tou C. elegans

Amouvoiac tou P2 10 EMS Slaupeital
OUMMETPLKE SivovTtag duo MS.

ATtouoLAlEL... EVTEPO

@ Gut differentiates
& No gut differentiation

Avoacouvduaopog EMS pe ABa
N ABp N kat Ta dvo

Avaouvouaopog EMS pe P2

hids
15 10 2 0
Time of separation (min before EMS cleavage)



Ertaywyn (induction) ovopadetal TO QAVOHUEVO KATA TO OTIOLO ML OPASO KUTTAPWVY
Tou guPpuvou mouv ovopalovtal emaywyelc petafBiBalovv onpata o P SeVTEPN
opada Tou ovopalovtal amodekTeC emnpexlovtag ME TOV TPOTO OUTO TN

dlapopoToinan Toug,.

Inducers Responders

(0) Inductive
@@@ >
@ %%




Paracrine signaling Autocrine signaling Juxtacrine signaling

Signaling cell Receptor Signal Signaling cell
- l J Receptor
~ ™

¢ Signal Target cell

Receptor

Fundamentals of Cell Biology, Lauren Dalton and Robin Young

Ta EMOYWYLKA YEYOVOTQ TIOU OSLEKTIEPALWVOVTOL IO SLOXUTA MOpLx Xapaktnpilovial wg
mapakpwn (paracrine). Ta EMAYWYLKA QAVOUEVA TIOU €EQPTWVTAL ATIO TNV KUTTOPLKN ETOPN
xapoktnpiovtal wg avtikpwn (juxtecrine). Ta EKKPLVOPEVA ETIAYWYLKA ONUaTo ovopadovtal
TIPOKPLVELG TIAPAYOVTEG I TIAPAYOVTEG dXVENTNG KAl SLAPOPOTIOinCNG.




EMOYOYIRO
@ mlm
B enayoy
Paracrine crine signaling

Signaling cell (PLATQO rcell
) Receptor
] ' : Signal T
Target cell

Ta EMOYWYIKA YEYOVOTOA TIOU OLEKTIEPALWVOVTAL OTIO SXUTA MOpLx  xapakTnpidovtal wg
TapaKkpLv (paracrine). To EMOYWYIKA (POALVOMEVA TIOU €EQPTWVTAL OO TNV KUTTOPLKN ETTOPN
xapaktnpidovtat wg avTikpr (juxtecrine). Ta EKKPWOPEVA ETTAYWYLKA OApata ovopalovTal
TIPOKPLVELG TIAPAYOVTEG N TIAPAYOVTEG OVENONG KAl SLaPopoTioinang.




3| EMAYMYN] EMITEAEITAL OO CGUVINOINUEVES OLXOYEVELES TUQUXLOLVOYV

TAQUYOVIMV:

Owoyéveree FGF (fibroblast growth factor- mapdayovrag avEnong

wofflaoTov).
Owoyévere Hedgehog.
Owoyéveree TGFP (Transforming growth factor f- moapayovrog

UETOOYNUATIOUOV ).
Owoyevero Wnt (wingless-integrated).

O1 TOQUXOIVEIS TEQAYOVIES OVOYVOQILOVIOL OT0 UVTOOOYEILS ROl

EVEQYOTTOLOVY LOVOTTATLO UETAYOYI)S GILATOG.




Koatd t™yv avdrtvEl) £veQyoToLoUVvVIOL OT0 TOUS TUQUXQLVELS TTUQAYOVIES

UOVOTTATLO UETOYOYIS GIIUOTOS TOV GUVOVIOVIOL XL GE OALES OLAOLXAGLES

oTTMG:

Movomatia VT000YEMV LE EVEQYOTIITA XIVA.GIS TVQOGIVIS

Movondrtio mTov evepyonotovy tTovg SMAD

Movonatia JAK-STAT

OALO XOL HOVOTTATLO TTOV EVEYOVIUL XUTA XVOLO AOYO GTIV CLVOTTVEN:

Movonatt Wnt

Movonatt hedgehog




> MeyaAn oOlKoyeveEld TIOPAYOVTWY TIou TEPLAGUPavel TTavw oo 11 peAn ota
omtovovAolwa — tavw amo 15 otov avBpwTo

> oAl olkoyevela (MEAN TNG OMOVTOUV TOCO OTA TIPWTOOTOMIA OCO KOl TX
SEVTEPOCTOMULX

> TAUKOTIPWTELVEC PE VPNAT TIEPLEKTIKOTNTO O KATAAOLTIO KUOTEIVNG-AOIXAUTOL
> Evexovtal og TTOAAEG avamTuélakeg SIOSIKOTLEC.

Gonad

A: E14 ISHWni4 urogenital organs
B: urogenital rudiment newborn wt
C: urogenital rudiment newborn wntd-/wntd-
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To kavoviko povormatt Wnt

(A) WITHOUT Wnt SIGNAL
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Ta povonatix Wnt (kavoviko, TOAKOTNTAG, aoBecTiov)

(A) (B) (C)
No Wnt Wnt bound Planar cell polarity pathway Wnt/calcium pathway
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Kata ocuvOnkn e&e1dikeuon KATa TNV MPWLHN AVETTTUEN
tou C. elegans

Amouvoiac tou P2 10 EMS Slaupeital
OUMMETPLKE SivovTtag duo MS

@ Gut differentiates
& No gut differentiation

Avoacouvduaopog EMS pe ABa
N ABp N kat Ta dvo

Avocouvduaopog EMS ue P2

To E oxnuatidetar amo To
TUApa Touv EMS Tov givau o€

1
15 10 2 0
Time of separation (min before EMS cleavage)



MOM-2 (napayetat amno to P2)
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A B

PZ
Canonical
Wnt pathway
o EMS 48 ———Mou2 E&s1dikevon
Frizgied SKN-A MOM.5 BAaotouepidiov
. 4 =
Dtshnialled I l
GSK3p MED-1,2 SGG-1 EO agovog!
' .
f-catenin WRM-1
Terner DOES 0P
i (HIGH) END-1,3] [0
target genes | ' '
END-1,3 @ E
LA mesoderm endoderm
doi:10.1016/j.ydbio.2005.06.022 TS A =

Fig. 1. Canonical Wnt pathway and C. elegans embryonic Wnt pathway. (A) In the canonical Wnt pathway, Wnt signaling results in
activation of a bipartite transcription factor consisting of h-catenin and a TCF/Lef factor, which activates target genes (reviewed in
Cadigan and Nusse, 1997). In the absence of the Wnt signal, TCF/Lefs can function as repressors (not shown on the figure) (Kim et al.,
2000; Merrill et al., 2001). A similar pathway is proposed to exist for postembryonic C. elegans signaling events (Herman, 2001;
Herman and Wu, 2004; Korswagen et al., 2000). (B) The Wntpathway as previously described for C. elegans E specification. At the 4-
cell stage, P 2 polarizes the ventral blastomere EMS (depicted by shading of the EMS cytoplasm) such that its posterior daughter
becomes E. The terminal TCF/Lef-1-like regulator, POP-1, represses E specification in MS by preventing activation of end-1,3 by the
SKN-1/MED-1,2 pathway (Calvo et al., 2001; Maduro et al., 2002; Maduro et al., 2001). A newly hatched L1 animal is diagrammed
showing the 20 E nuclei (dots) that constitute the intestine.



AB MS

E&s1dikevon BAaotopepldiov EMS

EO aéovac!

Figure 1. Caenorhabditis elegans founder cells and the
endoderm specification network. Asymmetrical cell
divisions produce six founder cells, each of which will give
rise to specific tissue types. At the four-cell stage, SKN-1
activates the med-1,2 genes, initiating mesendoderm
specification. Redundant Wnt/MAPK/Src signaling arising
from the neighboring P2 cell polarizes EMS. In the anterior,
un-signaled end, POP-1 represses end-1 and end-3
expression while MED-1,2 turn on tbx-35, which in turn
specify mesoderm MS fate. In the posterior end, LIT-1
kinase, in response to P2 signals, phosphorylates POP-1
(indicated by *), converting it from a repressor to an
activator of endoderm E fate. The two differentiation
factors, ELT-7 and ELT-2, once activated, maintain their
own expression through autoregulation and regulate
thousands of gut genes. In E, Wnt signaling further
represses tbx-35 expression (Broitman-Maduro et al.,
2006).
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Kataotpoon tou P2

ABp &ev Sivel OAOUG TOUG KUTTOPLIKOUG
TUTIOUG TIOV (PUCLOAOYLIKA Bax €OLVE.

/ | w AvtipetaBeon ABa, ABp

| |

\\ / ABa o&ivel OAoug TOUG KUTTOPLKOUG
b " P2) TUTTOUG TIOV (PUCLOAOYLIKO Oivel To ABp

[la tnv €€eldikevon tou ABp amarteitol emagn pe 1o P2



> O  poaxlokolAlokog — agovag
gykaBLbpveTal 0to OTASIO TWV
4-KUTTAPWV.

> Mnxavikn TEPLOTPOPN  TOU
ABp avTioTpEPEL TOV poaylaio-
KOLALOKO aéova.

ABp: kaBopileL Tn paxiaic
TIAEVP Q.

Normal development Experimental manipulation
AB P AB p
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Normal development Experimental manipulation
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Delta-expressing cell
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ligand-induced
proteolytic cleavage

presenilin-

% mediated cleavage
Notch-expressing cell
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H oAAnAemtidpaon GLP-1/APX-1 dnuiovpyel acuppetpio ko kaBopilel To poxlaio-KoLALoKO agova
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ISH Spn-4 Immunofluorescense SPN-4

[TOAA& PNTPIKA  PNVUUOTO  KOTAVEUOVTIOL OMOLOMOP@O OAAG  peTa@palovTal
SlapopLka ato Euppuo!



A

3-UTR H ——
gip-1 UAA SEL 1
>y » e
|< 138b SCR TCR* :|
¢ 704b
neX LC147Y)
\ 4
POS-1 LF ZF
204 aa

AA..4

2tnv 3°" UTR tou mRNA

glp1 gvtottidovtal
PUBULOTIKEG OAANAOLXiEG
TIOV EAEYXOULV N

HeETA@pPOaon tou glp1 ko
avayvwpilovtal ano Tnv
POS-1 kot tn SPN-4.

Co-localization of SPN-4 and the
P granules. Wild-type embryos
were stained with an anti-SPN-4
antibody (red, A) and mabK76,
which recognizes P granules
(green, B). (C) is a merged image
and includes a DAPI-stained
image (blue). The granular
staining of the anti-SPN-4
antibody matches the mabK76
staining pattern of the P
granules (C, yellow dots).
doi: 10.1242/dev.00469



pos-1 ;spn-4

Katavoun tng GLP-1 og epfpua:
Ayplou TUTTOU

ATtoucia TtpoilovTtog pos-1
ATtoucia TtpoiovTog spn-4
ATtoucia mpolovTwyv pos-T1 Kau

spn-4



EVTL=E"UD=1
DAPI

* H POS-1 ekppadletal o€
XOUNAQ eTtimeda Kol ot
ABa, Abp!!

Ot POS-1 kot SPN-4 ekgppalovtal 010
auyo kol oto €pppuvo PO ota omola dev
ekppadletar n GLP-1 ywatt gAeyxouv 1N
ueta@paon kot GAAwv RNA Tov pmopei va
Spouv vwpitepa T OTO OTAO0 TwV 2
KUTTAPWV OTIWG TwWV skn-T ko pal-1.
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Kuttaplkn emikowvwvio 6To oTadLo TWV TECCAPWYV
KUTTAPWV
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Avaluon tng ékppaong (UYWTIKWY yovidiwv pe
mepapata vpldonoinaong in situ

TovtdTnTo PAAOTOUEQLOLOV TovtdTNTo LOTOV/0QYAVOY Alopogomoinom

SKN-1

H ékppaon Twv QUYWTIKWVY YoVISiwV ElVOL ATIOTEAECUA TOU EVTOTILOPOU KOXBOPLOTWV.




Maternal )—» Z‘fgﬂte = 500

E fate ’
(endoderm)

POP-1
\ MS fates

PHA-4 —— Pharynx

EMS , MS
SKN-1 —— MED-1,2 ——— TBX-35 —<
HLH-1 —» Muscle MS

Yas

C fate (muscle,
PAL-1

hypodermis)

Blastomere specification  Tissue identity - ’
L1QOdQOEL T Muxo
UVTROV XUTTAQWV nUTTORGmE .

H ekppaon Twv QUYyWTIKWVY YoviSiwv €lval ATIOTEAECUA TOV EVTOTILOUOU KOBOPLOTWV.
Amto tn dnpooisuon Maduro & Rothman (2002) Developmental Biology 246, 68-85, e
adELa ATIO TOV €KOOTIKO 0iko Elsevier.



LETAYPAPLIKOCG TTapayovTag TG olkoyevelag forkhead (HNF3P)

QTTOUTELTOL 0E OAX TA OTASLX TNG AVATITLENG TOL PAPLYYA (ts mutants) Kat

YL TIG SUO YEVEQAOYIEQ

avayvwpilel Tnv aAAnAovyia TRTTKRY

EVEPYOTIOLEL OXEOOV BOAQ TA YOVIdLX TTOU £lval ATTAPAITNTA YA TO

OXNUOTIOMO OAWV TWV KUTTOPLKWY TUTIWV TOU PAPUYYA.



ZEKIVA 0TO OTAO0 TWwV 26
KUTTAPWV

Ea, Ep petavaotevouv
KOLALOKO TIPOC TO
EOWTEPLKO

AkoAouvBsl to P4.

AkoAouvBouv ™
UECOOEPIULIKA KUTTOPX
armoyovol MS, C kau D.

Mpodpopa papuyyka (AB)
ErmtBoAr) Twv umodepuLKwy
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A lineage-resolved molecular atlas of C. elegans
embryogenesis at single-cell resolution

Jonathan S. Packer'*, Qin Zhu?*, Chau Huynh', Priya Sivaramakrishnan®, Elicia Preston®, Hannah Dueck®?,
Derek Stefanik*, Kai Tan**%7, Cole Trapnell', Junhyong Kim*I, Robert H. Waterston'}, John I. Murray®}

'Department of Genome Sciences, University of Washington, Seattle, Wa, USA. *Genomics and Computational Biology Graduate Group, University of Pennsylvania,
Philadelphia, PA. USA. ‘Department of Genetics, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA. “Department of Biology. University of
Pennsylvania, Philadelphia, PA, USA. *Division of Oncology and Center for Childhood Cancer Research, Children's Hospital of Philadelphia, Philadelphia, PA, USA.
"Department of Pediatrics, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA. 'Department of Cell and Developrnental Biology, Perelman
School of Medicine, University of Pennsylvania, Philadelphia, PA, USA.

*These authors contributed egqually to this work.
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}Corresponding author. Email: junhyong®sas.upenn.edu (J.K.); watersto@uw.edu (R.H.W.); jmurr@pennmedicine.upenn.edu (J.1.M.)

Caenorhabditis elegans is an animal with few cells, but a striking diversity of cell types. Here, we
characterize the molecular basis for their specification by profiling the transcriptomes of 86,024 single
embryonic cells. We identify 502 terminal and pre-terminal cell types, mapping most single-cell
transcriptomes to their exact position in C. efegans’ invariant lineage. Using these annotations, we find
that: 1) the correlation between a cell's lineage and its transcriptome increases from mid to late
gastrulation, then falls dramatically as cells in the nervous system and pharynx adopt their terminal fates;
2) multilineage priming contributes to the differentiation of sister cells at dozens of lineage branches; and
3) most distinct lineages that produce the same anatomical cell type converge to a homogenous
transcriptomic state.
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AyQLOV TUITOV lin-14 lof lin-4 lof N\ lin-14 gof

\% P \Y% P \% P
i I I
L1 L2 L1
L2 i L3 i M L1 i
L3 1 L4 L1
L4 i i - L1
_tbvﬁtozyb%ézéuﬁgvo ITOOWEO neTdAlayuo. Ava)(@ov;nm() UETAANOLY QL

Mapovaialovtal dVo yevealoyie¢ NG mpovupeng ot V kat P Kata tnv avamtuén ot dvo
yeveoAoyieg ep@aviouv TOAU SIOPOPETIKA TIPOYPAUPATA KUTTAPLKOU TIOAAATAQCLoopoU. Ot
veveaAoyieg V kot P emnpedlovtal OUVTOVIOPEVO OTO METOAAQYUEVO OTEAEXN. XTA TIPOWPO
METOAAGYUOTO TIOPATNPEITOL TIAPAAEWYN EVOC OTASIOU, EVW OTA QVOXPOVIOTIKA UETOAAAYUATO
TIapATNPELTAL EMAVAANYN YeyovoTwy Tou otadiov L1.

lof: anwAslax Asttoupyiag, gof: kEpdog Asttoupyiag.
A6 T dnpoaieuon Moss (2007) Current Biology 17, R425-R434
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AVO KUPLEC OAOEG LETOAANQYUATWV:

vulvaless =amouaiadel 0 yevvnTikog Topog (1810 @avoTuToq pe KataoTpopn KA).
Multivulva = TtoAAamAol yevvnTikoi TTOpoL artod TV opada Kuttapwyv P3p-P8p.
Loss - of - function let-60 = vulvaless phenotype

gain - of - function let-60 = multivulva phenotype
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Mw¢ OUWCE TIPOKUTITEL TO KUTTAPO AyKUPWong?

[MAgvpikn avaotoArny = Movomatt Notch Ztoxaotiko
(PALVOUEVO TIOV OpWG evioxveTal (BA. A tpog D)!!

LIN-12 = Notch
LAG-2 = Delta

A) Z1.ppp Kol Z4.aaa pe tO (610 SLUVOULKO TIAPAYOUV
SlapopeTika emineda vtodoxea-onpatog (lin-12, lag-
2).

B) XTOXOOTIKQ KATOOo amo T dvo Ba TmapAyel Lo
oAU LAG-2 (Delta) kot To GAAo Ba avaykaoTel va
TtopayeEL Teplocotepo LIN-12.

' H evepyomoinon Ttouv vumodoxea  (LIN-12)
KATOOTEAAEL TNV ek@paon Tou Tpoadetn (LAG-2) kau
ETIAYEL TNV EKPPOCN TOL uTtodoxeal!

A) To kVTTOpPO MoV B ekppalel eplocotepn LAG-2
Ba yivel To KA.
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