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<-5$"K)K"0K7-BK5"6/7"($5"KT(-65"/1K7-&/-$5"UF;%18%$X"9)8'%B-)Y4C?0%7"5)"/?#"HWWdVX"1/-8"-?"/"

E/??("/))5$075"\RRQ"5$":7/$&5"6%(7"%<)5$-7"?58"0K7%./)-%$8"65715))/$)"05")7/B/-??57"8(7"&5")=65"

05"&5??(?58#""

*58" &5??(?58" CJ" %$)" ?/" 6/7)-&(?/7-)K" 05" 6%(B%-7" 85" 0-EEK75$&-57" 0/$8" 05" $%1<75(N" )=658"

&5??(?/-758" 05" ?`%7./$-815#" 258" &5??(?58" 8%$)" &/7/&)K7-8K58" 6/7" ?5(7" &/6/&-)K"

0`/()%75$%(B5??515$)" 5)" 6/7" ?5(7" 6?(7-6%)5$&5#" C$" 5EE5)X" 5N&56)K8" ?58" )-88(8" 5N)7/4

51<7=%$$/-758X" ?58" &5??(?58" CJ" 65(B5$)" 85" 0-EEK75$&-57" 0/$8" )%(8" ?58" )-88(8" 05" ?`%7./$-815#"

*5(7" &/6/&-)K" 0`/()%75$%(B5??515$)" ?5(7" 65715)" 05" 67%?-EK757" 5)" 05" ./7057" ?5(78" 67%67-K)K8"

65$0/$)" 05" ?%$.(58" 6K7-%058" 5)" 5$" E%$)" ($" %()-?" /))7/&)-E" $%)/115$)" 6%(7" ?/" 1K05&-$5"

7K.K$K7/)-B5#"

!6! 7(&4&5) 8)- .)//0/)- -30.#)- )9:(;355$&()- 

@(" &%(78" 05" ?`51<7=%.5$Z85X" ?/" 6751-Z75" 5$)-)K" 58)" ?5" Y=.%)5X" T(-" &%77586%$0" e" ?`%B(?5"

/67Z8"EK&%$0/)-%$#"*5"Y=.%)5"6%(77/"0%$$57"$/-88/$&5"e"($"%7./$-815"5$)-57X"&/6/&-)K"0KE-$-5"

8%(8" ?5" )5715" 05" )%)-6%)5$&5" 5)" T(-" 58)" 1/-$)5$(5" h(8T(`/(" 8)/05" d" &5??(?58#" *58" 0-B-8-%$8"

&5??(?/-758"8(-B/$)58"B%$)"0%$$57"$/-88/$&5"/("<?/8)%&=8)5X"&%16%8K"0(")7%6;%<?/8)5"5)"0`($5"

1/885" &5??(?/-75" -$)57$5" U92>"_" 9$$57" 25??" >/88VX" &%16%8K5" 5??5" 1n15" 05" &5??(?58" $%$"

0-EEK75$&-K58" (Figure 1)#" *58" &5??(?58" &%16%8/$)" &5))5" 92>" $5" 8%$)" 6?(8" )%)-6%)5$)58X"1/-8"

8%$)"0KE-$-58"8%(8"?5")5715"05"6?(7-6%)5$)58"U6%(7"75B(5"Uo%<(8"/$0"+%;5?57"\RRbVV#""



 !"#$% & ' ()*+,-!*. /%) +!".0%) 1+#$!1*-%.-%) ,# 2*#$) /# /03%+*11%4%.- /% +5%46$7*. 4#$!.8

Les cellules souches embryonnaires (ES), les cellules de tératocarcinomes (EC) et les cellules de la

lignée germinale sont isolées à différents stades du développement de l�embryon de souris. Les

cellules ES sont dérivées de l�ICM entre le jour embryonnaire 2 et 3 Les cellules de

Wobus et Boheler 2005

cellules ES sont dérivées de l ICM entre le jour embryonnaire 2 et 3. Les cellules de

tératocarcinomes embryonnaires sont issues de la transplantation d�embryon de stade E3,5-E7 au

niveau de sites extra-utérin. Les cellules de la lignée germinale sont dérivées à partir de cellules

germinales primaires isolées elles mêmes des crêtes génitales entre E9 et E12,5
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*58"&5??(?58"CJ"8%$)"0K7-BK58"058"51<7=%$8"/("8)/05"67K-16?/$)/)%-75#"C??58"%$)"K)K"-8%?K58"

&;5Y"?/"8%(7-8"6/7"05(N".7%(658"5$"HWdH"UCB/$8"/$0" /(E1/$"HWdHp">/7)-$"HWdHVX"/?%78"T(5"

?58" &5??(?58" CJ" ;(1/-$58" %$)" K)K" -8%?K58" 5$" HWWd" UF;%18%$X" 9)8'%B-)Y4C?0%7" 5)" /?#" HWWdV#"

@B/$)" &5?/X" 058" K)(058" 8(7" 058" &5??(?58" 05" &/7&-$%158" 51<7=%$$/-758" UC2"_" C1<7=%$-&"

2/7&-$%1/V" /B/-5$)" %(B57)" ?/" B%-5" 05" ?`()-?-8/)-%$" 058" &5??(?58" 8%(&;58X" 1/-8" &58" &5??(?58"

-88(58" 05" )K7/)%&/7&-$%158" 67K85$)/-5$)" E-$/?515$)" 05" $%1<75(N" 0KE/()8" 5)" 6570/-5$)" ?5(7"

6%)5$)-5?"05"0-EEK75$&-/)-%$"in vitro"U6%(7"75B(5"U@$075]8"\RR\VV#"

*58" 75&;57&;58" 8(7" ?58" &5??(?58" 8%(&;58" 05" )K7/)%&/7&-$%158" %$)" )%()" 05" 1n15" 6571-8"

?`/B/$&K5"058"&%$$/-88/$&58"5)"?58")5&;$-T(58"1-858"/("6%-$)"6%(7"?5(7"&(?)(75"%$)"K)K"()-?-8K58"

6%(7"?/"&(?)(75"058"&5??(?58"CJ#"CB/$8"/$0" /(E1/$$"%$)"/-$8-"&(?)-BK"?58"&5??(?58"CJ"8(7"($5"

&%(&;5" 05" E-<7%<?/8)58" 51<7=%$$/-758" 1(7-$8" -$/&)-BK8" U&5??(?58" B-/<?58" 1/-8" 0-B-8-%$"

1-)%)-T(5" -16%88-<?5" 6/7" )7/-)515$)" e" ?/" 1-)%1=&-$5X" /665?K58" &5??(?58" $%(77-&-Z758" %("

i"E550578"jVX")5&;$-T(5"T(-"/B/-)"K)K"()-?-8K5"67K&K05115$)"6%(7"?58"&5??(?58"C2#"*5".7%(65"05"

>/7)-$" /" T(/$)" e" ?(-" ()-?-8K" 6%(7" ?58" &5??(?58" CJ" ($" 1-?-5(" 86K&-/?515$)" &%$0-)-%$$K"

67K&K05115$)"6%(7"?/"&(?)(75"058"&5??(?58"C2#"

*58" &5??(?58" CJ" 0K7-BK58" 6/7" &58" 05(N" .7%(658" 67%B-5$$5$)" 05" ?`92>" 5)" 65(B5$)" n)75"

1/-$)5$(58"in vitroX"8/$8"657)5"/66/75$)5"05"?5(7"&/6/&-)K"05"6?(7-6%)5$&5#"25&-"/"$%)/115$)"

K)K"BK7-E-K"in vivo"5$"-$)7%0(-8/$)"058"&5??(?58"CJ"0-75&)515$)"0/$8"?58"<?/8)%&=8)58#"*/"8%(7-8"

&;-1Z75" 7K8(?)/$)" 05" &5))5"1/$-6(?/)-%$" 58)" ?/" 675(B5" T(5" ?58" &5??(?58" CJ" 8%$)" &/6/<?58" 05"

67%0(-75" ?`5$851<?5" 058" ?-.$K58" &5??(?/-758" 05" ?`%7./$-815X" =" &%167-8" ?/" ?-.$K5" .571-$/?5"

U+7/0?5=X" CB/$8" 5)" /?#" HWdQV#" In vitroX" ?/" &/6/&-)K" 05" &58" &5??(?58" e" 85" 0-EEK75$&-57" 0/$8"

?`5$851<?5" 058" &5??(?58" 8%1/)-T(58" 05" ?`%7./$-815" /" K)K" 7/6-0515$)" 0K1%$)7K5" UCB/$8" /$0"

 /(E1/$"HWdHp"o%<(8X"P%?Y;/(85$"5)"/?#"HWdQp",%5)8&;1/$X"C-8)5))57"5)"/?#"HWdbVX"/?%78"T(`-?"

/"E/??("($"65("6?(8"05")5168"6%(7"K)(0-57"?5(7"&/6/&-)K"e"85"0-EEK75$&-57"5$"&5??(?58".571-$/?58"

UP(<$57X":(;71/$$"5)"/?#"\RRLp"S5-h85$X"P%7%8&;/'"5)"/?#"\RRQV#"

@67Z8" &5))5" 6751-Z75" 0K7-B/)-%$" 05" &5??(?58" CJX" 0`/()758" 5N6K7-5$&58" %$)" 8(-B-" 5)" %$)"

1%$)7K"T(5"?/"7K(88-)5"05"?/"0K7-B/)-%$"0K65$0/-)"5$)75"/()75"05"?/"8%(&;5"05"8%(7-8#"@-$8-X"-?"

58)"8-16?5"05"0K7-B57"058"&5??(?58"CJ"05"?/"8%(&;5"8BH\WX"/?%78"T(5"?58"67%)%&%?58"%$)"0("n)75"

/0/6)K8" 6%(7" 0`/()758" 8%(&;58" U*50571/$$" /$0" +(7'-" HWWHp" J&;%%$h/$8X"  7551578" 5)" /?#"

\RRLV#" ,/$8" ?`5$851<?5" 058" &/8X" ?58" &5??(?58" CJ" -88(58" 05" &58" 0K7-B/)-%$8" 65(B5$)" n)75"

1/-$)5$(58"in vitro"65$0/$)"05"$%1<75(N"6/88/.58X")%()"5$"&%$857B/$)"($"&/7=%)=65"-$&;/$.K#"
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258"&5??(?58"%$)"K./?515$)"K)K"&/7/&)K7-8K58"6%(7"?5(7")5168"05".K$K7/)-%$"75?/)-B515$)"&%(7)"

UH\4Hb;V"U3%;]505?X"J5;?15=57"5)"/?#"HWW[V#""

!6< "$%$.&'= 8) %(3/&>=($'&35 in vitro )' 9$&5'&)5 8) /$ %/0(&%3')5.) 

*58"&5??(?58"CJ"8%$)"0K7-BK58"8/$8"?`/h%()"0`/.5$)"0`-11%7)/?-8/)-%$#"C??58"&%$857B5$)"($"

&/7=%)=65"0-6?%g05"5)"$`5$)75$)"6/8"5$"8K$58&5$&5"/("&%(78"05"?5(7"0K7-B/)-%$#"*58"&5??(?58"CJ"

65(B5$)"67%?-EK757"8/$8"?-1-)58"/66/75$)58"5)"$5"8%$)"6/8"8(h5))58"/(N"-$;-<-)-%$8"05"&%$)/&)#"*/"

&/6/&-)K" 058" &5??(?58"CJ" 05" 85" 0-B-857" 05"1/$-Z75" 8=1K)7-T(5" /E-$" 05" .K$K757" 05(N" &5??(?58"

E-??58" -05$)-T(58" 58)" 0KE-$-5" 8%(8" ?5" )5715" 0`/()%75$%(B5??515$)#" 25))5" &/6/&-)K"

0`/()%75$%(B5??515$)"6/885"5$"T(5?T(5"8%7)5"6/7"?/"8(667588-%$"05"?/"0-EEK75$&-/)-%$"/("&%(78"

05" ?/" 67%?-EK7/)-%$#" C$" E/-)X" ?/" &7%-88/$&5" 0`($5" 6%6(?/)-%$" 6?(7-6%)5$)5" 05" &5??(?58" CJ"

$K&588-)5"($"KT(-?-<75"5$)75"058"8-.$/(N"05"8(7B-5X"05"67%?-EK7/)-%$"5)"0`/()%75$%(B5??515$)#"

,58"K)(058"E/-)58"in vitro"5)"in vivo"%$)"6571-8"0`-05$)-E-57"0-EEK75$)8"7K.(?/)5(78"T(-"851<?5$)"

h%(57" ($" 7f?5" -16%7)/$)" 0/$8" ?5" 1/-$)-5$" 058" &/6/&-)K8" 0`/()%75$%(B5??515$)" 5)" 05"

6?(7-6%)5$&5" 058" &5??(?58" CJ#" A/71-" &58" 7K.(?/)5(78" 85" )7%(B5$)" $%)/115$)" 058" E/&)5(78" 05"

8-.$/?-8/)-%$"5N)7/&5??(?/-75"/-$8-"T(5"058"E/&)5(78"05")7/$8&7-6)-%$"U6%(7"75B(5"U*-(X"*("5)"/?#"

\RRcV#"

1.2.1 Implication de différentes voies de signalisation 

*58" &5??(?58" 8%(&;58" 51<7=%$$/-758" 1(7-$58" 8%$)" &/7/&)K7-8K58" 6/7" ?`5N67588-%$" 05"

.?=&%67%)K-$58" 05" 8(7E/&5" 86K&-E-T(58X" )5??58" T(5" JJC@4H" UJ)/.54865&-E-&" 51<7=%$-&"

/$)-.5$"HV"UJ%?)57"/$0" $%]?58"HWcdV"/-$8-"T(5"6/7" ?`5N67588-%$"05"E/&)5(78"05" )7/$8&7-6)-%$"

)5?8"T(5"!2FQ"UJ&;%?57X"+/??-$."5)"/?#"HWdWp"J&;%?57"HWWHV"5)"I/$%."U2;/1<578X"2%?<="5)"/?#"

\RRLp">-)8(-X"F%'(Y/]/"5)" /?#" \RRLV#",5"6?(8X" ($5" /()75" &/7/&)K7-8)-T(5"058" &5??(?58"CJ"58)"

?5(7"E%7)5"/&)-B-)K")K?%1K7/85"UF;%18%$X"9)8'%B-)Y4C?0%7"5)"/?#"HWWdV#"""

2`58)"($5"&%1<-$/-8%$"05"0-EEK75$)58"B%-58"05"8-.$/?-8/)-%$"T(-"B/"65715))75"0`%7&;58)757"

?5"1/-$)-5$"058"&5??(?58"CJ"0/$8"($"K)/)"6?(7-6%)5$)#"A/7"5N516?5X"-?"58)"&%$$("T(5"?/"67%)K-$5"

+>A" U+%$5" >%76;%.5$-&" A7%)5-$V" E/B%7-85" ?`/()%75$%(B5??515$)" 5)" ?/" 6?(7-6%)5$&5" 058"

&5??(?58"CJ"5$"67K85$&5"05"*9:"U*5('51-/"9$;-<-)%7=":/&)%7V"UG-$.X"I-&;%?8"5)"/?#"\RRLV#",5"

6?(8X"?`/&)-B/)-%$"05"?/"B%-5"&/$%$-T(5"o$)"65715)"05"&%$857B57"($"6;K$%)=65"$%$"0-EEK75$&-KX"

e"?/"E%-8"6%(7"?58"&5??(?58"1CJ"5)";CJX"5$"E/B%7-8/$)"?5"1/-$)-5$"05"?`5N67588-%$"0`!2FQ"5)"05"

I/$%." 5$" /<85$&5"05"*9:" UJ/)%X">5-h57" 5)" /?#" \RRQV#",`/()758" K?K15$)8X" )5?8" T(5" ?58" /&-058"

/1-$K8"UF/$.X"P%7$8)5-$"5)"/?#"\RRHV"%("?58"-$%8-)%?8"U>5=(;/8"\RRRV"65(B5$)"K./?515$)"n)75"



 Introduction  

 

 

 

12 

 

-16?-T(K8" 0/$8" ?/" 8(7B-5" 058" &5??(?58"CJ#",/$8" &5))5" 6/7)-5X" h5" B/-8" 0K)/-??57" <7-ZB515$)" ?58"

0-EEK75$)58" B%-58" 05" 8-.$/?-8/)-%$" T(-" %$)" ($5" -16%7)/$&5" 0/$8" ?5" &;%-N" 0(" 1/-$)-5$" 058"

&5??(?58" CJ" 0/$8" ($" K)/)" 6?(7-6%)5$)" %(" 05" ?5(7" 5$./.515$)" 0/$8" ($" 67%&588(8" 05"

0-EEK75$&-/)-%$#"

1.2.1.1 La voie LIF-STAT 

*/".K$K7/)-%$"058"&5??(?58"CJ"$K&588-)/-)"-$-)-/?515$)"?/"67K85$&5"0`($5"&%(&;5"05"&5??(?58"

$%(77-&-Z758"5)" ?/"&(?)(75"0/$8"($"1-?-5("&%$)5$/$)"0(" 8K7(1"05"B5/(" Eq)/?#"*5" E/-)"T(5"&58"

&5??(?58"$%(77-&-Z758"8%-5$)"-$0-865$8/<?58"/"&%$0(-)"e"?`;=6%);Z85"T(`5??58"/66%7)/-5$)"($"%("

6?(8-5(78" K?K15$)8DE/&)5(78" &7-)-T(58" 5885$)-5?8" e" ?`/()%75$%(B5??515$)X" %(" <?%T(/$)" ?/"

0-EEK75$&-/)-%$#""

,5(N".7%(658"-$0K65$0/$)8"%$)" -05$)-E-K" ?5"*9:"&%115"K)/$)" ?`/.5$)" )7%6-T(5"$K&588/-75"

/(" 1/-$)-5$" 058" 05(N" &/7/&)K7-8)-T(58" &?K8" 058" &5??(?58" CJ" T(5" 8%$)" ?/" 6?(7-6%)5$&5" 5)" ?/"

&/6/&-)K" 0`/()%75$%(B5??515$)" UJ1-);X"P5/);" 5)" /?#" HWddp"o-??-/18X"P-?)%$" 5)" /?#" HWddV#"*5"

*9:"58)"($5".?=&%67%)K-$5"8%?(<?5"05"?/"E/1-??5"058"-$)57?5('-$58"[#"9?"85"E-N5"e"8%$"7K&56)5(7"

*9:3X" T(-" 0-1K7-85" /B5&" ?5" 7K&56)5(7" 151<7/$/-75" .6HLR" U,/B-8X" @?07-&;" 5)" /?#" HWWLV#"

*`/&)-B/)-%$" 05" .6HLR" 67%B%T(5" ?/" 6;%86;%7=?/)-%$" 05" JF@F" UJ-.$/?" F7/$80(&57" /$0"

@&)-B/)%7"%E"F7/$8&7-6)-%$V"B-/"?`/&)-B/)-%$"05"r@ "Ur/$(84@88%&-/)50")=7%8-$5" -$/85V#"25))5"

6;%86;%7=?/)-%$"05"JF@F"5$)7/l$5"8/"0-1K7-8/)-%$X"6(-8"8/")7/$8?%&/)-%$"0/$8"?5"$%=/("5)" ?/"

E-N/)-%$"e"858"&-<?58"/("$-B5/("05"?`@,I#"9?"/"K)K"0K1%$)7K"T(5"?/"&/6/&-)K"0("*9:"e"1/-$)5$-7"

?/" E%$&)-%$" 0`/()%75$%(B5??515$)" 058" &5??(?58" CJ" 0K65$0" 6?(8" 67K&-8K15$)" 05" ?`/&)-B/)-%$"

0`($"151<75"05" ?/" E/1-??5"JF@FX" 5$" ?`%&&(775$&5"JF@FL" (Figure 2) UI-]/X"+(70%$"5)" /?#"

HWWdV#" A?(8" 67K&-8K15$)X" ?/" 7K67588-%$" 05" JF@FL" 5$)7/l$5" ?/" 0-EEK75$&-/)-%$" 05" &5??(?58"CJ"

UI-]/X" !./]/" 5)" /?#" \RRWV#" *`()-?-8/)-%$" 0`($5" E%715" 1%0-E-K5" 05" JF@FLX" %s" ?/" 7K.-%$"

&%0/$)5"05"JF@F"58)" E(8-%$$K5"/("0%1/-$5"05" ?-/-8%$"0(" ?-./$0"0(" 7K&56)5(7"e" ?`q8)7/0-%?X"

65715)" 05" BK7-E-57" ?`5EE5)" -$B5785#" @-$8-X" ?`/&)-B/)-%$" 05" ?`5N67588-%$" 05" JF@FL" 6/7" ?5"

)7/-)515$)"e"?`q8)7/0-%?"58)"8(EE-8/$)5"/("1/-$)-5$"05"?/"6?(7-6%)5$&5"5$"?`/<85$&5"05"*9:"0/$8"

?5"1-?-5("U>/)8(0/X"I/'/1(7/"5)"/?#"HWWWV#"

*/"B%-5"05"8-.$/?-8/)-%$"*9:4JF@FL"$`58)"6/8" ?/"85(?5" -16?-T(K5"0/$8" ?5"1/-$)-5$"05" ?/"

6?(7-6%)5$&5" 058" &5??(?58" CJ#" C$" 5EE5)X" 8-" ?`/&)-B/)-%$" 05" JF@FL" 8(EE-)" 6%(7" 1/-$)5$-7" ?/"

&/6/&-)K"0`/()%75$%(B5??515$)"058"&5??(?58"CJX" 5$" /<85$&5"05" 8K7(1X"*9:"5)"JF@FLX" e" 5(N"

85(?8X" $`/77-B5$)" 6/8" e" 1/-$)5$-7" &58" &5??(?58#" 25&-" 8-.$-E-5" T(`-?" =" /X" 0/$8" ?5" 8K7(1X" 05"



 !"#$% 9 ' :*!% /% )!".,+!),-!*. ;( <=>?>8 Le LIF appartient à la famille de

cytokines à interleukines de type 6 (IL6). L�action de cette cytokine se fait via

un récepteur commun (gp130) couplé à un récepteur ligand spécifique (LIFR).

La formation du complexe LIF/LIFR/gp130 résulte en l�activation de JAK qui

est associé au récepteur, puis au recrutement d�une protéine à domaine SH2 (Src

homology-2) telle que STAT3. La fixation de STAT3 au récepteur est suivi de sa

phosphorylation au niveau de la tyrosine 705, ce qui va entrainer sa dimérisationp p y y , q

avec une autre protéine STAT3 phosphorylée. Les dimères sont ensuite

transloqués dans le noyau ou ils pourront se fixer aux régions promotrices /

enhancer cibles.
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$%1<75(N" E/&)5(78"T(-"05"1/$-Z75" 8-1(?)/$K5"/B5&"*9:4JF@FLX"65715))5$)" ?5"1/-$)-5$"058"

&/6/&-)K8"05"6?(7-6%)5$&5"5)"0`/()%75$%(B5??515$)#"t(-"6?(8"58)X"5$"6/7/??Z?5"05"?`/&)-B/)-%$"05"

?/"B%-5"JF@FLX"?/"E-N/)-%$"0("*9:"/("7K&56)5(7"*9:3D.6HLR"65715)"K./?515$)"?`/&)-B/)-%$"058"

B%-58">@A "U>-)%.5$4@&)-B/)50"A7%)5-$" -$/85V"5)"A9L "UA;%86;%9$%8-)-05"L4 -$/85V"T(5"h5"

B/-8"0K&7-75"&-40588%(8"U6%(7"75B(5"US7/EX"2/8/$%B/"5)"/?#"\RHHVV"

1.2.1.2 La voie MAPK-ERK 

*/"B%-5"05"8-.$/?-8/)-%$"5$"/B/?"05".6HLR"$5"85"?-1-)5"6/8"e"?`/&)-B/)-%$"05"JF@FLX"1/-8"

&%1675$0"K./?515$)" ?/" 8)-1(?/)-%$"05" ?/"B%-5">@A #"*58" &5??(?58"CJ"67K85$)5$)"($5" E%7)5"

/&)-B-)K" 05" C3 " UCN)7/&5??(?/7" 8-.$/?435.(?/)50"  -$/85V ?%78T(`5??58" 8%$)" 8)-1(?K58" 6%(7"

5$)757" 0/$8" ($" 67%&588(8" 05" 0-EEK75$&-/)-%$#" ,5" &5" E/-)X" ?/" 8(667588-%$" 05" ?/" B%-5" 05"

8-.$/?-8/)-%$"C3 "65715)"/(N"&5??(?58"CJ"05"&%$857B57"?5(78"67%67-K)K8"0`/()%75$%(B5??515$)#"

*/" B%-5" >@A 4C3 " 65715)" 05" 7K.(?57" 05" $%1<75(858" 7K6%$858" &5??(?/-758" 0/$8" ?58"

&5??(?58"8%1/)-T(58"/-$8-"T(5"0/$8"?/"67%?-EK7/)-%$"5)"?/"0-EEK75$&-/)-%$#",5"1/$-Z75"8-16?-E-K5X"

?/"B%-5"C3 "58)" 5$./.K5" 8(-)5" /(" 75&7()515$)"0`($"&%16?5N5" &%$)5$/$)" ?`/0/6)/)5(7"S3+\"

US7%]);"E/&)%7"35&56)%7"+%($0"67%)5-$"\V"5)"?5"E/&)5(7"J%8".(/$-$54$(&?5%)-0545N&;/$.5#"25"

75&7()515$)"65715)"0`/&)-B57"3/8"5)"0`-$-)-57"($5"&/8&/05"05")7/$86;%86;%7=?/)-%$8"-16?-T(/$)"

3/EX">C "U>@A DC3 "'-$/85V"5)"E-$-88/$)"6/7"?`/&)-B/)-%$"0`C3 "U %?&;"\RRRV#"*/"B578-%$"

/&)-B5" 0`C3 "65715)" 05" 6;%86;%7=?57" 058" &-<?58" &=)%6?/81-T(58X"1/-8" 65()" K./?515$)" n)75"

)7/$8?%T(K5"0/$8"?5"$%=/("5)"1%0(?57"?`/&)-B-)K")7/$8&7-6)-%$$5??5"(Figure 3). *5"75&7()515$)"

0("&%16?5N5"S3+4J%8"/("$-B5/("0("7K&56)5(7"65()"85"E/-75"05"1/$-Z75"-$0-75&)5#",/$8"?5"&/8"

0(" 7K&56)5(7"*9:34.6HLRX" ?`-$)571K0-/-75"0/$8" ?5" 75&7()515$)"05"S3+4J%8"58)"($5" )=7%8-$5"

6;%86;/)/85"/665?K5"JPA4\#"*/"6;%86;%7=?/)-%$"05"JPA4\"B/"65715))75"05".K$K757"058"8-)58"

05"E-N/)-%$"6%(7"S3+\"5)"S@+H"US7<\4@88%&-/)50"+-$0-$."67%)5-$"HV#"*/"67%)K-$5"S@+H"B/"

65715))75" 05" 75&7()57" A9L " 5)" 8)/<-?-857" ?5" &%16?5N5" /(" $-B5/(" 05" ?/"151<7/$5X" &5" T(-" B/"

E/B%7-857"8%$"i"&%(6?/.5"j"/B5&"3/8#",/$8"?58"&5??(?58"CJX"?5"E/-)"0`()-?-857"($5"B578-%$"1()K5"

05".6HLR"/<%?-)"?`-$-)-/)-%$"05"?/"B%-5"/("$-B5/("05"3/8"5)"5$)7/l$5"($"/()%75$%(B5??515$)"058"

&5??(?58#",5"6?(8X"?`/))K$(/)-%$"86K&-E-T(5"05"?/"B%-5"C3 X"8%-)"6/7"?`()-?-8/)-%$"0`-$;-<-)5(7"05"

>C X" 8%-)" 6/7" ?`5N67588-%$" E%7&K5" 05" 6;%86;/)/858" 6%(7" C3 X" 7K0(-)" ?/" 0-EEK75$&-/)-%$" 5)"

E/B%7-85"/-$8-"?`/()%75$%(B5??515$)"U+(70%$X"J)7/&5="5)"/?#"HWWWV#"

25))5" B%-5" >@A 4C3 " 58)" 0-75&)515$)" ?-K5" e" ?/" B%-5" *9:4JF@F" 6/7" 058" <%(&?58" 05"

7K.(?/)-%$8#" C$" 5EE5)X" 05" 1/$-Z75" -$)K7588/$)5X" -?" 851<?57/-)" T(5" ?/" B%-5" C3 4>@A " 8%-)"



Différenciation

 !"#$% @ ' :*!% /% )!".,+!),-!*. A?BCDEFC8 Une fois activée suite à l�action du LIF, gp130 peut

s�associer avec la protéine SHP-2. Cette protéine représente un « effecteur » positif de la voie

MAPK et entraine le recrutement de Gab1. Le complexe formé notamment de gp130/SHP-2/Gab1

va permettre d�initier une cascade de phosphorylation dont le point culminant est l�activation des

kinases ERK.
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 !"!#$%& '()*+)#%,& $!& -.)%& /01234045&%*& !6)77!*8& 79,&34045:& ;$& !& %*& %<<%8& =8=&>.*8,=& ?9%&

'!*7& $%7&  %$$9$%7& @3& ",=7%*8!*8& 9*& A*. AB.98& C1DE& '%& $!& "+.7"+!8!7%& 3FGHI& $!&

"+.7"+.,J$!8).*& '%& 34045& %78& "$97& )>".,8!*8%& !",K7& $!& 78)>9$!8).*& !9& L;M&  .>"!,=& !9N&

 %$$9$%7&7!9-!6%7&CO+!*I&/.+*7.*&%8&!$:&HPP5E:&O%7&'.**=%7& .*<),>%*8&$()*8%,! 8).*&%*8,%& %7&

'%9N& -.)%7& '%& 7)6*!$)7!8).*& %8& )*')?9%*8& ?9%&  (%78& %*& ,=!$)8=& 9*& =?9)$)#,%& %*8,%& $%7& -.)%7&

34045& %8& @Q1& ?9)& -!& '=8%,>)*%,& $(%<<) ! )8=& '%& $(!98.,%*.9-%$$%>%*8& '%7&  %$$9$%7& @3&

CR9,'.*I&O+!>#%,7&%8&!$:&STTTE:&

1.2.1.3 La voie PhosphoInositide 3-kinase 

L!&-.)%&G;51&%78&)>".,8!*8%&".9,&$!&",.$)<=,!8).*I&$!&79,-)%&%8&$%&>!)*8)%*&'%7& %$$9$%7&@3:&

O%88%&-.)%&"%98&U8,%&! 8)-=%&"!,&'%7&<! 8%9,7&?9)&"!,8) )"%*8&!9&>!)*8)%*&'%&$!&"$9,)".8%* %&'%7&

 %$$9$%7& @3I& 8%$& ?9%& $%& L;M& .9& #MVM& C#!7) & M)#,.#$!78& V,.W8+& M! 8.,E& (Figure 4):& ;$& !& =8=&

'=>.*8,=& ?9%& $()*+)#)8).*& '%& G;51& %8& '%& 0A8& %*8,!X*%& 9*%& ')<<=,%* )!8).*& '%7&  %$$9$%7& @3&

>9,)*%7I&7966=,!*8&?9%& $!&-.)%&G;5120A8&%78&*= %77!),%&".9,& $%&>!)*8)%*&'%& $!&"$9,)".8%* %:&

0A8& "%,>%8& '%&  .*8,Y$%,& ')-%,7& ",. %7797&  %$$9$!),%7& %8&  %& -)!& ')<<=,%*8%7& ",.8=)*%7&  )#$%7:&

G$97)%9,7& %N"=,)%* %7& .*8& "%,>)7& '%&>.*8,%,& ?9%& '!*7& $!& -.)%& G;5120A8& )>"$)?9=%& '!*7& $!&

"$9,)".8%* %&'%7&@3I&*)&$(! 8).*&'(0A8&79,&$%& J $%& %$$9$!),%I&*)&$(! 8)-!8).*&'%&>4.,&*%&7.*8&

)>"$)?9=7:& @*& ,%-!* +%I& )$& 7%>#$%,!)8& ?9%& $!& -.)%& G;5120A8& !6)77%& -)!& $(! 8)-!8).*& '%&

V315#&CV$J .6%*&3J*8+!7%&1)*!7%&5#E:&Z*%&)*8%,! 8).*&!-% &$!&-.)%&@Q1&'= ,)8%& )B'%7797&

%78&=6!$%>%*8&%*-)7!6=%I&"9)7?9%&$%&<!)8&'%&#$.?9%,&$!&-.)%&G;51&%*8,!X*%&9*%&!96>%*8!8).*&'%&

$!&7)6*!$)7!8).*&[0G1B@Q1:&

1.2.1.4 La voie TGFb 

L!& !"! )8=&'%&"$9,)".8%* %&'%7&@3&%78&=6!$%>%*8&7.97&$%& .*8,Y$%&'%&$!&79"%,<!>)$$%&'%7&

4VM\&C4,!*7<.,>)*6&V,.W8+&M! 8.,&\E:&O%88%&<!>)$$%& .>",%*'&"$97&'%&]P&>%>#,%7I&"!,>)&

$%7?9%$7&4VM\I&$(0 8)-)*%I&R[G&%8&^.'!$&7.*8&'%7&$)6!*'7&!77. )=7&!9N& %$$9$%7&@3:&_!*7&$%7&

 %$$9$%7&@3&>9,)*%7I&R[G]&7%,!)8&)>".,8!*8&".9,&$%&>!)*8)%*&'(9*&=8!8&*.*&')<<=,%* )=I&!$.,7&

?9%& '!*7& $%7&  %$$9$%7& @3& +9>!)*%7I& 4VM#20 8)-)*2^.'!$& 7%,!)%*8& )>"$)?9=7& C".9,& ,%-9%&

C`!$')>!,7'.88),&!*'&[9>>%,J&HPPaEE:&

_!*7& $%7&  %$$9$%7& @3& >9,)*%7I& %*& ",=7%* %& '%& 7=,9>I& L;M234045& 7.*8& 79<<)7!*87& ".9,&

>!)*8%*),& $(!98.,%*.9-%$$%>%*8& '%7&  %$$9$%7:& O% )& *(%78& "!7& -,!)& %*& $(!#7%* %& '%& 7=,9>I&

$!)77!*8& 79"".7%,& ?9%& $%& 7=,9>& !"".,8%& 9*& <! 8%9,& 79""$=>%*8!),%& *= %77!),%& b&  %8&

!98.,%*.9-%$$%>%*8:&O%& <! 8%9,& ".9,,!)8& U8,%&R[G]I& "9)7?9%& $(!'')8).*&'%&R[G]&!9&>)$)%9&

"%,>%8&!9&L;M&'%&>!)*8%*),&$%7& %$$9$%7&@3&%*& 9$89,%&%*&$(!#7%* %&'%&7=,9>&Cc)*6I&^) +.$7&%8&



 !"#$% & ' ()!% *% +!",-.!+-/!), 01234 L�association du LIF au dimère LIFR/gp130 induit

l�activation des membres de la famille PI3K. L�un des effecteurs de cette voie n�est autre que PKB,

également connue sous le nom d�Akt. L�une des cibles de cette voie n�est autre que GSK3b

(également ciblé par la voie Wnt). Ainsi, la phosphorylation de GSK3b va le rendre inactif (voir le

descriptif de la voie Wnt). La voie de signalisation PI3K peut également être stimulée par des

Survie / prolifération

p ) g p g p

facteurs de croissance tel que bFGF.
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!$:&HPP5E:&G$97&",= )7=>%*8I&R[G]&%78& !"!#$%&'%&"+.7"+.,J$%,&3[0_S2a&(Figure 5):&O%88%&

! 8)-!8).*& '%& 3[0_& !& ".9,&  .*7=?9%* %& $(%N",%77).*& '%& $!& ",.8=)*%& ;'& C;*+)#)8.,& .<&

')<<%,%*8)!8).*EI& ?9)& -!&  .*8,% !,,%,& $!& <.* 8).*& '%7& <! 8%9,7& *%9,.6=*)?9%7& '%& 8J"%&

#FLF&C#!7) &F%$)NBL.."BF%$)NE&%8&"!,& .*7=?9%*8&#$.?9%,&$!&')<<=,%* )!8).*&*%9,.*!$%&Cc)*6I&

^) +.$7&%8&!$:&HPP5d&V%,,!,'I&Q.'6%,7&%8&!$:&HPPaE:&;$&!&=6!$%>%*8&=8=&79"".7=&?9%&R[G]&=8!)8&

 !"!#$%&'%&>!)*8%*),&$%7& %$$9$%7&@3&%*&#$.?9!*8&$!&-.)%&'%&7)6*!$)7!8).*&[0G1&Ce)I&L)&%8&!$:&

HPP]E:&O.*8,!),%>%*8&b&7.*&! 8).*&'!*7&$%7& %$$9$%7&@3&>9,)*%7&C'= ,)8& )B'%7797EI&R[G]&*(%78&

"!7&  !"!#$%& '%& >!)*8%*),& $%7& ",.",)=8=7& '(!98.,%*.9-%$$%>%*8& '%7&  %$$9$%7& @3& +9>!)*%7& %8&

)*'9),!)8&>U>%&$%9,&')<<=,%* )!8).*&%*&%*'.'%,>%&",)>)8)<:&&

1.2.1.5 La voie Wnt 

D98,%&$!&-.)%&L;MB34045&%8&$!&-.)%&4VM\&CR[G]EI&$!&-.)%&f*8&%78&=6!$%>%*8&)>"$)?9=%&

'!*7&$%&>!)*8)%*&'%&$!&"$9,)".8%* %&'%7& %$$9$%7&@3&>9,)*%7:&`)!&7.*&,= %"8%9,&M,)gg$%'I&f*8&

-!&"%,>%88,%&!9& .>"$%N%& J8."$!7>)?9%&<.,>=&'%&V315#&%8&'(0" &C0'%*.>!8.7)7&G.$J".7)7&

O.$)E& '%& *%& "$97& "+.7"+.,J$%,& $!& #=8!B !8=*)*%:& O%88%& #=8!B !8=*)*%& *.*& "+.7"+.,J$=%& %78&

8,!*7$.?9=%& '!*7& $%& *.J!9I& .h& %$$%& <.,>%,!& 9*&  .>"$%N%& !-% & $%7& <! 8%9,7& 4OM& %8& ! 8)-%,!&

$(%N",%77).*&'%&6K*%7& )#$%7&C".9,&,%-9%&Cf)$$%,8&!*'&/.*%7&HPPiEE:&39)8%&b&$(! 8)-!8).*&'%&$!&

-.)%& f*8I& $%& <! 8%9,& '%& 8,!*7 ,)"8).*& 4OM5& ! 8)-%& '%7& 6K*%7&  $=7& '!*7& $%& >!)*8)%*& '%& $!&

"$9,)".8%* %I&  .$$!#.,!*8& *.8!>>%*8& !-% & $%7& <! 8%9,7&  %*8,!9N& '%&  %& >!)*8)%*& ?9%& 7.*8&

DO4]I&3DjH&%8&^0^DV&C[!79)&HPSPE:&

1.2.2 Cycle cellulaire 

L%7& -.)%7& '%& 7)6*!$)7!8).*&  )8=%7&  )B'%7797I& *.8!>>%*8& $%7& -.)%7&[0G1B@Q1& %8& G;51I&

"%9-%*8&=6!$%>%*8&!6),&'),% 8%>%*8&79,&$%& J $%& %$$9$!),%:&&

O.>"!,=%7& !9N&  %$$9$%7& 7.>!8)?9%7I& $%7&  %$$9$%7& @3& ",=7%*8%*8& '%7&  !,! 8=,)78)?9%7&

7"= )<)?9%7& '!*7& $%9,&  J $%&  %$$9$!),%:& L(9*%& '%7& "$97& )>".,8!*8%7& %78& $!& '9,=%& '%&  %&  J $%&

 %$$9$!),%I&?9)&*(%78&?9%&'%&SP+&".9,&$%7& %$$9$%7&>@3&C38%!'I&f+)8%&%8&!$:&HPPHE&%8&'%&SaBSi+&

".9,&$%7& %$$9$%7&+@3&CR% A%,I&V+9$%&%8&!$:&HPPiE:&0&8)8,%& .>"!,!8)<I&$%7& %$$9$%7&7.>!8)?9%7&

8%$$%7&?9%&$%7&<)#,.#$!78%7&7%&')-)7%*8&%*&%*-),.*&H]+:&O%&,!  .9, )77%>%*8&'9& J $%& %$$9$!),%&

7%>#$%&U8,%&'k&b&9*%&"+!7%&VS&,!  .9, )%& .>"!,=%&!9N& %$$9$%7&7.>!8)?9%7:&;$&!&=8=&>.*8,=&

%*& 98)$)7!*8& ".9,& >.'K$%& '%7&  %$$9$%7& '%&  !, )*.>%& %>#,J.**!),%& ?9%&  %7&  %$$9$%7&

"$9,)".8%*8%7&%*&"+!7%&VS&7.*8&"$97&-9$*=,!#$%7&b& $!&')<<=,%* )!8).*&"!,& 8,!)8%>%*8&b& $(! )'%&

,=8)*.l?9%& C0QE:& @*& %<<%8I& '%7&  %$$9$%7& 7J* +,.*)7=%7& 8,!)8=%7& b& $(0Q& %*& "+!7%& VS& -.*8& 7%&



Autorenouvellement

 !"#$% 5 ' ()!% *% +!",-.!+-/!), 6704 Le récepteur de type II contient un domaine kinase

constitutivement actif qui suite à la fixation de BMP4 va phosphoryler le récepteur de type I. Suit

ensuite l�activation de SMAD1/5 par le biais de sa phosphorylation. SMAD1/5 une fois

phosphorylée va pouvoir s�associer à SMAD4. Ce complexe hétérotrimérique pourra être transloqué

dans le noyau et stimuler l�expression de ses gènes cibles.
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')<<=,%* )%,&#%!9 .9"&"$97&,!")'%>%*8&?9%&7)& %&7.*8&'%7& %$$9$%7&%*&"+!7%&3&?9)&7.*8&8,!)8=%7&

C[9>>%,JI&-!*&'%*&R,)*A&%8& !$:&STmnE:&L%& ,!  .9, )77%>%*8&'%& %88%& =8!"%&'!*7& $%& !7&'%7&

 %$$9$%7& @3& ".9,,!)8& )>"$) )8%>%*8& U8,%& )>".,8!*8& ".9,& $%&>!)*8)%*& '%& $(!98.,%*.9-%$$%>%*8&

'%7& %$$9$%7:&&

L%7&-.)%7&'%&7)6*!$)7!8).*&[0G1B@Q1&%8&G;51&"%9-%*8&,=69$%,&$(%N",%77).*&'%& J $)*%7&

)>".,8!*8%7&".9,&$%&>!)*8)%*&'%&$!&"+!7%&VS&.9&$!&8,!*7)8).*&VS23:&G!,&%N%>"$%I&$%7& %$$9$%7&

@3& %N",)>%*8& 9*& 8,K7& <!)#$%& *)-%!9& '%&  J $)*%7& '%& 8J"%& _:& L(%N",%77).*& '%&  %7&  J $)*%7&

!96>%*8%& %*& ,%-!* +%& $.,7& '%& $!& ')<<=,%* )!8).*I& ?9%&  %& 7.)8& in vitro& .9& in vivo& %8& )$& !& =8=&

>.*8,=&?9%&$!&-.)%&G;51&,=69$!)8&$(%N",%77).*&'%&$!& J $)*%&_S:&

L(!98,%&"!,8) 9$!,)8=&'%7& %$$9$%7&@3&!J!*8&9*&$)%*&!-% &$%& J $%& %$$9$!),%&%78&$%9,&! 8)-)8=&

8=$.>=,!7%:& L%7&  +,.>.7.>%7& %9 !,J.8%7& ",=7%*8%*8& b& $%9,& %N8,=>)8=& '%7& ,=6).*7& !""%$=%7&

8=$.>K,%7I&?9)&o.9%*8&9*&,Y$%&'%&",.8% 8).*&'%7& +,.>.7.>%7&$.,7&'%&$!&"+!7%&'%&,="$) !8).*:&

L!& 7J*8+K7%& %8& $%& >!)*8)%*& '%&  %7& 8=$.>K,%7& 7.*8& 7.97& $%&  .*8,Y$%& '%& $(%*gJ>%& !""%$=&

8=$.>=,!7%:&_%7&=89'%7&'!*7&$%7&@3&.*8&>.*8,=&?9%&$%&*)-%!9&'(%N",%77).*&'%&$!&8=$.>=,!7%&%78&

=$%-=& '!*7&  %7&  %$$9$%7& C4+.>7.*I& ;87A.-)8gB@$'.,& %8& !$:& STTmE:& L(! 8)-)8=& 8=$.>=,!7%& -!&

%*79)8%&')>)*9%,&!9& .9,7&'%&$!&')<<=,%* )!8).*&C[)9,!I&[!887.*&%8&!$:&HPP]E:&O.*8,!),%>%*8&b&

 %&?9()$&7%&"!77%&'!*7&$%7& %$$9$%7&7.>!8)?9%7&.h&$%&*.>#,%&'%&')-)7).*7&%78&$)>)8=I&$%7& %$$9$%7&

7.9 +%7&.9& !* =,%97%7&.*8&9*%&<.,8%&! 8)-)8=&8=$.>=,!7%:&

1.2.3 Des facteurs de transcription impliqués dans le maintien de la pluripotence 

1.2.3.1 Rôle des facteurs de transcription OCT4, NANOG et SOX2 

DO4]& CGDZaMSEI& 3DjH& %8& ^0^DV& 7.*8& '%7& <! 8%9,7& '%& 8,!*7 ,)"8).*&  $=7& '!*7& $!&

<.,>!8).*& .9& $%& >!)*8)%*& '%& $!& >!77%&  %$$9$!),%& )*8%,*%& !9& 78!'%& ",=)>"$!*8!8.),%& '%&

$(%>#,J.*I&!)*7)&?9%&".9,&$!&"$9,)".8%* %&%8&$!& !"! )8=&'(!98.,%*.9-%$$%>%*8&'%7& %$$9$%7&@3:&

L%&*)-%!9&'(DO4]&%78& ,)8)?9%&".9,&$%&>!)*8)%*&'%7& %$$9$%7&@3&'!*7&9*&=8!8&)*')<<=,%* )=:&

0$.,7& ?9(9*%& #!)77%& '(%N",%77).*& '(DO4]& %*8,!X*%& $!& ')<<=,%* )!8).*& %*& 8,."+% 8.'%,>%I&

?9(9*&*)-%!9&*.,>!$&'(%N",%77).*&"%,>%8&'%&>!)*8%*),&$!&"$9,)".8%* %I&7!&79,%N",%77).*&'!*7&

$%7&  %$$9$%7& @3& %*8,!X*%& $%9,& ')<<=,%* )!8).*& %*& %*'.'%,>%& %8& >=7.'%,>%& ",)>)8)<& C^)W!I&

[)J!g!A)&%8&!$:&HPPPE:&^=!*>.)*7I&DO4]&b&$9)&7%9$&*(%78&"!7& !"!#$%&'%&>!)*8%*),&$%7& %$$9$%7&

@3& '!*7& 9*& =8!8& )*')<<=,%* )=:& ^0^DVI& 9*& !98,%& <! 8%9,& '%& 8,!*7 ,)"8).*I& !& =6!$%>%*8& =8=&

)'%*8)<)=&  .>>%& =8!*8& )>"$)?9=& '!*7& $%& >!)*8)%*& '%& $!& "$9,)".8%* %& '%7&  %$$9$%7& @3&

CO+!>#%,7I&O.$#J&%8&!$:&HPP5d&[)879)I&4.A9g!W!&%8&!$:&HPP5E:&L%7&<! 8%9,7&DO4]&%8&^0^DV&
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7.*8&8.97&'%9N&%N",)>=7&'!*7&$%7& %$$9$%7&'%&$(;O[&%8&'%&$(=")#$!78%:&L%9,&%N",%77).*&')7"!,!)8&

!9&  .9,7& '9& '=-%$.""%>%*8& ",= . %& '%& $(%>#,J.*:& 4.98&  .>>%& ".9,& DO4]I& $%& *)-%!9&

'(%N",%77).*&'%&^0^DV&'=<)*)8&$%&'%-%*),&'%&$!& %$$9$%:&0)*7)I&in vitroI& $!&79,%N",%77).*&'9&

<! 8%9,& ^0^DV& "%,>%8& $%& >!)*8)%*& '%7&  %$$9$%7& @3& '!*7& 9*& =8!8& *.*& ')<<=,%* )=& %8&  %& %*&

!#7%* %&'%&L;M&CO+!>#%,7I&O.$#J&%8&!$:&HPP5E:&@*&,%-!* +%I&9*%&,='9 8).*&'%&$(%N",%77).*&'%&

^0^DV&)*'9)8&$!&')<<=,%* )!8).*&'%7& %$$9$%7&@3&CF!8!*.I&4!'!&%8&!$:&HPPaE:&&

0&  %7& '%9N& <! 8%9,7& "%98& U8,%& !77. )=& $%& <! 8%9,& 3DjH:& O.>>%& ".9,& $%7& '%9N& <! 8%9,7&

",= ='%*87I& $!&"%,8%&'(%N",%77).*&'%&3DjH&'!*7& $%7& %$$9$%7&@3&%*8,!X*%& $%9,&')<<=,%* )!8).*&

",=>!89,=%I& '!*7& $%&  !7& '%& 3DjH& %*& 8,."+% 8.'%,>%:& _%& "$97I& 3DjH& %78&  .**9& ".9,& 7.*&

! 8).*& .."=,!8)-%&!-% &DO4]&!9&*)-%!9&'%&*.>#,%9N&",.>.8%9,7:&O%&#)*Y>%&)*8%,-)%*8&%*8,%&

!98,%7& ".9,& $!& ,=69$!8).*& '%& $(%N",%77).*& '9& 6K*%&Nanog& C19,.'!I& 4!'!& %8& !$:& HPPaE:& _%7&

!*!$J7%7&"$97&$!,6%7&.*8&=8=&,=!$)7=%7&%8&'=>.*8,%*8&?9%&^0^DVI&DO4]&%8&3DjH& .,=69$%*8&

'%&*.>#,%9N&6K*%7&C;-!*.-!I&_.#,)*&%8&!$:&HPPiE&%8&.  9"%*8& .*o.)*8%>%*8&'%&*.>#,%9N&$. )&

CL.+I&f9&%8&!$:&HPPiE&

L%& 8,).&DO4]I&3DjH&%8&^0^DV&,%",=7%*8%& $%& ,=7%!9& %*8,!$&'%& $!&"$9,)".8%* %& Cp& .,%&

"$9,)".8%* J&*%8W.,A&qE&?9)&o.9%&9*&,Y$%&%77%*8)%$&'!*7&$%&>!)*8)%*&'%&$!&"$9,)".8%* %I&>!)7&$%&

,=7%!9& 8,!*7 ,)"8).**%$& ?9)& ,=69$%&  %8& =8!8& %78& %*& ,=!$)8=& #)%*& "$97&  .>"$%N%& CL.+& !*'& L)>&

HPSSE:&

1.2.3.2 Surexpression des facteurs de transcription et différenciation  

L()>".,8!* %& '9& 8,).& '%& <! 8%9,& DO4]I& 3DjH& %8& ^0^DV& '!*7& $%& >!)*8)%*& '%& $!&

"$9,)".8%* %& >!)7& =6!$%>%*8& '!*7& $!& ')<<=,%* )!8).*& %78& '=>.*8,=%& "!,& $%7& %N"=,)%* %7& '%&

79,%N",%77).*&'%& %7&<! 8%9,7:&@*&%<<%8I&$!&79,%N",%77).*&'(DO4]&",.-.?9%&9*%&')<<=,%* )!8).*&

>=7.'%,>!$%& C^)W!I& [)J!g!A)& %8& !$:& HPPPEI&  %$$%& '%& 3DjH& !& ".9,&  .*7=?9%* %& 9*%&

7"= )<) !8).*& *%9,.= 8.'%,>!$%& C1.""I& D,>7#%%& %8& !$:& HPPmE& !$.,7& ?9%& $!& 79,%N",%77).*& '%&

^0^DV&'!*7&$%7& %$$9$%7&@3&+9>!)*%7&$%7&'),)6%&-%,7&9*%&')<<=,%* )!8).*&%*&>=7%*'.'%,>%&

Cc9I&G!*&%8&!$:&HPSSE:&

3)& $!& 79,%N",%77).*& '%&  %7& 8,.)7& <! 8%9,7& %*8,!X*%& 9*%& ')<<=,%* )!8).*& 7"= )<)?9%& %*&

')<<=,%*87&8)7797I&'%7&,=79$8!87&7)>)$!),%7&7.*8&.#8%*97&".9,&'(!98,%7&<! 8%9,7&'%&8,!*7 ,)"8).*:&

0)*7)I& $!& 79,%N",%77).*& '%& @3QQRI& 30LL]& .9& 4Rj5& '),)6%& $%7&  %$$9$%7& -%,7& 9*%&

')<<=,%* )!8).*&%*'.'%,>!$%&C;-!*.-!I&_.#,)*&%8&!$:&HPPid&r+!*6I&4!>&%8&!$:&HPPid&L9I&c!*6&
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%8& !$:& HPSSEI& !$.,7& ?9(9*%& 79,%N",%77).*& '%& _0jS& %*8,!X*%& 9*%& ')<<=,%* )!8).*& %*&

8,."+% 8.'%,>%&C39*I&^!A!8!A%&%8&!$:&HPPTE:&&

O%7& =89'%7& >.*8,%*8& ?9(9*& )>".,8!*8& *.>#,%& '%& <! 8%9,7& '%& 8,!*7 ,)"8).*& 7.*8& !)*7)&

)>"$)?9=7&'!*7& $%&>!)*8)%*&'%& $!&"$9,)".8%* %&%8& $!&')<<=,%* )!8).*:&_%&"$97I&'%7&#.9 $%7&'%&

,=69$!8).*7& %*8,%&  %7& ')<<=,%*87& <! 8%9,7& %N)78%*8:& @*& 69)7%& '(%N%>"$%I& )$& !& ,= %>>%*8& =8=&

>.*8,=& $(%N)78%* %& '(9*%& ,=69$!8).*& 7"= )<)?9%& %*8,%& _0jSI& @3QQR& %8& DO4]& CZ,!*)7+)I&

0A!6)&%8&!$:&HPS5E:&

L(%*7%>#$%&'%7&<! 8%9,7&'%&8,!*7 ,)"8).*&)>"$)?9=7&'!*7&$%&>!)*8)%*&'%&$!&"$9,)".8%* %&%8&

$%&<!)8&?9%&$%9,&79,%N",%77).*&%*6%*',%&'!*7&'%&*.>#,%9N& !7&$!&')<<=,%* )!8).*I&<.*8&?9%&CL.+&

!*'&L)>&HPSSE&=>%88%*8&$(+J".8+K7%&?9%&$(=8!8&"$9,)".8%*8&'%7& %$$9$%7&@3&*%&7%,!)8&"!7&9*&=8!8&

#!7!$&Cp&6,.9*'&78!8%&qE:&;$&<!9',!)8&"$98Y8&"!,$%,&'(9*&=8!8&",= !),%2)*78!#$%&!9& .9,7&'9?9%$&'%&

*.>#,%9N& <! 8%9,7& '%& 8,!*7 ,)"8).*7& %*8,%*8& %*&  .>"=8)8).*& ".9,& 7"= )<)%,& $!& $)6*=%& '!*7&

$!?9%$$%&$%7& %$$9$%7&-.*8&7%&')<<=,%* )%,&(Figure 6):&&

 !" #$%&'%(&)*+&*+(,,-.&'/(0%($'*in vitro*

@*&$(!#7%* %&'%& %$$9$%7&*.9,,) )K,%7&%8&'%&<! 8%9,7&8%$7&?9%&$%&L;MI&$%7& %$$9$%7&@3&>9,)*%7&

-.*8&7".*8!*=>%*8&7%&')<<=,%* )%,&%8I&%*&<.* 8).*&'%7& .*')8).*7I&6=*=,%,&'%7&",.6=*)8%9,7&'%7&

8,.)7&<%9)$$%87&%>#,J.**!),%7&?9%&7.*8&$%&>=7.'%,>%I&$(%*'.'%,>%&%8&$(% 8.'%,>%&C".9,&,%-9%&

C3>)8+&HPPSEE:&&

_)<<=,%*8%7& !"",. +%7& .*8& =8=& 98)$)7=%7& ".9,& )*)8)%,& $!& ')<<=,%* )!8).*& '%7&  %$$9$%7& @3&

(Figure 7) C".9,&,%-9%&C1%$$%,&HPPaEE:&Z*%&",%>)K,%&>=8+.'%& .*7)78%&b& 9$8)-%,&$%7& %$$9$%7&

@3& '!*7& '%7& 6.988%7& 797"%*'9%7I&  .*')8).*7& '!*7& $%7?9%$$%7&  %7&  %$$9$%7& -.*8& 7(!6,=6%,& %8&

<.,>%,& '%7&  .$.*)%7& 8,)')>%*7).**%$$%7& !""%$=%7&  .,"7& %>#,J.**!),%7& C@R&s& @>#,J.)'&

R.')%7E&C_.%87 +>!*I&@)78%88%,&%8&!$:&STmaE:&L.,7&'%&$!&<.,>!8).*&'%& %7&@RI&'%7& %$$9$%7&'%&

8J"%&%*'.'%,>!$%7&-.*8&<.,>%,&$!& .9 +%&%N8%,*%&'%& %7&!6,=6!87& %$$9$!),%7:&0",K7&?9%$?9%7&

8%>"7I& 9*%&  !-)8=& )*8%,*%I& 8!")77=%& '%&  %$$9$%7& % 8.'%,>!$%7& !""!,!X8:& Z*%& 7"= )<) !8).*&

9$8=,)%9,%&'%& %$$9$%7&>=7.'%,>!$%7&-!& <)*!$%>%*8&"%,>%88,%&'(.#8%*),&'%7&@R& .*8%*!*8& $%7&

 %$$9$%7& '%7& 8,.)7& <%9)$$%87& %>#,J.**!),%7:& L!& 78,9 89,%& 8,)')>%*7).**%$$%& '%&  %7& @R& "%,>%8&

'(!-.),& '%7& )*8%,! 8).*7& %*8,%& $%7&  %$$9$%7& 7.9-%*8& )>".,8!*8%7& '!*7& $%7& ",.6,!>>%7& '%&

'=-%$.""%>%*8:&&



 !"#$% 8 ' 9%.-/!),+ :),;.!:/#%..%+ %,/$% .%+ *!;;<$%,/+ ;-:/%#$+ !=>.!?#<+ *-,+ .- >.#$!>)/%,:%4 Le maintien de la

pluripotence des cellules ES est le résultat d�une compétition entre les différents facteurs de pluripotence. L�ensemble

des facteurs de pluripotence sont impliqués dans la répression de certaines voies de différenciation, tout en favorisant

d�autres voies. L�expression de l�ensemble de ces facteurs dans les cellules pluripotentes crée en quelque sorte un

équilibre ce qui permet de garder ces cellules dans un état non différencié.

Loh et Lim 2011

Cellules ES pluripotentes 

(+ cellules nourricières)

Initiation de la différenciation

-LIF, - feeders

Culture sous forme

de corps embryonnaires

Culture en présence

de cellules stromales

Culture en présence de 

protéines de matrices extracellulaires

 !"#$% @ ' A$)!+ >$!,:!>-.%+ =</B)*%+ *% *!;;<$%,:!-/!), *%+ :%..#.%+ CD4 Différentes méthodes ont été utilisées afin

de différencier les cellules ES. Dans l�ensemble des méthodes, les cellules ES sont dans un premier temps déplétées des

cellules nourricières sur lesquelles elles étaient cultivées. Différentes propositions de culture sont ensuite possibles ;

selon les protocoles utilisés et les cellules finales attendues, la différenciation peut se faire sous forme de corps

embryonnaires, sous forme de monocouche en présence de cellules stromales, ou en présence de protéines de matrices

extracellulaires.

D�après Keller 2005
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Z*%&!98,%&8% +*)?9%& .*7)78%&%*&$!&')<<=,%* )!8).*&'%7&@3&7.97&<.,>%&'%&>.*. .9 +%I&$!&

 ,.)77!* %&7%& <!)7!*8&79,&9*%&>!8,) %&'%&",.8=)*%7&%N8,! %$$9$!),%7& C^)7+)A!W!I&^)7+)A!W!&%8&

!$:& STTmE& .9& %*& ",=7%* %& '(9*&>)$)%9& '%& ')<<=,%* )!8).*& 7"= )<)?9%& C4!A!+!7+)I& L.,'& %8& !$:&

HPP5d& M) .I&[!*6!*%$$)& %8& !$:& HPPmE:& L!&  9$89,%& '%&  %$$9$%7& @3& "%98& =6!$%>%*8& 7%& <!),%& %*&

",=7%* %&'%& %$$9$%7&78,.>!$%7&C^!A!*.I&1.'!>!&%8&!$:&STT]E:& 

L(=89'%& '%& $!& ')<<=,%* )!8).*& 7"= )<)?9%& %*& 9*%& $)6*=%&  %$$9$!),%& '.**=%& "!77%& "!,& '%9N&

",)* )"%7&<.*'!>%*8!9N:&_!*7&9*&",%>)%,&8%>"7I& %88%&')<<=,%* )!8).*&'.)8&".9-.),&7%&<!),%&'%&

>!*)K,%& %<<) ! %& %8& ,%",.'9 8)#$%:& _!*7& 9*& '%9N)K>%& 8%>"7I& $%7&  %$$9$%7& >!89,%7& .#8%*9%7&

79)8%& b& $!& ')<<=,%* )!8).*& '.)-%*8& ",=7%*8%,& $%7& <.* 8).*7& !"",.",)=%7:& L%7& ",.8. .$%7& '%&

')<<=,%* )!8).*&'= ,)8& )B'%7797&.*8&"%,>)7&'%&6=*=,%,&9*&$!,6%&7"% 8,%&'%&$)6*=%7&7"= )!$)7=%7&b&

"!,8),&'%7& %$$9$%7&@3&(Figure 8).    

1.3.1 Endoderme

&L!& 6=*=,!8).*& '%& 8)7797& '=,)-!*8& '%& $(%*'.'%,>%I& "$97& ",= )7=>%*8& '%&  %$$9$%7& R&

"!* ,=!8)?9%7&%8&'%& %$$9$%7&+="!8)?9%7I&!&=8=&8,K7&$!,6%>%*8&=89')=%&'9&<!)8&'%&$%9,&".8%*8)%$&%*&

8+=,!")%&6=*)?9%&'!*7&$%&8,!)8%>%*8&,%7"% 8)<&'9&')!#K8%&'%&8J"%&;&C3.,)!&HPPSE&%8&'%&$!& ),,+.7%&

'9&<.)%&C0$)7.*I&;7$!>&%8&!$:&HPPTE:&_%9N&",.#$K>%7&>!o%9,7&7.*8&*=!*>.)*7&,%* .*8,=7&".9,&

$!&')<<=,%* )!8).*&%*& %$$9$%7&%*'.'%,>!$%7& %&?9)&,!$%*8)8&$%7&",.6,K7&'!*7& %&'.>!)*%:&_!*7&

9*& ",%>)%,& 8%>"7I& $%7& >!,?9%9,7& 98)$)7=7& ".9,& $(%*'.'%,>%& '=<)*)8)<& !)*7)& ?9%& ".9,& $%7&

",= 9,7%9,7& +="!8)?9%7& %8& "!* ,=!8)?9%7& 7.*8& '%7& >!,?9%9,7& =6!$%>%*8& ",=7%*87& '!*7&

$(%*'.'%,>%& -)7 =,!$I& ?9)& %78& %N8,!B%>#,J.**!),%:& L%& '%9N)K>%& ",.#$K>%& ,%* .*8,=& %78&

$(!#7%* %&'()*'9 8%9,&7"= )<)?9%&".9,&<!),%&%*8,%,&$%7& %$$9$%7&'!*7&$!&-.)%&'%&')<<=,%* )!8).*&

%*'.'%,>!$%:&[!$6,=& %7&')<<) 9$8=7I&'%7&",.8. .$%7&.*8& <)*!$%>%*8&=8=&>)7&%*&"$! %&".9,& $!&

')<<=,%* )!8).*& %*&  %$$9$%7& "!* ,=!8)?9%7& C38.<<%$I& `!$$)%,& %8& !$:& HPP]EI& %*& +="!8. J8%7&

CF!>!g!A)I&;)#.7+)&%8&!$:&HPPSE&.9&%* .,%&%*& %$$9$%7&)*8%78)*!$%7&Cc!>!'!I&c.7+)A!W!&%8&!$:&

HPPHE:&

1.3.2 Mésoderme

L%& <%9)$$%8& %>#,J.**!),%&  .,,%7".*'!*8& !9&>=7.'%,>%& '.**%,!& "$97& 8!,'& *!)77!* %& !9N&

>97 $%7I&!9N&.7I&!9& !,8)$!6%&.9&%* .,%&!9&7J78K>%&-!7 9$!),%:&_%&*.>#,%9N&",.8. .$%7&.*8&

=>%,6=7& ".9,& $!& ')<<=,%* )!8).*& %*&  %$$9$%7&>=7.'%,>!$%7& in vitro& b& "!,8),& '%7&  %$$9$%7& @3:&

0)*7)I&$%7& %$$9$%7&@3&.*8&=8=&')<<=,%* )=%7&in vitro&!-% &79  K7&%*& %$$9$%7&'9&>97 $%&$)77%&C%*&

",=7%* %& '(9*%& >!8,) %& '%&  .$$!6K*%E& Cj)!.I& r%*6& %8& !$:& HPPnEI& >97 $%& 78,)=& CQ.+W%'%$I&



A

B

Cellules ES

C F I

Corps embryonnaire

D G J

Cardiomyocytes Neurones Cellules pancréatiques

Cellules de muscle squelettique Cellules gliales Hépatocytes

E H K

Cellules de muscle lisse Cellules épithéliales Hépatocytes

 !"#$%&'% ()*#$%&'% (+$#$%&'%

D�après Wobus et Boheler 2005

 !"# $ % &'()*+(, -( +!"./(, -!00/1(.2!/(, 3 *415!1 -( 261*, ()7186..4!1(,# Les cellules souches

embryonnaires cultivées en présence LIF sur une couche de cellules nourricières forment une

colonie de cellules pluripotentes (A). L�une des techniques permettant de différencier ces cellules

consiste à les cultiver sur forme de structure tridimensionnelle appelée corps embryonnaire. La

différenciation via ces corps embryonnaires permet d�obtenir des lignées mésodermales (C, D, E),

ectodermales (F, G, H) et endodermales (I, K, L) Echelle = 0.5  m (H), 20  m (I), 25  m (C, D, E),

30  m (J, K), 50  m (B, G), and 100  m (A, F).

p
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 !"#$%&' %#' !"(' )**+,-' .$#/.0"!$#%$' 123##%45-' 2.346%' %#' !"(' 788),-' 9!4:;.<5.95#%$' 12.=%"%4-'

>?5?'%#'!"('7887,('>%##%'";$#%'%$#'6.6'%@=!3$#;&%'%#'<!"A4/':%$'B4.#.9."%$'#4C$'&!4;/$'B.34'9%$'

:;DD/4%6#$' #5B%$' :%' :;DD/4%69;!#;.6-' #.3$' 6/9%$$;#%6#' "%' #4!;#%<%6#' !&%9' :%$' D!9#%34$' :%'

94.;$$!69%'$B/9;D;E3%$'%#F.3'"!'B4/$%69%':G36%'<!#4;9%'%@#4!9%""3"!;4%'#%"'E3%'"%'9.""!AC6%'".4$'

:%'"!':;DD/4%69;!#;.6'%6'<3$9"%'";$$%-'$3;&;':%':;DD/4%6#%$'/#!B%$':%':;DD/4%69;!#;.6('

1.3.3 Ectoderme

H!4<;' "%$' :;DD/4%6#%$' ";A6/%$' E3;' B%3&%6#' I#4%' B4.:3;#%$' B!4' "G%9#.:%4<%' !3' 9.34$' :3'

:/&%".BB%<%6#'%<045.66!;4%-'"!'";A6/%'6%34./9#.:%4<!"%'&!'I#4%'J'"G.4;A;6%':%'"!'D.4<!#;.6'

:3'$5$#C<%'6%4&%3@'9%6#4!"'1KL>,'%#'B/4;B=/4;E3%'1KLH,('M!'";A6/%'/B;#=/";!"%'B%4<%##4!':%'

D.4<%4'"%$'#;$$3$':%'"G/B;:%4<%(''

M!':;DD/4%69;!#;.6'/B;#=/";!"%':%$'9%""3"%$'NK'B%3#'I#4%'<;$%'%6'/&;:%69%'B!4'"!'B4/$%69%':%'

D;"!<%6#$';6#%4</:;!;4%$':%'95#.O/4!#;6%('P;DD/4%6#%$'#%9=6;E3%$':%':;DD/4%69;!#;.6'.6#'B%4<;$'

:G.0#%6;4' :%$' #;$$3$' !&%9' 36%' <.4B=.".A;%' $;<;"!;4%' J' "!' B%!3' %<045.66!;4%' 6.4<!"%(' M%$'

9%""3"%$' .0#%63%$' %@B4;<%6#' :%$'<!4E3%34$' #!4:;D$' :%' "!' :;DD/4%69;!#;.6' %6' /B;:%4<%' %#' :%$'

<!4E3%34$':%'D;04.0"!$#%$'$;<;"!;4%$'J'9%3@'#4.3&/$':!6$'"!'B%!3'6!#;&%'1Q0%4:!<-'R!<0!4.'

%#' !"(' 788S,(' >%$' :.66/%$' :%' :;DD/4%69;!#;.6' $3AAC4%6#' E3%' "%$' 9%""3"%$' NK' in vitro' .6#' "!'

9!B!9;#/':%' 4%B4.:3;4%' F' 4%D.4<%4':%' "!'B%!3'B!4D!;#%<%6#':;DD/4%69;/%' 1>.4!3@-'T;"<;'%#'!"('

788U,('

M!':;DD/4%69;!#;.6'%6'6%34.6%$'%#'%6'9%""3"%$'A";!"%$'B4/$%6#%'36'A4!6:';6#/4I#':!6$'"%'9!:4%'

:%$'#=/4!B;%$':%'#4!;#%<%6#':%$'<!"!:;%$'6%34.:/A/6/4!#;&%$('M!':;DD/4%69;!#;.6'6%34.6!"%':%$'

9%""3"%$'NK'!'/#/'B30";/%':%'<!6;C4%';6:/B%6:!6#%'B!4'#4.;$'A4.3B%$':C$')**V'12!;6-'W;#9=%6$'

%#'!"(')**VX'Y4!;9=!4:-'>=!$$!6:%'%#'!"(')**VX'K#430;6A-'Q=6%4#ZT;"A%4'%#'!"(')**V,(' I<%'$;'"!'

:;DD/4%69;!#;.6' $B.6#!6/%' %6' 6%34.6%$' %$#' ";<;#/%-' :;DD/4%6#%$' $#4!#/A;%$' .6#' /#/' :/&%".BB/%$'

B.34' !</";.4%4' 9%##%' :;DD/4%69;!#;.6-' #%""%$' E3%' "G3#;";$!#;.6' :G!9;:%' 4/#;6.[E3%' 1\.=]%:%"-'

R3!6'%#'!"(')***,('Q3'D;6!"-'"%$'#4.;$'B4;69;B!3@'#5B%$'9%""3"!;4%$':3'$5$#C<%'6%4&%3@'9%6#4!"'

E3%'$.6#'"%$'6%34.6%$-'"%$'!$#4.95#%$'%#'"%$'.";A.:%6:4.95#%$'B%3&%6#'I#4%'A/6/4/$'in vitro-'%6'

B.B3"!#;.6'4%"!#;&%<%6#'B34%'J'B!4#;4':%'9%""3"%$'NK('M!':;DD/4%69;!#;.6':%'9%$'9%""3"%$'!'/#/'

=!3#%<%6#':.93<%6#/%-'E3%'9%'$.;#'B.34'"%$'9%""3"%$'A";!"%$'1Y4!;9=!4:-'>=!$$!6:%'%#'!"(')**VX'

^!6A-' K=!6A' %#' !"(' 7887X' >=%6-' P!3A=%4#5' %#' !"(' 78)7,' .3' B.34' "%$' :;DD/4%6#$' #5B%$' :%'

6%34.6%$'_' :.B!<;6%4A;E3%$-' $/4.#.6%4A;E3%$-' RQ2Q%4A;E3%$-' A"3#!<!#%4A;E3%$' %#'
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9=.";6%4A;E3%$' 12!;6-'W;#9=%6$'%#' !"(')**VX'M%%-'M3<%"$O5'%#' !"('7888X'2;0%"-'\;9=#%4' %#' !"('

788SX'>=3!6A-'^36A'%#'!"('78))X'>=36A-' ..6'%#'!"('78)),('

1.3.4 Cellules de la lignée germinale 

M%$' 9%""3"%$' A%4<;6!"%$' 4%B4/$%6#%6#' "!' ";A6/%' :%' 9%""3"%$' B%4<%##!6#' "!' #4!6$<;$$;.6'

A/6/#;E3%' :G36%' A/6/4!#;.6' J' "!' $3;&!6#%('>%$' 9%""3"%$' $.6#' 9!#/A.4;E3%<%6#' :;DD/4%6#%$' :%$'

9%""3"%$' $.<!#;E3%$' %#' B4/$%6#%6#' :%$' 9!4!9#/4;$#;E3%$' 36;E3%$' 6.#!<<%6#' 36%' =!B".[:;%'

9=4.<.$.<!"%' $3;#%' J' 36%'</;.$%(' >%$' :%46;C4%$' !66/%$-' "%$' 0;.".A;$#%$' :3' :/&%".BB%<%6#'

B.4#%6#'36'A4!6:';6#/4I#'J'"!'4%9=%49=%'$34'"!':/4;&!#;.6':%$'A!<C#%$'J'B!4#;4':%$'9%""3"%$'NK('

P%' 6.<04%3$%$' /#3:%$' <.6#4%6#' E3%' "%$' 9%""3"%$' NK' <34;6%$' B%3&%6#' I#4%' :/4;&/%$' %6'

B4/934$%34$' :%' "!' ";A6/%' A%4<;6!"%' in vitro(' H"3$' B4/9;$/<%6#-' :%3@' </#=.:%$' .6#' /#/'

:/&%".BB/%$'_' "!' B4%<;C4%' 9.6$;$#%' %6' 36%' :;DD/4%69;!#;.6' $B.6#!6/%' :%$' 9%""3"%$' %6'

<.6.9.39=%'!B4C$'!&.;4'4%#;4/':3'<;";%3' "%$'D!9#%34$'B4.<.3&!6#' "!'B"34;B.#%69%'#%"$'E3%' "%'

YRY'.3'"%'M`Y'%#'%6'"G!0$%69%':%'D%%:%4$'1T306%4-'Y3=4<!66'%#'!"('788UX'L!5%46;!-'L."#%'%#'

!"(' 788a,(' M!' :%3@;C<%'</#=.:%' B!$$%' B!4' "!' D.4<!#;.6' :GN2' 1^.5..O!-' ^$36%O!]!' %#' !"('

788UX'R%;b$%6-'T.4.$9=!O'%#'!"('788+,('>%$' #%9=6;E3%$'.6#'B%4<;$':%' D.4<%4':%$'..95#%$'%#'

A!<C#%$'<c"%$'J'B!4#;4':%'9%""3"%$'NK'<34;6%$('

 !" #$%&'$(()($%&*+&,$-./0-$&12.2-34/5.&6&($%&/7+&

M%$'9%""3"%$';HK'1`6:39%:'H"34;B.#%6#'K#%<,'$.6#'36'#5B%':%'9%""3"%$'B"34;B.#%6#%$':/4;&/%$'

J' B!4#;4' :%' 9%""3"%$' $.<!#;E3%$' !:3"#%$(' N""%$' $.6#' %6' :%' 6.<04%3@' B.;6#$' $;<;"!;4%$' !3@'

9%""3"%$' NK' %#' B%3&%6#' $%' :;DD/4%6#;%4' %6' 9%""3"%$' :%$' :;DD/4%6#$' D%3;""%#$' %<045.66!;4%$(' N6'

788a-' "G/E3;B%' :%' ^!O!6!$=;' %#' d!<!6!O!' !'<.6#4/' E3%' "!' 9.6&%4$;.6' :G36' D;04.0"!$#%' %6'

9%""3"%' :%' #5B%' 9%""3"%' $.39=%' %<045.66!;4%' 1e'%<045.6;9Z";O%' $#%<' 9%""'f,' /#!;#' B.$$;0"%('

>%##%' 4%B4.A4!<<!#;.6' 6/9%$$;#!;#' 36;E3%<%6#' "G%@B4%$$;.6' :G36%' 9.<0;6!;$.6' :%' D!9#%34$'

E3%'$.6#'g9#+-'K.@7-'W"D+'%#'9Z<59'1^!O!=!$=;'!6:'d!<!6!O!'788a,('

M!' #%9=6.".A;%' :%$' ;HK' !' .3&%4#' :%' 6.3&%""%$' &.;%$' :!6$' "!' <.:/";$!#;.6' %#' "!'

9.<B4/=%6$;.6' :%$' <!"!:;%$' =3<!;6%$(' Q&!6#' 9%"!-' "G.0#%6#;.6' :%' 9%""3"%$' NK' =3<!;6%$'

B4/$%6#!6#'36%'9%4#!;6%'<3#!#;.6'/#!;#'0".E3/%'J'9!3$%':%$'B4.0"C<%$'/#=;E3%$-'B3;$E3G;"'D!""!;#'

;$."%4' :%$' 9%""3"%$' NK' J' B!4#;4' :G36' %<045.6-' %#' :%' 9%' D!;#' :/#43;4%' 9%' :%46;%4' 1\%&!?.&!-'

^34.&%#$'%#'!"('788S,('M!'4%B4.A4!<<!#;.6':%$'9%""3"%$'J'B!4#;4':G36%'$;<B"%'0;.B$;%':%'B%!3'

B%4<%#'<!;6#%6!6#' !3@' $9;%6#;D;E3%$' :%' A/6/4%4' :%$' 9%""3"%$' ;HK' :%' 6G;<B.4#%' E3%"' B!#;%6#-'

!##%;6#' :%' 6G;<B.4#%' E3%""%' <!"!:;%(' MG3#;";$!#;.6' :%' 9%$' 9%""3"%$' B%4<%#' /A!"%<%6#' :%'
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9.6#.346%4' "G.0$#!9"%' :3' 4%b%#' ;<<36;#!;4%' E3;' B%3#' !&.;4' ";%3' !B4C$' 36%' #4!6$B"!6#!#;.6'

#=/4!B%3#;E3%('>%##%'6.3&%""%'!BB4.9=%'!'/A!"%<%6#'B%4<;$':G!&.;4'36'6.3&%!3'B.;6#':%'&3%'

$34':%$'<!"!:;%$'#%""%$'E3GQ"?=%;<%4'1d!A;-'`#.'%#'!"('78)),'.3'H!4O;6$.6'1H!4O-'Q4.4!'%#'!"('

788h,(''

H"3$'4/9%<<%6#-':%$'%@B/4;%69%$'.6#'B%4<;$':%'9.6&%4#;4':;4%9#%<%6#':%$'D;04.0"!$#%$'%6'

36' !3#4%' #5B%' :%' 9%""3"%$-' 6.#!<<%6#' %6' 6%34.6%$-' $!6$' 4%B!$$%4' B!4' "%' $#!:%' B"34;B.#%6#'

1i;%4039=%6-' g$#%4<%;%4' %#' !"(' 78)8,(' >%##%' 9.6&%4$;.6' :;4%9#%' %$#' !BB%"/%'

#4!6$:;DD/4%69;!#;.6('P!6$'"%'9!$':%'"!'4%B4.A4!<<!#;.6'%6';HK-'"!'9.<B4/=%6$;.6':%$'4/$%!3@'

#4!6$94;B#;.66%"$'";/$'J'"!'B"34;B.#%69%'/#!;#';<B.4#!6#%('P!6$'"%'9!$':%'"!'#4!6$:;DD/4%69;!#;.6-'

9G%$#' "!' 9.<B4/=%6$;.6' :%$' 4/$%!3@' #4!6$94;B#;.66%"$' $B/9;D;E3%$' J' 9=!E3%' &.;%' :%'

:;DD/4%69;!#;.6'E3;'%$#'36'/"/<%6#'9"/(''



'
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2 893:/4-$&;;&6&<$%&'$(()($%&*+&6&).&%=%40>$&$?:2-/>$.43(&

:5)-&(3&'5>:-29$.%/5.&,$%&-2%$3)?&4-3.%'-/:4/5..$(%&in

vivo

MG%<045.A%6C$%' in vivo' 9.<B4%6:' :;DD/4%6#%$' /#!B%$-' #.3#%$' /#!6#' 4/A3"/%$' B!4' :%$'

$;A6!3@'<."/93"!;4%$'0;%6'$B/9;D;E3%$('Q3'$#!:%'?5A.#%'$399C:%'"%'$#!:%'7'9%""3"%$-'+'9%""3"%$-'

h' 9%""3"%$-' B3;$' "%' $#!:%' 0"!$#.95$#%-' $#!:%' !3E3%"' "%$' 9%""3"%$' NK' $.6#' :/4;&/%$(' Q3' $#!:%'

0"!$#.95$#%'$399C:%'"!'A!$#43"!#;.6-'/#!B%'B%6:!6#'"!E3%""%'"%$'#4.;$'D%3;""%#$':%'"G%<045.6'&.6#'

$%'<%##4%' %6' B"!9%(' MG/#!B%' E3;' 6.3$' ;6#/4%$$%' %$#' 9%""%' B.$#/4;%34%' J' "!' A!$#43"!#;.6(' Q' 9%'

$#!:%-'"G%9#.:%4<%'B%3#':.66%4'6!;$$!69%'$.;#'J'"G/B;:%4<%-'$.;#'!3'$5$#C<%'6%4&%3@('P!6$'"!'

B!4#;%'$3;&!6#%'b%':/94;4!;'B"3$'B!4#;93";C4%<%6#'"%':/&%".BB%<%6#':3'$5$#C<%'6%4&%3@('

@!  #/AA2-$.'/34/5.&.$)-5.3($&in vivo&

2.1.1 Neurulation

M!' B!4#;%' :%' "G%9#.:%4<%' :%$#;6/%' J' D.4<%4' "%' 9%4&%!3' %$#' ;:%6#;D;!0"%' :C$' "%$' B4%<;%4$'

$#!:%$' :%' "!' $B/9;D;9!#;.6(' MG/B;#=/";3<' &!' :!6$' 36' B4%<;%4' #%<B$' $G/B!;$$;4' %#' D.4<%4' "!'

B"!E3%' 6%34!"%(' >%##%' B"!E3%' 6%34!"%' &!' %6$3;#%' $%' #4!6$D.4<%4' %6' #30%' 6%34!"(' >%##%' /#!B%'

B.4#%'"%'6.<':%'6%343"!#;.6'%#'J'9%'$#!:%'"G%<045.6'%$#'!BB%"/'6%343"!('M%$'B!4#;%$'!6#/4;%34%$'

:3'#30%'6%34!"'&.6#'B%4<%##4%'"!'D.4<!#;.6':3'9%4&%!3-'!".4$'E3%'"%$'4/A;.6$'B.$#/4;%34%$'&.6#'

D.4<%4'"!'<.%""%'/B;6;C4%('H"3$'B4/9;$/<%6#-'"%'#30%'6%34!"'9.6$#;#3%'"%'D3#34'$5$#C<%'6%4&%3@'

9%6#4!"'1KL>,'!".4$'E3%'B!4!""C"%<%6#-':!6$'"!'4/A;.6':.4$!"%':3'#30%'6%34!"-'"%$'9%""3"%$':%'"!'

94I#%'6%34!"%'&.6#'D.4<%4'"%'D3#34'$5$#C<%'6%4&%3@'B/4;B=/4;E3%'1KLH,'1B.34'4%&3%'1M;3'!6:'

L;$]!6:%4'788V,,'(Figure 9). M%$'D!9#%34$'2 H'b.3%6#'36'4j"%';<B.4#!6#':!6$'9%##%'/#!B%':%'

6%343"!#;.6('N6'4/!";#/-'2 H+'9.6#4j"%'"!':;DD/4%69;!#;.6'6%34.6!"%'B4/9.9%'$%".6'36'<.:C"%'

B!4' :/D!3#(' >%9;' $;A6;D;%' E3%' 2 H+' ;6:3;#' "!' :;DD/4%69;!#;.6' /B;:%4<;E3%' :%' "G/B;0"!$#%' %#'

;6=;0%' "!' $B/9;D;9!#;.6' 6%34.6!"%(' N6' 4%&!69=%-' #.3#' /&/6%<%6#' ;6=;0!6#' "G!9#;.6' :%' 2 H+'

;6:3;#'"!':;DD/4%69;!#;.6'6%34.%9#.:%4<;E3%(' 

2.1.2 La différenciation du tube neural 

2.1.2.1 Le tube neural, à l�origine du système nerveux central 

Q3' 9.34$' :3' :/&%".BB%<%6#' %<045.66!;4%-' "%' #30%' 6%34!"' $%4!' $%A<%6#/' :!6$' "%' $%6$'

!6#/4.B.$#/4;%34' 1M3<$:%6' !6:' W43<"!3D' )**a,(' P!6$' 36' B4%<;%4' #%<B$-' U' &/$;93"%$'

B4;69;B!"%$'B%3&%6#'I#4%'.0$%4&/%$'_'"%'B4.$%69/B=!"%'1D.4%04!;6,-'"%'</$%69/B=!"%'1<;:04!;6,'



Plaque neurale
Ectoderme

Non neural

Sillon

neural Repli neural

Tube neural

Cellules de la

Crête neurale

D�après Liu et Niswander 2005

 !"91( : % ;!,( (. *+42( -9 597( .(914+# Le système nerveux central est dérivé du tube neural,

qui lui-même provient initialement de l�ectoderme. Après 7,5 jours de gestation, l�épithélium va

s�épaissir pour former ce qui est appelé la plaque neurale. Cette plaque neurale va ensuite se replier

pour former une gouttière, qualifiée de sillon neural. Après 8,5 jour, cette gouttière va se refermer le

long de la ligne médiane de l�embryon. Le tube neural va petit à petit s�isoler, et les cellules de la

crête neurale migrer le long du tube. Ces cellules seront à l�origine du système nerveux

périphérique, des mélanocytes et du cartilage de la tête.
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%#' "%'4=.<0%69/B=!"%'1=;6:04!;6,('Q'36'$#!:%'3"#/4;%34-'36%'$%A<%6#!#;.6'$3BB"/<%6#!;4%'&!'

!&.;4' ";%3'_' "%' B4.$%69/B=!"%' $%4!' $30:;&;$/' %6' #/"%69/B=!"%' %#' :;%69/B=!"%' 1H3%""%$' !6:'

\30%6$#%;6' 788U,-' !".4$' E3%' "%' 4=.<0%69/B=!"%' $%4!' :;&;$/' %6' </#%69/B=!"%' %#'

<5/"%69/B=!"%('M%'</$%69/B=!"%'4%$#%'E3!6#'J'"3;'36'$%A<%6#'36;E3%'1H3%""%$'788S,(''

>=%?'"%$'&%4#/04/$-'"%'KL>'%$#':/4;&/':%$'9%""3"%$'6%34./B;#=/";!"%$'1LN,':3'#30%'6%34!"('

>%$'9%""3"%$'$.6#'4%"!#;&%<%6#'=.<.AC6%$'B%6:!6#'"%$'B4%<;C4%$'B=!$%$':3':/&%".BB%<%6#'%#'

$30;$$%6#':%'6.<04%3$%$':;&;$;.6$'B.34'!994.k#4%'"%34'B.B3"!#;.6('H%6:!6#'"!'<;$%'%6'B"!9%':%'

"!'B"!E3%'%#':3'#30%'6%34!"-':%$'<.4B=.AC6%$'#%"$'E3%'"GQ\-'YRY-'K==-'%#'2 H'$.6#'$%94/#/$('

>%$' <.4B=.AC6%$' $.6#' 4%$B.6$!0"%$' :%' "!' <;$%' %6' B"!9%' :%' "G!@%' !6#/4.B.$#/4;%34' %#'

:.4$.&%6#4!"':3'#30%'6%34!"-'9%'E3;'B%4<%#'"!'$B/9;D;9!#;.6':%$'B4%<;C4%$'4/A;.6$':3'9%4&%!3'

E3%' $.6#' "%' B4.$%69/B=!"%-' "%' <%$%69/B=!"%-' "%' 4=.<0%69/B=!"%' %#' "!' <.%""%' /B;6;C4%(' M%'

B!$$!A%' :3' $#!:%' B4.";D/4!#;.6' !3' $#!:%' :;DD/4%69;!#;.6' %$#' :l' J' "!' #4!6$;#;.6' :G36'<.:%' :%'

:;&;$;.6'$5</#4;E3%'J'36'<.:%':%':;&;$;.6'!$5</#4;E3%('M!'&.;%':%'$;A6!";$!#;.6'L.#9='%$#'!3'

9%6#4%':%'9%##%'/#!B%-'9G%$#'B.34E3.;'b%'&!;$'"!':/#!;""%4':!6$'"!'B!4#;%'$3;&!6#%(''

2.1.2.2 La voie Notch : au c�ur de la différenciation neuronale 

Q".4$'E3%'"%$'&.;%$':%'$;A6!";$!#;.6'M`YZK^Q^'.3' QHWZN\W'$.6#';<B.4#!6#%$':!6$'"%'

<!;6#;%6'.3'6.6':%' "G/#!#' B"34;B.#%6#-' 36%'6.3&%""%'&.;%':%' $;A6!";$!#;.6' !BB!4!;#' ".4$':%' "!'

:;DD/4%69;!#;.6'6%34.6!"%'_'"!'&.;%'L.#9=('>%##%'&.;%'%$#'9.663%'B.34'4/A3"%4'"%'B!$$!A%'%6#4%'

"!'B=!$%':%'<!;6#;%6':%$'B4/934$%34$'6%34!3@'%#'"!'B=!$%':%':;DD/4%69;!#;.6'1B.34'4%&3%'1M.3&;'

!6:' Q4#!&!6;$Z^$!O.6!$' 788a,,(' M%' <.:C"%' 9"!$$;E3%' :%' D.69#;.66%<%6#' :%' 9%##%' &.;%' %$#'

!BB%"/' e';6=;0;#;.6' "!#/4!"%'f('P%'<!6;C4%' $;<B";D;/%-' "%$' 9%""3"%$' E3;' $%4.6#' :/$;A6/%$' B.34'

:%&%6;4':%$'6%34.6%$'&.6#'%@B4;<%4'"%$'";A!6:$':%'"!'&.;%'L.#9=('>%$'";A!6:$'&.6#'$%'D;@%4'!3@'

4/9%B#%34$' L.#9=' :%$' 9%""3"%$' &.;$;6%$(' M%' 4/9%B#%34' L.#9=' 36%' D.;$' !9#;&/' &!' %6#4!;6%4'

"G;6=;0;#;.6':%'"!':;DD/4%69;!#;.6':%'9%##%'9%""3"%('

M!' 4/A3"!#;.6' L.#9=' $%' D!;#' !;6$;' B!4' :%$' ;6#%4!9#;.6$' 9%""3"%$Z9%""3"%$(' M%$' 4/9%B#%34$'

L.#9=' $.6#' !3' 6.<04%' :%' E3!#4%' 9=%?' "%$' <!<<;DC4%$(' H4/$%6#$' :!6$' 36%' 9%""3"%-' ;"$' $.6#'

!9#;&/$'B!4'"%34$'";A!6:$'%@B4;</$':!6$'"%$'9%""3"%$'&.;$;6%$('M%$'";A!6:$'B.34'9%$'4/9%B#%34$'

$.6#'P%"#!Z";O%' 1P"",' )-' ZU-' Z+' %#' m!AA%:' 1m!A,' )-' Z7,'QB4C$' !9#;&!#;.6' :3' 4/9%B#%34' B!4' $.6'

";A!6:-' $.6' :.<!;6%' ;6#4!9%""3"!;4%' 1L>`P,' $%4!' 9";&/-' %#' #4!6$".E3/' :!6$' "%' 6.5!3(' L>`P'

B.344!' !".4$' D.4<%4' 36' 9.<B"%@%' !&%9' "%$' B4.#/;6%$' \2HZm' .3' !<"' 1 !$#%4<;6:Z";O%,' %#'

!9#;&%4'"!'#4!6$94;B#;.6':%'$%$'AC6%$'9;0"%$'1B.34'4%&3%'1W.B!6'!6:'`"!A!6'788*,'



 Introduction  

 

 

 

26 

 

P!6$' "%'$5$#C<%'6%4&%3@':%' "G%<045.6-' "%$'9;0"%$':%'L.#9=' "%$'<;%3@'9!4!9#/4;$/%$'$.6#'

"%$' B4.#/;6%$'T%$' 1B"3$' B!4#;93";C4%<%6#'T%$)' %#'T%$V,' 1`$.-'W%:%$' %#' !"(' 788UX'W!A%5!<!-'

g=#$3O!'%#'!"('788h,('M%$'B4.#/;6%$'T%$'$.6#':%$'B4.#/;6%$':%'#5B%$'0TMT-'E3;'&.6#'4/B4;<%4'

"G%@B4%$$;.6':%'AC6%$'#%"$'E3%'Ascl1'.3'Neurog1,-2('M%$'B4.#/;6%$'Q$9")'%#'L%34.A)-Z7'$.6#'

;<B.4#!6#%$' B.34' "!' :;DD/4%69;!#;.6' 6%34.6!"%' 1L;%#.-' K9=334<!6$' %#' !"(' 788),(' P%' 9%' D!;#-'

9%##%' &.;%' :%' :;DD/4%69;!#;.6' $%4!' 4/B4;</%' :!6$' "%$' 9%""3"%$' 9.6#%6!6#' 36' 4/9%B#%34' L.#9='

!9#;D(''

2.1.3 Les différents composants du système nerveux central 

M!'$#439#34%':3'KL>'%$#'=!3#%<%6#'9.<B"%@%'%#' 4%D"C#%'!;6$;' "G;<B.4#!69%'%#' "!':;&%4$;#/'

:%$' D.69#;.6$' E3G;"' A3;:%(' >=%?' "%$' &%4#/04/$-' "%' KL>' %$#' :/4;&/' :%$' 9%""3"%$' LN' :3' #30%'

6%34!"('Q3' 9.34$' :%$' B4%<;C4%$' B=!$%$' :%' :/&%".BB%<%6#' :3' 9%4&%!3-' "%$' 9%""3"%$'LN' $.6#'

4%"!#;&%<%6#' =.<.AC6%$' %#' $.6#' $3b%##%$' J' 36%' ;<B.4#!6#%' B4.";D/4!#;.6' !D;6' :G!994.k#4%' "%34'

B.B3"!#;.6'!&!6#'"!'B=!$%':%'$B/9;D;9!#;.6('>%$'9%""3"%$'&.6#'in fine'B4.:3;4%'"G%6$%<0"%':%$'

9;6E' #5B%$' <!b%34$' :%' 9%""3"%$' :3' KL>' E3%' $.6#' "%$' 6%34.6%$-' "%$' !$#4.95#%$-' "%$'

.";A.:%6:4.95#%$-'"%$'9%""3"%$'/B%6:5<!;4%$'%#'"%$'9%""3"%$'$.39=%$'6%34!"%$('

M!' :;DD/4%69;!#;.6' %6' 6%34.6%$' 4%B4/$%6#!6#' <.6' <.:C"%' :G/#3:%-' b%' 4%&;%6:4!;' B"3$'

B4/9;$/<%6#'$34'9%##%':;DD/4%69;!#;.6':!6$'"!'B!4#;%'7()(+'%6'<%'0!$!6#'$34'"%'<.:C"%':3'9.4#%@'

9/4/04!"('

M%'B4%<;%4'#5B%'9%""3"!;4%'D.4</'!B4C$'"%$'6%34.6%$'$.6#'"%$'!$#4.95#%$('>%$'9%""3"%$'b.3%6#'

:;&%4$' 4j"%$' :!6$' "%' KL>(' g3#4%' "%$' D.69#;.6$' :%' $3BB.4#' $#439#34!"-' "%$' !$#4.95#%$' $.6#'

;<B";E3/$' :!6$' "!' D.4<!#;.6' :%' "!' 0!44;C4%' $!6AF9%4&%!3-' .3' %69.4%' :!6$' "%$' B4.9%$$3$' :%'

4/B!4!#;.6' $3;#%' J' 36' 9=.9' #4!3<!#;E3%(' PG36' B.;6#' :%' &3%' #%<B.4%"-' "%$' !$#4.95#%$' $.6#'

A/6/4/$' !B4C$' "!' 6%34.A%6C$%(' QB4C$' "G!BB!4;#;.6' :%$' !$#4.95#%$' <!#34%$-' 9%' $.6#' :%$'

.";A.:%6:4.95#%$' <!#34%$' E3;' &.6#' $%' D.4<%4(' >%$' .";A.:%6:4.95#%$' .6#' B.34' D.69#;.6'

B4;69;B!"%' :G!BB.4#%4' 36' $3BB.4#' %#' 36%';$."!#;.6' :%$' !@.6%$' :3' KL>(' >%##%' D.69#;.6' %$#'

!$$34/%'&;!'"!'94/!#;.6':G36%'A!;6%':%'<5/";6%('Q;6$;-'36'$%3"'.";A.:%6:4.95#%'&!'B%4<%##4%':%'

e'B4.#/A%4'f'b3$E3nJ'V8'!@.6%$('

M%$'9%""3"%$'/B%6:5<!;4%$'%#'"%$'9%""3"%$'$.39=%$'6%34!"%$'!BB!4!;$$%6#'E3!6#'J'%""%$':!6$'

"%'9.4#%@'B.$#Z6!#!"('M%$'9%""3"%$'/B%6:5<!;4%$'D.4<%6#'%6'4/!";#/'36%'0!44;C4%'!&%9'"%'D"3;:%'

9/4/04.$B;6!"('>%$'9%""3"%$'B%4<%##%6#''6.#!<<%6#':G!$$34%4'"!'D.69#;.6':%$'6;9=%$':%'9%""3"%$'

$.39=%$'!:3"#%$('N6'%DD%#-';"'%@;$#%':%3@'4/A;.6$'$B/9;D;E3%$'!3'$%;6':3'9%4&%!3'!:3"#%'.o'36'
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B4.9%$$3$' :%' :;DD/4%69;!#;.6' 6%34.6!"%' B%4$;$#%(' >%$' :%3@' 6;9=%$' 9.6#;%66%6#' :%$' 9%""3"%$'

$.39=%$'6%34!"%$':%'#5B%'!$#4.95#!;4%'E3;'$%':;&;$%6#'"%6#%<%6#('>%$'9%""3"%$'B%3&%6#':.66%4'

6!;$$!69%'J':%$'B4.A/6;#%34$' ;6#%4</:;!;4%$'E3;'&.6#'B.3&.;4'A/6/4%4':%$'6%34.6%$':3'03"0%'

."D!9#;D'.3':%'"G=;BB.9!<B%'1B.34'4%&3%'1R3%4.3#-'M;'%#'!"('78)+,,('

2.1.4 Biologie cellulaire de la neurogenèse

Q3'9.34$':3':/&%".BB%<%6#-' "%$'9%""3"%$'$.39=%$'6%34!"%$'$.6#'J'"G.4;A;6%':%'"G%6$%<0"%'

:%$' 6%34.6%$' :3' KL>' !;6$;' E3%' :%$' 9%""3"%$' A";!"%$-' /B%6:5<!;4%$' %#' :%$' 9%""3"%$' $.39=%$'

6%34!"%$'!:3"#%$('MG36%':%$'B4.B4;/#/$':%$'9%""3"%$'$.39=%$'6%34!"%$-'9.<<%'B.34'#.3#%'9%""3"%'

$.39=%-' %$#' "%34' 9!B!9;#/' :G!3#.4%6.3&%""%<%6#(' >%"3;Z9;' B%3#' !&.;4' ";%3' $.;#' $3;#%' J' 36%'

:;&;$;.6'$5</#4;E3%-'E3;'&!'A/6/4%4':%3@'9%""3"%$'D;""%$';:%6#;E3%$'J' "!'9%""3"%'<C4%-'$.;#'B!4'

:;&;$;.6' !$5</#4;E3%-' E3;' &!' :.66%4' 6!;$$!69%' J' 36%' 9%""3"%' D;""%' $;<;"!;4%' J' "!' 9%""3"%'

:G.4;A;6%'%#'J'36%'9%""3"%':G36'!3#4%'#5B%'(Figure 10)('Q;6$;-'!3'9.34$':3':/&%".BB%<%6#-'"%$'

9%""3"%$' LN-' E3;' B%3&%6#' B!4' "%34$' 9!4!9#/4;$#;E3%$' I#4%' 9.6$;:/4/%$' 9.<<%' :%$' 9%""3"%$'

$.39=%$-' &.6#' :!6$' 36' B4%<;%4' #%<B$' $30;4' :%$' :;&;$;.6$' $5</#4;E3%$' B.34' B%4<%##4%' "%34'

B4.";D/4!#;.6('P!6$'36':%3@;C<%'#%<B$-'%""%$'&.6#'$%':;&;$%4'!$5</#4;E3%<%6#':%'6.<04%3$%$'

D.;$' B.34' !$$34%4' "G!3#.4%6.3&%""%<%6#' %#' "G;6;#;!#;.6' :%' "!' :;DD/4%69;!#;.6(' >%$' :;&;$;.6$'

!$5</#4;E3%$'&.6#'B4.:3;4%'$.;#':;4%9#%<%6#'36'6%34.6%-'$.;#'36%'9%""3"%'B4.A/6;#4;9%'E3;'&!'

$30;4'36%':%46;C4%':;&;$;.6' $5</#4;E3%'B.34'A/6/4%4':%3@'6%34.6%$('Q'9%' $#!:%' "%' #%4<%':%'

9%""3"%$' B.$#Z<;#.#;E3%$' B%3#' I#4%' %<B".5/(' >%$' 9%""3"%$' .6#' !##%;6#' "%34' B=!$%' 3"#;<%' :%'

:;DD/4%69;!#;.6(''

2.1.4.1 Les cellules neuroépithéliales 

Q&!6#'"!'6%34.A%6C$%-'"%' #30%'6%34!"'%$#'D.4</':G36%'9.39=%'36;E3%':%'9%""3"%$'LN-'E3;'

D.4<%6#'"%'6%34./B;#=/";3<('>%'6%34./B;#=/";3<'!BB!4!;#'9.<<%'B$%3:.Z$#4!#;D;/-':3'D!;#'E3%'

"%$' 6.5!3@' :%$' 9%""3"%$' 6%34./B;#=/";!"%$'<;A4%6#' "%' ".6A' :%' "G!@%' !B;9.Z0!$!"' !3' 9.34$' :3'

959"%' 9%""3"!;4%(' >%$' 9%""3"%$' 6%34./B;#=/";!"%$' B4/$%6#%6#' :%$' 9!4!9#/4;$#;E3%$' #5B;E3%$' :%'

9%""3"%$'/B;#=/";!"%$'%#'$.6#'D.4#%<%6#'B."!4;$/%$'"%'".6A':%'"%34'!@%'!B;9.Z0!$!"'1T3##6%4'!6:'

24!6:')**S,(''

2.1.4.2 Les cellules radiales gliales 

M.4$':%'"!'A/6/4!#;.6':%$'6%34.6%$-'"%'6%34./B;#=/";3<'$%'#4!6$D.4<%'%6'36'#;$$3'!&%9':%'

6.<04%3$%$' 9.39=%$' 9%""3"!;4%$(' M.4$' :3' B!$$!A%' :%' "G/#!B%' :%' B4.";D/4!#;.6' J' "G/#!B%' :%'

:;DD/4%69;!#;.6-' :%$' <!4E3%34$' :%$' !$#4.95#%$' !BB!4!;$$%6#' %#' "%$' 9%""3"%$' LN' :.66%6#'



www.abcam.com/cortical-neurogenesis
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6!;$$!69%' J' 36' 6.3&%!3' #5B%' :%' 9%""3"%$'_' "%$' 9%""3"%$' 4!:;!"%$' A";!"%$' 1\R,(' >%$' 9%""3"%$'

B.$$C:%6#' %69.4%' :%$' B4.B4;/#/$' 4/$;:3%""%$' :%$' 9%""3"%$' LN-' <!;$' B4/$%6#%6#' /A!"%<%6#' :%'

6.3&%""%$'9!4!9#/4;$#;E3%$'4!BB%"!6#'9%""%$':%$'!$#4.95#%$'1T3##6%4'!6:'24!6:')**SX'>!<B0%""'

!6:' R.#?' 7887X' W4;%A$#%;6' !6:' R.#?' 788U,(' M%$' 9%""3"%$' \R' &.6#' !3' D34' %#' J' <%$34%' :%$'

:;&;$;.6$'#.#!"%<%6#'4%<B"!9%4'"%$'9%""3"%$'6%34./B;#=/";!"%$-'%#':%'9%'D!;#-'"!'A4!6:%'<!b.4;#/'

:%$'6%34.6%$':3'9%4&%!3'$%4.6#':/4;&/$':%'9%$'9%""3"%$'1 !"!#%$#!-'T!9O'%#'!"('788U,('H!4<;'"%$'

9!4!9#/4;$#;E3%$'6%34./B;#=/";!"%$'E3%'"%$'9%""3"%$'4!:;!"%$'9.6$%4&%6#'$%'#4.3&%6#'"!'B4/$%69%'

:%' <!4E3%34$' #%"$' E3%' "!' L%$#;6%' 1T!4#D3$$-' R!"";' %#' !"(' 788),-' "!' B."!4;#/' !B;9.Z0!$!"%-' "!'

<;A4!#;.6':3'6.5!3'"%'".6A':%'"G!@%'!B;9.Z0!$!"('>.6#4!;4%<%6#'!3@'9%""3"%$'LN-'"%$'9%""3"%$'

\R' B4/$%6#%6#' :%$' 9!4!9#/4;$#;E3%$' !$#4.A";!"%$-' 6.#!<<%6#' "!' B4/$%69%' :%' A4!63"%$' :%'

A"59.AC6%'%#'"G%@B4%$$;.6':%'<!4E3%34$'#%"$'E3%'R"!$-'K)880-'RYQH'%#'2M2H'1R!:;$$%3@'!6:'

N&4!4:' )*hVX' W4;%A$#%;6' !6:' R.#?' 788U,(' M!' :;DD/4%69;!#;.6' :%' "!' <!b.4;#/' :%' 9%$' 9%""3"%$'

4!:;!"%$'%$#'4%$#4%;6#%'J'36'$%3"'#5B%'9%""3"!;4%'_'%""%$':%&;%6:4.6#'$.;#':%$'!$#4.95#%$-'$.;#':%$'

.";A.:%6:4.95#%$-'<!;$':!6$'"!'<!b.4;#/':%$'9!$':%$'6%34.6%$('

2.1.4.3 Les progéniteurs basaux 

N6':%=.4$':%$'9%""3"%$'\R-'36'!3#4%'#5B%':%'9%""3"%$'!BB!4!;#'!3':/03#':%'"!'6%34.A%6C$%'_'

"%$' B4.A/6;#%34$' 0!$!3@' 1T!30%6$!O-' Q##!4:.' %#' !"(' 788+X'  ;5!#!-' W!]!A39=;' %#' !"(' 788+X'

L.9#.4-' !4#;6%?Z>%4:%6.'%#'!"('788+,('>%$':%46;%4$'$%':;$#;6A3%6#':%$'9%""3"%$'LN'%#'\R'B!4'

"%34'".9!";$!#;.6('Q".4$'E3%'"%$'9%""3"%$'LN'%#'\R'$%'$;#3%6#'!3'6;&%!3':3'6%34./B;#=/";3<'E3;'

&!':.66%4'6!;$$!69%'J' "!'?.6%'&%6#4;93"!;4%-' "%$'B4.A/6;#%34$'0!$!3@'$%' $;#3%6#':!6$' "!'?.6%'

:;#%'$30Z&%6#4;93"!;4%('>%$'B4.A/6;#%34$'B%3&%6#'!BB!4!k#4%'$3;#%'J'"!'<;#.$%':%$'9%""3"%$'LN-'

<!;$'B"3$'$.3&%6#'$3;#%'J'"!':;&;$;.6'$5</#4;E3%'.3'!$5</#4;E3%':%$'9%""3"%$'\R('N69.4%'36%'

D.;$-' 9%' $.6#' "%$' AC6%$' %@B4;</$' B!4' 9%$' B4.A/6;#%34$' E3;' "%$' :;DD/4%69;%6#' :%$' :%3@' !3#4%$'

#5B%$' :%' 9%""3"%$' :/94;#$' B4/9/:%<<%6#('Q;6$;-'^2\7-'>pq)' %#'>pq7' $.6#' :%$'<!4E3%34$'

$B/9;D;E3%$':%'9%$'9%""3"%$'B4.A/6;#4;9%$' 1L;%#.-' .63O;'%#'!"('788+X'r;<<%4-'^;&%4.6'%#'!"('

788+X'N6A"36:-'Y;6O'%#'!"('788V,('M%$'B4.A/6;#%34$':%'9%##%'?.6%'$30Z&%6#4;93"!;4%'9.6#4;03%6#'

J'"!'6%34.A%6C$%'$3;#%'J'36%':;&;$;.6'$5</#4;E3%'E3;'&!'B%4<%##4%':%'A/6/4%4':%3@'6%34.6%$'

1T!30%6$!O-' Q##!4:.' %#' !"(' 788+X' L.9#.4-'  !4#;6%?Z>%4:%6.' %#' !"(' 788+,(' P%' 9%' D!;#-'

"G=5B.#=C$%' !' /#/' /<;$%' E3%' 9%$' B4.A/6;#%34$' B%4<%##%6#-' %6' !BB.4#!6#' 36%' :;&;$;.6'

$3BB"/<%6#!;4%-':G!3A<%6#%4'"%'6.<04%':%'6%34.6%$'B4.:3;#'J'B!4#;4':%$'9%""3"%$'/B;#=/";!"%$'

:%'0!$%('>%##%';:/%'%$#'9.6D;4</%'B=5".A/6/#;E3%<%6#'B!4'"!'9.44/"!#;.6'%6#4%'"G!3A<%6#!#;.6'

:%'#!;""%':%'"!'?.6%'$30Z&%6#4;93"!;4%'%#'"G!3A<%6#!#;.6':3'6.<04%':%'6%34.6%$':!6$'"%'9.4#%@'
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9/4/04!"' (Figure 11)' 1K<!4#-' P%=!5' %#' !"(' 7887,(' M%$' 6%34.6%$' !3@E3%"$' b%' <G;6#/4%$$%4!;'

3"#/4;%34%<%6#'$.6#':%$'6%34.6%$':%'#5B%'A"3#!<!#%4A;E3%$-'E3;'$.6#'<!b.4;#!;4%<%6#'4%#4.3&/$'

!3'6;&%!3':3'9.4#%@'9/4/04!"('

2.1.4.4 Cortex et neurones glutamatergiques 

M%' 6/.9.4#%@' :%$' <!<<;DC4%$' %$#' 36%' $#439#34%' 9.<B"%@%-' #4C$' 0;%6' .4A!6;$/%' E3;'

9.<B4%6:' $;@' 9.39=%$' 9.<B.$/%$' :%' 9%6#!;6%$' :%' #5B%$' 6%34.6!3@':;DD/4%6#$('>%$' 9.39=%$'

:;DDC4%6#' B!4' "!'<.4B=.".A;%' .3' "!' :%6$;#/' :%$' 6%34.6%$' E3;' "!' 9.<B.$%6#(' M%' 9.4#%@' %$#' "!'

4/A;.6' :3' 9%4&%!3' 4%$B.6$!0"%' :%$' D.69#;.6$' 9.A6;#;&%$-' :%' "!' B%49%B#;.6' $%6$.4;%""%-' :%' "!'

9.6$9;%69%(' >%##%' 4/A;.6' !' B!4' 9.6$/E3%6#' $30;' 36%' %@B!6$;.6' B4.6.69/%' !3' 9.34$' :%'

"G/&."3#;.6'1Y;6"!5'!6:'P!4";6A#.6')**V,('

M%'</9!6;$<%':%':/&%".BB%<%6#'9.4#;9!"'%$#'$;<;"!;4%'B!4<;' "%$'<!<<;DC4%$('M%'9.4#%@'

9/4/04!"'%$#':/&%".BB/'J'B!4#;4':%'"!'B!4#;%'!6#/4;%34%':3'#30%'6%34!"-'"%'B4.$%69/B=!"%-'E3;'&!'

$%':;&;$%4'%6'#/"%69/B=!"%'%#'%6':;%69/B=!"%'19.<<%':/94;#'9;Z:%$$3$,('M.4$':3':/&%".BB%<%6#'

:3' 6/.9.4#%@-' :;DD/4%6#%$' ?.6%$' :3' 9%4&%!3' &.6#' :.66%4' 6!;$$!69%' J' :;DD/4%6#$' #5B%$' :%'

6%34.6%$('Q;6$;-' !3' $#!:%' %<045.66!;4%' )7(V-' "!' ?.6%' &%6#4!"%' :3' B4.$%69/B=!"%' &!' :.66%4'

6!;$$!69%'J':%$' ;6#%46%34.6%$-'E3;'&.6#' D!;4%':%$'B4.b%9#;.6$' ".9!"%$('>%$' ;6#%46%34.6%$-'E3;'

.6#' B.34' 6%34.#4!6$<%##%34' "%' RQ2Q-' &.6#' <;A4%4' !3' $%;6' :3' 9.4#%@' B.34' !##%;6:4%' "%34'

:%$#;6!#;.6'D;6!"%('M!'4/A;.6':.4$!"%':3'B4.$%69/B=!"%'&!'E3!6#'J'%""%'&.;4'6!k#4%':%$'6%34.6%$'

J' B4.b%9#;.6$' 1e'B4.b%9#;.6'6%34.6$'f,' .3'6%34.6%$' %@9;#!#%34$-' B.$$/:!6#' :%'A4!6:$' !@.6%$('

>%$'6%34.6%$'$.6#':;#$'A"3#!<!#%4A;E3%$'%#'$.6#'9!4!9#/4;$/$'B!4'"%34'<.4B=.".A;%'B54!<;:!"%('

`"$' &.6#' B%4<%##4%' :%' #4!6$<%##4%' "G;6D.4<!#;.6' %6#4%' "%' 6/.9.4#%@' %#' "%$' !3#4%$' 4/A;.6$' :3'

9%4&%!3('Q3'9.34$':3':/&%".BB%<%6#-' "%$':;DD/4%6#$' $.3$Z#5B%$':%'6%34.6%$'%@9;#!#%34$' $.6#'

B4.:3;#$' !3'9.34$':G36%' $/E3%69%' #%<B.4%""%'0;%6':/D;6;%-'B3;$'<;A4%6#' "%' ".6A':%$' 9%""3"%$'

4!:;!"%$' B.34' !##%;6:4%' "%$' :;DD/4%6#%$' 9.39=%$' :3' 9.4#%@(' M%$' B4.b%9#;.6$' :%$' 6%34.6%$' :%$'

:;DD/4%6#%$'$#4!#%$'$.6#'$B/9;D;E3%$-'!;6$;'B!4'%@%<B"%'"%$'6%34.6%$':%'"!'9.39=%'i'&.6#'!&.;4'

:%$'B4.b%9#;.6$'%6':;4%9#;.6':3'</$%69/B=!"%-':3'4=.<0%69/B=!"%'%#':%'"!'<.%""%'/B;6;C4%(''

Q3'$%;6':3'6/.9.4#%@-'9%4#!;6$'</9!6;$<%$'9.6#4j"!6#'"!'A/6/4!#;.6'%#'"!'$B/9;D;9!#;.6':%$'

6%34.6%$'.6#'/#/';:%6#;D;/$-'<!;$'"!'9.<B"%@;#/':%'9%##%'B!4#;%':3'9%4&%!3'D!;#'E3%'"G%6$%<0"%''

:%$'</9!6;$<%$'4/A;$$!6#'9%##%'?.6%'$.6#'".;6':GI#4%'/"39;:/$('
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Division symétrique neurogénique

 !"#$% && ' (#% )!*+,!-!.% /%) /!--.$%01) !01%$*./!2!$%) /% ,2 /!--.$%03!21!40 0%#$402,%5

Représentation du lien entre les cellules neuroépithéliales (NE), les cellules radiales gliales (RG), les

progéniteurs basaux (PB) et les neurones (N). En l�absence de progéniteurs basaux (a), le nombre de

neurones obtenus à partir d�une cellule neuroépithéliale est plus faible. L�utilisation de progéniteurs

basaux comme intermédiaires (b) permet d�augmenter le nombre de neurones.
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 !  "#$%&'($'($)**+,'-.)/0)#-(-'1,#-/&'($'2(.'&&1&'2(34(in vitro(

 !"#$%&"'"()&"*%+#$,+-.()%",-$,+/0"+1.2",,$%&+3$+#.4$3*55$-$%&+#0+($14$)0+')"&+5)1&"$+#$,+

51"%("5)06+#.'",+#$+3)+%$01*7"*3*2"$+$%+1)",*%+#$+3)+(*-53$6"&.+#0+51*($,,0,8+/0$+($+,*"&+)0+

%"4$)0+ -*3.(03)"1$8+ ($3303)"1$+ *0+ )%)&*-"/0$9+ :01+ 3)+ 7),$+ #$+ 3$01,+ 51*51".&.,+

#!)0&*1$%*04$33$-$%&+ $&+ #$+ 5301"5*&$%($8+ 3$,+ ($3303$,+ ;:+ 51.,$%&$%&+ 0%+ *0&"3+ #$+ (<*"6+ 5*01+

$,,)=$1+#$+'*01%"1+0%+-*#>3$+#0+#.4$3*55$-$%&+(<$?+3$,+-)--"'>1$,9+@$+%*-71$0,$,+.&0#$,+

*%&+1)55*1&.+3)+#"''.1$%(")&"*%+#"1"2.$+#$,+($3303$,+;:+#)%,+#$,+&=5$,+,5.("'"/0$,+#$+%$01*%$,8+

-)",+"3+%!)+5),+.&.+')("3$+#$+1$3"$1+($&&$+#"''.1$%(")&"*%+)06+-.()%",-$,+$6",&)%&+in vivo9+A51>,+

)4*"1+1)55$3.+71">4$-$%&+3$,+#"''.1$%&$,+4*"$,+#$+,"2%)3",)&"*%+/0"+1.2",,$%&+3$+-)"%&"$%+#$+3)+

5301"5*&$%($+ $&+ 3)+ #"''.1$%(")&"*%+ #$,+ ($3303$,+ ;:8+ B$+ -!"%&.1$,,$1)"+ )0+ 51*&*(*3$+ #$+

#"''.1$%(")&"*%+%$01*%)3$+230&)-)&$12"/0$+,0"&$+C+3!"%#0(&"*%+#$+3)+4*"$+#$+3!)("#$+1.&"%*D/0$9+

2.2.1 Importance de différentes voies de signalisation 

 $,+ ($3303$,+ ;:8+ (03&"4.$,+ #)%,+ 0%+ -"3"$0+ -"%"-0-+ ,)%,+ "%'30$%($+ $6&.1"$01$+ E FG+ $&+

'$$#$1,H8+ $651"-$%&+ ,5*%&)%.-$%&+ #$,+ -)1/0$01,+ %$01*%)06+ &$3,+ /0$+ :*6I+ $&+ 3)+ J$,&"%$+

E:-0K3$18+L0%("-)%+ $&+ )39+ MNNOH8+ ($+ /0"+ (*%'*1&$+ 3!"#.$+ /0$+ 3!"%#0(&"*%+ %$01)3$+ ,$+ ')"&+ 5)1+

#.')0&9+P$5$%#)%&8+($&&$+#"''.1$%(")&"*%+,5*%&)%.$+%!)7*0&"&+5),+C+0%$+5*503)&"*%+<*-*2>%$+

#$+ %$01*%$,8+-)",+ #*%%$+ 530,"$01,+ &=5$,+ ($3303)"1$,9+  !)(&"4)&"*%+ #$,+ 4*"$,+ #$+ ,"2%)3",)&"*%+

GQGRFQG+$&+($33$+#$+3!AL+,&"-03$+($&&$+#"''.1$%(")&"*%+%$01*%)3$+ES"%28+J"(<*3,+$&+)39+MNNTU+

S"%28+:&)41"#",+$&+)39+MNNTU+V"7$38+L"(<&$1+$&+)39+MNNWH9++

2.2.2 Protocole de différenciation en neurones glutamatergiques in vitro 

@$+ %*-71$06+ 51*&*(*3$,+ $6",&$%&+ 5*01+ 3)+ #"''.1$%(")&"*%+ %$01*%)3$+ #$,+ ($3303$,+ ;:+ in 

vitro8+ &*0,+7),.,+,01+ 3)+-)%"503)&"*%+#$,+4*"$,+#$+,"2%)3",)&"*%+("&.$,+("X#$,,0,9+ )+-.&<*#$+

#$,+(*15,+$-71=*%%)"1$,8+3)+(03&01$+$%+-*%*(*0(<$+*0+$%(*1$+3)+(03&01$+,01+($3303$,+,&1*-)3$,+

*%&+.&.+0&"3",.$,+)'"%+#$+2.%.1$1+#$,+%$01*%$,+(Figure 12)+E5*01+1$40$+EP)?"33",8+ $3"$41$+$&+)39+

MNNYH9+ !$%,$-73$+#$+($,+51*&*(*3$,+-*%&1$+/0$8+(*--$+($("+,$+5),,$+)0+,$"%+#$+3!$-71=*%8+

in vitro8+ 3$,+ ($3303$,+ ;:+ 1.5*%#$%&+ C+ #"4$1,+ ,"2%)06+ 1$,5*%,)73$,+ #$+ 3)+ #"''.1$%(")&"*%+

%$01*%)3$9+

 )+ #$,(1"5&"*%+ #$,+ #"''.1$%&$,+ .&)5$,+ #$+ 3)+ #"''.1$%(")&"*%+ %$01*%)3$+ in vivo+ ')"&$+

51.(.#$--$%&+ ,022>1$+ /0$+ 3)+ '*1-)&"*%+ #$,+ ($3303$,+ 1)#")3$,+ 23")3$,+ 50",+ #$,+ %$01*%$,+

%.($,,"&$+ 3)+ 2.%.1)&"*%+ #!0%+ %$01*.5"&<.3"0-+ 5*3)1",.9+ @$+ ($+ ')"&8+ "3+ %!$,&+ 5),+ '*1(.-$%&+

.4"#$%&+ /0$+ ,0"&$+ )0+ &1)"&$-$%&+ #$,+ ($3303$,+ ;:+ 5)1+ 3!)("#$+ 1.&"%*D/0$8+ ($33$,X("+ #*%%$%&+



&'(()('*+!,

Milieu avec sérum Milieu sans sérum

Corps embryonnaires Monocouche Coculture  cellules stromales

EGFFGF2AR

D�après Cazillis, Lelievre et  al 2005

$-./)-*')-*+0')-1)2+3**)*+4'*+/'(()('*+!,+5+

 ')-6'/764'-8'

EGF

FGF2
FGF2

PDGF

AR

Milieu ITSF

 !"#$% &6 ' 7.184/%) /% /!--.$%03!21!40 /%) 3%,,#,%) 9: in vitro5 Différentes techniques ont été dérivées dans le but

de différencier les cellules ES en précurseurs neuronaux. En utilisant un milieu contenant du sérum et la culture sous

forme de corps embryonnaire, les précurseurs neuronaux peuvent être obtenus suite au traitement par l�AR ou encore

par un milieu ITSF (Insuline, Transferrine, Sélénium, Fibronectine). En l�absence de sérum, l�utilisation de facteurs tel

que EGF et FGF2 permet de favoriser la prolifération des précurseurs neuronaux.
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%)",,)%($+C+0%$+5*503)&"*%+<*-*2>%$+#$+($3303$,+LQ9+Z*01&)%&+($&&$+5*503)&"*%+<*-*2>%$+#$+

($3303$,+1)#")3$,+$,&+7"$%+*7,$14.$+3*1,+#$+3)+#"''.1$%(")&"*%+%$01*%)3$+"%#0"&$+5)1+3!AL9+J*%+

,$03$-$%&+ 3$,+ ($3303$,+ *7&$%0$,+ $651"-$%&+ 3$,+-)1/0$01,+ (*%%0,+ #$,+ ($3303$,+ LQ8+-)",+ $%+

530,8+$33$,+$651"-$%&+Z)6O8+,022.1)%&+/0!$33$,+ 1$51.,$%&$%&+0%+,*0,X&=5$+#$+($3303$,+ 1)#")3$,+

23")3$,+,"-"3)"1$,+C+($33$,+#.4$3*55.$,+%*&)--$%&+#)%,+3$+(*1&$6+EQ*&?+)%#+V)1#$+MNNYH9+Z30,+

51.(",.-$%&8+ 3$+ 51*&*(*3$+ #$+ #"''.1$%(")&"*%+ 7),.+ ,01+ 3!"%#0(&"*%+ %$01*%)3$+ 5)1+ 3!AL+

#.4$3*55.+5)1+V"7$3+$&+)3+5$1-$&+3!*7&$%&"*%+#!0%$+5*503)&"*%+<*-*2>%$+#$+($3303$,+1)#")3$,+

23")3$,+/0"+4*%&+,$+#"''.1$%("$1+$%+0%$+5*503)&"*%+501$+$&+<*-*2>%$+#$+%$01*%$,+5=1)-"#)068+

,"-"3)"1$,+ C+ ($06+51.,$%&,+ #)%,+ 3$+ (*1&$6+ $&+ 3!<"55*()-5$+ (Figure 13)+ EV"7$38+L"(<&$1+ $&+ )39+

MNNWU+V"7$38+L"(<&$1+$&+)39+MNN[H9+@$+530,8+($+51*&*(*3$+%*0,+5$1-$&&1)+#!.&0#"$1+ 3!)(&"*%+#$+

3!AL+)0+(*01,+#$+3)+#"''.1$%(")&"*%+%$01*%)3$9+

 $,+("%/+.&)5$,+-)B$01$,+#0#"&+51*&*(*3$+,*%&+"330,&1.$,+#)%,+3)+Figure 149+P*--$+#.(1"&+

51.(.#$--$%&8+3$+-)"%&"$%+#$,+($3303$,+;:+#)%,+0%+.&)&+"%#"''.1$%(".+%.($,,"&$+3$01+(03&01$+$%+

51.,$%($+#$+ FG+)B*0&.+#)%,+3$+-"3"$0+#$+(03&01$+$&+#$+'$$#$1,9+ )+51$-">1$+.&)5$+#0+51*&*(*3$+

(*%,",&$+ #*%(+ $%+ 3!.3"-"%)&"*%+ #$,+ '$$#$1,+ #$+ 3)+ (03&01$9+ P$&&$+ #.53.&"*%+ 5$0&+ \&1$+ 1.)3",.$+

1)5"#$-$%&+$%+&1*",+5),,)2$,+,0(($,,"',+#$+&1$%&$+-"%0&$,+50",/0$+3$,+'$$#$1,+,*%&+530,+#$%,$,+

$&+)#<.1$%&+530,+1)5"#$-$%&+/0$+3$,+($3303$,+;:+,01+3)+7*]&$+#$+(03&01$9+ $+ FG+.&)%&+-)"%&$%0+

#)%,+3$+-"3"$0+#$+(03&01$8+3$,+($3303$,+;:+1$,&$%&+#)%,+0%+.&)&+"%#"''.1$%(".+5$%#)%&+530,"$01,+

B*01,9+ $,+ ($3303$,+;:+ ,*%&+ $%,0"&$+ (03&"4.$,+ 5$%#)%&+ <0"&+ B*01,+ ,*0,+ '*1-$+#!;V+$&+ &1)"&.$,+

)4$(+3!AL+3$,+/0)&1$+#$1%"$1,+B*01,9+P$,+;V+,*%&+$%,0"&$+#",,*(".,+$&+3$,+($3303$,+1.5)1&"$,+#)%,+

#$,+7*]&$,+#$+(03&01$,+ &)5",,.$,+#$+5*3=X@X*1%"&<"%$R3)-"%"%$+$%+51.,$%($+#$+JM9+P$+-"3"$0+

(*%&"$%&+ #$+ %*-71$0,$,+ <*1-*%$,8+ &$33$,+ /0$+ 3!"%,03"%$8+ 3)+ &1)%,'$11"%$+ $&+ 3)+ 51*2$,&.1*%$+

EV"7$38+L"(<&$1+$&+)39+MNN[H8+')4*1",)%&+3)+%$01*2$%>,$+$&+3$+-)"%&"$%+#$,+%$01*%$,+$%+(03&01$9+

 $+ 1$-53)($-$%&+ #0+ -"3"$0+ JM+ 5)1+ #0+ -"3"$0+ %$01*7),)3+ 5$1-$&+ #$+ 2.%.1$1+ #$,+ %$01*%$,+

230&)-)&$12"/0$,+$&+#!.3"-"%$1+&*0&$,+3$,+($3303$,+%*%+%$01*%)3$,9+A"%,"8+3$,+%$01*%$,+*7&$%0,+

5)1+ ($+ 51*&*(*3$+ #$+ #"''.1$%(")&"*%+ 51.,$%&$%&+ 3$,+ ()1)(&.1",&"/0$,+ #$,+ %$01*%$,+ 5=1)-"#)06+

/0"+,$+&1*04$%&+%*&)--$%&+#)%,+3$,+(*1&$6+(.1.71)3+&$3+/0$+#.(1"&+51.(.#$--$%&+*0+$%(*1$+)0+

%"4$)0+#$+3!<"55*()-5$+in vivo9+



Neurones pyramidaux

Cellules

radiales gliales

Cellules 

neuroépithéliales

blastocyste

+ AR

 !"#$% &; ' <!--.$%03!21!40 0%#$402,% in vivo %1 in vitro5 In vivo, les premières cellules constituant le tube neural, à

l�origine du cerveau, sont les cellules neuroépithéliales. Ces cellules peuvent donner naissance à des cellules radiales

gliales au cours du développement. De même, les cellules ES, dérivées de la masse cellulaire interne du blastocyste,

Cellules ES

Gotz et Barde 2005

peuvent être différenciées en cellules radiales gliales après induction par l�AR. Que ce soit dans la différenciation in

vivo ou in vitro, les cellules radiales gliales peuvent donner naissance à des neurones pyramidaux, tels que les neurones

glutaminergiques.

Culture des cellules ES sous forme de monocouche Culture sous forme de corps embryonnaires

99

Traitement des corps embryonnaires par l�AR

&&

!!

%%

::

 !"#$% &= ' >$41434,% /% /!--.$%03!21!40 0%#$402,% /%) 3%,,#,%) 9:5 Les cellules ES sont cultivées sous forme de

monocouche, en conditions de prolifération idéales ?@A?@A. A 80% de confluence, les cellules sont récupérées et

ensemencées sur des boîtes non adhérentes, ce qui permet la formation des de corps embryonnaires (EB : embryoid

b di ) L EB t lti é d d ili dé d LIF ?BA?BA i t t ité à l�AR d t 4 j   !"!"

Dissociation des corps embryonnairesDifférenciation neuronale

Bibel et al 2004

bodies). Les EB sont cultivés dans du milieu dépourvu de LIF  #" #" puis sont traités à l�AR pendant 4 jours   !"!".

Après ces 4 jours de traitement, les cellules sont dissociées et remises en culture sur un support qui favorise leur

adhésion ainsi que leur différenciation en neurones. A cette étape, le milieu de culture utilisé est du milieu N2,

milieu dans lequel les cellules évoluent pour donner des cellules radiales gliales neurogéniques  $"% $"% qui sont dans

un dernier temps différenciées en neurones glutaminergiques (pyramidaux) en remplaçant le milieu N2 par du

milieu complet  &".
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! "#$%&'() *** + ,$ '($-./(&%'&0- )' .$ (1234$'&0- 

!56 71/$-&.8). 21-1($39 :) 4;&-&'&$'&0- :) 4$ '($-./(&%'&0- 

!"#$ %#& #'()*+,-#&. %/012 3,%+45*)&# 66 78,% 669 #&- *#&3,:&);%# <# %) -*):&(*=3-=,: <#& 

>?:#& <# (%)&&# 66 #- )&&'*# %) &+:-"?&# <#& 0124 #- <#& 3#-=-& 012 :'(%5)=*#&@ A) *5)(-=,: 

<# -*):&(*=3-=,: 3)* %) 8,% 66 3#'- B-*# <=C=&5# #: -*,=& 5-)3#& D %/=:=-=)-=,:. %/5%,:>)-=,: #- %) 

-#*4=:)=&,:@ A/=:=-=)-=,: <# %) -*):&(*=3-=,: :5(#&&=-# %) E,*4)-=,: <' (,43%#F# <# 3*5G

=:=-=)-=,: 786!9@ A# 86! #&- (,43,&5 <# %) 8,% 66. <' (,43%#F# H5<=)-#'* #- <#& E)(-#'*& 

>5:5*)'F <# %) -*):&(*=3-=,: 7IJK9 JK660. GL. GM. GN. GK. GO. <,:- %) 3%'3)*- &,:- #'FG4B4#& 

<#& (,43%#F#& 4'%-=3*,-5=P'#&@ A/)&&#4;%)># <' 86! &/#EE#(-'# )' :=C#)' <' 3*,4,-#'* 

4=:=4)% )'-,'* <' &=-# </=:=-=)-=,: <# %) -*):&(*=3-=,: 7JQQ9@ M#'F -+3#& <# 3*,4,-#'*& 

4=:=4)'F #F=&-#:- D (,43)(- C#*&'& <=&3#*&5 (Figure 15)@ A#& 3*,4,-#'*& (,43)(-& 

(,:-=#::#:- ': &=-# </=:=-=)-=,: <# %) -*):&(*=3-=,: ':=P'#. )%,*& P'# %#& 3*,4,-#'*& <=&3#*&5& 

(,:-=#::#:- <=EE5*#:-& &=-#& </=:=-=)-=,: <# %) -*):&(*=3-=,: &'* ': =:-#*C)%%# <# RS T 

USS :'(%5,-=<#&@ A# 3*,4,-#'* 4=:=4)% (,43)(- 3#'- (,43,*-#* 3%'&=#'*& 5%54#:-& <# 

&5P'#:(#. (,44# %/5%54#:- J0J0. ': 5%54#:- =:=-=)-#'* 76:*9. ': 5%54#:- L1N 7JK66L 

1#&3,:&=C# N%#4#:-9. ,' #:(,*# ': 5%54#:- #: )C)% <' &=-# </=:=-=)-=,: <# %) -*):&(*=3-=,: 

7M8N D M,V:&-*#)4 8*,4,-#* N%#4#:-9 (Figure 16)@ N: >5:5*)%. (#& 5%54#:-& &,:- 

()*)(-5*=&-=P'#& <#& 3*,4,-#'*& P'= &,:- ")'-#4#:- *5>'%5& 3#:<):- %) <=EE5*#:(=)-=,: ,' #: 

*53,:&# T <#& C,=#& <# &=>:)%=&)-=,:@ A) 3%'3)*- <#& 3*,4,-#'*& (#%%'%)=*#& :# (,:-=#::#:- 

:5):4,=:& )'(': <# (#& 5%54#:-& 4)=& &,:- ()*)(-5*=&5& 3)* %) 3*5&#:(# <# *5>=,:& *=("#& #: 

I! )33#%5#& W%,-& !3I #- &,:- <#& 3*,4,-#'*& <# -+3# <=&3#*&5 7Q):<#%=:. !)*:=:(= #- )%@ 

XSSY9@  

3.1.1 Les différents composants du promoteur minimum 

A#& 5%54#:-& 3*,4,-#'*& -#%& P'# %) ;,W-# J0J0. %/5%54#:- L1N. 6:*. HJN 7H,-=E J#: 

N%#4#:-9 #- M8N &,:- -+3=P'#4#:- *#-*,'C5& <):& %#& Z (,*# [ 3*,4,-#'*& <# -+3# (,43)(-@ 

25):4,=:&. (#& 5%54#:-& <' 3*,4,-#'* 4=:=4)% :# &,:- 3)& ':=C#*&#%&@ N: *5)%=-5. (")(': <# 

(#& 5%54#:-& #&- 3*5&#:- ':=P'#4#:- <):& ': &,'&G#:&#4;%# <# 3*,4,-#'*&@ 

3.1.1.1 La boîte TATA 

A) ;,W-# J0J0 #&- %# 3*#4=#* 5%54#:- 3*,4,-#'* <# ;)&# T )C,=* 5-5 =<#:-=E=5@ !#- 5%54#:- 

-=*# &,: :,4 <# &) &5P'#:(# (,:&#:&'&. J0J0\001. ,] %# :'(%5,-=<# J #: )4,:- #&- 

&,'C#:- &=-'5 T G^S ,' G^U 3)* *)33,*- )' &=-# </=:=-=)-=,: <# %) -*):&(*=3-=,: 7L*#)-":)(" ):< 



 !"#"$%&!'(%'$)*%'+"#*,+$--
Région UTR Région Codante
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./0$!/1&$/"2'(&'344
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 !"#"$%&!'(%'$)*%'(/0*%!0566

Ilot CpG
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m

Région UTR Région Codante

D�après Sandelin, Carninci et al. 2007

 !"#$!%&#!'()*&)+,,

Ilot CpG

 !"#$% &' ( )*+,-$-!.*/ 0%. ,$*+*1%#$. 0% 12,% 3*+,-31 %1 0% 12,% 0!.,%$.45 Alors que

les promoteurs dits compacts, ou encore à TSS unique, comprennent un élément TATA et/ou

Inr (A), les promoteurs de types dispersés (à TSS multiples) sont riches en îlots CpG.
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 !"#$%&' ()*(+'  ",&-&.-/' 0"&123-&' 24' "35' 6778+' 9%&:";-./' <2&!",1' 24' "35' 6778=5' <"' $%>42'

?@?@' 2A4' ,2.%&&B2' 24' C-DE2' F",' ?G9' H?@?@' G-&1-&I' 9,%42-&=/' JB-' 2A4' B&2' A%BAKB&-4E' 1B'

.%#F32D2' ?LMMN5' <"' $%>42' ?@?@' 2A4' F,EA2&42' B&-JB2#2&4' 1"&A' B&2' F",4-2' 12A' F,%#%42B,A'

.%#F".4A5'N2'.2'C"-4/'.24'E3E#2&4'2A4'F3B4O4',",2'.!2P'32A';2,4E$,EA/'FB-AJB2'#%-&A'1QB&'4-2,A'

12A'F,%#%42B,A'A%&4'12'4RF2'.%#F".4/'24'A2B32'B&2'C,".4-%&'12A'F,%#%42B,A'12'.2'4RF2'.%&4-2&4'

B&'E3E#2&4'?@?@5'

3.1.1.2 BRE 

<2'GST'"'-&-4-"32#2&4'E4E'-12&4-C-E'.%##2'E4"&4'B&'E3E#2&4',2.%&&B'F",'?LMMG'A-4BE'2&'

"#%&4' 12' 3"' $%>42' ?@?@' H<"I,"&I2/'U"F"&-1-A' 24' "35' ())*=5' M3' "' 2&AB-42' E4E' 1E.%B;2,4' JB2'

?LMMG'F%B;"-4' 2&' ,E"3-4E' A2' C-D2,' 2&' "#%&4' HGST
V
' F%B,'VFA4,2"#=' %B' 2&' ";"3' HGST

N
' F%B,'

1%W&A4,2"#=' 12' 3"' $%>42' ?@?@' HN2&I' "&1' S%$2,4A' 677X+' N2&I' "&1' S%$2,4A' 677Y=5' <"'

AEJB2&.2' .%&A2&ABA' 12' 3QE3E#2&4' GST
V
' 2A4' 00S Z  ' H<"I,"&I2/' U"F"&-1-A' 24' "35' ())*=/'

.2332' 12' GST
N
' A-4BE2' :BA42' 2&' ";"3' 12' 3"' $%>42' ?@?@/' 2A4' S?NUUUU' HN2&I' "&1' S%$2,4A'

677X=5'023%&'32'.%&42D42'1B'F,%#%42B,/' 32A'GST
V
'24'GST

N
'F2B;2&4'"I-,'12'#"&-[,2'F%A-4-;2'

%B' &EI"4-;25' 0-' .2A' AEJB2&.2A' E4"-2&4' 1"&A' B&' F,2#-2,' 42#FA' ABFF%AE2A' -#F%,4"&42A' F%B,'

3Q"CC-&-4E'12'?LMMG'";2.' 32'F,%#%42B,' in vitro' HN2&I'"&1'S%$2,4A'677X=/'12A'2DFE,-2&.2A'12'

 !M9K.!-F' in vivo' A2#$32&4' -&1-JB2,'JB2' 3"' C-D"4-%&'12'?LMMG'&2'&E.2AA-42'F"A' C%,.E#2&4' 3"'

F,EA2&.2'12A'E3E#2&4A'GST'H@3$2,4/'Z,%42'24'"35'67(7='

3.1.1.3 Inr 

<2' #%4-C' -&-4-"42B,' HM&,=' .%#F,2&1' 32' A-42' 1Q-&-4-"4-%&' 12' 3"' 4,"&A.,-F4-%&' H0#"32' "&1'

G"34-#%,2'()*)+'0#"32'"&1'U"1%&"I"'677\=5'0-'32'.%&A2&ABA'12'3QM&,';",-2'A23%&'32A'2AF[.2A'

H]]@^_]]'.!2P'3`!%##2/'? @U?]'.!2P'3"'1,%A%F!-32=/'32'&B.3E%4-12'@'.%&A2,;E'1"&A'3"'

AEJB2&.2',2F,EA2&42'A%B;2&4'32'A-42'1Q-&-4-"4-%&'12'3"'4,"&A.,-F4-%&5'<QM&,'2A4'."F"$32'12'1-,-I2,'

3"' 4,"&A.,-F4-%&' A2B3' %B' 2&' AR&2,I-2' ";2.' 3"' $%>42'?@?@'24a%B' 32'N9T5'<QM&,' 2A4' B&' A-42' 12'

,2.%&&"-AA"&.2' F%B,' ?LMMN5' 93BA' F,E.-AE#2&4/' A2A' A%BAKB&-4EA' ?@L(' 24' ?@L6' F2B;2&4'

,2.%&&">4,2'.2'#%4-C'H?!%#"A'"&1' !-"&I'6778='

3.1.1.4 DPE 

<2' N9T' "' E4E' -12&4-C-E' .%##2' B&' E3E#2&4' 12' ,2.%&&"-AA"&.2' 12' ?LMMN' HGB,b2' "&1'

U"1%&"I"' ())8=5' <2' N9T' 2A4' .%&A2,;E' 12' 3"' 1,%A%F!-32' HAEJB2&.2' .%&A2&ABA' SZ_]c?'

HUB4".!'"&1'U"1%&"I"'6777=='d'3`!%##2'24'2A4'A-4BE'd'e6*'a'e\\'2&'";"3'12'A-42'1Q-&-4-"4-%&'12'

3"'4,"&A.,-F4-%&5'



-'.$/0&12#3&$"

4'1))55

6+7"

-37 -31 -24 -17-23 -2 +5 +18 +28 +33

BREU TATA BRED Inr MTE DCE

Promoteur 

Minimal

Promoteur

Proximal

Promoteur 

Distal

D�après Fuda, Ardehali et al. 2009

 !"#$% &6 ( 7%. .48#%/3%. 0% $4"#9-1!*/ 0%. ":/%. 0% 39-..% ;;5 Le promoteur se définit comme la région d�ADN

qui dirige l�initiation de la transcription d�un gène. Dans les promoteurs de classe II, les éléments tels que la boîte

TATA, l�élément Inr et l�élément DPE forment le promoteur minimal, ou « core » promoteur. Ces éléments

permettent de lier les GTFs. Les régulateurs de la transcription (ovale orange et losange jaune), qui représentent soit

des activateurs, soit des répresseurs, se lient à des régions du promoteur proximal ou du promoteur distal. Les

activateurs, par l�intermédiaire d�un adaptateur appelé médiateur, permettent d�activer la transcription.
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3.1.1.5 MTE 

<2' f?T' "' E4E' 4,%B;E' 2&' "AA%.-"&4' 12A' "&"3RA2A' $-%-&C%,#"4-JB2A' 24' $-%.!-#-JB2A5'  2'

#%4-C'12'(7$F'"'F%B,'.%&A2&ABA'3"'AEJB2&.2' 0@S 00@@ '24'A2'A-4B2'12'e(*'d'e6Y'1B'A-42'

1Q-&-4-"4-%&'.!2P'3"'1,%A%F!-325' %##2'F%B,'32'N9T'1E.,-4'F,E.E12##2&4/'32'f?T'C%&.4-%&&2'

.%%FE,"4-;2#2&4'";2.'3QM&,/'";2.'B&'2AF".2#2&4'F,E.-A',2JB-A'2&4,2'32A'12BD'E3E#2&4A5'@3%,A'

JB2' 32'f?T'C%&.4-%&&2'2&'AR&2,I-2'";2.' 32A'E3E#2&4A'?@?@'24'N9T/' 3Q"11-4-%&'1QB&'f?T'

F2B4' EI"32#2&4' .%#F2&A2,' 3"' F2,42'12' 3"' 4,"&A.,-F4-%&'1B2' "BD'#B4"4-%&A'1"&A' 32A' E3E#2&4A'

?@?@'24'N9T5'

<2A' E4B12A' 1B' f?T' 24' 1B' N9T' E4"&4' ,E"3-AE2A' .!2P' 3"' 1,%A%F!-32/' -3' A2' F2B4' JB2' .2A'

E3E#2&4A'"-2&4'B&'.%&A2&ABA'F3BA'3",I2'a'#%-&A',2A4,-.4-C'.!2P'32A'#"##-C[,2A5'

3.1.2 Les îlots CpG 

<"'#E4!R3"4-%&' 12' 3Q@N^' 2A4' B&2'#%1-C-."4-%&' .%;"32&42' JB-' &2' ;"' 2&' ,-2&' .!"&I2,' 3"'

AEJB2&.2' IE&%#-JB25'  !2P' 32A' ;2,4E$,EA/' .2442' ,E".4-%&' A2' C"-4' #":%,-4"-,2#2&4' 1"&A' B&'

2&;-,%&&2#2&4' IE&%#-JB2' 1%&&E/' .`2A4KdK1-,2' 3%,AJBQB&' &B.3E%4-12'  ' 2A4' AB-;-' F",' B&'

&B.3E%4-12'Z' H ' 9!%AF!"42'Z=5' N"&A' 32A' .233B32A' T0/' 32A' .R4%A-&2A' F2B;2&4' EI"32#2&4' g4,2'

#E4!R3E2A'"B'&-;2"B'12A'1-&B.3E%4-12A' F@'24' F?'HS"#A"!%R2/'G-&-APb-2W-.P'24'"35'6777='

V&'>3%4' FZ'2A4'1EC-&-'.%##2'B&2',EI-%&'12'F3BA'12'X77$F'1"&A'3"JB2332'32'F%B,.2&4"I2'

12' Z'2A4'ABFE,-2B,'d'XXh'HZ",1-&2,KZ",12&'"&1'L,%##2,'()*Y+'?"b"-'"&1'i%&2A'6776=5'93BA'

12'Y7h'12A'F,%#%42B,A'!B#"-&A'.%&4-2&1,"-2&4'B&'>3%4' FZ/'.2'JB-'C"-4'12'.2A'>3%4A'32'4RF2'12'

F,%#%42B,' 32'F3BA' C,EJB2&4' H0"D%&%;/'G2,I'24'"35'6778=5' M&;2,A2#2&4/'F,[A'12'X7h'12A' >3%4A'

 FZ'A2,"-2&4'A-4BEA'1"&A'32'?00'12A'I[&2A5'N2A'E4B12A',E.2&42A'%&4'#-A'2&'E;-12&.2'12A'>3%4A'

 FZ'&%&'"AA%.-EA'";2.'12A'A-42A'1Q-&-4-"4-%&'12'3"'4,"&A.,-F4-%&'"&&%4EA/'#"-A'JB-'&E"&#%-&A'

F,EA2&42,"-2&4' 12A' C%&.4-%&A' F,%#%4,-.2A' HM33-&IW%,4!/' Z,B2&2W"31K0.!&2-12,' 24' "35' 67(7+'

f"B&"b2"/'^"I",":"&'24'"35'67(7=5''

<2A' F,%#%42B,A' .%&42&"&4' 12A' >3%4A'  FZ' A%&4' A%B;2&4' 1EF%B,;BA' 12A' E3E#2&4A' 1B'

F,%#%42B,'#-&-#"3'.-4EA'.-K12AABA/'.2'JB-'F2B4'2DF3-JB2,'JBQ-3A'F%AA[12&4' A%B;2&4'F3BA-2B,A'

?00'.%&4,"-,2#2&4'"B'F,%#%42B,'.%&42&"&4'B&'E3E#2&4'?@?@'24a%B'M&,'JB-'2BD'F%AA[12&4'B&'

?00'C-D2'H ",&-&.-/'0"&123-&'24'"35'6778='(Figure 15).''

<%,A' 1B' 1E;23%FF2#2&4' 2#$,R%&&"-,2' F,E.%.2/' 32' 4"BD' 12' #E4!R3"4-%&' 12' 3Q@N^' 2A4'

.%&A-1E,"$32#2&4' ,E1B-4/' FB-A/' F2B' ";"&4' 3Q-#F3"&4"4-%&/' 3Q@N^' 2A4' ,2#E4!R3E5'  2442'
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,2#E4!R3"4-%&'2A4'1B2'd'3Q".4-%&'1Q2&PR#2A'"FF23EA''12A'N^@'#E4!R34,"&ACE,"A2A'HN^f?=5'M3'

C"B4'&%42,'JB2'32A'>3%4A' FZ'A%&4'3",I2#2&4'2D.3BA'12'.2442',2#E4!R3"4-%&5'<Q-1E2'2A4'"3%,A'JB2'

3"' #".!-&2,-2' 4,"&A.,-F4-%&&2332' 3"-AA2' B&2' j'2#F,2-&42'k' "B' .%B,A' 12' 3Q2#$,R%I2&[A25' T&'

2CC24/'.2442'#".!-&2,-2'4,"&A.,-F4-%&&2332'2#Fg.!2,"-4'3Q"..[A'12A'N^f?'24'F",'.%&AEJB2&4'3"'

#E4!R3"4-%&'12'3Q@N^'HM33-&IW%,4!'"&1'G-,1'677)=5'

T&' 677)/' B&2' "B4,2' #%1-C-."4-%&' 12A' .R4%A-&2A' "' E4E' #-A2' 2&' E;-12&.25'

<Q!R1,%DR#E4!R3"4-%&'12'3"'.R4%A-&2'HX!# 'l'XK'!R1,%DR#24!R3.R4%A-&2='2A4'."4"3RAE2'F",'32A'

2&PR#2A'12' 3"'C"#-332'?T?'H?2&KT32;2&'?,"&A3%."4-%&='24'2A4'"$%&1"&42'1"&A'.2,4"-&A' 4RF2A'

12' .233B32A5'  2A' 2&PR#2A' ."4"3RA2&4' EI"32#2&4' 3Q%DR1"4-%&' 12' .2442' X!# ' 2&'

XKC%,#R3.R4%A-&2' HXC =' FB-A' XK.",$%DR.R4%A-&2' HX." =5' <"' #",JB2' X!# ' A2,4' "-&A-'

1Q-&42,#E1-"-,2'1"&A'3"',E".4-%&'12'1E#E4!R3"4-%&'#E1-E2'F",'3Q2&PR#2'?NZ'H4!R#-&2'N^@'

I3R.%AR3"A2='HF%B,',2;B2'Hf%%,2/'<2'24'"35'67(\==5'<"'#",JB2'X!# 'F%B,,"-4'EI"32#2&4'"I-,'

.%##2' B&' A-I&"3' F%B,' 12A' C".42B,A' ,2.%&&"-AA"&4' 3"' .!,%#"4-&25'  2442' #%1-C-."4-%&' A2,"-4'

,23"4-;2#2&4'"$%&1"&42'&%4"##2&4'1"&A'32A'.233B32A'F3B,-F%42&42A'24'1"&A'32A'&2B,%&2A'H9%B,'

,2;B2'H_B'"&1'm!"&I'67((==5''

3.1.3 Régions régulatrices en dehors du promoteur 

G-2&'JB2'32'F,%#%42B,'#-&-#"3'ABCC-A2'F%B,'"AA2#$32,'32'9M '24'1-,-I2,'3"'4,"&A.,-F4-%&'d'

F",4-,' 1Q@N^' &B' in vitro/' 3"' ,EIB3"4-%&' 12' 3"' 4,"&A.,-F4-%&' in vivo' &E.2AA-42' 3Q".4-%&' 12A'

,EIB3"42B,A'12'4,"&A.,-F4-%&5' 2A'12,&-2,A',2.%&&"-AA2&4'1Q"B4,2A'AEJB2&.2A',EIB3"4,-.2A'A-4BE2A'

1"&A' 32' F,%#%42B,' F,%D-#"3' HF,%.!2' 1B' ?00=' 24' AB,4%B4' "B' &-;2"B' 1B' F,%#%42B,'

1-A4"3'(Figure 16)5' 2A'E3E#2&4A'A%&4'"FF23EA'2&!"&.2,A'%B'A-32&.2,A/'AB-;"&4'32B,'2CC24'F%A-4-C'

%B'&EI"4-C'AB,'3"'4,"&A.,-F4-%&'24'A2'A-4B2&4'F",C%-A'4,[A'3%-&'2&'"#%&4'%B'2&'";"3'1B'?005' 2A'

AEJB2&.2A/' ,2.%&&B2A' F",' 32A' C".42B,A' 12' 4,"&A.,-F4-%&/' F2,#2442&4' B&2' ,EIB3"4-%&' C-&2' 12'

3Q2DF,2AA-%&'12A'I[&2A'3%,A'12'3"'1-CCE,2&.-"4-%&'24'12'3"'AFE.-C-."4-%&'12'3Q-12&4-4E'.233B3"-,25'

?%BA'32A'C".42B,A'12'4,"&A.,-F4-%&'&Q-&42,"I-AA2&4'F"A'1-,2.42#2&4'";2.'3Q@N^/'#"-A'F2B;2&4'

"I-,';-"'32B,A'F",42&"-,2A'%B'2&'4"&4'JB2'A%BAKB&-4E'12'.%#F32D2A'F,%4E-JB2A5' 2A'C".42B,A'A%&4'

1EC-&-A' .%##2' 12A' .%".4-;"42B,A' %B' .%,EF,2AA2B,A' 24' -&42,"I-AA2&4' ";2.' 32A' 2&PR#2A' 12'

#%1-C-."4-%&'%B'32A'.%#F32D2A'12',2#%123"I2'12'3"'.!,%#"4-&2/'"-&A-'JBQ";2.'32A'.%#F%A"&4A'

1B'9M 5''
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3.1.3.1 Régions proximales 

<2A'AEJB2&.2A',EIB3"4,-.2A'F,%D-#"32A'A%&4'2&'IE&E,"3'A-4BE2A'2&4,2'n7'24'((7$F'2&'"#%&4'

1B' A-42' 1Q-&-4-"4-%&' 12' 3"' 4,"&A.,-F4-%&5'  2A' AEJB2&.2A' A%&4' ,2.%&&B2A' F",' 12A' C".42B,A' 12'

4,"&A.,-F4-%&'JB-'F2B;2&4'"I-,'-&1-,2.42#2&4'AB,'3"'#".!-&2,-2'4,"&A.,-F4-%&&2332'2&',2.,B4"&4'

1Q"B4,2A' C".42B,A' ,2AF%&A"$32A' 12' 3"' #%1-C-."4-%&' 12' 3"' .!,%#"4-&2' %B' 1-,2.42#2&4' 2&'

-&42,"I-AA"&4'";2.'32A'E3E#2&4A'12'3"'#".!-&2,-2'4,"&A.,-F4-%&&23325''

 2A'AEJB2&.2A',EIB3"4,-.2A'F2B;2&4'";%-,'B&'2CC24'".4-;"42B,'HV@0'a'VFA4,2"#'@.4-;"4-&I'

02JB2&.2=' %B' ,EF,2AA2B,' HVS0'l' VFA4,2"#' S2F,2AA-&I' 02JB2&.2=' A23%&' 3"' F,%4E-&2' JB-' 32A'

,2.%&&">45'<2A'AEJB2&.2A',EIB3"4,-.2A'F,%D-#"32A'32A'F3BA'.%&&B2A'A%&4'32A'$%>42A'  @@?'24'

ZZZ ZZ5''

3.1.3.2 Régions distales 

<"',EIB3"4-%&'12'3Q2DF,2AA-%&'1QB&'I[&2'&2'A2'C"-4'F"A'B&-JB2#2&4'F",'32'$-"-A'12',EI-%&A'

j'"1:".2&42A'k5'  2442' ,EIB3"4-%&' F2B4' EI"32#2&4' g4,2' 1B2' d' 12A' AEJB2&.2A' F%B;"&4' g4,2'

1-A4"&42A'12'F3BA-2B,A'#-33-2,A'12'F"-,2A'12'$"A2A'1B'F,%#%42B,5'N-CCE,2&4A' 4RF2A'1QE3E#2&4A'

%&4'"-&A-'E4E'1E.,-4A5''

<2A'2&!"&.2,A'A%&4'Ao,2#2&4'32A'F3BA'E4B1-EA'F",#-'.2A'E3E#2&4A5'M3A'F2B;2&4'g4,2'1E.,-4A'

.%##2'3QE3E#2&4'F,E1%#-&"&4'F%B,' 3"',EIB3"4-%&'12' 3Q2DF,2AA-%&'1QB&'I[&25'<%,AJBQ-3A'A%&4'

F3".EA' 2&' "#%&4' 1QB&' F,%#%42B,' #-&-#"3' 24' 1QB&' I[&2' ,"FF%,42B,/' -3A' F2,#2442&4' 12'

,E."F-4B32,' 3Q2DF,2AA-%&' &"4-;2' 1B' I[&25' <2B,' ".4-;-4E' 2A4' 3"' .%&AEJB2&.2' 12' 3"' C-D"4-%&' 12'

C".42B,A'12'4,"&A.,-F4-%&'d'12A'#%4-CA'@N^'12'8'd'67'F$5'In vivo/'12A'$%B.32A'12'3"'.!,%#"4-&2'

F2,#2442&4' 12' .,E2,' 3Q-&42,".4-%&' 2&4,2' 32A' 2&!"&.2,A' 24' 32A' F,%#%42B,A' F,%D-#"BD' 12' 32B,A'

I[&2A'.-$32A'H@b$",-/'G%BAB#'24'"35'6778=5'<2A'A-32&.2,A'JB"&4'd'2BD',EF,-#2&4' 3Q2DF,2AA-%&'

1QB&' I[&2' ;-"' 12A' -&42,".4-%&A' ";2.' 32' F,%#%42B,' F,%D-#"3' 1B' I[&2' .-$3E' HpI$%B,&2' "&1'

@&4"3-A'())*=5'<2A'E3E#2&4A'-&AB3"42B,A'F2,#2442&4'1Q-A%32,'32A'2&!"&.2,A'12A'I[&2A'F,%.!2A'24'

12'1-,-I2,'32B,'".4-;-4E';2,A'32A'F,%#%42B,A'#-&-#"BD'.-$3EA'HG233/'_2A4'24'"35'677(=5'

 2A'1-CCE,2&4A'E3E#2&4A'F2B;2&4'g4,2'A-4BEA'd'F3BA-2B,A'b-3%$"A2A';%-,'#EI"$"A2A'1B'I[&2'

,EIB3E5' N2' F3BA/' -3' F2B4' R' ";%-,' F3BA-2B,A' 2&!"&.2,A' F%B,' B&' #g#2' I[&25' <2' 42,#2' 12'

j'A!"1%W'k'2&!"&.2,'2A4'"3%,A'B4-3-AE/'B4-3-A"&4'B&2'#E4"F!%,2'F%B,'-&1-JB2,'JB2'.24'2&!"&.2,'

d'E4E'1E.%B;2,4'"F,[A'3Q2&!"&.2,'F,-&.-F"3'HJB-'2A4'A%B;2&4'32'F,2#-2,'1E.%B;2,4/'24'JB-'A2'A-4B2'

d'F,%D-#-4E'1B'I[&2=5' 2'A!"1%W'2&!"&.2,'F2B4'A2'4,%B;2,'d'B&2'3%."3-A"4-%&'-&"442&1B2/'42332'

JB2'1"&A' 3Q-&4,%&'1QB&'I[&2';%-A-&5'N2A'2DFE,-2&.2A'.!2P'3"'1,%A%F!-32'%&4'#-A'2&'E;-12&.2'
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3Q-#F%,4"&.2' C%&.4-%&&2332' 1Q";%-,' F3BA-2B,A' 2&!"&.2,A5' N"&A' 12A' .%&1-4-%&A' 12'

1E;23%FF2#2&4' &%,#"3/' 3Q2&!"&.2,' F,%D-#"3' %B' 1-A4"3' 2A4' ABCC-A"&45' T&' ,2;"&.!2' A-' 32A'

2#$,R%&A' A2' 1E;23%FF2&4' d' 12A' 42#FE,"4B,2A' E32;E2A/' 3"' F2,42' 1QB&' 12A' 12BD' 2&!"&.2,' ;"'

2&4,"-&2,'12A'1EC"B4A'12'I"A4,B3"4-%&'H92,,R/'G%244-I2,'24'"35'67(7=5''

<Q-&12&4-C-."4-%&' 12' .2A' 2&!"&.2,A' 2A4' F%AA-$32' F",' 1-CCE,2&42A' #E4!%12A5' N2A' "&"3RA2A'

$-%.!-#-JB2A/' 42332A' JB2' 3"' #B4"4-%&' 12' 3Q2&!"&.2,/' %B' A%&4' .3%&"I2' 2&' "#%&4' 1QB&' I[&2'

,"FF%,42B,' F2B;2&4' g4,2' B4-3-AE2A' F%B,' .",".4E,-A2,' .2A' E3E#2&4A5' N2' F3BA/' 12A' "&"3RA2A'

$-%-&C%,#"4-JB2A' F2B;2&4' EI"32#2&4' g4,2' #-A2' 2&' qB;,2' F%B,' -12&4-C-2,' 12A' 2&!"&.2,A'

F%42&4-23A5'T&' 2CC24/' .2A' E3E#2&4A' .%&4-2&&2&4' A%B;2&4' B&2' C%,42' 12&A-4E' 12' A-42A' 12' C-D"4-%&'

F%B,'12A'C".42B,A'12'4,"&A.,-F4-%&/'.2'JB-'"'F2,#-A'12'.,E2,'12A'"3I%,-4!#2A'JB-';%&4'-12&4-C-2,'

.2A' ,EI-%&A' HG2,#"&/' ^-$B' 24' "35' 6776+' f",bA42-&/' f",bA42-&' 24' "35' 6776=5' fg#2' A-' .2442'

42.!&-JB2' C%&.4-%&&2/' A2B3' (7K\7h' 12A' ,EI-%&A' -12&4-C-E2A' A%&4' 1Q"B4!2&4-JB2A' 2&!"&.2,A'

3%,AJBQ-3A' A%&4' 42A4EA5' N2A' 2DFE,-2&.2A' 1Q-##B&%F,E.-F-4"4-%&' 12' 3"' .!,%#"4-&2' AB-;-' 12'

AEJB2&r"I2' d' !"B4' 1E$-4' H !M9KA2J=' .-$3"&4' 12A' C".42B,A' 12' 4,"&A.,-F4-%&' %B' 12A' #",JB2A'

1Q!-A4%&2A' F2,#2442&4' EI"32#2&4' 1Q-12&4-C-2,' .2A' 2&!"&.2,A5' i2' ,2;-2&1,"-' 1"&A' B&2' F",4-2'

B34E,-2B,2'AB,'32A'1-CCE,2&42A'#",JB2A'1Q!-A4%&2A'"AA%.-E2A'"BD'1-CCE,2&4A'E3E#2&4A'F,%#%42B,A'

a',EIB3"42B,A5'

 !" #$%&'()$*+%&,+-)./0*$%&1$&2'&)+'3%(+/,)/-3&

 !2P'32A'2B.",R%42A/'3Q2&A2#$32'12A'I[&2A'.%1"&4'F%B,'12A'F,%4E-&2A'A%&4'4,"&A.,-4A'F",'3"'

9%3'MM5'<Q-&-4-"4-%&'12'.2442'4,"&A.,-F4-%&'24'A"',EIB3"4-%&'&E.2AA-42'A-D'C".42B,A'IE&E,"BD'12'3"'

4,"&A.,-F4-%&'"-&A-'JB2'12A'.%".4-;"42B,A5'<2'.%#F32D2'#E1-"42B,'2A4'32'.%#F32D2'.%".4-;"42B,'

.2&4,"3'FB-AJBQ-3'F2,#24'12'C"-,2'32'3-2&'2&4,2'32A'E3E#2&4A'12',EIB3"4-%&'2&'"#%&4'24'3"',EI-%&'

F,%#%4,-.25'i2';"-A'1"&A'.2442'F",4-2'1E4"-332,'JB23JB2AKB&A'12A'".42B,A'12'3"'4,"&A.,-F4-%&/'2&'

.%##2&r"&4'F",'3Q2&PR#2/'3Q@S^'F%3R#E,"A2'MM5'

3.2.1 L�ARN polymérase II et la machinerie de base 

3.2.1.1 L�ARN polymérase II 

<"' 9%3' MM' 2A4' B&' .%#F32D2'#B34-F,%4E-JB2' .%#F%AE' 12' (6' A%BAKB&-4EA5'  2A' A%BAKB&-4EA/'

1%&4'.2,4"-&2A'A%&4'.%##B&2A'"BD'4,%-A'@S^'F%3R#E,"A2A'24'1Q"B4,2A'AFE.-C-JB2A'12'3"'9%3'MM/''

A%&4'"FF23E2A'S9G'HS^@'9%3R#2,"A2'G='H]%B&I'())(=5'<"'F",4-2'."4"3R4-JB2'12'3Q2&PR#2'2A4'

C%,#E2' F",' B&' &%R"B' 12' (7' A%BAKB&-4EA' d' 3"JB2332' ;-2&4' A2' 3-2,' 3"' F"-,2'SG9naY' H@,#".!2/'

U2442&$2,I2,'24'"35'677\=5'<"'9%3'MM'2A4'."F"$32'12'IE&E,2,'12A'@S^'d'B&2';-42AA2'4,[A',"F-12/'
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;",-"&4'12'67'd'Y7'&B.3E%4-12A'F",'A2.%&125'^E"&#%-&A'A%&'".4-;-4E'&Q2A4'F"A'3-&E"-,2'32'3%&I'

12' 3"' #"4,-.2' 1Q@N^' FB-AJB2' 3"' 9%3' MM' 2CC2.4B2' B&' 1EF3".2#2&4' 2&' ";"&4' F,E"3"$32' d'

3Q-&4EI,"4-%&' 1QB&' &B.3E%4-12/' FB-A' 2CC2.4B2' B&' #%B;2#2&4' 12' ,2.B3' F%B,' 42,#-&2,' 3"'

#"4B,"4-%&'12'3Q2D4,E#-4E'\Q'12'3Q@S^'H_"&I/'GBA!&233'24'"35'677)='

<"'A%BAKB&-4E'SG9('12'3"'9%3'MM'.%#F,2&1'B&'1%#"-&2' ?N'H K?2,#-&"3'N%#"-&='AB:24'd'

12A'F!%AF!%,R3"4-%&A'-#F%,4"&42A'F%B,'3"',EIB3"4-%&'12'3"'4,"&A.,-F4-%&5' 2442'2D4,E#-4E' ?N'

2A4'.%#F%AE2'1QB&2',EFE4-4-%&'12'3"'AEJB2&.2'!2F4"#E,-JB2']09?090/'"B'A2-&'12'3"JB2332'3"'

AE,-&2'6'24'3"'AE,-&2'X',2F,EA2&42&4'32A'A-42A'12'F!%AF!%,R3"4-%&5''

3.2.1.2 Les facteurs généraux de la transcription 

@C-&'12'A2'C-D2,'12'#"&-[,2'A4"$32'AB,'32A'F,%#%42B,A/'3"'9%3'MM'&E.2AA-42'3"'F,EA2&.2'12A'

Z?L5'  2A' C".42B,A' 12' 4,"&A.,-F4-%&' %&4' E4E' 1E.%B;2,4A' F",' 12A' 2DFE,-2&.2A' 12'

.!,%#"4%I,"F!-25' <2' &%#' 12' .2A' C".42B,A' 2A4' 1Q"-332B,A' "AA%.-E' ";2.' 3"' C,".4-%&'

.!,%#"4%I,"F!-JB2'1"&A'3"JB2332'-3A'%&4'E4E',24,%B;EA5' 2442'2DFE,-2&.2'"'F2,#-A'1Q-12&4-C-2,'

?LMM@/'?LMMG/'?LMMN/'?LMMT/'?LMML'24'?LMMs/'%t'?L'A-I&-C-2'j'C".42B,'12'4,"&A.,-F4-%&'k'24'%B'

32'.!-CC,2'MM'C"-4',ECE,2&.2'd'3"'9%3'MM'H0"W"1%I%'"&1'S%212,'()*X=5'<"'4"$32'('1%&&2'B&'$,2C'

"F2,rB'12'3"'.%#F%A-4-%&'24'12A'F,%F,-E4EA'C%&.4-%&&2332A'12'.!"JB2'Z?L'.!2P'3Q!%##2'HF%B,'

,2;B2'H?!%#"A'"&1' !-"&I'6778==5'

3.2.2 Modèles d�assemblage du PIC 

In vitro/' 12BD'#%1[32A' 1Q"AA2#$3"I2'1B'9M '%&4' E4E' 1E.,-4A'l' 32'#%1[32' AEJB2&4-23' 24' 32'

#%1[32'12'3Q!%3%2&PR#25'

3.2.2.1 Assemblage séquentiel 

<"'&"4B,2'!-E,",.!-JB2'12'3Q"AA2#$3"I2'12A'Z?L'"B'&-;2"B'1B'F,%#%42B,'"'E4E'E4B1-E2'"B'

1E$B4' 12A' "&&E2A' ()*7' 2&' B4-3-A"&4' 12A' C,".4-%&A' .!,%#"4%I,"F!-JB2A' 1Q2D4,"-4A' 12' .233B32A'

sE3"5'T&'()*)/'3QEJB-F2'12'GB,"4%WAb-'"'1E42,#-&E'3Q%,1,2'1Q"AA2#$3"I2'1B'9M /'2&'A2'$"A"&4'

AB,'12A' E4B12A'1QE32.4,%F!%,[A2'2&'.%&1-4-%&'&"4-;2'24' 12' C%%4F,-&4-&I5'93BA'F,E.-AE#2&4/' -3A'

%&4' 1E42,#-&E' JB2' ?LMMN' 2&' F,2#-2,' ,2.%&&"-AA"-4' 3"' $%>42' ?@?@/' AB-;-' 12' #"&-[,2'

AEJB2&4-2332'12'3Q2&4,E2'12'?LMM@/'?LMMG/'3"'9%3'MM'24'?LMMT'HGB,"4%WAb-/'s"!&'24'"35'()*)='Hd'

.2442' EF%JB2' ?LMML' 24' ?LMMs' &Q";"-2&4' F"A' 2&.%,2' E4E' -12&4-C-EA=5' V&2' C%-A' 3Q2&A2#$32' 12A'

Z?L'-12&4-C-E'24'FB,-C-E/'32'#%1[32'1Q"AA2#$3"I2'AEJB2&4-23'"'E4E'#-A'd':%B,5'T&'F,2#-2,'3-2B/'

?LMMN' A2' C-D2,"-4' d' 3"' ,EI-%&' F,%#%4,-.25' M&42,;-2&1,"-2&4' 2&AB-42' ?LMM@' FB-A' ?LMMG/' JB-'

F2,#244,"-2&4' 12' A4"$-3-A2,' ?LMMN' "B' &-;2"B' 1B' F,%#%42B,5' <"' 4,%-A-[#2' E4"F2' .%&A-A42' d'



<-=9%>&>(>)*+,*.!1!*/>0%.>0!??4$%/1.>@< >%1>9%#$.>?*/31!*/.>3A%B>9CA*++%

6+7
-'89'"!#!'(

9$'#/!:&3
7'(;#!'(

TFIIA P35 ( ), p19 (!), p12 (") Antirépresseur, stabilisation du complexe TBP-TATA, coactivateur

TFIIB p33
Sélection du site d'initiation, stabilisation du complexe TBP-TATA, 

recrutement de PolII/TFIIF

TFIID TBP + TAFs (TAF1-TAF14)
Coactivateur, activité kinase, histone acéthyl transférase, 

liaison au promoteur

TFIIE p56 ( ), p34 (!)
Recrutement de TFIIH, formation d'un complexe ouvert, 

transition initiation/élongation

TFIIF RAP30 , RAP74
Fixation de la Pol II, recrutement de TFIIE et TFIIH, sélection du site 

d'initiation, joue sur l'efficacité de l'élongation

TFIIH

p89 (XPB), p80 (XPD), p62, 

p52, p44, p40 (CDK7), 

p38 (Cycline H), p34, 

p32 (MAT1), p8 (TFB5)

Activité hélicase pour l'ouverture de l'ADN, activité de réparation

de l'ADN, activité ATPase impliquée dans l'initiation de la 

transcription, activité kinase pour la phosphorylation du CTD de 

la PolII, activité E3 ubiquitine ligase

À partie de Thomas et Chiang 2006
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3Q2&4,E2'12'3"'9%3'MM'24'?LMML5'@F,[A'3"'C%,#"4-%&'1QB&'.%#F32D2'A4"$32'?LMMNK?LMM@K?LMMGK

9%3MMa?LMML/'?LMMT'FB-A'?LMMs'A%&4',2.,B4EA'HF%B,',2;B2'H?!%#"A'"&1' !-"&I'6778==5' 2442'

AB-42'1QE4"F2A'2A4'1EC-&-2'A%BA'32'42,#2'12'#%1[32'AEJB2&4-23'(Figure 17)5 

3.2.2.2 Modèle de l�holoenzyme 

<2'#%1[32'"342,&"4-C'12'3Q!%3%2&PR#2'"'E4E'1E.,-4'F%B,'3"'F,2#-[,2'C%-A'.!2P'3"'32;B,2'2&'

())n5' T&' 2CC24/' 3"' 9%3' MM' "' FB' g4,2' FB,-C-E2' A%BA' C%,#2' 1Q!%3%2&PR#2' .%&42&"&4' 3"' 9%3' MM/'

.2,4"-&A' Z?L' H?LMMG/' ?LMML/' ?LMMs=' 24' .2,4"-&2A' F,%4E-&2A' 0SG' H0BFF,2AA%,A' %C' S^@'

F%3R#2,"A2'G=5'^E"&#%-&A/' .2442' !%3%2&PR#2' &Q2A4' F"A' ."F"$32' 1Q-&-4-2,' 3"' 4,"&A.,-F4-%&' in 

vitro' A"&A' 3Q":%B4' 12' ?G9' 24' 12' ?LMM@' HU%32Ab2' "&1' ]%B&I' ())n=5' T&' F","33[32/' F3BA-2B,A'

.%#F32D2A/'1QB&2'.%#F%A-4-%&'3EI[,2#2&4'1-CCE,2&42'12'.2332'-&-4-"32#2&4'1E.,-42'F",'3QEJB-F2'

12'U%32Ab2'%&4'E4E'1E.,-4A5' 2A'.%#F32D2A'F2B;2&4'.%&42&-,'3Q!-A4%&2'".E4R34,"&ACE,"A2'Z ^X/'

32'.%#F32D2'12',2#%123"I2'12'3"'.!,%#"4-&2'0_Ma0^L'%B'1Q"B4,2A'E3E#2&4A'-#F%,4"&4A'1"&A'

3"' ,EF","4-%&' 12' 3Q@N^' %B' 3"' #"4B,"4-%&' 12A' #S^@5'  2442' ;",-"4-%&' 2&4,2' 32A' 1-CCE,2&4A'

.%#F32D2A'-12&4-C-EA'F2B4'AQ2DF3-JB2,'2&4,2'"B4,2'F",'12A'#E4!%12A'12'FB,-C-."4-%&'1-CCE,2&42A5'

^E"&#%-&A/'B&2'.!%A2'2A4'.%##B&2'2&4,2'3Q2&A2#$32'12A'.%#F32D2A'-12&4-C-EA'l'3Q"$A2&.2'12'

?LMMN5'  2.-' ABII[,2' JB2/' 12' #"&-[,2' A-#-3"-,2' "B' #%1[32' F,%.",R%4-JB2/' B&' C".42B,/' 2&'

3Q%..B,,2&.2' ?LMMN' Hu' .!2P' 32A' F,%.",R%42A=' F2,#24' 12' ,2.,B42,' 3Q!%3%2&PR#2' 9%3' MM' HvwwQ'

.!2P'32A'F,%.",R%42A='"B'&-;2"B'12'3"',EI-%&'F,%#%4,-.2'(Figure 17)5'

3.2.3 Les cofacteurs de la transcription 

 !"#$%&!'($)"*+",-."/$&&0)/0"12)2%!30&0)'"4!%"3!"#(5!'($)"*0"67--89":+(;("*0"3<!%%(;20"

*0:"!+'%0:"#!/'0+%:"12)2%!+5"*0"3!"'%!):/%(4'($)"0'"*0"3!",$3"--9":$('":03$)"+)"&$*=30":2>+0)'(039"

:$('" :03$)" 30" &$*=30" *0" 3<?$3$0)@A&0" B*2/%('" /(C*0::+:DE"  !" #$%&!'($)" *0" /0" /$&43050" !+"

)(;0!+" *0" 4%$&$'0+%" 0:'" :+##(:!)'0" 4$+%" $F:0%;0%" +)" )(;0!+" *0" '%!):/%(4'($)" F!:!3E"

G2!)&$():9" 4$+%" $F'0)(%" +)0" '%!):/%(4'($)" H"%21+320"I9" *0:" /$#!/'0+%:" :$)'" :$+;0)'"

)2/0::!(%0:E" .0:" *0%)(0%:" '%!):&0''0)'" *0:" :(1)!+5" %21+3!'0+%:" 0)'%0" 30:" !/'(;!'0+%:" $+"

%24%0::0+%:":42/(#(>+0:"*+"1=)0"0'"3!"&!/?()0%(0"12)2%!30"*0"'%!):/%(4'($)E"8(##2%0)'0:"/3!::0:"

*0" /$#!/'0+%:" 05(:'0)'9" ()/3+!)'" 30" &2*(!'0+%9" 30:" /$#!/'0+%:" 4$:('(#:" BJKL"M" J4:'%0!&"

:'(&+3!'$%A" !/'(;('AD" 0'" 30:" /$#!/'0+%:" )21!'(#:" BG."M" G01!'(;0" .$#!/'$%DE" .0:" 232&0)':"

#$)/'($))0)'" ()*240)*!&&0)'" $+" 0)" /$&F()!(:$)" 4$+%" *2'0%&()0%" 3<!/'(;('2" 4%$&$'%(/0"

:42/(#(>+0&0)'"4$+%"+)"1=)0"$+"+)"'A40"/033+3!(%0E""



 !""#

$%&'""

 !""!

 !""(

 !""#

 !"")

 !""*

 !""+

 !"")

 !""+

$%&'""

 !""!
 !""(

 !""#

 !""*

,-".,/!

 * *

 !"#$% &' ( )%#* +,-./%0 -1200%+3/2"% -# 4567 Deux modèle de formation du PIC existent. Dans un premier

modèle, dit séquentiel, les facteurs de transcription et la Pol II sont recrutés dans un ordre bien défini au niveau du

promoteur. Dans le modèle de l�holoenzyme, TFIID est recruté en premier, puis permet le recrutement d�un

complexe formé des autres GTFs, de la PolII et d�autres facteurs tel que par exemple le complexe de remodelage de

la chromatine SWI/SNF.
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N)"1+(:0"*<050&4309"30"/$&43050"&2*(!'0+%":0%'"*<()'0%&2*(!(%0"0)'%0"30:"/$!/'(;!'0+%:"*0"

3!" '%!):/%(4'($)" 0'" 3!" &!/?()0%(0" *0" F!:0E" .0" /$&43050" )<0:'" 4!:" )2/0::!(%0" 4$+%" 3!"

'%!):/%(4'($)"*0"F!:09"&!(:"0:'" (&43(>+2"*!):" 3!" '%!):/%(4'($)"%21+320E" -3"40+'"O'%0" %0/%+'2"!+"

/$+%:"*0"3!"'%!):/%(4'($)"4!%"/0%'!():"%2/04'0+%:")+/32!(%0:9"'03:">+0")$'!&&0)'"30"%2/04'0+%"*0"

3<!/(*0"%2'()$P>+0"BQLQD">+0"R0"*2/%(%!("+3'2%(0+%0&0)'"B,!;%(9" 0S(:"0'"!3E"TUUVDE"

 !  "#$%&'()*+,-.,&',(/'+01/)2()*+,

 !"&!R$%('2"*0:"1=)0:"*0" /3!::0" --" :$)'" :$+&(:" W"+)0" %21+3!'($)" '%!):/%(4'($))0330">+("

40+'"O'%0"*(;(:20"0)"*(##2%0)'0:"4?!:0:9"*+%!)'"30:>+0330:"3!"4$3A&2%!:0"0:'"%0/%+'20"!+")(;0!+"

*+"4%$&$'0+%9"()('(0"3!"'%!):/%(4'($)9"0##0/'+0"3<23$)1!'($)"*+"'%!):/%('9"4+(:"4!::0"0)"4?!:0"*0"

'0%&()!(:$)" B4$+%" %0;+0" B.$%0" !)*" (:" TUUXDDE".0:"4?!:0:"&!R0+%0:" 40+;0)'" 0)" %2!3('2" O'%0"

*2/$&4$:20:"0)"?+('"2'!40:"4$'0)'(0330&0)'":$+&(:0:"W"+)0"%21+3!'($)E""

 0" /A/30" '%!):/%(4'($))03" /$&&0)/0" 4!%" +)0" &$*(#(/!'($)" *0" 3<2'!'" *0" 3!" /?%$&!'()0"

%0)*!)'"!//0::(F30"30:"232&0)':"*+"4%$&$'0+%"&()(&!3E".0''0"2'!40"0:'"*(%(120"4!%"30:"#!/'0+%:"

*0"'%!):/%(4'($)":0"#(5!)'":+%" 30"4%$&$'0+%"*(:'!3"0'Y$+"4%$5(&!3"B2'!40"ZDE" <$+;0%'+%0"*0"3!"

/?%$&!'()0"40%&0'" 3<!::0&F3!10"*+",-.9" :+(;("*+" %0/%+'0&0)'"*0" 3!",$3" --" B2'!40"TD9" /0">+("

0)'%![)0"3<$+;0%'+%0"*+"*$+F30"F%()"*<L8G"!+")(;0!+"*+"6KK"B2'!40"\DE" !",$3"--"0)'%0"0):+('0"

0)" 4?!:0" *<23$)1!'($)" 0'" :0" *2'!/?0" *+" ,-.E" K+('0" W" /0''0" '%$(:(=&0" 2'!409" 3!" ,$3"--" 40+'"

:<!%%O'0%" *!):" +)" 2'!'" *0" H"4!+:0"I" :+%" 3<L8G" B2'!40" ]D9" *$)'" 3!" :$%'(0" 40+'" !F$+'(%" W" +)0"

'0%&()!(:$)"4%2/$/0"$+"W" 3<23$)1!'($)" B2'!40"VDE"8!):" 30" /!:"*0" 3<23$)1!'($)9" 3!"4$3A&2%!:0"

*$('"%2!3(:0%"+)"'%!):/%('"*0"3!"'$'!3('2"*+"1=)09"/0">+("/$):'('+0"3!":(5(=&0"2'!40"4$+;!)'":+F(%"

+)0" %21+3!'($)E"  0:" :04'(=&0:" 0'" ?+('(=&0:" 2'!40:" >+(" 40+;0)'" &$*+30%" 30" '!+5" *0" 3!"

'%!):/%(4'($)" :$)'9" %0:40/'(;0&0)'9" 3!" '0%&()!(:$)" 0'" 3!" %2C()('(!'($)" *<+)" )$+;0!+" /A/30" *0"

'%!):/%(4'($)"(Figure 18)"B7+*!9"L%*0?!3("0'"!3E"TUU^DE""

 <(*20" >+0" 3!" ,$3" --" 4+(::0" #!(%0" +)0" 4!+:0" :+('0" W" :!" #(5!'($)" :+%" 3<L8G"0:'" %2/0)'09"

4+(:>+0"4%2!3!F30&0)'"3<?A4$'?=:0"&!R0+%0"4%$4$:!('">+0"30"%0/%+'0&0)'"*0"3!",$3"--"/$):'('+0"

3!"4%()/(4!30"2'!40"*0"/$)'%_30E" 0:"%2:+3'!':"%2/0)':"&$)'%0)'">+09"4$+%"*0")$&F%0+5"1=)0:9"3!"

,$3"--"0:'"%0/%+'20"&!(:"&!()'0)+0"*!):"+)"2'!'"*0"4!+:09"/0">+("0&4O/?0"3<23$)1!'($)"0'"4!%"

/$):2>+0)'"3<054%0::($)"*+"1=)0"B7+*!9"L%*0?!3("0'"!3E"TUU^DE" 0:"*(##2%0)':"2'!':"*0"3!",$3"--"

:$)'"*2'0%&()2:"4!%"*0:"&$*(#(/!'($):"/$;!30)'0:"*+".68"*0"3!"1%!)*0":$+:C+)('2"*0"3!",$3"--E"

 !" '%!):('($)" 0)'%0" 3<()('(!'($)" 0'" 3<2'!'" *0" 4!+:0" 0:'" /$%%2320" !;0/" 3!" 4?$:4?$%A3!'($)" *0:"

%2:(*+:" K2%()0"V" *+" .68" 4!%" 3<!/'(;('2" `()!:0" *0" 3!" :$+:C+)('2" .8ab" *0" 67--cE"  <2'!40"



 !"#$% &8 ( 9:"#/2;!,< -# =>=/% ;$2<0=$!?;!,<<%/7 De nombreuses étapes peuvent être soumises à

régulation au cours de la transcription :

1) Fixation de facteurs de transcription au niveau des promoteurs proximal et distal

D�après Fuda, Ardehali et al. 2009

2) Ouverture de la chromatine et assemblage du PIC

3) Séparation du double brin d�ADN

4) Entrée de la PolII en phase précoce d�élongation

5) Sortie de l�état de pause avec soit une terminaison précoce, soit l�entrée en phase d�élongation

6) Transcription de la totalité du gène

7) Terminaison

8) Ré-initiation d�un nouveau cycle de transcription
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*<23$)1!'($)"0:'">+!)'"W"0330"!::$/(20"W"3!"4?$:4?$%A3!'($)"*0:"%2:(*+:"K2%()0"T"*+".68"4!%"3!"

:$+:C+)('2".8a^"*0",C6N7F"B,$:('(;0"6%!):/%(4'($)"N3$)1!'($)"7!/'$%"FDE" 0"/$)'%_30"*0"3!"

'%!):/%(4'($)"40%&0'"!():("*0"4!::0%"'%=:"%!4(*0&0)'"*<+)"2'!'"*0"%24%0::($)"W"3<!/'(;!'($)9":!):"

2'!40"*<!::0&F3!10"*+",-."B7+*!9"L%*0?!3("0'"!3E"TUU^DE""

 <+'(3(:!'($)"*0")$+;0330:"'0/?)(>+0:"'0330:">+0"3<(&&+)$4%2/(4('!'($)"*0"3!"/?%$&!'()0"

B.?-,D" /$&F()20" W" 3<+'(3(:!'($)" *<!)'(/$%4:" :42/(#(>+0:" *0:" *(##2%0)':" 'A40:" *0"

4?$:4?$%A3!'($)"*+".68"!"40%&(:"*0"&0''%0"0)"2;(*0)/0"30"#!('">+0"3!",$3"--":0"'%$+;!('"0)"2'!'"

*0"4!+:0"0)"!;!3"*+"6KK9"!():(">+0"30:"&$*(#(/!'($):">+(":$)'"!::$/(20:"W"/0'"2'!'E" !"&(:0"0)"

2;(*0)/0"*0:"*(##2%0)'0:"2'!40:"(&43(>+20:"*!):"3!"%21+3!'($)"*0"/?!>+0"1=)0"40+'"21!30&0)'"

O'%0"%2!3(:20"4!%"/0:"'0/?)(>+0:"B7+*!9"L%*0?!3("0'"!3E"TUU^DE"

 !3 4/'+01/)2()*+,.(,#2)$#+#()5%.,

3.4.1 Vue d�ensemble des modifications d�histones 

.$&&0" *2/%('" /(C*0::+:9" 3<()('(!'($)" *0" 3!" '%!):/%(4'($)" 0:'" *240)*!)'0" *0" 3<2'!'" *0" 3!"

/?%$&!'()09">+("&$*+30" 3<!//0::(F(3('2"*0:" #!/'0+%:"*0" '%!):/%(4'($)"!+")(;0!+"*+"4%$&$'0+%"

&()(&!3E" !":'%+/'+%0"/?%$&!'()(0))0"0:'"*A)!&(>+0"0'"%21+320"4!%"*(##2%0)'0:"&$*(#(/!'($):"

/$;!30)'0:" !+" )(;0!+" *0:" >+0+0:" *<?(:'$)09" :$+;0)'" *2:(1)20:" /$&&0" &$*(#(/!'($):"

H"24(12)2'(>+0:"IE"  0:" &2'?A3!'($):9" 30:" !/2'A3!'($):9" 30:" +F(>+('()!'($):" $+" 0)/$%0" 30:"

4?$:4?$%A3!'($):" #$)'" 4!%'(0" *0" /0:" &$*(#(/!'($):E"  <0):0&F30" *0:" &$*(#(/!'($):" 4$::(F30:"

/$):'('+0" 30" /$*0" *0:" ?(:'$)0:E"  !" '!F30"T" *$))0" +)0" ;+0" )$)" 05?!+:'(;0" *0" *(##2%0)'0:"

&!%>+0:"*<?(:'$)0:E"80")$&F%0+:0:"!+'%0:"&!%>+0:")$)"/('20:"*!):"30"'!F30!+":$)'")2!)&$():"

/$))+0:" (Figure 19)" Bd0%10%"TUUbe" (9".!%0A"0'"!3E"TUUbe",$%'03!"!)*"N:'0330%"TUZUDE",!%&("

/0:"&$*(#(/!'($):9"/0330:"*0:"3A:()0:"0'"*0:"!%1()()0:":$)'"*<+)"()'2%O'"4!%'(/+3(0%9"4+(:>+0"/0:"

%2:(*+:" :$)'" :+R0':" W" *(##2%0)':" 'A40:" *0" &$*(#(/!'($):E" 80" 43+:9" 0)" /0" >+(" /$)/0%)0" 3!"

&2'?A3!'($)9" 30:"%2:(*+:"40+;0)'"O'%0"&$)$C9"*(C"$+" '%(&2'?A32:E" 0:"&$*(#(/!'($):"*<?(:'$)0"

R$+0)'" +)" %_30" (&4$%'!)'" *!):" 3!" /$&4!/'($)" *0" 3!" /?%$&!'()09" &!(:" 21!30&0)'" *!):" 3!"

%21+3!'($)"*0" 3!" '%!):/%(4'($)9" 3!" %24!%!'($)"$+" 3!" %243(/!'($)E" 0" /$)'05'0" /?%$&!'()(0)" :0%!"

!():(" *(##2%0)'" 0)'%0" 30:" *(##2%0)':" 'A40:" *0" /033+30:" :$&!'(>+0:9" !():(" >+<0)'%0" 30:" /033+30:"

:$+/?0:"0'"30:"/033+30:"*(##2%0)/(20:E""

 0:"&$*(#(/!'($):"4$:'C'%!*+/'($))0330:"*0:"?(:'$)0:"40+;0)'"%0&43(%"30+%:"#$)/'($):"*+"

:0+3" #!('" *0" 30+%" 4%2:0)/0" :+%" 30:" ?(:'$)0:9"&!(:" 40+;0)'" 21!30&0)'" O'%0" %0/$))+0:" 4!%" *0:"

()'0%&2*(!(%0:"4%$'2(>+0:E".0:"()'0%&2*(!(%0:"4$::=*0)'"*0:"*$&!()0:"/!4!F30:"*0"%0/$))!['%0"



 012'32'

4%35657895%:

$%;595%:'32

'&8'4%35657895%:

<=&2'

9>8:;7>5195%::2&

H3 K9 14 18 56

 012'32'

4%35657895%:

$%;595%:'32

'&8'4%35657895%:

<=&2'

9>8:;7>5195%::2&

H3 K9 14 18 56

@23/%ABA(AC*%+?/%0A-%A+,-!D!=2;!,<0A-1E!0;,<%0A%;A

-%A/%#$A$F/%A-2<0A/2A;$2<0=$!?;!,<.

*7290&895%:'

H3 K9, -14, -18, -56

H4 K5, -8, -13, -16

H2A, H2B

Activation

H3 R2, -17, -22

H4 R3
Activation

H3 K4, -36, -79 Activation

H3 K9, -27

H4 K20
Répression

?@9A0&895%:

*7290&895%:'

H3 K9, -14, -18, -56

H4 K5, -8, -13, -16

H2A, H2B

Activation

H3 R2, -17, -22

H4 R3
Activation

H3 K4, -36, -79 Activation

H3 K9, -27

H4 K20
Répression

?@9A0&895%:

H4 K20

$A%;1A%>0&895%:
H3 T3 / H3 S10, -28

H2A, H2B
Activation

H2B K120, -123 Activation

H2A K119 Répression

,B4%0&895%:
H2B K6, -7

H2A K126
Répression

CD5EB595:895%:

H4 K20

$A%;1A%>0&895%:
H3 T3 / H3 S10, -28

H2A, H2B
Activation

H2B K120, -123 Activation

H2A K119 Répression

,B4%0&895%:
H2B K6, -7

H2A K126
Répression

CD5EB595:895%:

D�après Berger 2007 ; Li et al 2007D après Berger 2007 ; Li et al 2007

#F*

#F+

#G

#H

D�après Portela et Esteller 2010

 !"#$% &G ( 9:=2?!;#/2;!D -%0 -!DD:$%<;%0 +2$H#%0 -1E!0;,<%0
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4%2/(:2&0)'" 30" 'A40" *0" &$*(#(/!'($)" 0'" ;$)'" 40%&0''%0" 30" %0/%+'0&0)'" *<!+'%0:" #!/'0+%:" *0"

%21+3!'($)"*0"3!"'%!):/%(4'($)"$+"*0"%0&$*03!10"*0"3!"/?%$&!'()0"B,$+%"%0;+0"B6!;0%)!9" ("0'"

!3E"TUUbDDE"

3.4.2 Mise en place des principales marques d�histones 

3.4.2.1 Acétylation 

 <!/2'A3!'($)" *0:" 3A:()0:" 0:'" +)" 4%$/0::+:" ?!+'0&0)'" *A)!&(>+0" 0'" %21+32" 4!%" *0+5"

1%$+40:"*<0)@A&0:">+("4$::=*0)'"*0:"!/'($):"$44$:20:E" <!/2'A3!'($)"0:'":$+:"30"/$)'%_30"*0:"

?(:'$)0:" !/2'A3'%!):#2%!:0:" BcL6D" !3$%:" >+0" 3!" *0:!/2'A3!'($)" 0:'" %2!3(:20" 4!%" *0:" ?(:'$)0:"

*2!/2'A3!:0:"Bc8L.DE"

 0:" cL6:" +'(3(:0)'" /$&&0" /$#!/'0+%" 3<!/2'A3C/$L" 0'" /!'!3A:0)'" 30" '%!):#0%'" *<+)"

1%$+40&0)'" !/2'A3" BBQ$'?9"80)+"0'" !3E" TUUZDE".0" '%!):#0%'" 40%&0'"*0")0+'%!3(:0%" 30:" /?!%10:"

4$:('(;0:"*0:" 3A:()0:9"/0">+("40%&0'"*0"%2*+(%0" 3!" #$%/0"*0:" ()'0%!/'($):"0)'%0" 30:"?(:'$)0:"0'"

3<L8G"Bf$3##0"!)*",%+::"Z^^gDE" !"#!&(330"*0:"cL6:"40+'"O'%0"*(;(:20"0)"'%$(:"1%$+40:"0)":0"

F!:!)'":+%"3<?$&$3$1(0"*0"3!":2>+0)/0"0)"!/(*0:"!&()2:"$+":+%"3!":'%+/'+%0"/$)#$%&!'($))0330E"

.0:" '%$(:" 1%$+40:" :$)'" hGL6" Bh/)VC%03!'0*" GC!/0'A3'%!):#0%!:0:)9" ijK6" 0'" .,d" B.QNd"

d()*()1",%$'0()DY4\UU"B4$+%"%0;+0"Bc$*!S!*0`!%"!)*"i!%&$%:'0()"TUUbDD"

80:" 0542%(0)/0:" *0" .?-," /?0@" 43+:(0+%:" 0:4=/0:" $)'" 40%&(:" *0" &0''%0" 0)" 2;(*0)/0" 3!"

4%2:0)/0"*0"/0:"?(:'$)0:"!/2'A32:"!+")(;0!+"*0:"%21($):"4%$&$'%(/0:"0'"*0:":2>+0)/0:"/$*!)'0:"

*0:" 1=)0:" BK/?+F030%9" i!/L34()0" 0'" !3E" TUU]e" d0%):'0()9" a!&!3" 0'" !3E" TUUVDE" N)" 1+(:0"

*<050&4309" 3<!/2'A3!'($)" *0" c]aZg" R$+0" +)" %_30" *!):" 3!" *2/$)*0):!'($)" *0" 3!" /?%$&!'()0"

BK?$1%0)Ca)!!`9"-:?(("0'"!3E"TUUgD"!3$%:">+0"/0330"*0"c]aX"0:'"(&4$%'!)'0"4$+%"3!"%243(/!'($)"

B8$A$)9".!A%$+"0'"!3E"TUUgDE"

3.4.2.2 Phosphorylation 

6$+'"/$&&0"/<2'!('"30"/!:"4$+%"3<!/2'A3!'($)"*0:"3A:()0:9"3!"4?$:4?$%A3!'($)"*0:"?(:'$)0:"

0:'"+)"4?2)$&=)0"*A)!&(>+0E"N330"!"3(0+"!+")(;0!+"*0:"%2:(*+:":2%()09"'?%2$)()0"0'"'A%$:()0"

 0" )(;0!+" *0" 4?$:4?$%A3!'($)" 0:'" :$+:" 30" /$)'%_30" *0" `()!:0:" 0'" *0" 4?$:4?!'!:0:9" >+(" ;$)'"

%0:40/'(;0&0)'" !R$+'0%" $+" 0)30;0%" /0''0"&$*(#(/!'($)" Bk`(9"L(?!%!" 0'" !3E" TUUbDE" 0:" `()!:0:"

;$)'"'%!):#2%0%"+)"1%$+40"4?$:4?!'0"W"4!%'(%"*0"3<L6,9"/0">+(";!"!R$+'0%"*0:"/?!%10:")21!'(;0:"

!+5"?(:'$)0:E" 0:"?(:'$)0:" !():(" 4?$:4?$%A32:" :$)'" !::$/(2:"W"+)0" '%!):/%(4'($)" !/'(;20E".0:"

4?$:4?$%A3!'($):" :$)'" 21!30&0)'" (&4$%'!)'0:" 4$+%" 3!" %24!%!'($)" $+" 3<!4$4'$:0E" N)" 1+(:0"

*<050&4309" 3!" 4?$:4?$%A3!'($)" *0" 3!" :2%()0" Z]" *0" cTd" 0:'" (&4$%'!)'0" 4$+%" 3<()*+/'($)" *0"
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3<!4$4'$:0"B.?0+)19"LR(%$"0'"!3E"TUU\DE"" !"4?$:4?$%A3!'($)"*0"3!"'?%2$)()0"ZZ"*0"3<?(:'$)0"c\"

0:'">+!)'"W"0330"(&4$%'!)'0"*!):"3!"%24!%!'($)9"4+(:>+0"/0''0"'?%2$)()0"0:'"*24?$:4?$%A320"!+"

)(;0!+"*0:"32:($):"*0"3<L8G"BK?(&!*!9"G((*!"0'"!3E"TUUXDE""

3.4.2.3 Méthylation 

 !" &2'?A3!'($)" *0:" ?(:'$)0:" :0" #!('" !+" )(;0!+" *0:" %2:(*+:" 3A:()0:" 0'" !%1()()0:E"

.$)'%!(%0&0)'"W"3<!/2'A3!'($)"0'"W"3!"4?$:4?$%A3!'($)9"/0''0"&!%>+0")<!##0/'0"0)"%(0)"3!"/?!%10"

*0"3!"4%$'2()0"?(:'$)0E" 0"*01%2"*0"/$&4305('2"*0"/0''0"&$*(#(/!'($)"0:'")2!)&$():"43+:"230;2"

4+(:>+0" 30:" 3A:()0:" 40+;0)'" O'%0" &$)$C9" *(C" $+" '%A&2'?A32:9" 0'" 30:" !%1()()0:" 40+;0)'" O'%0"

&$)$C" $+" *(&2'?A32:E"  0:" 0)@A&0:" !1(::!)'" :+%" 30:" 3A:()0:" :$)'" *0:" ?(:'$)0:" &2'?A3C

'%!):#2%!:0:"Bci6D"W"*$&!()0"KN6"BK+B;!%D\C^9"N)?!)/0%"$#"@0:'9"6%('?$%!5DE" 0:"!%1()()0:"

>+!)'"W"0330:":$)'"&2'?A320:"4!%"*0:"!%1()()0:"&2'?A3'%!):#2%!:0:"B,Qi6"M",%$'0()"L%1()()0"

i0'?A3'%!):#0%!:0D" B4$+%" %0;+0" Bl?!)1" !)*" Q0()F0%1" TUUZDDE" 6$+'" /$&&0" 4$+%" 30:" !+'%0:"

&!%>+0:"*2/%('0:"/(C*0::+:9"3!"&2'?A3!'($)"*0:"?(:'$)0:"0:'"%2;0%:(F309"3!"*2&2'?A3!'($)"2'!)'"

/!'!3A:20"4!%"*0:"?(:'$)0:"*2&2'?A3!:0:"Bc8iDE""

 !"&2'?A3!'($)"*0:"?(:'$)0:"R$+0"+)"%_30"/$&43050"*!):"3!"%21+3!'($)"*0"3!"'%!):/%(4'($)E"

N)" 0##0'9" 0)" #$)/'($)" *+" %2:(*+" &2'?A32" &!(:" 21!30&0)'" *+" )$&F%0" *0" &2'?A3!'($):9" 3!"

#$)/'($)"40+'"O'%0"*(##2%0)'0E"L():(9"c\a^&0\"$+"c\aTb&0\":$)'"*0:"&!%>+0:"*0"%24%0::($)9"
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c\a]&0T":0%!"%0'%$+;2"*!):"3!"%21($)"/$*!)'09"!3$%:">+0"c\a]&0"0:'"0)%(/?("W"3!"#()"*0"3!"

4?!:0"/$*!)'0"$+"*!):"30:"0)?!)/0%:"Bl?!)19"d0%)!'!;(/?+'0"0'"!3E"TUU^DE""

K("3!"&!R$%('2"*0:"%2:(*+:")0"/$)'(0))0)'">+<+)":0+3"'A40"*0"&$*(#(/!'($)9"/0%'!():"40+;0)'"
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%24%0::($)E"  <!/2'A3!'($)" *0" /0" &O&0" %2:(*+" !+" )(;0!+" *0:" 0)?!)/0%:" 0:'" 0)" %0;!)/?0"
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  !"#$%&'() *+),)-#)'./01#&%23)4() 1#) &'#356'%$&%23)$#') 1(5)

'.6($&(0'5)4()1789)

 :; -#)<2%()4()17#6%4()'.&%32=>0()

!"#$ %&'%(%)*+,- ./ 01)231 *4%25 0/ .* 32%*62+/ # 7&' )1%2+&.8- 9&'/ 0/, ):./, 6'.%2;./, .&), 

0' 013/.&;;/6/+% /6<)=&++*2)/ /% 0*+, .">&61&,%*,/ 0/ ;.',2/'), %2,,', *0'.%/, 7?*,%2/+ *+0 

$&4>/%%/(@A.= BCCDE F*)G- H>=,/.2+4G /% *.I BCCJE K2/0/))/2%>/) *+0 L&..1 BCCM8I !* 

0152+2%2&+ 0/, *N/, /6<)=&++*2)/,- .* )1A2&+*.2,*%2&+ 0' OKP- ./ 4&+%):./ 0/ .* +/')&A/+Q,/ 

5&+% ;*)%2/ 0/, 5&+4%2&+, 0/ ."#$I # .* 52+ 0/, *++1/, RSMC- 2. * 1%1 016&+%)1 T'/ ."#$ 1%*2% 

'+ .2A*+0 0/ ;.',2/'), )14/;%/'), +'4.1*2)/,- /% T'/ 0/ 4/ 5*2% 4/%%/ 6&.14'./ ;&'3*2% *A2) 

02)/4%/6/+% ,') ./ 4&+%):./ 0/ ."*4%232%1 %)*+,4)2;%2&++/../ 0/ ,/, AQ+/, 42<./, 7;&') )/3'/ 

7K2/0/))/2%>/) *+0 L&..1 BCCM88I  

!* 3&2/ 0/ ,=+%>Q,/ 0/ ."*420/ )1%2+&UT'/ *2+,2 T'/ ./, /+V=6/, 26;.2T'1, &+% 1%1 014)2%, 

0')*+% .* 0/)+2Q)/ 014/++2/ 7K2/0/))/2%>/) *+0 L&..1 BCCM8I !/ )1%2+&.- ;.', 4&')*66/+% 

4&++' ,&', ./ +&6 0/ 32%*62+/ #- /,% ;)2, /+ 4>*)A/ ;*) .* ;)&%12+/ $?WD 7$/%2+&.(?2+02+A 

W)&%/2+ D8- ;'2, /,% 26;&)%1 0*+, .* 4/..'./ A)X4/ Y OZ$#J 7O%26'.*%/0 <= $/%2+&24 #420 A/+/ 

J8- '+ )14/;%/') 6/6<)*+*2)/ )/4&++*2,,*+% $?WD (Figure 20)I [+/ 5&2, 0*+, ./ 4=%&;.*,6/- 

0/'N 1%*;/, 6*9/')/, &+% .2/' \ 0*+, '+ ;)/62/) %/6;,- ./ )1%2+&. /,% %)*+,5&)61 /+ 

)1%2+*.01>=0/ 7$*.8 ;*) $L]RC 7$1%2+&. L1,]=0)&A1+*,/ RC8 &' ;*) ."#.4&&. 

L1,]=0)&A1+*,/ ^ 7#L]^8I @+,'2%/- ./ )1%2+*.01>=0/ /,% %)*+,5&)61 /+ #$ ;*) '+/ 

$1%2+#!01>=0/ L1,]=0)&A1+*,/ 7$#!L]R(_8I !"26;&)% 0/ ."#$ 0*+, ./ +&=*' ,/ 5*2% ;*) 

."2+%/)6102*2)/ 0/ .* ;)&%12+/ P$#?WB 7P/..'.*) $/%2+&24(#420 ?2+02+A W)&%/2+8I !* 52N*%2&+ 

0/ ."#$ *' 026Q)/ $#$($`$ 7$/%2+&20 ` $/4/;%&)- )14/;%/') 0' )1%2+&U0/ `8 ;/)6/% 0/ 

6&0'./) ."/N;)/,,2&+ 0/, AQ+/, 42<./,I P>*4'+ 0/ 4/, 0/'N )14/;%/'), /N2,%/ ,&', .* 5&)6/ 0/ 

%)&2, 2,&%=;/, 02551)/+%, 7a- b- c8 7F*+A/.,0&)5 *+0 @3*+, RSSd8I !"*4%2&+ 0/ ."*420/ )1%2+&UT'/ 

32* 4/, )14/;%/'), ;/'% ,/ 5*2)/ 0/ 6*+2Q)/ *'%&4)2+/ &' ;*)*4)2+/ 7F*0/+ BCC^8I  

!* 32%*62+/ #- /% ;*) 4&+,1T'/+% ,&+ 01)231 *4%25 ."#$- ,&+% 2+02,;/+,*<./, *' 

013/.&;;/6/+% ;)1 /% ;&,%(+*%*. *2+,2 T'"Y .* 32/ *0'.%/- /+ *,,')*+% 0/, 5&+4%2&+, 0*+, .* 

4)&2,,*+4/- .* ,')32/ &' /+4&)/ .* 32,2&+ 7F*)G- H>=,/.2+4G /% *.I BCCJ8I #' 4&'), 0/ 

."/6<)=&A/+Q,/- ."#$ )1A'./ .* 62,/ /+ ;.*4/ 0/ ."*N/ *+%1)&;&,%1)2/')- *A2% ,') .* 4)&2,,*+4/ 

/% .* 62,/ /+ ;.*4/ 0' 4/)3/*' ;&,%1)2/')- /,% 26;.2T'1 0*+, ./ 013/.&;;/6/+% 0/, 6/6<)/,- 



 !"#$% &' ( )* +,!% -% .!"/*)!.*0!,/ -% )1*2!-% $30!/,45#%6 Le rétinol est

reconn par RBP4 p is incorporé dans la cell le grâce à STRA6 Une

Maden, 2007 

reconnu par RBP4, puis incorporé dans la cellule grâce à STRA6. Une

cascade enzymatique permet la synthèse d�AR, qui agira de manière

autocrine ou paracrine. Suite à l�import de l�AR dans le noyau par

CRABP2, sa reconnaissance du dimère RAR-RXR permet de moduler

l�expression génique. Dans le cytoplasme, l�AR est catabolisé par

l�enzyme CYP26.
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6*2, ;/'% 1A*./6/+% )1A'./) .* 6&);>&A/+Q,/ /% .* 02551)/+42*%2&+ 0"&)A*+/, %/., T'/ ./ 4e')- 

./, )/2+, &' ./ ;*+4)1*, 7K2/0/))/2%>/) *+0 L&..1 BCCM8I !"26;&)%*+4/ 0/ ."#$ *' 4&'), 0' 

013/.&;;/6/+% * 1%1 62,/ /+ 1320/+4/ Y %)*3/), 02551)/+%/, /N;1)2/+4/, 0/ A1+1%2T'/ 4>/V .* 

,&')2,I P&66/ 014)2% 42(0/,,',- ."#$ *A2% ;*) ./ <2*2, 0/, )14/;%/'), $#$($`$I !* 01.1%2&+ 

0/, AQ+/, 4&0*+% ;&') 4/, )14/;%/'), ;*) )/4&6<2+*2,&+ >&6&.&A'/ &' /+4&)/ .* 01.1%2&+ 0/ 

4/)%*2+, /+V=6/, 0/ .* 3&2/ 0/ ,=+%>Q,/ 0/ ."#$ *55/4%/ ./, ,%)'4%')/, %2,,'.*2)/, *2+,2 T'/ ./, 

&)A*+/, 0/ ."/6<)=&+I  

f'%)/ ,&+ ):./ *' 4&'), 0/ ."/6<)=&A/+Q,/- ."#$ ;/'% 1A*./6/+% 9&'/) '+ ):./ 0*+, ./, 

%2,,', *0'.%/,I L/, /N;1)2/+4/, 0/ 6'%*%2&+ ,&6*%2T'/ ,;*%2&(%/6;&)/../ 0/, )14/;%/'), $#$ 

/% $`$ &+% 1%1 )1*.2,1/, 0*+, 023/), %2,,',I P/%%/ *;;)&4>/ * ;/)62, 0/ 6&+%)/) ;*) /N/6;./ 

T'/ $#$c /,% +14/,,*2)/ Y .* 5&)6*%2&+ 0/, 4&);, .*6/..*2)/, 731,24'./, ;)1,/+%/+% 0*+, ./ 

4=%&;.*,6/ 0/, ;+/'6&4=%/,8 &' /+4&)/ T'/ $`$a /,% +14/,,*2)/ *' 4=4./ 0/, 5&..24'./, 

;2./'N /% Y .">&61&,%*,/ 0/ ."1;20/)6/ 7H>=,/.2+4G- P>*;/..2/) /% *.I BCCB8I !"#$ /,% 

1A*./6/+% 26;.2T'1 0*+, ./ 6*2+%2/+ 0/ ."1%*% 02551)/+421 0/, +/')&+/, *0'.%/,- *2+,2 T'/ 0*+, 

.* )1A1+1)*%2&+ +/)3/',/ 7F*)G- H>=,/.2+4G /% *.I BCCJE F*0/+ BCC^E K2/0/))/2%>/) *+0 L&..1 

BCCM8I !"2+*4%23*%2&+ 0/ .* 3&2/ 0/ ,2A+*.2,*%2&+ 0/ ."#$ * ;&') 4&+,1T'/+4/ .* 

01A1+1)/,4/+4/ 0/, +/')&+/, 6&%/'),- *2+,2 T'/ ./ 013/.&;;/6/+% 0/ 6*.*02/, 

+/')&01A1+1)*%23/,- %/../, T'"#.V>/26/) &' W*)G2+,&+ 7F*0/+ BCC^8I !"1.*<&)*%2&+ 0/ 

%)*2%/6/+%, 61024*'N ;&') 0/ %/../, 01A1+1)/,4/+4/, +14/,,2%/ 0*+, '+ ;)/62/) %/6;, .* 

4&6;)1>/+,2&+ 0/, 614*+2,6/, 6&.14'.*2)/, )1A2, ;*) ."#$I 

 :? -(5)'.6($&(0'5)4()17#6%4()'.&%32=>0()

!/, )14/;%/'), 0/ ."*420/ )1%2+&UT'/ 5&+% ;*)%2/ 0/ .* A)*+0/ 5*62../ 0/, )14/;%/'), 

+'4.1*2)/,I !/, ;/%2%/, 6&.14'./, .2;&;>2./, 7>&)6&+/, ,%1)&U02/++/,- )1%2+&U0/,- *420/, A)*, 

.2<)/,8 9&'/+% '+ ):./ 26;&)%*+% 0*+, .* )/;)&0'4%2&+- ./ 013/.&;;/6/+% /% ./ 61%*<&.2,6/ 

4>/V ./, /'4*)=&%/, 7K*A= *+0 O4>g*</ BCCDE ?*2+- #*)&+ hI ]/+/A>*+ /% *.I BCC^8I P/, 

6&.14'./, *A2,,/+% ,') 0/, )14/;%/'), +'4.1*2)/, 7K$,8- T'2 ,&+% 0/, 5*4%/'), 0/ %)*+,4)2;%2&+ 

*4%231, ;*) ./') .2A*+0- /% ;/)6/%%/+% *2+,2 .* )1A'.*%2&+ 0/ ."/N;)/,,2&+ 0/ )1,/*'N A1+2T'/, 

4&6;./N/, 7?*2+- #*)&+ hI ]/+/A>*+ /% *.I BCC^8I P/, )14/;%/'), 5&)6/+% '+/ 5*62../ %)Q, 

023/),2521/ ;*) )*;;&)% Y ./') ):./ ;>=,2&.&A2T'/ 7K*A= *+0 O4>g*</ BCCD8I !* ,';/)5*62../ 

0/, K$, ;/'% i%)/ 0232,1/ /+ %)&2, 4.*,,/, \ ./, )14/;%/'), ,%1)&U02/+, 7P.*,,/ j8- ./, )14/;%/'), 

%>=)&U02/+, /% )1%2+&U02/+, 7P.*,,/ jj8 /% ./, )14/;%/'), &);>/.2+, 7P.*,,/ jjj8 7?*2+- #*)&+ hI 

]/+/A>*+ /% *.I BCC^8I F*.A)1 .* 0232,2&+ /+ _ 4.*,,/,- ./, K$, ;)1,/+%/+% 0/, 0&6*2+/, 
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4&+,/)31,- 0&+% ./ ;.', 4&+,/)31 /,% ./ 0&6*2+/ 4/+%)*. 0/ .2*2,&+ Y ."#LK 7L?L8 7K*A= *+0 

O4>g*</ BCCD8I  

4.2.1 Structure des récepteurs à l�acide rétinoïque 

!/, )14/;%/'), 0/ ."*420/ )1%2+&UT'/ 7$#$8 &+% '+/ &)A*+2,*%2&+ ,%)'4%')*./ ,262.*2)/ Y 

4/../ )/%)&'31/ ;&') ."/+,/6<./ 0/, )14/;%/'), +'4.1*2)/,I P/%%/ ,%)'4%')/ 6&0'.*2)/ /,% 

4&6;&,1/ 0/ ,2N )1A2&+, +&%1/, 0/ # Y h (Figure 21) 7H)&+/6/=/) *+0 !*'0/% RSSdE 

P>*6<&+ RSSJ8I P/ ,&+% ./, )1A2&+, P /% @ T'2 4&+%2/++/+% )/,;/4%23/6/+% ./, 0&6*2+/, 0/ 

.2*2,&+ Y ."#LK /% *' .2A*+0 7!?L- !2A*+0 ?2+02+A L&6*2+8I P/, 0/'N 0&6*2+/, 1%*+% 

;*)%24'.2Q)/6/+% 4&+,/)31, /% ;*) 4&+,1T'/+4/ 26;&)%*+%, 0*+, .* 5&+4%2&++*.2%1 0' )14/;%/')- 

9/ ./, 01%*2../)*2 '.%1)2/')/6/+%I  

!* )1A2&+ #k? /,% ,2%'1/ 0' 4&%1 K(%/)62+*. 0/ .* ;)&%12+/I P/%%/ )1A2&+ ;/'% 4&+%/+2) &' 

+&+ '+ 0&6*2+/ 0/ %)*+,*4%23*%2&+ #h(R 7#4%23*%2&+ 5'+4%2&+ R8- /% /,% 1A*./6/+% 4&++'/ ,&', 

./ +&6 0/ KZLI P/%%/ )1A2&+ /,% 26;&)%*+%/ 0*+, ./ 4&+%):./ 0/ .* %)*+,4)2;%2&+ 0/, AQ+/, 

42<./, 0/ ."#$ 7K*A;*.- O*'+0/), /% *.I RSSBE K*A;*.- h)2*+% /% *.I RSS_8I #.&), T'/ .* 

)1A2&+ # /,% %)Q, 3*)2*<./ /+%)/ ./, ,&',(%=;/, /% ./, 2,&5&)6/, 0/ $#$- .* )1A2&+ ? /,% T'*+% Y 

/../ ;.'%:% <2/+ 4&+,/)31/I  

!* )1A2&+ L %)Q, 5*2<./6/+% 4&+,/)31/ /,% 4&+,201)1/ 4&66/ '+/ )1A2&+ 4>*)+2Q)/ /+%)/ ./ 

!?L /% ./ L?LI P/%%/ )1A2&+ ;/)6/% '+/ )&%*%2&+ 0' L?L- 4/ T'2 ;/)6/%%)*2% Y ."/+,/6<./ 

L?L(!?L 0"*0&;%/) 02551)/+%/, 4&+5&)6*%2&+, %&'% /+ 132%*+% ./, ;)&<.Q6/, 

0"/+4&6<)/6/+% ,%1)2T'/I P/%%/ )1A2&+ 4&+%2/+% 1A*./6/+% 0/, ,2A+*'N 0/ .&4*.2,*%2&+ 

+'4.1*2)/I 

!* )1A2&+ h- T'2 )/;)1,/+%/ ."/N%)162%1 P(%/)62+*./ 0' )14/;%/')- /,% ;)1,/+%/ 4>/V $#$ 

6*2, *<,/+%/ 4>/V $`$I P/%%/ )1A2&+ /,% >*'%/6/+% 3*)2*<./ /+ .&+A'/') /% /+ ,1T'/+4/ /+%)/ 

./, 02551)/+%, $#$I !/, 5&+4%2&+, 0/ 4/%%/ )1A2&+ ,&+% Y 4/ 9&') ;/' 4&6;)2,/,I j. ,/6<./)*2% 

+1*+6&2+, T'"/+ *<,/+4/ 0/ .2A*+0- 4/%%/ )1A2&+ ;/)6/%%/ 0/ ,%*<2.2,/) .">1.24/ RB 0/ $#$a /% 

*2+,2 0"2+>2</) ./ )/4)'%/6/+% 0/ 4&*4%23*%/'), /% 0/ 5*3&)2,/) 4/.'2 0/ 4&)1;)/,,/'), 7h*)<&'0 

*+0 W)23*.,G= BCCD8I P/%%/ )1A2&+ 4&6;&)%/ 1A*./6/+% 02551)/+%, ,2%/, 0/ ;>&,;>&)=.*%2&+ T'2 

;&'))*2/+% i%)/ 26;&)%*+%, ;&') ./, ;)&;)21%1, 0/, $#$ 7?*,%2/+- #0*6(O%2%*> /% *.I BCCC8I 



 !"#$%

&'()%#*)+

,-. / 0 1 2

 !"#$% &7 ( 8%9$3.%/0*0!,/ .2:3;*0!5#% -% )* .0$#20#$% -1#/ $32%90%#$ /#2)3*!$%6 Le récepteur contient

deux domaines structuraux très bien caractérisés et conservés qui sont le site de fixation à l�ADN (DBD) et

0.0 3.0,24
,25

le site de fixation du ligand (LBD). La partie Nter du récepteur contenant la fonction AF-1 est quant à elle

moins conservée entre les différentes classes de récepteurs. Une deuxième fonction AF est retrouvée dans le

domaine E.
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4.2.2 Le LBD 

L/;'2, RSSd- 0*%/ 0/ 4*)*4%1)2,*%2&+ 0/ .* ;)/62Q)/ ,%)'4%')/ 4)2,%*..&A)*;>2T'/ 0' !?L 

0/ $`$- 0/ +&6<)/',/, *'%)/, ,%)'4%')/, 0/ !?L &+% 1%1 01%/)62+1/, ;*) 4)2,%*..&A)*;>2/ &' 

;*) $FKI O*+, /N4/;%2&+- %&'%/, ./, ,%)'4%')/, 1%'021/, ;)1,/+%/+% '+/ &)A*+2,*%2&+ ,262.*2)/I 

#2+,2- ./ !?L /,% '+ 0&6*2+/ ;)&%12T'/ A.&<'.*2)/ 4&6;&)%*+% 0&'V/ >1.24/, a (Figure 22) 

7?&')A'/%- l23*% /% *.I BCCCE W/)/V- ?&')A'/% /% *.I BCRB8I L' ;&2+% 0/ 3'/ 0/ ."&)A*+2,*%2&+ 

%)2026/+,2&++/../- ./, >1.24/, 5&)6/+% %)&2, 5/'2../%, *+%2;*)*..Q./,I !* ;*)%2/ 2+51)2/')/ 0' 

0&6*2+/ ;)1,/+%/ '+/ 4*32%1 >=0)&;>&</ 0*+, .*T'/../ ./, .2A*+0, ;/'3/+% ,/ 52N/)I [+ 

5/'2../% b Y 0/'N <)2+, /% .">1.24/ 4*)<&N=(%/)62+*./ 0' )14/;%/') 7>1.24/ RB8 ,/ ,2%'/+% 0/ ;*)% 

/% 0"*'%)/ 0/ 4/%%/ 4*32%1 7?&')A'/%- l23*% /% *.I BCCCE K*A= *+0 O4>g*</ BCCD8I 

!"1%'0/ A.&<*./ 0/ .* ,';/)5*62../ 0/, K$, 6&+%)/ T'/ .* %*2../ 0/ .* ;&4>/ 0/ 52N*%2&+ 0' 

.2A*+0 3*)2/ /% T'/ 4/%%/ 3*)2*%2&+ 0/ %*2../ )/5.Q%/ .* 5&+4%2&+ 0' )14/;%/')I W&') ./, )14/;%/'), 

,%1)&U02/+, T'2 )/4&++*2,,/+% '+2T'/6/+% '+/ 5*62../ ;)142,/ 0/ ;/%2%/, 6&.14'./,- .* ;&4>/ 

/,% ;.', ;/%2%/ /% %*;2,,1/ 0"*420/, *62+1, ;&.*2)/, ;/)6/%%*+% 0/ 5*2)/ 0/, .2*2,&+, >=0)&AQ+/, 

,;14252T'/, *3/4 ./'), .2A*+0, +*%')/.,I @+ )/3*+4>/- ./, )14/;%/'), 0/ 4.*,,/ jjj 2+%/)*A2,,/+% 

*3/4 0/, .2A*+0, %)Q, 3*)21, /% &+% 0&+4 %/+0*+4/ Y *3&2) '+/ ;&4>/ ;.', 26;&)%*+%/ T'2 ;/'% 

*44'/2..2) 0/, .2A*+0, 0/ ,%)'4%')/, 02551)/+%/, 7?*2+- ]/+/A>*+ /% *.I BCC^8I 

4.2.3 Le DBD 

!* ;)/62Q)/ ,%)'4%')/ 0"'+ L?L 0/ .* 5*62../ 0/, K$, .21 Y ."#LK * 1%1 01%/)62+1/ ;&') 

./ )14/;%/') 0/, A.'4&4&)%24&U0/, 7H$8I @../ ,/)%- *'9&')0">'2 /+4&)/- 0/ 6&0Q./ ;&') 

."/+,/6<./ 0/ .* 5*62../ 0/, K$,I !/ 0&6*2+/ 0/ .2*2,&+ Y ."#LK ,/ )/;.2/ /+ '+/ ,%)'4%')/ 

A.&<'.*2)/ 5*2,*+% 2+%/)3/+2) 0/'N 0&2A%, 0/ V2+4- 4>*T'/ *%&6/ 0/ V2+4 1%*+% 4&&)02+1 ;*) 

T'*%)/ )1,20', 4=,%12+/I !* 6'%*%2&+ 0/ 4/, 4=,%12+/, * 6&+%)1 T'/ ./, *%&6/, 0/ V2+4 ,&+% 

+14/,,*2)/, *' 6*2+%2/+ 0' )/;.2/6/+% 0/ .* ;)&%12+/ /% T'"2., ,&+% ;*) 4&+,1T'/+% 26;&)%*+%, 

;&') ."2+%/)*4%2&+ *3/4 ."#LKI f'%)/ 4/, 0/'N 0&2A%, 0/ V2+4- .* ,%)'4%')/ 4&+%2/+% 0/'N 

>1.24/, a \ .">1.24/ /+ K(%/)62+*. 2+%/)*A2% *3/4 ./ ,2..&+ 6*9/') 0/ ."#LK- /../ 3* 0&+4 

4&+51)/) Y .* ;)&%12+/ ,* ,;1425242%1 0/ )/4&++*2,,*+4/- *.&), T'/ .">1.24/ /+ P(%/)62+*.- T'2 ,/ 

,2%'/ ,;*%2*./6/+% *'(0/,,', /% ;/);/+024'.*2)/ Y .* ;)/62Q)/ >1.24/- 4&+%)2<'/ Y .* ,%*<2.2%1 0/ 

.* ,%)'4%')/ 7?*2+- ]/+/A>*+ /% *.I BCC^8I 



Perez et al 2012

 !"#$% && ( 8%9$3.%/0*0!,/ -# <=> -# $32%90%#$ 8?86 Suite à la fixation de leur

ligand, les récepteurs nucléaires changent la conformation de leur LBD. Le LBD est

composé de trois feuillets d�hélices  . La fixation du ligand au niveau d�une cavité non

polaire dans la partie inférieure du récepteur induit un remaniement du LBD. L�hélice

H12 (en rouge) va venir fermer la cavité contenant le ligand ce qui entraîne un

changement conformationnel du LBD et lui permet d�interagir avec des coactivateurs.
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 :@ 9(6233#%55#36()4()178AB)

!/, )14/;%/'), +'4.1*2)/, )/4&++*2,,/+% '+/ ,1T'/+4/ 0"#LK >/N*+'4.1&%202T'/ 0/ 

,1T'/+4/ 4&+,/+,', /,% d"($HmZP#(_"I f)- .* ,;1425242%1 0/ )/4&++*2,,*+4/ +/ 01;/+0 ;*, 

'+2T'/6/+% 0/ .* ,1T'/+4/ ;)26*2)/- 6*2, 1A*./6/+% 0/ .* A1&61%)2/ T'/ 4/../(42 *0&;%/ 

7m>&)*,*+2V*0/> *+0 $*,%2+/9*0 BCCR8I @+ /55/%- .* ;.';*)% 0/, K$, ,/ 52N/+% Y ."#LK ,&', 

5&)6/ 0">&6&026Q)/, 74.*,,/ j8 &' 0">1%1)&026Q)/, *3/4 $`$ 74.*,,/ jj8 32* '+ ,2%/ 0/ 

)/4&++*2,,*+4/ 4&+,%2%'1 0/ 0/'N ,1T'/+4/, >/N*+'4.1&%202T'/, 7?*2+- ]/+/A>*+ /% *.I BCC^8I 

!/, K$, 0/ 4.*,,/ j )/4&++*2,,/+% '+/ &)A*+2,*%2&+ ;*.2+0)&62T'/ 0/, ,2%/,- ;*) /N/6;./ ./ 

)14/;%/') 0/, e,%)&AQ+/, ,/ .2/ *'N @$@ 7@,%)&A/+ $/,;&+,/ @./6/+%,8 0/ ,%)'4%')/ d"(

#HHZP#(K_(ZH#PPZ(_"- %*+02, T'/ ./, )14/;%/'), 0/ 4.*,,/ jj )/4&++*2,,/+% 0/, )1;1%2%2&+, 

02)/4%/, 7L$,8 /,;*41/, 0/ R Y d +'4.1&%20/,I K1*+6&2+,- 2. /N2,%/ 0/, /N/6;./, 0/ ,2%/, 

5&)61, ;*) 0/, L$ *3/4 0"*'%)/, /,;*4/6/+%, &' ;*) 0/, )1;1%2%2&+, 2+3/),1/, 7j$8- ;*) 

/N/6;./ 0/, j$C 7d"(HHHZP#ZH#PPP(_"8 ;&') .">1%/)&026Q)/ $#$k$`$ 

7m>&)*,*+2V*0/> *+0 $*,%2+/9*0 BCCR8I #' 52. 0/, 1%'0/,- 2. * 1%1 4&+52)61 T'/ .">1%1)&026Q)/ 

$#$k$`$ ;&'3*2% )/4&++*n%)/ '+/ A)*+0/ 3*)21%1 0"1.16/+%, 0/ )1;&+,/ 7L/.*4)&2N- F&'%2/) 

/% *.I BCRC8I L/ ;.',- 4/% /,;*4/6/+% /+%)/ ./, 1.16/+%, 0/ )1;1%2%2&+ /,% 02)/4%/6/+% .21 Y .* 

4&+5&)6*%2&+ T'/ 3* *0&;%/) ./ )14/;%/') *' +23/*' 0/ ."#LKI #2+,2- *' +23/*' 0"'+ L$d- 

$`$ &44';/ .">162,2%/ ,2%'1 /+ d"- *.&), T'"*' +23/*' 0"'+ L$R- 4"/,% ./ L?L 0/ $#$ T'2 

&44';/ 4/% >162,2%/ (Figure 23) 7$&4>/.- P2/,2/.,G2 /% *.I BCRR8I !"/,;*4/6/+% /+%)/ ./, 

1.16/+%, 0/ )1;&+,/ ;/'% *2+,2 i%)/ 02)/4%/6/+% )/.21 *' ):./ 0' )14/;%/')- ;'2,T'/ .* 

4&+5&)6*%2&+ 0' !?L ,/)* 02551)/+%/I  

!"/+,/6<./ 0/, 2+5&)6*%2&+, /% 0/,4)2;%2&+, )/.*%23/, Y .* 52N*%2&+ 0/, )14/;%/'), 

+'4.1)*2)/,- ;.', ,;14252T'/6/+% 0' 026Q)/ $#$k$`$ *' +23/*' 0/ ."#LK- /,% 014)2% 0*+, ./ 

4>*;2%)/ 0/ .23)/ 52A')*+% /+ *++/N/ 7]&g %>/ $#$($`$ >/%/)&026/) )/4&A+2V/, %>/ A/+&6/ 

o Urban Sylvia, Tao Ye and Irwin Davidson8 

 :  C24D1()47#6&%<#&%23)4(5)/D3(5)6%E1(5)4()1789)

!/ 6&0Q./ 0/ 5&+4%2&++/6/+% 0/, )14/;%/'), +'4.1*2)/, *;;*)%/+*+% Y .* 4.*,,/ jj 2+02T'/ 

T'"/+ *<,/+4/ 0/ .2A*+0- ./, K$, ,&+% 52N1, ,') ."#LK /% )/4)'%/+% 0/, 4&)1;)/,,/'), 0/ .* 

%)*+,4)2;%2&+I !"*))231/ 0' .2A*+0 /+%)*n+/)* '+ 4>*+A/6/+% 4&+5&)6*%2&++/. 0' !?L- T'2 * 

;&') 4&+,1T'/+4/ .* ,1;*)*%2&+ 0/, 4&)1;)/,,/'), /% ./ )/4)'%/6/+% 0/, 4&*4%23*%/'),I P/ 

6&0Q./ * +1*+6&2+, 1%1 )/62, /+ T'/,%2&+ ;*) 0/, 1%'0/, )14/+%/, T'2 6&+%)/+% T'/ ./, $#$, 



 ,  , 
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D�après Rochel and al., 2011

 !"#$% &' ( )$"*+!,*-!.+ /!001$%+-!%22% /# /!34$% 5657585 %+ 0.+9-!.+ /% 2:%,;*9%3%+- /%,

<13!,!-%,= En fonction qu�il reconnaisse un DR5 ou un DR1, l�organisation structurale du dimère RAR-

RXR va changer. Au niveau d�un DR1, le LBD et le DBD de RAR seront en 5�. Au niveau d�un DR5, la

flexibilité des régions charnières (en pointillés) permet l�inversement des DBD sur l�ADN, tout en

conservant le LBD de RAR du coté 5� de l�élément de réponse.
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 !"#!$%&'%(!& ()*!$%*&+"&$,#!+"&-!&.+&/!/0(+$!&12%3 .+*/,4"!&56317!%%!89:.2&+$-&;!(/+,$&

<==>?&3"&%3"%&*,/ .!/!$%&-+$*&.!&$32+"&/+,*&-,**31,)&-!&.@ABC&5D("1EF&G,%3"H&!%&+.I&<==>?I&

J@+1%,3$&-!*& ()1! %!"(*&$"1.)+,(!*&*!& K+,%&:(L1!&+"&(!1("%!/!$%&-!& (3%),$!*& ():".+%(,1!*F&

(!:(3" )!*&*3"*&.!*&%!(/!*&-!&13+1%,#+%!"(&!%&13() (!**!"(&*!.3$&.!"(*&K3$1%,3$*&5M!(,**,&+$-&

63*!$K!.-&<==N?I&B!&/+$,O(!&:)$)(+.!F&.!*&13() (!**!"(*&*!&K,H!$%&+"&$,#!+"&-!&.@7).,1!&P&-"&

()1! %!"(& !$& +0*!$1!& -"& .,:+$-F& :(L1!& Q& .!"(& *)4"!$1!& JHHHRHHH5RSJ?& (Figure 24)I& B!"H&

13() (!**!"(*&  (,$1, +"H& 3$%& )%)& 1+(+1%)(,*)*&T& CU36V& 5C"1.!+(86!1! %3(& U3(! (!**3(&V?& !%&

CU36<F& +"**,& 13$$"& *3"*& .!& $3/& -!& WX6Y& 5W,.!$1,$:&X!-,+%3(& K3(&6!%,$3,-& +$-&Y72(3,-&

73(/3$!& (!1! %3(*?I& Y3"*& -!"H& K3$%&  +(%,!& -!& 13/ .!H!*& /".%, (3%),4"!*&  ()*!$%+$%& -!*&

+1%,#,%)*& !$Z2/+%,4"!*& (!* 3$*+0.!*& -!& .+& () (!**,3$& %(+$*1(, %,3$$!..!& (Figure 24)I& U!*&

,$%!(+1%,3$*&  !(/!%%!$%& -@!H .,4"!(& .+& () (!**,3$& -!*& :O$!*& 1,0.!*& -!*& C6*& -!& 1.+**!&RR& !$&

+0*!$1!&-"&.,:+$-I&&

J+& K,H+%,3$& -"& .,:+$-& !$%(+[$!& "$& 17+$:!/!$%& 13$K3(/+%,3$$!.& -!& .@7).,1!& V<& 4",& !*%& Q&

.@3(,:,$!& -!& .+& .,0)(+%,3$& -!*& 13() (!**!"(*& !%& -"& (!1("%!/!$%& -!*& 13+1%,#+%!"(*& 5C+:2& +$-&

W17\+0!&<==]?I&M."*&-!&P==&13+1%,#+%!"(*&-!*&C6*&3$%&)%)& ,-!$%,K,)*& 5\\\I$"(*+I3(:?I&U!*&

/3.)1".!*&13$%,!$$!$%&*3"#!$%&.!&/3%,K&JHHJJ&4",&,$%!(+:,%&+#!1&.!&JDB&-"&()1! %!"(&5C+:2&

+$-& W17\+0!& <==]?I& U3//!& .!*& 13() (!**!"(*F& .!*& 13+1%,#+%!"(*& *3$%& -!*& 13/ .!H!*&

/".%, (3%),4"!*& 13$%!$+$%& .!*& +1%,#,%)*& !$Z2/+%,4"!*& $)1!**+,(!*& Q& .@+1%,#+%,3$&

%(+$*1(, %,3$$!..!F& $3%+//!$%& .!*& /3-,K,1+%,3$*& 13#+.!$%!*& -!*& 4"!"!*& -!*& 7,*%3$!*&  +(& .!*&

^AY*&!%&.!*&^XY*I&M+(&+,..!"(*F&,.&!H,*%!&-!*&13() (!**!"(*&4",&*3$%&(!1("%)*& +(&.!*&C6*&!$&

 ()*!$1!&-"& .,:+$-&-@"$!&/+$,O(!&*!/0.+0.!&+"H&13+1%,#+%!"(*I&6RMV]=F&JU_6F&M6AX9&!%&

YR`V+&K3$%& +(%,!&-!&1!*&13() (!**!"(*&56317!%%!89:.2&+$-&;!(/+,$&<==>?I&&

J+& K,:"(!& <]& /3$%(!& 4"!& .!&  +**+:!& -!& .+& () (!**,3$& Q& .@+1%,#+%,3$& -!& .+& %(+$*1(, %,3$&

()*".%!& "$,4"!/!$%& -!& .+& K,H+%,3$& -"& .,:+$-I& 9$& ()+.,%)F& 1!1,& !*%& "$!& #"!& %(O*& *,/ .,K,)!F&

 ",*4"!& .!&  (31!**"*& -@+1%,#+%,3$& ()*".%!& -@"$!& *)(,!& -@,$%!(+1%,3$*& -2$+/,4"!*& !%&

*)4"!$%,!..!*&+#!1&"$!&/".%, .,1,%)&-!&13+1%,#+%!"(*I&U!*&,$%!(+1%,3$*& !"#!$%&#+(,!(&*!.3$& .!&

%2 !&-!& (3/3%!"(&!%&.!&%2 !&1!..".+,(!&5M!(,**,&+$-&63*!$K!.-&<==N?I&&

 !" #$%&'()*+,-'./012)*(%.3*4%*('55,+).&'%-'/.*.)2+/.%4)*

J3(*& -!& .+& -,KK)(!$1,+%,3$& $!"(3$+.!& -!*& 1!..".!*& 9W& 5#3,(& 17+ ,%(!& <?F& .!&  (3:(+//!&

-@!H (!**,3$&-!* :O$!*&#+&#+(,!(&*",%!&+"& %(+,%!/!$%& +(& .@A6I&B!*&:O$!*&1,0.!*&-,(!1%!*&-!*&

6A6*& #3$%& '%(!& %(O*& (+ ,-!/!$%& ,$-",%*& *",%!& +"& %(+,%!/!$%&  +*& .@A6I& M+(/,& 1!*& :O$!*& *!&



+ RA

 !"#$% &> ( ?19*+!,3% /% $1"#2*-!.+ /% 2* -$*+,9$!;-!.+ ;*$ 2%, $19%;-%#$, +#921*!$%, /% 92*,,% @@=

Le mécanisme de régulation de la transcription est relativement similaire pour l�ensemble de la famille de NRs. En

absence de ligand, des co-répresseurs (NCoR1 et NCoR2) formant des complexes avec des HDACs ou des HMTs

sont recrutés, ce qui stabilise la structure compacte de la chromatine. La fixation du ligand, dans ce cas l�acide

rétinoïque, entraîne le départ des co-répresseurs et le recrutement de complexes multiprotéiques co-activateurs.

Dans le cas du dimère RAR-RXR, la phosphorylation des récepteurs est nécessaire à leur activité.

Niederreither et Dollé, 2008
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%(3"#!$%& $3%+//!$%&Rar 2F& -!*& :O$!*& ,/ .,4")*& -+$*& .!&/)%+03.,*/!& -!& .@A6F& %!.& 4"!& .!*&

:O$!*& Cyp26a1F& Cyp26b1F& Cyp26c1I& B!*& :O$!*& ,/ .,4")*& -+$*& .+& /,*!& !$&  .+1!& -!& .@+H!&

+$%)(38 3*%)(,!"(&%!.&4"!&.!*&:O$!*&Hox&5Hoxa1F Hoxa3F Hoxa5F&Hoxb1FHoxb4?&K3$%&):+.!/!$%&

 +(%,&-!*&:O$!*&(+ ,-!/!$%&,$-",%*F&%3"%&13//!&-@+"%(!*&:O$!*&,/ 3(%+$%&-+$*&.@,$,%,+%,3$&-!&.+&

$!"(3:!$O*!&4"!&*3$%&Meis2F&Gbx2&3"&Dlx3&5X3"%,!(F&a!&!%&+.I&<=V<?I&&

9$& ."*&-!&1!*&:O$!*&4",&(! ()*!$%!$%&.+&() 3$*!& ()131!&Q&.@A6F&"$&-!"H,O/!&:(3" !&-!&

:O$!*& !*%& ,$-",%&  ."*& %+(-,#!/!$%I& U!*& :O$!*& 13-!$%& $3%+//!$%&  3"(& -!*& K+1%!"(*& -!&

%(+$*1(, %,3$&%!.&4"!&.!*&K+1%!"(*&R(H&5R(HVF&8PF&8N?F&.!*&K+1%!"(*&-!&.+&K+/,..!&^!*&5^!*PF&^!*N?F&

-!& .+& K+/,..!& b,1& 5b,1V& !%& b,1]?& 3"& !$13(!&D($<I& U!*& :O$!*& $!& (! ()*!$%!$%&  +*& -!*& 1,0.!*&

-,(!1%!*&-!*&6A6F&!%&*3$%&-3$1&,$-",%*&-!&/+$,O(!&*!13$-+,(!&!%&,$-,(!1%!&*",%!&+"&%(+,%!/!$%&

 +*&.@A6I&J@,$-"1%,3$&-!&1!*&:O$!*&.3(*&-!&.+&-,KK)(!$1,+%,3$&$!"(3$+.!&,$-,4"!&.!"(& 3%!$%,!.&

(c.!&-+$*&1!& (31!**"*I&

 



&

 

 

Chapitre 5 

Zic1 et Brn2,  

deux facteurs clés de la 

différenciation neuronale 

&
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" 67%8'-+)* 9*:* ;'&<* )-* =+.>?* ()2@* 5%&-)2+3* &4,3* ()* 4%*

('55,+).&'%-'/.*.)2+/.%4)*A*

"!< ;'&<*

J+& K+/,..!& -!*& K+1%!"(*& -!& %(+$*1(, %,3$& b,1& 5b,$1& K,$:!(& 3K& 1!(!0!.."/?& 13$%,!$%& 1,$4&

/!/0(!*& 5b,1V8N?& 17!Z& .@73//!F& .+& *3"(,*& 3"& .!& Z)$3 !& 5*! %& /!/0(!*& 17!Z& .!&  3,**3$&

ZO0(!?F&17+1"$&13/ 3(%+$%&1,$4&-3/+,$!*&-3,:%&-!&b,$1&5U<^<?I&J!& (!/,!(&-3,:%&-!&b,$1&!*%&

* )1,K,4"!&-!&17+4"!&/!/0(!&-!&.+&K+/,..!I&J!*&-3,:%*&-!&b,$1&<8N&*3$%& %(O*&0,!$&13$*!(#)*&

!$%(!&.!*&-,KK)(!$%*&/!/0(!*&-!&.+&K+/,..!F&+#!1& ."*&-!&dNe&-@73/3.3:,!I&J!*&1,$4&/!/0(!*&

-!&.+&K+/,..!&*3$%&7+"%!/!$%&13$*!(#)*&-!&.+&*3"(,*&Q&.@73//!&!%&-!*& 7)$3%2 !*&+**31,)*&Q&.+&

/"%+%,3$& -!& .@!$*!/0.!& -!*& /!/0(!*& 3$%& )%)& 1+(+1%)(,*)*& -+$*& +"& /3,$*& "$!& -!*& !* O1!*&

5;(,$0!(:&+$-&X,..!$&<==N?I&

B"(+$%& .!& -)#!.3  !/!$%& !/0(23$$+,(!F& .!*& :O$!*& Zic& *3$%& !H (,/)*& -+$*& .!& *2*%O/!&

$!(#!"H& -3(*+.& +,$*,& 4"!& -+$*& .!*& *3/,%!*& 5 3"(& (!#"!& 5X!(Z-3(K& <==f??I& J@!H (!**,3$& -!*&

-,KK)(!$%*&/!/0(!*&-!&.+&K+/,..!&*!&*" !( 3*!F&1!&4",&.+,**!& ()*+:!(F&#"&.+&K3(%!&73/3.3:,!F&

4"!& .+& /"%+%,3$& -@"$&/!/0(!& -!& 1!%%!& K+/,..!&  ",**!& '%(!& 13/ !$*)!&  +(& .@!H (!**,3$& -!*&

+"%(!*&/!/0(!*I&A.3(*&4"@"$& (30.O/!& +"&$,#!+"&-"& %"0!&$!"(+.& !*%& #,*,0.!& 4"!.4"!& *3,%& .!&

/!/0(!&-!&.+&K+/,..!&b,1&/"%)F&,.&!H,*%!&+"**,&-!*& 7)$3%2 !*&* )1,K,4"!*&Q&17+4"!&/!/0(!I&

A,$*,F& .+&  !(%!& -!& K3$1%,3$& -!& b,1<&  (3-",%& "$!& 73.3 (3*!$1) 7+.,!& 5/+.K3(/+%,3$& -"&

 (3*!$1) 7+.!?F& .+&/"%+%,3$& -!&b,1P& !$%(+[$!& -!*&/+.K3(/+%,3$*& 1+(-,+4"!*& 13$:)$,%+.!*F& !%&

1!..!&-!&b,1N&-!*& (30.O/!*&+"&$,#!+"&-!&.+&1('%!&$!"(+.!&5;(,$0!(:&+$-&X,..!$&<==N?I&&

5.1.1 Structure des gènes Zic 

J!*&1,$4&:O$!*&/!/0(!*&-!&.+&K+/,..!&ZicF&17!Z&.@7"/+,$&3"&17!Z&.+&*3"(,*F&*3$%&(!:(3" )*&

+"&$,#!+"&-!& %(3,*& .31,& :)$3/,4"!*I&Zic1& !%&Zic4F& +,$*,& 4"!&Zic2& !%&Zic5& *3$%&  ()*!$%*& *3"*&

K3(/!& -!& %+$-!/F& (!* !1%,#!/!$%& +"& $,#!+"& -!*& 17(3/3*3/!*& >& !%& V]& 17!Z& .+& *3"(,*&

517(3/3*3/!*&P&!%&VP&17!Z& .@73//!?I&9$& (!#+$17!F&Zic3& !*%& ()*!$%& *"(& .!&17(3/3*3/!&g&

-+$*&.!*&-!"H&!* O1!*&(Figure 25)I&J!*&-,#!(:!$1!*&!$%(!&.!*&/!/0(!*&-!&.+&K+/,..!&bRU&*3$%&

.31+.,*)!*&+"&$,#!+"&-"& (!/,!(&-3,:%&-!&b,$1I&U!& (!/,!(&-3,:%&-!&b,$1&!*%&(!.+%,#!/!$%&0,!$&

13$*!(#)& !$%(!& .!*& /!/0(!*& b,1V8PF& /+,*& !*%&  ."*& -,#!(:!$%&  3"(& b,1]& !%& b,1NI& U!%%!&

-,#!(:!$1!& !(/!%&-!&-,#,*!(&.!*&/!/0(!*&-!&.+&K+/,..!&b,1&!$&-!"H&1.+**!*F&-,#,*,3$&4",&!*%&

13$K,(/)!& +(&.+& ()*!$1!&-@"$&-3/+,$!&h&b_U&i&5&b,1V8P&3--8 +,(!-&13$*!(#!-?&"$,4"!/!$%&



 !"#$#%#$&'(

 !"#$#%#$&')*

 !"#$#%#$&'+

Zic1

Zic2

Zic3

Zic4

Zic5

 !"#$% &A ( )$"*+!,*-!.+ 9<$.3.,.3*2% /%, 9!+B 3%3C$%, /% 2* 0*3!22% Zic 9<%D 2* ,.#$!,=

D�après Merzdorf 2007 
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 3"(& .!*& %(3,*&  (!/,!(*&/!/0(!*& -!& .+& K+/,..!& b,1I& J@!$*!/0.!& -!*&/!/0(!*& -!& .+& K+/,..!&

13$%,!$%&):+.!/!$%&"$&-3/+,$!&13$*!(#)&!$&+/3$%&-!*&N&-3,:%*&-!&Z,$1&5b`8CU&T&b,$1&K,$:!(&

C8K.+$E,$:& (!:,3$?I& W!".&bRU<& ()*!$%!& "$!& ():,3$&  3.28+.+$,$!I&J@+((+$:!/!$%& :)$3/,4"!&

-!*&/!/0(!*&-!&.+&K+/,..!&bRU&+,$*,&4"!&.+&13$*!(#+%,3$&-!&.+&*)4"!$1!&!%&-!&.@3(:+$,*+%,3$&

 (3%),4"!&*"::O(!$%&4"@"$&*!".&:O$!&+$1!*%(+.&+&*"0,&"$!&*)(,!&-!&-" .,1+%,3$*& 3"(&30%!$,(&.!*&

1,$4&:O$!*&!H,*%+$%*&17!Z&.!*&/+//,KO(!*&5 3"(&(!#"!&5A(":+F&j+/,2+&!%&+.I&<==k?I&

5.1.2 Expression et régulation des gènes Zic 

J+& ()*!$1!&-!&:O$!*&*3"*&K3(/!&-!&%+$-!/&-+$*&.!&:)$3/!&!*%&*3"#!$%&+**31,)!&Q&"$!&138

!H (!**,3$& -!*& -!"H& :O$!*& -"& %+$-!/I& Zic2& !%& Zic5F& %3"%& 13//!& Zic3& *3$%& !H (,/)*& -!&

/+$,O(!& 13$13/,%+$%!& +"&-)0"%&-!& .@!/0(23:)$O*!& 17!Z& .+& *3"(,*&T& %3"*& %(3,*& *3$%& !H (,/)*&

-+$*& .@!1%3-!(/!& !%& .!&/)*3-!(/!& +"& *%+-!& :+*%(".+& 5`"("*7,/+F&X"(+%+& !%& +.I& <===l&9./*F&

W1"((2& !%& +.I& <==]?I&A"&13"(*&-!& .@3(:+$3:!$O*!F& 1!*&:O$!*& *3$%& !H (,/)*&-+$*&-!*& ():,3$*&

* )1,K,4"!*&-"&$!"(!1%3-!(/!&!%&-"&WCU&!$&-)#!.3  !/!$%F&+,$*,&4"!&-!*&*3/,%!*I&B!&/'/!F&

.@!H (!**,3$& -!& Zic1& !%& Zic4& +  +(+,%& ):+.!/!$%& +"& -)0"%& -!& .@3(:+$3:!$O*!F& +#!1& "$!&

%(+$*1(, %,3$&-+$*&-!*& ():,3$*&* )1,K,4"!*& %!..!*&4"!& .!& (3*!$1) 7+.!&!%& .!*&*3/,%!*& 559./*F&

W1"((2& !%& +.I& <==]l&;+*%3$8X+**"!%F&^!$-!(*3$& !%& +.I& <==N?I& M!"& -!& -3$$)!*& *3$%& 13$$"!*&

4"+$%&Q&.+&():".+%,3$&-!&b,1F&$3%+//!$%&in vivoI&A"1"$!& (3%),$!&():".+$%&.!*&:O$!*&Zic&$@+&

)%)&/,*!&!$&)#,-!$1!&in vivoF&/'/!&*,&-!*&-3$$)!*&-+$*&.!*&1!..".!*&9W&.+,**!$%& ()*+:!(&4"!&

.@!H (!**,3$&-!&Zic3&!*%&*3"*&.!&13$%(c.!&-!&CAC_;&5J,/F&J37&!%&+.I&<==f?&!%&,$#!(*!/!$%F&

4"!&b,1P& !(/!%&-@+1%,#!(&.!& (3/3%!"(&-!&CAC_;&5J,/F&^3$:&!%&+.I&<=V=?I&B!*&!H )(,!$1!*&

-+$*& -@+"%(!*& 3(:+$,*/!*& ,$-,4"!$%& 4"!& -,KK)(!$%!*& #3,!*& -!& *,:$+.,*+%,3$& !%& -!& /".%, .!*&

K+1%!"(*& -!& %(+$*1(, %,3$&  !(/!%%!$%& -!& ():".!(& .@!H (!**,3$& -!*& :O$!*& Zic& 5 3"(& (!#"!&

5X!(Z-3(K&<==f??I&&

5.1.3 Fonctions biologiques 

U3//!&-)mQ&/!$%,3$$)F&-!*&/"%+%,3$*&-!& !(%!&-!&K3$1%,3$&-!*&:O$!*&ZIC&17!Z&.@73//!&

*3$%& Q& .@3(,:,$!&-@"$!&:(+$-!&#+(,)%)&-!&-)K+"%*& 13$:)$,%+"H& 5 3"(& (!#"!& 5X!(Z-3(K&<==f??I&

B!*&!H )(,!$1!*&17!Z& .+&*3"(,*&/3$%(!$%&4"!& %(O*&*3"#!$%& .!*& 7)$3%2 !*& (!%(3"#)*&17!Z&1!%&

3(:+$,*/!&/3-O.!&*",%!&Q&"$!&/"%+%,3$&-!*&:O$!*&Zic *3$%&*,/,.+,(!*&+"H& (30.O/!*&30*!(#)*&

17!Z& .@7"/+,$I& B!*& /"%+%,3$*& -!& Zic1& !%& Zic4F& ,*3.)!*& 3"& -3"0.!*F& 3$%&  3"(& 13$*)4"!$1!&

.@+  +(,%,3$& -!& -)K+"%*& +"& $,#!+"& -"& 1)()0!.."/F& 4",& *3$%& Q& (+  (317!(& -!*& /+.K3(/+%,3$*&

B+$-28n+.E!(&30*!(#)!*&17!Z&.@73//!&5;(,$0!(:F&C3(%7(" &!%&+.I&<==]?I&U7!Z&.@73//!F&"$!&

73.3 (3*!$1) 7+.,!& !*%& 30*!(#)!& .3(*4"@"$!& /"%+%,3$& !*%&  ()*!$%!& +"& $,#!+"& -!& Zic2I& B!&
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/+$,O(!& *,/,.+,(!& 17!Z& .+& *3"(,*F& "$!&  !(%!& -!& K3$1%,3$& -!& b,1<& !$%(+[$!& -!*&  (30.O/!*& +"&

*%+-!&:+*%(".+&4",&#3$%& ()*".%!(&!$&"$&-)K+"%&-!& K3(/+%,3$&-"& (3*!$1) 7+.!& 5n+((F&M3\.!*8

;.3#!(&!%&+.I&<==d?I&&

J@30*!(#+%,3$&-!*&-)K+"%*&13$:)$,%+"H&3"& ."*&:)$)(+.!/!$%&-!*& 7)$3%2 !*&+**31,)*&Q&.+&

 !(%!& -!& K3$1%,3$& -!*& K+1%!"(*& b,1&  !(/!%& -!& -)%!(/,$!(& .!*&  (31!**"*& 0,3.3:,4"!*& 4",&

$)1!**,%!$%& .@!H (!**,3$& -!& b,1F&/+,*& $!& ()#O.!&  +*& .!&/)1+$,*/!&/3.)1".+,(!& -@+1%,3$& -!*&

K+1%!"(*&b,1I&W3$%8,.*&-!&*,/ .!*&13K+1%!"(*&3"&*3$%8,.*&-!*&K+1%!"(*&-!&%(+$*1(, %,3$&*!&K,H+$%&

-,(!1%!/!$%&Q&.@ABC&o&R.&*!/0.!(+,%&4"!&.!*&-!"H&1+*&-!&K,:"(!&!H,*%!$%I&B!*&!H )(,!$1!*&-!&

U7RM817, & -+$*& .!*& 1!..".!*&9W&3$%&  !(/,*& -@,-!$%,K,!(& "$&/3%,K& 13$*!$*"*& -!& K,H+%,3$&  3"(&

b,1P&5Np8UU5U?S5Y?&;UY;;;8Pp?&!%&3$%&/,*&!$&)#,-!$1!&4"!&Nanog !"#$" %# &$'%( )$*(&"( &( 

+#&"(,* -.$/0 1234 (" #%5 678795 :(&$ ;,$ )!/23"*( ;,( <$&= >(," #4$* &2//( ,3 +#&"(,* )( 

"*#3?&*$>"$23 (3 ?( %$#3" @ %ABCD5 CA#,"*(? (E>!*$(3&(? /23"*(3" ;,( %(? >*2"!$3(? <$& 

>(,F(3" #4$* #F(& %(? +#&"(,*? )( "*#3?&*$>"$23 G:H >2,* *!>*$/(* %# F2$( )( ?$43#%$?#"$23 

I3"0 ?#3? $3"(*#&"$23 )$*(&"( )(? >*2"!$3(? <$& #F(& %ABCD -J2,*('*#K$/0 12,"/(L(*? (" #%5 

6788M H,N$/$0 1#"#L#/# (" #%5 678695 C#3? &( &#? %(? >*2"!$3(? <$& #)2>"(3" ,3 *O%( )( 

&2*!>*(??(,*5 

5.1.4 Les particularités de ZIC1 

.# /#N2*$"! )(? !",)(? )( <$&8 23" !"! *!#%$?!(? &K(P %( E!32>(5 Zic1 &2)( >2,* ,3 +#&"(,* 

)( "*#3?&*$>"$23 (E>*$/! )#3? %# >%#;,( 3(,*#%( >*!?2/>"$F(5 Q23 )2/#$3( )A(E>*(??$23 ?( 

*(?"*($3)*# >%,? "#*) @ %# >#*"$( )2*?#%( ), ",'( 3(,*#% (" @ %# &*R"( 3(,*#%( -S,20 J#"(% (" #%5 

8TTUM D#V#"#0 D#4#$ (" #%5 8TTU95 <$&8 N2,( ,3 *O%( $/>2*"#3" )#3? %# ?"*,&",*#"$23 )( %# 

>%#;,( 3(,*#%( (" (?" $/>2*"#3" >2,* %# +2*/#"$23 )( %# &*R"( 3(,*#%(0 )(? ?2/$"(? (" ), 

&!*!'(%%,/ -:2*3$?K0 1#??#3 (" #%5 677T95 :K(P %( E!32>(0 <$&8 (?" %A,3 )(? >*(/$(*? 

/#*;,(,*? /2%!&,%#$*(? )( %# )!"(*/$3#"$23 3(,*#%( @ R"*( (E>*$/! -G*2>(>(0 .$ (" #%5 677W95 

.A#&"$F#"$23 )( %A(E>*(??$23 )( <$&8 $3),$" %A(E>*(??$23 )( /#*;,(,*? )( %# &*R"( 3(,*#%( (" )( 

%# >#*"$( )2*?#%( ), ",'( 3(,*#% @ %# +2$? )#3? %# &#%2""( #3$/#%( /#$? !4#%(/(3" >2,* %(? 

(/'*L23? (3"$(*?5 B, 3$F(#, )( %A(&"2)(*/( >%,? F(3"*#%0 <$&8 $3),$" %# +2*/#"$23 )A#4*!4#"? 

&(%%,%#$*(? ?$/$%#$*(? #,E >*!&,*?(,*? )( %# &*R"( 3(,*#%( (" ?,>>*$/( %( )(?"$3 F(3"*#% )( &(? 

&(%%,%(? -S,20 J#"(% (" #%5 8TTU95  
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B, 3$F(#, ), 3(,*(&"2)(*/(0 X?E8 $3),$" %A(E>*(??$23 )( <$&8 (" )( J#E=0 >,$? &(? )(,E 

+#&"(,*? )( "*#3?&*$>"$23 F23" #&"$F(* Q%,4 )( /#3$Y*( )!>(3)#3"( )( I3" (" H2E)= -Q#?#$0 

X$P,?(V$ (" #%5 6778M X23?2*2Z[,*;0 I#34 (" #%5 677\M Q#"20 Q#?#$ (" #%5 677\95 

C( 32/'*(,?(? !",)(? >2*"(3" )23& ?,* %( *O%( )( <$&8 #, 3$F(#, )( %# &*R"( 3(,*#%( /#$? 

%A(E>*(??$23 )( <$&8 )#3? %# >#*"$( )2*?#%( ), ",'( 3(,*#% (" %# &23?!;,(3&( )( &(""( 

(E>*(??$23 ?,* %# )$++!*(3&$#"$23 *(?"( >%,? +%2,(5 :K(P %# ?2,*$?0 %(? /,"#3"? K2/2PL42"(? 

>2,* <$&8 >*!?(3"(3" ,3( KL>2>%#?$( &!*!'(%%(,?( (" %A#'?(3&( )A,3 %2',%( #, 3$F(#, ), %2'( 

#3"!*$(,* -B*,4#0 X$32]# (" #%5 8TTU95 :(&$ /23"*( %A$/>2*"#3&( )( <$&8 #, 3$F(#, ), 

)!F(%2>>(/(3" ), &(*F(#,5 

 !" #$%&"#

[^D6 +#$" >#*"$( )( %# +#/$%%( )(? +#&"(,*? )( "*#3?&*$>"$23 @ )2/#$3( J_`5 .(? /(/'*(? 

)( &(""( +#/$%%( >(,F(3" R"*( )$F$?!? (3 ?$E &%#??(? (" ?23" %(? *!4,%#"(,*? ), )(?"$3 &(%%,%#$*( 

)( 32/'*(,?(? %$43!(?5 a3 +23&"$23 ), /(/'*( )( %# +#/$%%(0 %A(E>*(??$23 >(," R"*( 

,'$;,$"#$*(0 2, *!),$"( @ ,3 "L>( &(%%,%#$*( ?>!&$+$;,(5 (Table 3) ->2,* *(F,( -:22V #3) Q",*/ 

677U995  

.(? /(/'*(? )( %# +#/$%%( J_` ?23" $/>%$;,!? )#3? )(? +23&"$23? '$2%24$;,(? )$F(*?(? (" 

F#*$!(?5 a3 4,$?( )A(E(/>%(0 _:Gb $3"(*F$(3" )#3? %# >*24*#//#"$23 )(? &(%%,%(? ?2,&K(? 

(/'*L233#$*(?0 #%2*? ;,( _:G8 (" _:G6 ?23" $/>%$;,!? )#3? %# *!>23?( $//,3$"#$*( 

-Q&K2%(* 8TT8M ^L#3 #3) ^2?(3+(%) 8TTc95 X#%4*! %A$/>2*"#3&( )(? +23&"$23? '$2%24$;,(? )( 

&(? +#&"(,*?0 %(,* 32/'*( 3A(?" >#? "*Y? !%(F! &K(P %(? )$++!*(3"(? (?>Y&(? d ;,$3P(0 &$3; (" 

;,#"*( +#&"(,*? J_` &K(P %AK2//(0 %# )*2?2>K$%( (" %( 3!/#"2)( *(?>(&"$F(/(3" -e(3"(*0 

B)#/? (" #%5 677895 .# )$F(*?$"! ), 32/'*( )( +23&"$23? #??,*!(? >#* &(? +#&"(,*? >(," #%2*? 

?A(E>%$;,(* >#* )(? &23"*O%(? @ )$++!*(3"? 3$F(#,E0 "(% ;,( %# +$E#"$23 #, 3$F(#, )( %ABCD0 %(? 

/2)$+$&#"$23? >2?"Z"*#),&"$233(%%(? 2, (3&2*( %A$3"(*#&"$23 #F(& )A#,"*(? +#&"(,*? )( 

"*#3?&*$>"$235 f( /A$3"!*(??(*#$ )#3? %# >#*"$( ?,$F#3"( @ %# +23&"$23 )( /23 +#&"(,* )( 

"*#3?&*$>"$23 )A$3"!*R"0 [*360 >,$? N( )!"#$%%(*#$ %# ?"*,&",*( )(? /(/'*(? )( %# +#/$%%( J_`5 

:(""( ?"*,&",*( >(," (3 (++(" R"*( )$*(&"(/(3" *(%$!( @ %# +23&"$23 )( &(? +#&"(,*? )( 

"*#3?&*$>"$235  



 !"#$%&%'%($)%*+,,-.$/0)%1$1".$)%*$%#!%,!1+##$%234

$0%#$5.%*61!+/$%*7$89.$))+6/

Classe Gène Protéine Expression

POU1F Pou1f1 Pit1
Glande pituitaire 

(hypophyse)

POU2F Pou2f1 Oct1 Ubiquitaire

Pou2f2 Oct2 Lymphoïde

Pou2f3 Epoc1 Peau

POU3F Pou3f3 Brn1
Système nerveux

Reins

Pou3f2  !"# $%&'()*+"*!,*-.

Pou3f4 Brn4 Tube neural

Pou3f6 Oct6
Blastocyste, 

Cellules ES, Cerveau

POU4F Pou4f1 Brn3a Système visuel

Pou4f2 Brn3b Système visuely

Pou4f3 Brn3c Système auditif

POU5F Pou5f1 Oct4 Cellules ES, Ovocytes

Pou5f2 Sprm1 Sperme

POU6F Pou6f1 Brn5 Système nerveux

Pou6f2 Rpf1 Divers

D�après Cook et Sturm 2008
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5.2.1 Fonction du facteur Brn2 

5.2.1.1 Brn2 dans la différenciation neuronale in vivo 

.A$/>2*"#3&( )(? +#&"(,*? )( %# +#/$%%( J_` )#3? %# )$++!*(3&$#"$23 3(,*23#%( (?" /$?( (3 

!F$)(3&( >K!32"L>$;,(/(3" )#3? %(? ?2,*$? >*!?(3"#3" ,3 S_ >2,* &(? +#&"(,*?5 [*38 (" [*36 

?23" (E>*$/!? )#3? %( &(*F(#, )( %A(/'*L230 32"#//(3" )#3? %( 3!2&2*"(E -1(0 G*(#&L (" #%5 

8TUT95 D!#3/2$3?0 %( S_ $3)$F$),(% )( &K#;,( +#&"(,* >*!?(3"( ,3 >K!32"L>( ,3$;,(/(3" 

)#3? )(? *!4$23? "*Y? %$/$"!(? ), &(*F(#,5 C#3? %(? /,"#3"? )( [*360 ,3( >(*"( )( 3(,*23(? (?" 

2'?(*F!( #, 3$F(#, )( %AKL>2"K#%#/,?0 *!4$23 )#3? %#;,(%%( [*38 3A(?" >#? (E>*$/! -D#V#$0 

S#]#32 (" #%5 8TT\M Q&K23(/#330 ^L#3 (" #%5 8TT\95 B %A$3F(*?(0 )#3? %(? /,"#3"? )( [*380 

&A(?" %# /2*>K2%24$( #, 3$F(#, )( %AK$>>2&#/>( ;,$ (?" #%"!*!(0 2* [*36 (?" @ >($3( )!"(&"#'%( 

)#3? &(""( *!4$235 B, 3$F(#, ), 3!2&2*"(E0 2g %(? )(,E /(/'*(? )( %# +#/$%%( ?23" >*!?(3"?0 

#,&,3 >K!32"L>( 3A(?" 2'?(*F! &K(P %(? ?2,*$? 2g ,3 ?(,% 4Y3( (?" /,"!5 :(&$ ?,44Y*( ,3( 

*()23)#3&( )( +23&"$23 (3"*( &(? )(,E +#&"(,*? &23+$*/!( >#* %( )2,'%( /,"#3"5 

:23"*#$*(/(3" @ &( ;,$ (?" 2'?(*F! >2,* %(? ?$/>%(? /,"#3"?0 %( >K!32"L>( F$?$'%( )#3? &(? 

)2,'%(? /,"#3"? (?" )*#?"$;,(5 .(? )2,'%(? /,"#3"? K2/2PL42"(? >2,* [*38 (" [*36 /(,*(3" 

)#3? %AK(,*( #>*Y? %# 3#$??#3&(5 .(? /#%+2*/#"$23? &!*!'*#%(? &K(P %( )2,'%( /,"#3" ?23" 

?!FY*(? d %( ',%'( 2%+#&"$+ >*!?(3"( ,3( KL>2>%#?$(0 %( &!*!'(%%,/ (?" /2$3? >%$??! (" %(? 

&(%%,%(? )( J,*V$3N( L ?23" >%,? )(3?(?5 .( 3!2&2*"(E ;,#3" @ %,$0 (?" '(#,&2,> /2$3? !>#$? (" 

?23 >%$??(/(3" >#*#$" "2"#%(/(3" )!?2*4#3$?! -Q,4$"#3$0 D#V#$ (" #%5 677695  

.A,3 )(? )!+#,"? /#N(,*? 2'?(*F!? )#3? %(? ?2,*$? /,"#3"(? >2,* [*38 (" [*36 ?( ?$",( #, 

3$F(#, )( %# /$?( (3 >%#&( )(? )$++!*(3"(? &2,&K(? ), &2*"(E5 h% (E$?"( )(,E F2$(? )( 

?$43#%$?#"$23 $/>2*"#3"(? )#3? %# /$4*#"$23 *#)$#%( )(? 3(,*23(? &2*"$&#,E5 .# >*(/$Y*( F2$( 

+#$" $3"(*F(3$* %# >*2"!$3( ^((%$30 (E>*$/! >#* %(? &(%%,%(? :#N#%Z^("P$,? ?$",! #, 3$F(#, )( %# 

P23( /#*4$3#%( ->2,* *(F,( -^$&( #3) :,**#3 677895 .# )(,E$Y/( F2$( (?" /!)$!( >#* :)V\ 

(" ?(? ?2,? ,3$"!? *!4,%#"*$&(? :)V\*8 (" :)V\*6 -/$(,E &233,(? ?2,? %( 32/ )( >=\ (" >=T 

*(?>(&"$F(/(3"9 ->2,* *(F,( -Q/$"K0 i*((* (" #%5 6778995 C(? (E>!*$(3&(? *!#%$?!(? (3 6776 

/(""(3" (3 !F$)(3&( %(? >*2'%Y/(? )( ?"*,&",*#"$23 ), &2*"(E )#3? %(? )2,'%(? /,"#3"? 

[*38j[*36 (" ?,44Y*(3" ;,( %(? )(,E F2$( &$"!(? &$Z)(??,? >2,**#$(3" R"*( @ %A2*$4$3( )( &( 

>K!32"L>( -X&aF$%%L0 )( C$#P (" #%5 6776M Q,4$"#3$0 D#V#$ (" #%5 677695 C( >%,?0 )(? !",)(? 

23" /23"*! ,3( $3"(*#&"$23 (3"*( %# F2$( ^((%$3 (" %# F2$( D2"&K >*!&!)(//(3" )!&*$"( 

-1#?K$/2"2ZG2*$$0 G2*$$ (" #%5 677U95 .A$/>2*"#3&( )( &(""( F2$( D2"&K )#3? %# /$?( (3 >%#&( 
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), &2*"(E # !"! )!/23"*!( >#* C2/$34,(P (" #%5 ;,$ 23" /$? (3 !F$)(3&( ;,( %(? /(/'*(? )( 

%# +#/$%%( J2,=+ >2,F#$(3" #4$* )$*(&"(/(3" ?,* 1(?\5 -C2/$34,(P0 BL2,' (" #%5 678=95 

5.2.1.2 Brn2 dans la différenciation neuronale in vitro 

.(? >*(/$Y*(? (E>!*$(3&(? )!/23"*#3" %A$/>2*"#3&( )( [*36 )#3? %# )$++!*(3&$#"$23 

3(,*23#%( in vitro 23" !"! *!#%$?!(? )#3? )(? &(%%,%(? )( &#*&$32/( (/'*L233#$*( /,*$3 J8T5 

:(? &(%%,%(? >(,F(3"0 "2," &2//( %(? aQ0 ?( )$++!*(3&$(* (3 3(,*23(? ?,$"( #, "*#$"(/(3" >#* 

%AB^5 a3 ,"$%$?#3" &( ?L?"Y/( )( )$++!*(3&$#"$230 %(? #,"(,*? 23" /23"*! ;,( %A$3#&"$F#"$23 )( 

[*36 (/>R&K#$" %(? &(%%,%(? )( ?( )$++!*(3&$(* (3 3(,*23(? -H,N$$ #3) 1#/#)# 8TT=95  

.A$/>2*"#3&( )( [*36 )#3? %# 3(,*24(3Y?( in vitro # )(>,$? !"! &23+$*/!(5 a3 678= 

.2)#"2 k #% ?,44Y*(3" ;,A,3( ?,*(E>*(??$23 )( [*36 >(*/(""*#$" )( >*2/2,F2$* %# 

)$++!*(3&$#"$23 3(,*23#%( -.2)#"20 D4 (" #%5 678=95 a3 67870 %(? (E>!*$(3&(? )( 

"*#3?)$++!*(3&$#"$23 $)(3"$+$#$(3" !4#%(/(3" &( +#&"(,* >2,* %# &23F(*?$23 )$*(&"( )A,3 

+$'*2'%#?"( (3 3(,*23( -e$(*',&K(30 _?"(*/($(* (" #%5 6787M I#>$3?V$0 e$(*',&K(3 (" #%5 

678=95 

5.2.2 Structure de Brn2

.(?  +#&"(,*? )( "*#3?&*$>"$23 )( %# +#/$%%( J_` 23" !"! *(4*2,>!? )#3? ,3( /R/( +#/$%%( 

4*l&( @ %(,* )2/#$3( J_`0 K#,"(/(3" &23?(*F! (3"*( %(? )$++!*(3"? /(/'*(? (" ;,$ %(,*? 

>(*/(" )( *(&233#m"*( %ABCD -1(**0 Q",*/ (" #%5 8TUUM Q",*/ #3) 1(** 8TUU95 :( )2/#$3( (?" 

(3 *!#%$"! )$F$?! (3 )(,E ,3$"!? )( +$E#"$23 )( %ABCD0 J_`Q (" J_`10 ;,$ ?23" *(%$!(? (3"*( 

(%%(? >#* ,3 '*#? +%(E$'%( F#*$#'%( (Figure 26) -B3)(*?(3 #3) ^2?(3+(%) 677895 .( )2/#$3( 

J_`Q0 >2,* n J_` ?>!&$+$;,( o (?" ?$",! (3 DZ"(*/$3#% (" ?( &2/>2?( )A(3F$*23 c\ #&$)(? 

#/$3!?5 .( )2/#$3( (3 :Z"(*/$3#%0 #>>(%! J_` K2/!2 -J_`190 (?" &2/>2?! )( W7 #&$)(? 

#/$3!? ->2,* *(F,( -^L#3 #3) ^2?(3+(%) 8TTc995 :K#&,3 )( &(? )(,E )2/#$3(? +2*/( ,3( 

?"*,&",*( (3 K!%$&(Z"2,*ZK!%$&( -1G195 :K(P %(? /#//$+Y*(?0 $% (E$?"( ?$E &%#??(? )( >*2"!$3(? 

J_` d J_`8H @ J_`WH5 :(? &%#??(? 23" !"! !"#'%$(? (3 +23&"$23 )( %# ?!;,(3&( (3 #&$)( 

#/$3!? ), )2/#$3( J_`0 /#$? !4#%(/(3" (3 +23&"$23 )( %# "#$%%( )( %# *!4$23 &K#*3$Y*( -^L#3 

#3) ^2?(3+(%) 8TTc95 .# ?"*,&",*( /2),%#$*( +2*/!( >#* %(? )(,E ?2,?Z)2/#$3(? J_` (" %# 

*!4$23 &K#*3$Y*( >(*/(" #,E >*2"!$3(? )( %# +#/$%%( J_` )( *(&233#$"*( ,3( 4*#3)( F#*$!"! )( 

/2"$+? BCD #$3?$ ;,( )$++!*(3"? "*#3?#&"$F#"(,*?0 "2," &(%# )!>(3)#3" 32"#//(3" ), 

>2?$"$233(/(3" )(? ?$"(? +$E!? >#* J_`Q (" J_`1 -Q&,%%L0 f#&2'?23 (" #%5 6777M ^(/(3L$0 

G2/$%$3 (" #%5 677895 
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5.2.3 Reconnaissance de l�ADN 

`3( >*(/$Y*( !",)( # /$? (3 !F$)(3&( %# %$#$?23 ?>!&$+$;,( ), )2/#$3( J_` #F(& ,3( 

*!4$23 2&"#/!*$;,( )( %ABCD )( "L>( \AZBGi:BBBGZ=A5 .# *!4$23 &K#*3$Y*( K#,"(/(3" 

+%(E$'%( (3"*( %(? )(,E ?2,?Z)2/#$3(? J_` >(*/(" &(>(3)#3" ,3( *!2*$(3"#"$23 )( &(? 

)(*3$(*?0 &( ;,$ %(,* #,"2*$?( %# *(&233#$??#3&( )( *!4$23? 2&"#/!*$;,(? )$F(*4(3"(? -1(** #3) 

:%(#*L 8TT\95 C(? !",)(? &*$?"#%%24*#>K$;,(? )( %# >*2"!$3( _:G8 %$!( @ %# ?!;,(3&( 

2&"#/!*$;,( 23" /23"*! ;,( %(? )(,E )2/#$3(? J_`Q (" J_`10 ?( +$E#$(3" &K#&,3 #, 3$F(#, 

), ?$%%23 /#N(,* )( %ABCD0 /#$? ?,* %(? +#&(? 2>>2?!(? )( %AK!%$&( )ABCD5 C( &( +#$"0 

%A2&"#/Y*( >(," R"*( )$F$?!0 #F(& J_`Q ;,$ ?( +$E( @ %# ?!;,(3&( \AZBGi: (" J_`1 ;,$ ?( 

+$E( @ =AZBBBG -S%(//0 ^2,%) (" #%5 8TTb95 :(""( !",)( &*$?"#%%24*#>K$;,( 3A# >#? >(*/$? )( 

F$?,#%$?(* %# *!4$23 &K#*3$Y*(0 &23+$*/#3" ;,( &(""( *!4$23 3A(?" >#? *$4$)(0 )#3? &( &#?5 h% 

?(/'%(*#$" ;,( )#3? %( &#? )(? >*2"!$3(? )( %# &%#??( J_`=H0 )23" +#$" >#*"$( [^D60 &(""( 

*!4$23 >(," ?( *(>%$(* (3 ,3( >("$"( K!%$&( p -[%#,)0 e2??(3 (" #%5 677b95  

.# *!4$23 &K#*3$Y*( ;,$ *(%$( %(? )(,E ?2,?Z)2/#$3(? J_` F# )23& >(*/(""*( ,3( 4*#3)( 

+%(E$'$%$"!jF#*$#'$%$"! #, 3$F(#, )( %# *(&233#$??#3&( )(? ?!;,(3&(? )ABCD5 :(""( ?!;,(3&( 

)ABCD *(&233,( F# !4#%(/(3" (3"*#m3(* ,3( #&"$F$"! )$++!*(3"$(%%( )(? >*2"!$3(? J_`0 &2//( 

N( %( )!&*$*#$ )#3? %# >#*"$( ?,$F#3"(5  

5.2.4 Mécanismes de régulation de la liaison et de l�activité des protéines POU 

5.2.4.1 Séquence du site de fixation 

.(? >*2"!$3(? )( %# +#/$%%( J_` 23" $3$"$#%(/(3" !"! )!&*$"(? &2//( ?( +$E#3" ?2,? +2*/( 

)( /232/Y*( @ ,3( ?!;,(3&( )( "L>( 2&"#/Y*( #, 3$F(#, )( %ABCD5 J%,? *!&(//(3"0 %(,* 

&#>#&$"! )AK2/2Z (" )AK!"!*2)$/!*$?#"$23 # !"! /$?( (3 !F$)(3&(5 C(? (E>!*$(3&(? $3 F$"*2 23" 

>(*/$? )( /23"*(* ;,( %(? >*2"!$3(? J_` !"#$(3" &#>#'%(? )( )$/!*$?(* )( /#3$Y*( 

&22>!*#"$F( #, 3$F(#, )( %ABCD -^K((0 i*,'(* (" #%5 8TTU95  

a3 *!#%$"!0 >%,?$(,*? /2"$+? )( )$/!*$?#"$23 23" !"! )!&*$"? >2,* [*36 (Figure 27)5 .( /2"$+ 

J_^a -J#%$3)*2/$& _&" +#&"2* ^(&243$"$23 a%(/(3"90 BGGGiBBBGi:BBB0 # !"! $)(3"$+$! 

)#3? %A(3K#3&(* ), 4Y3( )( %A2?"!2>23"$3( -_JD9 /,*$3( -[2";,$30 1(?? (" #%5 8TTU95 :( 

/2"$+ # !"! )!&*$" &2//( ,3 !%!/(3" )( *!>23?( BCD #, +#&"(,* _:Gb5 _:Gb >(," )A#$%%(,*? 

+$E(* %( /2"$+ J_^a ?2,? +2*/( )( /232/Y*( 2, )( )$/Y*(5 .# )$/!*$?#"$23 >(," R"*( >*2/,( 

2, )$/$3,!( >#* %( *(/>%#&(/(3" )A,3 ?(,% 3,&%!2"$)(5 In vitro0 %( /2"$+ J_^a ?( &2/>2*"( 

&2//( ,3 !%!/(3" n 4!3!*#% o )( *(&233#$??#3&( )(? +#&"(,*? _:G -[2";,$30 1(?? (" #%5 
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8TTU95 B+$3 )A!",)$(* >%,? (3 )!"#$%? %# &#>#&$"! )( )$/!*$?#"$23 )(? +#&"(,*? _:G0 %(? 

?!;,(3&(? %$!(? @ %A!%!/(3" )( *!>23?( J$"8 ), 4Y3( )( %# >*2%#&"$3( 23" !"! &#*#&"!*$?!(?5 

.A!%!/(3" )( *!>23?( X_^a -X2*( J#%$3)*2/$& _&" +#&"2* ^(&243$"$23 a%(/(3"9 #$3?$ 

&#*#&"!*$?! # +$3#%(/(3" !"! *("*2,F! )#3? )( 32/'*(,E >*2/2"(,*? -G2/$%$30 ^(/(3L$ (" #%5 

677795 G2/$%$3 k #% 23" !4#%(/(3" /$? (3 !F$)(3&( ;,( %( )$/Y*( _:G8 +$E! #, 3$F(#, ), 

X_^a 3A(?" >#? &#>#'%( )A$3"(*#4$* #F(& %( &2+#&"(,* _[H80 #%2*? ;,( %# +$E#"$23 #, 3$F(#, 

), J_^a >(*/(" %A$3"(*#&"$23 #F(& &( &2+#&"(,*5 :(&$ ?$43$+$(*#$" ;,(0 ?,$F#3" %# &23+2*/#"$23 

#)2>"!( >#* %( )$/Y*( _:G8 -&q(?"Z@Z)$*( ), /2"$+ +$E!90 %A#&"$F$"! "*#3?&*$>"$233(%%( >2,**#$" 

R"*( )$++!*(3"(5 :( ?23" %(? ?"*,&",*(? &*$?"#%%24*#>K$;,(? )(? )2/#$3(? J_` )A_:G8 #F(& %(? 

?!;,(3&(? J_^a (" X_^a ;,$ 23" >(*/$? )( &2/>*(3)*( &2//(3" ,3( /R/( &K#m3( 

>2%L>(>"$)$;,( >2,F#$" +2*/(* ,3 )$/Y*( (" >*!?(3"(* ,3( $3"(*+#&( >*2"!$3(Z>*2"!$3( 

)$++!*(3"( -^(/(3L$0 G2/$%$3 (" #%5 677895 `3 "*2$?$Y/( /2"$+0 %( D_^a -DZ_&"= ^(?>23?$F( 

a%(/(3"90 GDD^GBBBGBBG^D  # !"! $)(3"$+$! ?,$"( @ %# /2)!%$?#"$23 /2%!&,%#$*( ), 

)$/Y*( )( [^D65 :( /2"$+ (?" 32"#//(3" *("*2,F! )#3? %(? >*2/2"(,*? )(? 4Y3(? Aadc (" 

Crh -B%#P#*)0 [%#,) (" #%5 677\95 .( /2"$+ D_^a )$++Y*( )(? /2"$+? J_^a (" X_^a >,$?;,( 

)#3? &( &#? %(? )2/#$3(? J_`1 +$E(3" )(? *!4$23? &K(F#,&K#3"(?5 C( >%,?0 %# %$#$?23 )(? 

)$/Y*(? #,E /2"$+? X_^a (" J_^a (?" &22>!*#"$F(0 #%2*? ;,( )#3? %( &#? ), D_^a0 (%%( (?" 

323 &22>!*#"$F(5 #

5.2.4.2 Modifications post-traductionnelles 

C(? /2)$+$&#"$23? >2?"Z"*#),&"$233(%%(? "(%%(? ;,( %# >K2?>K2*L%#"$230 %A,'$;,$"$3#"$230 %# 

?,/2L%#"$23 2, %A2EL)#"$23 23" !"! )!&*$"(? >2,* %(? >*2"!$3(? )( %# +#/$%%( J_`5 a3 4,$?( 

)A(E(/>%( &23&(*3#3" [*360 %A2EL)#"$23 )A,3( &L?"!$3( )( [*36 )$/$3,( ?# %$#$?23 #,E 

2&"#/Y*(? )( ?!;,(3&( &23?(3?,?0 /#$? !4#%(/(3" #,E 2&"#/Y*(? )( ?!;,(3&( )$F(*4(3"(5 :(? 

*!?,%"#"? 23" !"! 2'"(3,? >#* %A#))$"$23 )A$23? &,$F*(0 +(*0 )( >(*2EL)( )AKL)*24Y3( 2, )( 

)$#/$)( )#3? %(? (E>!*$(3&(? )( %$#$?23 @ %ABCD -CDB '$3)$34 #??#L?95 :(" (++(" >(," R"*( 

*(F(*?! >#* %A#N2," )( %A#4(3" *!),&"(,* )$"K$2"K*!$"2% -Q/$"K0 [*$4K"](%% (" #%5 8TTU95  

.# >K2?>K2*L%#"$23 )( 32/'*(,E /(/'*(? )( %# +#/$%%( J_` # !4#%(/(3" !"! )!&*$"( 

&2//( #L#3" ,3 $/>#&" ?,* %# *!4,%#"$23 )( %# %$#$?23 @ %ABCD5 :(""( >K2?>K2*L%#"$23 @ !"! 

!",)$!( >2,* JhG80 /#$? !4#%(/(3" >2,* _:G80 _:G6 (" [^D\ -S#>$%2++0 H#*V#?K (" #%5 

8TT8M i*(3+(%%0 .#"&K/#3 (" #%5 8TTWM S#?$'K#"%#0 G#$%2* (" #%5 8TTTM J(FP3(*0 S*#+" (" #%5 

677795 G2," &2//( >2,* %A2EL)#"$230 %# >K2?>K2*L%#"$23 )( [^D6 # !4#%(/(3" !"! !",)$!(5 

CY? 8TTW0 $% # !"! >*2>2?! ;,( [^D6 >,$??( R"*( >K2?>K2*L%!( >#* %# >*2"!$3( V$3#?( B -JSB9 
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(3 *!>23?( @ %ABXJ&5 :(""( >K2?>K2*L%#"$23 (3"*#m3( %A(E&%,?$23 )( [^D6 ), 32L#,0 &( ;,$ 

(/>R&K(*# ?23 $3"(*#&"$23 #F(& ?(? ?!;,(3&(? &$'%(? #, 3$F(#, )( %ABCD -a$?(3 8TTW95 J%,? 

*!&(//(3"0 %# >K2?>K2*L%#"$23 )( %# >*2"!$3( [^D6 K,/#$3( #, 3$F(#, )A,3( ?!*$3( ), 

)2/#$3( J_`1 # !"! /$?( (3 !F$)(3&( -D$("20 f2?(>K (" #%5 677c95 :(""( >K2?>K2*L%#"$23 )( %# 

?!*$3( =W6 $3K$'(*#$" %# +$E#"$23 #,E /2"$+? J_^a (" D_^a )( %ABCD5 a3 *(F#3&K(0 %# 

>K2?>K2*L%#"$23 3A# #,&,3 $/>#&" ?,* %# %$#$?23 #,E /2"$+? X_^a0 &( ;,$ $3)$;,( ;,( &(""( 

/2)$+$&#"$23 >2?"Z"*#),&"$233(%%( >(," >(*/(""*( ,3( ?!%(&"$23 )(? >*2/2"(,*? +$E!?5 :( 

>K!32/Y3( # !4#%(/(3" !"! )!&*$" #, 3$F(#, ), 4Y3( Nestin )( %# ?2,*$? -Q,3#'2*$0 G2V,3#4# 

(" #%5 677U95 J%,? >*!&$?!/(3"0 &(""( !;,$>( # /$? (3 !F$)(3&( >#* )(? (E>!*$(3&(? )( n "$/(Z

%#>?( o ;,( %A(E>*(??$23 ), 4Y3( Nestin !"#$" #,4/(3"!( ),*#3" %# >K#?( i8ZQ ), &L&%( 

&(%%,%#$*(5 a3 *(F#3&K(0 ?23 (E>*(??$23 (?" '(#,&2,> >%,? +#$'%( ;,#3) %(? &(%%,%(? ?23" (3 

>K#?( i6ZX5 .# >K2?>K2*L%#"$23 )A,3 *!4,%#"(,* (3 #/23"0 )!>(3)#3"( ), &L&%( &(%%,%#$*(0 (3 

%A2&&,**(3&( [^D60 (?" @ %A2*$4$3( )( &(""( (E>*(??$23 )$++!*(3"$(%%( ), 4Y3( Nestin #, &2,*? 

), &L&%( &(%%,%#$*(5 .# >K2?>K2*L%#"$23 )( [^D6 *!),$" ?# &#>#&$"! @ ?( %$(* @ %A!%!/(3" 

(3K#3&(* ), 4Y3( Nestin5 h% (3 *!?,%"( ,3( )$/$3,"$23 )( %# "*#3?&*$>"$23 )( &( 4Y3( (3 >K#?( 

i6ZX5  

.A$/>2*"#3&( )( &(""( >K2?>K2*L%#"$23 )( %# ?!*$3( =W6 )( [^D6 # +$3#%(/(3" !"! 

)!/23"*!( )#3? %( /!%#32/(5 a3 (++("0 ,3( (E>!*$(3&( )( ?,*(E>*(??$23 )( %# >*2"!$3( 

?#,F#4( 2, )( %# >*2"!$3( /,"!( #, 3$F(#, ), ?$"( )( >K2?>K2*L%#"$23 # >(*/$? )( /23"*(* )(? 

(++("? >*2>*(? @ &K#&,3(5 a3 (++("0 %# ?,*(E>*(??$23 )( %# F(*?$23 ?#,F#4( $3),$" %# 

>*2%$+!*#"$23 (" *!>*$/( %# /$4*#"$23 )(? /!%#32&L"(? in vitro5 a3 *(F#3&K(0 %# ?,*(E>*(??$23 

)( %# F(*?$23 /,"!( *!>*$/( @ %# +2$? %# >*2%$+!*#"$23 (" %# /$4*#"$23 -[(*%$30 C(3#" (" #%5 

678695 :(&$ )!/23"*( ,3( 32,F(%%( +2$? ;,( %(? /2)$+$&#"$23? >2?" "*#),&"$233(%%(? )( [^D6 

?23" (3 ?2$" ,3 /!&#3$?/( )( *!4,%#"$235   

5.2.4.3 Localisation 

.# 3#F(""( 3,&%!2&L"2>%#?/$;,( # !"! )!&*$"( >2,* )(,E /(/'*(? )( %# +#/$%%( J_`=H5 

_:GW (" [^Db &23"$(33(3" )#3? %(,* )2/#$3( J_` ,3( *!4$23 KL)*2>K2'$;,( *$&K( (3 

%(,&$3( ;,$ >(*/(" %(,* >#??#4( (3"*( %( 32L#, (" %( &L"2>%#?/(5 .A(E>2*" ), 32L#, (?" 

)!>(3)#3" )( :^X8 -[#*#3(V0 Q2&V (" #%5 677\95 .( '%2&#4( )( &(" (E>2*" 4*l&( @ ,3 

$3K$'$"(,* )( :^X80 %# %(>"2/L&$3( [0 (3"*#m3( ,3( *!),&"$23 )( %A#&"$F$"! )(? 4Y3(? *!4,%!? 

>#* _:GW5 :(&$ $3)$;,( ;,( &( "*#3?+(*" 3,&%!2&L"2>%#?/$;,( (?" 3!&(??#$*( #, /#$3"$(3 )( 

&2/>!"(3&( )( "*#3?#&"$F#"$23 )( %# >*2"!$3( _:GW5 .( )2/#$3( *(?>23?#'%( )( &( "*#3?+(*" 
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3,&%!2&L"2>%#?/$;,( (?" &23?(*F! )#3? )( 32/'*(,?(? >*2"!$3(? J_`0 32"#//(3" )( %# 

+#/$%%( J_`=H0 @ %#;,(%%( #>>#*"$(3" [^D65 .# %2&#%$?#"$23 &L"2>%#?/$;,( )( [*36 # !"! 

F$?,#%$?!( #, &2,*? ), )!F(%2>>(/(3" )( %# /2(%%( !>$3$Y*( &K(P %# ?2,*$? -G#3#V#0 S#/#&K$ 

(" #%5 677b95 D!#3/2$3?0 $% 3A# >#? !"! >*2,F! ;,( %( /!&#3$?/( >(*/(""#3" &(""( %2&#%$?#"$23 

?2$" ?$/$%#$*( @ &(%,$ )!&*$" >2,* _&"W5 

5.2.5 Partenaires protéiques des protéines à domaine POU 

:K(P %(? F(*"!'*!?0 )(? !",)(? ?"*,&",*(Z+23&"$23 ?,44Y*(3" ;,( %(? >*2>*$!"!? )(? 

>*2"!$3(? >*23(,*#%(? )$F(*4(3" ), +#$" )( %(,* $3"(*#&"$23 #F(& )$++!*(3"? &2+#&"(,*?5 Q2,F(3"0 

%(? +#/$%%(? )( +#&"(,*? )( "*#3?&*$>"$23 &22*)233(3" %(,*? #&"$F$"!? >#* $3"(*#&"$23? #F(& )(? 

&2#&"$F#"(,*?0 &2*!>*(??(,*?0 2, (3 +2*/#3" )(? &2/>%(E(? #F(& )A#,"*(? +#&"(,*? )( 

"*#3?&*$>"$23 -^(/(3L$0 Q&K2%(* (" #%5 677b95 :2//( N( %A#$ )!&*$" >*!&!)(//(3"0 %( 

*(&*,"(/(3" )(? &2*!4,%#"(,*? )(? >*2"!$3(? @ )2/#$3( J_` >(," R"*( )!"(*/$3! >#* %# 

?!;,(3&( )ABCD *(&233,( 2, >#* %A#&&(??$'$%$"! )( %# ?,*+#&( )A$3"(*#&"$23 >2,* )A#,"*(? 

>*2"!$3(?5 .(? +#&"(,*? )( "*#3?&*$>"$23 @ )2/#$3( J_` >(,F(3" $3"(*#4$* 2, ), /2$3? 

&22>!*(* #F(& )$++!*(3"(? #,"*(? >*2"!$3(?0 )23" N( F#$? &$"(* ;,(%;,(? (E(/>%(? )#3? %(? 

>#*#4*#>K(? ?,$F#3"?5 

5.2.5.1 Facteurs généraux de la transcription 

.(? +#&"(,*? )( "*#3?&*$>"$23 )( %# +#/$%%( J_` ?23" &#>#'%(? )A$3"(*#4$* #F(& )A#,"*(? 

>*2"!$3(?0 $3"(*#&"$23 3!&(??#$*( @ %# +2*/#"$23 )A,3 ?$"( )( 3,&%!#"$23 (" @ %# 4!3!*#"$23 )A,3( 

,3$"! )( "*#3?&*$>"$235 a3 4,$?( )A(E(/>%(0 _:G8 (" _:G6 >(,F(3" $3"(*#4$* #F(& %(? +#&"(,*? 

4!3!*#,E )( %# "*#3?&*$>"$23 $3&%,#3" %# G[J5 :(""( $3"(*#&"$23 ?( +#$" )( /#3$Y*( )$*(&"(0 (" 3( 

)!>(3) )23& >#? )( %# >*!?(3&( )ABCD 2, )A#,"*(? &2+#&"(,*? -<]$%%$340 B33]($%(* (" #%5 

8TTb95 :23&(*3#3" [^D60 ,3( (E>!*$(3&( )( n )2,'%( KL'*$)( o # >(*/$? )( /23"*(* ?23 

$3"(*#&"$23 #F(& G[J5 C( >%,?0 )(? (E>!*$(3&(? )( n iQG >,%%)2]3 o 23" *!F!%! ;,( )(? 

&23"#&"? >*2"!$;,(? )$*(&"? #F#$(3" %$(, (3"*( [^D6 (" G[J0 /#$? !4#%(/(3" (3"*( [^D6 (" 

GHhh[ -Q/$"0 Q/$"K (" #%5 677795 

5.2.5.2 POU-SOX 

a3 >%,? ), *(&*,"(/(3" )( iGH0 %(? >*2"!$3(? @ )2/#$3( J_` >(,F(3" !4#%(/(3" $3"(*#4$* 

#F(& )A#,"*(? +#/$%%(? )( +#&"(,*? )( "*#3?&*$>"$23 ?>!&$+$;,(? )A,3 %$43#4(5 .A,3( )( &(? 

+#/$%%(? (?" &2/>2?!( )( +#&"(,*? )( "*#3?&*$>"$23 Q_r ;,$ ?23" &2//( %(? >*2"!$3(? J_`0 

)(? >*2"!$3(? (E"*R/(/(3" $/>2*"#3"(? >2,* %# )!"(*/$3#"$23 (" %# ?>!&$+$&#"$23 &(%%,%#$*( 
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-I(43(* 677\95 .A#&"$23 &2/'$3!( )(? >*2"!$3(? J_` (" Q_r &23?"$",( ,3 &2)( )( 

*!4,%#"$23 "*#3?&*$>"$233(%%( >2,* )( 32/'*(,E 4Y3(? (E>*$/!? )#3? %( QD: -[#$%(L0 S%2? (" 

#%5 677W95 :( &2)( J_`ZQ_r ?"$>,%( ;,A,3( >*2"!$3( @ )2/#$3( J_` 3( F# $3"(*#4$* ;,A#F(& 

,3 >#*"(3#$*( Q_r ?>!&$+$;,( #+$3 )( &*!(* ,3( *!>23?( "*#3?&*$>"$233(%%(0 (" # !"! 2'?(*F! 

>2,* %# >*(/$Y*( +2$? )#3? %(? &(%%,%(? 4%$#%(? -S,K%'*2)"0 1(*'#*"K (" #%5 8TTUM S,K%'*2)"0 

1(*'#*"K (" #%5 8TTU95 

.AK!"!*2)$/!*$?#"$23 (3"*( _:Gb0 +#&"(,* J_` ?>!&$+$;,( )(? &(%%,%(? (/'*L233#$*(?0 (" 

)( Q_r6 (?" ?s*(/(3" %A(E(/>%( )( &2%%#'2*#"$23 %( /$(,E &#*#&"!*$?!5 .A$3"(*#&"$23 

)A_:GbZQ_r6 (?" &23?$)!*!( &2//( !"#3" ,3 &2)( &2/'$3#"2$*( )#3? %( )!F(%2>>(/(3" 

>*!&2&( )( %A(/'*L235 a3 (++("0 %( 3$F(#, )A(E>*(??$23 )( &(? )(,E +#&"(,*? >(*/(" )( )$*$4(* 

%A!"#'%$??(/(3" )(? "*2$? +(,$%%("? )( %A(/'*L23 )( /#//$+Y*( -BF$%$230 D$&2%$? (" #%5 677=95 

_:Gb (" Q_r6 >(,F(3" 32"#//(3" $3"(*#4$* #, 3$F(#, )( )(,E (3K#3&(*? )$?"$3&"? ;,( ?23" 

HiHb (" `GH8 (" @ )$++!*(3" )(4*!? )( &22>!*#"$F$"! -^(/(3L$0 .$3? (" #%5 677=95 :(""( 

)$++!*(3&( >(," (E>%$;,(* ,3( "*#3?&*$>"$23 )$++!*(3"$(%%( )(? 4Y3(? &$'%(?0 "(%? ;,( HiHb (" 

`GH80 '#?!( ?,* %( 3$F(#, *(%#"$+ )( >*2"!$3(? _:Gb (" Q_r6 >*!?(3" )#3? %(? &(%%,%(?5 .# 

)$++!*(3&( >(," !4#%(/(3" ?A(E>%$;,(* >#* %# ?!;,(3&( )(? !%!/(3"? )( *(&233#$??#3&(5 a3 

(++("0 )#3? %A(3K#3&(* )( HiHb0 $% L # "*2$? >#$*(? )( '#?( (3"*( %(? ?$"(? )( %$#$?23 J_` (" 

Q_r0 #%2*? &(? ?$"(? ?23" )$*(&"(/(3" #)N#&(3"? )#3? %A(3K#3&(* )AUtf15 _,"*( Fgf4 (" Utf10 %(? 

4Y3(? Oct4 (" Sox2 &23"$(33(3" !4#%(/(3" )(? /2"$+? J_` (" Q_r0 $3)$;,#3" ;,A,3( '2,&%( 

)A#,"2*!4,%#"$23 /2),%( %A(E>*(??$23 )( &(? 4Y3(?5 

J%,? *!&(//(3"0 %A$)!( )A,3 !&K#34( )( +#&"(,*? J_` >2,* ,3 /R/( +#&"(,* Q_r # !"! 

!/$?(5 B$3?$0 Q_r6 >2,**#$" +2*/(* ,3 )$/Y*( #F(& _:Gb )#3? %(? &(%%,%(? aQ0 >,$? ,3 

)$/Y*( #F(& [^D6 #, 3$F(#, )(? /R/(? >*2/2"(,*? >2,* ?>!&$+$(* %# )$++!*(3&$#"$23 

3(,*23#%( -.2)#"20 D4 (" #%5 678=95  

5.2.5.3 Famille des facteur PAX 

.(? /(/'*(? )(? +#&"(,*? )( "*#3?&*$>"$23 J_` (" Q_r ?23" &#>#'%(? )A$3"(*#4$* #F(& %# 

+#/$%%( )( +#&"(,*? )( "*#3?&*$>"$23 JBr5 .# ?"*,&",*( &*$?"#%%24*#>K$;,( 

_:G8jQ_r6j(3K#3&(* )( Fgf4 # *!F!%! ;,A,3( *!4$23 :"(* ), )2/#$3( 1Xi )( Q_r6 

>2,F#$" $3"(*#4$* #F(& ,3( *!4$23 ?$/$%#$*( (" K#,"(/(3" &23?(*F!( ), )2/#$3( J_`Q5 h% # !"! 

)!/23"*! ;,( &(""( ?,*+#&( )A$3"(*#&"$23 #, 3$F(#, )( Q_r6 >2,F#$" R"*( *(&233,( >#* JBrW 

-^(/(3L$0 .$3? (" #%5 677=95 C#3? ,3 "L>( &(%%,%#$*( 2g %A(3?(/'%( )( &(? >*2"!$3(? ?(*#$(3" 
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(E>*$/!(?0 %(? >*2"!$3(? JBr >2,**#$(3" )23& ?(*F$* )( &2*!4,%#"(,*? >2,* %A$3"(*#&"$23 (3"*( 

%(? >*2"!$3(? J_` (" Q_r5 

`3 #,"*( /(/'*( )( %# +#/$%%( JBr0 JBr=0 (?" (E>*$/! )#3? %(? &(%%,%(? )( /!%#32&L"(?5 

C(? $3"(*#&"$23? (3"*( [^D6 (" JBr=0 [^D6 (" Q_r87 #$3?$ Q_r87 (" JBr= 23" >, R"*( 

/$?(? (3 !F$)(3&( >#* )(? (E>!*$(3&(? )( )2,'%( KL'*$)( -Q/$"0 Q/$"K (" #%5 677795   

5.2.5.4 ASCL1 

.(? >*2"!$3(? >*23(,*#%(? N2,(3" ,3 *O%( &(3"*#% )#3? %# *!4,%#"$23 ), >*2&(??,?  )( 

3(,*24(3Y?( -[(*"*#3)0 :#?"*2 (" #%5 677695 BQ:.8 (" %(? >*2"!$3(? )( %# +#/$%%( )(? 

3(,*24!3$3(?0 ;,$ ?23" %(? >*$3&$>#%(? >*2"!$3(? >*23(,*#%(? &K(P %(? /#//$+Y*(?0 ?23" 

$/>%$;,!(? )#3? %A(34#4(/(3" F(*? %# F2$( 3(,*23#%(0 %# /$4*#"$23 &(%%,%#$*(0 %# ?2*"$( ), 

&L&%( &(%%,%#$*( 2, (3&2*( %A$3K$'$"$23 )( %# )$++!*(3&$#"$23 )( &(%%,%(? F2$?$3(? >#* %A#&"$F#"$23 

)( %# F2$( D2"&K -[(*"*#3)0 :#?"*2 (" #%5 6776M D#V#)#0 1,3?#V(* (" #%5 677bM i(0 1( (" #%5 

677W95 :K(P %# ?2,*$?0 $% # !"! /23"*! ;,( [^D8 (" [^D6 >(,F(3" $3"(*#4$* #F(& %( +#&"(,* )( 

"*#3?&*$>"$23 >*23(,*#% BQ:.85 .A#&"$F#"$23 )( %# "*#3?&*$>"$23 )(? 4Y3(? &$'%(? >#??( >#* %# 

+$E#"$23 @ ,3 /2"$+ 2&"#/Y*( )( "L>( n aZ'2E o-:BDDGi9 $)(3"$+$! #, )!>#*" )#3? %A(3K#3&(* 

), 4Y3( Delta15 :( 4Y3( &2)( >2,* %A,3 )(? %$4#3)? )( %# +#/$%%( )(? *!&(>"(,*? D2"&K5 .(? 

#3#%L?(? '$2$3+2*/#"$;,(? 23" >(*/$? )A$)(3"$+$(* 68 #,"*(? 4Y3(? )23" %(? >*2/2"(,*? 

&23"$(33(3" !4#%(/(3" &( /2"$+ *(&233, >#* BQ:.8j[^D5 J#*/$ &(? 4Y3(? ?( "*2,F(3" )( 

32/'*(,E /(/'*(? )( %# F2$( )( ?$43#%$?#"$23 D2"&K0 /#$? !4#%(/(3" )(,E /(/'*(? )( %# 

+#/$%%( <h:0 @ ?#F2$* <h:8 (" <h:b -:#?"*20 QV2]*23?V#ZS*#]&PLV (" #%5 677W95  

^!&(//(3"0 )(? (E>!*$(3&(? )A$//,32>*!&$>$"#"$23 )( %# &K*2/#"$3( &2,>%!( #, 

?!;,(3t#4( @ K#," )!'$" -:KhJZ?(;9 23" &23+$*/! &( %$(3 (3"*( [^D6 (" BQ:.85 a3 (++("0 (3 

?,*(E>*$/#3" %(? +#&"(,*? [^D60 BQ:.8 (" XuG8. -/L(%$3 "*#3?&*$>"$23 +#&"2* 8Z%$V(9 )#3? 

)(? +$'*2'%#?"(?0 &(? )(*3$(*? #)2>"(3" )(? &#*#&"!*$?"$;,(? 3(,*23#%(?5 `3 :KhJ )$*$4! &23"*( 

[^D6 )#3? &(? &23)$"$23? # /23"*! ;,( )( 32/'*(,E ?$"(? &23"(3#$(3" ,3 /2"$+ aZ'2E0 

?,44!*#3" %# &22>!*#"$23 (3"*( BQ:.8 (" [^D6 >2,* (34#4(* &(? +$'*2'%#?"(? )#3? ,3( F2$( 

3(,*23#%( -I#>$3?V$0 e$(*',&K(3 (" #%5 678=9 . 
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!"#$%& '% &()*% 

!"#$ %& '"( )##*+,& %)($ -& -)."#)/"*#& %0 1"2/&0# 3#4*( 1)+*%$"(5 -60( %&$ )7&$ %& 

#&28&#28&$ 2"($*$/)*/ &( -6,/0%& %0 #9-& %& -6:; )*($* <0& %& $&$ #,2&=/&0#$ %)($ %*>>,#&(/$ 

=#"2&$$0$ =8?$*"-"@*<0&$A !) 2)#/"@#)=8*& %&$ $*/&$ %& >*7)/*"( %& ;:; )+)*/ =#,)-).-&'&(/ 

,/, #,)-*$,& %)($ -&$ >*.#".-)$/&$ &'.#?"(()*#&$ '0#*($ BCDEF )*($* <0& %)($ -&$ 2&--0-&$ DG 

B1&-)2#"*7 &/ )-FA H&//& &7=,#*&(2& ) '*$ &( ,+*%&(2& -) +)#*).*-*/, &/ -) $=,2*>*2*/, %& -*)*$"( 

%&$ ;:; &(/#& %*>>,#&(/&$ -*@(,&$ 2&--0-)*#&$ &/ %,'"(/#& ,@)-&'&(/ <0& -6)2/*"( %& -6:; &$/ 

%*>>,#&(/& $&-"( -& =#"2&$$0$ =8?$*"-"@*<0& *'=-*<0,A  

:>*( %6)--&# =-0$ -"*( %)($ 2&$ /#)+)075 ("0$ )+"($ 28"*$* %60/*-*$&# 0( =#"2&$$0$ %& 

%*>>,#&(2*)/*"( %,=&(%)(/ %& -6:;A H"''& I& -6)* %,2#*/ =#,2,%&''&(/5 -6:; &$/ *'="#/)(/ 

="0# -& %,+&-"==&'&(/ %& -6&'.#?"(A J0/#& $"( #9-& in vivo5 -6:; &$/ ,@)-&'&(/ 2"((0 ="0# 

$"( *'="#/)(2& %)($ -) %*>>,#&(2*)/*"( (&0#"()-& in vitroA 

C"( /#)+)*- %& /8K$& ) %)($ 0( =#&'*&# /&'=$ 2"($*$/, L #&=#"%0*#& &/ "=/*'*$&# -& 

=#"/"2"-& %& %*>>,#&(2*)/*"( (&0#"()-& =0.-*, =#,2,%&''&(/ BM*.&-5 ;*28/&# &/ )-A NOOPQ M*.&-5 

;*28/&# &/ )-A NOORFA !6&($&'.-& %&$ =)#)'K/#&$ ="0+)(/ *'=)2/&# -) #,0$$*/& %& 2&//& 

%*>>,#&(2*)/*"( ) %0 S/#& $"*@(&0$&'&(/ ,/).-* )>*( <0& 2& =#"/"2"-& =0*$$& S/#& #,)-*$, %& 

')(*K#& #&=#"%02/*.-&5 <0)$*'&(/ &( #"0/*(&A  

T(& >"*$ 2& =#"/"2"-& '*$ &( =-)2&5 I6)* 2"--)."#, )0 =#"I&/ *(*/*, =)# 1&-)2#"*7 U )-5 <0* 

,/0%*)*/ -&$ 2*.-&$ %&$ ;:; %)($ 0( =#"2&$$0$ %& %*>>,#&(2*)/*"( in vitro $*'*-)*#& L 2& <0* &$/ 

".$&#+, in vivoA V"0# 2& =#"I&/5 I6)* ,/, )'&(,& L #,)-*$&# %&$ &7=,#*&(2&$ %& H83VW$&< &/ %& 

;X:W$&< %)($ -&$ 2&--0-&$ DG &( 2"0#$ %& %*>>,#&(2*)/*"(5 )>*( %& >"0#(*# )0 -)."#)/"*#& 0(& 

-*$/& %& $,<0&(2&$ 2*.-&$ %*#&2/&$ %&$ ;:;A H&$ #,$0-/)/$ %& H83VW$&< "(/ =&#'*$ %6*%&(/*>*&# 

%& ("0+&)07 /?=&$ %& '"/*>$ &/ %6&$=)2&'&(/ %&$ 8,'*$*/&$ B1;F #&2"((0$ =)# -& %*'K#& 

;:;Y;Z;A 1&$ )()-?$&$ 2"'=-,'&(/)*#&$ %6DCG: &/ %& [ H:\ D!3G: ] "(/ ,/, #,)-*$,&$ 

)0 -)."#)/"*#& &/ "(/ =&#'*$ %& +)-*%&# -&$ 1; /#"0+,$ &/ %& +,#*>*&# -&0# >"(2/*"(()-*/, 

B:((&7& ')(0$2#*/ (^NFA 

!&$ %"((,&$ %& ;X:YH83VW$&< <0& I6)* "./&(0&$ "(/ ,@)-&'&(/ $&#+* ="0# -) =0.-*2)/*"( 

%&$ #,$0-/)/$ %& -6,<0*=& %& H,2*-& ;"28&//&WD@-?5 26&$/ ="0#<0"* 2& ')(0$2#*/ $& $*/0& 

,@)-&'&(/ &( )((&7& B:((&7& C)(0$2#*/ (^_F 
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T(& >"*$ 2& =#"/"2"-& %& %*>>,#&(2*)/*"( L -6:; &(/*K#&'&(/ ')*/#*$,5 ("0$ ("0$ $"''&$ 

*(/,#&$$,$ L =-0$*&0#$ >)2/&0#$ %& /#)($2#*=/*"( %"(/ -6&7=#&$$*"( ,/)*/ *(%0*/& %)($ 2& 

=#"2&$$0$ %& %*>>,#&(2*)/*"(A 1& ("'.#&07 2)(%*%)/$ "(/ ,/, 28"*$*$ %)($ 0( =#&'*&# /&'=$5 

=0*$ 0(& $,-&2/*"( =-0$ $/#*2/& ) ,/, >)*/& $0*/& )07 =#&'*&#$ #,$0-/)/$ %6&7=,#*&(2&$A :>*( %& 

%,/&#'*(&# -& #9-& %& ("$ >)2/&0#$ 2)(%*%)/$5 ("0$ )+"($ 28"*$* %60/*-*$&# 0(& )==#"28& %& 

$8:;X )>*( %& #,%0*#& *(%*+*%0&--&'&(/ -6&7=#&$$*"( %& 28)<0& >)2/&0#A V)#'* -&$ >)2/&0#$ 

$,-&2/*"((,$ *(*/*)-&'&(/ $& /#"0+)*&(/ `&$_ &/ `&$a5 b.7N5 1.7c5 C$7c5 -&$ '&'.#&$ %& -) 

>)'*--& 3#7 B3#7c5 W_5 WaF5 V/>c) "0 &(2"#& M#(NA !6*(%02/*"( %& -6&7=#&$$*"( &$/ +*$*.-& ="0# 

-6&($&'.-& %& 2&$ >)2/&0#$ )0 (*+&)0 ';X: -"#$ %& -) %*>>,#&(2*)/*"( (&0#"()-&A X,)('"*($5 

.*&( <0& 2"((0$ ="0# -&0#$ #9-&$ %)($ -) (&0#"@&(K$& in vivo &/Y"0 in vitro5 -&$ #,$&)07 

/#)($2#*=/*"((&-$ ="0# 2&$ >)2/&0#$ $"(/ /#K$ =&0 2"((0$A !6*%,& %0 =#"I&/ 2"($*$/)*/ L 0/*-*$&# 

&( =)#)--K-& %&$ &7=,#*&(2&$ %& ;X:W$&< &/ %& H83VW$&< )>*( %& %,/&#'*(&# -& #,$&)0 

/#)($2#*=/*"((&- )2/*+, =)# -& >)2/&0# %6*(/,#S/ 28"*$*A 

:-"#$ <0& ="0# 2&#/)*($ >)2/&0#$ I& (6)* "./&(0 )020(& #,%02/*"( %6&7=#&$$*"( =)# 

0/*-*$)/*"( %& $8:;X5 %6)0/#&$ >)2/&0#$ %"(/ -6&7=#&$$*"( ,/)*/ $*@(*>*2)/*+&'&(/ *'=)2/,& (& 

'"(/#)*&(/ )020( =8,("/?=& )$$"2*,A H& /?=& %& #,$0-/)/ $"0-*@(& <0& 2&$ >)2/&0#$ (6,/)*&(/ 

=)$ 2)=).-&$ %6*'=)2/&# -) %*>>,#&(2*)/*"( (&0#"()-& *(%*+*%0&--&'&(/A !& >)2/&0# %& 

/#)($2#*=/*"( <0* ("0$ ) %"((, -& #,$0-/)/ -& =-0$ ')#<0)(/ ) ,/, M#(N5 =0*$<0& ("0$ )+"($ 

2"(>*#', <0& 2& >)2/&0# I"0)*/ 0( #9-& 2-, %)($ -) %*>>,#&(2*)/*"( (&0#"()-&A !60/*-*$)/*"( %&$ 

/&28(*<0&$ %& H83VW$&< &/ %& ;X:W$&< ("0$ ) =&#'*$ %& %,>*(*# 0( &($&'.-& %& >)2/&0#$ 

2*.-&$ %*#&2/&$ "0 *(%*#&2/&$ %& M#(NA V)#'* -&$ >)2/&0#$ *%&(/*>*,$ %)($ 2&$ )()-?$&$ $& 

/#"0+&(/ %6)0/#&$ >)2/&0#$ %& /#)($2#*=/*"( )+&2 0( =#">*- %6&7=#&$$*"( $*'*-)*#& L 2&-0* %& 

M#(N5 <0* ="0##)*&(/ =)# 2"($,<0&(/ ,@)-&'&(/ )+"*# 0( #9-& %)($ -) %*>>,#&(2*)/*"( (&0#"()-&A  

:-"#$ <06*- (6&7*$/)*/ )020(& %"((,& %& H83VW$&< -"#$<0& I6)* 2"''&(2, '"( /#)+)*- $0# 

M#(N5 =&(%)(/ '&$ ,/0%&$5 =-0$*&0#$ &7=,#*&(2&$ %)($ %6)0/#&$ '"%K-&$ "(/ ,/, =0.-*,&$ 

B!"%)/"5 X@ &/ )-A NOc_Q d)=*($e*5 f*&#.028&( &/ )-A NOc_FA !6*(/,@#)/*"( %&$ #,$0-/)/$ =0.-*,$ 

)+&2 -&$ %"((,&$ <0& I6)* "./&(0&$ ("0$ ) =&#'*$ %6*%&(/*>*&# 0( ("'.#& #&$/#&*(/ %& @K(&$ 

2*.-&$ %& M#(N5 >*7,$ %)($ -&$ %*>>,#&(/$ /?=&$ %& %*>>,#&(2*)/*"( (&0#"()-&A V)#'* 2&$ @K(&$5 

<0* =&0+&(/ &( <0&-<0& $"#/& S/#&$ 2"($*%,#,$ 2"''& -& #,$&)0 /#)($2#*=/*"((&- '*(*'0' 

)2/*+, =)# M#(N $& /#"0+& ("/)''&(/ g*2cA   
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1& -) 'S'& ')(*K#& <0& ="0# M#(N5 g*2c &$/ 0( >)2/&0# *'="#/)(/ %)($ -) %*>>,#&(2*)/*"( 

(&0#"()-& in vivo ')*$ ="0# -&<0&- *- (6&7*$/& =)$ %& %"((,&$ L 8)0/ %,.*/ =&#'&//)(/ 

%6*%&(/*>*&# $"( #,$&)0 /#)($2#*=/*"((&-A !6&($&'.-& %&$ #,$0-/)/$ 2"(2&#()(/ -6,/0%& %& 2&$ 

%&07 >)2/&0#$ &$/ %,2#*/ %)($ -& ')(0$2#*/ =#,$&(/ %)($ 2&//& =)#/*&A  

1)($ -&$ #,$0-/)/$ 2"'=-,'&(/)*#&$ >)*$)(/ $0*/& L 2& ')(0$2#*/ I& +"0$ =#,$&(/&#)*$ -&$ 

#,$0-/)/$ "./&(0$ *(*/*)-&'&(/ ="0# -6,/0%& %0 >)2/&0# `&$_ )*($* <0& -&$ "=/*'*$)/*"($ %& 

=#"/"2"-& #,)-*$,&$ )>*( %6"./&(*# 0(& ."((& #,%02/*"( %6&7=#&$$*"( %& ("/#& @K(& 2*.-& =)# 

-6)==#"28& -&(/*+*#)-&A  
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C0#*(& &'.#?"(*2 $/&' BDGF 2&--$ @#"4( )$ &'.#?"*% ."%*&$ BDM$F )(% /#&)/&% 4*/8 )--W/#)($ 

#&/*("*2 )2*% B;:F %*>>&#&(/*)/& *(/" ) 8"'"@&("0$ ="=0-)/*"( "> @-0/)')/&#@*2 (&0#"($A \8*$ 

=#"2&$$ *$ *(*/*)/&% .? )2/*+)/*"( "> ) $&/ "> /)#@&/ @&(&$ .? /8& ;:W#&2&=/"#$ /8)/ *( /0#( 
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M1*28**1#-= 

,"-. 1* 86*&"%4: #7 4 -%8"#G%-12 &"4-*2"16&1#-49 -%&K#"N 1- ?+/&"%4&%' I,*=  

`&#& 4& $8"4 /8)/ &7=#&$$*"( "> M#(N *$ &$$&(/*)- >"# /8& (&0#"@&(*2 >)/& "> ;:W

*(%02&% DM$A  G8;X:W'&%*)/&% M#(N $*-&(2*(@ ).#"@)/&% /8& (&0#"()- >)/& "> ;:W/#&)/&% 

DM$A ;:W/#&)/&% DM$ %*>>&#&(/*)/& >*#$/ *(/" V)7jW&7=#&$$*(@ #)%*)-W@-*)- /?=& XVH$A In vivo5 

#)%*)- @-*)- 2&--$ )#& &$$&(/*)- >"# /8& %&+&-"='&(/ "> '"$/ 2"#/*2)- (&0#"($  L,&9( )*$( ?)%$#.(

/00B=( 3)-)&#8&)( #&( )-5.( /00J2A b*+&( /8& *'="#/)(/ #"-& "> M#(N B)(% g*2cF *( /8& %&+&-"=*(@ 

2"#/&7 */ *$ ("/ $0#=#*$*(@ /8)/ M#(N =-)?$ $028 ) 2#*/*2)- #"-& *( ;:W/#&)/&% DM$ in vitro. 

`"4&+&#5 /4" >&)/0#&$ %*$/*(@0*$8 /8& in vitro )(% in vivo $2&()#*"$A E*#$/-?5 in vivo M#(c )(% 

M#(N =-)? #&%0(%)(/ #"-&$ *( /8& 2"#/&7 )(% ) 2-&)# =8&("/?=& *$ ".$&#+&% "(-? 0="( %"0.-& 

e("2e"0/  QCS"&)*"( #&( )-5.( /00/2A 3( 2"(/#)$/5 M#(N =-)?$ ) =#&%"'*()(/ #"-& in vitro *( DM$ 

2&--$ %&$=*/& &7=#&$$*"( "> /8& 2-"$&-? #&-)/&% M#(c BV"0_>_FA M#(c ';X: *$ $/#"(@-? 0=W

#&@0-)/&% *( %*>>&#&(/*)/*(@ DM$ )(% */$ &7=#&$$*"( *$ ("/ $*@(*>*2)(/-? )>>&2/&% .? M#(N 

$*-&(2*(@A \8&$& %)/) *(%*2)/& /8)/ M#(c &7=#&$$*"( 2)(("/ 2"'=&($)/& >"# -"$$ "> M#(N *( DG 

2&--$ in vitro ) #&$0-/ /8)/ 2"(/#)$/$ 4*/8 /8& =)#/*)--? #&%0(%)(/ #"-&$ "> /8&$& >)2/"#$ in vivoA 

G&2"(%-?5 48*-& M#(N *$ &7=#&$$&% *( ;:W/#&)/&% DM$ )(% /8&*# %&#*+&% #)%*)- @-*)- 2&--$ in

vitro5 */ *$ ("/ &7=#&$$&% *( /8& +&(/#*20-)# l"(& *( /8& %&+&-"=*(@ 2"#/&75 .0/ #)/8&# )/ -)/&# 

$/)@&$ "> %*>>&#&(/*)/*"( >#"' $0.W+&(/#*20-)# l"(&  R)S"*,TU)@)S"8'"( #&( )-5.( <NNK2A M#(N 

%"&$ ("/ /8&#&>"#& )==&)# /" .& &7=#&$$&% *( #)%*)- @-*)- 2&--$ "> /8& +&(/#*20-)# l"(& in vivoA  



1&$=*/& /8&$& %*>>&#&(2&$5 /8& in vitro &7=&#*'&(/$ *%&(/*>*&% ) -)#@& $&/ "> (&0#"@&(*2 

@&(&$ 48"$& &7=#&$$*"( #&<0*#&$ M#(N &7=#&$$*"(A \" *%&(/*>? /8& %*#&2/ /)#@&/$5 4& *(/&@#)/&% 

/8& ;X:W$&< %)/) 4*/8 "0# H83VW$&< %)/) )(% >"0(% /8)/ M#(N .*(%$ /" )(% %*#&2/-? #&@0-)/&$ 

$&+&#)- 2#*/*2)- (&0#"@&(*2 >)2/"#$A M#(N .*(%$ /" /8& =#"7*')- =#"'"/&#$ "> Ascl1 )(% 

Neurog1 )(% &7=#&$$*"( "> ."/8 "> /8&$& @&(&$ *$ $/#"(@-? %"4( #&@0-)/&% .? M#(N $*-&(2*(@A 

:$2-c )(% X&0#"@c )#& 2#*/*2)- /#)($2#*=/*"( >)2/"#$ *( (&0#"@&(&$*$ )(% /8& -"$$ "> /8&*# 

&7=#&$$*"( $/#"(@-? 2"(/#*.0/&$ /" /8& -"$$ "> (&0#)- >)/&A 3(/&#&$/*(@-? 8"4&+&#5 Ascl1 

&7=#&$$*"( *(*/*)/&$ $"'&48)/ .&>"#& /8)/ "> Brn2 *( %*>>&#&(/*)/*(@ DM$ $0@@&$/*(@ /8)/ M#(N 

*$ ("/ &$$&(/*)- >"# */$ *(*/*)- )2/*+)/*"(5 .0/ *$ #&<0*#&% /" ')*(/)*( */$ &7=#&$$*"( )/ -)/&# 

$/)@&$A  

X"/28 $*@()--*(@ *$ $/#"(@-? )>>&2/&% .? M#(N $*-&(2*(@ *( DM$ )$ &7=#&$$*"( "> Dll15 

Dll35 Jag15 Hes3 )(% Hes5 4&#& )-- $/#"(@-? %"4(W#&@0-)/&%A  3/ 8)$ =#&+*"0$-? .&&( $8"4( 

/8)/ :$2-c )(% M#(N 2""=&#)/& /" )2/*+)/& Dll1 in vivo *( /8& 28*2e (&0#)- /0.& )(% *( Vch 2&--$ 

 H)8&%,( #&( )-5.( /0062A \8*$ 2""=&#)/*+*/? 4)$ %&=&(%&(/ "( ) =#"'"/&# &-&'&(/ 2"'=#*$*(@ )( 

JH\ '"/*> >-)(e&% .? N DW."7&$ )$ .*(%*(@ $*/&$ >"# :$2-cA \8*$ /?=& "> &-&'&(/ *$ )-$" >"0(% 

*( /8& =#"'"/&# "> Dll3 )(% "/8&# &>>&2/"#$ "> X"/28 $*@()--*(@ )$ 4&-- )$ "/8&# (&0#"@&(*2 

@&(&$ $&+&#)- "> 48*28 )#& %"4(W#&@0-)/&% .? M#(N $*-&(2*(@ *( ;:W*(%02&% DM$ )(%Y"# Vch 

2&--$A X&+&#/8&-&$$5 *( ;:W*(%02&% DM$ )(% Vch 2&--$5 4& %" ("/ ".$&#+& M#(N "220=)(2? "> 

/8& JH\ '"/*> *( /8& Dll1 =#"'"/&# .? H83VW$&<5 ("# "> /8& JH\WDW."7 &-&'&(/$ *( /8& Dll3

=#"'"/&# "# *( /8& "/8&# *%&(/*>*&% @&(&$ B)-/8"0@8 */ ')? .& )#@0&% /8)/ /8*$ ')? .& $&&( )/ ) 

-)/&# $/)@& *( Vch 2&--$FA 3( ;:W*(%02&% DM$5 )2/*+)/*"( "> /8&$& @&(&$ *$ %&=&(%&(/ "( M#(N5 

.0/ /8*$ *$ )( *(%*#&2/ &>>&2/ =#".).-? %0& /" /8&*# )2/*+)/*"( .? :$2-c )(% X&0#"@c /8)/ )#& 

%*#&2/ /)#@&/$ "> M#(NA `&(2& *( 2"(/#)$/ /" /8& 2""=&#)/*+& '"%&- $0@@&$/&% .? H)$/#" >"# 

)2/*+)/*"( "> /8&$& /)#@&/ @&(&$ in vivo  H)8&%,( #&( )-5.( /00625 *( ;:W*(%02&% DM$ )2/*+)/*"( "> 

X"/28 $*@()--*(@ *(+"-+&$ *( 8*&#)#28*2)- =#"2&$$ *( 48*28 M#(N )2/*+)/&$ :$2-c )(% X&0#"@c 



/8)/ *( /0#( )2/*+)/& /8& %"4($/#&)' @&(&$ "> /8& X"/28 =)/84)?A C"#&"+&#5 4& ("/& /8)/ "0# 

%)/) *(%*2)/& /8)/ /8& JH\ '"/*> *$ ("/ ) =#&>&##&% $*/& >"# M#(N /8)/ #)/8&# .*(%$ CJ;DW/?=& 

&-&'&(/$A  \8& &-&'&(/$ %&$2#*.&% )."+& %" ("/ 8)+& /8& >0-- CJ;D 2"($&($0$ $&<0&(2&A 3/ 

*$ /8&#&>"#& ="$$*.-& /8)/ )("/8&# VJT >)2/"# "220=*&$ /8&$& $*/&$ )(% 2""=&#)/&$ 4*/8 :$2-c 

*( ;:W*(%02&% DM$A E0#/8&#'"#&5 4& %*% ("/ %&/&2/ DW."7 .*(%*(@ >)2/"#$ )'"(@$/ /8"$& /8)/ 

)#& &(#*28&% )/ CJ;D )(% CJ;Dpc $*/&$A \8&$& ".$&#+)/*"($ %" ("/ $0=="#/ /8& '"%&- "> 

M#(W:$2-c 2""=&#)/*+*/? *( /8& %*>>&#&(/*)/*"( "> ;:W*(%02&% DM$5 )-/8"0@8 /8*$ )==&)#$ /" .& 

/8& 2)$& in vivo )(% *( >*.#".-)$/ #&=#"@#)''*(@A E*()--?5 4& ("/& /8)/ "/8&# @&(&$ "> /8& 

X"/28 =)/84)?5 *(2-0%*(@ Notch1 )(% Notch25 Jag25 Hes6 )(% Hey2 )#& )$$"2*)/&% 4*/8 M#(N 

.*(%*(@ $*/&$ )(% )-/8"0@8 /8&? )#& ("/ "+&#/-? #&@0-)/&% *( %*>>&#&(/*)/*(@ DM$ #&@0-)/*"( "> 

/8*$ =)/84)? )==&)#$ )$ ) ')I"# >0(2/*"( "> M#(NA  

d8*-& -"$$ "> >0(2/*"( *%&(/*>*&% ) $&/ "> @&(&$ %*#&2/-? #&@0-)/&% >"--"4*(@ M#(N 

$*-&(2*(@5 4& )-$" =&#>"#'&% @)*( "> >0(2/*"( &7=&#*'&(/$ .? &2/"=*2 M#(N &7=#&$$*"( )$ /8& 

$8;X:W'&%*)/&% $*-&(2*(@ *$ *(2"'=-&/& )(% */ *$ ="$$*.-& /8)/ /8& #&')*(*(@ -"4 M#(N -&+&-$ 

2"0-% .& $0>>*2*&(/ /" )2/*+)/& 2&#/)*( @&(&$ #&$0-/*(@ *( )( 0(%&# &$/*')/& "> /8& (0'.&# "> */$ 

/)#@&/$A M#(N "+&#&7=#&$$*"( *%&(/*>*&% ) >0#/8&# PP @&(&$ 48"$& &7=#&$$*"( 4)$ *(%02&% )(% 

8)% )$$"2*)/&% M#(NW"220=*&% $*/&$A :$*%& >#"' /8& @&(&$ /8)/ )#& %*#&2/-? #&@0-)/&% .? M#(N 

*( ;:W*(%02&% XVH$5 &7)'*()/*"( "> ="/&(/*)- /)#@&/ @&(&$ .)$&% "( /8&*# =#"7*'*/? /" M#(NW

"220=*&% $*/&$ )(% /8)/ ')? .& #&@0-)/&% *( "/8&# /*$$0&$ )(% 2&--$ #&+&)-&% ')(? $*/&$ *( /8& 

`"7 2-0$/&#$ $0@@&$/*(@ /8)/ M#(N ')? =-)? ) #"-& *( '"%0-)/*(@ `"7 @&(& &7=#&$$*"(A  

 

M%71-1&1#- #7 4 6#&%-&149 2#"% -%8"#G%-12 ,"-./"%G894&%' "%G894&#"< -%&K#"N 7#" 

-%8"#G%-%*1* 1'%-&171%* 4 ,"-./0123 451*= 

:$ 4*/8 '"$/ /#)($2#*=/*"( >)2/"#$5 "(-? ) $')-- (0'.&# "> M#(NW"220=*&% $*/&$ )#& 

-*e&-? /" .& >0(2/*"()-A 3( )( )//&'=/ /" %&>*(& 48*28 $*/&$ )(% /)#@&/ @&(&$ ')? .& /8& '"$/ 



2#*/*2)- >"# M#(N >0(2/*"( *( (&0#"@&(&$*$5 4& 2"'=)#&% "0# H83VW$&< %)/) 4*/8 "/8&# =0.-*2 

%)/) $&/$A d& 4&#& $0#=#*$&% /" >*(% /8)/ M#(N @&("'& "220=)(2? 4)$ +&#? %*>>&#&(/ *( E@>NW

)(% ;: *(%02&% XVH$A !"%)/" %&>*(&% ) $&#*&$ "> M#(NWG"7N "220=*&% &(8)(2&#$ *(+"-+&% *( 

XVH %*>>&#&(/*)/*"(  [,$)&,( #&( )-5.( /0<J25 48*-& 4& >"0(% -*//-& &+*%&(2& >"# )$$"2*)/*"( 4*/8 

G"7N )/ M#(N $*/&$ *( ;:W*(%02&% DM$ )(% >&4 "> /8&$& 4&#& -"2)/&% *( &(8)(2&#$ ')#e&% 

4*/8 `_mNR)2 *( E@>NW*(%02&% XVH$A \8*$ #&>-&2/$ /8)/ >)2/ /8)/ "(-? ) $0.$&/ "> M#(N $*/&$ *$ 

2"''"(-? "220=*&% *( /8& /4" ="=0-)/*"($ )(% =#".).-? )-$" /8& &7*$/&(2& "> ) %*$/*(2/ $&/ "> 

&(8)(2&#$ *( /8& /4" ="=0-)/*"($A C"#&"+&#5 *(/&@#)/*"( "> %)/) >#"' Vch 2&--$ )(% 

#&=#"@#)''&% >*.#".-)$/$ *(%*2)/&% /8)/ "(-? ) $')-- $&/ "> M#(N $*/&$ )#& 2"''"( .&/4&&( 

)(? "> /8& %)/) $&/$ )(% 4& *%&(/*>*&% "(-? RN $*/&$ 2"''"( /" )--A  

3/ 8)$ .&&( $0@@&$/&% /8)/ M#(N )2/$ /"@&/8&# 4*/8 G"7N )/ ) $&/ "> %*$/)- &(8)(2&#$A 

X&+&#/8&-&$$5 )()-?$*$ "> /8& M#(N $*/&$ )$$"2*)/&% 4*/8 @&(&$ /8)/ )#& #&@0-)/&% .? M#(N *( 

;:W*(%02&% DM$ $8"4&% /8)/ /8&$& $*/&$ )#& $/#"(@-? &(#*28&% )#"0(% /8& \GG $0@@&$/*(@ /8)/ 

/8&? )#& -"2)/&% *( /8& =#"7*')- =#"'"/&# #)/8&# /8)( %*$/)- &(8)(2&#$A :$ '&(/*"(&% )."+& 

/8*$ *$ /8& 2)$& >"# /8& $*/&$ -"2)/&% )/ /8& 2#*/*2)- Ascl1 )(% Neurog1 @&(&$A 3( )%%*/*"(5 /8&$& 

$*/&$ )#& ("/ )$$"2*)/&% 4*/8 G"7N $*/&$A C"#&"+&#5 /8& RN $*/&$ /8)/ )#& 2"''"( /" )-- $?$/&'$ 

)#& &(#*28&% )#"0(% /8& \GGA \80$5 48*-& M#(N ')? >0(2/*"( )/ %*$/)- &(8)(2&#$ */ )-$" =-)?$ 

)( *'="#/)(/ >0(2/*"()- #"-& )/ /8& =#"7*')- =#"'"/&#A  

G"'& "> /8&$& %*>>&#&(2&$ ')? .& )22"0(/&% >"# %?()'*2 @&("'& "220=)(2? "> M#(N 

/8)/ ')? .& 2"($/)(/-? 28)(@*(@ */$ #&=&#/"*#& "> /)#@&/ @&(&$ )$ %*>>&#&(/*)/*"( =#"2&&%$ 

)(%Y"# /8&? ')? #&>-&2/ *(8&#&(/ %*>>&#&(2&$ *( /8& =)/84)?$ /8)/ *(%02& (&0#"@&(&$*$ *( /8& 

%*>>&#&(/ '"%&-$A 3##&$=&2/*+& "> /8& 0(%&#-?*(@ 2)0$&$5 /8& 2"''"( $&/ "> $*/&$ #&+&)-&% .? 

/8& )."+& 2"'=)#*$"( ')? #&+&)- ) 2"#& $&/ "> ) $*/&$ )(% /)#@&/ @&(&$ =-)?*(@ ) 2#*/*2)- #"-& 

*( /8& (&0#"@&(&$*$ =#"@#)''& 2"(/#"--&% .? M#(NA :'"(@$/ /8& $&/ "> hc M#(N /)#@&/ @&(&$ 

/8)/ )#& ="/&(/*)- /)#@&/$ *( )-- "> /8& )()-?$&% %)/) $&/$ *$ /8& )/?=*2)- 2)%8&#*( E)/PA E)/P 



&7=#&$$*"( *$ $/#"(@-? *(%02&% *( ;:W/#&)/&% DM$ )(% *$ %*#&2/-? #&@0-)/&% .? M#(N5 48*-& /8& 

#&-)/&% E)/c @&(& *$ &7=#&$$&% *( ;:W/#&)/&% DM$ )(% )$$"2*)/&% 4*/8 ) M#(NW"220=*&% $*/&5 

.0/ *$ ("/ #&@0-)/&% .? M#(N e("2e%"4(A E)/P *$ *(+"-+&% *( =-)()# 2&-- ="-)#*/? $*@()--*(@ )(% 

'0/)/*"($ *( 80')( E:\P )(% */$ #&2&=/"# 1H`Gc )#& )$$"2*)/&% 4*/8 f)( C)-%&#@&' 

$?(%#"'& 28)#)2/&#*$&% .? ).("#')- ="$*/*"(*(@ "> (&0#"($ *( /8& 2&#&.#)- 2"#/&7 "> =)/*&(/$ 

 H)PP#--,( #&( )-5.( /0<J2A m("2e%"4( "> /8&$& =#"/&*($ *( /8& '"0$& $8"4 /8&? )#& *'="#/)(/ 

*( (&0#"W=#"@&(*/"# 2&-- =#"-*>&#)/*"(5 ')*(/&()(2& "> /8& =#"@&(*/"# $/)/& )(% ="$*/*"(*(@ "> 

2&--$ 4*/8*( /8& =#"-*>&#)/*+& l"(&$ "> /8& %&+&-"=*(@ .#)*(A G*'*-)#-?5 E)/P *$ )-$" *'="#/)(/ 

>"# >)2*)- '*@#)/*"( "> .#)(28*"'"/"# (&0#"($  _)4)%")( #&( )-5.( /0<G2 )(% >"# 2#)(*)- (&0#)- 

/0.& >"#')/*"(  Q)IC%"( #&( )-5.( /0</2A :-- "> /8&$& %)/) ="*(/ /" )( *'="#/)(/ #"-& "> E)/P *( /8& 

%*>>&#&(/*)/*"( )(% '*@#)/*"( "> 2"#/*2)- (&0#"($5 8)--')#e$ "> M#(N >0(2/*"( %0#*(@ .#)*( 

%&+&-"='&(/ *( '"0$&A \8&$& ".$&#+)/*"($ $0@@&$/ /8)/ E)/P ')? .& ) 2#*/*2)- %"4($/#&)' 

/)#@&/ @&(& "> M#(N *( DM$ )(% in vivo *( 2"#/&7 %&+&-"='&(/A 

:'"(@$/ /8& "/8&# 2"''"( M#(N /)#@&/$ *$ V"0j>c BM#(aF /8)/ *$ 8*@8-? &7=#&$$&% *( 

/8& .#)*(A V"0j>c *$ )-$" &7=#&$$&% *( '?&-*()/*(@ G284)(( 2&--$ 48"$& %&+&-"='&(/ *$ 

#&@0-)/&% .? M#(N  X)#S-#( #&( )-5.( /00J2A V"0j>c ')? /8&#&>"#& .& ) %*#&2/ %"4($/#&)' /)#@&/ 

"> M#(N *( /8&$& 2&--$A 

J0# 2"'=)#*$"( >0#/8&# *%&(/*>*&% ) 2"''"( )(% =#"'*(&(/ M#(N $*/& -"2)/&% *( /8& 

-"20$ &(2"%*(@ g*2c )(% g*2P )(% &7=#&$$*"( "> /8&$& @&(&$ 4)$ %"4(W#&@0-)/&% >"--"4*(@ 

M#(N e("2e%"4(A :$ g*2c )(% g*2P 8)+& .&&( )$$"2*)/&% 4*/8 1)(%?Wd)-e&# $?(%#"'& )(% 

%&+&-"='&(/ "> /8& 2&#&.&--0'  3#%9$,%A.( /00K2=(  `*,C#( #&( )-5.( /00K2=(  L%"*I#%S( #&( )-5.(

/00G25 4& )$e&% 48&/8&# /8&? =-)?&% ) #"-& *( /8& (&0#"@&(*2 >)/& "> ;:W/#&)/&% DM$A 3(%&&%5 

4& >"0(% /8)/ g*2c $*-&(2*(@ ).#"@)/&% (&0#"()- %*>>&#&(/*)/*"(5 .0/ /8)/ M#(N &7=#&$$*"( 4)$ 

("/ $*@(*>*2)(/-? %"4(W#&@0-)/&%A \8&$& #&$0-/$ $8"4 /8)/ M#(N *$ &$$&(/*)-5 .0/ ("/ $0>>*2*&(/ 

/" $=&2*>? (&0#"()- >)/& )(% /8)/ */ '0$/ 2""=&#)/& 4*/8 */$ %"4($/#&)' /)#@&/ g*2cA :'"(@$/ 



/8& /)#@&/ @&(&$ /8)/ )#& #&@0-)/&% .? M#(N )(% g*2c )#& Wnt1 )(% Wnt3 2"($*$/&(/ 4*/8 /8& 

e("4( #"-& "> g*2c *( #&@0-)/*(@ d(/ &7=#&$$*"( *( (&0#&2/"%&#' =)//&#(*(@ )(% %&+&-"='&(/ 

"> /8& (&0#)- 2#&$/ B3#%9$,%A.( /00K2(  3#%9$,%A( )*$( Q"W#.( /0062A \8&$& #&$0-/$ /80$ #&+&)- 

/8& 2#*/*2)- #"-& "> ) M#(NWg*2c )7*$ *$ $=&2*>?*(@ /8& (&0#"()- >)/& "> ;: /#&)/&% DG 2&--$A  

3(/&#&$/*(@-?5 4& ("/&% /8)/ ) bHW#*28 gEZW-*e& '"/*> 4)$ ">/&( >"0(% *( )$$"2*)/*"( 

4*/8 /8& CJ;D '"/*>A \8*$ '"/*> $8"4$ "(-? -*'*/&% 8"'"-"@? /" =#&+*"0$-? %&>*(&% g*2W

.*(%*(@ '"/*>$ *%&(/*>*&% .? in vitro G&-&7 )(% DCG: &7=&#*'&(/$ )(% >"# /8& '"'&(/ (" 

H83VW$&< %)/) )#& )+)*-).-& >"# g*2c /8)/ 4"0-% %&>*(& */$ #&)- in vivo 2"($&($0$ .*(%*(@ 

$&<0&(2&A : >0-- )()-?$*$ "> /8& #"-& "> g*2c5 )()-"@"0$ /" /8)/ ')%& >"# M#(N5 *$ 8)'=&#&% .? 

/8& -)2e "> ) H83VW@#)%& )(/*."%?A X&+&#/8&-&$$5 4& )#& 20##&(/-? /&$/*(@ $&+&#)- "> /8&$& $*/&$ 

>"# /8&*# ).*-*/? /" .*(% g*2c .? DCG: /" %&/&#'*(& *> /8& 2"W"220##&(2& "> /8& CJ;D )(% 

g>7W-*e& '"/*>$ ')? 2"($/*/0/& ) $&<0&(2& &-&'&(/ /8)/ 4"0-% &7=-)*( /8& M#(NWg*2c 

2""=&#)/*+*/? *( (&0#"@&(&$*$A   

 

O4&%"149* 4-' O%&(#'* 

H%99 H89&8"% 4-' G%-%"4&1#- #7 *&4;9% 2%99 91-%* 

!&(/*+*#)- 2&-- -*(&$ 4&#& @&(&#)/&% 0$*(@ $8;X: +&2/"#$ "./)*(&% >#"' G*@') 

BC*$$*"( $8W;X: $&#*&$F *( /8& V!mJ +&2/"#A f*#)- $0=&#()/)(/$ 4&#& "./)*(&% .? 

/#)($>&2/*"( "> `DmNh_\ 2&-- -*(&$ 4*/8 /8& V!mJW$8M#(N B$8M#(N $&<0&(2& t a6W
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3)-)&#8&).( Z5.( R)>4.( 35D5.( R)%&AC88.( V5.( 7#&&#*@)**.( R5.( 7-"*4#%&.( O5.( 7"%>'',AA.( ^5.( )*$(
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[)*S#%.(+5.(:,>'#-.(!5.(3,%)8.(+5, et al.( /0</25(:#&"*,">()>"$(%#>#P&,%8(%#>,S*"9#(&'#(

@,C8#(S#*,@#(&'%,CS'(I"*$"*S(#-#@#*&8(e"&'($"W#%8#(8P)>"*S()*$(&,P,-,SF5(X(?",-(

H'#@ 287.(/6J/1T/6JG<5(



!"#$#%%#"&'#%.( 75.( )*$( +,--#.( Z5(  /00125( :#&"*,">( )>"$( "*( $#W#-,P@#*&d( &,e)%$8( )*(
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/(:(//.33,"/, () *3#"&/3'E*'(" )#/*(3 5'"6'"7 B(*')& C'*+ 8>?9 #"6 8>?9@A #* 23"4:
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 !"#$%&%"'()*+$!*,-%&./,"'

 !"#$% &'% ()*"+,-'.% #)$.'% $."!",+% /#,0/'1'#$% -/.% +'% .2+'% &'%3.#4% 5/,-% /+$6.,'/.'1'#$% &'%

7,*8%&"#-%+"%&,((6.'#*,"$,)#%#'/.)#"+'9%:;",%'/%+;)**"-,)#%&'%$'-$'.%+'%.2+'%&'%#)1<.'/=%"/$.'-%

("*$'/.-%&'%$."#-*.,5$,)#>%?/.%+;'#-'1<+'%&'-%("*$'/.-%$'-$6-9%3.#4%'-$%*'+/,%0/,%&)##",$%&;"5.@-%

#)/-%+'%.6-/+$"$%+'%5+/-%,#$6.'--"#$%'$%'=5+),$"<+'9%*;'-$%5)/.0/),%#)/-%"!)#-%&6(,#,%*'%("*$'/.%

*)11'% 5.,).,$",.'% &"#-% #)-% "#"+A-'->% B'% 5+/-9% +'% 5.)$)*)+'% &;,#('*$,)#% +'#$,!,."+'% '$% &'%

&,((6.'#*,"$,)#%#'/.)#"+'%#6*'--,$'%5+/-%&;/#%1),-%'#$.'%+'%&6</$%&'%+;'=56.,'#*'%'$%+'%.6-/+$"$>%

C+%6$",$%&)#*%&,((,*,+'%&'%$."!",++'.%-/.%+;'#-'1<+'%&'-%("*$'/.-%-6+'*$,)##6-%,#,$,"+'1'#$>%%

D'$$'%5".$,'%*)15.'#&."%&"#-%/#%5.'1,'.%$'15-%+'-%.6-/+$"$-%&'-%'=56.,'#*'-%5.6+,1,#",.'-%

'(('*$/6'% 5)/.% +'-% ("*$'/.-% &'% $."#-*.,5$,)#%E'-F9% 5/,-0/'% *)11'% !)/-% "!'G% 5/% +'% !),.9% *'%

("*$'/.%-'1<+'%H$.'%"(('*$6%-/,$'%I%+"%5'.$'%&;'=5.'--,)#%&'%3.#4>%C+%1;"%&)#*%5"./%,#$6.'--"#$%

&'%&,-*/$'.%&'-%.6-/+$"$-%5.6+,1,#",.'-%0/'%:;"!",-%)<$'#/-%5)/.%*'%("*$'/.>%J'%!",-%'#-/,$'%!)/-%

5.6-'#$'.%/#'%'=56.,'#*'%.6"+,-6'%-/.%3.#49%&"#-%+"0/'++'%#)/-%"!)#-%)5$,1,-6%#)$.'%5.)$)*)+'%

&'%&,((6.'#*,"$,)#%K!),.%1"$6.,'+%'$%16$L)&'-%*,M&'--)/-N>% (,#%&;"16+,).'.%#)$.'%'((,*"*,$6%&'%

-,+'#*,#O9% :;",% /$,+,-6% /#% 5.)$)*)+'% &'% &,((6.'#*,"$,)#% +6O@.'1'#$% ."**)/.*,>% D)11'% !)/-%

5)/..'G% +'% !),.% &"#-% +'% *"-% &/% ("*$'/.%3.#49% *'% 5.)$)*)+'% 5'.1'$% &;"!),.% &'-% .6-/+$"$-% 5+/-%

-,O#,(,*"$,(-% '$% *;'-$% &)#*% *'+/,M*,% 0/,% "% 6$6% /$,+,-6% 5)/.% +'-% '=56.,'#*'-% 5.6-'#$6'-% &"#-% +'%

1"#/-*.,$%*,M&'--/->%

01 2&%!/.,$',%'*!%3)4,"'

P;'#-'1<+'%&'-% $'*L#,0/'-%/$,+,-6'-%5)/.%*'-%.6-/+$"$-%*)15+61'#$",.'-%-)#$%-,1,+",.'-%I%

*'++'%&6*.,$'-%&"#-%+'%1"#/-*.,$%*,M&'--/->%Q#'%-'/+'%1)&,(,*"$,)#%I%6$6%"55+,0/6'%"/%5.)$)*)+'%

&'% &,((6.'#*,"$,)#9% +'-% &)##6'-% 5.6-'#$6'-% &"#-% +'%1"#/-*.,$% '#% 0/'-$,)#% "A"#$% 6$6% .6"+,-6'-%

"!'*%+'%5.)$)*)+'%)5$,1,-6>%P'%5.)$)*)+'%#).1"+%&'%&,((6.'#*,"$,)#%$'+%0/;,+%'-$%&6*.,$%*)#-,-$'%

I%*/+$,!'.%+'-%R3%5'#&"#$%S%:)/.-%&"#-%&/%1,+,'/%-"#-%PCT>%U'#&"#$%*'$$'%56.,)&'9%+'-%*'++/+'-%

*)#$,#/'#$% &'% -'%1/+$,5+,'.% '$% ().1'#$% +'-% $.),-% ('/,++'$-% &'% +;'1<.A)#>%P'-%R3% -)#$% '#-/,$'%

$.",$6-%5'#&"#$%0/"$.'%:)/.-%-/55+61'#$",.'-%I%+; V9%56.,)&'%&/."#$%+"0/'++'%+'-%*'++/+'-%!)#$%

H$.'%-56*,(,6'-%I%&'!'#,.%&'-%#'/.)#'->% 5.@-%*'-%0/"$.'%:)/.-9% +'-%*'++/+'-%-)#$%&,--)*,6'-%'$%

1,-'-% '#% */+$/.'% &"#-% /#%1,+,'/% #'/.)#"+% KBWRWME"1T849%X4-/55+'1'#$9% 3? N% -/.% &'-%

<),$'-% $"5,--6'-% &'% 5)+AMBPM).#,$L,#'Y+"1,#,#'>% B"#-% *'-% *)#&,$,)#-% '++'-% "&)5$'#$%

."5,&'1'#$% /#'% 1).5L)+)O,'% &'% *'++/+'-% ."&,"+'-% O+,"+'->% B"#-% +'-% .6-/+$"$-% -/,!"#$-% *'%
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5.)$)*)+'% -'."% "55'+6% SYS% K5)/.% S% :)/.-% &'% &,((6.'#*,"$,)#% -"#-%  V9% -/,!,% &'% S% :)/.-% &'%

$.",$'1'#$N>%Q#%5.)$)*)+'%&'%&,((6.'#*,"$,)#%)5$,1,-69%"55'+6%4YS%K5)/.%4%:)/.-%&'%*/+$/.'%&'-%

R3%-"#-% V%5/,-%S%:)/.-%&'%$.",$'1'#$N%5'.1'$%6O"+'1'#$%&;)<$'#,.%/#'%5)5/+"$,)#%L)1)O@#'%

&'%*'++/+'-%."&,"+'-%O+,"+'-%"5.@-%&,--)*,"$,)#%&'-%*).5-%'1<.A)##",.'->%D'%5.)$)*)+'%4YS%'-$%'#%

$)/$%5),#$%-,1,+",.'%"/%5.)$)*)+'%SYS9%I%+"%-'/+'%'=*'5$,)#%&'%*'$$'%5.'1,@.'%5L"-'%&'%*/+$/.'%

&'-%R3%0/,%'-$%."**)/.*,'>%
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51 6,"7''

2.1. Description du facteur de transcription Hes3 

U".1,%+'-%O@#'-%&)#$%+;'=5.'--,)#%'-$%().$'1'#$%,#&/,$'%"5.@-%+'%$.",$'1'#$%5".%+; V%-'%

$.)/!'#$%*'/=%0/,%*)&'#$%5)/.%+'-%("*$'/.-%&'%$."#-*.,5$,)#%E'-F%'$%E'-Z>%P'-%O@#'-%Hes%&'-%

1"11,(@.'-%-)#$% +'-%).$L)+)O/'-%&'-%O@#'-%E",.A%'$%R#L"#*'.%)(%?5+,$%&'%+"%&.)-)5L,+'9%0/,%

*)&'#$%5)/.%&'-%.65.'--'/.-%&'%+"%$."#-*.,5$,)#>%D'$$'%("1,++'%*)15.'#&%-'5$%1'1<.'-9%5".1,%

+'-0/'+-%E'-89%E'-F%'$%E'-Z%0/,%-)#$%'=5.,16-%&"#-%+'-%*'++/+'-%-)/*L'-%#'/."+'-%K["O'A"1"9%

E"$"\'A"1"%'$%"+>%4]]^_%["O'A"1"9%`L$-/\"%'$%"+>%4]]aN>%P'-%("*$'/.-%&'%$."#-*.,5$,)#%&'%+"%

("1,++'%E'-%5)--@&'#$%I%+'/.%'=$.61,$6%"1,#)M$'.1,#"+'%/#%&)1",#'%*)#-'.!6%().16%5".%/#'%

.6O,)#% <"-,0/'9% -/,!,'% &;/#% 1)$,(% L6+,*'M<)/*+'ML6+,*'% K<EPEN>% D'% &)1",#'% 5'.1'$% +"%

().1"$,)#% &;/#% &,1@.'% '$% +"% .'*)##",--"#*'% &'% +; BX>% B'% 5+/-9% +'% &)1",#'% <"-,0/'% '#%

5)-,$,)#% "1,#)M$'.1,#"+'% *)#$,'#$% /#% .6-,&/% 5.)+,#'9% ,15+,0/6% &"#-% +"% .'*)##",--"#*'% &;/#'%

-60/'#*'% &; BX% 5".$,*/+,@.'% "55'+6'% XM<)=% KZ;MD DX bMF;N>% `/$.'% *'% &)1",#'% "1,#)M

$'.1,#"+% ,15+,0/6% &"#-% +"% .'*)##",--"#*'% &'% +; BX9% +'-% ("*$'/.-% &'% $."#-*.,5$,)#% E'-%

5)--@&'#$% /#% &)1",#'% *".<)=AM$'.1,#"+% *)#$'#"#$% +"% -60/'#*'% c.5M .OMU.)Mc.5% KdVUd%

&)1",#N% #6*'--",.'% "/% .'*./$'1'#$% &'-% *)M.65.'--'/.-% '$% I% +'/.% ()#*$,)#% $."#-*.,5$,)##'++'>%

 ,#-,9% +'%*)M.65.'--'/.%cPRYb.O9%L)1)+)O/'%&'%b.)/*L)%&'% +"%&.)-)5L,+'9% ,#$'."O,$%"!'*%*'%

&)1",#'% dVUd% '$% 5'.1'$% &'% .'*./$'.% &'-% L,-$)#'-% &6"*6$A+"-'-% '$% 5".% *)#-60/'#$% &'%

.65.,1'.%+"%$."#-*.,5$,)#%K["O'A"1"9%`L$-/\"%'$%"+>%4]]ZN>%%

P"%()#*$,)#%&'-%("*$'/.-%E'-%&"#-% +"%5.)+,(6."$,)#9% +"%&,((6.'#*,"$,)#%'$% +"%-56*,(,*"$,)#%

&'-%*'++/+'-%-)/*L'-%#'/."+'-%"%6$6%6$/&,6'%in vivo%K["O'A"1"9%`L$-/\"%'$%"+>%4]]aN>%B'%5+/-9%

*)11'% :'% +;",% &6*.,$% 5.6*6&'11'#$9% +'-% ("*$'/.-% E'-% -)#$% +'-% '(('*$'/.-% &'% +"% !),'% X)$*L9%

*)##/%5)/.%H$.'% ,15).$"#$'%&"#-% +;,#,$,"$,)#%&/%5.)*'--/-%&'%&,((6.'#*,"$,)#>%P'-%("*$'/.-%&'%

$."#-*.,5$,)#% E'-89% E'-F9% '$% E'-Z% -)#$% ,15+,0/6-% &"#-% *'% 5.)*'--/-% &'% #'/.)O'#@-'>% B'-%

'=56.,'#*'-% &'% &)/<+'% ,#!"+,&"$,)#% in vivo% )#$% 5'.1,-% &;"--)*,'.% +'-% ("*$'/.-% E'-% "/=%

&,((6.'#$'-%6$"5'-%&'% +"%#'/.)O'#@-'%&6*.,$'-%*,M&'--/-%(Figure 1)>% ,#-,9%E'-8%'$%E'-F%-)#$%

#6*'--",.'-%5)/.%+'%1",#$,'#%&'-%*'++/+'-%#'/.)65,$L6+,"+'-9%"+).-%0/'%E'-8%'$%E'-Z%.6O/+'#$%+'%

1",#$,'#% &'-% *'++/+'-% ."&,"+'-% O+,"+'->%  5.@-% +"% #'/.)O'#@-'9% +'-% *'++/+'-% ."&,"+'-% O+,"+'-%

5'/!'#$% -'% &,((6.'#*,'.% '#% "-$.)*A$'-% '$% *'% 5.)*'--/-% '-$% 6O"+'1'#$% -)/-% +'% *)#$.2+'% &'-%

("*$'/.-%E'-8%'$%E'-Z>%P;6$/&'%&'%-)/.,-%$."#-O6#,0/'-%1)#$.'%0/'%+"%-/.'=5.'--,)#%&'-%O@#'-%

Hes% +).-% &'-% -$"&'-% 5.6*)*'-% &/% &6!'+)55'1'#$% #'/.)#"+% 1",#$,'#$% +'-% *'++/+'-% -)/*L'-%

#'/."+'-% '$% '15H*L'% +'/.% &,((6.'#*,"$,)#% '#% "O,--"#$% *)11'% &'-% "#$"O)#,-$'-% &'-% ("*$'/.-%



 !"#$% & ' ()*+!,-.!/0 1%2 3-,.%#$2 1% .$-02,$!*.!/0 4%2 5 1!336$%0.2 2.-1%2 1% +- 1!336$%0,!-.!/0 0%#$/0-+%7
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<EPE%5.)M#'/."/=%0/'%-)#$% -*+89% $)L8%K $)#"+%E)1)+)O%8N%'$%+'-%X'/.)O>%R#%.'!"#*L'9%I%

&'-%-$"&'-%/+$6.,'/.-9%*'$$'%-/.'=5.'--,)#%5.)1'/$%+"%().1"$,)#%&'-%"-$.)*A$'-9%*'*,%,#&,0/"#$%

0/;'#% ()#*$,)#% &/% -$"&'% &'% &6!'+)55'1'#$9% +'-% ("*$'/.-% E'-% 5'/!'#$% "!),.% &'-% "*$,!,$6-%

)55)-6'-%K["O'A"1"9%`L$-/\"%'$%"+>%4]]aN>%

2.2.Résultats

2.2.1. Réduction de l�expression du gène Hes3 au niveau ARN 

Q#'% "55.)*L'% -,1,+",.'% I% *'++'% /$,+,-6'% 5)/.% +'-% ("*$'/.-% &'% $."#-*.,5$,)#% 3.#4% '$% 7,*8%

&6*.,$-%*,M&'--/-%"%6$6%1,-'%'#%e/!.'%5)/.%$'#$'.%&'%.6&/,.'%+;'=5.'--,)#%&/%O@#'%Hes3>%%

 /%*)/.-%&'% +"%&,((6.'#*,"$,)#%#'/.)#"+'%&'-%*'++/+'-%R?9% +;'=5.'--,)#%&/%O@#'%E'-F%'-$%

().$'1'#$%,#&/,$'%"5.@-%4SL%&'%$.",$'1'#$%&'-%R3%5".%+; V9%5/,-%&,1,#/'%"/=%$'15-%/+$6.,'/.-%

&"#-% +'-% R3>%  /% -$"&'% #'/.)#'-9% +;'=5.'--,)#% &'% Hes3% '-$% 0/"-,1'#$% #/++'%(Figure 2A)>%

P;/$,+,-"$,)#%&;/#%-L VX%*,<+"#$%Hes3%5'.1'$%&'%.6&/,.'%-,O#,(,*"$,!'1'#$%+;'=5.'--,)#%&'%-"%

*,<+'9%'$%*'*,%I%+;'#-'1<+'%&'-%$'15-%&'%&,((6.'#*,"$,)#%(Figure 2A)>%%

2.2.2. La perte d�expression de HES3 n�abolit pas la différenciation neuronale 

 (,#%&'%!6.,(,'.%-,%+"%<",--'%&;'=5.'--,)#%&'%Hes3%&6$'*$6'%5".%VcM0UDV%"!",$%/#%,15"*$%

-/.% +"% &,((6.'#*,"$,)#% #'/.)#"+'9% #)/-% "!)#-% .6"+,-6% /#% ,11/#)1".0/"O'% "5.@-% 8F% :)/.-% &'%

&,((6.'#*,"$,)#>%P'-%*).5-%#'/.)#"/=%",#-,%0/'%+'-%"=)#'-%-)#$%1".0/6-%O.f*'%I%/#%"#$,*).5-%

&,.,O6% *)#$.'% cQJ8% KX'/.)#M-5'*,(,*% *+"--% CCC% <'$"M$/</+,#N>% Q#'% <",--'% &/% #)1<.'% $)$"+%

&'%#'/.)#'-% &,((6.'#*,6-% '-$% )<-'.!6'% 5)/.% +"% +,O#6'% -LE'-F9% 1",-% *'-% #'/.)#'-% #'%

5.6-'#$'#$%"/*/#'% &,((6.'#*'% 1).5L)+)O,0/'% '#% *)15".",-)#% &'-% #'/.)#'-% &'% +"% +,O#6'%

*)#$.2+'%(Figure 2B).%

2.2.3. L�expression de facteurs neuronaux est altérée par la perte de Hes3 

X)/-% "!)#-% &6*,&6% &'% 1'-/.'.% +"% *)#-60/'#*'% &'% +"% 5'.$'% &;'=5.'--,)#% &'% E'-F% % -/.%

+;"*$,!"$,)#%&'%*'.$",#-%1".0/'/.-%#'/.)#"/=>% !"#$%$)/$9%+'-%O@#'-%E'-%6$"#$%,15).$"#$-%&"#-%

+'-%6$"5'-% ,#,$,"+'-%&'% +"%&,((6.'#*,"$,)#%'$%&"#-% +'%*L),=%&/%1",#$,'#%&'-%*'++/+'-%I%/#%-$"&'%

Figure 2 : Rôle de la baisse d�expression de Hes3 sur la différenciation neuronale induite par l�AR. 

Après le traitement des EB par l�acide rétinoïque, l�expression au niveau ARN de Hes3 est fortement induite 

dans la lignée contrôle après 24h de traitement. L�utilisation d�un shARN dirigé contre Hes3 permet de réduire 

significativement son expression, et ce à l�ensemble des points testés (A). Ces deux lignées différencient en 

neurones, même s�il semble y avoir un nombre légèrement réduit de neurones dans la lignée shHes3 (B). 

L�expression des marqueurs de neurones (Pax6, Dcx, Vglut) semble être réduite suite à la réduction d�expression 

de Hes3. En revanche, Olig2 et CNP, marqueurs de cellules gliales, semblent légèrement induits (C). 
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5.)O6#,$'/.% )/% #)#9% #)/-% "!)#-% *L),-,% &'% #)/-% ,#$6.'--'.% I%Hes59% 0/,% ,#$'.!,'#$% '#% "!"+% &'%

E'-F% &"#-% *'$$'% !),'% &'% &,((6.'#*,"$,)#>% D)11'% +'% 1)#$.'% +'-% .6-/+$"$-% &'% +"% figure 2C9%

+;'=5.'--,)#%&'%Hes5%#;'-$%5"-%"(('*$6'%5".%+;"<-'#*'%&'%Hes3%&"#-%+'-%5.'1,@.'-%L'/.'-%&'%+"%

&,((6.'#*,"$,)#% #'/.)#"+'>% P;,15"*$% &'% +"% 5'.$'% &;'=5.'--,)#% &'%Hes3% -/.%Hes5% #;"55"."g$%

0/;"/%$'15-%h^L%'$%'-$%1",#$'#/%&"#-%+'-%#'/.)#'->%

X)/-%#)/-%-)11'-%'#-/,$'%*)#*'#$.6-%-/.%+'%1".0/'/.%&'-%*'++/+'-%."&,"+'-%O+,"+'-%0/;'-$%

Pax6>% P;'=5.'--,)#% &'% *'% ("*$'/.% "55".",$% $.@-% $2$% &"#-% +"% &,((6.'#*,"$,)#% #'/.)#"+'9% '$%

*)#$,#/'%&;"/O1'#$'.%:/-0/iI%h^L>%P"%5'.$'%&;'=5.'--,)#%&'%Hes3%-'1<+'%"(('*$'.%I%/#%#,!'"/%

.'+"$,!'1'#$% 1),#&.'% *'++'% &'% Pax6>% Dcx9% /#% 1".0/'/.% +6O@.'1'#$% 5+/-% $".&,(% &'% +"%

&,((6.'#*,"$,)#% #'/.)#"+'% K1".0/'/.% &'-% #'/.)#'-% ,11"$/.'-N9% "55"."g$% 0/"#$% I% +/,%

/#,0/'1'#$% "5.@-% h^L% &'% $.",$'1'#$% 5".% +; V% &'-% R39% '$% '-$% ().$'1'#$% '=5.,16% &"#-% +'-%

#'/.)#'->% D)11'% 5)/.% Pax69% ,+% -'1<+'.",$% 0/'% +"% 5'.$'% &;'=5.'--,)#% &'% Hes3% "(('*$'%

(",<+'1'#$% +;'=5.'--,)#% &'% Dcx>% X)/-% #)/-% -)11'-% 6O"+'1'#$% ,#$6.'--6-% I% +;/#% &'-%

1".0/'/.-%j%(,#"+%k%&'%+"%&,((6.'#*,"$,)#%'#%#'/.)#'-%O+/$"1"$'.O,0/'-9%I%-"!),.%+'%.6*'5$'/.%

VGlut2>%D)11'%5)/.%+'-%1".0/'/.-%5+/-%5.6*)*'-9% +;'=5.'--,)#%&'%VGlut2%-'1<+'%&,1,#/'.%

-/,$'%I%+"%5'.$'%&;'=5.'--,)#%&'%Hes3>%U)/.%(,#,.9%-"*L"#$%0/'%+'-%("*$'/.-%E'-%-)#$%,15).$"#$-%

5)/.%+"%&,((6.'#*,"$,)#%'#%*'++/+'-%O+,"+'-9%#)/-%#)/-%-)11'-%,#$6.'--6-%I%+;'=5.'--,)#%&;Olig2%

'$%&'%CNP K4;9%F;M*A*+,*M#/*+')$,&'%F;M5L)-5L)&,'-$'."-'N>%P;'=5.'--,)#%&'%*'-%&'/=%("*$'/.-%

'-$% "/O1'#$6'% &"#-% +'-% *'++/+'-% &'% +"% +,O#6'% -LE'-F>% C+% -'1<+'.",$% &)#*% 0/'% E'-F% -),$%

,15).$"#$%5)/.%-56*,(,'.%/#%&'!'#,.%&'%#'/.)#'-%"/=%*'++/+'-9%'$%'15H*L'.% +"%&,((6.'#*,"$,)#%

'#%*'++/+'-%O+,"+'->%

2.3.Discussion et perspectives 

In vivo9% +'-% ("*$'/.-% E'-% -)#$% *)##/-% 5)/.% .6O/+'.% &,((6.'#$'-% 6$"5'-% &/% 5.)*'--/-% &'%

&,((6.'#*,"$,)#% #'/.)#"+'>%  +).-% 0/'% E'-F% '-$% ,15).$"#$% 5)/.% +'% 1",#$,'#% &'-% *'++/+'-%

#'/.)65,$L6+,"+'-9%E'-Z%'-$%,15).$"#$%I%/#%-$"&'%/+$6.,'/.>%%

P"%*)##",--"#*'%&/%.2+'%&'%E'-F%in vivo%+",--'%5.6-"O'.%&;/#'%&,((6.'#*,"$,)#%5+/-%."5,&'%

'#%+;"<-'#*'%&'%*'%("*$'/.9%5/,-0/'%*'%&'.#,'.%'-$%,15).$"#$%5)/.%+'%1",#$,'#%'$%+"%5.)+,(6."$,)#%

&'-% 5.)O6#,$'/.-% #'/."/=>% B;"5.@-% #)-% .6-/+$"$-9% +"% &,((6.'#*,"$,)#% #'/.)#"+'% #;'-$% 5"-%

-,O#,(,*"$,!'1'#$%"(('*$6'9%'$%+;'=5.'--,)#%&'-%1".0/'/.-%$'+-%0/'%Pax6%)/%Dcx%#'%-'1<+'%5"-%

&6*"+6'%&"#-%+'%$'15-9%*'%0/,%+",--'.",$%5.6-"O'.%&;/#'%&,((6.'#*,"$,)#%5.6*)*'>%R#%.'!"#*L'9%+"%

&,1,#/$,)#% &'% +;'=5.'--,)#% &'%VGlut2% '$% +;"/O1'#$"$,)#% &'% *'++'% &'%CNP% 5)/..",$% -/OO6.'.%
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/#'% &,((6.'#*,"$,)#% 5+/$2$% O+,"+'% 0/'% #'/.)#"+'>% X6"#1),#-9% 1"+O.6% /#% #)1<.'% .6&/,$% &'%

#'/.)#'-9%+'/.%&,((6.'#*,"$,)#%-'1<+'%<'++'%'$%<,'#%*)15+@$'>%%

 (,#% &'% *)15.'#&.'% .6'++'1'#$% +'% .2+'% &'% E'-F% &"#-% +"% &,((6.'#*,"$,)#% #'/.)#"+'9% &'-%

6$/&'-% 5+/-% 5)/--6'-% -'.",'#$% #6*'--",.'->% B"#-% /#% 5.'1,'.% $'15-9% ,+% -'.",$% ,#$6.'--"#$%

&;/$,+,-'.% /#% 5.)$)*)+'% &'% &,((6.'#*,"$,)#% )5$,1,-6% "(,#% &;"!),.% /#% 1',++'/.% -,+'#*,#O% Kl),.%

5".$,'% -/,!"#$'% -/.% +;)5$,1,-"$,)#% &/% 5.)$)*)+'N>% R#-/,$'9% +;/$,+,-"$,)#% &;/#% "#$,*).5-% &,.,O6%

*)#$.'%E'-F%5'.1'$$.",$%&;"!),.%/#'%1',++'/.'% ,#&,*"$,)#%&/%#,!'"/%5.)$6,0/'%&"#-% +"% +,O#6'%

-LE'-F>%P;6$/&'%&;"/$.'-%1".0/'/.-%"/%*)/.-%&'%+"%&,((6.'#*,"$,)#%#'/.)#"+'%)/%/#'%6$/&'%I%

L"/$%&6<,$%5'.1'$$.",$%"+).-%5'/$%H$.'%&'%*)15.'#&.'%/#%5'/%5+/-%'#%&6$",+%+'%.2+'%&'%E'-F%&"#-%

*'$$'%!),'%&'%&,((6.'#*,"$,)#>%B'%5+/-9%/#% ,11/#)1".0/"O'%"!'*%&'-%1".0/'/.-%5.6*)*'-%'$%

$".&,(-% &'% *'++/+'-% O+,"+'-% &'!.",$% H$.'% (",$% 5)/.% *)#(,.1'.% )/% ,#(,.1'.% +;"/O1'#$"$,)#% &'% *'%

$A5'%&'%*'++/+'-%'#%"<-'#*'%&'%E'-F>%

P;"#"+A-'%&'%E'-F%-'.",$%&"#-% $)/-% +'-%*"-%I%"--)*,'.%"!'*%/#'%"#"+A-'%-,1,+",.'%5)/.% +'%

("*$'/.%E'-Z9%*'-%&'/=%1'1<.'-%&'%+"%("1,++'%E'-%6$"#$%"--)*,6-%()#*$,)##'++'1'#$%in vivo>%
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71 8 95':')+%.*."&%.)-'4#'+/)%);)$,'4,'4.<<!/,-;.&%.)-''

3.1.Objectif de l�optimisation 

 /%*)/.-%&'-%'=56.,'#*'-%&'%-/.'=5.'--,)#%&'%3VX49%#)/-%#)/-%-)11'-%"5'.m/%0/'%*'$$'%

-/.'=5.'--,)#%6$",$%-)/!'#$%5'.&/'%"/%#,!'"/%&'-%R3>%X)/-%"!)#-%&)#*%$'#$6%&'%."**)/.*,.%+'%

5.)$)*)+'%&'%&,((6.'#*,"$,)#9%"(,#%&'%+,1,$'.%*'-%5'.$'->%P'%5.)$)*)+'%."**)/.*,%&'%&'/=%:)/.-%

5'.1'$%6O"+'1'#$%&;)<$'#,.%&'-%5.6*/.-'/.-%#'/.)#"/=>% (,#%&;L)1)O6#6,-'.%+;'#-'1<+'%&'-%

'=56.,'#*'-9%#)/-%"!)#-%&)#*% .'*)#&/,$% +'-%'=56.,'#*'-%"!'*% +'%-L3.#4%&"#-%&'-%*)#&,$,)#-%

."**)/.*,'-9%-,1,+",.'-%"/=%*)#&,$,)#-%&'%+"%-/.'=5.'--,)#>%X6"#1),#-9%"!"#$%&'%5.)*6&'.%"/%

*L"#O'1'#$% &'% 5.)$)*)+'9% #)/-% "!,)#-% &6:I% .6"+,-6% &'-% '=56.,'#*'-% &'% -L VX% &"#-% +'-%

*)#&,$,)#-%#).1"+'-%&'%&,((6.'#*,"$,)#>%P;)<-'.!"$,)#%&'-%&,((6.'#*'-%-/.% +'-% +,O#6'-%-L3.#4%

#)/-% "% *)#!",#*/% 0/'% +'% 5.)$)*)+'% ."**)/.*,% 6$",$% 5+/-% "55.)5.,6% I% #)$.'% &61".*L'%

'=56.,1'#$"+'>%

3.2.Résultats comparatifs des deux protocoles de différenciation 

3.2.1. Réduction du niveau d�expression 

P'%#,!'"/%&;'=5.'--,)#%&'%Brn2%'-$%&"#-%/#%5.'1,'.%$'15-%1'-/.6%5".%VcM0UDV%+).-%&'%+"%

&,((6.'#*,"$,)#%#'/.)#"+'>%P'%5.)(,+%&;'=5.'--,)#%&'%Brn2%'-$%-,1,+",.'%&"#-%+'-%&'/=%+,O#6'-%

*)#$.2+'-9% *)#(,.1"#$% 0/'% +'% ."**)/.*,--'1'#$% &/% 5.)$)*)+'% &'% &,((6.'#*,"$,)#% #;"+$@.'% 5"-%

+;'=5.'--,)#% &'-% O@#'-% &/."#$% *'$$'% &,((6.'#*,"$,)#% (Figure 3A)>% P;6$/&'% &'% +;'=5.'--,)#% &'%

Brn2%&"#-%+"%+,O#6'%-L3.#4%1)#$.'%0/;"5.@-%h^L%&'%$.",$'1'#$%5".%+;"*,&'%.6$,#)n0/'9%+"%<",--'%

&;'=5.'--,)#%'-$%&'%4=%5)/.%+'%5.)$)*)+'%SYS>%R#%.'!"#*L'9%+'%5.)$)*)+'%4YS%5'.1'$%&;"16+,).'.%

*'$$'%.6&/*$,)#%&;'=5.'--,)#%'$%&;"$$',#&.'%/#%("*$'/.%Z%&'%&,((6.'#*'%KFigure 3A)>%%

c)/$%*)11'%*'%0/,%'-$%)<-'.!6%"/%#,!'"/%&'% +; VX9% +;'=5.'--,)#%5.)$6,0/'%&'%3.#4%'-$%

"+$6.6'%-,O#,(,*"$,!'1'#$%5)/.%+'%5.)$)*)+'%4YS9%"+).-%0/'%-'/+'%/#'%(",<+'%<",--'%&;'=5.'--,)#%

'-$%!,-,<+'%5)/.%+'%5.)$)*)+'%SYS%(Figure 3B).%

Figure 3 : Impact de la durée du protocole de différenciation sur l�efficacité de l�approche lentivirale. 

Après le traitement des EB par l�acide rétinoïque, l�expression de Brn2 est induite progressivement entre les EB 

non traités (NT) et traités pendant 96h à l�AR. L�expression mesurée par RT!qPCR montre une baisse 

significative dans le protocole 2/4, et un effet moindre dans le protocole 4/4 (A). Cette baisse d�expression est 

confirmée au niveau protéique par Western blot (B) ainsi qu�au niveau du phénotype (C). L�expression de tout 

un ensemble de marqueurs neuronaux est affectée par la baisse d�expression de Brn2 dans la différenciation 

2/4. La différence d�expression de ces marqueurs entre la lignée sh C et sh Brn2 lors de la différenciation 4/4 est 

moindre, voire absente (D). 
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3.2.2. Observation du phénotype 

 !"#$%&$'($%)**+"&,-)(.)!,$%).&$/0/1$#&2'&$2,&$."3#$*()4'&$"+%2-.)!,$%&$'($%)**+"&,-)(.)!,$&#.$

!4#&"5+&$6!2"$'($')7,+&$#89",:;$<+(,=!),#1$%&$,&2"!,&#$&.$6"!>&-.)!,#$(?!,('&#$#!,.$.!2>!2"#$

5)#)4'&#;$ @,$ "&5(,-8&1$ 'A2.)')#(.)!,$ %2$ 6"!.!-!'&$ :0/1$ 6!2"$ '&B2&'$ '($ 4()##&$ %A&?6"&##)!,$ %&$

9",:$ &#.$ 5"()=&,.$ #)7,)*)-(.)5&1$ 6&"=&.$ %A!4#&"5&"$ 2,&$ (4!').)!,$ %&$ '($ %)**+"&,-)(.)!,$

,&2"!,('&;$  &#$ -&''2'&#$ "+#)%2&''&#$ ,A!,.$ 6(#$ '&#$ -("(-.+")#.)B2&#$ %&#$ ,&2"!,&#$ C-&''2'&#$

"+*"),7&,.&#1$ -!"6#$ -&''2'()"&#$ (##&D$ 6&.).#$ &.$ 6"+#&,-&$ %A(?!,&#E$ (Figure 3C);$ F&-)$ ),%)B2&$

B2&$'&$,)5&(2$%A&?6"&##)!,$"+#)%2&'$%&$9",:$&#.$%)"&-.&=&,.$"&')+$G$'($-(6(-).+$%&#$-&''2'&#$G$#&$

%)**+"&,-)&"$&,$,&2"!,&#;$

3.2.3. Impact sur certains gènes cibles 

H!2"$ 'A&,#&=4'&$%&#$73,&#$-)4'&#$ .&#.+#$6("$IJKBHFI1$ '&$6"!*)'$%A&?6"&##)!,$%2$#8F$/0/$

&#.$7'!4('&=&,.$#)=)'()"&$(2$6"!*)'$%A&?6"&##)!,$:0/;$H!2"$Pax61$=("B2&2"$%&$-&''2'&#$"(%)('&#$

7')('&#1$Ascl11$!2$Dcx1$C=("B2&2"$%&$,&2"!,&#$)==(.2"&#E1$'A&?6"&##)!,$,A&#.$6(#$('.+"+&$%(,#$

'($%)**+"&,-)(.)!,$/0/;$@,$"&5(,-8&1$%3#$B2&$'&$#)'&,-),7$%&$9",:$&#.$=&)''&2"1$2,$)=6(-.$&#.$

5)#)4'&$#2"$'A&?6"&##)!,$%&$-&#$*(-.&2"#;$LA(2."&#$*(-.&2"#$.&'#$B2&$Zic1$&.$Pax3$#!,.$B2(,.$G$

&2?$(**&-.+#$ (2$,)5&(2$%&$ 'AMI<=$&.$ -&$=('7"+$2,&$6&".&$=),)=&$%&$ 'A&?6"&##)!,$%&$9",:$

(Figure 3D);$F&#$73,&#$#!,.$%!,-$#&,#)4'&#$G$2,&$*()4'&$5(")(.)!,$%2$,)5&(2$%A&?6"&##)!,$%&$

9",:;$

3.3.Conclusion

 A2.)')#(.)!,$%2$6"!.!-!'&$%&$%)**+"&,-)(.)!,$.&'$B2A)'$&#.$%+-").$C9)4&'1$I)-8.&"$&.$(';$:NN/O$

9)4&'1$I)-8.&"$ &.$ (';$ :NNPE$ ,&$ ,!2#$6&"=&.$ 6(#$ %A(5!)"$ %&$ "+#2'.(.#$ ."3#$ &,-!2"(7&(,.#$ %(,#$

,!."&$ (66"!-8&$ #8MI<;$ @,$ "&5(,-8&1$ 'A!6.)=)#(.)!,$ %2$ 6"!.!-!'&$ B2)$ -!,#)#.&$ &,$ 2,$

"(--!2"-)##&=&,.$%&$%&2?$>!2"#$6&"=&.$%A!4.&,)"$%&#$"+#2'.(.#$#)7,)*)-(.)*#1$.(,.$%A2,$6!),.$%&$

52&$6&".&$%A&?6"&##)!,$B2&$68+,!.Q6&;$F&$6"!.!-!'&$,A(**&-.&$&,$")&,$'&$6"!*)'$%A&?6"&##)!,$%&$

'A&,#&=4'&$%&#$73,&#$.&#.+1$'($%)**+"&,-)(.)!,$#2).&$(2$."().&=&,.$6(#$'AMI$#&$%+"!2'(,.$%!,-$

,!"=('&=&,.;$
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!"#$%##"&' 

() *+', #-.$"/"0 12"30'4"4. '0%+&'510 30# $011%10# 67) 

 &$"R'&$%&$9",:$%(,#$'&$6"!-&##2#$%&$%)**+"&,-)(.)!,$,&2"!,('&$($+.+$=)#$&,$+5)%&,-&$G$'($

*!)#$in vivo$(5&-$'&#$#!2")#$ST$=()#$+7('&=&,.$in vitro$%(,#$%&#$-&''2'&#$HUV;$<+(,=!),#1$-&#$

%)**+"&,.&#$+.2%&#$,A!,.$6(#$6&"=)#$%A)%&,.)*)&"$'A&,#&=4'&$%&#$73,&#$"+72'+#$6("$9",:$,)$#&#$

73,&#$-)4'&#$%)"&-.&#;$

H("$2,&$(66"!-8&$-!=4),(,.$%&#$(,('Q#&#$%&$I<MK#&B$&.$%&$F8WHK#&B1$,!2#$(5!,#$=)#$&,$

+5)%&,-&$ '&#$73,&#$%+"+72'+#$ #2).&$(2?$5(")(.)!,#$%A&?6"&##)!,$%&$9",:1$ (),#)$B2&$ '&#$73,&#$

*)?+#$ %)"&-.&=&,.$ 6("$ -&$ *(-.&2";$ F!==&$ '&$ '()##()&,.$ 6"+#(7&"$ '&#$ %!,,+&#$ 6"+-+%&==&,.$

624')+&#1$ 9",:$ &#.$ )=6!".(,.$ 6!2"$ 'A&?6"&##)!,$ %A2,$ &,#&=4'&$ %&$ 73,&#$ )=6')B2+#$ %(,#$ '($

,&2"!7&,3#&;$ &#$73,&#$%&$'($5!)&$%&$#)7,(')#(.)!,$<!.-8$#&=4'&,.$6(".)-2')3"&=&,.$(**&-.+#$

CDll11$ Dll31$ Jag1$ B2)$ #!,.$ '&#$ ')7(,%#$ %&$ <!.-81$ (),#)$ B2&$ Hes3$ &.$ Hes5$ B2)$ #!,.$ %&2?$

&**&-.&2"#$ %&$ '($ 5!)&E1$ -&$ B2)$ )=6')B2&"().$ 2,$ %+*(2.$ %(,#$ 'A2,&$ %&#$ 6"&=)3"&#$ +.(6&#$ %&$ '($

,&2"!7&,3#&;$L&$6'2#1$'($=)7"(.)!,$%&#$,&2"!,&#$#&=4'&$+7('&=&,.$(**&-.+&$#2).&$G$'($6&".&$!2$

G$'($#2"&?6"&##)!,$%&$9",:;$ !"#$%&$'($=)#&$&,$6'(-&$%2$-!".&?1$%&2?$5!)&#$%&$#)7,(')#(.)!,1$'($

5!)&$F%XY$&.$'($5!)&$I&&'),1$#&=4'&,.$)=6!".(,.&#$6!2"$'($=)7"(.)!,$%&#$,&2"!,&#;$F&#$%&2?$

5!)&#$#!,.$(**&-.+&#$%(,#$,!#$&?6+")&,-&#$62)#B2&$'A&?6"&##)!,$%&$Reelin1$Cdk5r1$&.$Cdk5r2$

&#.$(**&-.+&$%(,#$(2$=!),#$2,&$%&$,!#$-!,%).)!,#$CH&".&$%A&?6"&##)!,$&.0!2$#2"&?6"&##)!,$%&$

9",:E;$ A)=6!".(,-&$%&$-&#$%&2?$5!)&#$(5().$%+>G$+.+$%+-").&$6!2"$9",:;$ &#$73,&#$"+72'+#$6("$

9",:$ %+>G$ )%&,.)*)+#$ in vivo$ #!,.$ %!,-$ -!,*)"=+#$ %(,#$ ,!#$ &?6+")&,-&#1$=()#$ %&$ ,!=4"&2?$

(2."&#$73,&#$)=6!".(,.$%(,#$'($,&2"!7&,3#&$#A(>!2.&,.$G$-&..&$')#.&$CDbx11$-21$Gad11$-21$Irx11$-

31$-5$ZE$

,) 8' /5"910 '&:9+0 30 #"40 30 /";54"&' <5%40:0'4 $&'#0+=.# 

M'!"#$B2&$,!#$&?6+")&,-&#$,!2#$!,.$6&"=)#$%A)%&,.)*)&"$%&$,!=4"&2?$#).&#$%&$*)?(.)!,$%(,#$

'&#$ -&''2'&#$ @[1$ '($ -!=6("()#!,$ (5&-$ %A(2."&#$=!%3'&#$ %&$ %)**+"&,-)(.)!,$ (),#)$ B2A(5&-$ ,!#$

%!,,+&#$ %(,#$ '($ ')7,+&$ HUV$ ($ 6&"=)#$ %&$ =&.."&$ &,$ +5)%&,-&$ 2,$ *()4'&$ ,!=4"&$ %&$ #).&#$

-!,#&"5+#$ &,."&$ '&#$ %)**+"&,.#$ ')7,+&#$ 0$ 6"!-&##2#$ %&$ %)**+"&,-)(.)!,;$ M'!"#$ B2&$ %&#$ #).&#$

6!.&,.)&'#$%&$*)?(.)!,$%&$9",U$&.$9",:$!,.$+.+$%+*),)#$6"+-+%&==&,.$,!.(==&,.$6("$"&-8&"-8&$

4)!),*!"=(.)B2&$ %&#$ #+B2&,-&#$ %&$ *)?(.)!,$ (2$ ,)5&(2$ %&#$ 73,&#1$ 6&2$ %&$ #&#$ #).&#$ #!,.$

"+&''&=&,.$*)?+#$%(,#$,!#$%!,,+&#;$@,$72)#&$%A&?&=6'&1$F(#."!$&.$(';$!,.$=)#$&,$+5)%&,-&$B2&$
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'&#$ "+7)!,#$ G$ 6"!?)=).+$ %&#$ 73,&#$ Cdk5r1$ &.$ Cdk5r2$ -!,.&,()&,.$ %&#$ #).&#$ %&$ *)?(.)!,$

6!.&,.)&'#$6!2"$9",U$&.$9",:;$ ($%+"+72'(.)!,$%&$'A&?6"&##)!,$%&$#&#$73,&#$+.(,.$5)#)4'&$%(,#$

,!#$ &?6+")&,-&#1$ 'A8Q6!.83#&$ B2A)'#$ -!,#.).2&,.$ %&#$ -)4'&#$ %)"&-.&#$ %&$ 9",:$ (2"().$ 62$ \."&$

+=)#&;$<+(,=!),#1$(2-2,$%&#$F8WH$(,('Q#+#$,&$=&.$&,$+5)%&,-&$'($*)?(.)!,$%&$9",:$(2$,)5&(2$

%&$Cdk5r1;$@,$"&5(,-8&1$Cdk5r2$&#.$*)?+1$=()#$2,)B2&=&,.$%(,#$'&#$-&''2'&#$HUV;$F&$#).&$,&$

*().$ %!,-$6(#$6(".)&$%&#$-)4'&#$8(2.&=&,.$ -!,#&"5+&#$B2&'B2&$ #!).$ '($5!)&$%&$%)**+"&,-)(.)!,$

,&2"!,('&$=)#$&,$]25"&;$$

 &#$73,&#$(##!-)+#$(2?$#).&#$%&$*)?(.)!,$8(2.&=&,.$-!,#&"5+#$%(,#$'&#$%)**+"&,.#$6"!-&##2#$

%&$ %)**+"&,-)(.)!,$ "&6"+#&,.&,.$ #(,#$ %!2.&$ '&#$ -)4'&#$ =),)=('&#$ "&-!,,2&#$ 6("$ 9",:$ &.$

)=6!".(,.&#$ %(,#$ '($ %)**+"&,-)(.)!,;$ H("=)$ -&#$ 73,&#1$ B2)$ -!,#.).2&,.$ &,$ B2&'B2&$ #!".&$ '&$

6"!7"(==&$=),)=('$,+-&##()"&$G$'($%)**+"&,-)(.)!,$,&2"!,('&$#&$."!25&,.$,!.(==&,.$Dlx11$-21$

Pou6f11$Zic11$-4;$L&$=(,)3"&$."3#$),.+"&##(,.&1$6("=)$'&#$#).&#$B2)$#!,.$8(2.&=&,.$-!,#&"5+#1$

2,$."3#$7"(,%$,!=4"&$-!,.)&,.$'&$=!.)*$-!,#&,#2#$%+*),)$6!2"$9",:1$G$#(5!)"$'&$^TI@;$$$

L&$,!=4"&2#&#$=!%)*)-(.)!,#$6!#.$."(%2-.)!,,&''&#$%&$9",:$!,.$+.+$=)#&#$&,$+5)%&,-&1$&.$

6!2""()&,.$ \."&$ 2,&$ %&#$ "()#!,#$ &?6')B2(,.$ '&#$ -)4'&#$ %)**+"&,.)&''&#$ &,."&$ 'A&,#&=4'&$ %&#$

')7,+&#;$_,&$(2."&$"()#!,$6!2""().$5&,)"$%&#$(2."&#$*(-.&2"#$6"!.+)B2&#$B2)$6&25&,.$6&"=&.."&$'&$

"&-"2.&=&,.$ %&$ 9",:;$ M'!"#$ B2&$ #2"$ '&#$ #).&#$ 8(2.&=&,.$ -!,#&"5+#1$ '&#$ =!.)*#$ ^TI@$ !2$

^TI@`U$#!,.$#!25&,.$"&."!25+$#&2'#1$'($6"+#&,-&$%&$,!=4"&2?$#).&#$6!2"$%A(2."&#$*(-.&2"#$%&$

."(,#-")6.)!,$&#.$5)#)4'&$G$6"!?)=).+$%&#$#).&#$*)?+#$6("$9",:$%(,#$'&#$-&''2'&#$@[;$W'$#&=4'&"().$

%!,-$ B2&$ 9",:$ #!).$ )=6!".(,.$ 6!2"$ ),).)&"$ '&$ 6"!7"(==&$ %&$ %)**+"&,-)(.)!,$ ,&2"!,('&;$ @,$

"&5(,-8&1$'&#$%)**+"&,.$6"!-&##2#$%&$%)**+"&,-)(.)!,$,&$=3,&,.$6(#$(2$=\=&$.Q6&$%&$,&2"!,&#$

*),(2?1$ -&$ B2)$ 6&2.$ %!,-$ &?6')B2&"$ 2,$ 6"!7"(==&$ #6+-)*)B2&$ %(,#$ -8(B2&$ .Q6&$ %&$

%)**+"&,-)(.)!,;$  ($ 6"+#&,-&$ %&$ #).&#$ %&$ *)?(.)!,$ 6!2"$ %A(2."&#$ *(-.&2"#$ %&$ ."(,#-")6.)!,$

6!2""().$('!"#$6&"=&.."&$%A&,5)#(7&"$2,&$-!''(4!"(.)!,$(5&-$-&#$*(-.&2"#$#6+-)*)B2&=&,.$%(,#$

'($%)**+"&,-)(.)!,$&,$,&2"!,&#$7'2.(=(.&"7)B2&#;$

L&$6'2#1$ !%(.!$&.$(';$!,.$6"+-+%&==&,.$%+-").$B2&$'&#$#).&#$%&$*)?(.)!,#$%&$9",:$+.()&,.$

6(".)-2')3"&=&,.$ &,")-8)$ (2$ ,)5&(2$ %&#$ +'+=&,.#$ &,8(,-&"#$ C !%(.!1$ <7$ &.$ (';$ :NUaE;$  ($

-!=6("()#!,$%&$,!#$%!,,+&#$%&$F8WH$%(,#$'&#$@9$Vb8$(5&-$'&2"#$%!,,+&#$6!2"$'&#$&,8(,-&"#$

%(,#$ '&#$<HF$,&$%!,,&$,+(,=!),#$B2A2,&$*()4'&$-!""+'(.)!,;$<!2#$#!==&#$(-.2&''&=&,.$&,$

."(),$%&$"+(')#&"1$%(,#$'&#$@9Vb81$2,$F8WH$6!2"$'&#$=("B2&#$%A8)#.!,&#$caS:PM-$&.$caS/=&1$

-&$ B2)$ ,!2#$ 6&"=&.."($ %A)%&,.)*)&"$ '&#$ &,8(,-&"#$ #6+-)*)B2&#$ G$ ,!."&$ 6"!-&##2#$ %&$
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%)**+"&,-)(.)!,;$@,-!"&$2,&$*!)#1$&,$*!,-.)!,$%2$6"!7"(==&$%&$%)**+"&,-)(.)!,$=)#$&,$]25"&$)'$

#&$6&2.$B2&$'&#$&,8(,-&"#$*)?+#$#!)&,.$%)**+"&,.#1$&.$'($-!=6("()#!,$%&#$"+#2'.(.#$%(,#$'&#$<HF$

(5&-$-&2?$%(,#$'&#$@9Vb8$,A&#.$('!"#$B2&$#24>&-.)5&;$L(,#$.!2#$'&#$-(#1$)'$#&=4'&"().$B2&$9",:$

,&$#!).$6(#$&?-'2#)5&=&,.$'!-(')#+$(2$,)5&(2$%&#$&,8(,-&"#1$62)#B2&$%(,#$'&#$@9$."().+#$Vb8$%&$

,!=4"&2?$#).&#$#!,.$"&."!25+#$(2$,)5&(2$%&$6"!=!.&2"#$6"!?)=(2?;$W'$&,$&#.$%&$=\=&$'!"#B2&$

'A(,('Q#&$&#.$*().&$&,$2.)')#(,.$'&#$P:$#).&#$8(2.&=&,.$-!,#&"5+#$&,."&$'&#$')7,+&#1$-&$B2)$),%)B2&$

'A)=6!".(,-&$%&$'($*)?(.)!,$%&$9",:$(2$,)5&(2$%&#$6"!=!.&2"#$6"!?)=(2?;$

>) ?9#0'$0 30 +03&'35'$0 /&'$4"&''0110 0'4+0 10# -+&4."'0# *+'( 04 *+',  

 &#$+.2%&#$*().&#$in vivo$!,.$6&"=)#$%&$=&.."&$&,$+5)%&,-&$2,&$"&%!,%(,-&$*!,-.)!,,&''&$

%&$9",U$&.$%&$9",:;$@,$&**&.1$'&$%!24'&$ST$%&$9",U$&.$9",:$&#.$,+-&##()"&$(*),$%A!4#&"5&"$2,$

68+,!.Q6&$ %"(#.)B2&$ %(,#$ '&$ -!".&?;$ @,$ #2)5(,.$ -&..&$ '!7)B2&1$ '($ #)=6'&$ "+%2-.)!,$ %&$

'A&?6"&##)!,$ %&$ 9",:$ (2"().$ 62$ ,&$ %!,,&"$ (2-2,$ 68+,!.Q6&$ %(,#$ ,!."&$ 6"!-&##2#$ %&$

%)**+"&,-)(.)!,;$ T"$ '&$ 68+,!.Q6&$ !4#&"5+$ #2).&$ G$ '($ 4()##&$ %A&?6"&##)!,$ %&$ 9",:$ #&2'$ &#.$

#)7,)*)-(.)*;$ L&$ 6'2#1$ 'A)%+&$ %&$ '($ "&%!,%(,-&$ *!,-.)!,,&''&$ '()##&"().$ 6"+#(7&"$ 2,&$

(27=&,.(.)!,$%&$'A&?6"&##)!,$%&$9",U$'!"#B2&$-&''&$%&$9",:$&#.$"+%2).&$C&.$),5&"#&=&,.E;$T"1$

%(,#$ ,!#$ &?6+")&,-&#$ %&$ I<MK#&B1$ Brn1$ ,A&#.$ 6(#$ #)7,)*)-(.)5&=&,.$ (**&-.+;$ <+(,=!),#1$

'A&?6"&##)!,$ %&$ Brn1$ #&=4'&$ 6("(''3'&$ G$ -&''&$ %&$ 9",:;$ @,$ &**&.1$ %(,#$ '($ ')7,+&$ #89",:$

'A&?6"&##)!,$%&$9",U$&#.$+7('&=&,.$%)=),2+&1$('!"#$B2&$%(,#$'($')7,+&$B2)$#2"&?6")=&$9",:1$

'A&?6"&##)!,$ %&$ 9",U$ &#.$ *()4'&=&,.$ (27=&,.+&;$ M*),$ %&$ -!,*)"=&"$ -&'(1$ 2,$ d&#.&",$ 4'!.$

2.)')#(,.$2,$(,.)-!"6#$#6+-)*)B2&$-!,."&$9",U$%&5"().$\."&$"+(')#+;$$

e2)$ 6'2#$ &#.1$ 9",U$ G$ 2,$ 6"!*)'$ %A&?6"&##)!,$ #)=)'()"&$ G$ -&'2)$ %&$ 9",:$ '!"#$ %&$ '($

%)**+"&,-)(.)!,$ ,&2"!,('&;$ e2&'$ &#.$ ('!"#$ '&$ "R'&$ %&$ 9",U$ %(,#$ -&$ 6"!-&##2#;$ L&$ =(,)3"&$

#)=)'()"&$G$-&$B2)$($+.+$"+(')#+$6!2"$9",:1$'A)%&,.)*)-(.)!,$%2$"+#&(2$."(,#-")6.)!,,&'$%&$9",U$

6!2""().$\."&$"+(')#+&;$ ($6&".&$%&$9",U$(2"().K&''&$2,$68+,!.Q6&$(2##)$%"(#.)B2&$B2&$-&''&$%&$

9",:$f$@#.K-&$B2&$9",:$#&"().$-(6(4'&$%&$$6('')&"$ 'A(4#&,-&$%&$9",U$f$9",U$#&$*)?&"().K)'$(2?$

-)4'&#$ 6!.&,.)&''&#$ )%&,.)*)+&#$ 6("$ (,('Q#&#$ 4)!),*!"=(.)B2&$ C.&''&$ B2&$ F%XY"U$ -).+$

6"+-+%&==&,.E$f$ F&..&$ &?6+")&,-&$ 6&"=&.."().$ %&$ "+6!,%"&$ G$ -&#$ B2&#.)!,#1$ &.$ 6&2.$ \."&$ %&$

-!=6"&,%"&$-!==&,.$-&#$%&2?$6"!.+),&#$#!,.$"+72'+&#;$9",U$,A&#.$5)#)4'&=&,.$6(#$2,&$-)4'&$

%)"&-.&$%&$9",:1$'A),5&"#&$#&"().$)'$('!"#$5"()$f$
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@) A%01 +B10 -&%+ *+'C D 

T2."&$ 9",U$ &.$ 9",:1$ 2,&$ (2."&$ 6"!.+),&$ %&$ '($ =\=&$ *(=)''&$ #&=4'&$ 6(".)-2')3"&=&,.$

),.+"&##(,.&$ %(,#$ ,!#$ +.2%&#$g$ 9",Y$ CH!2b*UE;$  A&?6"&##)!,$ %&$ H!2b*U$ &#.$ %"(#.)B2&=&,.$

(**&-.+&$B2&$-&$#!).$'!"#$%&$'($6&".&$%A&?6"&##)!,$%&$9",:$%(,#$'&#$@[1$'!"#$%&$'($#2"&?6"&##)!,$

%&$9",:$%(,#$'&#$@[1$!2$&,-!"&$'!"#$%&$'($6&".&$%A&?6"&##)!,$%&$9",:$%(,#$'&#$-&''2'&#$HUV;$L&$

6'2#1$'&$#).&$%&$*)?(.)!,$%&$9",:$(2$,)5&(2$%&$H!2b*U$&#.$8(2.&=&,.$-!,#&"5+$%(,#$'A&,#&=4'&$

%&#$F8WH$(,('Q#+#;$ &$#).&$%&$*)?(.)!,$%&$9",:$(2$,)5&(2$%2$'!-2#$H!2b*U$-!,.)&,.$2,$+'+=&,.$

^TI@1$&.$2,$+'+=&,.$^TI@$`U;$ A&,#&=4'&$%&$-&#$"+#2'.(.#$%A(,('Q#&#$'()##&$6"+#(7&"$B2&$

9",Y$ >!2&$ 2,$ "R'&$ )=6!".(,.$ %(,#$ ,!."&$ 6"!-&##2#$ %&$ %)**+"&,-)(.)!,;$ J"3#$ 6&2$ %&$ %!,,+&#$

-!,-&",(,.$ 9",Y$ #!,.$ -!,,2&#$ G$ -&$ >!2";$ J!2.$ -!==&$ 9",:1$ 9",Y$ &#.$ &?6")=+$ '!"#$ %2$

%+5&'!66&=&,.$%2$-&"5&(2$(),#)$B2A(2$,)5&(2$%2$-!".&?$(%2'.&$CF2)$(,%$92''&).$UVVhE;$J"3#$

6&2$%A+.2%&#$&?)#.&,.$,+(,=!),#$6!2"$-&$*(-.&2";$J!2.$-!==&$-&$B2)$($+.+$"+(')#+$6!2"$9",:1$

)'$#&"().$('!"#$),.+"&##(,.$%A('')&"$I<MK#&B$&.$F8WHK#&B$(*),$%&$%+.&"=),&"$'&$"R'&$%&$9",Y$%(,#$

'($ %)**+"&,-)(.)!,$ ,&2"!,('&;$  A(,('Q#&$ -!=4),+&$ %&#$ %!,,+&#$ 6!2"$ 9",U1$ 9",:$ &.$ 9",Y$

6&"=&.."().$ %&$ %+.&"=),&"$ 6'2#$ 6"+-)#+=&,.$ '($ *!,-.)!,$ %&$ -8(-2,$ %&$ -&#$ *(-.&2"#$ %(,#$ '&$

6"!-&##2#$%&$%)**+"&,-)(.)!,$,&2"!,('&;$$

C) E5 -<&#-<&+F154"&' 30 *+', 0#4G0110 ":-&+45'40 35'# 10 -+&$0##%# 30 

3"//.+0'$"54"&' '0%+&'510 D 

 A&,#&=4'&$%&#$6"!.+),&#$HT_$6!##3%&,.$2,$#).&$%&$68!#68!"Q'(.)!,$8(2.&=&,.$-!,#&"5+$

&,."&$ '&#$ %)**+"&,.#$ =&=4"&#1$ -&$ B2)$ '()##&$ #266!#&"$ 'A)=6!".(,-&$ %&$ -&..&$ 68!#68!"Q'(.)!,$

%(,#$ '($ *!,-.)!,$%&$-&#$6"!.+),&#$ CM,%&"#&,$(,%$I!#&,*&'%$:NNUE;$L&#$&?6+")&,-&#$"+-&,.&#$

!,.$=)#$&,$+5)%&,-&$'&$"R'&$%&$'($68!#68!"Q'(.)!,$%&$9",:$%(,#$'($=)7"(.)!,$&.$'($6"!')*+"(.)!,$

%&#$ =+'(,!-Q.&#$ C9&"'),1$ L&,(.$ &.$ (';$ :NU:E;$ W'$ #&"().$ ),.+"&##(,.$ %&$ %+.&"=),&"$ #)$ -&..&$

68!#68!"Q'(.)!,$ ($ +7('&=&,.$ 2,$ )=6(-.$ #2"$ '($ %)**+"&,-)(.)!,$ ,&2"!,('&;$ M5(,.$ .!2.1$ '($

B2&#.)!,$ B2)$ #&$ 6!#&$ &#.$ %&$ #(5!)"$ #)$ '($ 5&"#)!,$ %&$ 9",:$ &,%!73,&$ &?6")=+&$ '!"#$ %&$ '($

%)**+"&,-)(.)!,$,&2"!,('&$&#.$68!#68!"Q'+&$!2$,!,;$F&..&$68!#68!"Q'(.)!,$%&$9",:$(2$,)5&(2$

%&$'($#+"),&$ab:$$#&$*().$6("$'A&,DQ=&$6"!.+),&$X),(#&$M$CHSME;$_,&$6"&=)3"&$+.(6&$#&"().$4)&,$

+5)%&=&,.$ %&$ 5+")*)&"$ &,$ 2.)')#(,.$ 2,$ (,.)-!"6#$ -!,."&$ -&..&$ &,DQ=&1$ #($ 6"+#&,-&$ '!"#$ %&$ '($

%)**+"&,-)(.)!,$,&2"!,('&;$ &#$,)5&(2?$%A&?6"&##)!,$%&#$73,&#$Hrkaca1$Prkacb1$Prkx$ -!%(,.$

6!2"$'&#$#!2#$2,).+#$-(.('Q.)B2&#$%&$'($HSM$#!,.$."3#$+'&5+#$%(,#$'&#$@9Vb8$CI<MK#&BE;$F&-)$

'()##&$ 6"+#(7&"$ '($ 6"+#&,-&$%&$ '($HSM$&.$ %!,-$ '($ 6!.&,.)&''&$ 68!#68!"Q'(.)!,$%&$9I<:;$L&$

6'2#1$ '&#$ +.2%&#$ 6"+-+%&,.&#$ !,.$=)#$ &,$ +5)%&,-&$ B2&$ '($ 5&"#)!,$ %&$ 9",:$ 68!#68!"Q'+&$ &#.$
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),-(6(4'&$%&$#&$*)?&"$(2?$=!.)*#$<TI@$&.$HTI@;$ A(4#&,-&$%&$#).&#$%&$*)?(.)!,$(2$,)5&(2$%&$

-&$ .Q6&$%&$=!.)*#$%(,#$,!."&$+.2%&$ '()##&$6"+#(7&"$B2&$9",:$#!).$68!#68!"Q'+&;$ A2.)')#(.)!,$

%A2,$(,.)-!"6#$(,.)K68!#68!K#+"),&$6!2""().$6&"=&.."&$%&$%+.&"=),&"$ #)$ '($6"!.+),&$&,%!73,&$

&#.$ 68!#68!"Q'+&1$ =()#$ (2-2,&$ ),*!"=(.)!,$ ,A&#.$ G$ -&$ >!2"$ -!,,2$ B2(,%$ G$ %A(2."&#$ #).&#$

6!.&,.)&'#$%&$68!#68!"Q'(.)!,1$&.$)'$,A&#.$%!,-$6(#$&?-'2$B2&$9",:$#!).$68!#68!"Q'+&$G$2,$(2."&$

#).&;$$

$M*),$%A+.2%)&"$&,$%+.()'$ 'A)=6!".(,-&$%&$-&..&$68!#68!"Q'(.)!,$ '!"#$%&$ '($%)**+"&,-)(.)!,$

,&2"!,('&1$)'$*(2%"().$&,5)#(7&"$%&$7+,+"&"$2,&$')7,+&$%&$-&''2'&#$@[$ST$6!2"$9",:$&.$%&$.&#.&"$

'($6!##)4)').+$%&$-!=6&,#(.)!,$6("$&?6"&##)!,$%&$'($5&"#)!,$#(25(7&$!2$=2.+&$%&$9",:;$ 

H) I"$(J %'0 $"910 3"+0$40 30 *+', D 

i)-U$ #&=4'&$ %A(6"3#$ ,!#$ &?6+")&,-&#$ \."&$ 2,$ *(-.&2"$ -'+$ %&$ '($ %)**+"&,-)(.)!,$ ,&2"!,('&;$ [)$

i)-U$ >!2&$ 2,$ "R'&$ )=6!".(,.$ %(,#$ '&$ %+5&'!66&=&,.$ ,&2"!,('$ -8&D$ '($ #!2")#1$ G$ -&$ >!2"1$

'A&,#&=4'&$ %&$ #&#$ -)4'&#$ %)"&-.&#$ ,&$ #!,.$ 6(#$ -!,,2&#;$ W'$ ,A&?)#.&$ 6!2"$ 'A),#.(,.$ (2-2,$

(,.)-!"6#$#6+-)*)B2&$6!2"$-&$=&=4"&$%&$'($*(=)''&$i)-1$-&$B2)$&=6\-8&$%A)%&,.)*)&"$'&$"+#&(2$

."(,#-")6.)!,,&'$ &.$ '&#$ 73,&#$ -)4'&#$ %)"&-.&#$ %&$ -&$ *(-.&2";$  ($ 7+,+"(.)!,$ %A2,&$ ')7,+&$ %&$

-&''2'&#$#2"K&?6")=(,.$2,&$5&"#)!,$+.)B2&.+&$%&$i)-U$#&"().$2,&$#!'2.)!,$(*),$%&$"+(')#&"$G$ '($

*!)#$%&#$&?6+")&,-&#$%&$F8WHK#&B1$=()#$+7('&=&,.$%&#$&?6+")&,-&#$%&$-!K)==2,)6"+-)6).(.)!,1$

(*),$%A)%&,.)*)&"$'&#$6(".&,()"&#$6"!.+)B2&#$%&$i)-U$%(,#$-&$6"!-&##2#$%&$%)**+"&,-)(.)!,;$

L&$6'2#1$i)-U$&.$#!25&,.$(##!-)+$G$i)-/$%(,#$'($%)**+"&,-)(.)!,;$H"&=)3"&=&,.1$'&2"$6"!*)'$

%A&?6"&##)!,$&#.$#)=)'()"&$'!"#$%&$'($%)**+"&,-)(.)!,$,&2"!,('&$%&#$-&''2'&#$@[;$L&2?)3=&=&,.1$$

-&#$%&2?$=&=4"&#$%&$ '($ *(=)''&$i)-$#!,.$(##!-)+#$(5&-$ '&$#Q,%"!=&$%&$L(,%QKd('X&"$-8&D$

'A8!==&;$<!2#$,!2#$#!==&#$),.+"&##+#$%(,#$,!#$&?6+")&,-&#$#6+-)*)B2&=&,.$G$i)-U1$-("$#!,$

,)5&(2$%A&?6"&##)!,$+.().$#26+")&2"$G$-&'2)$%&$i)-/;$<+(,=!),#1$'&#$%&2?$73,&#$!,.$2,$6"!*)'$

%A&?6"&##)!,$#)=)'()"&$'!"#$%&$'($%)**+"&,-)(.)!,$,&2"!,('&;$e2&'$#&"().$'&$68+,!.Q6&$(##!-)+$G$

'($6&".&$%A&?6"&##)!,$%&$i)-/$f$W'$,AQ$($5)#)4'&=&,.$6(#$%&$"&%!,%(,-&$*!,-.)!,,&''&$&,."&$-&#$

%&2?$73,&#1$62)#B2&$'($6&".&$%A&?6"&##)!,$%&$i)-U$&,."(),&$2,&$%)=),2.)!,$%&$'A&?6"&##)!,$%&$

i)-/;$ &$#)'&,-),7$%&$i)-/$6!2""().$,!2#$6&"=&.."&$%&$#(5!)"$#)$'A),5&"#&$&#.$+7('&=&,.$5+")*)+1$

&.$%&$-!=6"&,%"&$2,$6&2$6'2#$#6+-)*)B2&=&,.$'($*!,-.)!,$%&$-&#$%&2?$=&=4"&#$%&$'($*(=)''&$

i)-;$  &#$ =!%3'&#$ (,)=(2?$ %&$ =2.(,.$ %&$ i)-U$ &.$ i)-/$ #&$ =2'.)6')&,.$ C?+,!6&1$ .&'&!#.1$

D&4"(*)#81$=+%(X(E$=()#$ 'A)%&,.)*)-(.)!,$ %&#$ #+B2&,-&#$ "&-!,,2&#$ 6("$ -&#$ %&2?$ *(-.&2"#$i)-$

,A&#.$G$-&$>!2"$6(#$"+(')#+&;$$



 Discussion 

 

 

 

139 

 

K) 8'0 5140+'54"=0 L 125--+&$<0 10'4"="+510 M 10 #F#4N:0 O+"#-+GO5#P 

L&62)#$'&#$%&",)3"&#$(,,+&#1$%&$,!25&''&#$.&-8,)B2&#$!,.$6&"=)#$2,&$(5(,-+&$)=6!".(,.&$

%(,#$'($=!%)*)-(.)!,$&.$'A+%).)!,$%2$7+,!=&$%&$6'2#)&2"#$!"7(,)#=&#;$L)**+"&,.#$#Q#.3=&#$!,.$

+.+$ 2.)')#+#$ (*),$ %&$ -)4'&"$ -&#$=!%)*)-(.)!,#$ %(,#$ '&$ 7+,!=&;$ &#$ ,2-'+(#&#$ G$ %!)7.$ %&$i),-$

Cij<$g$i),-$j),7&"$<2-'&(#&E1$ '&#$,2'-+(#&#$JM @<$CJ"(,#-")6.)!,$M-.)5(.!"K )X&$@**&-.!"$

<2-'&(#&E1$ &.$ 6'2#$ "+-&==&,.$ '&#$ ,2-'+(#&#$ %&$ .Q6&$ FIW[HIKF(#V$ CFIW[HI$g$ F'2#.&"&%$

I&72'("'Q$W,.&"#6(-&%$[8!".$H('),%"!=)-$I&6&(.#E$!,.$+.+$2.)')#+&#$C6!2"$"&52&$Ck(>1$k&"#4(-8$

&.$(';$:NUaE;$$

 A(66"!-8&$'&,.)5)"('&$B2&$,!2#$(5!,#$=)#&$&,$]25"&$6&"=&.$%A!4.&,)"$2,&$')7,+&$#.(4'&$

6"+#&,.(,.$ 2,&$ "+%2-.)!,$ %&$ 'A&?6"&##)!,$ %2$ 73,&$ -)4'+;$ <!2#$ (5!,#$ 52$ (2$ -!2"#$ %&$ ,!#$

&?6+")&,-&#$ B2&$ -&..&$ #.(4)').+$ +.().$ .!2.&*!)#$ "&'(.)5&1$ 62)#B2&$ -&..&$ 6&".&$ %A&?6"&##)!,$ 6&2.$

\."&$=!),%"&$B2(,%$'&$.&=6#$%&$'A&?6+")&,-&$#&$"(''!,7&;$L&$6'2#1$B2)$%).$6&".&$%A&?6"&##)!,1$

%).$ +7('&=&,.$ &?6"&##)!,$ "+#)%2&''&;$ M),#)1$ )'$ "&#.&"($ .!2>!2"#$ 2,&$ *()4'&$ &?6"&##)!,$ %&$ '($

6"!.+),&$-)4'+&1$-&$B2)$6&2.$&?6')B2&"$%&#$&**&.#$68+,!.Q6)B2&#$=!),%"&;$$

L(,#$2,$6"&=)&"$.&=6#1$'A(66"!-8&$6("$FIW[HIKF(#V$6!2""().$\."&$2.)')#+&$(*),$%&$"+(')#&"$

%&#$')7,+&#$%&$-&''2'&#$@[$ST$6!2"$'&#$*(-.&2"#$9",:$&.$i)-U;$ A(4#&,-&$.!.('&$%&$'A&?6"&##)!,$

%&$-&#$%&2?$6"!.+),&#$6&"=&.."().$#(,#$%!2.&$%A)%&,.)*)&"$%&#$73,&#$-)4'&#$#266'+=&,.()"&#1$B2)$

,A+.().$ 6(#$ #)7,)*)-(.)5&=&,.$ %+"+72'+#$ %(,#$ 'A(66"!-8&$ '&,.)5)"('&;$ L&$ 6'2#1$ -!==&$ >&$ 'A()$

%+-").$ 6"+-+%&==&,.1$ 7+,+"&"$ 2,&$ ')7,+&$ ST$ 6&"=&.."().$ +7('&=&,.$ %A+.2%)&"$ '&$ "R'&$ %&$ '($

68!#68!"Q'(.)!,$ %&$ 9",:;$ I+&?6")=&"$ %(,#$ 2,&$ ')7,+&$ ST$ #!).$ '($ 5&"#)!,$ #(25(7&1$ #!).$ '($

5&"#)!,$=2.+&$ (2$,)5&(2$%&#$ #).&#$%&$68!#68!"Q'(.)!,$,!2#$ ()%&"()$ G$ -!=6"&,%"&$ '&$ "R'&$%&$

-&..&$68!#68!"Q'(.)!,;$L&$6'2#1$-&$#Q#.3=&$,&$6&"=&.$6(#$2,)B2&=&,.$%&$7+,+"&"$%&#$')7,+&#$

ST1$ =()#$ +7('&=&,.$ %A+%).&"$ '&#$ 73,&#$ &.$ %&$ -"+&"$ 2,&$ =2.(.)!,$ #6+-)*)B2&;$ W'$ #&"().$ ('!"#$

6!##)4'&$%&$=!%)*)&"$%)"&-.&=&,.$ '($#+B2&,-&$7+,)B2&$%&$9",:$(*),$%A&?6")=&"$2,&$6"!.+),&$

l$&,%!73,&$m$,&$6!25(,.$6(#$\."&$68!#68!"Q'+&;$$

H!2"$ *),)"1$ )'$&#.$(##&D$%)**)-)'&$(5&-$ 'A(66"!-8&$ '&,.)5)"('&$%A)=(7),&"$2,$%!24'&$5!)"$2,$

.")6'&$ #)'&,-),7;$  &$ #Q#.3=&$ FIW[HIK-(#V$ ($ "+-&==&,.$ 6&"=)#$ %A(7)"$ #2"$ -),B$ 73,&#$ &,$

6("(''3'&$%(,#$2,&$')7,+&$%&$-&''2'&#$@[$Cd(,71$n(,7$&.$(';$:NUaE;$F&..&$(66"!-8&$6&"=&.."().$

('!"#$%&$"+(')#&"$2,&$%!24'&$ ),(-.)5(.)!,$%&$9",U$&.$9",:1$5!)"$=\=&$2,&$ .")6'&$ ),(-.)5(.)!,$

9",U1$ K:1$ KY;$ W'$ &,$ 5($ %&$=\=&$ 6!2"$ '&#$ *(-.&2"#$ %&$ '($ *(=)''&$ i)-1$ i)-U$ &.$ i)-/;$L&$ 6'2#1$

-!==&$>&$'A()$+5!B2+$6"+-+%&==&,.1$,!2#$(5)!,#$&##(Q+$6("$(66"!-8&$'&,.)5)"('&$%&$-)4'&"$%&$
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,!=4"&2?$ (2."&#$ *(-.&2"#$ %&$ ."(,#-")6.)!,$ .&'$ B2&$ c&#a$ &.$ c&#Y1$ k4?:1$ L4?U1$ ^#?U1$ '&#$

=&=4"&#$ %&$ '($ *(=)''&$ W"?$ CW"?U1$ Ka1$ KYE$ =()#$ #(,#$ "+#2'.(.$ -!,-'2(,.;$ F&..&$ (4#&,-&$ %&$

"+#2'.(.#$6&2.$#A&?6')B2&"$6("$2,&$=(25()#&$"+%2-.)!,$%&$'A&?6"&##)!,$6("$(66"!-8&$'&,.)5)"('&$

!2$6("$2,&$"&%!,%(,-&$*!,-.)!,,&''&$&,."&$'&#$%)**+"&,.#$=&=4"&#$%A2,&$*(=)''&;$ A2.)')#(.)!,$

%2$#Q#.3=&$FIW[HIK-(#V$6!2""().$6('')&"$G$-&#$6"!4'3=&#$&.$6&"=&.."&$%&$-!=6"&,%"&$'&$"R'&$

%&$ ,!=4"&2?$ *(-.&2"#$ %&$ ."(,#-")6.)!,$ %(,#$ '($ %)**+"&,-)(.)!,$ ,&2"!,('&$ %&#$ -&''2'&#$ @[$
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Q&R 4<0 S?SGSTS <040+&3":0+ +0$&U'"V0# 4<0 U0'&:0 

 !"#$%&'()%*+&,%-&./&%*0&1(2$*&3%#$04-*5&

&

3/6%(78/*7&-9&:;*<7$-*%"&=/*-8$<4&%*0&>%*</(&

1*47$7;7&0/&=?*?7$@;/&/7&0/&A$-"-B$/&C-"?<;"%$(/&/7&

>/"";"%$(/D&

>EF G1E HFCG'3 D&

I&F;/&J%;(/*7&:($/4+&

KLMNM&1""O$(<P&>?0/QD&

:(%*</D&
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&

5&,-&2P-8&<-((/46-*0/*</&4P-;"0&)/&%00(/44/0&

H&8%$"T&$(2$*[$B)8<D9(&

F;**$*B&,$7"/T&FRF&B/*-8$<&-<<;6%*<!&

\/!&2-(04T&]$7%8$*&3+&7P!(-$0&P-(8-*/+&/47(-B/*+&<P(-8%7$*&

$88;*-6(/<$6$7%7$-*D 

 



1. Introduction 

All-trans-retinoic acid (atRA) is the naturally active 

vitamin A metabolite known to exert a wide range of effects on 

vertebrate development and to play critical roles in the 

homeostasis and physiopathology of many adult tissues (Mark, 

et al., 2006, Mark, et al., 2009) (see the chapters of 

sections XX and XX). This simple molecule exerts most of its 

pleiotropic effects through interaction with three members of 

the nuclear receptor superfamily, the all-trans-retinoic acid 

receptors (RAR)  ,  , ! that heterodimerize with the retinoid X 

receptors (RXR) ",  , ! to act as RA-dependent transcriptional 

regulators that either activate or repress target genes 

(Rochette-Egly and Germain, 2009). Nuclear receptors are key 

molecules that can be targeted by synthetic drug molecules in 

human diseases such as cancer, psoriasis, osteoporosis, or 

type II diabetes.  

Nuclear receptors (NRs) share a common modular structural 

organization comprising an N-terminal domain variable in 

length and sequence harboring a ligand-independent activation 

function (AF-1), the conserved DNA-binding domain (DBD) and 

the C-terminal ligand-binding domain (LBD) that comprises the 

ligand-dependent activation function AF-2. The LBD is a key 

regulatory domain containing the ligand-binding pocket and 

multiple interaction surfaces for homo- or heterodimerization 

and interactions with corepressors, coactivators and other 

cofactors that participate in signal transduction to the basal 



transcriptional machinery (Perissi and Rosenfeld, 2005) 

(Bulynko and O'Malley, 2010) (see chapters XX and XX - 

Rochette-Egly, Moras). The mechanisms of NR function in 

general and RAR function in particular have come under intense 

study at both the structural and functional level. From this 

large body of work a general model proposes that the ability 

of NRs to modulate target gene transcription results from 

complex and dynamic interactions between the receptors and 

multiple coactivator/corepressor complexes. In the absence of 

ligand, many NRs associate with corepressor complexes with 

histone deacetylase activity (HDACs) that modify chromatin to 

establish and maintain a repressed transcriptional state 

(Glass, C. K. and Rosenfeld, 2000, Nagy, et al., 1999).  The 

presence of ligand induces a structural transition in the LBD 

leading to release of the corepressors and the formation of a 

novel interaction surface for coactivators including histone 

acetyl- and methyl-transferases, as well as chromatin 

remodelling complexes or components of the basal transcription 

machinery (Aoyagi and Archer, 2008). This general model holds 

true for many of the class I (acting independently of RXR) and 

class II (heterodimerizing with RXR) NRs, whereas orphan NRs 

with no identified ligand are rather thought to function as 

constitutive activators.  

In this brief chapter, we will not cover the extensive 

literature on the mechanisms of gene activation and 

repression, but rather discuss how high throughput genomics 



has helped to understand the first essential step in the whole 

gene regulatory process, namely how NRs in general and the 

RAR-RXR heterodimer in particular interact with the genome. 

 

2. Hormone response elements 

Nuclear receptors bind specific sequences on DNA called 

hormone response elements, either as homodimers such as the 

steroid hormone receptors [e.g. estrogen receptor (ER)], as 

heterodimers with RXR [e.g. RARs, vitamin D3 receptor (VDR) 

thyroid hormone receptor (TR) or peroxisome proliferator 

activated receptor (PPAR)], or more rarely as monomers. 

Amongst the NRs, the RXRs are unique as they can act both as 

homodimers or heterodimers, although there is evidence that 

RARs can form homodimers in vitro and perhaps function in an 

RXR-independent manner in testis Sertoli cells in vivo (Osz, 

et al., 2012, Vernet, et al., 2006). The NR DBDs comprise two 

coordinated zinc ions and two alpha helices arranged in a 

perpendicular fashion one of which, the recognition helix, 

makes extensive contacts within the major groove to mediate 

sequence specific DNA recognition (Khorasanizadeh and 

Rastinejad, 2001). An interesting feature of NRs is their 

ability to recognize DNA elements with diverse spacing and 

topologies. Class II NRs that bind as heterodimers with RXR 

recognize direct repeats (DR) of the consensus half site 

sequence 5�-RGKTCA-3� separated by 1-5 nucleotides (DR1-DR5). 

This was originally formulated as the 1-5 rule where RAR-RXR 



dimers bind DR1, DR2 and DR5, VDR-RXR binds DR3, TR-RXR binds 

DR4, while RXR homodimers also bind DR1 (Mangelsdorf, et al., 

1995, Umesono, et al., 1991). Indeed the first identified RA-

response elements (RAREs) correspond to DR2 and DR5 elements 

{de The, 1990 #8021}(Balmer and Blomhoff, 2005). In contrast, 

steroid receptor homodimers such as ER recognize inverted 

repeat elements spaced by 3 nucleotides (IR3) {Carroll, 2006 

#4222; Welboren, 2009 #4588}.  

 

3. VDR and TR occupy DR3 and DR4 elements in cultured cells 

While the first functional DR2 and DR5 type RAREs were 

identified many years ago, the number of functionally 

characterized RAREs has remained limited until recently. A 

similar situation exists for vitamin D-response elements 

(VDREs) and thyroid hormone-response elements (TREs), where a 

small number of such elements have been characterized in the 

promoters of target genes, but their global nature and genome 

distribution were poorly investigated. The recent advent of 

genome-wide techniques for investigating transcription factor 

distribution such as chromatin immunoprecipitation coupled to 

array hybridization (ChIP-chip) or to deep sequencing (ChIP-

seq) allowed verification of the validity of the 1-5 rule for 

NRs on a genome wide scale.  

Genome-wide analysis of VDR-RXR binding by ChIP-seq in human 

lymphoblastoid cell lines identified 623 VDR binding sites in 

absence of ligand and more than 2700 in the presence of 



calcitriol, showing that the presence of ligand stimulated VDR 

genomic occupancy (Ramagopalan, et al., 2010). Calcitriol also 

stimulated the expression of 226 genes in these lines, of 

which 23% had a VDR binding site within 5 kilobase pairs (kb) 

of the transcription start site (TSS). Analysis of the VDR 

bound sequences showed a strong enrichment in DR3 elements 

with only a much smaller number of DR4 elements, but little or 

no representation of other spacing or topologies. Moreover, 

strongly occupied sites had a higher proportion of fully 

consensus elements compared to weaker occupied sites. The DR3 

is therefore a major element recognized by the VDR-RXR 

heterodimer in the genome (Fig. 8.1). 

A second study on genome-wide VDR localization was performed 

in THP1 monocytic leukemia cells (Heikkinen, et al., 2011). 

This independent analysis also revealed that VDR genome 

occupancy was strongly stimulated by ligand with a large 

increase in the number of binding sites in which DR3 was 

strongly enriched, and this despite the fact that exposure to 

ligand was short (40 minutes) in the case of Heikkinen et al., 

compared to 36 hours in the study of Ramagopalan et al. 

Nevertheless, comparisons of the two studies revealed that the 

repertoire of vitamin D3-regulated genes is rather distinct in 

the two cell models used (Carlberg, et al., 2012). Moreover, 

although the overall number of VDR-occupied sites was 

comparable in the two studies, after ligand stimulation only 

around 18% of the VDR occupied sites were common to the two 



cell types used. While some of this difference may be due to 

the different times of exposure to ligand, there must also be 

a significant degree of cell-specific occupancy by the VDR of 

its cognate elements, a phenomenon also seen for the RAR-RXR 

heterodimer (see below). 

A more surprising outcome from the comparison of the data 

sets is that while the DR3 is the only strongly enriched half 

site spacing, only around 30% of VDR-occupied sites comprise 

DR3s (Carlberg, et al., 2012). This fraction drops to only 14% 

of the sites that are occupied in the absence of ligand. De 

novo motif searches at the sites lacking DR3 elements failed 

to reveal other highly represented sequence motifs that would 

act as VDR binding elements. Thus, how VDR binds to sites 

lacking DR3 elements that constitute a large proportion of the 

overall repertoire remains to be fully determined. 

The genome wide distribution of the TR"1 and TR 1 receptors 

has also been investigated in C17.2 neural cells using a 

variation of ChIP-seq (ChAP-seq) that uses affinity 

purification of the tagged receptors to identify their binding 

sites (Chatonnet, et al., 2013). This analysis identified 

around 1000 sites selectively bound by TR"1, but only 16 bound 

specifically by TR 1 and 395 bound by both receptors. Analysis 

of the bound sequences identified DR4 as the only enriched 

spacing and topology, although previous studies had suggested 

that IR0 and ER (everted repeat) 6 may also act as TREs 



(Desvergne, 1994, Glass, C.K., et al., 1988). Interestingly, 

while the occupied DR4 elements conform well to the consensus 

sequence, the T in position 4 of the second half site bound by 

the TR is poorly conserved, when compared to the DR3 bound by 

VDR, suggesting that this nucleotide is not an important 

determinant of recognition by the TR as it is for other NRs 

(Fig. 8.1). Integration of the genome occupancy data with gene 

expression profiling in the presence and absence of thyroid 

hormone revealed that a vast majority of the induced genes 

displayed DR4-containing bound sites within 30 kb of the TSS. 

In contrast, no correlation of TR genome occupancy with down-

regulated genes was observed, suggesting that in these cells 

TRs act uniquely as transcriptional activators. Moreover, this 

analysis showed that receptor selective transcription 

regulation does not evidently correlate with receptor 

selective genome occupancy. These results confirm that DR4 is 

the most enriched element recognized by the TR-RXR heterodimer 

in the genome. 

 

4. PPAR and LXR prefer non-consensus elements 

While the VDR- and TR-RXR heterodimers preferentially bind 

the consensus DR3 and DR4 motifs, respectively, other NRs bind 

much more degenerate motifs. Genome wide profiling of PPAR! in 

3T3L1 cells induced to differentiate into adipocytes shows 

that occupied sites are enriched in a highly degenerate DR1 

motif (Nielsen, et al., 2008) (Fig. 8.1). A similar conclusion 



was drawn from genome-wide profiling of PPAR" in mouse liver 

that again revealed a degenerate DR1 as the preferred site for 

PPAR-RXR heterodimers (Boergesen, et al., 2012). Analysis of 

LXR-RXR heterodimer binding in mouse liver revealed enrichment 

of DR4 previously suggested as a response element for LXR-RXR 

heterodimers (Apfel, et al., 1994). Comparison of the DR4 

elements bound by TR-RXR and by LXR-RXR indicates that the 

LXR-occupied sites show a more degenerate consensus sequence 

compared to TR (Fig. 8.1). In addition however, LXR-RXR also 

bound DR1, and to a lesser extent IR1 and ER2 elements. Many 

sites bound by LXR-RXR are also bound by RXR in livers of LXR 

knockout mice, thus in absence of the LXR receptor. These 

sites are enriched in degenerate DR1 elements and are also 

occupied independently by the PPAR-RXR heterodimer. The 

binding of the LXR-RXR and PPAR-RXR heterodimer to a number of 

shared sites results in cross-talk between the two signaling 

pathways in terms of gene expression, where agonists of PPAR" 

can diminish the effect of LXR agonists on genes with shared 

binding sites. Similarly, many of the shared PPAR-LXR-RXR-

occupied sites are also binding sites for the NR HNF4" in 

liver. The consensus binding sequence for PPAR" derived from 

these experiments is in fact very similar to the consensus 

derived for HNF4" (Schmidt, et al., 2010) (Fig. 8.1). HNF4" is 

one of the most promiscuous binders amongst the NRs and 

amongst transcription factors in general, with up to 60000 



occupied sites in the genome. Interestingly, a comparison of 

HNF4" genomic occupancy in the livers from many species (a 

study known as �zoo-ChIP�) revealed the existence of sites 

that are occupied in many species, and those that are specific 

for a given species (Schmidt, et al., 2010). This type of 

study provides insights into the co-evolution of transcription 

factor binding and gene regulation.  

Hence, while genome-wide studies confirm that consensus DR3 

and DR4 elements are the preferred binding elements for the 

VDR- and TR-RXR heterodimers, they show that the PPAR- and 

LXR-RXR heterodimers rather bind to more degenerate non-

consensus binding elements in cells and tissues. They also 

reveal that cross-talk between the PPAR- and LXR-mediated 

signaling pathways takes place at the level of DNA binding 

through the competitive occupancy of these receptors of common 

degenerate DR1 elements.  

 

5. Genomic binding of the RAR-RXR heterodimer 

As mentioned above, RAREs were first defined as DR2 and DR5 

elements. Nevertheless, initial in vitro studies suggested 

that RAR-RXR can bind other DR-spacing (Mader, et al., 1993) 

and, thus, the diversity of spacing and topology in the 

repertoire of genomic elements bound by the RAR-RXR 

heterodimer may be much more complex than seen for other NRs. 

Genome-wide occupancy by the RAR-RXR heterodimers has been 



investigated in several model systems both by ChIP-chip and by 

ChIP-seq. 

 

5.1. Anatgonism between RA and estrogen signaling in breast 

cancer cells. In a first genome-wide study, the binding of 

RARs in MCF7 breast cancer cells was investigated. In breast 

cancer cells, RA negatively regulates cell proliferation and 

can induce the expression of pro-apoptotic genes. In contrast, 

activation of the ER by estrogen promotes proliferation and 

survival of breast cancer cells. To understand these 

antagonistic effects, a large scale ChIP-chip study was 

performed using eGFP tagged RAR" and RAR! expressed from 

integrated BAC transgenes in MCF7 cells (Hua, et al., 2009). 

This approach allowed identification of a large set of sites 

co-occupied by both receptors with only a smaller number of 

sites occupied in an isotype-specific manner. Analysis of the 

DNA sequences at the occupied sites revealed that the most 

commonly represented motif was DR5. Nevertheless, enrichment 

in DR0, DR1, DR10, IR0, ER8 and ER2 were also observed, 

suggesting that the RAR-RXR heterodimer can bind to a diverse 

set of spacing and topologies. 

Comparison of these data sets with ChIP-chip datasets for ER 

in the same cells indicated a large overlap between the ER and 

RAR occupied sites. At genes that are antagonistically 

regulated by RA and estrogen, 71% of the ER and RAR binding 

sites overlap such that one of the half sites is shared, 



leading to competitive binding between the two cognate 

receptors, thus accounting for the antagonistic regulatory 

effects (Hua, et al., 2009), a situation similar to what is 

seen for PPAR" and LXR as described above.  At other genes 

however, the RAR and ER binding sites do not directly overlap, 

suggesting that the antagonistic effects results from long-

range interactions between the two receptors. These 

observations provide molecular mechanisms to explain the 

antagonistic effects of RA and estrogen on the physiological 

properties of breast cancer cells. This approach has then been 

extended to 24 NRs and a large number of other transcription 

factors, providing a more integrated model of the gene 

regulatory networks that govern the properties of breast 

cancer cells (Kittler, et al., 2013).  

5.2. Cell-specific genomic occupany by RAR-RXR. 

RA has pleiotropic effects in cells cultured in vitro and in 

tissues in vivo. For example, RA acts to induce cell cycle 

arrest in MCF7 cells or cell lines and blasts from patients 

with acute promyelocytic leukemia harboring a PML-RAR" 

translocation (details in chapter XX de Thé). ChIP-seq studies 

of the PML-RAR fusion protein in such cells indicate binding 

to a wide variety of DR, IR and ER elements, suggesting that 

the fusion protein has a more relaxed DNA binding specificity 

than native RAR" (Martens, et al., 2010). In contrast, RA 

signaling promotes hepatocyte proliferation and hepato-



carcinogenesis in livers of mice lacking the RAR-corepressor 

TRIM24 (TIF1")(Khetchoumian, et al., 2007). In such animals, 

hepatocellular carcinoma (HCC) can be abrogated by 

inactivation of a single allele of the Rara gene, showing that 

de-regulated RA signaling has a pro-oncogenic effect in 

hepatocytes. In these cells, TRIM24 represses the activity of 

the RAR bound to DR2 and DR5 elements within the long terminal 

repeat of the VL30 class of endogenous retroviruses (Herquel, 

et al., 2013). Upon inactivation of TRIM24, the VL30 elements 

are expressed, followed by the reverse transcription of the 

VL30 derived RNA that then accumulates as single and double 

stranded cDNA within the cytoplasm of the hepatocytes, 

activating the interferon response genes to set up a chronic 

inflammatory state. In this way, RA signaling is converted 

into a chronic inflammatory signal that promotes HCC 

development.  

Another example where cross-talk between RA and other 

signaling pathways promotes cell growth is found in mouse 

embryonic fibroblasts (MEFs). In MEFs, RA activates the 

transforming growth factor beta (TGF ) signaling pathway to 

promote cell proliferation (Fadloun, et al., 2007). To better 

understand this cross-talk, ChIP-chip was performed in MEFs 

stably expressing hemagglutinin (HA)-flag tagged RAR" and 

RAR! (Delacroix, et al., 2010). These experiments identified a 

set of sites occupied by both RARs in the regulatory regions 



of critical effectors of the TGF  signaling pathway such as the 

TGF 3 ligand and the connective tissue growth factor (CTGF), a 

mitogen that cooperates with TGF  signaling to promote 

fibroblast proliferation. Thus, RARs directly activate 

critical components of the TGF  signaling pathway to promote 

cross-talk between the two pathways.  

 Analysis of the DNA bound by the RARs in these experiments 

surprisingly revealed very few DR1, DR2 and DR5 elements with 

fully consensus half sites. Instead, most sites comprised one 

or more mismatches with respect to the consensus (Delacroix, 

et al., 2010). Electrophoretic mobility shift assays (EMSA) 

showed that many of these non-consensus elements could 

directly bind RAR-RXR heterodimers and revealed the importance 

of the sequences of the half-sites, the spacers as well as the 

flanking regions. For example, the region upstream of the Inmt 

gene that is regulated by RA in MEFs comprises a non-consensus 

DR5 element 5�-GGGTCA-5-CAGTCA in which the highly conserved G 

in position 2 of the second half site (underlined) is mutated. 

EMSA with various mutant forms of this element shows that high 

affinity binding requires the presence of the GGG in the first 

half site as replacement with AGG or AGT leads to strongly 

decreased binding. In non-consensus elements, therefore, the 

presence of mutations in one half site imposes strong 

constraints in the sequence of the other half site. On the 

other hand, in the case of DR1 elements, the nature of the 



spacer nucleotide is critical as fully consensus elements with 

a G or A as spacer bind with much higher affinity than with a 

C spacer that has a strongly reduced affinity.  

One explanation for the pleiotropic effects of RA is that 

the RARs bind different sets of genomic sites and therefore 

regulate distinct target genes in different cells and tissues. 

This hypothesis was first shown experimentally by the 

comparison of the RAR bound sites in MEFs and in mouse 

embryonic stem (ES) cells. ChIP-chip in undifferentiated ES 

cells identified 462 RAR-bound sites and comparison with the 

354 sites bound in MEFs showed only 58 that were commonly 

occupied in both cells types (Delacroix, et al., 2010). Thus, 

cell-specific occupancy of RAREs results in the regulation of 

different sets of target genes in these two cell lines. 

Although differences in chromatin organization may play an 

important role in regulating accessibility of sites to the 

RARs, the full molecular mechanisms that determine cell-

specific genome occupancy remain to be determined.  

5.3 RAR-RXR binding elements show diverse spacing and 

topology 

As mentioned above, the RAR-occupied sites identified by 

ChIP-chip experiments comprised surprisingly few canonical 

DR1, 2 or 5 elements. This may be accounted for by the 

presence of DR1, DR2 or DR5 elements with non-canonical half 

site sequences or elements comprising half sites with non-

canonical spacing and topology. Indeed, pre-genomic in vitro 



studies had suggested that RAR-RXR may bind to RAREs with 

other DR-spacing (Mader, et al., 1993). To address this issue 

on a much larger data set, ChIP-seq was used to profile RAR 

occupancy in ES cells grown as embryoid body precursors 

engaged in neuronal differentiation, and in F9 embryonal 

carcinoma cells (Moutier, et al., 2012). ES cells grown as 

embryoid bodies (EBs) and treated for 4 days with all-trans-RA 

(hereafter abbreviated RA) can be differentiated into a highly 

homogeneous population of glutaminergic neurons (Bibel, et 

al., 2007), whereas RA-treated F9 cells differentiate into 

primitive endoderm-like cells (Linder, et al., 1981). 

RAR ChIP-seq in EBs treated for 2 hours with RA identified 

13385 RAR occupied loci (Moutier, et al., 2012). Analysis of 

the bound sequences showed that DR0 is the most represented 

spacing, followed by DR2, DR5, and DR8 together with IR0 and 

IR9. DR0, not the canonical DR5, is thus the most highly 

represented DR element at RAR-occupied loci in EBs and this 

holds true irrespective of whether the sites are strongly or 

more weakly occupied. In addition, the more strongly occupied 

sites showed a higher proportion of elements, irrespective of 

spacing, with fully consensus half sites than weaker occupied 

sites. Thus unlike, PPAR-RXR and LXR-RXR described above, RAR-

RXR preferentially bind elements with consensus half sites. In 

F9 cells treated for 2 hours with RA, more than 32000 RAR-

occupied loci could be identified. Analysis of the top 13385 

peaks showed that around 70% were also occupied in EBs and 



consequently that DR0 is the most frequently occupied motif 

followed by DR2, DR5, DR8, DR1, IR9 and IR0.  

EMSA and isothermal titration calorimetry experiments with 

purified recombinant RAR-RXR confirmed that RAR-RXR binds 

directly to DR0, IR0 and DR8 with affinities comparable to 

that of the canonical DR5. More surprisingly, high affinity 

binding was also observed using a set of �pseudo DR0� elements 

identified from the ChIP-seq data where the second half site 

strongly diverges from the consensus sequence (Fig. 8.1).  

The above study revealed that DR8 was a novel element 

frequently occupied by RAR in both EBs and F9 cells. This was 

unexpected as only little evidence existed for the presence of 

such elements at RA-regulated genes (Chang, et al., 

2006)(Bouterfa, et al., 1995). These elements can be 

classified as simple DR8s where the two half sites are 

separated by 8 nucleotides, or composite DR8s that are formed 

from the juxtaposition of a DR2 and DR0 with the two outermost 

half sites forming the DR8 (Fig. 8.1). In vitro, RAR-RXR bind 

the DR2 and DR8 spacing of the composite elements with high 

affinity, while the DR0 shows a lower binding (Moutier, et 

al., 2012). In contrast, in EBs the DR2 and DR0 are 

preferentially occupied compared to the DR8 (Moutier, et al., 

2012). The significance of this specific half-site 

organization is at present unknown, but one hypothesis is that 

an RAR-RXR heterodimer may bind to the DR2 or DR0, allowing an 

orphan receptor monomer to simultaneously bind the additional 



5� or 3� half site. A similar situation exits for the IR9, 

most of which appear to be composite elements formed from a 

DR0 and an IR3 in which the second half site of the DR0 is the 

first half site of the IR3 and the two outermost sites form 

the IR9 (Fig. 8.1).  

5.4 Allosteric regulation of RAR-RXR function by the DNA 

binding element. 

The results of these various studies of RAR-RXR genomic 

occupancy indicate that the RAR-RXR heterodimer can bind in 

vivo to a wider variety of half site spacing than other NRs. 

As discussed above, VDR-RXR exhibits a strong specificity for 

DR3, TR-RXR for DR4 (Ramagopalan, et al., 2010), and PPAR-RXR 

for degenerate DR1 (Nielsen, et al., 2008). The increased 

flexibility of the RAR-RXR dimer may be explained by the lack 

of defined secondary structure of the hinge connecting the 

DNA-binding (DBD) and ligand-binding (LBD) domains of the RAR 

and RXR (Rochel, 2011). In contrast, the "-helical structure of 

the corresponding hinge region in VDR and TR likely impose a 

constraint on half-site spacing (Orlov, et al., 2012, Rochel, 

2011).  

What are the biological consequences of this increased 

flexibility in DNA recognition? Functional analysis of these 

different elements indicates that DR1, DR2, DR5, DR8, IR0 and 

IR9 all act as independent RAREs capable of activating 

expression from a minimal promoter in the presence of RA 

(Moutier, et al., 2012). In contrast, DR0 elements do not 



activate transcription in this assay. These observations 

strongly suggest that the nature of the DNA binding element 

exerts an allosteric control on the transcriptional activity 

of the heterodimer such that it is transcriptionally active 

when bound to elements such as DR5 or DR8, but not when bound 

to DR0. The use of such artificial reporters does not exclude 

the possibility that RAR-RXR bound to DR0 elements in their 

native context may function as transcription activators due to 

synergistic interactions with other transcription factors. 

They nevertheless highlight the different transcriptional 

properties of the RAR-RXR when bound to different response 

elements. These observations reinforce previous examples of 

allosteric control of RAR-RXR function (Kurokawa, et al., 

1994) and are reminiscent of those showing that the DNA 

binding element can act as an allosteric regulator of 

glucocorticoid receptor (Meijsing, et al., 2009). 

Crystal structures of several NR DBDs and LBDs in presence 

and absence of ligand have been obtained more than 15 years 

ago, however a major challenge has been to understand the 

overall conformation of the heterodimers when bound to DNA 

elements (see chapter XX Moras).  This technical challenge has 

only been resolved in recent years both by small angle X-ray 

scattering (SAXS) and cryo-electron microscopy. The use of 

these techniques revealed the organization of the RAR-RXR 

bound to DR1, DR2 and DR5 and of VDR-RXR bound to DR3 (Orlov, 

et al., 2012, Rochel, 2011). In the case of RAR-RXR these 



experiments confirm previous results showing that when bound 

to DR5 the RAR occupies the 3� half-site, but when bound to 

DR1, RAR occupies the 5�half-site. Despite this switch in DNA 

recognition, the heterodimer adopts a very similar extended 

asymmetric conformation in the two situations due to the 

flexibility of the hinge region. This raises the question of 

the conformation of the RAR-RXR heterodimer on DR0, IR0 and 

DR8 elements. Namely, which receptor binds the 5� and 3� half 

sites in each configuration, and how does the nature of the 

binding element affect overall receptor conformation to 

modulate co-regulator positioning and its transcriptional 

properties? Future biophysical and structural experiments will 

precisely define the conformation of the RAR-RXR heterodimer 

bound to these different elements, highlighting the 

conformational changes that occur and how they modulate 

transcriptional properties.  

Another important and outstanding question concerns the 

physiological significance of this diversity of binding 

elements. Does it matter whether a given promoter or enhancer 

contains a DR5 or an IR0, are these and the other RAR-occupied 

elements interchangeable to some extent? In artificial 

reporter assays there are no obvious differences, with the 

exception of the transcriptionally silent DR0, but it is 

possible that in the native context the ability of the RAR-RXR 

heterodimer to interact correctly with other transcription 

factors is modulated by the nature of the binding element to 



fine tune the RA response. Testing this idea is challenging as 

ultimately it would require replacement of a given element 

with another by homologous recombination within an animal's 

genome, to test the importance of such a change on the RA 

response in vivo.  

 

6. Summary and conclusions 

Studies of NR binding to their response elements have 

evolved from the original �one by one� gene/promoter approach 

in the pre-genomic era to global genome-wide studies. Early 

studies on a limited number of target genes showed that many 

hormone response elements comprise combinations of half-site 

sequences with various spacing and topologies. These examples 

were used to derive rules for DNA recognition that allow 

discrimination of regulatory elements by different receptors.  

In this short chapter we have discussed how these rules 

have stood up to the test of high throughput genomics. Many of 

the pre-genomic rules and findings have stood the test of 

going genome-wide. This is globally the case for the ER, VDR-

RXR and TR-RXR, that preferentially occupy the predefined IR3, 

DR3 and DR4 elements respectively, although a subclass of VDR 

occupied sites do not contain DR3 elements and how these sites 

are recognized remains to be understood. In contrast, for 

other NRs like PPAR and LXR genome-wide studies revealed a 

preference for non-canonical sites, whereas RAR-RXR prefer 

elements with canonical half sites. Lastly, for the RAR-RXR 



heterodimer a surprising diversity of elements is occupied 

that reveal its flexibility.  

One outstanding question is the biological significance of 

the binding site diversity for RAR-RXR. Simple reporter assays 

revealed allosteric control of RAR activity by the DNA binding 

element raising the possibility that the different types of 

elements may not be fully interchangeable and that the nature 

of the elements(s) at a given RAR-RXR target gene may play an 

essential role in the fine-tuning of RA-signaling. Future 

studies should reveal whether this is indeed the case 
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Legend to figure. 

Figure 1. Elements occupied by different nuclear receptors. 

The figure shows the sequence logo of the most enriched 

elements occupied by the indicated nuclear receptors. The 

half-site consensus motifs (initially defined as 5�-RGKTCA-3�, 

with R standing for a purinic [A or G] and K for a keto [G or 

T] nucleotide) are indicated by arrows. In the case of the 

elements occupied by RAR-RXR, the consensus sequences for the 

DR0, DR8 and IR9 elements were derived from the highest 

occupied sites of each class, while the DR5 sequence was 

derived from the total data set. As a result, the DR5 element 

appears to be more degenerate. This illustrates the 

observation that elements with consensus sequences tend to 

show higher occupancy than more degenerate elements. Each 

sequence logo was adapted from results reported in the 

indicated references.  

 



B
it

s

DR0

0

1

2

G
A

G
AG

A G
GA G

A GA GGGG A A ATT TTC ATCC

B
it

s

0

1

2

B
it

s

0

1

2

B
it

s

0

1

2

G
GAG

A

G
G

GA

G
G

G
GA

G
A

G

G

G

A

G
A

G G
A A

G
GA A

G
A GG

G

G
A

GGA

A

A AA

A

ATT

T T
T

T

T

T
TT

G
A A
T

T TA
T

T

ATCC

C

C C
A
C

C

CC
T
CC

G
C

G
C

DR3

DR1

B
it

s

0

1

2

G G
A A AG G

T
G GGG

GAG GGA A
T A

T
CC

C CC

T
T

T

T
T T

B
it

s

0

1

2

G
AG G G

GGGA
A GGA A

A

G
T T

A
T
CC

C C CCC

DR4

T T
T

T

B
it

s

0

1

2

G

G
GGGGA GA

AA
G
AG

T A A
A

ATC C
CCT

G

C CCCC C

A
C C

DR0
IR9

IR3

Receptor

VDR-RXR

TR-RXR

PPAR-RXR

LXR-RXR

RAR-RXR

HNF4 

Consensus motif(s) Reference

Ramagopalan et al., 2010

Chatonnet et al., 2013

Nielsen et al., 2008

Boergesen et al., 2012

Schmidt et al., 2010

Moutier et al., 2012

B
it

s

0

1

2

G
G

G
GG GGAG

A

A AG
G

A GAT
TT TT

TT
ACC

C

B
it

s

0

1

2

G
GG G

G
G

G
A A

A AG
GA

TT T
TTT TACC

C
C

DR4

B
it

s

0

1

2

G G G
G

A AG G

A G A ATT TTT A A
A

CC
A

T
C T

T
CCCA

T

C C

Pseudo DR0

DR5

DR0DR2
DR8



 

 

 

Publication annexe 

n°2 

 

  



 Annexe 

 

 

 

169 

 

 !"#"$#%& '%#(&  !%!)*$+,&  !%$-"#.!& */!& 0$1,!& 2!"$3!&

4/+$1-/& 5#"(#"-& 67!3!"*,& 8#*/& (#9!+,!& :);%#"-& ;"(&

4$)$7$-<&

Emmanuel Moutier*, Tao Ye*, Mohamed!Amin Choukrallah
1
, Sylvia Urban, Judit Osz, Amandine 

Chatagnon
2
, Laurence Delacroix

3
, Diana Langer, Natacha Rochel, Dino Moras, Gerard Benoit

2
, and 

Irwin Davidson#. 

 

Institut de Génétique et de Biologie Moléculaire et Cellulaire. 

CNRS/INSERM/UDS.  

1 Rue Laurent Fries, 

67404 Illkirch Cédex.  

France. 

FAX: 33 3 88 65 32 01. TEL: 33 3 88 65 34 40 (45) 

1. Friedrich Miescher Institute for Biomedical Research, Maulbeerstrasse 66, 4058 Basel, Switzerland. 

2. Centre de Génétique et de Physiologie Moléculaire et Cellulaire, UMR5534 CNRS, Université de 

Lyon 1, 43 Boulevard du 11 novembre 1918 F!69622 Villeurbanne Cedex, France. 

3. GIGA!Neurosciences, CHU, BAT B36 +1, 1 ave de l'Hôpital, 4000 Liège, Belgium. 

* These authors contributed equally to this study 

 

 



Retinoic Acid Receptors Recognize the Mouse Genome
through Binding Elements with Diverse Spacing
and Topology*□S

Received for publication, March 13, 2012, and in revised form, May 15, 2012 Published, JBC Papers in Press, June 1, 2012, DOI 10.1074/jbc.M112.361790

Emmanuel Moutier‡1,2, Tao Ye‡1,2, Mohamed-Amin Choukrallah§, Sylvia Urban‡, Judit Osz‡, Amandine Chatagnon¶,
Laurence Delacroix�, Diana Langer‡, Natacha Rochel‡, Dino Moras‡, Gerard Benoit¶, and Irwin Davidson‡3

From the ‡Institut de Génétique et de Biologie Moléculaire et Cellulaire, CNRS/INSERM/UDS, 1 Rue Laurent Fries, 67404 Illkirch
Cédex, France, §Friedrich Miescher Institute for Biomedical Research, Maulbeerstrasse 66, 4058 Basel, Switzerland, ¶Centre de
Génétique et de Physiologie Moléculaire et Cellulaire, UMR5534 CNRS, Université de Lyon 1, 43 Boulevard du 11 Novembre 1918
F-69622 Villeurbanne Cedex, France, and �GIGA-Neurosciences, CHU, BAT B36 �1, 1 Ave de l’Hôpital, 4000 Liège, Belgium

Background: Retinoic acid receptors (RARs) heterodimerize with retinoid X receptors (RXRs) to regulate gene expression.

Results:This heterodimer recognizes the genome via a large and diverse repertoire of direct and inverted repeat DNA elements.

Conclusion: The observed diversity of binding elements changes the paradigm of how RAR-RXR recognizes the genome.

Significance: Half-site spacing in the DNA binding element allosterically regulates RAR function.

Retinoic acid receptors (RARs) heterodimerize with retinoid X

receptors (RXRs)andbindtoRAresponseelements (RAREs) in the

regulatory regions of their target genes. Although previous studies

on limited sets of RA-regulated genes have defined canonical

RAREs as direct repeats of the consensusRGKTCAseparatedby 1,

2, or 5 nucleotides (DR1, DR2, DR5), we show that in mouse

embryoid bodies or F9 embryonal carcinoma cells, RARs occupy a

large repertoire of siteswithDR0,DR8, and IR0 (inverted repeat 0)

elements. Recombinant RAR-RXR binds these non-canonical

spacings in vitrowith comparable affinities toDR2 andDR5.Most

DR8 elements comprise three half-sites with DR2 and DR0 spac-

ings. This specific half-site organization constitutes a previously

unrecognized but frequent signature of RAR binding elements. In

functional assays, DR8 and IR0 elements act as independent

RAREs, whereas DR0 does not. Our results reveal an unexpected

diversity in the spacing and topology of binding elements for the

RAR-RXR heterodimer. The differential ability of RAR-RXR

bound toDR0compared toDR2,DR5, andDR8 tomediateRA-de-

pendent transcriptional activation indicates that half-site spacing

allosterically regulates RAR function.

All-trans-retinoic acid (RA),4 the naturally active vitamin A
metabolite, exerts a wide range of effects on vertebrate devel-

opment and adult tissue homeostasis by regulating cell prolif-

eration, differentiation, and apoptosis (1–3). RA acts through

binding to three members of the nuclear receptor superfamily,

RAR� RAR�, and RAR�, that function as ligand-dependent

transcriptional regulators. RARs form heterodimers with reti-

noid receptors (RXRs �, �, and �) and bind to RA response

elements (RAREs) located in the regulatory regions of target

genes (4, 5). RAREs are classically described as direct repeats of

the consensus sequence 5�-RGKTCA-3� separated by 1, 2, or 5

nucleotides (for review, see Refs. 6–8).

We previously used chromatin immunoprecipitation (ChIP)

coupled with array hybridization (ChIP-chip) to identify RAR

occupied sites in mouse embryonic fibroblasts and in undiffer-

entiated embryonic stem cells showing that RAR occupancy of

target loci is cell type-specific (9). Analysis of these RAR-occu-

pied sites revealed that a majority did not comprise canonical

DR1, -2, or -5 elements. This paucity can in part be accounted

for by the fact that RAR-RXR bindsDR1, DR2, orDR5 elements

with non-canonical half-sequences. An additional possibility

that we did not address was the existence of DRs with non-

canonical spacings. Evidence for the use of alternate spacing

has previously been described (10), but their prevalence at

RAR-occupied loci has not been described. We have analyzed

ChIP-seq data sets from RAR occupancy in embryonic stem

cells grown as embryoid body precursors to neuronal differen-

tiation and from F9 embryonal carcinoma cells. We identify

DR0 as the most abundant RAR binding element, and we iden-

tify a novel composite DR8 as a common but previously unrec-

ognized RARE. Our results reveal an unexpected diversity in

the spacing and topology of the DNA binding elements that is

unique for the RAR-RXR heterodimer.
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EXPERIMENTAL PROCEDURES

ChIP and ChIP-seq—ChIP and ChIP-seq experiments were
performed on chromatin from murine embryonic stem cells
grown as embryoid bodies for 4 days in the absence of RA and
then treated for 2 h with all-trans-retinoic acid as previously
described (9, 11, 12). Further details are provided in the supple-
mental Experimental Procedures. ChIP-seq was performed
using the panRAR antibody (Sc-773, Santa Cruz Biotechnol-
ogy) and sequenced on an Illumina GAIIx sequencer, and the
raw data were analyzed by the Illumina Eland pipeline V1.7 or
V1.8 and aligned to the genome with Bowtie. Peak detection
was performed using the MACS software (13) under settings
where an anti-GFP ChIP from the embryoid bodies was used as
a negative control. Peaks were then annotated usingGPAT (14)
with a window of �20 kb with respect to the coordinates of the
beginning and end of Ensembl genes (release 64). Cluster com-
parison of ChIP-seq data sets was performed with seqMINER
(15). F9 embryonal carcinoma cells were grown under standard
conditions and treated with 10�6

M RA for 2 h before ChIP-seq
with the panRAR antibody.5 ChIP-seq analysis and annotation
was performed as described above.
ElectrophoreticMobility Shift Assay—EMSAassayswere per-

formed essentially as previously described (9) using purified
bacterial recombinant RAR��AB-RXR��AB as described
(16). The RAR binding elements in each oligonucleotide were
centered and surrounded by their native flanking sequences.
The sequences of the oligonucleotides are available on request.
After electrophoresis, the gels were dried and exposed to auto-
radiographic film or a PhosphorImager plate.
Isothermal TitrationCalorimetry (ITC)—ITCmeasurements

were performed at 25 °C on a MicroCal ITC200 (MicroCal).
Double-strandedDNAandpurified proteins bound to 9-cis-RA
were dialyzed extensively against the same buffer used in the
ITC experiments. The buffer contained 50 mM Hepes, pH 8.0,
100 mM sodium chloride, 2% glycerol, and 1 mM Tris(2-car-
boxyethyl)phosphine. In a typical experiment 2-�l aliquots of
DNA at 80–150 �Mwere injected into a 10 �M RAR-RXR solu-
tion (200-�l sample cell). The delay between injections was 120
to 180 s to permit the signal to return to base line before the
next injection. ITC titration curves were analyzed using the
softwareOrigin 7.0 (OriginLab). Standard free energies of bind-
ing and entropic contributions were obtained, respectively, as
�G � �RT ln(Ka) and T�S � �H � �G from the Ka and �H
values derived from ITC curve fitting.
Bioinformatics Analysis—The 150 nucleotides surrounding

the ChIP-seq peaks were analyzed using a custom JAVA API
application to detect perfect consensus 5�-RGKTCA-3� half-
sites with the different spacings. Analysis of the 150-bp regions
from ChIP-seq peaks where no canonical DR elements were
found using the MEME program (17) identified the pseudo-
DR0 consensus. MEME analysis was also used to derive the
consensus DR0 andDR8 sequences by analysis of 200 ChIP-seq
peaks of each class. FIMO was used to search for the FOXA1
consensus motif (JASPAR) and was run in default parameters

with a p value cutoff of 1e�4. For SPAMO (spaced motif anal-
ysis tool) analysis we used the motifs identified in the MEME
analysis as the principle and spaced motifs. DRs and their con-
stituent half-sites were mapped in a 150-bp window using the
peak summit from MACS analysis as the central position. An
in-house JAVA application was used to align all DRs on the
same strand to ensure the sense and antisense matches gave
homogeneous positions. The motif position profiles are based
on a .wig file-like representation with a step size of 1 bp to
calculate the number of overlapping motifs present at each
position in the 150-bp window.
Cell Culture and Transfection Assays—JI embryonic stem

cells (129SV/Jae) were grown on inactivated fibroblast feeder
cells in the presence of LIF under standard conditions. Cells
were passaged three times in absence of feeders before transfer
to bacterial dishes for embryoid body formation. For reporter
assays, transfections comprised 1 �g of the TATA-chloram-
phenicol acetyl transferase (CAT) reporters, 1 �g of pCH110-
expressing �-galactosidase as internal standard, and 1 �g of
pCMV hRARa and RXRa expression vectors. Transfections
were performed with FuGENE (Roche Applied Science), and
24 h after transfection 10�6

M RA was added for an additional
24 h. Extract preparation, �-galactosidase assays, and CAT
assays were performed using a Roche Applied Science CAT-
ELISA kit as previously described (18). To generate the TATA-
CAT reporter plasmids, the various wild-type and repeat ele-
ments were generated by DNA synthesis (GeneArt) with
flanking BglII and NotI restriction sites. The plasmids contain-
ing these regions were amplified, and the inserts were purified
and recloned between the equivalent sites in the previously
described TATA-CAT plasmid (11, 18).
mRNA-seq—Total RNA was extracted from duplicate cul-

tures of embryoid bodies grown for 4 days in the absence of RA
and after 24 h of RA treatment. The mRNA-seq libraries were
prepared following the Illumina protocol (supplemental Exper-
imental Procedures). Sequence reads mapped to reference
genome mm9/NCBI37 using Tophat (19). Quantification of
gene expression was done using Cufflinks (20) and annotations
fromEnsembl release 62. For each transcript the resulting reads
per kilobase of exon model per million mapped reads (RPKM)
were converted into raw read counts, and these counts were
added for each gene locus. Data normalization was performed
as described by Anders andHuber (21) and implemented in the
DESeq Bioconductor package. Only regulated transcripts with
an RPKM of �2, an adjusted p value of 	0.1, and a log 2-fold
change of �1 and 	�1 were considered.

RESULTS

Representation of DR Spacings at RAR-occupied Loci—We
performed RAR ChIP-seq in mouse embryonic stem cells
grown for 4 days as embryoid body (EBs) precursor to neuronal
differentiation (22) treated for 2 hwith RA. Analysis of this data
set revealed 13,385 RAR occupied loci that could be annotated
to 12,250 Ensembl and predicted transcripts (equivalent of
6,628 RefSeq genes) (supplemental Table 1). As seen for other
nuclear receptors (23, 24), more than half of the RAR-occupied
sites were located greater than 20 kb upstream or downstream
of the transcription start site (TSS)with only 10% residing in the

5 A. Chatagnon, P. Veber, J. Bedo, V. Laudet, A. Kowalczyk, F. d’Alche-Buc, and
G. Benoit, manuscript in preparation.
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proximal promoter region (�5 to �2 kb with respect to the
TSS; supplemental Fig. 1).

We analyzed the frequency of all potential DR spacings from
DR0 toDR10 (5�-RGKTCA0–10RGKTCA-3�) in the 150 bp sur-
rounding the peak summit of the 1000 highest occupied sites
based on the number of sequence tags forming the peak. Simi-
larly, as it has been reported that RAR occupied elements are
closely associated with estrogen receptor (ER) binding ele-
ments (IR3) in MCF7 cells (25), we analyzed the RAR occupied
loci for IR0-IR10. This analysis showed that DR0 was by far the
most frequently represented spacing followed by DR2, DR8,
DR5, and DR1 (Fig. 1A). Similar results were obtained when
analyzing 1000 medium and 1000 low occupied sites. In each
case the DR0 and DR2 spacings remained the most frequent
followed by DR5 and DR8. However, the total number of loci
comprising canonical half-sites with these spacings decreases
with occupancy. The higher occupied sites comprise a large
proportion of elements with canonical half-site repeats,
whereas the lower occupiedmust contain eithermore elements
with degenerate half-sites and/or other spacings (compare the
total number of DRs in each class in Fig. 1A).
Analysis of the IR frequencies in each class showed that IR0 is

themost frequently found in the highly occupied class, whereas
IR9 is also represented in the medium-occupied class (Fig. 1A).
Again, the frequency of IR elements is higher in the most occu-
pied class than in the lower occupied classes.
The analysis of the total 13385 sites confirmed that DR0 is

the most represented spacing followed by DR2, DR5, and DR8
together with IR0 and IR9 (Fig. 1B). Extending the analysis to
DR/IR11-DR/IR20 showed that none of these larger spacings
was strongly enriched in the data set (data not shown). DR0, not
the canonical DR5, is thus the most highly represented DR ele-
ment at RAR-occupied loci in EBs irrespective of the degree of
occupancy in the cells.
We further analyzed the frequency of theDRand IR elements

in the RAR-occupied sites in the proximal promoter region (�5
to�2 kb) to ask if any of these elements are selectively enriched.
DR0 remains the most represented element, but the ratios of
DR0/DR5 and DR5/DR8 indicate a modest relative enrichment
of DR5 at promoters compared with the highest occupied class
but not when compared with the total data set (Fig. 1C).
It has been suggested that RAR-occupied motifs in MCF7

cells are closely associated with ER binding sites (IR3) and with
sites for the pioneer factor FOXA1 (25, 26). No significant rep-
resentation of IR3 was seen at RAR-occupied sites in EBs (and
F9 cells; Fig. 1, A and D). Analysis of the 150 bp around the top
1000 RAR-occupied peaks in EBs revealed only 47 FOXA1 con-
sensus sites, whereas the same analysis in a 500-bp window
revealed 259 potential sites (data not shown). Thus, although
no close association of RAR and ER binding elements are seen
in EBs, around 25%of RAR-occupied loci show associationwith
FOXA1 when a wider window is used.
To ask if the aboveDR frequencies are representative of what

can be seen in other cell types, we analyzed the RAR ChIP-seq
data set obtained from RA-treated F9 embryonal carcinoma
cells.5 Although this data set comprises around 32,000 RAR-
occupied loci when analyzed by MACS using the same param-
eters as for the EB data set, we restricted our analysis to the top

13,385 peaks. Comparisonwith the EB data set indicated a large
fraction of shared sites and potential target genes and a set of
sites specific for each cell type (supplemental Fig. 2 and data not
shown). Analysis of the F9 data set indicated that DR0 is again
the most frequent at the high, medium, or low occupied peaks
followedbyDR2,DR5,DR8,DR1, and IR0 (Fig. 1D).Overall, the
relative DR and IR frequencies are, therefore, similar but not
identical to those in the EB data set (Fig. 1B and E) in accord-
ance with the existence of a set of sites specific to F9 cells.
To determine if this spectrum of DR frequencies is found at

sites occupied by other nuclear receptors, we analyzed DR and
IR usage at sites occupied by the vitamin D3 receptor (VDR) in
the data set of Ramagopalan et al. (27). In striking contrast to
what is observed for RAR, for VDR the DR3 element is strongly
represented followed by theDR4, but there is no high frequency
of DR0 or IR0 elements at these sites (Fig. 1F). Our analysis is in
accord with that reported by the authors of this study who
defined DR3 as strongly enriched at these sites. Thus, the RAR-
RXR heterodimer binds to DR elements with a much larger
variety of spacings than the VDR-RXR heterodimer whose
specificity is more restricted.
In Vitro Binding of RAR-RXR to Non-canonical-spaced DR

Motifs—To determine if DRs with non-canonical spacings can
directly bind RAR-RXR, we performed EMSA analysis with
oligonucleotide probes derived from sites occupied by RAR
and purified bacterially produced recombinant RAR��AB-
RXR��AB (Ref. 16; hereafter designated simply RAR-RXR).

We first investigated the ability of DR0 elements with fully
canonical half-sites, including that present in the suppressor of
cytokine signaling 3 (Socs3) gene locus (Fig. 2A) or half-sites
with a single basemismatch to compete for RAR-RXRbound to
the DR5 from the Rarb gene. Several consensus DR0 elements
were able to compete in the formation of the RAR-RXR-DR5
complex (see lanes 6–8 in Fig. 2B), whereas DR0s with one or
several mismatches were poor competitors or did not compete
(lanes 2–4). On the other hand, a DR0 from the AE-binding
protein 2 (Aebp2) locus with a single mismatch was a good
competitor. Thus, as we previously reported (9) in some ele-
ments, mismatches are tolerated, whereas at others they are
detrimental to in vitro RAR-RXR binding.

Competition experiments with increasing quantities of com-
petitor oligonucleotide indicated that the Rarb DR5 motif effi-
ciently competes with between 25- and 50-fold of cold compet-
itor (Fig. 2C, lanes 4 and 5). In comparison, the DR0motif from
the Socs3 gene is less efficient (lanes 7–10), whereas that from
the Musashi homolog 2 (Msi2) gene is comparable with DR5
(lanes 11–14). Binding of recombinant RAR-RXR to the Rarb
DR5 and the Socs3 and Msi2 DR0 was also assessed by ITC. A
dissociation constant (Kd) of 73 nM for the RarbDR5 and 79 nM
for a canonical DR2 from the Hoxa10 gene was determined
comparedwith 76nM for theMsi2DR0and110nM for the Socs3
DR0 (Fig. 3, A and B). Thus, consensus DR0s are bona fide
RAR-RXR binding elements with in vitro affinities comparable
with the canonical DR5. Close analysis of thermodynamic
parameters observed for the binding of RAR-RXR to DNA sug-
gests that enthalpy solely drives this protein-DNA interaction
and that the increase in the binding affinity to DNA correlates
with overall favorable enthalpy.
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FIGURE 1. DR and IR frequencies at RAR-occupied sites in embryoid bodies and F9 cells. A, frequencies of the indicated half-site spacings at the high,
middle, and low occupied sites in the embryoid body RAR ChIP-seq data set are shown. B, DR/IR frequencies in the total data set of 13385 embryoid body sites
are shown. C, DR/IR frequencies at promoter proximal sites are shown. D, DR/IR frequencies at the high, middle, and low occupied sites in the RAR F9 cell RAR
ChIP-seq data set are shown. E, DR/IR frequencies at the top 13385 F9 sites are shown. F, DR/IR frequencies at VDR-occupied sites from the data set of (27) are
shown.
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ChIP-seq identified loci with IR0 elements that efficiently
competed for complex formation (supplemental Fig. 3,A andB,
lanes 4, 6, and 8), whereas mutated versions conserving only
one half-site showed no competition (lanes 5, 7, and 9). Titra-
tion experiments showed that the IR0s from the methyl-CpG
binding domain protein 6 (Mbd6) and tripartite motif contain-
ing 16 (Trim16) genes competed with efficiencies comparable
with that of the DR5 element (Fig. 2D). This was confirmed by
ITC showing a Kd of 58 nM for the Trim16 IR0 element and 97
nM for the consensus IR0 from theVat1 gene locus (Fig. 3,A and
B).
ANovel Composite DR8 RAR Binding Element—DR8 is com-

parable in frequency to DR5 in the EB and F9 data sets. These
elements fall into two classes comprising either a simple DR8
with no other potential half-sites in the spacer sequence or

composite half-sites formed by juxtaposition of three half-sites
with DR2 and DR0 spacings (Fig. 4A). Of the 431 DR0 elements
in the top 1000 EB sites (Fig. 1A), 183 form DR8 with an addi-
tional 5�-RGKTCA-3� half-site. MEME analysis of the remain-
ing DR0 motifs revealed the presence of a variant (5�-
RGATCA-3�) half-site at a further 61 loci (Fig. 4A). This unique
and specific topological arrangement of half-sites therefore
constitutes a highly represented element at RAR-occupied loci
and leaves only 187 DR0s with no recognizable 5� half-site with
a DR2 spacing. Similarly in F9 cells, 63 of the 74 DR8s in the
highly occupied class have an additional DR2-spaced half-site
(supplemental Fig. 4A).

We next asked whether RAR bound the DR2, DR0, or DR8
spacings of these elements. We chose two composite DR8 ele-
ments identified by ChIP-seq at the v-mafmusculoaponeurotic

FIGURE 2. RAR-RXR binding to DR0 elements. A, shown is a University of California at Santa Cruz web browser view of sequence tag density in .wig file format
of the RAR-occupied site at the Socs3 gene comprising a DR0 in EBs. B, EMSA analysis shows the ability of the indicated DR0 elements to compete with the
labeled Rarb DR5 element for RAR-RXR complex formation. The sequences of the DR0 elements within the competing oligonucleotides are shown with the
repeated half-sites indicated by arrows. Variations from the consensus half-site sequence are indicated in red. All competitors were used a 100-fold excess.
C, competition was performed with increasing quantities (10-, 25-, 50-, and 100-fold excess) of the oligonucleotides shown above each lane. Lane 1 is the
oligonucleotide probe with no recombinant RAR-RXR, and lane 2 is the oligonucleotide probe with RAR-RXR but no competitor. D, EMSA competition analysis
of the indicated IR0 elements is shown. The sequences of the IR0 motifs within the competing oligonucleotides are shown with the inverted half-sites indicated
by arrows. Mutated nucleotides are indicated in red. Competition was performed with increasing quantities as above.
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FIGURE 3. Quantification of the interaction between RAR-RXR and different RAR binding element oligonucleotides by ITC. A, representative ITC
titrations of RAR/RXR to the indicated DR/IR elements are shown. RAR-RXR binds DR5, DR2, DR0, and IR0 with a stoichiometry of 1 DNA per heterodimer.
B, thermodynamic parameters (dissociation constant (Kd), enthalpy (�H), and entropy (�T�S)) of DNA binding to RAR-RXR was determined by ITC.
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FIGURE 4. Composite DR8 elements. A, consensus sequence of the composite DR8 element and the DR0 elements derived from MEME analysis are shown.
Numbers of DR0 elements in the 1000 highest occupied sites (a total of 431) in EBs with the indicated additional 5� half-sites or without an additional half-site
are calculated. B, EMSA competition was performed with increasing quantities (10-, 25-, 50-, and 100-fold excess) of the oligonucleotides shown above each
lane. Lane 1 is the oligonucleotide probe with no recombinant RAR-RXR, and lane 2 with RAR-RXR but no competitor. The wild-type and mutated oligonucleo-
tides are shown below the EMSA panel, and mutations are indicated in red. C, shown is are the location of the half-sites 1, 2, and 3 (see panel A) of the DR8
elements from the 1000 highest occupied sites within the 150 bp window around the peak summit. The location relative to the summit is indicated on the x axis,
and the number of half-sites is indicated on the y axis. The red arrows indicate the major population where the DR2 spacing is closest to the peak center, and
the black arrows the minor population more consistent with DR8/DR0 occupancy. D, location of the DR8, DR0, and DR2 elements within the 150-bp window
around the peak summit in the 1000 high, medium, and low occupied classes of the EB data set is shown. x and y axes are as indicated in panel B. Red and black
arrows are as described above.
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fibrosarcoma oncogene family, protein A (Mafa) and CD97
antigen (Cd97) gene loci (supplemental Fig. 4B). The wild-type
Mafa and Cd97 elements both efficiently competed complex
formation in EMSA assays (supplemental Fig. 4C, lanes 4 and 9
and Fig. 4B, lanes 7–10). Oligonucleotides mutated in the cen-
tral half-site leaving the DR8 spacing also competed (supple-
mental Fig. 4C, lanes 5 and 12 and Fig. 4B, lanes 19–22). Muta-
tion of the 5� half-site leaving only the DR0 resulted in much
less efficient competition (supplemental Fig. 4C, lanes 6 and 10
and Fig. 4B, lanes 11–14). In contrast, mutation of the 3� site
leaving the DR2 led to efficient competition (supplemental Fig.
4C, lanes 7 and 11 and Fig. 4B, lanes 15–18). Mutation of the 5�

and 3� sites leaving only a single half-site essentially abolished
competition (supplemental Fig. 4C, lanes 8 and 13 and Fig. 4B,
lanes 23–26). Further evidence that DR8 can bind RAR-RXR
comes from the Dedd gene locus whose simple DR8 is an effi-
cient competitor in EMSA assays (supplemental Fig. 5A, com-
pare lanes 1–4 with 9–12 and the mutated element in lanes
5–8). It is noteworthy that at least in vitro, DR8 elements with
the variant 5�-RGATCA-3� half-site are much less efficient
competitors than those with the 5�-RGKTCA-3� half-sites
(supplemental Fig. 5B).
The binding of the RAR-RXR to the Mafa element was also

analyzed by ITC, showing that theMafaDR2 had a high affinity
with a Kd of 25 nM, whereas this DR0 had a lower affinity than
the other DR0s with a Kd of 180 nM (Fig. 3, A and B). ITC
performedwith theWTMafa element containing all three half-
sites showed bimodal binding. The first phase indicated occu-
pancy of a high affinity site with a Kd of 13 nM followed by a
second phase with much lower affinity of 180 nM. These results
are consistent with binding of high affinity DR2 or DR8 and
lower affinity to the DR0.
We also labeled oligonucleotides comprising the WT and

mutated Mafa DR8, the Msi2 DR0, and the Dedd DR8 and
tested their ability to form a complex with recombinant RAR-
RXR. The WT Mafa element formed a complex with mobility
identical to Rarb DR5 or Hoxa10 DR2 elements (supplemental
Fig. 5C, lanes 4 and 5, 1 and 2, and 14 and 15). Complex forma-
tion was also seen with the DR8 and DR2 combinations,
whereas binding to the DR0 was less efficient (supplemental
Fig. 5C, lanes 8 and 9). The Msi2 DR0 and the Dedd DR8 also
form complexes with RAR-RXR (supplemental Fig. 5C, 12 and
13 and 16 and 17). These results confirm those of the EMSA
competition and ITC showing that DR0 and DR8 form com-
plexes with RAR-RXR. Furthermore, a single RAR-RXR het-
erodimer appears to bind to the WT Mafa DR8, as no slower
migrating complex corresponding to an additional RAR and/or
RXR bound to the third half-site was observed.
We analyzed the position of the constitutive half-sites in the

183 DR8s from the top 1000 sites of EB data set with respect to
the ChIP-seq peak summit. For each half-site two populations
are seen. The first is consistent with occupancy of the DR2
motif localizing the two half-sites of the DR2 close to the sum-
mit and the 3� half-site of the DR0 downstream (Fig. 4C). The
second population is more consistent with occupancy of the
DR0 and localizes the 5�half-site of theDR2 to amore upstream
position and the 3� half-site of the DR0 toward the peak center.
As a consequence of the fact that the first of these two popula-

tions is more abundant, DR8 elements (in this case all of the
DR8s from the data set) show a skewed localization biased
toward the 3� side of the peak center (Fig. 4D). Consistent with
this, analysis of the total DR2 population shows a bias toward
the 5� side as a subpopulation of DR2s are present in DR8 ele-
ments where the DR0 is occupied but not the DR2 (Fig. 4D). In
addition, analysis of the total DR0 population shows elements
localized 3� to the center corresponding to DR8 motifs where
the DR2 is occupied and a second population located around
the summit corresponding to occupancy of the DR0.
This analysis is consistent with the idea that theDR2 element

of the composite DR8 is preferentially occupied with a subpop-
ulation showing occupancy of the DR0 spacing. Our analysis
does not reveal whether this is a stochastic effect on the general
DR8 population or whether differences in half-site sequence
and context favor occupancy of a specific spacing at different
subpopulations of sites.
DR8 Elements Act as RA-responsive Elements—We next

asked if the DR0, IR0, and DR8 elements could act as RAREs.
Three copies of the wild-type or mutated elements were
inserted upstreamof a TATA element in a CAT reporter vector
(Fig. 5A). These vectors were transfected into COS1 cells along
with vectors expressing RAR and RXR and CAT activity meas-
ured in the presence and absence of RA.
A positive control vector with three copies of the Wt Rarb

DR5 element strongly responded to RA, whereas mutation of
one half-site in each copy abolished the response, and no effect
of RA was seen using the empty vector (Fig. 5B). Vectors com-
prising IR0 and simple DR8 all showed a robust response to RA
that was lost when one the half-sites was mutated (Fig. 5B). In
contrast, no significant response was seenwith vectors carrying
DR0 elements. These results show that IR0 and the DR8 ele-
ments act as independent RAREs, but the DR0 does not have
this activity.
To dissect the activity of the composite DR8 element, we

transfected vectors in which mutations leave the DR8, DR2, or
DR0 elements intact. As in the first set of experiments, both the
simple and composite DR8s show a robust RA response (Fig. 5,
B and C). Mutation leaving only the DR8 shows a strong RA
response (Fig, 5C) in agreement with the observation that a
simple DR8 acts as a RARE. The DR2 is also RA responsive,
whereas when only the DR0 or a single half-site are present, no
RA response is seen. These results indicate that in the compos-
ite DR8, the DR2 and DR8, but not DR0, combinations are
RA-responsive.
Characterization of a Degenerate Pseudo-DR0 Element—The

combination of all the above half-site spacings accounts for
only a subset of the RAR-occupied loci. For example, in the EB
data set, DR0, DR1, DR2, DR5, DR8, and IR0 with canonical
half-site sequences are present at 6,061 of the 13,385 sites,
whereas in the F9 data set, they account for 4,574 of the 13,385
selected sites. It should be noted, however, that in EBs there are
1010 elements in the 1000 highest occupied sites, and almost all
loci have at least one element with the above spacings.
To determine if there are other sequences that may be rec-

ognized by the RAR-RXR, we selected a series of sites with no
consensus DR element and performed de novomotif detection
using the MEME program. One of the motifs generated by this

Characterization of Novel RAREs

JULY 27, 2012 • VOLUME 287 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 26335

 !" #
$
%&

'()%"* +
,
-
%) .

!)"'-
( ,

$
 /

-
0
-
)" 1

2 3
4
5
6

7
""8

9::;
;

;
<=>

?<,
(0

:
@

,
;

$
A,

!B
'B

 C(,
D

 



analysis (pseudo-DR0) resembles a degenerate DR0-type motif
(Fig. 6A and supplemental Fig. 6). This motif was present at
RAR-occupied sites such as those at the Hoxb13 and the WD
repeat and SOCS box-containing 2 (Wsb2) gene loci (Fig. 6, B
and C, and supplemental Fig. 6). A more degenerate version of
this sequence with a non-consensus 3�-half-site was found at
the Rho family GTPase 3 (Rnd3) gene locus (Fig. 6C and sup-
plemental Fig. 6).

WeperformedEMSAcompetitionwithwild-type andmutated
versions of the Hoxb13 and Rnd3 elements. The wild-type ele-
ments efficiently competed (Fig. 6C, lanes 5 and 9), whereas ver-
sions in which the central 5�-TCAA-3� core is mutated did not
compete (lanes 6 and 10). Mutation of single nucleotides in the
second pseudo-half-site did not, however, affect competition
(lanes 7 and 8 and lanes 11 and 12). ITCmeasurement of binding
to theseelements indicatedaKd forHoxb13of116nMandof93nM

FIGURE 5. DR8, IR0, but not DR0 act as RAREs. A, shown is a schematic representation of the reporter vector where three copies of the indicated motifs spaced
by 12 nucleotides are inserted upstream of a TATA element and the CAT reporter gene. B, shown is relative CAT activity of the different reporter vectors 48 h
after transfection. EV is empty vector, and the elements in the other vectors are shown below each lane. The DR5 is from the Rarb gene, DR0 is from the Socs3
gene, the IR0 is from the Trim16, gene, DR0 (P) is the pseudo-DR0 motif from the Hoxb13 locus, DR8 (C) is the composite DR8 element from the Mafa gene, and
DR8 is the simple DR8 from the Dedd gene. C, relative CAT activity from a second series of transfections shows the activity of the mutated composite Mafa DR8
element. Wt, wild-type; Mt, mutant.
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for Rnd3 (Fig. 3B). Thus, despite its non-consensus 3�-half-site
sequence, theRnd3elementbindsRAR-RXRwithanaffinity com-
parable with the canonical DR5.
The pseudo-DR0 from the SET nuclear oncogene (Set) has a

sequence identical to that of Hoxb13 and efficiently competes
(Fig. 6C, lane 13). In contrast, the tetraspanin 9 (Tspan9) gene
element does not compete (lanes 14). Similarly, theWsb2 gene
element also shows almost no ability to compete (lane 15). Con-
sequently at these loci, it is probable that RAR binding is medi-
ated by other as yet unidentified elements. The above elements
contain the 5�-TCAA-3� core, but the conservedG at position 2

in canonical half-sites and in the pseudo-half-sites of the
Hoxb13 and Rnd3 elements is not conserved. Although these
motifs do not contain 2 canonical half-sites, their ability to bind
RAR-RXR requires conservation of the G residue at position 2
in the first and second half-sites.
We tested the ability of theHoxb13 pseudo-DR0 to act as an

independent RARE by inserting three copies in the above-
described CAT reporter vector. After transfection, no RA
response was observed, consistent with the fact that consensus
DR0 elements do not showRA responsiveness in this assay (Fig.
5B).

FIGURE 6. Identification of a pseudo-DR0 motif. A, shown is the sequence of the pseudo-DR0 motif identified from the MEME analysis. B, shown is the
University of California at Santa Cruz web browser view of sequence tag density in .wig file format of the RAR-occupied sites at the Hoxb13 and Wsb2 genes
comprising the pseudo-DR0 in embryoid bodies. C, EMSA competition analysis of the various indicated pseudo-DR0s to compete for RAR/RXR complex
formation. The sequences of the pseudo-DR0 elements within the competing oligonucleotides are shown with the half-sites indicated by arrows. Mutated
nucleotides are indicated in red, and the conserved G at position 2 of the half-sites are boxed in blue. All competitors were used a 100-fold excess.
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Association of DR0 and DR8 Elements with Other Motifs—

Whileperforming theMEMEanalysis on the 150 bp at theDR0-

andDR8-containing sites, we noted that thesewere not the only

motifs represented at these sites. Both theMEMEanalysis and a

subsequent SPAMO (29) analysis revealed the presence of sev-

eral other motifs specifically located both 5� and 3� to the DR0

elements often with a rather precise spacing (supplemental Fig.

7A). TOMTOM analysis (30) of these motifs revealed that one

of them located 5� to the DR0/8 was a potential PITX2 binding

site, with the other motifs showing no significant similarity to

known transcription factor binding sites (supplemental Fig.

7B). This analysis indicates that DR0/8 lie within a longer and

more complex element made up of several highly represented

motifs with specific locations with respect to the DR0/8 (sup-

plemental Fig. 7C). Note, however, that most regions contain a

subset of these motifs but only a few comprise all of them. This

characteristic is specific for the DR0/8 as no such conservation

was seen around the DR5 elements (data not shown).

DR5 Is Enriched at RAR-occupied Sites Associated with RA-

regulated Genes—We next examined the relationship between

RAR occupancy and RA-regulated gene expression. EBs were

grown for 4 days in the absence of RA and then treated with RA

for 24 h. The transcripts whose expression is induced or

repressed by RA compared with the untreated EBs were then

assessed by RNA-seq. Transcripts showing a greater than log 2

1-fold change in expression were determined (supplemental

Table 2) identifying 824 induced and 379 repressed transcripts.

The induced transcripts are strongly enriched in Hox-family

and other homeobox-containing transcription factors respon-

sible for subsequent EB patterning. No specific class was repre-

sented in the repressed genes.

These data were then compared with those having an RAR-

occupied element in the 20-kb upstream/downstream or any-

where within the gene body in the 20h ChIP-seq data set. This

analysis does not take into account RAR-occupied sites in far

intergenic regions that cannot be readily be assigned to poten-

tial target genes. Keeping in mind this caveat, 495 induced and

200 repressed transcripts were identified as potential direct

RAR targets (Fig. 7A). A majority of the transcripts whose

expression is induced and about half those repressed by RA at

24 h are potentially directly regulated by the RARs.

We next asked whether the RAR-occupied sites associated

with RA-regulated transcripts were enriched in a particular

class of DR/IR element. The 495 up-regulated transcripts were

associated with 943 RAR-occupied sites showing a profile

where, althoughDR0 remained themost common element, the

DR5was relatively enriched (Fig. 7B). At the highly occupied EB

sites, the ratio of DR5 toDR0was 0.18 compared with 0.3 in the

total data set, whereas at the up-regulated genes it is enriched to

0.46 (Fig. 7D). Similarly the DR8 element remains prominent in

this category. The IR0 element is well represented at the up-

regulated transcripts, with 20 elements at the 943 sites com-

pared with the 12 at the 1000 most occupied sites (Figs. 7B and

1A). At RA-repressed transcripts, DR0 and DR2 elements

remain the most represented, with a low number of DR5 and

DR8 elements, but IR0 elements are strongly depleted (Fig. 7,C

andD). Thus, transcriptswhose expression is activated byRA in

the EBs are relatively enriched in DR5 and IR0, and DR2 and
DR8 elements remain highly represented.

DISCUSSION

Flexibility in Half-site Spacing and Topology of Binding Ele-

ments Bound by the RAR-RXR Heterodimer—Here we show
that DR0 not DR5 is the most frequent half-site spacing seen at
RAR-occupied sites in EBs or F9 cells. DR0 elements can be
subdivided into three classes with either an additional canoni-
cal half-site or a variant 5�-RGATCA-3� half-site with DR2
spacing forming composite DR8s or DR0s with no additional 5�

half-sites. DR0 of the latter class bind RAR-RXR in vitro with
affinities comparable with those of DR2 and DR5. The location
of a subset of DR0 elements at the center of the ChIP-seq peak
is also consistent with their occupancy in cells. In addition, we
also identified pseudo-DR0 elements with 3� half-sites differing
significantly from the consensus sequence. Remarkably, some
of these elements have a high affinity in vitro for RAR-RXR.

Despite the prevalence of the DR0 element at RAR-occupied
loci, it does not act as an independent RARE when placed
upstream of a minimal TATA element. It remains to be deter-
mined whether the DR0 can confer RA responsiveness in the
context of natural promoters acting in combination with other
transcription factors. DR0s are components of a larger element
composed of several sequence motifs among which are poten-
tial PITX2 binding sites. DR0s may function in the context of
this larger element in cell types where the appropriate addi-
tional factors are present.
The inability of the RAR to activate transcription when

bound to DR0 compared with DR2, DR5, and DR8 indicates
that half-site spacing exerts allosteric control on RAR activity.
We have modeled the structure of the RAR-RXR DNA binding
domains bound to DR0 and IR0 spacings based on the known
structures of these DNA binding domains bound to DR5 or of
the ecdysone receptor heterodimer bound to a IR1 (Ref. 31 and
supplemental Fig. 8A). Three-dimensionalmodels indicate that
a conformational change of the DNA binding domain may be
required to circumvent steric hindrance upon binding to IR0 or
to favor dimer interactions on DR0 (supplemental Fig. 8, B and
C). These conformational changes likely affect the overall con-
formation of the heterodimer and co-regulator positioning.
Future biophysical and structural experiments will precisely
define these changes and why they are compatible with func-
tion in the case of IR0 but not in the case of DR0. Nevertheless,
these observations reinforce previous examples of allosteric
control of RAR-RXR function (32) and are reminiscent of those
showing that the DNA binding element can act as an allosteric
regulator of glucocorticoid receptor (33).
In the context of embryoid bodies it is interesting to note that

RAR-RXR binding to DR0s may antagonize the activity of
GCNF (germ cell nuclear factor or NR6A1), a distantly related
member of the nuclear receptor superfamily that binds DR0
and appears important for down-regulation of pluripotency
genes in RA-induced differentiation (34, 35). RAR-RXR and
GCNF may, therefore, compete for binding to DR0 elements
and, hence, antagonize each other. It remains to be determined
whether GCNF and RAR-RXR compete for binding to DR0s or
bind different sets of DR0s.
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EMSA and ITC showed that IR0 elements are high affinity
RAR-RXR binding sites, and transfection assays showed that
they can act as independent RAREs. Previously, an IR0 type
RARE has been reported in the mouse gene nuclear receptor
subfamily 2, group C, member 1 (Nr2c1) gene (36), showing
that this element acts as a RARE in natural promoters, and it
acts as a RARE when the RAR was expressed in yeast (37). This
is consistentwith their enrichment at RA-regulated transcripts,
suggesting many of these elements act as RAREs. Nevertheless,
although IR0 is the most frequent IR element, it is much less
abundant than DRs at RAR-occupied sites. We also observed
representation of IR9 at RAR occupied sites, but no binding of
RAR-RXR to these sites was seen in EMSA (unpublished data).
Together our data indicate that the RAR-RXR heterodimer

can bind to a variety of half-site spacings. This property is not
seen for VDR-RXR that exhibits a strong specificity for DR3

(27) nor for PPAR-RXR that recognizes DR1 (39). The ability to
recognize such diverse spacings can be explained by the lack of
defined secondary structure of the hinge connecting the DNA
and ligand binding domains of the RAR and RXR (16). This
contrasts with the �-helical structure of the VDR and thyroid
hormone receptor hinges that imposes a constraint on half-site
spacing (16, 40). For PPAR-RXR, constraint is imposed by the
additional interactions of the PPARhingewith the 5�-AACT-3�

motif positioned 5� of the half-site.
CompositeDR8, aNovel Signature of RAR-occupied Loci—An

important observation of our study is the high frequency of
composite DR8 elements at RAR-occupied sites shortly after
RA treatment. Composite DR8 elements efficiently bind RAR-
RXR in vitro, and dissection of the DR2, DR8, and DR0 compo-
nents shows that the DR2 and DR8 combinations both bind
efficiently, whereas the testedDR0s are less efficient. It remains

FIGURE 7. Association of RAR-occupied sites with gene expression. A, shown is a Venn diagram representing the overlap between the total number of
transcripts associated with RAR binding sites and those regulated by RA. B and C, shown are DR and IR frequencies at the RAR-occupied sites associated with
RA-induced and repressed transcripts, respectively. D, DR5/DR0 ratios in the indicated classes of RAR-occupied sites.
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to be determined why the DR0 in this context appears to be less
favored. RAR-RXR binds the DR8 spacing as indicated by the
fact that DR8 elements with no intervening half-site efficiently
compete RAR-RXR in EMSA in vitro, and they act as RAREs in
cells. Similarly, mutations of the composite DR8 leaving only
the DR8 spacing also act as RAREs in cells. Moreover, a simple
DR8 element has been previously reported to mediate the
response to 9-cis-RA in the IGFBP3 promoter (41) or the
human H1(0) histone gene (42).
Despite these observations, our data are more compatible

with preferential occupation of the DR2 and the DR0 than of
theDR8 in cells.Moreover, as both theDR2orDR8 spacings act
as RAREs, what is the significance of the DR2-DR0 half-site
arrangement in the composite DR8? One possibility is that an
RAR-RXR heterodimer may bind to the DR2 or DR0 spacings
along with an orphan receptor that could bind to the additional
5� or 3� half-site. Although further experiments will be required
to determine whether this occurs in vivo, our data show that
this previously unrecognized half-site organization is a signa-
ture of a large number of RAR-occupied sites.
Our results are not the first to report overlapping or compos-

ite RAR binding elements. For example, competitive binding to
a composite DR3-DR9 arrangement of three half-sites has been
shown to mediate RA inhibition of VDR activity at the Itgb3
promoter (43). Similarly, composite elements mediating both
RAR and ER responses have been identified in the lactoferrin
and placental lactogen promoters (44, 45), but such composite
elements also mediate antagonism between these pathways in
breast cancer cells (25). Also, a composite DR/IR sequence
forms part of a complex regulatory element involved in regula-
tion of �F-crystallin expression by RAR, PAX6, and large MAF
proteins (46). Although the above illustrate specific examples of
overlapping elements, the composite DR8 described here rep-
resents a more specific and frequent half-site organization.
Comparison of RAR genomic occupancy and RA-regulated

transcription shows that a majority of transcripts regulated by
RA at 24 h are potential direct targets showing occupancy by
RAR at 2 h. This is consistent with the observation that the
major changes in expression of many of the transcripts takes
place over the first 12 h (38) and our unpublished data.
Although DR5 elements are enriched at sites associated with
RA-regulated transcription, consistent with their known role as
RAREs, DR2, DR8, and IR0 are also strongly represented at sites
associated with RA-regulated transcripts. This together with
their ability to act as independent RAREs suggest that each type
of element may contribute to the RA response in EBs.
Comparison of our findings with those previously reported

highlight similarities but also major differences. Mahony et al.
(28) have previously reported ChIP-seq data from EBs treated
with RA for 8 h. These EBs were not grown under the same
conditions as reported here, and their data set comprisedmany
fewer unique sequence reads, resulting in 1924 RAR-occupied
sites, far less than identified in our data sets. Mahony et al. (28)
analyzed their data set for the presence of DR0-DR10 and IR0-
IR10 and found DR5 and DR2 as the most highly represented
elements with only a small number of DR0 and almost no IR0.
In contrast, Mahoney et al. (28) did not identify the composite
DR8 motif in their data sets.

Similarly, the analysis of Hua et al. (25) of RAR occupancy in
MCF7 cells identified DR5 as the most frequent element but
also noted a low frequency of DR0 elements. Surprisingly, how-
ever, they observed very few DR2 and DR8 elements at RAR
occupied loci in this cell type. Unlike MCF7 cells, we did not
observe a high frequency of IR3 ER binding elements colocaliz-
ing with RAR in EBs or F9 cells. Differences in species and/or
cell type may explain these contrasting observations.
In summary, our results change the paradigm for how RAR-

RXR recognizes the genome frompredominantly DR2 andDR5
elements to a more complex situation with a variety of half-site
spacings and topologies and an allosteric regulation of RAR
function by the half-site spacing of the DNA binding element.
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Supplemental Experimental Procedures. 

ChIP.  

RA treated EBs were directly dounced in 1XPBS with 0,4% formaldehyde for 10 min 

at room temperature and the reaction was stopped by adding glycine to final concentration 

0.2M for 10 minutes at room temperature. Fixed cells were rinsed twice with PBS and 

resuspended in lysis buffer (10 mM EDTA pH 8, 50 mM Tris-HCl pH 8, SDS 1 %). Lysate 

was sonicated 30 min (30 sec on / 30 sec off) in a Diagenode water bath-sonicator and 

centrifuged at 14000 rpm for 10 min. The cleared supernatant was used immediately in ChIP 

experiments or stored at -80°C. 

50-150 ug of sonicated chromatin was diluted 10 times in ChIP Dilution Buffer (SDS 

0.01%, Triton X-100 1.1%, 1.2 mM EDTA pH 8, 16.7 mM Tris-HCl pH 8 and 167 mM 

NaCl) and pre-cleared for 1 hour, rotating at 4°C, with 50 ul blocked beads (Protein G 

Sepharose (PGS) 50% slurry incubated for 4 hours minimum with BSA 0.5 mg/mL and yeast 

tRNA 0.2 mg/mL) before the overnight incubation with 2-5ug of specific antibody. The 

bound material was recovered after a 2 hours incubation, rotating at 4°C, with 30 ul blocked 

PGS. The beads were washed, for 5 minutes, once in Low Salt Buffer (SDS 0.1%, Triton X-

100 1%, 2 mM EDTA pH 8, 20 mM Tris-HCl pH 8 and 150 mM NaCl), twice in High Salt 

Buffer (SDS 0.1%, Triton X-100 1%, 2 mM EDTA pH 8, 20 mM Tris-HCl pH 8 and 500 mM 

NaCl), twice in LiCl Buffer (0.25 M LiCl, NP-40 1%, Na Deoxycholate 1%, 1 mM EDTA pH 

8 and 10 mM Tris-HCl pH 8) and twice in TE. ChIPed material was eluted by two 15 minute 

incubations at room temperature with 250 ul Elution Buffer (SDS 1%, 0.1 M NaHCO3). 

Chromatin was reverse-crosslinked by adding 20 ul of NaCl 5M and incubated at 65°C for 4 

hours minimum and DNA was submitted to RNase and proteinase K digestion and extracted 

by phenol-chloroform. 

 



RNA-seq.  

The mRNA-seq libraries were prepared following the Illumina protocol with some 

modifications. Briefly, mRNA was purified from total RNA using oligo-dT magnetic beads 

and fragmented using divalent cations at 95°C for 5 minutes. The cleaved mRNA fragments 

were reverse transcribed to cDNA using random primers. This was followed by second strand 

cDNA synthesis using Polymerase I and RNase H. The double strand cDNA fragments were 

blunted, phosphorylated and ligated to single-end adapter dimers follwed by PCR 

amplification (30 sec at 98°C; [10 sec at 98°C, 30 sec at 65°C, 30 sec at 72°C] x 13 cycles; 5 

min at 72°C). After PCR amplification, surplus PCR primers and dimer adapters were 

removed by purification using AMPure beads (Agencourt Biosciences Corporation). Size 

selection was performed by electrophoresis on a 2% agarose gel and DNA fragments in the 

range of ~250-350bp were excised and purified using QIAquick Gel Extraction Kit (Qiagen). 

DNA libraries were checked for quality and quantified using 2100 Bioanalyzer (Agilent). The 

libraries were loaded in the flowcell at 6pM concentration and clusters generated and 

sequenced on the Illumina Genome Analyzer IIx as single-end 54 base reads. Image analysis 

and base calling were performed using the Illumina Pipeline version 1.6. 

 

 

Legends to Supplemental Figures and Tables.  

 

Supplemental Figure 1. Schematic representation of the distribution of RAR-occupied site 

locations with respect to gene annotation. The % of sites at each defined class of locations are 

indicated. 

Supplemental Figure 2. RAR genomic occupancy in EBs and F9 cells. A. Comparative 

clustering of the EB and F9 cell 2 hour RAR ChIP-seq data. Tag densities from each dataset 

were collected in a window of 10 kb around the 13385 EB RAR-occupied sites. The collected 



values were subjected to k-means clustering coupled to ranked based-normalization. 

Examples of read density plots for several classes showing comparable or preferential 

occupation in either data set are shown to the right of the figure. B. Venn diagramme 

comparison of RAR-occupied genes in embryoid bodies and F9 cells. The total number of 

annotated Ensembl/Refseq target transcripts/genes in each cell type is indicated along with 

those that are shared and specific to each data set.  

Supplemental Figure 3. Binding of RAR-RXR to IR0 elements. A. UCSC view of sequence 

tag density in  .wig file format of the RAR-occupied sites at the Mbd6 and 4930452B06Rik 

genes comprising an IR0 in EBs. B. EMSA competition analysis of the indicated IR0 

elements. The sequences of the IR0 motifs within the competing oligonucleotides are shown 

with the inverted half sites indicated by arrows. Mutated nucleotides are indicated in red. All 

competitors were used a 100-fold excess.  

Supplemental Figure 4.  A. Examples of simple and composite DR8 elements that are 

occupied by RAR at the indicated gene loci in embryoid bodies. The frequency of each type 

of DR8 in the top 1000 sites in EBs and F9 cells is indicated. B. UCSC view of sequence tag 

density in .wig file format of the RAR-occupied sites at the Mafa and Cd97 genes comprising 

a composite DR8 in embryoid bodies. C. EMSA competition analysis of the various indicated 

IR0 elements to compete for RAR/RXR complex formation. The sequences of the DR8 motifs 

within the competing oligonucleotides are shown with the half sites indicated by arrows. 

Mutated nucleotides are indicated in red. All competitors were used a 100-fold excess. 

Supplemental Figure 5. EMSA competition analysis of simple and composite DR8. A. 

Competition with a simple DR8 from the Dedd gene locus. Competition was performed with 

increasing quantities (10, 25, 50, 100-fold excess) of the oligonucleotides shown above each 

lane. Lane 1 is the oligonucleotide probe with no recombinant RAR-RXR and lane 2 with 

RAR-RXR, but no competitor. The wild type and mutated oligonucleotides are shown below 



the EMSA panel, and mutations are indicated in red. B. Competition with a DR8 comprising a 

variant 5�RGATCA-3� half site from the Neuropilin 1 (Nrp1) gene. The sequences of the 

Nrp1 DR8 within the competing oligonucleotides are shown with the half sites indicated by 

arrows. Mutated nucleotides are indicated in red. C. Binding of RAR-RXR to different half 

sites spacings. The labelled oligonucleotides used are indicated above each lane along with 

the presence or absence of recombinant RAR-RXR. 

Supplemental Figure 6. List of potential pseudo DR0 elements. The conserved G residues at 

position 2 of the half sites are boxed. Those that do not conserve both of these residues are 

unlikely to constitute RAR/RXR binding elements as exemplified by the Tspan9 and Wsb2 

elements in Figure S7.  

Supplemental Figure 7. DR0/8 are embedded in a longer sequence element. A. Results of 

the MEME and SPAMO analysis are summarised. The consensus sequences for each of the 

identified motifs are shown along with their frequency, location and distance relative to the 

200 top DR0 and 186 top DR8 elements in the EB data set. B. Results of TOMTOM analysis 

showing the potential similarity of one of the motifs to the consensus PITX2 binding sites in 

the Transfac database. C. Schematic representation of the locations of the identified motifs 

relative to the DR0/8 element. 

Supplemental Figure 8. Model of RAR-RXR binding to IR0 and DR0. A. Architecture of 

RAR/RXR/DR5 complex in solution obtained by small angle X-ray scattering refinement. B 

3D model of RAR/RXR/IR0 complex based on ecdysone receptor heterodimer bound to an 

IR1. The region involving a steric clash bewteen the two DBDs is circled. C.  3D model of 

RAR/RXR/DR0 complex. 

Supplemental Table 1. ChIP-seq identification of RAR-occupied loci in EB after 2 hours of 

RA-treatment. Excel table showing the output from the MACS-GPAT analysis. Page 1 shows 

the results of the peak detection and annotation. The raw sequence data was analysed first by 



the MACs programme to detect peaks. The results of this analysis are indicated in columns A-

I. The regions with significant peaks were then annotated using the GPAT programme to 

detect nearby annotated transcripts. The results of annotation are shown in the remaining 

columns. For all peaks chromosome location, length, number of reads, pvalue, and local fold 

enrichment are indicated. GPAT annotation was performed using a window of +/- 20kb with 

respect to the Ensembl gene coordinates. The identity of the gene closest to the peak and of 

any secondary genes located within the 20kB window are indicated along with the distance of 

the peak to the TSS. Page 2 shows genes with an RAR-occupied site. 

Supplemental Table 2. RA-regulated genes in EBs. Pages 1 and 2 of the table show the 

Ensembl IDs, gene names and descriptions for transcripts that are induced or repressed by RA 

in EBs, respectively. The normalised expression values for the duplicate samples are indicated 

along with the mean value, the Log2 change in expression and adjusted pvalue.  
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RESEARCH ARTICLE

Phosphorylation of the retinoic acid receptor RARc2 is crucial for

the neuronal differentiation of mouse embryonic stem cells

Ziad Al Tanoury, Samia Gaouar, Aleksandr Piskunov*, Tao Ye, Sylvia Urban, Bernard Jost, Céline Keime,

Irwin Davidson, Andrée Dierich and Cécile Rochette-Egly`

ABSTRACT

Retinoic acid (RA) plays key roles in cell differentiation and growth

arrest by activating nuclear RA receptors (RARs) (a, b and c),

which are ligand-dependent transcription factors. RARs are also

phosphorylated in response to RA. Here, we investigated the in vivo

relevance of the phosphorylation of RARs during RA-induced

neuronal differentiation of mouse embryonic stem cells (mESCs).

Using ESCs where the genes encoding each RAR subtype had been

inactivated, and stable rescue lines expressing RARs mutated in

phospho-acceptor sites, we show that RA-induced neuronal

differentiation involves RARc2 and requires RARc2 phosphorylation.

By gene expression profiling, we found that the phosphorylated form

of RARc2 regulates a small subset of genes through binding an

unusual RA response element consisting of two direct repeats with a

seven-base-pair spacer. These new findings suggest an important

role for RARc phosphorylation during cell differentiation and pave the

way for further investigations during embryonic development.

KEY WORDS: Retinoic acid, RA, RAR, Nuclear receptor,

Phosphorylation, Transcription, Differentiation

INTRODUCTION

Retinoic acid (RA), the active metabolite of vitamin A, regulates

multiple biological processes and plays key roles in embryonic

development through the regulation of cell growth and

differentiation (Samarut and Rochette-Egly, 2012). RA exerts

its effects through nuclear RA receptors (RARs), which are

ligand-regulated transcription factors with a well-defined domain

organization and structure, consisting of a variable N-terminal

domain (NTD), and two well-structured and conserved domains,

a central DNA-binding domain (DBD) and a C-terminal ligand-

binding domain (LBD) (Bastien and Rochette-Egly, 2004;

Rochette-Egly and Germain, 2009).

The RA signalling system is highly complex as it comprises

three subtypes (RARa, RARb and RARc), and for each subtype

there are at least two isoforms, differing in their NTD (Chambon,

1996). Moreover, RARs act as heterodimers with another family

of nuclear receptors, the retinoid X receptors (RXRs) (Germain

et al., 2006). According to the canonical model, RXR–RAR

heterodimers control the expression of their target genes involved

in cell growth and differentiation through binding to specific and

polymorphic RA response elements (RAREs) located in their

regulatory regions (Moutier et al., 2012) and through the dynamic

association and dissociation of coregulator complexes (Rosenfeld

et al., 2006).

During the past decade, this scenario became more complicated

with the discovery that RA also has non-genomic effects and

induces the rapid activation of the MAPK pathway (Piskunov and

Rochette-Egly, 2012; Stavridis et al., 2010), and that RARs are

phosphoproteins (Al Tanoury et al., 2013b; Rochette-Egly, 2003).

Indeed, we have shown that the RA-activated kinases induce RARs

phosphorylation at a serine residue located in the NTD (Bastien

et al., 2000; Rochette-Egly et al., 1997). Interestingly, this serine

residue is conserved between RARs and during evolution (Samarut

et al., 2011), emphasizing that phosphorylation of RARs might be

important in RA signalling. However, the in vivo relevance of the

RAR phosphorylation still remains to be defined, especially in the

context of development. As cell differentiation is one of the most

crucial steps during development, mouse embryonic stem cells

(mESCs) (Gudas and Wagner, 2011) provide an interesting model

to study the influence of RAR phosphorylation. Indeed, ESCs are

pluripotent cells that self-renew indefinitely and can differentiate

in vitro into a large variety of cell types (Wilson et al., 2009), such

as neuronal cells, in response to RA (Bibel et al., 2007).

Here, by using mESCs specifically lacking each RAR subtype

and stable rescue cell lines expressing RAR phosphomutants, we

demonstrate that their neuronal differentiation crucially involves

the phosphorylated form of RARc2. Finally, genome-wide RNA-

seq experiments identify direct target genes whose expression is

controlled by phosphorylated RARc2. These results suggest that

there is an important role for RAR phosphorylation in RA

signalling during cell differentiation, and pave the way for further

investigations during embryonic and tissue development.

RESULTS

RARc2 mediates the RA-induced neuronal differentiation of

mESCs

When cultured as cellular aggregates, treated with RA and then

dissociated and plated according to the protocol of Bibel et al.

(Bibel et al., 2007; Bibel et al., 2004), pluripotent mESCs first

adopted a spindle-shape morphology characteristic of neural

progenitors (Fig. 1A, panel b) (Bibel et al., 2004). Then within 2

days these progenitors gave rise to glutamergic neuronal cells

(Fig. 1A, panels c and d) and formed a dense axon network

expressing class III b-tubulin (Tuj1) by 7–9 days (Fig. 1B).

Concomitantly, the markers for pluripotency [Oct4 (also known

as Pou5f1) and Nanog] were downregulated, whereas those for

neuronal differentiation (Pax6) were increased (Fig. 1C,D).
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As this entire process is initiated by activation of RARs, we
investigated which specific RAR subtype (a, b or c) is required to
drive differentiation. ESCs constitutively expressed the RARa
and RARc proteins and their levels were not significantly
affected upon RA treatment (Fig. 2A). In contrast, the RARb
protein was hardly detectable but was induced in response to RA
(Fig. 2A). Such data suggest that the RARa and/or RARc
subtypes might be the primary RA targets for mediating the initial
phase of neuronal differentiation. To investigate the role of these
receptors in the RA-driven neuronal differentiation of mESCs, we
used cell lines in which the Rara or Rarg genes (encoding RARa
and RARc, respectively) were disrupted by homologous
recombination (Lohnes et al., 1993; Lufkin et al., 1993)
(Fig. 2B). Our results show that, like wild-type (WT) ESCs,
cells lacking RARa became neuronal progenitors (Fig. 2C) that
gave rise to neurons forming a dense axon network (Fig. 2D). In
contrast, cells lacking RARc did not differentiate into cells of the
neuronal lineage. They did not become neuronal progenitors
(Fig. 2C) and axon structures did not appear even up to 15 days
after RA addition (Fig. 2D). These results indicate that RARc is
essential for the RA-induced commitment of mESCs into
neuronal precursors that give rise to neurons. They also indicate
that RARa and RARb cannot functionally compensate for loss of
RARc during this process.

Seven murine RARc isoforms (mRARc1 to mRARc7) have
been characterized so far, generated by alternative splicing of at
least seven exons and differing in their NTD (Kastner et al.,

1990). In mESCs, RARc1 and RARc2 are the predominant
isoforms, whereas the others (RARc3 to RARc7) have not been
detected (Kastner et al., 1990). Moreover, both RARc1 and
RARc2 can be detected at the protein level in mESCs as assessed
by immunoblotting after immunoprecipitation with antibodies
recognizing specifically each isoform (Bastien et al., 2000)
(Fig. 2E).
To investigate the role played by each isoform in the RA-

induced neuronal differentiation of mESCs, stable rescue lines
expressing the RARc2 or RARc1 proteins were established from
Rarg2/2 cells. Several clones were obtained for each ‘rescue’
transgene, and these expressed RARc1 or RARc2 at levels
similar to the endogenous receptors (Fig. 2F; supplementary
material Fig. S1A). We investigated the ability of the RARc1
and RARc2 rescue lines to differentiate in response to
RA. Remarkably, the RARc2 rescue lines became neuronal
progenitors (Fig. 2G) that gave rise to neurons forming a dense
axon network (Fig. 2H). In contrast, the RARc1-expressing lines
did not give spindle-shaped neuronal progenitors (Fig. 2G) nor
any axon structures (Fig. 2H). These results suggest that the
RARc2 isoform mediates the effects of RA for the commitment
of mESCs into the neuronal lineage.

RARc2 phosphorylation is required for the neural

differentiation of mESCs

RARs are phosphoproteins and RARc2 comprises two serine (S)
residues (S66 and S68) that are located in a proline-rich motif of

Fig. 1. Neuronal differentiation of

mESCs in response to RA.

(A) Morphology of mESCs at different

stages of their differentiation after RA

addition. (a) RA-treated cellular aggregates

before their dissociation. (b) Progenitors

24 hours after plating dissociated cellular

aggregates. (c,d) Neurons, 7–9 days after

plating. A dense axon network has formed.

(B) Neuronal differentiation of mESCs as

assessed by immunofluorescence analysis

of class III b tubulin (Tuj1) at 11 days after

RA treatment (7 days after plating of the

dissociated cellular aggregates).

(C) Immunoblotting analysis of the stem

cell pluripotency markers (Oct4 and Nanog)

4 days after RA addition. (D) RT-qPCR

analysis of the downregulation of Oct4 and

upregulation of the differentiation marker

Pax6 after RA addition. The results are the

mean6s.e.m. of triplicates from two

experiments.
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the NTD and are substrates for phosphorylation (Bastien et al.,
2000) (Fig. 3A). We have previously shown that RARs become
rapidly phosphorylated at one of these serine residues (S68 in
RARc2) subsequent to a kinase cascade initiated by MAPKs after
RA treatment (Bruck et al., 2009; Lalevée et al., 2010). In
mESCs, Erk1/2 (MAPK3 and MAPK1, respectively) were rapidly
(within minutes) activated after RA addition (Fig. 3B). The
amount of RARc2 phosphorylated at S68 also rapidly increased,
as assessed by phosphoprotein affinity purification followed by
immunoblotting with antibodies specifically recognizing RARc
phosphorylated at this residue (Fig. 3C).

To investigate whether RARc2 phosphorylation plays a role in
mESC neuronal differentiation, we generated additional stable
rescue lines expressing RARc2 with S68 replaced with an alanine

(RARc2S68A) in the Rarg2/2 background. Rescue lines
expressing RARc2 with the other serine residue replaced with
an alanine were also established (RARc2S66A) as a control.
Biophysical studies (nuclear magnetic resonance, circular
dichroism and small-angle X-ray scattering) coupled to
molecular dynamics simulations performed with synthetic
model peptides indicated that replacement of S68 (and S66) by
an alanine residue did not affect the global hydrodynamic
behaviour of the peptide (B. Kieffer, A. Dejaegere and C.R.E,
unpublished data).
Several clones expressing the mutated receptors at levels

similar to the endogenous were obtained (Fig. 3D; supplementary
material Fig. S1B) and analysed for their differentiation potential.
Remarkably, the RARc2S68A rescue cell lines did not

Fig. 2. The RA-induced neuronal

differentiation of mESCs involves RARc2.

(A) Immunoblots showing that the RARa and

RARc subtypes are expressed in mESCs, and

that RARb2 is induced in response to RA.

(B) Knockout of RARa and RARc in mESCs as

assessed by immunoblotting. (C) 24 hours after

dissociation and plating of the RA-treated cellular

aggregates, Rarg2/2 (RARc2/2) ESCs do not

give rise to neuronal progenitors, whereas the

Rara2/2 (RARa2/2) counterparts do, as the WT

cells. (D) In contrast to the WT and RARa2/2

ESCs, the RARc2/2 cells do not differentiate into

neurons, as assessed by immunofluorescence of

Tuj1. Scale bar: 100 mm. (E) mESCs express the

RARc1 and RARc2 isoforms as assessed by

immunoblotting after immunoprecipitation with

antibodies recognizing specifically RARc1 (Ab1c)

or RARc2 (Ab10c). (F) Immunoblots showing the

expression of RARc1 and RARc2 in the rescue

cells. (G) The RARc2 but not the RARc1 rescue

cells become neuronal progenitors 24 hours after

dissociation and plating of the RA-treated cellular

aggregates. (H) The RARc2 but not the RARc1

rescue cell lines form a dense axon network by 7–

9 days, as assessed by immunofluorescence of

Tuj1. Scale bar: 100 mm.
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differentiate into neurons. No axon structures were obtained by
7–9 days and even up to 17 days (Fig. 3E) after RA addition. In
contrast, the RARc2S66A rescue cell line was able to form a
dense axon network comparable to the RARc2WT rescue line
(Fig. 3E). Collectively, these results indicate that RARc2
phosphorylation at S68 plays an important role in mediating
RA signalling.

Genome-wide analysis of the early RA target genes that are

regulated by RARc2

Then the question was whether the RA-induced neuronal
differentiation of mESCs correlates with the activation and/or
repression of a subset of genes. Therefore, we profiled the genes
that were regulated by RARc2 by comparing the WT mESCs to
the Rarg2/2 and RARc2WT cell lines in the absence and

presence of RA. RNA-seq was performed on cellular aggregates
obtained from each cell line with or without a RA treatment of
2 hours, in order to identify the primary (early) RARc2 target
genes involved in the commitment to the neuronal lineage.
Transcripts whose expression was induced or repressed by RA
(experiments designated RA/Ctrl) were then assessed
(supplementary material Table S1).
The list of genes that were upregulated by RA in the WT

mESCs was in agreement with other studies (Mahony et al., 2011;
Moutier et al., 2012; Simandi et al., 2010) and included the gene
encoding the RARb2 isoform, the canonical RA target genes
involved in RA metabolism (Cyp26a1, Cyp26b1, Cyp26c1 and
Dhrs3), patterning genes exemplified by the Hox genes (Hoxa1,
Hoxa3, Hoxa5, Hoxb1 and Hoxb4), other genes encoding
homeobox proteins (Meis2, Cdx1, Gbx2, Dlx3 and Hnf1b) and

Fig. 3. RARc2 phosphorylation at S68 is required for the neuronal

differentiation of mESCs. (A) Schematic representation of the

phosphorylation sites located in the NTD of RARc2 and of the

corresponding mutants. (B) In response to RA, Erk1/2 is rapidly

activated as assessed by immunoblotting with antibodies recognizing

the active phosphorylated forms (P-Erk1/2). (C) RARc2 becomes

rapidly phosphorylated at S68 as assessed by immunoblotting after

phosphoaffinity purification. (D) Immunoblotting analysis of the

expression of WT RARc2 and of the phosphomutants in the rescue

cells. (E) The RARc2S68A rescue line does not form neurons after RA

treatment up to 17 days, whereas the RARc2S66A rescue line

differentiates as efficiently as the WT cells.
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genes with a wide variety of functions such as Lefty1, Arg1 and
Stra8. Only a few genes were downregulated, and included the
Otx2 gene, also in agreement with other studies.

To assess which of these genes are specifically regulated by
RARc2 in the presence of RA, the results obtained with the WT
cells were cross-referenced with those obtained with the Rarg2/2

cell line and the RARc2 WT rescue cell line. The Venn diagram
(Fig. 4A) shows that 37% of the genes upregulated in RA-treated
WT cells were attenuated in the Rarg2/2 cells and fully restored
in the RARc2WT rescue line, showing that they are RARc2
target genes. These genes are exemplified by the Meis2, Lefty1,
Hnf1b, Arg1, Hoxa3 and Hoxa5 genes, and their regulation by
RARc2 was corroborated in RT-qPCR experiments (Fig. 5). The
Gbx2 gene can also be added to this list because its activation was
significantly decreased (but not below the selected cut-off of the
RNA-seq analysis) in the Rarg2/2 cell line and fully restored in
the RARc2WT rescue cell line (supplementary material Table S1;
Fig. 5), indicating that it is a RARc2 target.

It is worth noting that 13% of the upregulated genes were also
attenuated in the Rarg2/2 cells but not restored in the RARc2
rescue line, suggesting that these genes might be regulated by the

RARc1 isoform. Given that RARc1 does not restore differentiation
of mESCs, these genes were considered not to be essential in our
model. Finally, 50% of the upregulated genes were not grossly
affected in absence of RARc, suggesting that they are also not
essential for the differentiation of mESCs. Among these genes are
the canonical RA target genes involved in RA metabolism
(Cyp26a1, Cyp26b1 and Dhrs3). There is also the gene encoding
the RARb2 isoform, corroborating our first hypothesis that its
expression is not essential for neuronal differentiation of ESCs.
Remarkably, additional studies performed with mESCs lacking
RARa indicated that the activation of RARb2 is mediated by the
RARa subtype (supplementary material Fig. S2). In contrast,
activation of Cyp26a1 involves the two receptors (supplementary
material Fig. S2) and, hence, RARamight functionally compensate
for RARc loss. Interestingly, expression of several genes was
upregulated in the Rarg2/2 cells compared toWT cells, suggesting
a repressive effect of RARc. Several others were activated only in
the RARc2 rescue cell line, suggesting that in the WT cells, the
function of RARc2 might be antagonized by RARc1.
In conclusion, these experiments revealed a repertoire of genes

that are specifically regulated by RARc2 in mESCs. It also

Fig. 4. RNA-seq analysis of the RA-regulated genes in

WT and Rarg2/2 ESCs, and ESCs expressing

RARc2WT or RARc2 S68A in the Rarg2/2 background.

(A) Venn diagram comparing the genes that are regulated

by RA (RA/Ctrl) in mESCs WT, Rarg2/2 (RARc2/2) and

expressing RARc2 in the RARc-null background

(RARc2WT rescue cell line). (B) Venn diagram comparing

the RARc2 target genes selected in A and the genes that

are regulated by RA in the RARc2S68A rescue cell line.
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highlighted the complexity of the regulation of the other RA
target genes.

The phosphorylated form of RARc2 regulates a subset of

genes

Given that RARc2 phosphorylation is required for the neuronal
differentiation of mESCs, we investigated the genes that are
controlled by the phosphorylated form of this receptor. Cellular
aggregates obtained from mESCs expressing RARc2S68A were
treated with RA for 2 hours as above and gene expression
assessed by RNA-seq (supplementary material Table S1). The list
of genes with altered expression was compared with the list of
RARc2 target genes generated above. The Venn diagram
(Fig. 4B) shows that ,50% of RARc2-target genes are not
expressed in the RARc2S68A recue cell line, suggesting that their
activation is controlled by the phosphorylation of RARc2. These
genes include Lefty1 (left right determination factor 1) and the
homeobox gene Hnf1b (hepatocyte nuclear factor 1 homeobox B)
and their phospho-RARc2 dependency was corroborated in RT-
qPCR experiments (Fig. 5). The homeobox genes Gbx2

(gastrulation brain homeobox 2) and Meis2 can be added to this
list. Indeed Gbx2 activation, which was decreased in the Rarg2/2

cells (but not abolished), was well restored in the RARc2WT
rescue line but not in the RARc2S68A line. Concerning Meis2,
the values obtained with the RARc2S68A rescue line were at the
limit of the threshold, suggesting that this gene might be also an
interesting candidate. RT-qPCR experiments corroborated that
both Gbx2 and Meis2 are regulated by the phosphorylation
of RARc2 (Fig. 5). Taken together, these results suggest that
the phosphoRARc2 programme would trigger the neuronal
differentiation of mESCs via the activation of a particular set of
key genes including at least Lefty1, Gbx2, Meis2 and Hnf1b.

Phosphorylation controls the recruitment of RARc2 to gene

promoters

Next, we asked whether phosphorylation controls the recruitment
of RARc2 to the promoters of the selected genes. We analysed

the RAR-binding sites mapped in the Lefty1, Meis2, Gbx2 and
Hnf1b genes in ChIP-seq experiments performed with cellular
aggregates treated or not with RA for 2 hours and with a pan-
RAR antibody (Moutier et al., 2012). We identified one or several
major RAR-binding sites that were enriched after RA addition
(supplementary material Table S2; Fig. 6). The sequences under
these peaks were analysed to detect consensus 59-RGKTSA-39
half sites (with R5A/G, K5G/T and S5C/G, according to the
IUPAC convention) with either no (DR0) or 1- to 8-base-pair
(DR1–DR8) spacers (Moutier et al., 2012). Then primers
specifically surrounding the RAREs were designed and used in
ChIP-qPCR experiments performed with cellular aggregates from
the RARc2WT and RARc2S68A rescue cell lines and with our
purified specific RARc antibodies (Lalevée et al., 2010;
Mendoza-Parra et al., 2011).
One major RA-regulated RAR-binding site was found in the

promoter of the Lefty1 gene in the 210 kb region flanking the
transcription start site (TSS). This site comprises a consensus
DR7 element and two DR2s with one mismatch (supplementary
material Table S2). Our ChIP experiments revealed that, after RA
addition, occupancy of the DR7 sequence was markedly enriched
with RARc2WT, but not with the phosphomutant (Fig. 6A).
Occupancy of the DR2 sequences was also enriched, but less
markedly and without significant difference between RARc2WT
and RARc2S68A. ChIP experiments were also performed with
RARa antibodies, using the same chromatin preparations and the
same primers. However, none of the sequences were significantly
occupied in both the RARc2WT and RARc2S68A cell lines
(Fig. 6A). Collectively, these results indicate that the activation
of Lefty1 requires the binding of the phosphorylated form of
RARc2 to a DR7 element.
A major RAR-binding site was also identified in the 210 kb

region flanking the TSS of the Gbx2 gene. It contains a DR7, a
DR5 and a DR2 element, all with one mismatch (supplementary
material Table S2). As for the Lefty1 gene, occupancy of the DR7
element was enriched with RARc2WT, but not with the
phosphomutant after RA addition (Fig. 6B). Similar results

Fig. 5. RT-qPCR analysis of the different

mESC lines for the RA regulation of the

genes selected in the RNA-seq

experiments. WT mESCs (WT), Rarg2/2

mESCs (c2/2), mESCs expressing

RARc2WT in the RARc-null background

(cWT) and mESCs expressing RARc2S68A

in the RARc-null background (cm) were

assessed for expression of Lefty1, Gbx2,

Meis and Hnf1b (HNF1b) mRNAs. Values are

the mean6s.e.m. of triplicates from five to

seven separate experiments.
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were obtained with the sequence encompassing the DR2 and DR5
elements. ChIP experiments performed with RARa antibodies
showed that, in both the RARc2WT and RARc2S68A cell lines,
all elements were also enriched with RARa, but less markedly
(Fig. 6B), explaining at least in part why the activation of the
Gbx2 gene was not fully abrogated upon RARc invalidation in
our RNA-seq experiments.

Concerning the Hnf1b gene, three RAR-binding sites were
found, one upstream of the TSS with a consensus DR7 sequence
and two downstream of the TSS (one intragenic with a DR5 and
one downstream of the gene end with a DR2) (supplementary
material Table S2; Fig. 6C). Occupancy of the DR2 element was
not significantly enriched with RARc2 either WT or S68A.
However, occupancy of the DR7 and DR5 elements was enriched
by RARc2WT but not by the phosphomutant after RA addition
(Fig. 6C). It is worth noting that, compared to the DR7 element,
the DR5 was more markedly enriched by RARc2 and was not
occupied by RARa, suggesting that the regulation of the Hnf1b

gene by the phosphorylated form of RARc2 concerns this DR5
RARE. In contrast, the Meis2 locus comprises two major RAR-
binding sites located downstream of the TSS in intragenic
regions. One peak contains a consensus DR5 and the other a

consensus DR2 element (supplementary material Table S2;
Fig. 6D). Both elements were enriched with RARc2WT after
RA addition, but only the DR5 element was not enriched with the
RARc2 phosphomutant (Fig. 6D).
Taken together, these results highlight novel RARc2-binding

elements with 5- or 7-base-pair spacers, which specifically recruit
the phosphorylated form of RARc2 in response to RA.

DISCUSSION

RA-regulated differentiation, proliferation, survival or death is at the
basis of complex physiological processes such as development.
During the past decade, numerous studies have provided an
enormous gain of knowledge into the molecular and structural
features of RARs. However, the complexity of the scenarios
increased with the discovery that RA also has non-genomic effects
and activates several signalling pathways that are integrated in
the nucleus and target several proteins, including RARs, for
phosphorylation processes (Al Tanoury et al., 2013b). Thus, we are
far from understanding how the non-genomic and genomic effects of
RA coordinate in embryonic development and organogenesis.
As cell differentiation is one of the most crucial steps during

development, we have used mESCs, which can differentiate into

Fig. 6. ChIP experiments showing that phosphorylation controls the recruitment of RARc2 to the promoters of the Lefty1, Gbx2, Hnf1b and Meis2

genes. Each gene is schematically represented with the location of the RAR-binding peaks identified in ChIP-seq experiments. The location of the RAREs is

also indicated. ChIP experiments were performed with RARc- or RARa-specific purified antibodies and the RAR-bound DNA fragments were amplified with

primers surrounding the different RAREs. wt, wild-type RARc2; m, RARc2S68A.
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a large variety of cell types, such as neuronal cells, in response to
RA. However, whether a particular RAR subtype was involved in
the differentiation of these cells was still undefined. Moreover,
the relevance of RAR phosphorylation had also not been
addressed. Therefore, we investigated which RAR subtype is
involved in neuronal differentiation of mESCs and whether their
phosphorylation is required. With that aim, we took advantage
of mESCs in which the different RARs have been inactivated
and used them to generate rescue lines expressing RAR
phosphomutants.

The first novel finding of this study is that RARc, and more
precisely the RARc2 isoform, which is the predominant RARc
isoform in embryonic stem cells (Kastner et al., 1990), is required
for the RA-induced generation of neuronal progenitors, which
then give rise to neurons forming a dense axon network. An
additional important observation is the identification of a subset
of early RA target genes involved in development whose
regulation is lost in the RARc-knockout cells, but well re-
established in the RARc2 rescue line. Because these genes are
activated as early as 2 hours after RA addition to the cell
aggregates, one can hypothesize that they are involved in the
commitment of ESC to the neuronal lineage. A recent study
conducted by Kashyap et al. (Kashyap et al., 2013) has also
shown that inactivation of RARc is associated with a reduced
expression of several genes. However, the cells were not analysed

under the same conditions as here and there was no correlation
with neuronal differentiation.
The second novel finding is the role of the phosphorylation

state of RARc2 (Fig. 7). We show that ERKs are rapidly
activated after RA addition in mESCs, corroborating other studies
(Stavridis et al., 2010). Today, it is known that the rapid
activation of the kinase signalling pathways by RA is mediated by
non-genomic effects, and that the effects of these kinases are
integrated in the nucleus where they phosphorylate several factors
involved in the expression of the RA target genes (Al Tanoury
et al., 2013b). Here, the important point is that RARc2 becomes
phosphorylated at its N-terminal serine residue, and that
this phosphorylation process is required for the neuronal
differentiation of mESCs. Indeed our present data demonstrate
that mESCs expressing RARc2 mutated at the N-terminal serine
residue are not able to enter the neuronal lineage. They also
reveal a small set of target genes involved in neuronal
development and exemplified by Lefty1, Gbx2, Meis2 and
Hnf1b, which require the phosphorylation of RARc2 to be
activated. This is the first report showing that RA target genes
involved in development are regulated by the phosphorylation of
RARc2.
The third novel finding is the characterization of RAREs with

specific spacings, which recruit the phosphorylated form of
RARc2 in response to RA. Indeed, we found that the promoters of

Fig. 7. Working model for the role of

RARc2 phosphorylation in the

expression of RA target genes and

neuronal differentiation of mESCs. In

response to RA, the MAPK signalling

pathway is activated via non-genomic

effects. Then RARc2 becomes

phosphorylated at the N-terminal serine

residue and can be recruited to genes

promoters with DR5 or DR7 RAREs.

Finally, the corresponding genes are

expressed and mESCs differentiate

into neurons.
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the above genes targeted by phosphoRARc2 depict not only
canonical DR2 and DR5 response elements but also atypical DR7
elements, and that only the DR5 and DR7 elements recruit
specifically the phosphorylated form of RARc2 in response to
RA. The next challenge will be to determine how phosphorylation
of the N-terminal serine residue, which is located in the vicinity
of the DBD, regulates the binding of RARc2 only to response
elements with DR5 or DR7 spacing. However, it is worth pointing
out that the spacing of the response elements directs the
architecture of the DNA-bound RXR–RAR heterodimers
(Brélivet et al., 2012; Rochel et al., 2011). Because
phosphorylation of the N-terminal serine residue induces the
dissociation of partners with SH3 domains (Lalevée et al., 2010),
preliminary studies have suggested that the interaction of the non-
phosphorylated form with SH3 proteins would impede the
binding of RARc2 only to DRs with specific spacing (DR5 and
DR7), whereas the phosphorylated form (without SH3 partners)
would be recruited to these DRs in response to RA (B. Kieffer
and C.R.-E., unpublished results).

It is important to note that the DR7 elements show a rather low
frequency (Moutier et al., 2012) among the RAR-occupied sites,
suggesting that they would control the expression of a small set of
genes involved in the commitment of pluripotent cells to specific
lineages. Here, we have defined some of these genes, i.e. the
Lefty1, Gbx2 and Hnfb1 genes, and we show that they belong to
an early phosphoRARc2-regulated gene programme and are
crucial for the loss of pluripotency and for triggering the neuronal
differentiation of mESCs. Remarkably, comparison of our
findings with those reported for other cell types highlights that
Lefty1 and Gbx2, which are also known as the ‘stimulated by RA’
Stra3 and Stra7 genes, respectively (Chazaud et al., 1996; Oulad-
Abdelghani et al., 1998), are involved in early neural
development (Li et al., 2009; Smith et al., 2008; Sunmonu
et al., 2011) and, thus, are also activated in the P19 cell line that
differentiates into neurons in response to RA. However, they are
absent from the lists of RA-activated genes in cells with other
features, such as mouse embryo carcinoma cells (F9 cell line)
(Lalevée et al., 2011; Mendoza-Parra et al., 2011; Su and Gudas,
2008), MCF7 cells (Hua et al., 2009) and mouse embryonic
fibroblasts (Al Tanoury et al., 2013a). Collectively such data
highlight the importance of these genes for commitment to the
neuronal lineage. Concerning the Hnf1b and Meis2 (also known
as Stra10; Oulad-Abdelghani et al., 1997) genes, they are also
involved in neuronal differentiation, but are not restricted to
this cell type because they are expressed in F9 cells and
other developing tissues (Mendoza-Parra et al., 2011; Oulad-
Abdelghani et al., 1997). Nevertheless, all these data suggest that
RARc2 phosphorylation would control neuronal differentiation
via the activation of target genes with specific DR7 and/or DR5
element combinations.

In attempts to validate the role of the early phosphoRARc2-
regulated genes in the neuronal differentiation of mESCs, we
monitored the effects of shRNA-mediated Gbx2 and Meis2

knockdown on the appearance of axons after RA treatment. In
fact, despite the efficiency of the knockdown, the neuronal
differentiation of the cells was not significantly affected. Thus
knockdown of one of these transcription factors alone is not
sufficient to abolish the differentiation programme. Therefore,
either the residual levels of expression are sufficient to sustain
differentiation, or the genes act together to establish a sub-
programme of interconnected regulatory networks that are not
strongly perturbed by the loss of only one of these genes. Further

studies involving simultaneous knockdown of several or all of
these genes will be required to answer this question. It is also
important to note that almost 50% of the RA-induced genes are
still normally activated in the RARc-knockout cells although
these cells do not differentiate into neurons. This again highlights
the crucial role played by the small subset of genes specifically
induced by the RARc2 isoform.
In conclusion, we provide several lines of evidence for a

function of RARc2 phosphorylation in positively regulating
neuronal differentiation (Fig. 7). It would be interesting to
extrapolate this work to other RA responsive systems.
Ultimately, one can predict specific sets of genes with DR5
and/or DR7 elements that could be controlled by phosphorylation
of RARs, depending on the feature of the cells.

MATERIALS AND METHODS

Plasmids

All constructs containing the RARc receptors were cloned into the pCA

vector, which is driven by a CAG early promoter, coupled to

hygromycin/neomycin resistance. mRARc2 and mRARc1 were isolated

as XhoI/BamH1 fragments from the pSG5 constructs (Bastien et al.,

2000) and subcloned in the same sites of pCA. mRARc2S66A and

mRARc2S68A in pCA were constructed by PCR amplification reactions.

Internal oligonucleotides used in the PCR reaction encoded alanine (A)

instead of serine (S) residues at positions 66 or 68.

Antibodies

Rabbit polyclonal antibodies recognizing RARa [RPa(F)], RARb
[RPb(F) and RARc [RPc(F)] were as described previously (Bastien

et al., 2000; Bruck et al., 2009; Rochette-Egly et al., 1992). RPc(F)

was purified on sulfoLink gel columns (Pierce Chemical) coupled to

the corresponding immunizing peptide (Lalevée et al., 2010). Mouse

monoclonal antibodies specifically recognizing RARc phosphorylated at

position S68 were as previously described (Lalevée et al., 2010), as were

mouse monoclonal antibodies recognizing specifically the RARc1
[Ab1c(A1)] and RARc2 [Ab10c(A2)] isoforms (Bastien et al., 2000).

Rabbit polyclonal antibodies against GAPDH were from Sigma-Aldrich

and those against Pax6, Oct4 and Nanog were from Abcam Ltd Mouse

monoclonal antibodies recognizing neuronal class III b-tubulin (Tuj1)

were from Eurogentec France. The antibodies against ERKs and their

active phosphorylated forms were from Santa Cruz Biotechnology.

Mouse ESC lines and culture conditions

Mouse ESCs (clone D4), derived from the 129 sub-strain were as

previously described, as were the Rarg2/2 (clone AA71) and Rara2/2

(clone KC25) cell lines (Lohnes et al., 1993; Lufkin et al., 1993). To

establish the rescue lines, the RARc2WT, RARc2S66A or RARc2S68A

constructs were introduced into the Rarg2/2 cells by LipofectamineH

2000 transfection (Invitrogen). The stable rescue lines were selected with

G418 (350 mg/ml) or hygromycin B (100 mg/ml) for 1 week and analysed

for the presence of the transgene by qPCR and western blotting.

All cell lines were grown on inactivated mouse embryonic fibroblast

feeder cells in the presence of LIF under standard conditions [DMEM

supplemented with Glut AmaxTM-I (Fischer Scientific SAS), 15% FCS,

non essential amino acids and b-mercaptoethanol]. Then cells were

differentiated into neurons according to the protocol of Bibel et al. (Bibel

et al., 2007). In brief, cells were trypsinized, plated on non-adhesive

bacteriological Greiner Petri dishes (46106 cells) in 15 ml CA (cellular

aggregates) medium (DMEM supplemented with GlutaMAXTM-I, 10%

FCS, non essential amino acids and b-mercaptoethanol) and aggregated

for 8 days with a medium change every 2 days. At day four, all-trans RA

(2 mM) (Sigma-Aldrich Chimie SARL) was added and 4 days later, the

cellular aggregates were washed with PBS, dissociated with trypsin,

suspended in N2 medium [DMEM/Ham-F12, BSA and N2H (Fischer

Scientific SAS)], and plated on culture dishes precoated with PORN

(Poly-DL-ornithine hydrobromide, Sigma-Aldrich, Chimie SARL) and

laminin (Roche Diagnostics). After 1 day, the N2 medium was changed
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and 2 days later replaced by neurobasal medium supplemented with B27H

(Fisher Scientific).

Immunoblotting, immunoprecipitation and

immunofluorescence assays

Extract preparation and immunoblotting were as described previously

(Bour et al., 2005). Immunoprecipitation was performed with mouse

monoclonal antibodies immobilized on DynabeadsH Protein A/G

(Invitrogen). For immunofluorescence assays, cells were grown on Lab-

TekH glass chamber slides (Thermoscientific), fixed in 4% formaldehyde

(PFA)-PBS (20 min), permeabilized with 0.1% Triton X-100 (15 min) and

blocked with 3% non-immune serum in PBS (30 min). Then, cells were

incubated with primary antibodies, followed by Alexa-Fluor-448- or

Alexa-Fluor-555-conjugated secondary antibodies (Invitrogen). Nuclei

were counterstained with DAPI (Sigma-Aldrich). Cells were analysed by

fluorescence microscopy using a LEICA DMRX microscope equipped

with a LEICA True Confocal Scanner TCS SP.

Detection of phosphorylated RARc

Cell extracts were applied to phosphoprotein purification columns

(Qiagen). Column eluates containing protein peaks were concentrated and

analysed by immunoblotting as previously described (Bruck et al., 2009).

RNA extraction and RT-qPCR

Total RNA was extracted from cellular aggregates grown for 4 days in

the absence of RA and then treated with RA for 2–6 hours. Aliquots were

subjected to RT-qPCR as described (Bruck et al., 2009). Transcripts were

normalized according to the housekeeping gene GAPDH. Primer

amplification and specificity were verified on DNA serial dilutions.

Primer sequences are available from the corresponding author upon

request.

High-throughput mRNA sequencing

After isolation of total RNA, a library of template molecules suitable for

high-throughput DNA sequencing (RNA-Seq) was created following the

Illumina ‘Truseq RNA sample prep v2’ protocol with some

modifications. Briefly, mRNA was purified from 2 mg total RNA using

oligo-dT magnetic beads and fragmented using divalent cations (94 C̊,

8 minutes). The cleaved mRNA fragments were reverse-transcribed to

cDNA using random primers and then the second cDNA strand was

synthesized using Polymerase I and RNase H. The next steps of RNA-

Seq library preparation were performed in a fully automated system using

SPRIworks Fragment Library System I kit (ref A84803, Beckman

Coulter, Inc.) with the SPRI-TE instrument (Beckman Coulter, Inc.).

Briefly, in this system, double-stranded cDNA fragments were blunted,

phosphorylated and ligated to indexed adapter dimers, and fragments in

the range of ,200–400 bp were selected. Finally, the library was

amplified by PCR [30 s at 98 C̊ (10 s at 98 C̊, 30 s at 60 C̊, 30 s at

72 C̊)612 cycles; 5 min at 72 C̊] and the surplus PCR primers were

removed using AMPure beads (Agencourt Biosciences Corporation) with

the Biomek 3000 instrument (Beckman Coulter, Inc.). DNA libraries

were checked for quality and quantified using 2100 Bioanalyzer

(Agilent). The libraries were loaded in the flow cell at 11 pM

concentration and clusters were generated and sequenced in the

Illumina Hiseq2000 as single-end 50-base reads.

Image analysis and base calling were performed using CASAVA

v1.8.2 sequence reads were mapped onto the mm9 assembly of the mouse

genome by using Tophat v1.4.1 (Trapnell et al., 2009) and the bowtie

v0.12.7 aligner. Only uniquely aligned reads have been retained for

further analyses. Gene expression was quantified using HTSeq v0.5.3p3

(Anders and Huber, 2010) and gene annotations from Ensembl release

66. Read counts were normalized across libraries with the method

proposed by Anders and Huber (Anders and Huber, 2010). Comparisons

of interest were performed using the statistical method proposed by

Anders and Huber (Anders and Huber, 2010) implemented in the DESeq

v.1.6.1 Bioconductor package. P-values are adjusted for multiple testing

by using the Benjamini and Hochberg (Benjamini and Hochberg, 1995)

method. Only genes with |log2 fold-change|.1 or ,21 and an adjusted

P,0.05 were considered. Functional analyses of these genes were

performed using the Manteia program (http://manteia.igbmc.fr).

Motif research

The gene regions located 610 kb from gene limits (Ensembl release 63)

were analysed using regular expression search to detect perfect consensus

59-RGKTSA-39 half sites with different spacing. The potential RAR-

binding elements were aligned on the same strand to ensure the sense and

antisense matches gave homogeneous positions.

Chromatin immunoprecipitation experiments

Cellular aggregates were treated with RA for 45 minutes and chromatin

immunoprecipitation (ChIP) experiments were performed as previously

described (Bruck et al., 2009). Control ChIP were performed without

antibodies, and RARc was immunoprecipitated with purified RPc(F)
immobilized on DynabeadsH Protein A (Invitrogen). RARa was also

immunoprecipitated as previously described (Bruck et al., 2009).

Immunoprecipitated DNA was amplified by PCR primers designed

using Primer3 software (Rozen and Skaletsky, 2000), which are available

upon request. Occupancy of the promoters was calculated by normalizing

the PCR signals from the immunoprecipitated samples to the signals

obtained from the input DNA.
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6*6$)081*/ +*%*<=/' :' /'$-*/'# <)$80%08'-<1>$'# #'%,)0,)'# 0$? /'$-*/'# 6-"#'/8# :0/# )' 

(*-8'? in vivo@ #$18' A $/ 8-018'%'/8 60- )B0(1:' -"81/*C>$' 2D!5E F1'/ >$' )' -G)' :' )BD! #*18 ,1'/ 

"8$:1"@ )'# ;0(8'$-# >$1 #6"(1;1'/8 )' :'#81/ /'$-*/0) /' #*/8 60# (*//$#E H*$# %*/8-*/# 1(1 >$' 

I*$J;K 2F-/K5 '#8 $/ ;0(8'$- '##'/81') A )0 :1;;"-'/(1081*/ /'$-*/0)' :'# ('))$)'# 34 in vitro. 

&B$81)1#081*/ :' )B066-*(+' :' :1;;"-'/(1081*/ in vitro 0##*(1"' A :'# 8'(+/1>$'# :' <"/*%1>$' A +0$8 

:",18 2!HDL#'>@ M+NIL#'>5 0 6'-%1# :B1:'/81;1'- :'# <=/'# -"<$)"# :1-'(8'%'/8 *$ 1/:1-'(8'%'/8 60- 

F-/KE I0-%1 ('# <=/'# #' 8-*$7'/8 Ascl1@ Hes5 *$ Pou6f1@ >$1 #*/8 :'# <=/'# ()"# :0/# )0 

/'$-*<'/=#'E &0 (*%60-01#*/ :' /*# :*//"'# 07'( :'# '?6"-1'/('# 6-"(":'%%'/8 6$,)1"'# /*$# 

0 6'-%1# :B1:'/81;1'- $/ /*%,-' -'#8-'1/8 :' <=/'# (1,)'# :' F-/K >$')>$' #*18 )' 6-*8*(*)' :' 

:1;;"-'/(1081*/ $81)1#"E I0-%1 ('# <=/'# #' 8-*$7' O1(PE H*$# %*/8-*/# >$' O1(P (**6=-' 07'( F-/K 

6*$- #6"(1;1'- )' :'#81/ /'$-*/0) :'# ('))$)'# 34 in vitroE  
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Q*$#' '%,-.*/1( #8'% 2345 ('))# (0/ ,' :1;;'-'/8108': in vitro 1/8* 0 +1<+). +*%*<'/*$# 6*6$)081*/ 

*; <)$80%08'-<1( /'$-*/#@ #1%1)0- 8* 8+*#' 6-'#'/8 1/ 8+' ('-','))0- (*-8'? ,. 8-'08%'/8 T18+ -'81/*1( 

0(1: 2!D5E U+1)' 8+' -*)' *; !D 1/ :1;;'-'/81081*/ 1# T')) #8$:1':@ 8+' :*T/#8-'0% ;0(8*-# 8+08 #6'(1;. 

8+' /'$-0) ;08' *; 8+' 34 ('))# 0-' /*8 V/*T/E W'-' T' #+*T 8+08 I*$J;K 2F-/K5@ T18+ 0 V/*T/ -*)' 1/ 

/'$-*/0) :1;;'-'/81081*/ in vivo, 1# '##'/810) ;*- /'$-*/0) :1;;'-'/81081*/ *; 34 ('))# in vitroE X#1/< *$- 

in vitro :1;;'-'/81081*/ 6-*8*(*) (*%,1/': T18+ +1<+ 8+-*$<+6$8 8'(+/1>$'# 2!HDL#'>@ M+NIL#'>5 T' 

#+*T 8+08 F-/K :1-'(8). 0/: 1/:1-'(8). -'<$)08'# 0 #'8 *; 80-<'8 <'/'# T18+ '##'/810) -*)'# 1/ 

/'$-*<'/'#1# #$(+ 0# Ascl1@ Hes5 *- Pou6f1E N/8'<-081*/ *; 8+'#' -'#$)8# T18+ 6-'71*$#). 6$,)1#+': 

:080#'8# 0))*T': $# 8* 1:'/81;. 0 (*-' #'8 *; F-/K 80-<'8 <'/'# (*%%*/ 8* '0(+ :1;;'-'/81081*/ %*:')E 

D%*/<#8 8+'#' 1# 8-0/#(-1681*/ ;0(8*- O1(PE U' #+*T 8+08 O1(P 0/: F-/K (**6'-08' 8* #6'(1;. 8+' 

/'$-0) ;08' *; !DL8-'08': 34 ('))# in vitroE  
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