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ABSTRACT

K[X XaWbVlg\V cTg[jTl WX_\iXef XkgeTVX__h_Te TaW c_Tf‘T ‘X‘UeTaX
Vbafg\ghXagf \agb g[X VX__) K[X XaWbVlg\V cTg[jTl Vbaf\fgf bY W\YYXeXag
XaWbfb‘T_ Vb‘cTeg‘Xagf j\g[ W\fg\aVg Vb‘cbf\g\baf TaW YhaVg\baf) K[X
cTeg\V\cTg\ba bY g[\f ebhgX \a g[X eXZh_Tg\ba bY VX__h_Te V[b_XfgXeb_ [b‘XbfgTf\f
[Tf UXXa Y\efg WXfVe\UXW \a g[X fghW\Xf ba g[X VX__h_Te WX_\iXel TaW [lWeb_lf\f
bY _bj WXaf\gl _\cbcebgX\af $C;Cf% $9ebja TaW >b_WfgX\a’ ,431%) K[X
geTafcbeg ‘XV[Ta\f‘f hfXW Ul V[b_XfgXeb_ [XaVXYbeg[’ Tf jX__ Tf g[X
cTeg\V\cTg\ba bY bg[Xe XaWbVlg\V cebVXffXf \a V[b_XfgXeb_ geTafcbeg fg\__ eX‘T\a
_TeZX_l ha^abja) K[X T\‘ bY g[X ceXfXag fghWl jTf gb V[TeTVgXe\mX g[X eb_X bY
g[X XaWbVlg\V cTg[jTl \a g[X eXZh_Tg\ba bY \ageTVX__h_Te V[b_XfgXeb_ geTafcbeg
TaW [b‘XbfgTf\f) ;XYXVgf \a V[b_XfgXeb_ ‘XgTUb_\f‘ TeX TffbV\TgXW j\g[ T
iTe\Xgl bY [h‘Ta W\fXTfXf $KTUTf’ -++-T%) <_hV\WTg\aZ g[X VX__h_Te ‘XV[Ta\f‘f
Ul j[\V[ V[b_XfgXeb_ \f W\fge\UhgXW f[bh_W [X_c gb haWXefgTaW [bj g[XfX
W\fXTfXf WXiX_bc TaW’ \a g[X _baZ eha’ cebi\WX aXj fgeTgXZ\Xf Ybe g[X\e
geXTg‘Xag)

@a g[X Y\efg fghWl jX XkT‘\aXW g[X eb_X bY iXf\Vh_Te geTYY\V^\aZ ‘TV[\aXel \a
g[X Xkcbeg bY _TgX XaWbfb‘T_ V[b_XfgXeb_) NX YbhaW g[Tg g[X ‘\Veb\a]XVg\ba bY
ITU(ZhTa\aX(ahV_Xbg\WX W\ffbV\Tg\ba \a[\U\gbe $>;@% XYYXVg\iX_l \a[\U\gXW
V[b_XfgXeb_ ‘bU\_\mTg\ba \aW\VTg\aZ g[Tg ITU cebgX\af TeX \aib_iXW \a g[X
cebVXff) NX T_fb abgXW g[Tg hcba biXeXkceXff\ba bY E\X‘Taa G\V^ : $EG:% ,
cebgX\a \a EG:, WXYXVg\iX Y\UebU_Tfgf’ fX_XVg _\c\W TaW cebgX\a Vbafg\ghXagf
jXeX eXW\fge\UhgXW Yeb‘ _TgX XaWbfb‘Xf hcba ha_bTW\aZ bY V[b_XfgXeb_
WXcbf\gf) K[\f bUfXeiTg\ba Yheg[Xe _\a^f g[X V[b_XfgXeb_ geTYY\V^\aZ gb g[X
geTafcbeg bY bg[Xe _TgX XaWbfb‘T_ VTeZb)

Kb TaT_lmX g[X Vbage\Uhg\ba bY fcXV\Y\V ITU(eXZh_TgXW geTYY\V^\aZ cTg[jTlf \a
VX__h_Te V[b_XfgXeb_ geTafcbeg jX XkT‘\aXW g[X XYYXVgf bY fX_XVgXW XaWbfb‘T_
ITU cebgX\af ba V[b_XfgXeb_ W\fge\Uhg\ba TaW [b‘XbfgTf\f) NX YbhaW g[Tg g[X
biXeXkceXff\ba bY eXVlV_\aZ XaWbfb‘T_ ITU,, eXfh_gXW \a ceb‘\aXag
TVVh‘h_Tg\ba bY YeXX V[b_XfgXeb_ \a ITU,, cbf\g\iX beZTaX__Xf) ITU,,
biXeXkceXff\ba W\W abg cXegheU g[X geTafcbeg bY Y_hbeXfVXag_l _TUX__XW C;C gb
_TgX XaWbfb‘Xf be g[X EG:,(\aWhVXW _TgX XaWbfb‘T_ V[b_XfgXeb_ V_XTeTaVX \a
EG: cTg\Xag VX__f) ?bjXiXe’ ITU,, biXeXkceXff\ba \a[\U\gXW VX__h_Te
V[b_XfgXeb_ XfgXe\Y\VTg\ba \a Ta C;C(\aWXcXaWXag ‘TaaXe) K[\f XYYXVg Vbh_W UX
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biXeVb‘X Ul \agebWhV\aZ V[b_XfgXeb_ gb g[X c_Tf‘T ‘X‘UeTaX Yeb‘ T
VlV_bWXkge\a VTee\Xe) K[XfX eXfh_gf fhZZXfg g[Tg \a ITU,, biXeXkceXff\aZ VX__f’
WXcbf\g\ba bY V[b_XfgXeb_ \a eXVlV_\aZ XaWbfb‘Xf eXfh_gf \a \gf \‘cT\eXW
XfgXe\Y\VTg\ba’ ceXfh‘TU_l WhX gb g[X WXYXVg\iX eXVlV_\aZ bY V[b_XfgXeb_ gb g[X
c_Tf‘T ‘X‘UeTaX) K[X Y\aW\aZf cb\ag gb g[X \‘cbegTaVX bY g[X eXVlV_\aZ
XaWbfb‘Xf \a eXZh_Tg\aZ V[b_XfgXeb_ TaW fc[\aZb_\c\W geTYY\V^\aZ TaW VX__h_Te
V[b_XfgXeb_ [b‘XbfgTf\f)

K[\eW_l’ jX TaT_lmXW g[X eb_X bY T _TgX XaWbfb‘T_ V[b_XfgXeb_ U\aW\aZ cebgX\a
DCE1/ \a _TgX XaWbVlg\V V[b_XfgXeb_ geTafcbeg) NX bUfXeiXW g[Tg g[X
WXc_Xg\ba bY DCE1/ W\W abg \‘cT\e V[b_XfgXeb_ [b‘XbfgTf\f Tf TffXffXW Ul
V[b_XfgXeb_ XYY_hk be XfgXe\Y\VTg\ba’ be _XTW gb _TgX XaWbfb‘T_ V[b_XfgXeb_
TVVh‘h_Tg\ba) @a VbageTfg’ DCE1/ biXeXkceXff\ba \aVeXTfXW fgXeb_ WXcbf\g\ba
\a g[X beZTaX__Xf [TeUbhe\aZ g[X cebgX\a) K[X ‘bfg bUi\bhf c[XabglcX
bUfXeiXW hcba DCE1/ WXc_Xg\ba jTf g[X W\fcXefT_ bY _TgX XaWbVlg\V
beZTaX__Xf gb g[X VX__ cXe\c[Xel’ \aW\VTg\aZ g[Tg DCE1/ cTeg\V\cTgXf \a _TgX
XaWbfb‘X WlaT‘\Vf) NX YbhaW g[Tg hcba DCE1/ WXc_Xg\ba’ g[X TffbV\Tg\ba
bY _TgX XaWbVlg\V beZTaX__Xf j\g[ TVg\a jTf eXWhVXW) @a VbageTfg’
biXeXkceXff\ba bY DCE1/ \aVeXTfXW g[X TffbV\Tg\ba bY _TgX XaWbfb‘Xf j\g[
TVg\a Tf jX__ Tf c./(8eV’ T Vb‘cbaXag bY TVg\a ahV_XTg\ba ‘TV[\aXel) NX
cebcbfX g[Tg DCE1/(‘XW\TgXW _bVT_ fgXeb_ Xae\V[‘Xag bY _TgX XaWbfb‘T_
‘X‘UeTaXf YTV\_\gTgXf g[X TffbV\Tg\ba bY _TgX XaWbfb‘Xf j\g[ g[X TVg\a
Vlgbf^X_Xgba’ g[XeXUl _\a^\aZ g[X fgXeb_ beZTa\mTg\ba TaW TVg\a(‘XW\TgXW
WlaT‘\Vf bY _TgX XaWbVlg\V beZTaX__Xf \a ‘T‘‘T_\Ta VX__f)
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:[b_XfgXeb_’ WXfc\gX \gf WhU\bhf eXchgTg\ba \f Ta XffXag\T_ Vb‘cbaXag bY
‘T‘‘T_\Ta VX__f) @a TWW\g\ba gb UX\aZ T ‘X‘UeTaX Uh\_W\aZ U_bV^’ V[b_XfgXeb_
fXeiXf Tf T ceXVhefbe Ybe fgXeb\W [be‘baXf’ U\_X TV\Wf TaW bklfgXeb_f)
DbeXbiXe’ V[b_XfgXeb_ [Tf T f\ZaT__\aZ YhaVg\ba X\g[Xe Ul W\eXVg ‘bW\Y\VTg\ba bY
f\ZaT__\aZ ‘b_XVh_Xf Tf \a g[X VTfX bY ?XWZX[bZ’ T ‘bec[bZXa g[Tg VbiT_Xag_l
U\aWf V[b_XfgXeb_ $@aVTeWbaT TaW <Tgba’ -+++%6 be Ul cTeg\V\cTg\ba \a g[X
Ybe‘Tg\ba bY ‘X‘UeTaX f\ZaT__\aZ c_TgYbe‘f gXe‘XW eTYgf $J\‘baf TaW @^baXa’
,442%) N[Tg ‘T^Xf V[b_XfgXeb_ fb fcXV\T_ WXe\iXf Yeb‘ \gf hahfhT_ c[lf\VT_
cebcXeg\Xf) 8f T ‘b_XVh_X \g \f f‘T__ TaW’ WhX gb g[X gXgeTVlV_\V YhfXW e\aZ
f^X_Xgba’ iXel e\Z\W) @a ‘bWX_ ‘X‘UeTaXf fgXeb_f [TiX UXXa f[bja gb VThfX
g[X _\c\W TVl_ V[T\af gb Vb‘X V_bfX_l cTV^XW’ g[hf Ybe‘\aZ T f)V) t _\dh\W(
beWXeXWu  fgTgX bY ‘X‘UeTaX U\_TlXe $F[ib(IX^\_T et al.’ -++-%) @a Vb‘cTe\fba
gb _\dh\W(W\fbeWXeXW c[TfX bUgT\aXW Ul ‘XeX c[bfc[b_\c\W U\_TlXef’ g[\f jbh_W
\aVeXTfX g[X ‘XV[Ta\VT_ fgeXaZg[ TaW WXVeXTfX g[X cXe‘XTU\_\gl bY g[X
‘X‘UeTaX TaW lXg T__bj eX_Tg\iX_l [\Z[ eTgXf bY _TgXeT_ TaW ebgTg\baT_
W\YYhf\ba) K[bfX Xh^TelbgXf g[Tg Wb abg WXcXaW ba V[b_XfgXeb_ hg\_\mX bg[Xe
fgXeb_f Ybe f\‘\_Te YhaVg\baf5 c_Tagf flag[Xf\mX T iTe\Xgl bY c[lgbfgXeb_f
$JV[T__Xe’ -++/% TaW lXTfgf TaW YhaZ\ [TiX XeZbfgXeb_ $Mb_^‘Ta’ -++.%)
Geb^TelbgXf TeX g[bhZ[g gb UX ‘T\a_l WXib\W bY fgXeb_f Uhg WTgT Xk\fg
fhZZXfg\aZ g[Tg Ybe XkT‘c_X’ VXegT\a ‘Xg[Tabgebc[\V UTVgXe\T flag[Xf\mX fgXeb_f
$Mb_^‘Ta’ -++.%) ?bjXiXe’ j[Xa ceXfXag \a XkVXff’ V[b_XfgXeb_ Vbage\UhgXf gb
WXiX_bc‘Xag bY T iTe\Xgl bY VX__h_Te TaW j[b_X(UbWl cTg[b_bZ\Xf $KTUTf’
-++-T%) K[\f W\iXef\gl [Tf XTeaXW T eXchgTg\ba Ybe V[b_XfgXeb_ Tf T t ATahf(YTVXW
‘b_XVh_Xu )

1.1 Cholesterol in cellular membranes

K[X T‘bhag bY V[b_XfgXeb_ iTe\Xf UXgjXXa W\YYXeXag beZTaX__Xf \a ‘T‘‘T_\Ta
VX__f) K[X VheeXag VbafXafhf \f g[Tg g[X ‘T]be\gl bY ‘X‘UeTaX V[b_XfgXeb_
eXf\WXf Tg g[X c_Tf‘T ‘X‘UeTaX’ Uhg g[X Xfg\‘TgXf bY g[X ceXV\fX T‘bhag iTel
Yeb‘ /+" gb 4+"’ WXcXaW\aZ ba g[X ‘Xg[bW TaW VX__ glcX hfXW $C\fVh‘ TaW
Dhaa’ ,444%) @a g[X >b_Z\ TccTeTghf’ g[X T‘bhag bY V[b_XfgXeb_ [Tf UXXa
eXcbegXW gb \aVeXTfX \a cis­trans W\eXVg\ba $:bkXl  et  al.’ ,44.%) K[X XaWbVlg\V
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cTg[jTl [TeUbhef V[b_XfgXeb_ \a iTe\TU_X T‘bhagf5 T‘c_X V[b_XfgXeb_ [Tf UXXa
YbhaW \a XTe_l TaW eXVlV_\aZ XaWbfb‘Xf TaW \a g[X \agXeaT_ ‘X‘UeTaXf bY
‘h_g\iXf\Vh_Te UbW\Xf $>TZXfVh  et  al.’ -+++6 ?Tb  et  al.’ -++-6 DqU\hf  et  al.’
-++.%) Clfbfb‘Xf TaW _TgX XaWbfb‘Xf Wb abg abe‘T__l fgbeX V[b_XfgXeb_
$DqU\hf  et  al.’ -++.%) Cbj VbaVXageTg\ba bY V[b_XfgXeb_ \f YbhaW \a g[X
XaWbc_Tf‘\V eXg\Vh_h‘ $<I% j\g[ T Z\iXa Xfg\‘TgX bY _Xff g[Ta ," bY gbgT_
VX__h_Te V[b_XfgXeb_ \a eXfg\aZ [h‘Ta Y\UebU_Tfgf $CTaZX  et  al.’ ,444%) @aaXe
‘\gbV[baWe\T_ ‘X‘UeTaXf Wb abg \aVbecbeTgX V[b_XfgXeb_ XkVXcg \a
fgXeb\WbZXa\V VX__f \a j[\V[ V[b_XfgXeb_ \f \‘cbegXW gb ‘\gbV[baWe\T Ybe fgXeb\W
cebWhVg\ba $AXYVbTgX’ -++-%)
 @a TWW\g\ba gb g[X W\YYXeXaVXf \a V[b_XfgXeb_ W\fge\Uhg\ba UXgjXXa
\aW\i\WhT_ beZTaX__Xf’ V[b_XfgXeb_ \f g[bhZ[g gb UX haXiXa_l W\fge\UhgXW j\g[\a
‘X‘UeTaXf) C\c\Wf [TiX W\YYXeXag TYY\a\g\Xf gbjTeWf XTV[ bg[Xe6 V[b_XfgXeb_ [Tf
UXXa f[bja gb [TiX [\Z[ TYY\a\gl \a cTeg\Vh_Te gbjTeWf fc[\aZb‘lX_\a $F[ib(
IX^\_T  et  al.’ -++-%) @a ‘X‘UeTaXf’ fc[\aZb_\c\Wf TffbV\TgX j\g[ XTV[ bg[Xe’
ceXfh‘TU_l X)Z) g[ebhZ[ jXT^ \agXeTVg\baf UXgjXXa g[X fhZTe ‘b\Xg\Xf bY
Z_lVbfc[\aZb_\c\Wf’ TaW V[b_XfgXeb_ ‘b_XVh_Xf Y\__ g[X ib\Wf UXgjXXa _\c\W
[lWebVTeUba V[T\af) K[XfX _TgXeT_ TffX‘U_\Xf TeX gXe‘XW eTYgf $J\‘baf TaW
@^baXa’ ,442%) ITYgf TeX g[bhZ[g gb cebi\WX T c_TgYbe‘ Ybe iTe\bhf VX__h_Te
YhaVg\baf fhV[ Tf VX__ TW[Xf\ba’ f\ZaT__\aZ’ XaWbVlgbf\f TaW fbeg\aZ) N[\_X g[X
XkTVg cebcXeg\Xf bY eTYgf fg\__ eX‘T\a gb UX X_hV\WTgXW’ g[X ceXfXag \WXT \f g[Tg
g[Xl TeX TVghT__l iXel f‘T__ TaW WlaT‘\V’ V_hfgXe\aZ TaW W\ffbV\Tg\aZ hcba
W\YYXeXag VhXf $JV[hV^ TaW J\‘baf’ -++/%)
 ?bjXiXe’ WXgXe‘\a\aZ g[X ceXV\fX W\fge\Uhg\ba bY V[b_XfgXeb_ T‘baZ
VX__h_Te ‘X‘UeTaXf [Tf abg UXXa ge\i\T_) =\efg’ g[X c[lf\b_bZ\VT_ fgTghf bY
V[b_XfgXeb_ ‘XgTUb_\f‘ \a VX__f \f iTe\TU_X) K[X T‘bhag bY V[b_XfgXeb_ \a T
Z\iXa beZTaX__X ‘Tl iTel fXiXeT_ Yb_Wf WXcXaW\aZ ba g[X ‘XgTUb_\V fgTgX fhV[
Tf TiT\_TU\_\gl bY _\cbcebgX\af) JXVbaW’ ZXah\aX W\YYXeXaVXf UXgjXXa W\YYXeXag
VX__ glcXf Xk\fg) 8f Ta XkT‘c_X g[X Tc\VT_ ‘X‘UeTaX bY cb_Te\mXW VX__f W\YYXef
Yeb‘ g[X Vb‘cbf\g\ba bY g[X c_Tf‘T ‘X‘UeTaX bY aba(cb_Te\mXW VX__f $JV[hV^
TaW J\‘baf’ -++/%) =\aT__l’ \a TWW\g\ba gb iTel\aZ ‘XgTUb_\V TfcXVgf’ cTeg bY
g[X VbagebiXefl Te\fXf Yeb‘ gXV[a\VT_ W\YY\Vh_g\Xf) DX‘UeTaXf Yeb‘ Z\iXa
VX__h_Te Vb‘cTeg‘Xagf TeX W\YY\Vh_g gb che\Yl’ TaW Xfg\‘TgXf bY g[X T‘bhag bY
V[b_XfgXeb_ TeX XTf\_l U\TfXW hcba VbagT‘\aTg\ba $C\fVh‘ TaW Dhaa’ ,444%)
@a cTfg lXTef’ aXj cebUXf [TiX UXXa WXiX_bcXW Ybe ‘bec[b_bZ\VT_ WXgXVg\ba bY
V[b_XfgXeb_ $@^baXa TaW ?q_ggo(Mhbe\’ -++/%) N\g[ g[XfX cebUXf aXj
\aYbe‘Tg\ba VbaVXea\aZ \ageTVX__h_Te V[b_XfgXeb_ W\fge\Uhg\ba VTa UX bUgT\aXW)
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Jg\__’ \g ‘hfg UX abgXW g[Tg fghW\Xf hg\_\m\aZ W\YYXeXag cebUXf [TiX l\X_WXW
W\YYXeXag eXfh_gf) GebUTU_l g[X ‘bfg eX_\TU_X \aYbe‘Tg\ba VTa UX bUgT\aXW Ul
Vb‘U\a\aZ fXiXeT_ ‘Xg[bWf’ Ubg[ ‘bec[b_bZ\VT_ TaW U\bV[X‘\VT_’ j[Xa
cbff\U_X)

1.2 Cellular cholesterol homeostasis

K[X VX__h_Te V[b_XfgXeb_ UT_TaVX \f iXel g\Z[g_l eXZh_TgXW) :X__f VTa bUgT\a
V[b_XfgXeb_ X\g[Xe Ul de  novo flag[Xf\f be Yeb‘ XkbZXabhf fbheVXf’ hfhT__l \a
g[X Ybe‘ bY c_Tf‘T(WXe\iXW _\cbcebgX\af) N[\V[ baX \f ceXYXeeXW’ WXcXaWf ba
g[X VX__ glcX TaW g[X TiT\_TU\_\gl bY XkbZXabhf V[b_XfgXeb_) Dbfg VX__ glcXf TeX
TU_X gb flag[Xf\mX V[b_XfgXeb_ g[X‘fX_iXf) 8g g[X j[b_X UbWl _XiX_’ Ybe \afgTaVX
VXageT_ aXeibhf flfgX‘ eX_\Xf ceTVg\VT__l fb_X_l ba de  novo flag[Xf\f Ybe
V[b_XfgXeb_ fhcc_l $;\XgfV[l TaW Khe_Xl’ -++,%) Fa g[X bg[Xe [TaW’ fb‘X VX__
glcXf [TiX fcXV\T_\mXW \a g[X hcgT^X bY _\cbcebgX\af’ Ybe XkT‘c_X [XcTg\V VX__f
TaW ‘TVebc[TZXf $J\‘baf TaW @^baXa’ -+++%) Kbb ‘hV[ YeXX V[b_XfgXeb_ \f
gbk\V gb g[X VX__f $KTUTf’ -++-U%) N[Xa V[b_XfgXeb_ \f ceXfXag \a XkVXff’ \g \f
XfgXe\Y\XW TaW fgbeXW \a Vlgbc_Tf‘\V _\c\W Webc_Xgf be XYY_hkXW bhg bY g[X VX__ gb
XkgeTVX__h_Te TVVXcgbef fhV[ Tf _\cbcebgX\af) :[b_XfgXeb_ VTaabg UX Ueb^Xa
Wbja \a g[X VX__f TaW ba_l g[X _\iXe \f TU_X gb eX‘biX V[b_XfgXeb_ Yeb‘ g[X
‘XgTUb_\V V\eVh\g’ Ul VbaiXeg\aZ \g gb U\_X TV\Wf) K[hf’ Vbag\ahbhf biXe_bTW\aZ
bY VX__f j\g[ V[b_XfgXeb_ ‘Tl eXfh_g \a XkVXXW\aZ g[X\e VTcTV\gl gb [TaW_X g[X
Y_bj) FaX iXel Vb‘‘ba TaW iXel WTaZXebhf XkT‘c_X bY fhV[ T YT\_heX \f
Tg[XebfV_Xebf\f $KTUTf’ -++-U%)

1.2.1 Cholesterol biosynthesis and its regulation

:[b_XfgXeb_ \f flag[Xf\mXW Yeb‘ TVXgTgX \a T Vb‘c_Xk VTfVTWX bY Xaml‘Tg\V
fgXcf) K[X f\gX bY V[b_XfgXeb_ U\bflag[Xf\f \f <I Yeb‘ j[XeX g[X aXj_l
flag[Xf\mXW V[b_XfgXeb_ \f eX_Tg\iX_l dh\V^_l $[T_Y(g\‘X _Xff g[Ta .+ ‘\a%
geTafcbegXW gb g[X c_Tf‘T ‘X‘UeTaX $?X\ab  et  al.’ -+++%) DTal bY g[X
U\bflag[Xg\V Xaml‘Xf T_fb _bVT_\mX \a g[X <I’ T_UX\g _bVT_\mTg\ba gb bg[Xe
VX__h_Te Vb‘cTeg‘Xagf fhV[ Tf _\c\W Webc_Xgf [Tf UXXa eXcbegXW $F[Tf[\ et al.’
-++.%) :[b_XfgXeb_ U\bflag[Xf\f \f i\gT_ Whe\aZ WXiX_bc‘Xag’ Tf ‘hgTg\baf \a
Xaml‘Xf eXZh_Tg\aZ V[b_XfgXeb_ U\bflag[Xf\f _XTW gb fXe\bhf ‘T_Ybe‘Tg\baf
$NTgXe[T‘’ -++-%) N[\_X U\bflag[Xg\V ceXVhefbef TccTeXag_l VTaabg Yh__l
Vb‘cXafTgX Ybe g[X _TV^ bY V[b_XfgXeb_ \a ‘T‘‘T_\Ta VX__f’ g[Xl ‘Tl [TiX T



Cholesterol in cells

15

fcXV\Y\V YhaVg\ba bY g[X\e bja) =be \afgTaVX WXf‘bfgXeb_ [Tf UXXa YbhaW \a
TUhaWTaVX \a ‘bhfX X‘Uelba\V TfgebVlgXf’ cb\ag\aZ gb g[X cbff\U\_\gl g[Tg
g[XeX ‘\Z[g UX W\YYXeXaVXf \a fgXeb_ eXdh\eX‘Xag \a W\YYXeXag VX__ glcXf $Dhg^T
et al.’ -++/%)
 <I \f T_fb g[X f\gX bY eXZh_Tg\ba bY V[b_XfgXeb_ U\bflag[Xf\f) :[b_XfgXeb_
eXZh_TgXf \gf bja flag[Xf\f g[ebhZ[ fgXeb_ eXZh_Tgbel X_X‘Xag(U\aW\aZ cebgX\af
$JI<9Gf%) JI<9Gf TeX geTafVe\cg\ba YTVgbef g[Tg eXZh_TgX g[X geTafVe\cg\ba bY
fXiXeT_ V[b_XfgXeb_ U\bflag[Xg\V Xaml‘Xf $9ebja TaW >b_WfgX\a’ ,444%) N[Xa
fgXeb_ _XiX_f \a g[X <I TeX _bj’ JI<9Gf TeX V_XTiXW Ul JI<9G V_XTiTZX
TVg\iTg\aZ cebgX\a $J:8G% \a g[X >b_Z\ TaW YhaVg\baT_ geTafVe\cg\ba YTVgbe \f
eX_XTfXW \a g[X ahV_Xhf) JI<9Gf U\aW gb fgXeb_ eXZh_Tgbel X_X‘Xag \a g[X gTeZXg
ZXaX ceb‘bgXe) JgXeb_ eXZh_Tgbel X_X‘Xag [Tf UXXa YbhaW Ybe \afgTaVX \a g[X
ceb‘bgXef bY .([lWebkl(.(‘Xg[l_Z_hgTel_ VbXaml‘X 8 $?D>(:b8% flag[TfX
TaW ?D>(:b8 eXWhVgTfX g[Tg cTeg\V\cTgX \a V[b_XfgXeb_ U\bflag[Xf\f) @a
TWW\g\ba’ JI<9Gf Xa[TaVX g[X geTafVe\cg\ba bY g[X C;C eXVXcgbe $9ebja TaW
>b_WfgX\a’ ,444%’ _XTW\aZ gb T VbbeW\aTgXW \aVeXTfX \a VX__h_Te V[b_XfgXeb_
_XiX_f) :baiXefX_l’ j[Xa <I fgXeb_ _XiX_f TeX [\Z[ g[X Vb‘c_Xk \f eXgT\aXW \a
g[X <I TaW ab V_XTiTZX bVVhef) J:8G [TeUbhef T VbafXeiXW fgXeb_(fXaf\aZ
Wb‘T\a TaW \f g[X gTeZXg bY fgXeb_ eXZh_Tg\ba $Eb[gheYYg et al.’ ,444%)

1.2.2 LDL­internalization pathway

DTal VX__ glcXf TVdh\eX V[b_XfgXeb_ Ul hcgT^X bY _\cbcebgX\af) K[X cTg[jTl
hg\_\mXW Ul C;C [Tf UXXa jX__ V[TeTVgXe\mXW) C;C cTeg\V_Xf TeX WX_\iXeXW gb
g[X VX__f Ul eXVXcgbe(‘XW\TgXW XaWbVlgbf\f $9ebja TaW >b_WfgX\a’ ,431%) =\efg’
C;C U\aWf gb g[X C;C(eXVXcgbe’ \f \agXeaT_\mXW TaW WX_\iXeXW gb g[X
XaWbfb‘T_ flfgX‘) @a XTe_l XaWbfb‘Xf g[X cTeg\V_X W\ffbV\TgXf Yeb‘ g[X
eXVXcgbe j[\V[ VTa UX eXVlV_XW UTV^ gb VX__ fheYTVX be T_gXeaTg\iX_l’ WXZeTWXW
gb ceXiXag Yheg[Xe \aY_hk) K[X TcbcebgX\a TaW r  TVVbeW\aZ gb g[X geTW\g\baT_
i\Xj ( T_fb _\cbcebgX\a(WXe\iXW V[b_XfgXel_ XfgXef TeX [lWeb_lmXW \a g[X TV\W\V
_lfbfb‘Xf) :[b_XfgXel_ XfgXe [lWeb_lf\f gb YeXX V[b_XfgXeb_ TaW YTggl TV\W \f
TVVb‘c_\f[XW Ul TV\W _\cTfX’ T WXY\V\XaVl bY j[\V[ eXfh_gf \a g[X TVVh‘h_Tg\ba
bY V[b_XfgXel_ XfgXef \a _TgX XaWbVlg\V beZTaX__Xf $8aWXefba et al.’ ,44/%) K[\f
Xaml‘X [Tf \gf TVg\i\gl bcg\‘h‘ \a Ta TV\W\V c? $KT^Tab  et  al.’ ,42/%)
?bjXiXe’ [lWeb_lf\f bY _\cbcebgX\a(WXe\iXW V[b_XfgXel_ XfgXef cebUTU_l UXZ\af
UXYbeX _lfbfb‘Xf Tf ,% _bVT_\mTg\ba bY TV\W _\cTfX [Tf UXXa f[bja abg gb UX
eXfge\VgXW gb _lfbfb‘Xf $JhZ\\  et  al.’ -++.% TaW -% WXfc\gX bY g[X YTVg g[Tg
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Xaml‘X TVg\i\gl eXdh\eXf TV\W\V c?’ WX(TV\W\Y\VTg\ba bY _lfbfb‘Xf [Tf UXXa
f[bja abg gb \‘cT\e V[b_XfgXel_ XfgXe [lWeb_lf\f $C\fVh‘’ ,44+%)
 C;C(eXVXcgbe ‘XW\TgXW cTg[jTl \f abg g[X ba_l ‘XTaf bY \‘cbeg\aZ
_\cbcebgX\af \a g[X VX__f) LcgT^X bY C;C VTa bVVhe Ybe \afgTaVX i\T fVTiXaZXe
eXVXcgbef g[Tg TeX T‘c_X \a ‘TVebc[TZXf $Ke\ZTgg\  et  al.’ -+++%) Fg[Xe
XaWbVlg\V cebVXffXf $c\abVlgbf\f’ c[TZbVlgbf\f% VTa Vbage\UhgX gb g[X hcgT^X Tf
jX__’ XfcXV\T__l \a g[X VTfX bY ‘bW\Y\XW Ybe‘f bY C;C’ \)X) TZZeXZTgXW be
TVXgl_TgXW $Behg[’ -++-%)  8g _XTfg \a ‘TVebc[TZXf’ ‘TVebc\abVlgbf\f [Tf UXXa
f[bja gb bcXeTgX \a g[X hcgT^X bY aTg\iX C;C gbb’ \a g[X cebVXff _XTW\aZ gb
YbT‘ VX__ Ybe‘Tg\ba $Behg[ et al.’ -++0%)

1.2.3 Cholesterol esterification

:[b_XfgXeb_ XfgXe\Y\VTg\ba YhaVg\baf \a fgbe\aZ V[b_XfgXeb_ \a Vlgbfb_\V _\c\W
Webc_Xgf’ fhcc_l\aZ _\cbcebgX\af j\g[ V[b_XfgXel_ XfgXef’ ‘TVebc[TZX YbT‘ VX__
Ybe‘Tg\ba TaW TUfbecg\ba bY W\XgTel V[b_XfgXeb_ $:[TaZ et al.’ -++,%) 9l _TeZX’
V[b_XfgXeb_ XfgXe\Y\VTg\ba \f g[bhZ[g gb cebi\WX ‘XTaf gb WXgbk\Yl XkVXff YeXX
V[b_XfgXeb_ g[Tg \f [Te‘Yh_ gb VX__f $KTUTf’ -++-U%) <kVXff V[b_XfgXeb_ \f
XfgXe\Y\XW \a g[X <I Ul g[X Xaml‘X TVl_(VbXaml‘X 85 V[b_XfgXeb_
TVl_geTafYXeTfX $8:8K%) Dbfg bY g[X V[b_XfgXeb_ WX_\iXeXW Ybe XfgXe\Y\VTg\ba \f
g[bhZ[g gb geTiXefX i\T g[X c_Tf‘T ‘X‘UeTaX $CTaZX  et  al.’ ,44.6 EXhYX_W et
al.’ ,441% Uhg Xi\WXaVX Ybe c_Tf‘T ‘X‘UeTaX \aWXcXaWXag ebhgX$f% Ybe
WX_\iXel bY C;C(WXe\iXW V[b_XfgXeb_ gb g[X <I Xk\fgf $EXhYX_W  et  al.’ ,4416
LaWXejbbW  et  al.’ ,443% $=\ZheX ,%) FY V[b_XfgXeb_ WXe\iXW Yeb‘ _TgX
XaWbfb‘Xf be _lfbfb‘Xf’ hc gb .+" [Tf UXXa eXcbegXW gb eXTV[ g[X <I i\T
c_Tf‘T ‘X‘UeTaX(\aWXcXaWXag cTg[jTl $EXhYX_W  et  al.’ ,441%) @a ‘T‘‘T_f’
gjb 8:8K ZXaXf [TiX UXXa V_baXW $8:8K, TaW 8:8K-% $:[TaZ  et  al.’
,44.6 :TfXf  et  al.’ ,443%) @a [h‘Taf’ 8:8K, [Tf UXXa YbhaW \a ‘bfg VX__
glcXf TaW g\ffhXf fghW\XW $:[TaZ et al.’ ,44.%) @a VbageTfg’ 8:8K- XkceXff\ba
\f ‘T\a_l bUfXeiXW \a g[X _\iXe TaW \agXfg\aX TaW \g \f g[bhZ[g gb UX g[X ‘T]be
V[b_XfgXeb_ XfgXe\Yl\aZ Xaml‘X \a g[X _\iXe $:TfXf  et  al.’ ,4436 GTe\a\  et  al.’
-++/%)
 JhUfgeTgXf Ybe 8:8K Xaml‘Xf TeX fgXeb_f TaW YTggl TVl_ VbXaml‘X 8)
8:8K Xaml‘Xf TeX TU_X gb XfgXe\Yl bg[Xe $[lWebkl_%fgXeb_f \a TWW\g\ba gb
V[b_XfgXeb_ Uhg V[b_XfgXeb_ \f T fhcXe\be T__bfgXe\V TVg\iTgbe’ Tg _XTfg Ybe 8:8K,
$Q[TaZ et al.’ -++.%) @a Tg[XebfV_Xebg\V _Xf\baf g[X TU\_\gl bY 8:8K gb WXgbk\Yl
YeXX V[b_XfgXeb_ \f fTgheTgXW) ;XYXVg\iX WX_\iXel bY V[b_XfgXeb_ gb g[X <I [Tf
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UXXa f[bja gb VbaYXe eXf\fgTaVX gb Tcbcgbf\f \a Tg[XebfV_Xebg\V _Xf\ba
‘TVebc[TZXf $=XaZ et al.’ -++.%)

Figure 1. Schematic illustration of pathways for cholesterol esterification. Red colour represents
cholesterol;  the  dashed  arrows  describe  pathways  that  may  not  be  direct  or  are  not  yet
conclusively characterized.

1.2.4. Other cholesterol modifications

:[b_XfgXeb_ UTV^UbaX VTa fXeiX Tf T ceXVhefbe Ybe iTe\bhf U\b_bZ\VT__l TVg\iX
‘b_XVh_Xf) <kT‘c_Xf bY fhV[ TeX U\_X TV\Wf’ bklfgXeb_f TaW fgXeb\W [be‘baXf)
9\_X TV\Wf’ flag[Xf\mXW Ul [XcTg\V VX__f’ TeX WXgXeZXag(_\^X ‘b_XVh_Xf g[Tg
YTV\_\gTgX Ubg[ g[X fXVeXg\ba bY V[b_XfgXeb_ bhg bY g[X UbWl Tf jX__ Tf TUfbecg\ba
bY W\XgTel V[b_XfgXeb_ \a g[X \agXfg\aX $IXW\aZXe’ -++.6 IhffX__’ -++.%) K[X
VbaiXef\ba bY [lWebc[bU\V V[b_XfgXeb_ gb jTgXe(fb_hU_X U\_X TV\Wf \aib_iXf
‘h_g\c_X Xaml‘Tg\V fgXcf TaW VTa cebVXXW i\T gjb T_gXeaTg\iX cTg[jTlf) K[X
t V_Tff\VT_u  ebhgX UXZ\af j\g[ g[X VbaiXef\ba bY V[b_XfgXeb_ gb 2 (
[lWebklV[b_XfgXeb_ Ul g[X <I(_bVT_\mXW Xaml‘X V[b_XfgXeb_ 2 ([lWebkl_TfX’
j[\V[ \f ba_l XkceXffXW \a g[X _\iXe $IhffX__’ -++.%) K[X t T_gXeaTg\iX ebhgXu
UXZ\af j\g[ g[X VbaiXef\ba bY V[b_XfgXeb_ gb -2([lWebklV[b_XfgXeb_ Ul g[X
‘\gbV[baWe\T_ Xaml‘X fgXeb_ -2([lWebkl_TfX) K[\f Xaml‘X \f abg eXfge\VgXW gb
[XcTg\V g\ffhXf6 \a ‘TVebc[TZXf’ \g \f g[bhZ[g gb cTeg\V\cTgX \a g[X bk\WTg\iX
X_\‘\aTg\ba bY V[b_XfgXeb_ TaW’ VbafXdhXag_l’ [TiX Ta Tg[XebcebgXVg\iX
YhaVg\ba $9]be^[X‘ et al.’ ,44/6 9]be^[X‘’ -++-%)
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 FklfgXeb_f TeX bklZXaTgXW WXe\iTg\iXf bY V[b_XfgXeb_ j\g[ T f[beg [T_Y(
_\YX) @a ‘T‘‘T_f’ g[Xl TeX ceXfXag \a iXel _bj T‘bhagf Tf Vb‘cTeXW gb
V[b_XfgXeb_’ Uhg g[Xl TeX g[bhZ[g gb UX \‘cbegTag ‘XW\Tgbef bY V[b_XfgXeb_
[b‘XbfgTf\f $9]be^[X‘’ -++-6 F_^^baXa TaW CX[gb’ -++/%) FklfgXeb_
cebWhVg\ba [Tf UXXa fhZZXfgXW gb cebi\WX T ‘XTaf Ybe g[X X_\‘\aTg\ba bY
XkVXff V[b_XfgXeb_’ Ybe \afgTaVX Yeb‘ ‘TVebc[TZXf TaW UeT\a $9]be^[X‘ et al.’
,44/6 9]be^[X‘  et  al.’ ,442%) @a TWW\g\ba’ bklfgXeb_f [TiX UXXa \WXag\Y\XW Tf
eXZh_Tgbef bY fXiXeT_ ZXaXf cTeg\V\cTg\aZ \a V[b_XfgXeb_ [b‘XbfgTf\f’ g[ebhZ[
U\aW\aZ gb ahV_XTe _\iXe O eXVXcgbe $D\__Tgg et al.’ -++.%)
 @a fgXeb\WbZXa\V g\ffhXf’ V[b_XfgXeb_ fXeiXf Tf T ceXVhefbe Ybe fgXeb\W
[be‘baX cebWhVg\ba) K[X eTgX(_\‘\g\aZ fgXc Ybe fgXeb\WbZXaXf\f \f g[X WX_\iXel
bY V[b_XfgXeb_ gb g[X G/0+ f\WX(V[T\a V_XTiTZX Xaml‘X g[Tg VbaiXegf V[b_XfgXeb_
gb ceXZaXab_baX $AXYVbTgX’ -++-%) K[\f Xaml‘X \f _bVT_\mXW \a g[X
‘\gbV[baWe\T_ \aaXe ‘X‘UeTaX j[\V[ \f abe‘T__l V[b_XfgXeb_ cbbe) K[X ^Xl
cebgX\a YTV\_\gTg\aZ V[b_XfgXeb_ geTafcbeg gb ‘\gbV[baWe\T \f fgXeb\WbZXa\V TVhgX
eXZh_Tgbel cebgX\a $Jg8I% $JbVV\b TaW 9eXf_bj’ -++.6 JgeThff  et  al.’ -++.%)
K[\f YT‘\_l bY _\c\W(U\aW\aZ cebgX\af \f W\fVhffXW \a ‘beX WXgT\_ \a :[TcgXe
.),)

1.2.5 Cholesterol efflux

:X__f VTa _bfX V[b_XfgXeb_ gb XkgeTVX__h_Te TVVXcgbef fhV[ Tf _\cbcebgX\af) Jb‘X
g\ffhXf’ _\^X _\iXe TaW \agXfg\aX’ flag[Xf\mX TaW fXVeXgX _\cbcebgX\af g[X‘fX_iXf
TaW \aVbecbeTgX V[b_XfgXeb_ \a g[X‘ \a Ta XfgXe\Y\XW Ybe‘ $J\‘baf TaW @^baXa’
-+++%) :[b_XfgXeb_ VTa TVVXff g[X XkgeTVX__h_Te TVVXcgbef g[ebhZ[ cTff\iX
TdhXbhf W\YYhf\ba Yeb‘ g[X ‘X‘UeTaX $KT__  et  al.’ -++-%) @a TWW\g\ba’
V[b_XfgXeb_ XYY_hk [Tf UXXa f[bja gb UX YTV\_\gTgXW Ul fcXV\Y\V cebgX\af’ fhV[ Tf
fVTiXaZXe eXVXcgbe 9(@ $JI(9@% be TWXabf\aX ge\c[bfc[TgX (U\aW\aZ VTffXggX
geTafcbegXe 8, $89:8,%) JI(9@ \f T eXVXcgbe Ybe [\Z[ WXaf\gl _\cbcXebgX\af
$?;C% TaW U\W\eXVg\baT_ \a \gf YhaVg\ba5 \g cTeg\V\cTgXf \a Ubg[ g[X \aY_hk bY
?;C(WXe\iXW V[b_XfgXeb_ gb g[X VX__f Tf jX__ Tf XYY_hk bY VX__h_Te V[b_XfgXeb_ gb
_\cbcebgX\a TVVXcgbef $:baaX__l TaW N\__\T‘f’ -++/%) 89:8, jTf \WXag\Y\XW
Tf T ZXaX ‘hgTgXW \a KTaZ\Xesf W\fXTfX) @a KTaZ\Xesf W\fXTfX’ ?;C cTeg\V_Xf Wb
abg ZXg cebcXe_l _\c\WTgXW TaW TeX VTgTUb_\mXW Tf T VbafXdhXaVX $FeT‘’ -++-%)
9bg[ JI(9@ TaW 89:8, [TiX UXXa cebcbfXW gb [TiX Tg[XebcebgXVg\iX
YhaVg\ba \a [h‘Taf $:baaX__l TaW N\__\T‘f’ -++/%)
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2. Endocytosis

K[X XaWbVlg\V cTg[jTl \f T ebhgX Ybe WX_\iXe\aZ bY XkgeTVX__h_Te be c_Tf‘T
‘X‘UeTaX Vbafg\ghXagf \agb T VX__ TaW W\fge\Uhg\aZ g[X‘ gb W\YYXeXag
WXfg\aTg\baf) Dbec[b_bZ\VT__l g[X XaWbVlg\V beZTaX__Xf Xk\fg \a g[X Ybe‘f bY
‘X‘UeTaX iTVhb_Xf’ V\fgXeaTX’ ghUh_Xf TaW ‘h_g\_T‘X__Te be ‘h_g\iXf\Vh_Te
UbW\Xf $D\TVmlaf^T TaW QXe\T_’ -++-% $fXX =\ZheX -%) :TeZb \a g[X XaWbVlg\V
cTg[jTl VTa UX fbegXW \a W\YYXeXag fgTg\baf Ybe X\g[Xe eXVlV_\aZ be WXZeTWTg\ba)
K[X eXVlV_\aZ TaW WXZeTWTg\iX cTg[jTlf TeX fXcTeTgXW Ubg[ fcTg\T__l TaW
YhaVg\baT__l $>ehXaUXeZ’ -++,%) <aWbVlg\V geTYY\V^\aZ g[Tg jTf be\Z\aT__l
g[bhZ[g gb UX T eX_Tg\iX_l f\‘c_X t XTg\aZ(TaW(We\a^\aZ cTg[jTlu  \a g[X VX__f
[Tf X‘XeZXW Tf T Vb‘c_Xk beZTa\mTg\ba cTeg\V\cTg\aZ \a iTe\bhf XiXagf bY
VX__h_Te _\YX’ fhV[ Tf f\ZaT_ geTafWhVg\ba TaW ‘T\agXaTaVX bY VX__h_Te
[b‘XbfgTf\f)

Figure  2.  Different  types  of  endosomes  in  HeLa  cells.  From  top  left:  recycling  and  early
endosomes,  multivesicular  body.  From  down  left:  multivesicular  late  endosome,  multilamellar
lysosome, dense core  lysosome. Scale bar 500 nm. The photo  is courtesy of Dr. Eija  Jokitalo,
Institute of Biotechnology, Helsinki.
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2.1 Endocytic pathways

2.1.1 Entry to the cells

<aWbVlgbf\f UXZ\af j\g[ g[X \agXeaT_\mTg\ba bY ‘b_XVh_Xf Yeb‘ g[X VX__ fheYTVX)
=be g[\f cebVXff fXiXeT_ ‘XV[Ta\f‘f Xk\fg $:baaXe TaW JV[‘\W’ -++.6
E\V[b_f’ -++.6 DTkY\X_W TaW DV>eTj’ -++/%) 9ebTW_l’ XaWbVlgbf\f VTa UX
W\i\WXW \agb gjb VTgXZbe\Xf5 c[TZbVlgbf\f $t VX__ XTg\aZu % TaW c\abVlgbf\f $t VX__
We\a^\aZu %) G[TZbVlgbf\f \f ‘T\a_l VbaWhVgXW Ul VX__f fcXV\T_\mXW \a V_XTe\aZ
_TeZX cTg[bZXaf be WXUe\f’ fhV[ Tf ‘TVebc[TZXf’ ‘babVlgXf be aXhgebc[\_f
$:baaXe TaW JV[‘\W’ -++.%) G\abVlgbf\f bVVhef Ul Tg _XTfg Ybhe W\YYXeXag
‘XV[Ta\f‘f) DTVebc\abVlgbf\f \aVb_iXf ‘X‘UeTaX ehYY_Xf g[Tg t Vb__TcfXu  bagb
g[X c_Tf‘T ‘X‘UeTaX TaW YhfX j\g[ \g gb VeXTgX _TeZX XaWbVlg\V iXf\V_Xf
aT‘XW ‘TVebc\abfb‘Xf $:baaXe TaW JV[‘\W’ -++.%) K[\f ‘XV[Ta\f‘ \f aba(
fX_XVg\iX TaW T__bjf T VX__ gb fT‘c_X _TeZX ib_h‘Xf bY XkgeTVX__h_Te ‘TgXe\T_)
Fg[Xe c\abVlgbg\V ‘XV[Ta\f‘f \aV_hWX V_Tg[e\a(‘XW\TgXW XaWbVlgbf\f’ VTiXb_Te
XaWbVlgbf\f TaW V_Tg[e\a(TaW VTiXb_TX(\aWXcXaWXag XaWbVlgbf\f $:baaXe TaW
JV[‘\W’ -++.%) K[X UXfg WXfVe\UXW bY g[XfX \f g[X \agXeaT_\mTg\ba bY eXVXcgbef
TaW g[X\e _\ZTaWf i\T V_Tg[e\a(VbTgXW c\gf) @a V_Tg[e\a(‘XW\TgXW XaWbVlgbf\f’
eXVXcgbef TaW g[X\e _\ZTaWf VbaVXageTgX \agb t VbTgXW c\gfu  g[Tg VbiXe
Tccebk\‘TgX_l +)0(-" bY g[X VX__ fheYTVX $DbhfTi\ et al.’ -++/%) K[X ‘T\a VbTg
Vb‘cbaXag \f V_Tg[e\a’ j[\V[ haWXe aba(c[lf\b_bZ\VT_ VbaW\g\baf \f VTcTU_X bY
fX_Y(TffX‘U_l \agb cb_lZbaT_ VTZXf $:baaXe TaW JV[‘\W’ -++.%) @a
c[lf\b_bZ\VT_ VbaW\g\baf’ g[X VTZX TffX‘U_l eXdh\eXf g[X T\W bY g[X TWTcgbe
cebgX\af) :_Tg[e\a(‘XW\TgXW XaWbVlgbf\f bVVhef Vbafg\ghg\iX_l \a ‘T‘‘T_\Ta
VX__f TaW \g YhaVg\baf \a g[X WX_\iXel bY XffXag\T_ ahge\Xagf \agb g[X VX__’
\ageTVX__h_Te Vb‘‘ha\VTg\ba TaW ‘T\agXaTaVX bY VX__ TaW fXeh‘ [b‘XbfgTf\f
$:baaXe TaW JV[‘\W’ -++.%)

:TiXb_Te hcgT^X \f Ta XkT‘c_X bY V_Tg[e\a(\aWXcXaWXag \agXeaT_\mTg\ba
cTg[jTl) :TiXb_TX TeX Y_Tf^(f[TcXW \aiTZ\aTg\baf bY g[X c_Tf‘T ‘X‘UeTaX
g[Tg TeX [\Z[_l Xae\V[XW \a eTYg _\c\Wf fhV[ Tf V[b_XfgXeb_ TaW fc[\aZb_\c\Wf)
K[X ‘T]be fgehVgheT_ cebgX\a bY VTiXb_TX \f VTiXb_\a g[Tg U\aWf V[b_XfgXeb_
$@^baXa et al.’ -++/%)  :TiXb_TX TeX eTg[Xe \‘‘bU\_X ba g[X VX__ fheYTVX’ j[\V[
[Tf _XW gb g[X VbaV_hf\ba g[Tg VTiXb_TX VTaabg UX \aib_iXW \a Vbafg\ghg\iX
XaWbVlgbf\f _\^X V_Tg[e\a(VbTgXW c\gf $K[b‘fXa  et  al.’ -++-%) @a VbageTfg’
VTiXb_Te XaWbVlgbf\f \f g[bhZ[g gb UX Ta \aWhV\U_X cebVXff ge\ZZXeXW Ul
Vb‘c_Xk f\ZaT__\aZ $GX_^‘Taf TaW ?X_Xa\hf’ -++-%) @agXeaT_\mTg\ba bY fXiXeT_
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‘b_XVh_Xf [Tf UXXa eXcbegXW gb bVVhe i\T VTiXb_TX’ fhV[ Tf V[b_XeT gbk\a’
fXeh‘ T_Uh‘\a TaW f\‘\Ta i\ehf /+) Jb‘X VX__ glcXf TeX WXib\W bY VTiXb_\a
TaW \a g[X‘ g[X \agXeaT_\mTg\ba bY g[XfX ‘b_XVh_Xf bVVhef i\T aba(VTiXb_Te
‘XV[Ta\f‘f) DbeXbiXe’ VTiXb_\a(,(^abV^bhg ‘\VX jXeX i\TU_X’ fhZZXfg\aZ
cbff\U_X eXWhaWTaVl bY VTiXb_Te XaWbVlgbf\f j\g[ bg[Xe \agXeaT_\mTg\ba
cTg[jTlf $ITmTa\ et al.’ -++,%)

@a TWW\g\ba’ eXVXag WTgT fhZZXfg g[Tg \agXeaT_\mTg\ba ‘XV[Ta\f‘f
\aWXcXaWXag bY Ubg[ V_Tg[e\a TaW VTiXb_\a Xk\fg’ Uhg _Xff \f ^abja bY g[X‘)
FiXeXkceXff\ba bY Wb‘\aTag aXZTg\iX ‘hgTag bY WlaT‘\a @@ ZhTabf\aX
ge\c[bfc[TgTfX $>KGTfX% \a[\U\gf Ubg[ V_Tg[e\a(‘XW\TgXW TaW VTiXb_Te
XaWbVlgbf\f’ Uhg abg g[X WX_\iXel gb g[X XaWbfb‘Xf VbagT\a\aZ g[X f‘T__
>KGTfX 8eY1 $ETf_Tif^l  et  al.’ -++.%) K[\f cTg[jTl [Tf UXXa f[bja gb
WX_\iXe VTeZb gb XTe_l XaWbfb‘Xf $E\V[b_f’ -++.%) @a VX__f WXib\W bY VTiXb_TX’
g[X \agXeaT_\mTg\ba bY f\‘\Ta i\ehf /+ gT^Xf c_TVX i\T T V_Tg[e\a’ WlaT‘\a @@ TaW
8eY1 r \aWXcXaWXag Uhg V[b_XfgXeb_(WXcXaWXag ‘XV[Ta\f‘ $;T‘‘ et al.’ -++0%)
K[hf’ \g \f _\^X_l g[Tg V_Tg[e\a( TaW VTiXb_\a(\aWXcXaWXag XaWbVlgbf\f \f
TV[\XiXW i\T ‘beX g[Ta baX ‘XV[Ta\f‘)

2.1.2 Endocytic compartments

8YgXe \agXeaT_\mTg\ba’ g[X XaWbVlgbfXW VTeZb \f WX_\iXeXW gb Yheg[Xe
WXfg\aTg\baf) ;\YYXeXag \agXeaT_\mTg\ba ‘XV[Ta\f‘f VTa _XTW gb W\YYXeXag XaW
fgTg\baf’ Uhg g[X cTg[jTlf VTa T_fb \agXefXVg _TgXe \a g[X VX__) <aWbfb‘Xf VTa
UX V_Tff\Y\XW Ybe \afgTaVX UTfXW ba g[X\e YhaVg\baT_ cebcXeg\Xf’ fhV[ Tf g[X
^\aXg\Vf j\g[ j[\V[ g[X Vb‘cTeg‘Xagf TeX _bTWXW j\g[ XaWbVlgbfXW ‘TgXe\T_
$B_X\]‘XXe  et  al.’ ,442%) @a T Z\iXa cTg[jTl’ W\fg\aVg Vb‘cTeg‘Xagf ‘Tl UX
eX_Tg\iX_l XTfl gb W\fg\aZh\f[ Uhg g[X\e ceXV\fX UbhaWTe\Xf ‘Tl UX [TeW gb WeTj
Tg g[X ‘b_XVh_Te _XiX_) :b‘cbaXagf g[Tg glc\VT__l ‘Te^ T VXegT\a beZTaX__X TeX
bYgXa WlaT‘\V TaW ‘biX UXgjXXa ‘Tal beZTaX__Xf $DTkY\X_W TaW DV>eTj’
-++/%) @a TWW\g\ba’ beZTaX__Xf g[X‘fX_iXf ‘Tl V[TaZX biXe g\‘X’ be ‘TgheTgX’
gb Z\iX e\fX gb Tabg[Xe glcX bY beZTaX__X) KT^Xa gbZXg[Xe g[\f ‘XTaf g[Tg
W\fg\aVg XaWbfb‘Xf TeX hfhT__l WXY\aXW Ul eX_Tg\iX Xae\V[‘Xag bY cebgX\af be
_\c\Wf’ XiXa g[bhZ[ g[XfX Vb‘cbaXagf VTa UX YbhaW \a bg[Xe Vb‘cTeg‘Xagf gbb
$DTkY\X_W TaW DV>eTj’ -++/%) K[X XaWbVlg\V geTYY\V^\aZ cTg[jTlf TeX
fh‘‘Te\mXW \a =\ZheX .)
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Figure 3. Various endocytic tracks in mammalian cells.

@a ‘Tal VTfXf’ \agXeaT_\mXW VTeZb \f Y\efg WX_\iXeXW gb XTe_l XaWbfb‘Xf’
T_fb aT‘XW fbeg\aZ XaWbfb‘Xf) <Te_l XaWbfb‘Xf TeX ‘\_W_l TV\W\V’ ghUh_Tg\aZ
TaW VbagT\a \agXeaT_ ‘X‘UeTabhf fgehVgheXf $>ehXaUXeZ’ -++,%) @a XTe_l
XaWbfb‘Xf’ VTeZb XagXe\aZ i\T eXVXcgbe(‘XW\TgXW XaWbVlgbf\f \f bYgXa
W\ffbV\TgXW Yeb‘ \gf eXVXcgbe TaW fbegXW X\g[Xe gb g[X c_Tf‘T ‘X‘UeTaX’
XaWbVlg\V eXVlV_\aZ Vb‘cTeg‘Xag be _TgX XaWbfb‘Xf $DTkY\X_W TaW DV>eTj’
-++/%) @a cb_Te\mXW VX__f’ g[X XTe_l fbeg\aZ XaWbfb‘Xf [TiX TWW\g\baT_
fcXV\T_\mXW YhaVg\baf) <c\g[X_\T_ VX__f’ Ybe XkT‘c_X’ [TiX gjb W\fg\aVg XTe_l
XaWbfb‘T_ cbch_Tg\baf $UTfb_TgXeT_ TaW Tc\VT_% g[Tg Vb‘‘ha\VTgX j\g[
VbeeXfcbaW\aZ c_Tf‘T ‘X‘UeTaX Wb‘T\af $D\TVmlaf^T TaW QXe\T_’ -++-%)

=eb‘ XTe_l XaWbfb‘Xf’ gjb geTafcbeg ebhgXf WX_\iXe ‘b_XVh_Xf UTV^ gb
g[X VX__ fheYTVX) K[X f[begXe cTg[jTl eXgheaf g[X Vbafg\ghXagf W\eXVg_l’
j[XeXTf g[X _baZXe cTg[jTl \aib_iXf T cTffTZX g[ebhZ[ g[X XaWbVlg\V
eXVlV_\aZ Vb‘cTeg‘Xag $<I:% $DTkY\X_W TaW DV>eTj’ -++/%) K[X [T_Y(g\‘X
bY g[X f[begXe eXVlV_\aZ cebVXff [Tf f[bja gb UX gjb ‘\ahgXf be _Xff’ j[XeXTf
g[X f_bjXe cTg[jTl [Tf T [T_Y(g\‘X bY n,- ‘\ahgXf $?Tb TaW DTkY\X_W’ -+++%)
K[X eXVlV_\aZ XaWbfb‘Xf TeX _Xff TV\W\V g[Ta XTe_l XaWbfb‘Xf TaW Xae\V[XW
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j\g[ eTYg _\c\Wf V[b_XfgXeb_ TaW fc[\aZb‘lX_\a $>TZXfVh  et  al.’ -+++%) @a
TWW\g\ba gb XaWbVlgbf\f’ eXVlV_\aZ XaWbfb‘Xf ‘Tl cTeg\V\cTgX \a XkbVlg\V
geTafcbeg ba g[X U\bflag[Xg\V cTg[jTl’ Tg _XTfg \a cb_Te\mXW VX__f $8aZ  et  al.’
-++/%)

:TiXb_Te XaWbVlgbf\f VTa _XTW gb WX_\iXel gb XTe_l XaWbfb‘Xf be’
T_gXeaTg\iX_l’ \ageTVX__h_Te beZTaX__Xf gXe‘XW VTiXbfb‘Xf) :TiXbfb‘Xf VbagT\a
VTiXb_\a Uhg _TV^ ‘Te^Xef Ybe bg[Xe XaWbfb‘Xf’ _lfbfb‘Xf’ <I be >b_Z\
$GX_^‘Taf et al.’ -++,%) :TiXbfb‘Xf [TiX aXhgeT_ c? TaW g[Xl TeX Xae\V[XW \a
V[b_XfgXeb_) K[Xl jXeX Y\efg V[TeTVgXe\mXW Tf \agXe‘XW\TgXf \a g[X geTYY\V^\aZ bY
f\‘\Ta i\ehf /+ Yeb‘ g[X VX__ fheYTVX gb g[X <I $GX_^‘Taf  et  al.’ -++,%) K[X
c[lf\b_bZ\VT_ YhaVg\ba bY VTiXbfb‘Xf \f Tg ceXfXag ha^abja)

@Y XaWbVlgbfXW VTeZb \f WXfg\aXW gbjTeWf WXZeTWTg\ba’ \g \f fbegXW Yeb‘
XTe_l XaWbfb‘Xf gb _TeZX geTafcbeg \agXe‘XW\TgXf VT__XW ‘h_g\iXf\Vh_Te UbW\Xf)
@a ‘T‘‘T_\Ta VX__f’ ‘h_g\iXf\Vh_Te UbW\Xf TeX W\fg\aVg Yeb‘ Ubg[ XTe_l TaW _TgX
XaWbfb‘Xf $>ehXaUXeZ’ -++,%) 8 cebgX\a Vb‘c_Xk aT‘XW <J:IK \f eXdh\eXW
Ubg[ Ybe g[X Ybe‘Tg\ba bY \agXeaT_ iXf\V_Xf bY g[X ‘h_g\iXf\Vh_Te UbWl Tf jX__ Tf
fbeg\aZ bY hU\dh\gl_TgXW XaWbfb‘T_ VTeZb cebgX\af Ybe g[X WXZeTWTg\iX cTg[jTl
gb _lfbfb‘Xf $BTgm‘Taa  et  al.’ -++-%) GebgX\af g[Tg TeX WXfg\aXW Ybe
WXZeTWTg\ba TVVh‘h_TgX j\g[\a g[X \agXeaT_ ‘X‘UeTaXf bY ‘h_g\iXf\Vh_Te
UbW\Xf) ?bjXiXe’ abg T__ g[X cebgX\af YbhaW \a g[X \agXeaT_ fgehVgheXf TeX
WXZeTWXW) <kT‘c_Xf bY fhV[ cebgX\af TeX ‘TaabfX(1(c[bfc[TgX eXVXcgbef g[Tg
eXVlV_X gb g[X geTaf(>b_Z\ aXgjbe^ $K>E% Yeb‘ _TgX XaWbfb‘Xf $>e\YY\g[f et al.’
,44+% be DT]be ?\fgbVb‘cTg\U\_\gl :b‘c_Xk V_Tff @@ ‘b_XVh_Xf g[Tg cTeg\V\cTgX
\a Tag\ZXa ceXfXagTg\ba \a Tag\ZXa(ceXfXag\aZ VX__f $B_X\]‘XXe  et  al.’ ,441%)
;X_\iXel Ybe WXZeTWTg\ba ‘Tl T_fb cebVXXW i\T T_gXeaTg\iX cTg[jTlf5 Ybe
XkT‘c_X’ VTiXb_Te XaWbVlgbf\f [Tf UXXa eXcbegXW gb VbaiXl ‘TgXe\T_f Ybe
WXZeTWTg\ba’ UlcTff\aZ XTe_l XaWbfb‘Xf $W\ >hZ_\X_‘b et al.’ -++.%) N[Xg[Xe
g[\f cTg[jTl \aib_iXf fbeg\aZ g[ebhZ[ ‘h_g\iXf\Vh_Te UbW\Xf \f fb YTe haV_XTe)

CTgX XaWbfb‘Xf TeX X‘XeZ\aZ Tf fbeg\aZ beZTaX__Xf ‘hV[ f\‘\_Te_l gb
XTe_l XaWbfb‘Xf) K[Xl TeX WlaT‘\V \a aTgheX TaW [TiX UXXa f[bja gb
Xk[\U\g ghUh_Tg\ba gbjTeWf g[X c_Tf‘T ‘X‘UeTaX TaW <I $Bb  et  al.’ -++,6
Q[TaZ et al.’ -++,T%) K[XfX ghUh_Xf [TiX UXXa cbfgh_TgXW gb geTafcbeg _\c\W TaW
cebgX\a VTeZb) ;\fg\aVg geTafcbeg cTg[jTlf g[Tg eXVlV_X VTeZb Yeb‘ _TgX
XaWbfb‘Xf TeX abg Vb‘c_XgX_l X_hV\WTgXW TaW aX\g[Xe \f g[X\e eXZh_Tg\ba) K[X
cTg[jTl eXVlV_\aZ ‘TaabfX(1(c[bfc[TgX eXVXcgbef Yeb‘ _TgX XaWbfb‘Xf gb g[X
K>E [Tf UXXa jX__ V[TeTVgXe\mXW $>[bf[  et  al.’ -++.% Uhg g[X eXZh_Tg\ba bY
geTYY\V^\aZ gb bg[Xe \ageTVX__h_Te WXfg\aTg\baf fg\__ eX‘T\af _TeZX_l ha^abja)
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:TeZb abg eXfbegXW Yeb‘ g[X WXZeTWTg\iX cTg[jTl \f geTafYXeeXW gb g[X
_lfbfb‘Xf’ g[X gXe‘\aT_ bY g[X XaWbVlg\V cTg[jTl’ Ybe WXZeTWTg\ba) =be
_lfbfb‘Xf’ \g [Tf UXXa cbfgh_TgXW g[Tg g[Xl eXcXTgXW_l YhfX j\g[ _TgX
XaWbfb‘Xf gb Ybe‘ [lUe\W beZTaX__Xf Yeb‘ j[\V[ _lfbfb‘Xf TeX TZT\a
eXYbe‘XW $Chm\b et al.’ -+++%) @a fb‘X VX__ glcXf’ Ybe \afgTaVX [X‘bcb\Xg\V VX__f’
g[X _lfbfb‘Xf VTa YhfX j\g[ c_Tf‘T ‘X‘UeTaX gb eX_XTfX g[X\e VbagXagf gb g[X
XkgeTVX__h_Te fcTVX $Jg\aV[Vb‘UX TaW >e\YY\g[f’ ,444%)

2.2 Endocytic Rab proteins

ITU cebgX\af TeX f‘T__ >KGTfXf g[Tg TVg Tf ‘b_XVh_Te fj\gV[Xf \a VbbeW\aTg\aZ
iXf\Vh_b(ghUh_Te geTafcbeg j\g[\a T VX__ $QXe\T_ TaW DV9e\WX’ -++,%) K[Xl
_bVT_\mX \a W\fg\aVg \ageTVX__h_Te Vb‘cTeg‘Xagf TaW cTeg\V\cTgX \a VbafXVhg\iX
fgTZXf bY geTafcbeg’ fhV[ Tf iXf\V_X Ybe‘Tg\ba’ iXf\V_X TaW beZTaX__X ‘bg\_\gl’
TaW gXg[Xe\aZ gb gTeZXg Vb‘cTeg‘Xagf) K[X TVg\i\gl bY ITU cebgX\af \f
eXZh_TgXW i\T g[X\e >KG(>;G VlV_X) K[X >KG $ZhTabf\aX ge\c[bfc[TgX% (
UbhaW Ybe‘ \f hfhT__l WXfVe\UXW Tf g[X TVg\iX Ybe‘ bY g[X cebgX\a j[XeXTf
>;G $ZhTabf\aX W\c[bfc[TgX% (UbhaW jbh_W eXceXfXag g[X \aTVg\iX Ybe‘) K[X
TVg\i\gl’ [bjXiXe’ \f ‘T\agT\aXW g[ebhZ[ g[X TU\_\gl bY ITU cebgX\af gb bfV\__TgX
UXgjXXa >;G(TaW >KG UbhaW Ybe‘f $QXe\T_ TaW DV9e\WX’ -++,%) @a g[X
>KG(UbhaW Ybe‘’ ITU cebgX\af eXVeh\g T ‘h_g\ghWX bY XYYXVgbe cebgX\af gb g[X
Vlgbc_Tf‘\V _XTY_Xg bY g[X ‘X‘UeTaX) K[X XYYXVgbe cebgX\af TccXTe gb UX iXel
[XgXebZXaXbhf5 Ybe XkT‘c_X’ fb‘X TeX \aib_iXW \a ‘X‘UeTaX gXg[Xe\aZ TaW
Yhf\ba’ fb‘X TeX Xaml‘Xf TaW fb‘X cTeg\V\cTgX \a g[X eXZh_Tg\ba bY ITU
TVg\i\gl $QXe\T_ TaW DV9e\WX’ -++,%) K[X Vb‘U\aTgbe\T_ \agXeTVg\baf bY ITU
cebgX\af TaW g[X\e XYYXVgbef j\g[ g[X ‘X‘UeTaX TaW VTeZb Vbage\UhgX gb g[X
fcXV\Y\V\gl bY W\fg\aVg iXf\Vh_Te geTafcbeg fgXcf $GYXYYXe’ -++,%)

ITU cebgX\af TeX ceXal_TgXW \a g[X\e VTeUbkl_ gXe‘\a\’ j[\V[ T__bjf
g[X‘ gb TffbV\TgX j\g[ ‘X‘UeTaXf $GYXYYXe TaW 8\iTm\Ta’ -++/%) ?bjXiXe’ g[X
‘X‘UeTaX TffbV\Tg\ba \f T_fb ‘bWh_TgXW Ul g[X fgTghf bY UbhaW ahV_Xbg\WXf)
8YgXe g[X >KG [lWeb_lf\f g[X >;G(UbhaW ITUf TeX eX‘biXW Yeb‘
‘X‘UeTaXf Ul T cebgX\a VT__XW ITU >;G W\ffbV\Tg\ba \a[\U\gbe $>;@%’ j[\V[
T_fb ceXfXagf u hfXWu  ITU cebgX\af UTV^ gb g[X\e Vb‘cTeg‘Xag bY be\Z\a Ybe
eXhfX $;\eTV(JiX]fgehc  et  al.’ ,44/6 GYXYYXe’ -++,%) 8f >;@ U\aWf gb ITU
cebgX\af j\g[ [\Z[ TYY\a\gl’ g[X W\ffbV\Tg\ba bY g[X ITU(>;@ Vb‘c_Xk eXdh\eXf
TVg\ba bY T >;@ W\fc_TVX‘Xag YTVgbe $;\eTV(JiX]fgehc  et  al.’ ,442%) JhV[ T
YTVgbe’ aT‘XW P\c.’ jTf eXVXag_l \WXag\Y\XW Ybe XaWbfb‘T_ ITUf $J\iTef et al.’
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-++.%) @agXeXfg\aZ_l’ g[X TU\_\gl bY >;@ gb XkgeTVg VXegT\a ITU cebgX\af Yeb‘
‘X‘UeTaXf TccXTef gb UX fXaf\g\iX gb g[X V[b_XfgXeb_ VbagXag bY g[X ‘X‘UeTaX
$CXUeTaW et al.’ -++-6 :[bhW[hel et al.’ -++/%)

JXiXeT_ ITU cebgX\af [TiX UXXa \WXag\Y\XW \a g[X XaWbVlg\V geTafcbeg
ebhgX bY ‘T‘‘T_\Ta VX__f) Jb‘X bY g[bfX TeX XkceXffXW \a T VX__ be g\ffhX
fcXV\Y\V ‘TaaXe’ j[XeXTf bg[Xef hU\dh\gbhf_l) @a cb_Te\mXW TaW aba(cb_Te\mXW
VX__f’ g[X XaWbVlg\V cTg[jTlf f[TeX ‘Tal Vb‘‘ba YXTgheXf TaW hU\dh\gbhf
XaWbVlg\V ITU cebgX\af TeX g[bhZ[g gb eXZh_TgX TaT_bZbhf cTg[jTlf \a Ubg[
VX__ glcXf $Jb‘fX_ IbW‘Ta TaW NTaW\aZXe(EXff’ -+++%) @a TWW\g\ba’ T fXg bY
W\fg\aVg ITU cebgX\af YTV\_\gTgX XaWbVlg\V TaW geTafVlgbg\V geTafcbeg gb Tc\VT_
TaW UTfb_TgXeT_ c_Tf‘T ‘X‘UeTaXf \a Xc\g[X_\T_ VX__f) 8 _\fg bY XaWbfb‘T_ ITU
cebgX\af \f f[bja \a KTU_X ,) K[X _\fg \f abg Vb‘ceX[Xaf\iX6 \g ‘hfg UX abgXW
g[Tg j[\_X ‘Tal ITU cebgX\af [TiX UXXa \‘c_\VTgXW \a XaWbVlgbf\f’ ba_l f‘T__
fhUfXg [Tf UXXa XkgXaf\iX_l V[TeTVgXe\mXW)

GXe[Tcf g[X UXfg V[TeTVgXe\mXW XaWbfb‘T_ ITU cebgX\a hc gb WTgX \f
ITU0 g[Tg eXZh_TgXf ‘X‘UeTaX geTYY\V \agb TaW UXgjXXa XTe_l XaWbfb‘Xf)
ITU0 cTeg\V\cTgXf Ybe \afgTaVX \a [b‘bglc\V Yhf\ba bY XTe_l XaWbfb‘Xf
$JgXa‘Te^  et  al.’ ,44/%’ eXZh_Tg\ba bY ‘bg\_\gl bY XTe_l XaWbfb‘Xf ba
‘\VebghUh_Xf $E\X_fXa et al.’ ,444% TaW f\ZaT_ geTafWhVg\ba $D\TVmlaf^T et al.’
-++/%) K[X WbjafgeXT‘ ‘TV[\aXel Yeb‘ ITU0 \f XkgeX‘X_l Vb‘c_Xk5 g[XeX
‘Tl UX biXe -+ XYYXVgbef be U\aW\aZ cTegaXef Ybe ITU0 $QXe\T_ TaW DV9e\WX’
-++,%) ;\iXefX YhaVg\baf bY ITU0 TeX TV[\XiXW Ul W\YYXeXag\T_ eXVeh\g‘Xag bY
g[XfX XYYXVgbef’ j[\V[ cebi\WXf Ta TWW\g\baT_ _TlXe bY Vb‘cTeg‘Xag(fcXV\Y\V
eXZh_Tg\ba \a ITU0 ‘XW\TgXW cebVXffXf $D\TVmlaf^T TaW QXe\T_’ -++-%)

=eb‘ XTe_l XaWbfb‘Xf’ g[X eXVlV_\aZ ebhgX cebVXXWf i\T ITU/ TaW
ITU,, eXZh_TgXW cTg[jTlf) ITU/ _bVT_\mXf gb XTe_l XaWbfb‘Xf TaW eXVlV_\aZ
iXf\V_Xf TaW \f g[bhZ[g gb ZbiXea T W\eXVg eXVlV_\aZ cTg[jTl Yeb‘ XTe_l
XaWbfb‘Xf gb g[X VX__ fheYTVX $;Teb et al.’ ,441%) ITU,, eXZh_TgXf g[X f_bjXe
eXVlV_\aZ ebhgX i\T g[X XaWbVlg\V eXVlV_\aZ Vb‘cTeg‘Xag $L__e\V[ et al.’ ,441%)
N[\_X WXf\ZaTgXW gb W\YYXeXag \ageTVX__h_Te Vb‘cTeg‘Xagf’ ITU cebgX\af [TiX
cTeg\T__l biXe_Tcc\aZ W\fge\Uhg\baf T_baZ g[X XaWbVlg\V cTg[jTl) K[X
geTYY\V^\aZ bY geTafYXee\a gb g[X eXVlV_\aZ ebhgX [Tf UXXa f[bja gb cebVXXW i\T
Ybe‘Tg\ba bY g[eXX W\fg\aVg ITU Wb‘T\af5 baX Wb‘T\a VbagT\a\aZ ITU0 ba_l’
fXVbaW VbagT\a\aZ ITU0 TaW ITU/’ TaW g[\eW ITU/ TaW ITU,, $Jbaa\V[fXa et
al.’ -+++%) <iXaghT__l T_fb ITU/ TaW ITU,, TeX fXZeXZTgXW \agb fXcTeTgX
VTee\Xef’ TaW ba_l ITU,, [Tf UXXa YbhaW gb TffbV\TgX j\g[ g[X XkbVlg\V
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geTafcbeg fgXc Yeb‘ g[X <I: gb g[X c_Tf‘T ‘X‘UeTaX $IXa et al.’ ,4436 NTeW
et al.’ -++0%)

K[X _TgX XaWbVlg\V cTg[jTl \f V[TeTVgXe\mXW Ul gjb ITU cebgX\af’ ITU2
TaW ITU4) ITU2 [Tf UXXa \‘c_\VTgXW \a g[X geTafcbeg Yeb‘ XTe_l gb _TgX
XaWbfb‘Xf $=XaZ  et  al.’ ,4406 GeXff  et  al.’ ,443%’ _TgX XaWbfb‘X gb _lfbfb‘X
Yhf\ba $9hVV\  et  al.’ -+++% TaW c[TZb_lfbfb‘X ‘TgheTg\ba $M\T  et  al.’ ,442%)
FiXeXkceXff\ba bY Vbafg\ghg\iX_l >;G(UbhaW ITU2 [Tf UXXa f[bja gb _XTW gb
\‘cT\eXW _TgX XaWbfb‘T_ WXZeTWTg\ba $M\gX__\ et al.’ ,442% TaW W\fcXef\ba bY _TgX
XaWbVlg\V beZTaX__Xf Yeb‘ T cXe\ahV_XTe V_hfgXe gb g[X Vlgbc_Tf‘ $9hVV\ et al.’
-+++%) @aWXXW’ TaT_bZbhf_l gb ITU0 \a XTe_l XaWbfb‘Xf’ ITU2 [Tf UXXa
eXcbegXW gb eXZh_TgX g[X geTafcbeg bY _TgX XaWbfb‘Xf T_baZ g[X ‘\VebghUh_Xf
$:TagT_hcb  et  al.’ -++,6 AbeWXaf  et  al.’ -++,6 CXUeTaW  et  al.’ -++-%) ITU4
YhaVg\baf \a g[X eXVlV_\aZ cTg[jTl Yeb‘ _TgX XaWbfb‘Xf gb g[X K>E TaW \g
eXZh_TgXf g[X geTYY\V^\aZ bY ‘TaabfX(1(c[bfc[TgX eXVXcgbe TaW \gf VTeZb
$Cb‘UTeW\  et  al.’ ,44.6 I\XWXeXe  et  al.’ ,44/%) @a T eXVXag fghWl’ WXc_Xg\ba bY
ITU4 jTf f[bja gb WXVeXTfX _TgX XaWbfb‘X f\mX TaW _XTW gb T eXWhVg\ba \a g[X
ah‘UXe bY ‘h_g\_T‘X__Te TaW WXafX ghUh_Te _TgX XaWbfb‘Xf*_lfbfb‘Xf $>Ta_Xl
et al.’ -++/%) C\^X g[X ITU cebgX\af \a g[X XTe_l TaW eXVlV_\aZ cTg[jTl’ ITU2
TaW ITU4 bVVhcl W\fg\aVg Wb‘T\af ba g[X _TgX XaWbfb‘X ‘X‘UeTaXf $9TeUXeb
et al.’ -++-%) K[XfX bUfXeiTg\baf TWW fhccbeg gb g[X \WXT g[Tg ITU cebgX\af TaW
g[X\e XYYXVgbef ‘Tl TVg Tf beZTa\mXef bY W\fg\aVg ‘X‘UeTaX Wb‘T\af \a
XaWbfb‘Xf $QXe\T_ TaW DV9e\WX’ -++,%)
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Table 1: Endosomal Rab proteins
ITU  CbVT_\mTg\ba =haVg\ba :X__*g\ffhX

fcXV\Y\V\gl
IXYXeXaVXf

ITU/ <<’ I< ;\eXVg eXVlV_\aZ Yeb‘ << gb
GD’ fbeg\aZ Tg << gb eXVlV_\aZ
be WXZeTWTg\iX cTg[jTl

$;Teb et al.’ ,4416 Jbaa\V[fXa et
al.’ -+++6 DV:TYYeXl et al.’ -++,%

ITU0 <<’ GD’
::M

C\ZTaW fXdhXfgeTg\ba Tg
c_Tf‘T ‘X‘UeTaX’ ::M(<<
TaW <<(<< Yhf\ba’ <<
‘bg\_\gl’ f\ZaT_ geTafWhVg\ba

$JgXa‘Te^ et al.’ ,44/6 E\X_fXa et
al.’ ,4446 D\TVmlaf^T et al.’ -++/%

ITU2 C<’ CP <<(C< geTafcbeg TaW*be C<(
CP Yhf\ba’ C< ‘bg\_\gl

$=XaZ et al.’ ,4406 GeXff et al.’
,4436 9hVV\ et al.’ -+++6 AbeWXaf et
al.’ -++,6 CXUeTaW et al.’ -++-%

ITU4 C<’ K>E C< gb K>E geTafcbeg’
eXZh_Tg\ba bY C< f\mX

$Cb‘UTeW\ et al.’ ,44.6 I\XWXeXe et
al.’ ,44/6 >Ta_Xl et al.’ -++/%

ITU,, <<’ I<’
K>E

IXVlV_\aZ g[ebhZ[ <I:’
XkbVlg\V geTafcbeg Yeb‘ K>E
gb GD

$L__e\V[ et al.’ ,4416 IXa et al.’
,4436 N\_V^X et al.’ -+++6 NTeW et
al.’ -++0%

ITU,0 <<’ I< @a[\U\g\ba bY [b‘bglc\V <<
Yhf\ba

<ae\V[XW \a g[X
aXhebaT_ g\ffhX

$<_YXe\a^ et al.’ ,44-6 Qh^ TaW
<_YXe\a^’ ,444’ -+++%

ITU,2 8c\VT_ I< IXZh_Tg\ba bY ‘X‘UeTaX
geTYY\V^\aZ g[ebhZ[ Tc\VT_ I<

<c\g[X_\T_ VX__f $QTVV[\ et al.’ ,443%

ITU,3 <<’ ::M LaV[TeTVgXe\mXW $ChgV^X et al.’ ,44/%

ITU-+ << LaV[TeTVgXe\mXW $ChgV^X et al.’ ,44/%

ITU-, << @‘c_\VTgXW \a XaWbVlgbf\f $J\‘cfba et al.’ -++/%

ITU-- <<’ >b_Z\ << WlaT‘\Vf’ XaWbVlgbf\f’
<<(>b_Z\ Vb‘‘ha\VTg\ba

$DXfT et al.’ -++,6 BThcc\ et al.’
-++-%

ITU-/ <I’ C<’
 Thgb(
c[TZbfb‘Xf

LaV[TeTVgXe\mXW $F_^^baXa et al.’ ,44.6 DhaTYb
TaW :b_b‘Ub’ -++-%

ITU-0 8c\VT_ I< @‘c_\VTgXW \a eXZh_Tg\ba bY
geTafcbeg g[ebhZ[ g[X Tc\VT_
I<

<c\g[X_\T_ VX__f $:TfTabiT et al.’ ,444%

ITU-2 DX_Tabfb‘Xf’
fXVeXgbel
ZeTah_Xf

DX_Tabfb‘X geTafcbeg’
XkbVlgbf\f

DX_TabVlgXf’
XaWbVe\aX VX__f’
[X‘bcb\Xg\V VX__f

$9T[TWbeTa et al.’ -++,6 @mh‘\ et
al.’ -++.%

ITU./ >b_Z\’
‘X‘UeTaX
ehYY_Xf’
‘TVebc\ab(
fb‘Xf

@‘c_\VTgXW \a CP cbf\g\ba\aZ
TaW ‘TVebc\abfb‘X
Ybe‘Tg\ba

$NTaZ TaW ?baZ’ -++-6 Jha et
al.’ -++.%

ITU.4 >b_Z\(TffbV\TgXW
iXf\V_Xf

@‘c_\VTgXW \a XaWbVlgbf\f $:[Xa et al.’ -++.%

Abbreviations used in the table: EE = early endosome, RE = recycling endosome, PM = plasma
membrane, CCV = clathrin­coated vesicle, LE = late endosome, LY = lysosome, TGN = trans­
Golgi network
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2.3 Endosomes –  mosaic of domains

@g \f UXVb‘\aZ \aVeXTf\aZ_l Xi\WXag g[Tg cebgX\af TaW _\c\Wf g[Tg Uh\_W hc Ta
XaWbVlg\V beZTaX__X TeX abg XiXa_l W\fge\UhgXW) @afgXTW’ XaWbfb‘Xf TeX
g[bhZ[g gb Vbaf\fg bY T ‘bfT\V bY fgehVgheT_ TaW YhaVg\baT_ Wb‘T\af
$>ehXaUXeZ’ -++,%) ;\YYXeXaVXf \a Vb‘cbf\g\ba Xk\fg Ubg[ UXgjXXa _\‘\g\aZ TaW
\agXeaT_ ‘X‘UeTaXf bY XaWbfb‘Xf Tf jX__ Tf \a g[X c_TaX bY T ‘X‘UeTaX
U\_TlXe) JhV[ Vb‘cTeg‘XagT_\mTg\ba T__bjf fXiXeT_ W\fg\aVg cebVXffXf gb gT^X
c_TVX f\‘h_gTaXbhf_l TaW XYYXVg\iX_l TaW fg\__ ‘T\agT\a g[X beZTaX__X \agXZe\gl
$D\TVmlaf^T TaW QXe\T_’ -++-%) ?bj g[XfX Wb‘T\af TeX beZTa\mXW \f fg\__ T
‘TggXe bY \aiXfg\ZTg\ba) MTe\bhf ‘XV[Ta\f‘f TeX _\^X_l gb Vbage\UhgX gb g[X
fX_XVg\iX TVVh‘h_Tg\ba bY cebgX\af TaW _\c\Wf \a T cTeg\Vh_Te ‘X‘UeTaX eXZ\ba
TaW \a g[X XaW’ g[X j[b_X VTfVTWX ‘Tl UX dh\gX Vb‘c_Xk)

8f WXfVe\UXW TUbiX’ ITU cebgX\af [TiX UXXa f[bja gb Ybe‘ fXcTeTgX
Wb‘T\af \a g[X beZTaX__Xf \a j[\V[ g[Xl eXf\WX $Jbaa\V[fXa  et  al.’ -+++6
9TeUXeb  et  al.’ -++-%) @a g[X\e >KG(UbhaW fgTgX’ ITU cebgX\af TeX TU_X gb
\agXeTVg j\g[ T iTe\Xgl bY XYYXVgbef g[Tg VTa’ \a ghea’ ‘bW\Yl g[X _bVT_
‘X‘UeTaX Xai\eba‘Xag) 8a XkT‘c_X bY fhV[ T ‘XV[Ta\f‘ \f g[X \agXeTVg\ba
bY ITU0 j\g[ [MGJ./*c,0+’ g[X glcX @@@ c[bfc[Tg\Wl_\abf\gb_(.(^\aTfX g[Tg
ZXaXeTgXf c[bfc[Tg\Wl_\abf\gb_(.(c[bfc[TgX $G@$.%G% $:[e\fgbYbe\W\f  et  al.’
,444%) CbVT_\mXW cebWhVg\ba bY G@$.%G _XTWf gb g[X eXVeh\g‘Xag bY cebgX\af g[Tg
U\aW gb \g i\T fcXV\Y\V _\c\W(U\aW\aZ Wb‘T\af’ fhV[ Tf =PM< m\aV(Y\aZXe
$>Th__\Xe et al.’ ,443%) K[XfX cebgX\af’ \a ghea’ cTeg\V\cTgX \a g[X eXZh_Tg\ba bY
XaWbfb‘T_ WlaT‘\Vf fhV[ Tf ‘X‘UeTaX Yhf\ba $J\‘bafXa  et  al.’ -++,%) K[X
Vb‘‘ha\VTg\ba UXgjXXa TW]TVXag ITU Wb‘T\af [Tf UXXa cebcbfXW gb UX
eXZh_TgXW Ul W\iT_Xag ITU XYYXVgbef g[Tg TeX TU_X gb \agXeTVg j\g[ W\fg\aVg ITU
cebgX\af) JhV[ XYYXVgbef [TiX UXXa eXcbegXW Ybe Tg _XTfg ITU/ TaW ITU0 $M\gT_X
et al.’ ,4436 WX IXam\f et al.’ -++-%)

CbVT_\mXW _\c\W cebWhVg\ba \a T VXegT\a ‘X‘UeTaX TeXT cebi\WXf baX
jTl gb VeXTgX _\c\W Tfl‘‘Xgel \a g[X XaWbVlg\V ‘X‘UeTaXf) @a TWW\g\ba’ _\c\Wf
g[X‘fX_iXf [TiX T gXaWXaVl gb fXZeXZTgX TaW Ybe‘ W\fg\aVg Wb‘T\af $fXX
V[TcgXe ,),%) K[X fcXV\Y\V _\c\W Xae\V[‘Xag \a eTYgf \a ghea YTibhef cTeg\g\ba\aZ
bY fb‘X V_TffXf bY cebgX\af’ j[\_X bg[Xef TeX XkV_hWXW $J\‘baf TaW @^baXa’
,442%) K[X Xk\fgXaVX bY eTYgf \a eXVlV_\aZ XaWbfb‘Xf [Tf UXXa XfgTU_\f[XW \a
fXiXeT_ fghW\Xf $DTlbe  et  al.’ ,4436 >TZXfVh  et  al.’ -+++6 ?Tb  et  al.’ -++-%)
Jb‘X fghW\Xf \aW\VTgX g[Tg abe‘T__l g[X WXZeTWTg\iX cTg[jTl \f ^Xcg _TeZX_l
WXib\W bY eTYgf $Ghe\ et al.’ ,4446 ChfT et al.’ -++,%) @a YTVg’ g[X TVVh‘h_Tg\ba bY
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eTYg _\c\Wf \a _TgX XaWbVlg\V beZTaX__Xf [Tf UXXa cebcbfXW gb Vbage\UhgX gb g[X
V_\a\VT_ YXTgheXf TffbV\TgXW j\g[ _lfbfb‘T_ fgbeTZX W\fXTfXf $J\‘baf TaW
>ehXaUXeZ’ -+++%) Fa g[X bg[Xe [TaW’ g[X Xk\fgXaVX bY eTYgf \a _TgX XaWbfb‘Xf
haWXe c[lf\b_bZ\VT_ VbaW\g\baf [Tf UXXa eXcbegXW Tg _XTfg \a fb‘X VX__ glcXf
$=\iTm  et  al.’ -++-%) 8f g[X Thg[bef fhZZXfg’ \g \f cbff\U_X g[Tg g[XeX \f T
g[eXf[b_W _XiX_ bY eTYg TVVh‘h_Tg\ba g[Tg g[X _TgX XaWbVlg\V beZTaX__Xf VTa
gb_XeTgX) K[\f _XiX_ jbh_W ceXfh‘TU_l UX g\Z[g_l eXZh_TgXW TaW XkVXXW\aZ \g
jbh_W _XTW gb cTg[b_bZ\VT_ WXiX_bc‘Xag)

2.4 Endosomes and cytoskeleton

:bbeW\aTgXW geTYY\V^\aZ bY XaWbfb‘Xf \f ‘TWX cbff\U_X Ul g[X T\W bY
Vlgbf^X_XgT_ aXgjbe^f g[Tg cTeg\V\cTgX \a g[X ‘biX‘Xag bY iXf\Vh_Te VTee\Xef Tf
jX__ Tf g[X ‘T\agXaTaVX bY fcTg\T_ W\fge\Uhg\ba TaW ‘bec[b_bZl bY g[X
beZTaX__Xf \a T VX__) K[X beZTaX__X geTafcbeg T_baZ g[X ‘\VebghUh_X TaW TVg\a
geTV^f \f cbjXeXW Ul ‘b_XVh_Te ‘bgbe cebgX\af Yeb‘ g[X WlaX\a’ ^\aXf\a TaW
‘lbf\a YT‘\_\Xf $BT‘T_ TaW >b_WfgX\a’ -+++6 MT_X’ -++.%)

K[X ^\aXf\a fhcXeYT‘\_l TaW Vlgbc_Tf‘\V WlaX\a YTV\_\gTgX _baZ(eTaZX
‘biX‘Xag bY iXf\V_Xf T_baZ ‘\VebghUh_Xf $?\eb^TjT’ ,443%) @a aba(cb_Te\mXW
VX__f’ ‘\VebghUh_Xf eTW\TgX Yeb‘ g[X VX__ VXageX gb g[X VX__ cXe\c[Xel) K[X
cXe\c[XeT_ XaW \f gXe‘XW t c_hf XaWu  TaW \g eXceXfXagf g[X f\gX bY ‘\VebghUh_X
Zebjg[ TaW f[e\a^TZX $JV[ebXe’ -++,%) K[X t ‘\ahf XaWu  \f TffbV\TgXW j\g[ g[X
VXagebfb‘X \a g[X cXe\ahV_XTe TeXT’ T_g[bhZ[ aba(VXagebfb‘T_ ‘\VebghUh_Xf
Wb Xk\fg TaW TeX ceXfXag \a fhUfgTag\T_ T‘bhagf XfcXV\T__l \a cb_Te\mXW VX__f
$BXTg\aZ TaW 9be\fl’ ,444%) :baiXag\baT_ ^\aXf\a’ g[X YbhaW\aZ ‘X‘UXe bY
^\aXf\a fhcXeYT‘\_l’ jTf g[X Y\efg Vlgbc_Tf‘\V ‘bgbe cebgX\a \WXag\Y\XW $9eTWl’
,430%) :baiXag\baT_ ^\aXf\a geTafcbegf iXf\V_Xf gb g[X c_hf XaW bY
‘\VebghUh_Xf $MT_X  et  al.’ ,430%) @a TWW\g\ba’ fb‘X ^\aXf\af TeX VTcTU_X bY
geTafcbeg\aZ XaWbfb‘Xf gbjTeWf g[X ‘\ahf XaW $E\X_fXa  et  al.’ ,444%)
:lgbc_Tf‘\V WlaX\a We\iXf ‘\ahf(XaW ‘bg\_\gl bY XaWbfb‘Xf T_baZ g[X
‘\VebghUh_Xf5 \a VX__f _TV^\aZ YhaVg\baT_ WlaX\a’ _lfbfb‘Xf TaW XaWbfb‘Xf
g[Tg abe‘T__l eXf\WX \a T cXe\ahV_XTe V_hfgXe jXeX YbhaW fVTggXeXW g[ebhZ[bhg
g[X Vlgbc_Tf‘ $?TeTWT  et  al.’ ,443%) In  vitro’ WlaX\a [Tf UXXa f[bja gb UX
eXdh\eXW Ybe XTe_l gb _TgX XaWbfb‘X geTafcbeg $8a\Xagb  et  al.’ ,44.%) @a
TWW\g\ba’ WlaX\a [Tf UXXa eXcbegXW gb cTeg\V\cTgX \a g[X ‘TgheTg\ba bY
c[TZbfb‘Xf $?Tee\fba  et  al.’ -++.%) Jb YTe WlaX\a ‘bgbef [TiX abg UXXa
f[bja gb cTeg\V\cTgX \a g[X c_hf(XaW W\eXVgXW geTYY\V^\aZ bY iXf\V_Xf)
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@a TWW\g\ba gb ‘\VebghUh_Xf’ TVg\a Vlgbf^X_Xgba cTeg\V\cTgXf \a iXf\V_X
geTYY\V^\aZ T_baZ g[X XaWbVlg\V cTg[jTl Tf jX__ Tf \agXeaT_\mTg\ba bY VTeZb
$8cbWTVT’ -++,%) @a lXTfg’ TVg\a Vlgbf^X_Xgba \f \aib_iXW \a g[X XTe_l fgXcf bY
XaWbVlgbf\f $<aZdi\fg(>b_WfgX\a TaW ;ehU\a’ -++.6 BT^fbaXa et al.’ -++.%) @a
‘T‘‘T_\Ta VX__f’ TVg\a WlaT‘\Vf c_Tl Ta XffXag\T_ eb_X \a c[TZbVlgbf\f TaW
‘TVebc\abVlgbf\f TaW [TiX UXXa \‘c_\VTgXW Tg _XTfg \a VTiXb_Te XaWbVlgbf\f
$GX_^‘Taf et  al., -++-6 <aZdi\fg(>b_WfgX\a TaW ;ehU\a’ -++.%) 8Vg\a(UTfXW
‘biX‘Xag bY iXf\V_Xf VTa bVVhe i\T TVg\a cb_l‘Xe\mTg\ba cebcX__\aZ beZTaX__Xf
j\g[\a g[X Vlgbc_Tf‘ $KThagba et al.’ -+++% be Ul g[X TffbV\Tg\ba bY iXf\V_Xf gb
TVg\a geTV^f i\T ‘lbf\a ‘bgbef $JXTUeT TaW :bhWe\Xe’ -++/%) @a g[X
WXZeTWTg\iX cTg[jTl’ g[X TVg\a aXgjbe^ [Tf UXXa \‘c_\VTgXW \a g[X VbeeXVg
cbf\g\ba\aZ bY WXZeTWTg\iX beZTaX__Xf’ ‘T\agT\a\aZ g[X\e U\W\eXVg\baT_
‘biX‘Xag’ TaW Yhf\ba UXgjXXa _TgX XaWbfb‘Xf TaW _lfbfb‘Xf $iTa ;Xhef et
al.’ ,4406 ;heeUTV[ et al.’ ,4416 :beWbaa\Xe et al.’ -++,6 B]X^Xa et al.’ -++/%) @a
TWW\g\ba’ cbf\g\ba\aZ bY eXVlV_\aZ XaWbfb‘Xf TaW geTafcbeg gb g[X‘ [Tf UXXa
f[bja gb eXdh\eX Ta \agTVg TVg\a Vlgbf^X_Xgba $ITcbfb et al.’ ,4446 CTc\XeeX et
al.’ -++,6 9Tegm et al.’ -++.%)
 @a beWXe gb TV[\XiX VbbeW\aTgXW geTafcbeg bY XaWbfb‘Xf gb iTe\bhf
W\eXVg\baf g[X TVg\i\gl bY ‘bgbef ‘hfg UX eXZh_TgXW) K[X ‘XV[Ta\f‘f bY g[\f
eXZh_Tg\ba TeX Tg ceXfXag abg Vb‘c_XgX_l haWXefgbbW) IXVXag fghW\Xf ba ITU
cebgX\af [TiX _XW gb g[X fhZZXfg\ba g[Tg g[Xl ‘\Z[g fXeiX Tf t eXVXcgbefu  Ybe
‘bgbe cebgX\af $?T‘‘Xe TaW Nh’ -++-6 JXTUeT TaW :bhWe\Xe’ -++/%) K[\f
\WXT [Tf UXXa eX\aYbeVXW Ul fXiXeT_ eXcbegf _\a^\aZ ITU cebgX\af be g[X\e
XYYXVgbef gb eXVeh\g‘Xag bY W\YYXeXag ‘bgbef5 ITU0 gb ^\aXf\af i\T G@$.%G
Wb‘T\a $E\X_fXa et al.’ ,4446 ?bXcYaXe et al.’ -++0%’ ITU2 gb WlaX\a i\T I@CG
$AbeWXaf et al.’ -++,%’ ITU/ gb WlaX\a $9\X__\ et al.’ -++,% TaW ITU,, gb ‘lbf\a
MU i\T ITU,, =T‘\_l @agXeTVg\aZ GebgX\a - $?T_Xf  et  al.’ -++-%’ Ybe XkT‘c_X)
K[X \WXT bY hg\_\m\aZ ITU cebgX\af Ybe g[\f YhaVg\ba fXX‘f eXTfbaTU_X5 g[X _TeZX
ah‘UXe bY ITUf TaW XiXa _TeZXe ah‘UXe bY g[X\e XYYXVgbef Vbh_W cebUTU_l
cebi\WX XabhZ[ W\iXef\gl gb ‘T\agT\a fcXV\Y\V\gl bY ‘bgbe eXVeh\g‘Xag \a
W\YYXeXag Vb‘cTeg‘Xagf $?T‘‘Xe TaW Nh’ -++-%)

2.5 Lipid sorting in the endocytic pathway

@a beWXe gb ‘T\agT\a W\fg\aVg _\c\W Vb‘cbf\g\baf bY W\YYXeXag XaWbfb‘Xf g[XeX
[Tf gb UX T ‘XV[Ta\f‘ be ‘XV[Ta\f‘f g[Tg ^XXc g[X _\c\W cbb_f fXZeXZTgXW)
K[X W\YYXeXag \agXeaT_\mTg\ba ‘XV[Ta\f‘f cebi\WX baX jTl bY fXcTeTg\ba5
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_\c\Wf Yeb‘ g[X VX__ fheYTVX TeX \agXeaT_\mXW i\T W\YYXeXag XaWbVlg\V
‘XV[Ta\f‘f’ j[\V[ ‘Tl _XTW gb WX_\iXel gb W\fg\aVg \ageTVX__h_Te cbb_f $DTe^f
TaW GTZTab’ -++-% $fXX T_fb V[TcgXe -),),%) ?bjXiXe’ g[\f T_baX \f abg
fhYY\V\Xag Tf g[X cTg[jTlf Wb \agXefXVg _TgXe \a g[X VX__f) K[XeX \f \aVeXTf\aZ
Xi\WXaVX g[Tg W\YYXeXag _\c\Wf’ _\^X cebgX\af’ TeX W\YYXeXag\T__l fbegXW T_baZ g[X
XaWbVlg\V cTg[jTl $Dh^[Xe]XX TaW DTkY\X_W’ -+++%) =be cebgX\af’ g[X fbeg\aZ
\f TV[\XiXW g[ebhZ[ eXVbZa\g\ba bY cXcg\WX gTZf g[Tg W\eXVg Vb‘cbaXagf gb
VbeeXVg _bVT_\mTg\baf) =be _\c\Wf’ ab fhV[ gTeZXg\aZ ‘bg\Yf [TiX UXXa \WXag\Y\XW)
@g \f cbff\U_X g[Tg fbeg\aZ cTeg\T__l eX_\Xf ba g[X gXaWXaVl bY fb‘X _\c\Wf gb
TffbV\TgX j\g[ XTV[ bg[Xe) K[\f V[TeTVgXe\fg\V [Tf UXXa [\Z[_\Z[gXW Ybe \afgTaVX
\a fXiXeT_ _lfbfb‘T_ fgbeTZX W\fXTfXf’ j[XeX TVVh‘h_Tg\ba bY fc[\aZb_\c\W gb
_lfbfb‘Xf _XTWf gb Vb(TVVeXg\ba bY V[b_XfgXeb_ TaW i\VX iXefT $Ghe\ et al.’ ,444%)
@a TWW\g\ba’ fbeg\aZ [Tf UXXa f[bja gb UX \aY_hXaVXW Ul g[X fgehVgheT_
cebcXeg\Xf bY g[X _\c\Wf) C\c\Wf j\g[ W\YYXeXaVXf ba_l \a g[X _XaZg[ bY g[X\e T_^l_
V[T\af [TiX UXXa eXcbegXW gb UX W\YYXeXag\T__l fbegXW gb eXVlV_\aZ TaW _TgX
XaWbfb‘Xf $Dh^[Xe]XX  et  al.’ ,444%’ ceXfh‘TU_l WhX gb g[X\e W\YYXeXag\T_
TffbV\Tg\ba j\g[ beWXeXW iXefhf ‘beX Y_h\W ‘X‘UeTaX Wb‘T\af) @a TWW\g\ba’
_\c\W f[TcX ‘Tl UX T Vbage\Uhg\aZ YTVgbe5 Ybe \afgTaVX’ g[X ha\dhX _TgX
XaWbfb‘T_ VbaX(f[TcXW _\c\W _lfbU\fc[bfc[Tg\W\V TV\W $C9G8% [Tf UXXa
f[bja gb \aWhVX g[X Ybe‘Tg\ba bY ‘h_g\iXf\Vh_Te \aaXe ‘X‘UeTaX fgehVgheXf
V[TeTVgXe\fg\V gb _TgX XaWbfb‘Xf TaW ‘h_g\iXf\Vh_Te UbW\Xf $DTgfhb  et  al.’
-++/%)

3. Possible mechanisms of cholesterol transfer within the cell

;\ffXVg\aZ g[X cTg[jTlf bY V[b_XfgXeb_ \a g[X VX__ \f Vb‘c_Xk Tf g[XeX TeX ‘Tal
TfcXVgf gb Vbaf\WXe) @ageTVX__h_Te V[b_XfgXeb_ cbb_f TeX VbaaXVgXW’ fb geTYY\V^\aZ
UXgjXXa W\YYXeXag Vb‘cTeg‘Xagf ‘Tl UX X\g[Xe W\eXVg be \aW\eXVg $JbVV\b TaW
9eXf_bj’ -++/%) @a TWW\g\ba’ W\YYXeXag ‘XV[Ta\f‘f ‘Tl TVg gbZXg[Xe be
fXdhXag\T__l’ j[\V[ Yheg[Xe TWWf gb g[X Vb‘c_Xk\gl) K[X cbff\U\_\g\Xf gb
geTafcbeg g[X [\Z[_l [lWebc[bU\V V[b_XfgXeb_ j\g[\a g[X TdhXbhf VX__ \agXe\be
\aV_hWX W\eXVg ‘X‘UeTaX VbagTVgf’ iXf\Vh_Te geTafcbeg TaW V[b_XfgXeb_ U\aW\aZ
cebgX\af) <i\WXaVX Ybe T__ g[XfX ‘XV[Ta\f‘f Xk\fg TaW \g \f _\^X_l g[Tg T Z\iXa
‘XTaf WbXf abg XkV_hWX g[X hg\_\mTg\ba bY bg[Xef)
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3.1 Non­vesicular transport

FaX cbff\U\_\gl gb ‘biX V[b_XfgXeb_ Yeb‘ baX ‘X‘UeTaX Vb‘cTeg‘Xag gb
Tabg[Xe \f T W\eXVg W\YYhf\ba UXgjXXa ‘X‘UeTaXf) K[X fghW\Xf ba g[\f
‘XV[Ta\f‘’ [bjXiXe’ [TiX ‘T\a_l UXXa VbaWhVgXW \a ‘bWX_ ‘X‘UeTaXf) @a
U\bc[lf\VT_ fghW\Xf’ V[b_XfgXeb_ \f TU_X gb Y_\c(Y_bc be W\YYhfX iXel eTc\W_l
$‘fXVbaWf% TVebff ‘X‘UeTaXf Uhg \gf WXfbecg\ba Yeb‘ ‘X‘UeTaX fheYTVX \f
f_bj $[bhef% $?T‘\_gba’ -++.%) @a VX__f’ V_bfX Tccbf\g\ba bY g[X c_Tf‘T
‘X‘UeTaX TaW g[X <I Vbh_W hg\_\mX W\eXVg V[b_XfgXeb_ geTafYXe ‘XV[Ta\f‘$f%
$DTkY\X_W TaW NhfgaXe’ -++-6 Ge\am’ -++-%) Fa g[X bg[Xe [TaW’ Ybe _lfbfb‘T_
‘X‘UeTaXf g[X eTgX bY fcbagTaXbhf W\YYhf\ba bY V[b_XfgXeb_ \f XkgeX‘X_l f_bj
TaW g[hf g[\f ‘XV[Ta\f‘ \f abg Vbaf\WXeXW gb UX f\Za\Y\VTag \a g[X XZeXff bY
_lfbfb‘T_ V[b_XfgXeb_ $JV[bXe  et  al.’ -+++%) @a TWW\g\ba’ abaiXf\Vh_Te
V[b_XfgXeb_ geTafcbeg VTa UX ‘XW\TgXW Ul VTee\Xe cebgX\af j[\V[ geTafcbeg
V[b_XfgXeb_ g[ebhZ[ g[X TdhXbhf Vlgbfb_ be cTff \g Yeb‘ baX ‘X‘UeTaX gb
Tabg[Xe) <kT‘c_Xf bY fhV[ cebgX\af TeX fgXeb\WbZXa\V TVhgX eXZh_Tgbel cebgX\a
$Jg8I% TaW ‘XgTgfgTg\V _l‘c[ abWX $DCE% 1/ g[Tg UX_baZ gb g[X Jg8I(eX_TgXW
_\c\W geTafYXe $JK8IK% (Wb‘T\a YT‘\_l bY _\c\W(U\aW\aZ cebgX\af)

3.1.1 Overview of START domain proteins

JK8IK Wb‘T\a cebgX\af [TeUbhe T ha\dhX _\c\W(U\aW\aZ Wb‘T\a) K[X\e
YhaVg\ba [Tf UXXa \‘c_\VTgXW \a \ageTVX__h_Te _\c\W geTafcbeg TaW ‘XgTUb_\f‘ Tf
jX__ Tf f\ZaT__\aZ XiXagf $JbVV\b TaW 9eXf_bj’ -++.%)  ?h‘Ta TaW ‘bhfX
ZXab‘Xf [TiX ,0 ZXaXf XaVbW\aZ JK8IK Wb‘T\a cebgX\af Uhg’ Ybe \afgTaVX’
lXTfgf TeX WXib\W bY g[X‘) ;\YYXeXag JK8IK cebgX\af [TiX W\YYXeXag _\c\W
fcXV\Y\V\g\Xf’ Uhg g[X fcXV\Y\V _\ZTaWf Ybe ‘bfg bY g[X‘ TeX lXg gb UX YbhaW) Kjb
bY g[X YT‘\_l ‘X‘UXef’ Jg8I TaW DCE1/’ U\aW V[b_XfgXeb_ $Kfh]\f[\gT TaW
?he_Xl’ -+++6 GXgeXfVh  et  al.’ -++,%) O(eTl VelfgT_ fgehVgheXf bY JK8IK
Wb‘T\a [TiX UXXa eXfb_iXW Ybe DCE1/’ $Kfh]\f[\gT TaW ?he_Xl’ -+++%
c[bfc[Tg\Wl_V[b_\aX geTafYXe cebgX\a $G:KG% $IbWXe\V^  et  al.’ -++-%’ TaW
JgTe;/ $Ib‘Tabjf^\  et  al.’ -++-%) K[Xl TeX fgehVgheT__l f\‘\_Te’ Ybe‘\aZ Ta
\agXeaT_ [lWebc[bU\V VTi\gl VTcTU_X bY TVVb‘‘bWTg\aZ g[X _\ZTaW) @a XTV[
fgehVgheX’ _\c\W Xagel be XZeXff \f _\^X_l gb eXdh\eX fb‘X VbaYbe‘Tg\baT_ V[TaZX
\a g[X cebgX\a’ cXe[Tcf gb cTeg\T__l haYb_WXW fgTgX Tf [Tf UXXa fhZZXfgXW Ybe
DCE1/ TaW Jg8I $9bfX et al.’ -+++%)
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 =be ‘bfg ‘X‘UXef bY g[X JK8IK cebgX\a YT‘\_l’ aX\g[Xe g[X _\ZTaW
abe g[X YhaVg\ba [Tf UXXa V_Te\Y\XW) JgTe;/ TaW JgTe;0 [TiX UXXa f[bja gb
ceb‘bgX V[b_XfgXeb_ geTafYXe \aW\VTg\aZ g[Tg g[Xl TeX T_fb fgXeb_ U\aW\aZ
cebgX\af $JbVV\b  et  al.’ -++0%) JgTe;/ XkceXff\ba \f eXceXffXW \a [\Z[
V[b_XfgXeb_’ fb \g [Tf UXXa fcXVh_TgXW gb cXe[Tcf cTeg\V\cTgX \a g[X geTafcbeg bY
V[b_XfgXeb_ U\bflag[Xg\V ceXVhefbef $JbVV\b et al.’ -++-%) JgTe;0 \f hceXZh_TgXW
\a <I fgeXff TaW \g [Tf UXXa cebcbfXW gb [TiX T cebgXVg\iX eb_X \a <I(fgeXffXW
VX__f $JbVV\b  et  al.’ -++0%) 8f Ybe bg[Xe JK8IK Wb‘T\af’ G:KG U\aWf gb
c[bfc[Tg\Wl_V[b_\aX j\g[ T [\Z[ fcXV\Y\V\gl $JbVV\b TaW 9eXf_bj’ -++.%)
:<IK’ T fc_\VXW \fbYbe‘ bY >bbWcTfgheX Tag\ZXa U\aW\aZ cebgX\a’ jTf
eXVXag_l f[bja gb ‘XW\TgX abaiXf\Vh_Te geTafcbeg bY VXeT‘\WX gb g[X >b_Z\
$?TaTWT  et  al.’ -++.%) @a fXiXeT_ ‘X‘UXef bY g[\f YT‘\_l’ bg[Xe YhaVg\baT_
Wb‘T\af \a TWW\g\ba gb g[X _\c\W(U\aW\aZ JK8IK Wb‘T\a [TiX UXXa WXfVe\UXW)
I[b>8Gf TeX eXZh_Tgbef bY I[b>KGTfX(‘XW\TgXW f\ZaT__\aZ \a g[X
beZTa\mTg\ba bY TVg\a Vlgbf^X_Xgba TaW g[eXX bY g[X‘ [TiX JK8IK Wb‘T\af
$JbVV\b TaW 9eXf_bj’ -++.%) 8Vl_(:b8 g[\bXfgXeTfX fhUYT‘\_l ‘X‘UXef [TiX
glcX @@ TVl_(:b8 g[\bXfgXeTfX Wb‘T\a \a TWW\g\ba gb g[X JK8IK Wb‘T\a) @a
c_Tagf’ fXiXeT_ JK8IK ZXaXf TeX YhfXW gb [b‘XbWb‘T\af fhZZXfg\aZ g[Tg g[Xl
‘Tl [TiX YhaVg\baf \a g[X eXZh_Tg\ba bY c_Tag WXiX_bc‘Xag $JV[e\V^  et  al.’
-++/%)

3.1.2 StAR

Jg8I ‘XW\TgXf geTafcbeg bY V[b_XfgXeb_ gb g[X \aaXe ‘\gbV[baWe\T_ ‘X‘UeTaXf
\a fgXeb\WbZXa\V VX__f $JbVV\b TaW 9eXf_bj’ -++.6 JgeThff et al.’ -++.%) Jg8I(
‘XW\TgXW WX_\iXel bY V[b_XfgXeb_ gb g[X G/0+ f\WX(V[T\a V_XTiTZX Xaml‘X g[Tg
VbaiXegf V[b_XfgXeb_ gb ceXZaXab_baX \f g[X eTgX(_\‘\g\aZ fgXc \a
fgXeb\WbZXaXf\f) DhgTg\baf \a Jg8I eXfh_g \a VbaZXa\gT_ _\cb\W TWeXaT_
[lcXec_Tf\T’ T cbgXag\T__l _Xg[T_ W\fXTfX V[TeTVgXe\mXW Ul Ta T_‘bfg Vb‘c_XgX
_TV^ bY fgXeb\W cebWhVg\ba \a aXjUbeaf $C\a et al.’ ,440%)
 K[X ceXV\fX ‘XV[Ta\f‘ Ul j[\V[ Jg8I YTV\_\gTgXf V[b_XfgXeb_ geTafcbeg
gb g[X \aaXe ‘\gbV[baWe\T_ ‘X‘UeTaXf \f abg ^abja) K[X E(gXe‘\aT_ f\ZaT_
fXdhXaVX W\eXVgf Jg8I \agb ‘\gbV[baWe\T’ Uhg T ‘hgTgXW Jg8I _TV^\aZ g[X
gTeZXg\aZ fXdhXaVX [Tf UXXa f[bja gb UX Tf XYYXVg\iX \a \aVeXTf\aZ
fgXeb\WbZXaXf\f Tf g[X j\_W(glcX cebgX\a $8eT^TaX et al.’ ,441%) K[hf’ g[X f\gX bY
Jg8I TVg\ba \f _\^X_l g[X bhgXe ‘\gbV[baWe\T_ ‘X‘UeTaX $9bfX et al.’ -++-%) @a
YTVg’ g[X ‘\gbV[baWe\T_ \‘cbeg [Tf UXXa fhZZXfgXW gb cebi\WX T ‘XTaf gb
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\aTVg\iTgX g[X cebgX\a’ Tf Jg8I haWXeZbXf cebgXb_lg\V WXZeTWTg\ba \a
‘\gbV[baWe\T $>eTabg et al.’ -++.%)

3.1.3 MLN64

DCE1/ jTf be\Z\aT__l V_baXW Tf T ZXaX T‘c_\Y\XW \a VXegT\a UeXTfg VTaVXef
$DbbZ(Chgm et al.’ ,442%) DCE1/ \f T ‘X‘UeTaX(UbhaW cebgX\a Vbaf\fg\aZ bY T
JK8IK Wb‘T\a .2" \WXag\VT_ gb g[Tg bY Jg8I) @a TWW\g\ba’ DCE1/ [TeUbhef
Ta E(gXe‘\aT_ Wb‘T\a Vbaf\fg\aZ bY Ybhe geTaf‘X‘eTaX [X_\VXf g[Tg TaV[be \g
gb g[X ‘X‘UeTaX) DCE1/ [Tf UXXa eXcbegXW gb _bVT_\mX ‘T\a_l gb g[X _\‘\g\aZ
‘X‘UeTaX bY _TgX XaWbfb‘Xf j\g[ Ubg[ E(gXe‘\ahf TaW JK8IK(Wb‘T\a
ceb]XVg\aZ gbjTeWf g[X Vlgbfb_ $8_cl et al.’ -++,% $=\ZheX /%)

Figure 4. Schematic illustration of the MLN64 protein

C\^X Jg8I’ DCE1/ JK8IK Wb‘T\a U\aWf V[b_XfgXeb_ $Kfh]\f[\gT TaW
?he_Xl’ -+++% TaW \f TU_X gb fg\‘h_TgX fgXeb\WbZXaXf\f \a VX__f j[Xa Vb(
XkceXffXW j\g[ g[X G/0+ f\WX(V[T\a V_XTiTZX Xaml‘X $NTgTe\ et al.’ ,442%) @a
TWW\g\ba’ DCE1/ [Tf UXXa eXcbegXW gb cTeg\V\cTgX \a g[X ha_bTW\aZ bY C;C(
WXe\iXW V[b_XfgXeb_ Yeb‘ _TgX XaWbfb‘Xf gb fgXeb\WbZXa\V ‘\gbV[baWe\T
$Q[TaZ et al.’ -++-%) K[XfX fghW\Xf [TiX _XW gb g[X \WXT g[Tg DCE1/ ‘Tl UX
eXfcbaf\U_X Ybe f[hgg_\aZ V[b_XfgXeb_ gb ‘\gbV[bWe\T Ybe fgXeb\WbZXaXf\f \a
c_TVXagT j[XeX Jg8I \f ‘\ff\aZ Uhg DCE1/ \f ceXfXag \a T‘c_X T‘bhagf
$NTgTe\  et  al.’ ,4426 JgeThff  et  al.’ -++.%) @a Drosophila’ DCE1/ [b‘b_bZhX
JK8IK, [Tf UXXa \‘c_\VTgXW \a g[X cebWhVg\ba bY g[X \afXVg [be‘baX
XVWlfgXeb\W $Ibg[  et  al.’ -++/%) ?bjXiXe’ g[X XkceXff\ba bY DCE1/ \f abg
_\‘\gXW gb fgXeb\WbZXa\V g\ffhXf $NTgTe\ et al.’ ,442%) @a TWW\g\ba’ T eXVXag fghWl
WXfVe\UXW T ‘bhfX ‘bWX_ [TeUbhe\aZ T ‘hgTgXW DCE1/ \aVTcTU_X bY
V[b_XfgXeb_ U\aW\aZ g[ebhZ[ g[X JK8IK Wb‘T\a $B\f[\WT  et  al.’ -++/%) K[X
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‘bhfX jTf i\TU_X TaW YXeg\_X j\g[ ab W\fVXeaTU_X fgXeb_ c[XabglcX’ fhZZXfg\aZ
g[Tg DCE1/ ‘Tl abg [TiX Ta \aW\fcXafTU_X eb_X \a fgXeb\WbZXaXf\f be
‘T\agT\a\aZ V[b_XfgXeb_ [b‘XbfgTf\f)
 @a TWW\g\ba gb g[X JK8IK Wb‘T\a’ DCE1/ [TeUbhef g[X E(gXe‘\aT_
geTaf‘X‘UeTaX [X_\VXf g[Tg TccXTe abg ba_l gb YTV\_\gTgX ‘X‘UeTaX TffbV\Tg\ba
Uhg gb Ybe‘ Ta \aW\i\WhT_ YhaVg\baT_ Wb‘T\a) K[\f D<EK8C Wb‘T\a [Tf
UXXa f[bja gb UX TU_X gb U\aW V[b_XfgXeb_ \aWXcXaWXag_l bY g[X JK8IK
Wb‘T\a $8_cl et al.’ -++0%) K[X c[lf\b_bZ\VT_ f\Za\Y\VTaVX bY g[\f \agXeTVg\ba \f
Tg ceXfXag ha^abja) @Y g[X JK8IK Wb‘T\a \f ‘hgTgXW be WX_XgXW’ Tg _XTfg g[X
TU\_\gl bY DCE1/ gb fg\‘h_TgX fgXeb\WbZXaXf\f \f _bfg $NTgTe\  et  al.’ ,4426
Q[TaZ et al.’ -++-%) D<EK?F’ T cebgX\a [b‘b_bZbhf gb DCE1/ E(gXe‘\ahf
Uhg _TV^\aZ T JK8IK(Wb‘T\a [Tf eXVXag_l UXXa WXfVe\UXW $8_cl et al.’ -++-%)
D<EK?F _bVT_\mXf \a _TgX XaWbfb‘Xf _\^X DCE1/’ TaW \gf biXeXkceXff\ba
[Tf UXXa f[bja gb _XTW \a T cebabhaVXW Xa_TeZX‘Xag bY g[XfX beZTaX__Xf) K[\f
bUfXeiTg\ba [Tf _XW g[X Thg[bef gb fhZZXfg g[Tg D<EK?F ‘Tl [TiX T
YhaVg\ba \a _TgX XaWbfb‘T_ WlaT‘\Vf $8_cl et al.’ -++-%) K[X fT‘X XYYXVg [Tf
UXXa eXcbegXW j\g[ g[X biXeXkceXff\ba bY DCE1/ _TV^\aZ JK8IK Wb‘T\a
$Q[TaZ et al.’ -++-%) @agXeXfg\aZ_l’ D<EK?F [Tf UXXa f[bja gb \agXeTVg j\g[
DCE1/ $8_cl et al.’ -++0%)

3.2 Vesicular trafficking

FaX V_XTe XkT‘c_X bY g[X \aib_iX‘Xag bY iXf\Vh_Te geTafcbeg \a \ageTVX__h_Te
V[b_XfgXeb_ geTYY\V^\aZ \f g[X WX_\iXel bY C;C cTeg\V_Xf gb g[X VX__f i\T
XaWbVlgbf\f $9ebja TaW >b_WfgX\a’ ,431%) :[b_XfgXeb_ \f ceXfXag \a g[X
\ageTVX__h_Te iXf\V_Xf’ fb \g jbh_W fXX‘ _\^X_l g[Tg iXf\Vh_Te geTafcbeg cTg[jTlf
cTeg\V\cTgX \a bg[Xe V[b_XfgXeb_ geTYY\V^\aZ \g\aXeTe\Xf Tf jX__) =be XkT‘c_X’ g[X
XaWbVlg\V eXVlV_\aZ Vb‘cTeg‘Xag [Tf UXXa \WXag\Y\XW Tf T ‘T]be fgXeb_ fgbe\aZ
beZTaX__X j\g[\a T VX__ $?Tb et al.’ -++-%)

MXf\Vh_Te geTYY\V^\aZ glc\VT__l eXdh\eXf XaXeZl’ Vlgbf^X_XgT_ X_X‘Xagf
TaW \f fXaf\g\iX gb gX‘cXeTgheX U_bV^f) JXiXeT_ fghW\Xf [TiX f[bja g[Tg hcba
g[X hg\_\mTg\ba bY iXf\Vh_Te geTafcbeg \a[\U\gbef’ fb‘X TfcXVgf bY \ageTVX__h_Te
V[b_XfgXeb_ geTYY\V^\aZ TeX \a[\U\gXW j[XeXTf bg[Xef TeX abg $C\fVh‘ TaW
Dhaa’ ,4446 JbVV\b TaW 9eXf_bj’ -++/%) =be \afgTaVX’ geTYY\V^\aZ bY
U\bflag[Xg\V V[b_XfgXeb_ gb g[X VX__ fheYTVX [Tf UXXa f[bja gb UX ba_l cTeg\T__l
fXaf\g\iX gb ‘\VebghUh_X WXcb_l‘Xe\mTg\ba TaW _bj gX‘cXeTgheX $?X\ab et al.’
-+++%’ j[\_X c_Tf‘T ‘X‘UeTaX gb <I geTafcbeg fgXc [Tf UXXa eXcbegXW gb
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eXdh\eX Ta \agTVg \agXe‘XW\TgX Y\_T‘Xag aXgjbe^ $JTee\T  et  al.’ ,44-%) @a
TWW\g\ba’ V[b_XfgXeb_ WX_\iXel Yeb‘ g[X c_Tf‘T ‘X‘UeTaX gb g[X <I Ybe
XfgXe\Y\VTg\ba [Tf UXXa fhZZXfgXW gb \aib_iX Tglc\VT_ iXf\Vh_Te geTafcbeg
VTee\Xef g[Tg TeX XaXeZl(\aWXcXaWXag Uhg \a[\U\gTU_X Ul bg[Xe iXf\Vh_Te
geTafcbeg \a[\U\gbef $J^\UT  et  al.’ ,441%) MXf\Vh_Te geTYY\V^\aZ [Tf UXXa
\‘c_\VTgXW \a g[X V[b_XfgXeb_ eX_bVTg\ba Yeb‘ _TgX XaWbVlg\V beZTaX__Xf’ Tf \g
jTf U_bV^XW Tg -, : $EXhYX_W et al.’ ,444%) =heg[Xe‘beX’ T VbaaXVg\ba UXgjXXa
iXf\Vh_Te geTYY\V^\aZ TaW _TgX XaWbfb‘T_ V[b_XfgXeb_ UT_TaVX [Tf UXXa
\‘c_\VTgXW \a g[X E\X‘Taa G\V^ glcX : $EG:% W\fXTfX’ T W\fbeWXe TYYXVg\aZ
Ubg[ V[b_XfgXeb_ ‘XgTUb_\f‘ TaW g[X YhaVg\ba bY _TgX XaWbVlg\V beZTaX__Xf)

4. Niemann­Pick type C disease

EG: W\fXTfX \f Ta Thgbfb‘T__l’ eXVXff\iX_l \a[Xe\gXW _lfbfb‘T_ _\c\Wbf\f
V[TeTVgXe\mXW Ul _TgX XaWbfb‘T_*_lfbfb‘T_ TVVh‘h_Tg\ba bY V[b_XfgXeb_ TaW
fc[\aZb_\c\Wf’ _XTW\aZ gb T YTgT_ aXheb_bZ\VT_ W\fXTfX $GTggXefba et al.’ -++,%) 8f
fhV[ \g eXfX‘U_Xf bg[Xe fc[\aZb_\c\W fgbeTZX W\fXTfXf j[\V[ TeX hfhT__l VThfXW
Ul Xaml‘X WXY\V\XaV\Xf g[Tg eXfh_g \a \‘cT\eXW UeXT^Wbja TaW fhUfXdhXag
TVVh‘h_Tg\ba bY _\c\Wf \a _lfbfb‘Xf $DTe^f TaW GTZTab’ -++-%) @a EG:
W\fXTfX’ [bjXiXe’ g[X ce\‘Tel cebU_X‘ \f g[bhZ[g abg gb Te\fX Yeb‘
Vb‘ceb‘\fXW _\c\W VTgTUb_\f‘ Uhg WXYXVg\iX geTafcbeg g[ebhZ[ g[X XaWbfb‘T_
flfgX‘ $EXhYX_W et al.’ ,4446 Bb et al.’ -++,6 GTggXefba et al.’ -++,%)
 K[X ‘T]be\gl bY EG: cTg\Xagf $40"% [TiX WXYXVgf \a g[X EG:, ZXaX
g[Tg XaVbWXf T cb_lgbc\V ‘X‘UeTaX cebgX\a j\g[ ,. ceXW\VgXW geTaf‘X‘UeTaX
fcTaf $:TefgXT  et  al.’ ,4426 ;Ti\Xf TaW @bTaabh’ -+++%)  EG:, cebgX\a [Tf
‘T\a_l UXXa _bVT_\mXW gb _TgX XaWbfb‘Xf’ XfcXV\T__l \a VX__f XkcbfXW gb
V[b_XfgXeb_ _bTW $?\ZZ\af et al.’ ,4446 Q[TaZ et al.’ -++,U%) EG:, [Tf T fgXeb_(
fXaf\aZ Wb‘T\a f\‘\_Te gb ?D>(:b8 eXWhVgTfX’ J:8G TaW g[X ‘bec[bZXa
eXVXcgbe GTgV[XW $:TefgXT  et  al.’ ,442%) K[X f‘T__Xe cbeg\ba bY EG: cTg\Xagf
[TeUbhe ‘hgTg\baf \a EG:-*?<, ZXaX g[Tg XaVbWXf T f‘T__ cebgX\a Y\efg
\WXag\Y\XW Tf T ‘T]be fXVeXgbel Z_lVbcebgX\a \a [h‘Ta Xc\W\Wl‘\f $B\eV[[bYY et
al.’ ,441%) EG:-*?<, _bVT_\mXf gb _lfbfb‘Xf TaW U\aWf V[b_XfgXeb_ j\g[ T [\Z[
TYY\a\gl $Bb et al.’ -++.%) K[X ceXV\fX YhaVg\ba Ybe aX\g[Xe bY g[XfX gjb cebgX\af
[Tf UXXa X_hV\WTgXW fb YTe)  EG:, [Tf UXXa fhZZXfgXW gb TVg Tf T ‘XW\Tgbe bY
iXf\Vh_Te geTYY\V^\aZ $Bb et al.’ -++,% be T geTaf‘X‘UeTaX ‘b_XVh_Te ch‘c Ybe
YTggl TV\Wf $;Ti\Xf  et  al.’ -+++%) @g \f _\^X_l g[Tg EG:, TaW EG:- TVg \a
fXdhXaVX \a g[X fT‘X cTg[jTl’ Tf g[X c[XabglcX bY g[X WbhU_X ‘hgTag _TV^\aZ
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g[X YhaVg\ba bY Ubg[ cebgX\af WbXf abg W\YYXe Yeb‘ g[X c[XabglcX bY \aW\i\WhT_
‘hgTg\baf $J_XTg et al.’ -++/%)

8g ceXfXag’ g[X fghW\Xf ba EG: W\fXTfX eX‘T\a fb‘Xj[Tg VbagebiXef\T_
VbaVXea\aZ g[X ce\‘Tel cTg[bZXaXf\f Tg g[X VX__h_Te _XiX_) KeTW\g\baT_
\agXeceXgTg\ba \f g[Tg EG: \f T W\fbeWXe TYYXVg\aZ Y\efg TaW YbeX‘bfg
\ageTVX__h_Te V[b_XfgXeb_ ‘XgTUb_\f‘) K[X V_Tff\VT_ VX__h_Te ‘Ta\YXfgTg\baf bY
EG: W\fXTfX TeX g[X XaWb*_lfbfb‘T_ V[b_XfgXeb_ TVVh‘h_Tg\ba TaW g[X
\aTU\_\gl bY VX__f gb TVg\iTgX g[X [b‘XbfgTg\V eXfcbafXf hcba g[X \aY_hk bY C;C
$GXagV[Xi et al.’ ,4306 C\fVh‘ TaW =Thfg’ ,4326 9_TaV[XggX(DTV^\X et al.’ ,433%
$=\ZheX 0%) K[\f i\Xj [Tf UXXa V[T__XaZXW Ul g[X \WXT g[Tg g[X V[b_XfgXeb_
TVVh‘h_Tg\ba \f \a YTVg T fXVbaWTel c[Xab‘Xaba eXfh_g\aZ Yeb‘ fc[\aZb_\c\W
eXgXag\ba $QXeiTf  et  al.’ -++,6 >baWeX(CXj\f  et  al.’ -++.%) @a lXTfg’ g[X
‘hgTg\ba \a g[X fgXeb_ fXaf\aZ Wb‘T\a bY EG:, beg[b_bZhX EVe, [Tf UXXa
f[bja gb TYYXVg g[X eXVlV_\aZ bY Vb‘c_Xk fc[\aZb_\c\Wf Uhg abg fgXeb_ UT_TaVX
$DT_Tg[\  et  al.’ -++/%) :he\bhf_l’ EVe, ah__ ‘hgTag [TW ab W\fVXeaTU_X
c[XabglcX Tg T__) Fa g[X bg[Xe [TaW’ Ubg[ EG:, TaW EG:- [TiX UXXa f[bja
gb U\aW V[b_XfgXeb_’ _XaW\aZ fhccbeg gb g[X \WXT g[Tg g[Xl TeX ‘bWh_Tgbef bY
fgXeb_ ‘XgTUb_\f‘ $Bb et al.’ -++.6 F[ZT‘\ et al.’ -++/%)

Figure 5. Filipin staining of normal skin fibroblasts (left) and NPC1­deficient fibroblasts (right).
Filipin is fluorescent antibiotic that stains cellular free cholesterol (Bornig and Geyer, 1974) and
highlights the massive cholesterol storage in NPC1 deficient cells.

K[X EG: WXYXVg [Tf UXXa f[bja gb _XTW gb iTe\bhf WXY\V\XaV\Xf \a g[X
XaWbVlg\V geTafcbeg) K[X V_XTeTaVX bY fhVebfX Yeb‘ EG:, WXY\V\Xag VX__f jTf
f[bja gb UX eXgTeWXW’ \aW\VTg\aZ g[Tg g[X geTYY\V^\aZ WXYXVg \f abg eXfge\VgXW gb
fgXeb_f $EXhYX_W  et  al.’ ,444%) K[X ‘bg\_\gl bY V[b_XfgXeb_(_TWXa _TgX XaWbVlg\V
beZTaX__Xf [Tf UXXa f[bja gb UX eXWhVXW’ X\g[Xe W\eXVg_l WhX gb g[X EG:,
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WXYXVg $Bb  et  al.’ -++,% be fXVbaWTe\_l WhX gb V[b_XfgXeb_ TVVh‘h_Tg\ba
$CXUeTaW et al.’ -++-%) @‘cT\eXW fbeg\aZ bY ‘TaabfX(1(c[bfc[TgX eXVXcgbe Yeb‘
_TgX XaWbfb‘Xf [Tf UXXa eXcbegXW $BbUTlTf[\ et al.’ ,444%)  @a TWW\g\ba gb _TgX
XaWbVlg\V Vb‘cTeg‘Xagf’ XTe_l XaWbfb‘Xf [TiX UXXa f[bja gb UX TYYXVgXW Ul
EG:, ‘hgTg\ba Tf WX‘bafgeTgXW Ul g[X TVVh‘h_Tg\ba bY >D, ZTaZ_\bf\WX
TaW V[b_XfgXeb_ \a XTe_l XaWbfb‘Xf $JhZ\‘bgb et al.’ -++,6 :[bhW[hel et al.’
-++/%)
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AIMS OF THE STUDY

K[X XaWbVlg\V cTg[jTl eXVX\iXf V[b_XfgXeb_ \a g[X cebVXff bY ‘X‘UeTaX
gheabiXe TaW eXVlV_\aZ Tf jX__ Tf g[X \aY_hk bY _\cbcebgX\af) K[X VX__h_Te
V[b_XfgXeb_ UT_TaVX \f haWXe T g\Z[g eXZh_Tg\ba’ TaW g[X T‘bhag bY V[b_XfgXeb_
\f haXiXa UXgjXXa W\YYXeXag \ageTVX__h_Te Vb‘cTeg‘Xagf) ?bjXiXe’ _\gg_X \f
^abja bY g[X ceXV\fX geTYY\V^\aZ \g\aXeTe\Xf g[Tg W\fge\UhgX g[X V[b_XfgXeb_ Yeb‘
g[X XaWbfb‘T_ flfgX‘ gb bg[Xe VX__h_Te WXfg\aTg\baf’ TaW g[X Vbage\Uhg\ba bY
\aW\i\WhT_ XaWbfb‘T_ cTg[jTlf gb VX__h_Te V[b_XfgXeb_ [b‘XbfgTf\f)  K[X T\‘
bY g[\f fghWl jTf gb V_Te\Yl W\fg\aVg TfcXVgf bY g[X eb_X bY g[X XaWbVlg\V
cTg[jTl \a g[X eXZh_Tg\ba bY \ageTVX__h_Te V[b_XfgXeb_ geTafcbeg TaW
[b‘XbfgTf\f) K[X fcXV\Y\V T\‘f bY \aW\i\WhT_ ceb]XVgf TeX _\fgXW UX_bj)

@a g[X Y\efg fghWl g[X T\‘ jTf gb Y\aW bhg \Y g[X ITU(cebgX\a ‘XW\TgXW iXf\Vh_Te
geTafcbeg ‘TV[\aXel cTeg\V\cTgXf \a g[X XZeXff bY V[b_XfgXeb_ Yeb‘ _TgX
XaWbfb‘Xf*_lfbfb‘Xf) K[X YhaVg\ba bY ITU cebgX\af VTa UX \a[\U\gXW Ul ITU(
>;@) NX Tf^XW \Y V[b_XfgXeb_ Xk\g Yeb‘ _TgX XaWbVlg\V beZTaX__Xf Vbh_W UX
\a[\U\gXW Ul XkVXff ITU(>;@ \a VX__f [TeUbhe\aZ XaWb*_lfbfb‘T_ V[b_XfgXeb_
TVVh‘h_Tg\ba) @a TWW\g\ba’ jX jTagXW gb fghWl \Y g[X eX_bVTg\ba bY _TgX
XaWbfb‘T_ V[b_XfgXeb_ TYYXVgf bg[Xe _TgX XaWbfb‘T_ Vbafg\ghXagf)

ITU(>;@ \f T ZXaXeT_ \a[\U\gbe bY ITU(‘XW\TgXW iXf\Vh_Te geTYY\V^\aZ) K[X T\‘
bY g[X aXkg fghWl jTf gb TaT_lmX g[X XYYXVgf bY g[X biXeXkceXff\ba bY fX_XVgXW
XaWbVlg\V ITU cebgX\af ba V[b_XfgXeb_ geTafcbeg TaW [b‘XbfgTf\f)

K[X T\‘ bY g[X g[\eW fghWl jTf gb V[TeTVgXe\mX g[X YhaVg\ba bY g[X _TgX
XaWbfb‘T_ V[b_XfgXeb_(U\aW\aZ cebgX\a DCE1/) 9l ^abV^(Wbja TaW
biXeXkceXff\ba bY DCE1/ jX T\‘XW Tg c\acb\ag\aZ T cebVXff \a j[\V[ \gf
V[b_XfgXeb_ geTafYXe TVg\i\gl cTeg\V\cTgXf)
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METHODS

K[X ‘Xg[bWf hfXW \a g[X be\Z\aT_ Teg\V_Xf \aV_hWXW \a g[\f g[Xf\f TeX
fh‘‘Te\mXW \a g[X gTU_X UX_bj) K[X eb‘Ta ah‘XeT_f \aW\VTgX g[X ah‘UXe bY
g[X be\Z\aT_ chU_\VTg\ba \a j[\V[ g[X ‘Xg[bW jTf X‘c_blXW)

Table 2.
DXg[bW GhU_\VTg\baf
:X__ Vh_gheX TaW geTaf\Xag geTafYXVg\ba @’ @@’ @@@
@‘‘habVlgbV[X‘\fgel TaW ‘\VebfVbcl @’ @@’ @@@
KXfg\aZ g[X eXVb‘U\aTag ITU(>;@ @
CbTW\aZ bY VX__f j\g[ cebZXfgXebaX TaW C;C @
D\Veb\a]XVg\ba @
J;J(cTZX TaW NXfgXea U_bg TaT_lf\f @’ @@’ @@@
:[b_XfgXeb_ XfgXe\Y\VTg\ba TffTlf @@’ @@@
CTUX__\aZ j\g[ Y_hbeXfVXag geTafYXee\a @@
CTUX__\aZ j\g[ U\bg\a(-k =PM< @@
CTUX__\aZ j\g[ Y_hbeXfVXag V[b_XeT gbk\a fhUha\g 9 @@
CTUX__\aZ j\g[ cleXal_WXVTabl_fc[\aZb‘lX_\a @@
<_XVgeba ‘\VebfVbcl @@’ @@@
CTUX__\aZ j\g[  ,’,s(W\bVgTWXVl_(.’.’.s’.s(gXgeT‘Xg[l_(
\aWbVTeUbVlTa\aX(cXeV[_beTgX $;\@% (C;C

@@’ @@@

:[b_XfgXeb_ U\bflag[Xf\f @@
;E8 gXV[a\dhXf $fhUV_ba\aZ’ f\gX(W\eXVgXW ‘hgTZXaf\f% @@@
G[bgbV[b_XfgXeb_ U\aW\aZ @@@
CTUX__\aZ j\g[ WX[lWebXeZbfgXeb_ $;?<% @@@
IE8 \agXeYXeXaVX $IE8\% @@@
:[b_XfgXeb_ XYY_hk @@@
CTUX__\aZ j\g[ Y_hbeXfVXag Xc\WXe‘T_ Zebjg[ YTVgbe $<>=%
TaW TaT_lf\f bY \gf WXZeTWTg\ba

@@@

:X__ YeTVg\baTg\ba @@@
CTUX__\aZ j\g[ Y_hbeXfVXag WXkgeTa @@@
:X__ Yhf\ba TffTl @@@
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RESULTS

1. Removal of late endocytic cholesterol is inhibited by Rab­GDI

1.1 Microinjection of Rab­GDI inhibits the egress of late endosomal cholesterol

ITU(>;@ \f T fcXV\Y\V \a[\U\gbe bY ITU(eXZh_TgXW iXf\Vh_Te geTafcbeg cebVXffXf’
Tf \g \f VTcTU_X bY eX‘bi\aZ ITU cebgX\af Yeb‘ ‘X‘UeTaXf TaW eXgT\a\aZ g[X‘
\aTVg\iX \a Vlgbfb_\V Vb‘c_XkXf $GYXYYXe’ -++,%) NX jTagXW gb fghWl \Y
‘\Veb\a]XVg\ba bY eXVb‘U\aTag ITU(>;@ ‘\Z[g [TiX Ta XYYXVg ba g[X eX‘biT_
bY _TgX XaWbfb‘T_*_lfbfb‘T_ V[b_XfgXeb_ fgbeTZX) Kb gXfg g[\f’ eXVb‘U\aTag
ITU(>;@ jTf ceXcTeXW TaW \agebWhVXW \agb VX__f Ul ‘\Veb\a]XVg\ba) NX
bUfXeiXW g[Tg XkVXff ITU(>;@ jTf TU_X gb eX‘biX ITU2 Yeb‘ g[X XaWbfb‘T_
‘X‘UeTaXf’ Tf bUfXeiXW Ul g[X V[TaZX bY g[X chaVgTgX XaWbfb‘T_ fgT\a\aZ
cTggXea gb T W\YYhfX Vlgbfb_\V W\fge\Uhg\ba $@’ =\ZheX ,%) @a TWW\g\ba’
eXVb‘U\aTag ITU(>;@ jTf TU_X gb XYY\V\Xag_l eX‘biX ITU0 Yeb‘ XaWbfb‘T_
‘X‘UeTaXf in vitro $@’ =\ZheX ,%)

GebZXfgXebaX [Tf UXXa f[bja gb \aWhVX _lfbfb‘T_ V[b_XfgXeb_
fXdhXfgeTg\ba TaW \a[\U\g V[b_XfgXeb_ XfgXe\Y\VTg\ba) K[\f c[XabglcX \f
eXiXef\U_X TaW VTa UX ‘ba\gbeXW VlgbV[X‘\VT__l Ul T eXWhVg\ba \a Y\_\c\a
fgT\a\aZ bY _lfbfb‘Xf $9hg_Xe et al.’ ,44-%) NX _bTWXW Y\UebU_Tfgf j\g[ C;C \a
g[X ceXfXaVX bY cebZXfgXebaX Ybe -/ [ gb \aWhVX _lfbfb‘T_ V[b_XfgXeb_
TVVh‘h_Tg\ba) N[Xa VX__f jXeX Y\kXW TYgXe _bTW\aZ TaW fgT\aXW j\g[ Y\_\c\a’ Ta
EG:(_\^X _TgX XaWbfb‘T_*_lfbfb‘T_ V[b_XfgXeb_ fXdhXfgeTg\ba jTf bUfXeiXW \a
n3+" bY g[X VX__f $@’ =\ZheX -%) Lcba cebZXfgXebaX jTf[bhg Ybe / [’ g[X
cXeVXagTZX bY VX__f j\g[ XaWbfb‘T_ V[b_XfgXeb_ TVVh‘h_Tg\ba jTf eXWhVXW gb
n0+") ?bjXiXe’ \a VX__f ‘\Veb\a]XVgXW j\g[ eXVb‘U\aTag ITU(>;@ Tg g[X
bafXg bY g[X jTf[bhg’ g[X V[b_XfgXeb_ TVVh‘h_Tg\ba jTf bUfXeiXW \a n2+" bY
g[X VX__f’ \aW\VTg\aZ g[Tg ITU(>;@ \a[\U\gXW g[X V_XTeTaVX bY _TgX XaWbfb‘T_
V[b_XfgXeb_ WXcbf\gf) K[\f XYYXVg jTf abg WhX gb g[X ‘\Veb\a]XVg\ba Tf fhV[’ Tf
\a]XVg\ba bY UhYYXe T_baX [TW ab XYYXVg ba g[X V_XTeTaVX bY fgXeb_ TVVh‘h_Tg\ba
$@’ =\ZheX -%)

K[X fT‘X XkcXe\‘Xag jTf VbaWhVgXW \a EG:, WXY\V\Xag Y\UebU_Tfgf
biXeXkceXff\aZ EG:, TaW fb_hU_X ZeXXa Y_hbeXfVXag cebgX\a $>=G% Tf T
‘Te^Xe) EG:, biXeXkceXff\ba VbeeXVgf g[X V[b_XfgXeb_ WXcbf\g\ba \a EG:,(
WXY\V\Xag Y\UebU_Tfgf j\g[\a -(. WTlf bY XkceXff\ba) 8YgXe -/ [ bY geTafYXVg\ba’
cebZXfgXebaX jTf TWWXW \a beWXe gb ceXiXag g[X TflaV[ebabhf ha_bTW\aZ bY
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V[b_XfgXeb_) 8YgXe g[eXX WTlf bY geTafYXVg\ba’ g[X VX__f jXeX ‘\Veb\a]XVgXW j\g[
ITU(>;@ TaW g[X cXeVXagTZX bY VX__f j\g[ V[b_XfgXeb_ TVVh‘h_Tg\ba jTf
TffXffXW Tf TUbiX) J\‘\_Te_l’ g[X XZeXff bY TVVh‘h_TgXW V[b_XfgXeb_ jTf
\a[\U\gXW Ul g[X ITU(>;@ Uhg abg j\g[ g[X Vbageb_ ‘\Veb\a]XVg\ba $WTgT abg
f[bja%)

1.2 Complementation of NPC phenotype by NPC1 overexpression results in redistribution of
late endosomal constituents

@a _TgX XaWbVlg\V beZTaX__Xf’ fb‘X Vbafg\ghXagf TeX Xae\V[XW \a g[X bhgXe
‘X‘UeTaX bY g[X XaWbfb‘Xf be _lfbfb‘Xf’ j[XeXTf bg[Xef TeX _bVT_\mXW \af\WX
g[X beZTaX__X) =be \afgTaVX’ _lfbfb‘X(TffbV\TgXW ‘X‘UeTaX cebgX\a , $CT‘c,%
\f YbhaW ceXWb‘\aTag_l ba g[X bhgXe ‘X‘UeTaX bY _TgX XaWbfb‘Xf TaW
_lfbfb‘Xf’ j[XeXTf ‘TaabfX(1(c[bfc[TgX eXVXcgbef TeX Xae\V[XW \a g[X
beZTaX__X VbeX $>e\YY\g[f et al.’ ,433%) @a TWW\g\ba’ \agXeaT_ ‘X‘UeTaXf bY _TgX
XaWbfb‘Xf TeX Xae\V[XW j\g[ g[X haVbaiXag\baT_ c[bfc[b_\c\W C9G8 Tf jX__
Tf V[b_XfgXeb_ $BbUTlTf[\ et al.’ ,4446 DqU\hf et al.’ -++.%) @a EG:, WXY\V\Xag
VX__f’ hcba geTaf\Xag geTafYXVg\ba bY g[X EG:, g[X XaWbfb‘T_ V[b_XfgXeb_
WXcbf\gf TeX XYY\V\Xag_l V_XTeXW) NX g[XeXYbeX fghW\XW \Y g[X ha_bTW\aZ bY
V[b_XfgXeb_ jbh_W UX TVVb‘cTa\XW Ul g[X eXW\fge\Uhg\ba bY bg[Xe XaWbfb‘T_
Vbafg\ghXagf)
 K[X eXfh_gf f[bjXW g[Tg g[X Xk\g bY V[b_XfgXeb_ jTf TVVb‘cTa\XW Ul g[X
eXW\fge\Uhg\ba bY C9G8 Yeb‘ g[X glc\VT_ chaVgTgX gb T ‘beX W\YYhfX fgT\a\aZ
cTggXea’ Tf TffXffXW Ul g[X Tag\UbWl WXgXVg\ba $@’ =\ZheX .%) @a TWW\g\ba’ g[X
W\fge\Uhg\ba bY _lfbfb‘T_ [lWeb_TfX TfcTegl_Z_hVbfT‘\a\WTfX $8>8% jTf
T_gXeXW’ _XTW\aZ gb T ‘beX fVTggXeXW _TUX__\aZ g[Tg cTeg\T__l Vb_bVT_\mXW j\g[ g[X
XTe_l XaWbfb‘T_ ThgbTag\ZXa , $<<8,% \a EG:, biXeXkceXff\aZ VX__f $@’
=\ZheX /%) @a VbageTfg’ g[X W\fge\Uhg\ba bY CT‘c, jTf abg T_gXeXW hcba
V[b_XfgXeb_ eX‘biT_ $@’ =\ZheX .%) K[hf’ hcba g[X ha_bTW\aZ bY ‘Tff\iX
V[b_XfgXeb_ WXcbf\gf’ cebgX\a TaW _\c\W Vbafg\ghXagf bY g[X \agXeaT_ ‘X‘UeTaXf
jXeX eX_bVTgXW T_baZ j\g[ V[b_XfgXeb_)
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2. Rab11 modulates cellular cholesterol homeostasis

2.1  Overexpression  of  GFP­fused  Rab5  and  Rab11  alter  cholesterol  distribution  and
homeostasis

Kb TWWeXff j[\V[ fcXV\Y\V ITU cebgX\af ‘Tl cTeg\V\cTgX \a g[X geTafcbeg bY
XaWbVlgbfXW V[b_XfgXeb_’ jX Tcc_\XW T fgeTgXZl bY biXeXkceXff\aZ >=G(YhfXW
Ybe‘f bY fXiXeT_ XaWbfb‘T_ ITU cebgX\af Vb‘ce\f\aZ XTe_l $ITU0%’ eXVlV_\aZ
$ITU,,% TaW _TgX XaWbfb‘Xf $ITU2%) @a TWW\g\ba’ ITU1 g[Tg ‘XW\TgXf >b_Z\ gb
<I geTafcbeg $N[\gX et al.’ ,444% jTf X‘c_blXW Tf T aba(XaWbfb‘T_ Vbageb_)
K[X XYYXVg bY ITU biXeXkceXff\ba ba \ageTVX__h_Te V[b_XfgXeb_ W\fge\Uhg\ba TaW
[b‘XbfgTf\f jTf TffXffXW ‘bec[b_bZ\VT__l Ul Y\_\c\a fgT\a\aZ TaW
U\bV[X‘\VT__l Ul V[b_XfgXeb_ XfgXe\Y\VTg\ba)

@a hageTafYXVgXW :FJ(, VX__f’ Y\_\c\a fgT\aXW g[X c_Tf‘T ‘X‘UeTaX TaW
iTe\bhf \ageTVX__h_Te Vb‘cTeg‘Xagf) @ageTVX__h_Te_l’ g[X cXe\ahV_XTe TeXT
VbeeXfcbaW\aZ gb g[X >b_Z\ TccTeTghf TaW cXe\VXage\b_Te eXVlV_\aZ
Vb‘cTeg‘Xag jTf [\Z[_\Z[gXW) @a TWW\g\ba’ T YeTVg\ba bY XTe_l TaW _TgX
XaWbVlg\V beZTaX__Xf jTf eXfb_iXW j\g[ Y\_\c\a fgT\a\aZ’ Tf TffXffXW Ul
Vb_bVT_\mTg\ba bY Y\_\c\a Y_hbeXfVXaVX j\g[ G@$.%G(U\aW\aZ cXcg\WX -k=PM<
$>\__bb_l et al.’ -+++% TaW CT‘c,’ eXfcXVg\iX_l $@@’ =\ZheX ,%)

@a geTafYXVgXW VX__f’ ITU1 _bVT_\mXW \a g[X >b_Z\ TccTeTghf TaW ITU2 \a
chaVgTgX XaWbfb‘T_ fgehVgheXf’ Ubg[ biXe_Tcc\aZ g[X Y\_\c\a Y_hbeXfVXaVX \a g[X
cXe\ahV_XTe TeXT $@@’ =\ZheX -%) ?bjXiXe’ ab eXW\fge\Uhg\ba bY Y\_\c\a fgT\a\aZ
jTf bUfXeiXW hcba X\g[Xe ITU1 be ITU2 biXeXkceXff\ba \a Vb‘cTe\fba gb
VX__f XkceXff\aZ fb_hU_X >=G T_baX) @a VX__f biXeXkceXff\aZ ITU0’ ah‘Xebhf
Y\_\c\a(cbf\g\iX Wbgf jXeX bUfXeiXW g[Tg Vb(_bVT_\mXW j\g[ ITU0(>=G \aW\VTg\aZ
g[Tg g[XfX fgehVgheXf jXeX XTe_l XaWbfb‘Xf $@@’ =\ZheX -%) N[Xa g[X >KGTfX
WXY\V\Xag ‘hgTag bY ITU0 $ITU0H12C% jTf hfXW’ g[X XTe_l XaWbfb‘Xf jXeX
‘Tff\iX_l Xa_TeZXW TaW g[X fgehVgheXf jXeX V_XTe_l Y\_\c\a cbf\g\iX) K[X ‘bfg
fge\^\aZ XYYXVg ba Y\_\c\a fgT\a\aZ jTf’ [bjXiXe’ bUfXeiXW hcba ITU,,
biXeXkceXff\ba) ITU,, _bVT_\mXW \a Xa_TeZXW ghUh_Tg\aZ fgehVgheXf g[Tg jXeX
\agXafX_l Y\_\c\a cbf\g\iX $@@’ =\ZheX -%) K[X eXW\fge\Uhg\ba bY Y\_\c\a fgT\a\aZ gb
ITU,,(cbf\g\iX beZTaX__Xf jTf TccTeXag T_eXTWl Tg 3 [ cbfggeTafYXVg\ba $@@’
=\ZheX /%) 8g g[\f g\‘X cb\ag’ ITU,, WXVbeTgXW f‘T__ chaVgTX \a g[X Vlgbc_Tf‘)
N\g[ ceb_baZXW XkceXff\ba’ g[X beZTaX__Xf UXVT‘X _TeZXe TaW jXeX
\aVeXTf\aZ_l Y\_\c\a cbf\g\iX)
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 Kb TffXff g[X XYYXVg bY fX_XVgXW ITU cebgX\af ba V[b_XfgXeb_
XfgXe\Y\VTg\ba’ g[X biXeXkceXff\aZ VX__f jXeX _TUX__XW j\g[ R.?Sb_X\V TV\W \a g[X
ceXfXaVX bY fXeh‘ _\cbcebgX\af Ybe / [) ;he\aZ g[\f g\‘X’ T YeTVg\ba bY
eTW\b_TUX__XW YTggl TV\W jTf \aVbecbeTgXW \agb V[b_XfgXel_ XfgXef) K[\f ‘Xg[bW
\f abg fX_XVg\iX gb g[X fbheVX Yeb‘ j[\V[ V[b_XfgXeb_ \f geTafcbegXW Ybe
XfgXe\Y\VTg\ba TaW VTa g[hf UX hg\_\mXW Tf T ‘XTfheX bY g[X biXeT__ eTgX bY
V[b_XfgXeb_ XfgXe\Y\VTg\ba \a VX__f) N\g[ g[\f TffTl’ T__ bY g[X XaWbVlg\V ITU
cebgX\af jXeX YbhaW gb \a[\U\g V[b_XfgXeb_ XfgXe\Y\VTg\ba gb fb‘X XkgXag’ Uhg
ITU,, TaW ITU0H24C ‘hgTag [TW g[X ‘bfg cebYbhaW \a[\U\gbel XYYXVg $@@’
=\ZheX .%)
 @a TWW\g\ba gb V[b_XfgXeb_’ g[X Xa_TeZXW ghUh_b(iXf\Vh_Te fgehVgheXf \a
ITU,, biXeXkceXff\aZ TVVh‘h_TgXW geTafYXee\a TaW geTafYXee\a eXVXcgbe
$KYaI% VX__f $@@’ =\ZheX /%) K[XfX WTgT \aW\VTgX g[Tg \a :FJ VX__f’ ITU,,
eXZh_TgXf g[X WlaT‘\Vf bY eXVlV_\aZ Vb‘cTeg‘Xag) N\g[ >KGTfX WXY\V\Xag
ITU,, $ITU,,H2+C%’ g[X Xa_TeZXW ghUh_b(iXf\Vh_Te fgehVgheXf TVVh‘h_Tg\aZ
geTafYXee\a jXeX Ybe‘XW iXel ‘hV[ _\^X j\g[ j\_W(glcX biXeXkceXff\ba’ j\g[
VbaVb‘\gTag eXW\fge\Uhg\ba bY V[b_XfgXeb_ TaW \a[\U\g\ba bY V[b_XfgXeb_
XfgXe\Y\VTg\ba $@@’ =\ZheX 0’ TaW WTgT abg f[bja%) N\g[ Vbafg\ghg\iX_l >;G(
UbhaW Ybe‘ bY ITU,, $ITU,,J-0E%’ g[X ‘bec[b_bZl bY g[X eXVlV_\aZ
Vb‘cTeg‘Xag jTf T_gXeXW $@@’ =\ZheX 0%) @a g[XfX VX__f’ geTafYXee\a jTf _bVT_\mXW
\a g[\a ghUh_Xf eTW\Tg\aZ Yeb‘ g[X cXe\ahV_XTe TeXT bY g[X VX__) K[X aXgjbe^
jTf T_fb i\fhT_\mXW Ul Y\_\c\a fgT\a\aZ $@@’ =\ZheX 0%) K[\f c[XabglcX jTf
TVVb‘cTa\XW Ul WXYXVg\iX V[b_XfgXeb_ XfgXe\Y\VTg\ba f\‘\_Te_l gb biXeXkceXff\ba
bY g[X j\_W(glcX be >KGTfX WXY\V\Xag ITU,, $WTgT abg f[bja%)

2.2 Distribution of select endosomal and plasma membrane lipids in Rab11 overexpressing
cells

@a TWW\g\ba gb V[b_XfgXeb_’ jX jTagXW gb fghWl \Y ITU,, biXeXkceXff\ba
TYYXVgXW g[X fhUVX__h_Te _bVT_\mTg\ba bY bg[Xe _\c\Wf) N[Xa VX__f jXeX _TUX__XW
j\g[ g[X cXcg\WX -k=PM< g[Tg U\aWf G@$.%G $>Th__\Xe et  al.’ ,4436 >\__bb_l  et
al.’ -+++%’ g[X _TUX__\aZ jTf bUfXeiXW \a f‘T__ iXf\Vh_Te fgehVgheXf
V[TeTVgXe\fg\V gb XTe_l XaWbfb‘Xf Ubg[ \a Vbageb_ TaW ITU,, XkceXff\aZ VX__f
$@@’ =\ZheXf , TaW 1%) Eb Vb_bVT_\mTg\ba j\g[ ITU,, jTf bUfXeiXW) 8_fb g[X
W\fge\Uhg\ba bY _TgX XaWbfb‘T_ C9G8 eX‘T\aXW haV[TaZXW \a ITU,,
biXeXkceXff\aZ VX__f’ Tf TffXffXW Ul Tag\UbWl fgT\a\aZ $@@’ =\ZheX 1%) 9XVThfX
V[b_XfgXeb_ \f TffbV\TgXW j\g[ fc[\aZb_\c\Wf’ g[X W\fge\Uhg\ba bY fX_XVg
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Z_lVb_\c\Wf TaW fc[\aZb‘lX_\a jTf TffXffXW \a ITU,, XkceXff\aZ VX__f) N\g[
Tag\UbW\Xf TZT\afg Z_bUbge\Tbfl_ VXeT‘\WX T ceb‘\aXag c_Tf‘T ‘X‘UeTaX
fgT\a\aZ jTf bUfXeiXW’ TaW g[\f W\fge\Uhg\ba jTf abg T_gXeXW hcba ITU,,
biXeXkceXff\ba $@@’ =\ZheX 1%) @a TWW\g\ba’ W\fge\Uhg\ba bY >D- ZTaZ_\bf\WX g[Tg
_bVT_\mXf \a _TgX XaWbfb‘Xf $Q[TaZ et  al.’ -++,U% jTf abg T_gXeXW \a ITU,,
biXeXkceXff\aZ VX__f $@@’ =\ZheX 1%)
 ?bjXiXe’ fb‘X _\c\W Vbafg\ghXagf jXeX TYYXVgXW Ul ITU,,
biXeXkceXff\ba) 8ag\UbW\Xf TZT\afg fh_YTg\WX ZTiX T [XgXebZXaXbhf W\fge\Uhg\ba
\a Vbageb_ VX__f’ i\fhT_\m\aZ c_Tf‘T ‘X‘UeTaX TaW cXe\ahV_XTe beZTaX__Xf g[Tg
cTeg\T__l biXe_TccXW j\g[ geTafYXee\a $@@’ =\ZheX 2%) @a T cbeg\ba bY ITU,,
XkceXff\aZ VX__f’ g[X fh_YTg\WX fgT\a\aZ jTf eXW\fge\UhgXW gb ITU,,(cbf\g\iX
ghUh_Te beZTaX__Xf $@@’ =\ZheX 2%) K[X eXW\fge\Uhg\ba bY fh_YTg\WX jTf abg Tf
‘Te^XW Tf g[Tg bY V[b_XfgXeb_ g[Tg Vbaf\fgXag_l Vb_bVT_\mXW j\g[ ITU,,) Kb
i\fhT_\mX ZTaZ_\bf\WX >D,’ g[X VX__f jXeX _TUX__XW j\g[ 8_XkT 013(Vba]hZTgXW
V[b_XeT gbk\a fhUha\g 9 $:Kk9% ba \VX’ Yb__bjXW Ul T - [ \agXeaT_\mTg\ba Tg
.2 :) @a Vbageb_ VX__f’ g[X gbk\a _bVT_\mXW gb g[X cXe\ahV_XTe TeXT VbeeXfcbaW\aZ
gb g[X >b_Z\ Vb‘c_Xk Tf bUfXeiXW ceXi\bhf_l $CXaVXe et  al.’ ,444% $@@’ =\ZheX
2%) ?bjXiXe’ \a ITU,, XkceXff\aZ VX__f’ :Kk9 jTf _TeZX_l eXW\fge\UhgXW gb
ITU,,(cbf\g\iX beZTaX__Xf) Kb TffXff g[X W\fge\Uhg\ba bY fc[\aZb‘lX_\a’ VX__f
jXeX _TUX__XW j\g[ Y_hbeXfVXag cleXaXl_WXVTabl_fc[\aZb‘lX_\a $Gle,+JD%) @a
Vbageb_ VX__f’ Gle,+JD jTf i\fhT_\mXW ba g[X c_Tf‘T ‘X‘UeTaX TaW \a g[X
cXe\ahV_XTe TeXT’ ceXfh‘TU_l eXceXfXag\aZ g[X >b_Z\ TaW _TgX XaWbVlg\V
beZTaX__Xf $@@’ =\ZheX 2%) 8 f\‘\_Te W\fge\Uhg\ba [Tf ceXi\bhf_l UXXa eXcbegXW
Ybe 9F;@GP(fc[\aZb‘lX_\a $Ghe\  et  al.’ -++,%) @a ITU,, XkceXff\aZ VX__f’ T
cbeg\ba bY Gle,+JD jTf YbhaW gb UX W\fge\UhgXW gb ghUh_Te ITU,, VbagT\a\aZ
beZTaX__Xf $@@’ =\ZheX 2%)

2.3 Transport of LDL and LDL receptor is not compromised in Rab11 overexpressing cells

@g jTf cbff\U_X g[Tg g[X ITU,,(\aWhVXW \a[\U\g\ba bY V[b_XfgXeb_ XfgXe\Y\VTg\ba
jTf WhX gb ITU,, \agXeYXe\aZ j\g[ C;C(V[b_XfgXeb_ \agXeaT_\mTg\ba) Kb gXfg
g[\f’ jX TWWXW ;\@ (_TUX__XW C;C gb _\i\aZ VX__f Ybe ,0 ‘\a TaW X\g[Xe Y\kXW
g[X‘’ be Yheg[Xe V[TfXW Ybe - [ ce\be gb Y\kTg\ba) K[X VX__f jXeX g[Xa fgT\aXW
j\g[ Tag\UbW\Xf TZT\afg CT‘c, \a beWXe gb TffXff g[X WX_\iXel bY ;\@(C;C gb
_TgX XaWbVlg\V beZTaX__Xf) @a Vbageb_ VX__f’ ;\@(C;C jTf ceXfXag \a f‘T__
iXf\Vh_Te fgehVgheXf abg Vb_bVT_\m\aZ j\g[ CT‘c, TYgXe ,0 ‘\a’ Uhg ZbbW
Vb_bVT_\mTg\ba bY g[XfX gjb ‘Te^Xef jTf bUfXeiXW TYgXe - [ V[TfX $@@’ =\ZheX 3%)
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K[\f cTggXea jTf abg V[TaZXW \a ITU,, biXeXkceXff\aZ VX__f TaW ab
Vb_bVT_\mTg\ba j\g[ ITU,, TaW ;\@(C;C jTf bUfXeiXW Tg X\g[Xe g\‘X cb\ag)
K[XfX WTgT \aW\VTgX g[Tg g[X geTYY\V^\aZ bY ;\@(C;C jTf abg Vb‘ceb‘\fXW
hcba ITU,, biXeXkceXff\ba) @a VbageTfg’ \a ITU0H12C XkceXff\aZ VX__f’ g[X
;\@(C;C jTf abg TU_X gb Xk\g Yeb‘ g[X Xa_TeZXW XTe_l XaWbfb‘Xf Uhg
Vbag\ahXW gb _bVT_\mX \a g[X‘ XiXa TYgXe - [ bY V[TfX $@@’ =\ZheX 3%)
 @a TWW\g\ba’ jX fghW\XW g[X W\fge\Uhg\ba bY g[X C;C eXVXcgbe \a ITU,,
XkceXff\aZ VX__f) @a VX__f VbXkceXff\aZ fb_hU_X >=G TaW g[X C;C(eXVXcgbe’ Tag\(
C;C Tag\UbW\Xf WXVbeTgXW c_Tf‘T ‘X‘UeTaX TaW f‘T__ \ageTVX__h_Te chaVgTgX
fgehVgheXf $@@’ =\ZheX 3%) @a ITU,, XkceXff\aZ VX__f’ g[X \ageTVX__h_Te fgT\a\aZ
cTeg\T__l Vb_bVT_\mXW j\g[ ITU,,) ?bjXiXe’ g[X biXeT__ W\fge\Uhg\ba bY g[X C;C
eXVXcgbe jTf abg \‘cT\eXW Ul ITU,, biXeXkceXff\ba6 \a cTeg\Vh_Te’ g[X
ceb‘\aXag c_Tf‘T ‘X‘UeTaX fgT\a\aZ jTf fg\__ ceXfXag $@@’ =\ZheX 3%)
KbZXg[Xe’ g[XfX eXfh_gf fhZZXfg g[Tg g[X V[b_XfgXeb_ c[XabglcX bUfXeiXW \a
ITU,, XkceXff\aZ VX__f jTf abg WhX gb g[X \‘cT\eXW geTYY\V^\aZ bY C;C(
eXVXcgbe be \gf VTeZb)

2.4 Rab11 and the NPC phenotype

Kb Yheg[Xe Xkc_beX g[X cbff\U\_\gl bY T _\a^ UXgjXXa _TgX XaWbVlg\V TaW ITU,,(
‘XW\TgXW V[b_XfgXeb_ geTYY\V^\aZ \g\aXeTe\Xf’ jX fghW\XW g[X ITU,, c[XabglcX \a
eX_Tg\ba gb g[X EG: c[XabcglcX) 8f EG:, TaW EG:- cebgX\af TeX \‘c_\VTgXW
\a g[X geTYY\V^\aZ bY XaWbVlgbfXW V[b_XfgXeb_’ jX fghW\XW \Y g[X\e _bVT_\mTg\ba
jTf T_gXeXW \a ITU,, biXeXkceXff\aZ VX__f) ?bjXiXe’ biXeXkceXff\ba bY ITU,,
[TW ab XYYXVg ba g[X W\fge\Uhg\ba bY g[XfX gjb cebgX\af Tf TffXffXW Ul Tag\UbWl
fgT\a\aZ $@@’ =\ZheX 4%) @a VbageTfg’ hcba biXeXkceXff\ba bY ITU0H12C g[X
cebgX\af jXeX cTeg\T__l W\fge\UhgXW gb g[X Xa_TeZXaXW XTe_l XaWbfb‘Xf) K[XfX
WTgT fhZZXfg g[Tg g[X geTYY\V^\aZ \g\aXeTe\Xf bY EG:, TaW EG:- TeX cXe[Tcf
VbaaXVgXW gb XTe_l Uhg abg eXVlV_\aZ XaWbfb‘T_ XiXagf)
 Kb TfVXegT\a g[Tg g[X ITU,,(\aWhVXW WXcbf\g\ba bY V[b_XfgXeb_ \agb
eXVlV_\aZ XaWbfb‘Xf jTf abg T c[Xab‘Xaba _\‘\gXW gb :FJ VX__f’ g[X ITU,,
biXeXkceXff\ba c[XabglcX jTf fghW\XW \a ce\‘Tel Y\UebU_Tfgf biXeXkceXff\aZ
KYaI Tf T ‘Te^Xe Ybe eXVlV_\aZ XaWbfb‘Xf) @a VX__f XkceXff\aZ ITU,, TaW
KYaI’ V[b_XfgXeb_ jTf WXcbf\gXW \a g[X Xa_TeZXaXW ITU,, beZTaX__Xf
TaT_bZbhf_l gb j[Tg jTf bUfXeiXW \a :FJ VX__f $@@’ =\ZheX ,+%) @a VX__f
XkceXff\aZ fb_hU_X >=G TaW KYaI’ fhV[ TVVh‘h_Tg\ba jTf abg bUfXeiXW)
@agXeXfg\aZ_l’ \a EG:, WXY\V\Xag Y\UebU_Tfgf [TeUbhe\aZ _lfbfb‘T_ V[b_XfgXeb_
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_bTW’ ITU,, jTf TU_X gb \aWhVX Ta TWW\g\baT_ eXVlV_\aZ XaWbfb‘T_ V[b_XfgXeb_
TVVeXg\ba $@@’ =\ZheX ,+%) K[XfX WXcbf\gf jXeX ‘beX cXe\c[XeT__l _bVT_\mXW TaW
_Xff \agXaf\iX_l fgT\aXW j\g[ Y\_\c\a g[Ta g[X _lfbfb‘T_ WXcbf\gf) K[X fT‘X
eXfh_g jTf bUfXeiXW \a :FJ VX__f \aVhUTgXW j\g[ L,31118’ T WehZ g[Tg
\aWhVXf _lfbfb‘T_ V[b_XfgXeb_ TVVh‘h_Tg\ba $WTgT abg f[bja%)
 Kb \aiXfg\ZTgX \Y ITU,, biXeXkceXff\ba jbh_W [TiX Ta XYYXVg ba g[X
V_XTeTaVX bY _lfbfb‘T_ V[b_XfgXeb_ WXcbf\gf’ jX Vb(XkceXffXW ITU,, TaW EG:,
\a EG:, (WXY\V\Xag Y\UebU_Tfgf) NX YbhaW g[Tg TYgXe g[eXX WTlf bY geTafYXVg\ba’
ITU,, TaW EG:, jXeX ceXfXag \a W\fg\aVg Vb‘cTeg‘Xagf TaW g[X _lfbfb‘T_
TVVh‘h_Tg\ba jTf V_XTeXW \a Vb(XkceXff\aZ VX__f f\‘\_Te_l gb VX__f XkceXff\aZ
EG:, T_baX $@@’ =\ZheX ,+%) @afgXTW’ g[X jXT^Xe cXe\c[XeT_ Y\_\c\a fgT\a\aZ \a
ITU,, cbf\g\iX beZTaX__Xf jTf fg\__ ceXfXag) K[hf’ ITU,, biXeXkceXff\ba [TW
ab XYYXVg ba X\g[Xe g[X Uh\_W(hc be V_XTeTaVX bY _TgX XaWbfb‘T_*_lfbfb‘T_
V[b_XfgXeb_ WXcbf\gf) DbeXbiXe’ g[X _TgX XaWbfb‘T_ V[b_XfgXeb_ geTafcbeg U_bV^
W\W abg ceXiXag g[X Ybe‘Tg\ba bY ITU,,(cbf\g\iX Xa_TeZXaXW eXVlV_\aZ
beZTaX__Xf VbagT\a\aZ V[b_XfgXeb_)

2.5 Rab11­mediated changes in cholesterol homeostasis are not LDL­dependent

K[X WTgT WXfVe\UXW TUbiX fhZZXfgXW g[Tg ITU,,(‘XW\TgXW XYYXVgf ba
V[b_XfgXeb_ geTafcbeg ‘\Z[g UX \aWXcXaWXag bY C;Cr V[b_XfgXeb_) NX g[XeXYbeX
eXcXTgXW g[X V[b_XfgXeb_ XfgXe\Y\VTg\ba XkcXe\‘Xag j\g[ VX__f Zebja \a g[X
TUfXaVX bY _\cbcebgX\af) K[X eXfh_gf WX‘bafgeTgXW g[Tg’ T_UX\g g[X UTfT_ eTgX bY
XfgXe\Y\VTg\ba \a Vbageb_ VX__f jTf _bj j\g[ g[\f geXTg‘Xag’ ITU,,
biXeXkceXff\ba jTf TU_X gb f\Za\Y\VTag_l fhcceXff \g $@@’ =\ZheX ,,%) DbeXbiXe’
g[X WXcbf\g\ba bY V[b_XfgXeb_ \agb ITU,, beZTaX__Xf \a g[XfX VX__f jTf Xi\WXag
Tf TffXffXW Ul Y\_\c\a fgT\a\aZ) @agXeXfg\aZ_l’ ITU1 biXeXkceXff\ba \aWhVXW T
f_\Z[g \aVeXTfX \a g[X eTgX bY V[b_XfgXeb_ XfgXe\Y\VTg\ba \a VX__f Zebja \a g[X
TUfXaVX bY _\cbcebgX\af Tf Vb‘cTeXW gb VX__f XkceXff\aZ fb_hU_X >=G T_baX $@@’
=\ZheX ,,%)

8_g[bhZ[ fXX‘\aZ_l \aWXcXaWXag bY C;C V[b_XfgXeb_’ g[X ITU,,
biXeXkceXff\ba c[XabglcX TccXTeXW gb f[TeX f\‘\_Te V[TeTVgXe\fg\Vf gb g[X
EG: c[XabglcX’ aT‘X_l XaWbfb‘T_ V[b_XfgXeb_ TVVh‘h_Tg\ba TaW \a[\U\gXW
V[b_XfgXeb_ XfgXe\Y\VTg\ba) @a EG:, WXY\V\Xag VX__f’ [bjXiXe’ g[X WXYXVg\iX
V[b_XfgXeb_ [b‘XbfgTg\V eXfcbafXf \aV_hWX abg ba_l T WXVeXTfXW eTgX bY
V[b_XfgXeb_ XfgXe\Y\VTg\ba Uhg T_fb Ta X_XiTgXW eTgX bY V[b_XfgXeb_ U\bflag[Xf\f
$C\fVh‘ TaW =Thfg’ ,432%) Kb TaT_lmX \Y g[\f jTf g[X VTfX T_fb \a ITU,,
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XkceXff\aZ VX__f’ jX _TUX__XW >=G TaW ITU,,(>=G geTafYXVgXW VX__f j\g[
R.?STVXgTgX TaW TaT_lmXW g[X T‘bhag bY R.?SV[b_XfgXeb_ Ybe‘XW) @a VbageTfg gb
EG:’ jX YbhaW g[Tg g[X eXWhVg\ba \a g[X eTgX bY XfgXe\Y\VTg\ba jTf abg
TVVb‘cTa\XW Ul Ta X_XiTgXW eTgX bY V[b_XfgXeb_ U\bflag[Xf\f \a ITU,,
XkceXff\aZ VX__f $@@’ cTZX .,,4%)
 K[X ‘T]be\gl bY V[b_XfgXeb_ geTafcbegXW gb XfgXe\Y\VTg\ba [Tf UXXa
fhZZXfgXW gb geTYY\V i\T g[X c_Tf‘T ‘X‘UeTaX $EXhYX_W et al.’ ,441%) J\aVX g[X
eXVlV_\aZ Vb‘cTeg‘Xag cTeg\V\cTgXf \a g[X WX_\iXel bY VTeZb UTV^ gb g[X VX__
fheYTVX’ jX eXTfbaXW g[Tg g[X WXYXVg\iX XfgXe\Y\VTg\ba hcba ITU,,
biXeXkceXff\ba ‘\Z[g UX WhX gb \‘cT\eXW WX_\iXel bY V[b_XfgXeb_ gb g[X c_Tf‘T
‘X‘UeTaX) @Y g[\f jTf g[X VTfX’ baX f[bh_W UX TU_X gb biXeVb‘X g[X ITU,,
U_bV^ Ul TWW\aZ ‘beX V[b_XfgXeb_ gb g[X c_Tf‘T ‘X‘UeTaX) Kb TV[\XiX g[\f’
g[X VX__f jXeX \aVhUTgXW j\g[ V[b_XfgXeb_ Vb‘c_XkXW j\g[ ‘Xg[l_( (
VlV_bWXkge\a g[Tg _bTWf VX__f j\g[ V[b_XfgXeb_ $CXcc\‘T^\  et  al.’ -+++% TaW
\aWhVXf T eTc\W Vb‘cXafTgbel \aVeXTfX \a g[X eTgX bY V[b_XfgXeb_ XfgXe\Y\VTg\ba’
Tf TffXffXW Ul g[X \aVbecbeTg\ba bY R.?Sb_X\V TV\W \agb V[b_XfgXel_ XfgXef $@@’
=\ZheX ,,%) K[\f \aVeXTfX jTf abg fhcceXffXW Ul ITU,, biXeXkceXff\ba’
\aW\VTg\aZ g[Tg fhcc_l\aZ g[X c_Tf‘T ‘X‘UeTaX j\g[ V[b_XfgXeb_ eXfgbeXf g[X
eTgX bY XfgXe\Y\VTg\ba \a ITU,, biXeXkceXff\aZ VX__f)

3.  Cholesterol  binding  protein  MLN64  participates  in  actin­mediated
endosome dynamics

DCE1/ \f T V[b_XfgXeb_(U\aW\aZ cebgX\a _bVTgXW ba g[X _\‘\g\aZ ‘X‘UeTaX bY
_TgX XaWbfb‘Xf $8_cl et al.’ -++,%) 8f fhV[’ \g jTf [lcbg[Xf\mXW gb cTeg\V\cTgX
\a g[X eX‘biT_ bY _TgX XaWbfb‘T_ V[b_XfgXeb_’ cbff\U_l \a VbaVXeg j\g[ EG:,
TaW EG:- $JgeThff  et  al.’ -++-%) Fa g[X bg[Xe [TaW’ ‘\VX [TeUbhe\aZ T
‘hgTg\ba \a g[X fgXeb_(U\aW\aZ Wb‘T\a bY DCE1/ jXeX f[bja gb UX YXeg\_X TaW
gb _TV^ bUi\bhf f[begVb‘\aZf \a g[X j[b_X UbWl V[b_XfgXeb_ ‘XgTUb_\f‘
$B\f[\WT  et  al.’ -++/%) NX jTagXW gb fghWl g[X cbff\U_X Vbage\Uhg\ba bY
DCE1/ gb _TgX XaWbfb‘T_ V[b_XfgXeb_ WlaT‘\Vf Ul TaT_lm\aZ g[X XYYXVgf bY @%
biXeXkceXff\ba bY DCE1/ TaW \gf V[b_XfgXeb_(U\aW\aZ WXY\V\Xag ‘hgTagf TaW
@@% WXc_Xg\ba bY DCE1/ Ul IE8\)
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3.1. Overexpression of MLN64 results  in enlargened late  endocytic organelles harbouring
cholesterol and LBPA

N[Xa biXeXkceXffXW \a :FJ VX__f’ DCE1/ eXfh_gXW \a g[X Xa_TeZX‘Xag bY _TgX
XaWbVlg\V beZTaX__Xf $@@@’ =\ZheX ,%) K[X XaWbfb‘X Xa_TeZX‘Xag jTf XiXa
‘beX cebabhaVXW \a VX__f biXeXkceXff\aZ ‘hgTag DCE1/ WXib\W bY
V[b_XfgXeb_(U\aW\aZ JK8IK Wb‘T\a $ JK8IK%) K[X _TggXe c[XabglcX [Tf
UXXa WXfVe\UXW UXYbeX TaW jTf f[bja gb UX TVVb‘cTa\XW Ul g[X TVVh‘h_Tg\ba
bY V[b_XfgXeb_ \a g[X Xa_TeZXaXW beZTaX__Xf $Q[TaZ et al.’ -++-%) NX bUfXeiXW
g[Tg Ubg[ \a j\_W(glcX TaW JK8IK DCE1/ XkceXff\aZ VX__f’ g[X Xa_TeZXaXW
XaWbfb‘Xf jXeX bYgXa Ue\Z[g_l Y\_\c\a cbf\g\iX $@@@’ =\ZheX ,%) @a TWW\g\ba’ g[X
_TgX XaWbfb‘T_ _\c\W C9G8 jTf YeXdhXag_l bUfXeiXW gb UX Xae\V[XW \a g[X
Xa_TeZXaXW beZTaX__Xf Tf TffXffXW Ul Tag\UbWl fgT\a\aZ) K[X T‘bhag bY
TVVh‘h_TgXW ‘TgXe\T_ jTf fb‘Xj[Tg iTe\TU_X Yeb‘ XaWbfb‘X gb XaWbfb‘X
TaW’ glc\VT__l’ beZTaX__Xf TccXTeXW ‘beX Vb‘cTVg hcba j\_W(glcX DCE1/
biXeXkceXff\ba’ Tf Vb‘cTeXW gb ‘Tff\iX XaWbfb‘Xf \aWhVXW hcba
biXeXkceXff\ba bY JK8IK $@@@’ =\ZheX ,%)
 8 cebgX\a [b‘b_bZbhf gb g[X geTaf‘X‘UeTaX fXdhXaVXf bY DCE1/’
aT‘XW D<EK?F’ [Tf eXVXag_l UXXa WXfVe\UXW $8_cl  et  al.’ -++-%) K[X
biXeXkceXff\ba bY D<EK?F jTf f[bja gb eXfh_g \a Ta XaWbfb‘X
Xa_TeZX‘Xag c[XabglcX f\‘\_Te gb JK8IK) K[hf’ \g fXX‘f _\^X_l g[Tg g[X
DCE1/ geTaf‘X‘UeTaX eXZ\ba [Tf YhaVg\baT_ f\Za\Y\VTaVX \aWXcXaWXag bY g[X
V[b_XfgXeb_(U\aW\aZ JK8IK Wb‘T\a) K[XeXYbeX jX VeXTgXW T ‘hgTag VbafgehVg
XaVbW\aZ g[X Yh__ _XaZg[ DCE1/ Uhg WXYXVg\iX \a V[b_XfgXeb_ U\aW\aZ Ul
JK8IK Wb‘T\a) K[X _\c\W(U\aW\aZ fcXV\Y\V\gl bY JK8IK(Wb‘T\a cebgX\af \f
_\^X_l gb WXe\iX Yeb‘ g[X \agXeTVg\ba bY _\c\W j\g[ fcXV\Y\V eXf\WhXf _\a\aZ g[X
_\c\W(U\aW\aZ VTi\gl) @aWXXW’ T fgehVgheT_ W\iXeZXaVX jTf bUfXeiXW j[Xa g[X
fXdhXaVX Vbage\Uhg\aZ gb g[X _\c\W(U\aW\aZ ghaaX_ bY DCE1/ jTf Vb‘cTeXW
j\g[ g[X VbeeXfcbaW\aZ eXZ\ba bY G:KG) Kjb haV[TeZXW T‘\ab TV\W eXf\WhXf
VbafXeiXW \a DCE1/ TaW Jg8I’ aT‘X_l DXg .+2 TaW 8fa .,,’ TeX
fhUfg\ghgXW Ul V[TeZXW eXf\WhXf \a G:KG) N[Xa g[XfX gjb T‘\ab TV\Wf jXeX
V[TaZXW \agb 8eZ .+2 TaW 8fc .,, eXfcXVg\iX_l’ g[X V[b_XfgXeb_(U\aW\aZ
VTcTV\gl bY DCE1/ JK8IK Wb‘T\a jTf f\Za\Y\VTag_l W\‘\a\f[XW $@@@’ =\ZheX
,%) K[XfX ‘hgTg\baf jXeX g[Xa \agebWhVXW \agb Ta DCE1/ XkceXff\ba iXVgbe
gb VeXTgX T ‘hgTag cebgX\a Vb‘ceb‘\fXW \a V[b_XfgXeb_ U\aW\aZ)
 =\_\c\a fgT\a\aZ eXiXT_f g[X fgXTWl(fgTgX W\fge\Uhg\ba bY YeXX V[b_XfgXeb_ \a
Y\kXW VX__f) Kb fghWl g[X XYYXVg bY j\_W(glcX TaW ‘hgTag DCE1/
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biXeXkceXff\ba ba fgXeb_ W\fge\Uhg\ba \a _\i\aZ VX__f’ jX hg\_\mXW g[X lXTfg(
WXe\iXW V[b_XfgXeb_ TaT_bZhX ;?<) N[Xa hageTafYXVgXW :FJ VX__f jXeX
_TUX__XW Ue\XY_l j\g[ ;?< TaW \‘TZXW Tg W\YYXeXag g\‘X cb\agf’ ;?< jTf Y\efg
bUfXeiXW ‘T\a_l ba g[X c_Tf‘T ‘X‘UeTaX $@@@’ =\ZheX -%) Lcba ceb_baZXW
\aVhUTg\ba’ ;?< ZT\aXW TVVXff gb \ageTVX__h_Te beZTaX__Xf XaVb‘cTff\aZ g[X
cXe\ahV_XTe eXVlV_\aZ XaWbfb‘Xf) K[\f _TUX__\aZ cTggXea jTf f\‘\_Te gb j[Tg
[Tf UXXa ceXi\bhf_l bUfXeiXW \a :?F VX__f $Dh^[Xe]XX  et  al.’ ,443% TaW \g
cXef\fgXW Tg _XTfg hc gb -/ [ $@@@’ =\ZheX -%) @a VX__f biXeXkceXff\aZ >=G(YhfXW
DCE1/’ T YeTVg\ba bY g[X ;?< _TUX_ fgTegXW gb Vb_bVT_\mX j\g[ >=G T_eXTWl Tg
XTe_l g\‘X cb\agf $,(,0 ‘\a%) K[X fT‘X c[Xab‘Xaba jTf bUfXeiXW j\g[ g[X
biXeXkceXff\ba bY Ubg[ V[b_XfgXeb_(U\aW\aZ WXY\V\Xag ‘hgTagf bY DCE1/
$ JK8IK TaW D.+2I’ E.,,;%’ \aW\VTg\aZ g[Tg g[X fXdhXfgeTg\ba bY fgXeb_f
‘\Z[g cTeg\T__l UX WhX gb g[X XaZh_Y‘Xag bY fgXeb_(VbagT\a\aZ ‘X‘UeTaXf hcba
XaWbfb‘X Xa_TeZX‘Xag $@@@’ =\ZheX -%) ?bjXiXe’ hcba _baZXe V[TfX g\‘Xf $0
be -/ [% g[X cbeg\ba bY ;?< \a eX_Tg\ba gb >=G \a XaWbfb‘Xf jTf f\Za\Y\VTag_l
ZeXTgXe \a j\_W(glcX DCE1/ XkceXff\aZ XaWbfb‘Xf iXefhf g[X XaWbfb‘Xf
XkceXff\aZ fgXeb_(U\aW\aZ WXY\V\Xag ‘hgTagf bY DCE1/) K[XfX WTgT \aW\VTgX
g[Tg \a TWW\g\ba gb JK8IK’ j\_W(glcX DCE1/ biXeXkceXff\ba _XTWf gb g[X
Xae\V[‘Xag bY _TgX XaWbfb‘T_ ‘X‘UeTaXf j\g[ fgXeb_)

Kb fghWl g[X XYYXVg bY DCE1/ \a VX__f [TeUbhe\aZ _TgX XaWbfb‘T_
V[b_XfgXeb_ TVVh‘h_Tg\ba jX biXeXkceXffXW Ubg[ j\_W(glcX TaW JK8IK
DCE1/ \a EG:, WXY\V\Xag Y\UebU_Tfgf) N[\_X g[X biXeXkceXff\ba bY g[X j\_W(
glcX cebgX\a jTf haTU_X gb V_XTe g[X V[b_XfgXeb_ TVVh‘h_Tg\ba Yeb‘ _TgX
XaWbfb‘Xf’ \g bYgXa TccXTeXW gb VeXTgX U\Z’ V[b_XfgXeb_(Y\__XW fgehVgheXf
[TeUbhe\aZ g[X cebgX\a $@@@’ =\ZheX -%) :he\bhf_l’ JK8IK j[\V[ _XW gb T
iXel cebabhaVXW XaWbfb‘X Xa_TeZX‘Xag \a :FJ VX__f W\W abg [TiX T f\‘\_Te
XYYXVg ba EG:, WXY\V\Xag VX__f)

3.2. Depletion of MLN64 does not impair cholesterol homeostasis but results in scattering of
late endocytic organelles and inhibition of late endosomal degradation

N\g[ biXeXkceXff\ba fghW\Xf T_baX \g \f [TeW gb TffXff g[X gehX c[lf\b_bZ\VT_
YhaVg\ba bY DCE1/) N\g[ [\Z[ _XiX_ bY biXeXkceXff\ba’ g[X cebgX\a ‘Tl ZXg
WXgTV[XW Yeb‘ \gf abe‘T_ eXZh_Tgbel V\eVh\gf) @a ?XCT VX__f \g jTf cbff\U_X gb
hg\_\mX Ubg[ biXe( TaW haWXeXkceXff\ba fgeTgXZ\Xf gb TffXff g[X eb_X bY DCE1/
\a XaWbfb‘X WlaT‘\Vf) J\‘\_Te_l gb :FJ VX__f’ \a ?XCT VX__f DCE1/
_bVT_\mXW gb _TgX XaWbfb‘Xf Tf TffXffXW Ul ZbbW Vb_bVT_\mTg\ba j\g[ CT‘c,
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$@@@’ =\ZheX .%) ?bjXiXe’ biXeXkceXff\ba bY DCE1/ be JK8IK \a ?XCT
VX__f W\W abg eXfh_g \a T ceb‘\aXag \aVeXTfX \a XaWbfb‘X f\mX Tf \g W\W \a :FJ
VX__f) K[X eXTfba Ybe g[\f W\YYXeXaVX \f abg ^abja Uhg Vbh_W eXY_XVg T ‘beX
‘bWXfg _XiX_ bY cebgX\a cebWhVg\ba be \age\af\V W\YYXeXaVXf \a VX__ glcXf)

IE8\ \f T hfXYh_ ‘Xg[bW gb eXWhVX cebgX\a _XiX_f \a VX__ Vh_gheX
$<_UTf[\e  et  al.’ -++,%) 9l IE8\’ jX jXeX TU_X gb Ue\aZ Wbja g[X _XiX_ bY
DCE1/ cebgX\a Ul 3+(4+" \a ?XCT VX__f $@@@’ =\ZheX .%) NX bUfXeiXW g[Tg g[X
^abV^Wbja bY DCE1/ W\W abg \a[\U\g V[b_XfgXeb_ XfgXe\Y\VTg\ba X\g[Xe \a g[X
ceXfXaVX be TUfXaVX bY _\cbcebgX\af Tf TffXffXW Ul g[X \aVbecbeTg\ba bY
eTW\b_TUX__XW b_X\V TV\W gb V[b_XfgXel_ XfgXef) :[b_XfgXeb_ XYY_hk gb ‘Xg[l_( (
VlV_bWXkge\af jTf XiXa ‘bWXeTgX_l Xa[TaVXW \a VX__f WXc_XgXW bY DCE1/)
DbeXbiXe’ Y\_\c\a fgT\a\aZ bY DCE1/ ^abV^Wbja VX__f jTf haV[TaZXW
Vb‘cTeXW gb Vbageb_ VX__f $@@@’ =\ZheX .%) KbZXg[Xe’ g[XfX WTgT \aW\VTgX g[Tg
DCE1/ WXc_Xg\ba W\W abg eXfh_g \a Zebff T_gXeTg\baf \a V[b_XfgXeb_ [b‘XbfgTf\f
be VThfX EG:(_\^X V[b_XfgXeb_ TVVh‘h_Tg\ba c[XabglcX \a _TgX XaWbVlg\V
Vb‘cTeg‘Xagf)
 @a VbageTfg’ DCE1/ WXc_Xg\ba [TW T fhUfgTag\T_ XYYXVg ba g[X
cbf\g\ba\aZ bY T cbch_Tg\ba bY _TgX XaWbfb‘Xf [TeUbhe\aZ XaWbVlgbfXW VTeZb)
N[Xa Vbageb_ VX__f jXeX _TUX__XW j\g[ ;\@(C;C TaW Yheg[Xe \aVhUTgXW Ybe ,)0(
- [’ g[X _TUX_ jTf YbhaW \a T cXe\ahV_XTe V_hfgXe bY _TgX XaWbVlg\V beZTaX__Xf \a
n30" bY VX__f $@@@’ =\ZheX .%) @a DCE1/ WXc_XgXW VX__f’ [bjXiXe’ g[X VTeZb
UXTe\aZ beZTaX__Xf jXeX fVTggXeXW g[ebhZ[bhg g[X Vlgbc_Tf‘ TaW g[X
cXe\ahV_XTe V_hfgXe\aZ jTf bUfXeiXW ba_l \a n.+" bY VX__f) 9bg[ eXVXcgbe(
‘XW\TgXW Tf jX__ Tf Y_h\W(c[TfX VTeZb jXeX f\‘\_Te_l TYYXVgXW’ Tf TffXffXW Ul
g[X W\fge\Uhg\ba bY C;C TaW <>= Tf jX__ Tf WXkgeTa $@@@’ =\ZheXf .’/ TaW WTgT
abg f[bja%) K[X W\fcXefXW beZTaX__Xf jXeX WXib\W bY <<8, TaW ‘bfg_l
CT‘c,(cbf\g\iX’ \aW\VTg\aZ g[Tg g[X c[XabglcX W\W abg eXY_XVg \‘cT\eXW VTeZb
fbeg\aZ Yeb‘ XTe_l XaWbfb‘Xf $@@@’ =\ZheX /%) ?bjXiXe’ jX bUfXeiXW g[Tg g[X
WXZeTWTg\ba bY <>= jTf f\Za\Y\VTag_l eXWhVXW \a DCE1/ ^abV^Wbja VX__f’
fhZZXfg\aZ g[Tg g[X W\fcXefXW XaWbfb‘Xf [TW eXWhVXW [lWeb_lg\V VTcTV\gl $@@@’
=\ZheX /%)

3.3 The organelle dispersion in MLN64 depleted cells is not due to impaired Rab7­RILP­
dynein machinery

K[X W\fcXefT_ bY _TgX XaWbVlg\V beZTaX__Xf TaW g[X \a[\U\g\ba bY _TgX XaWbVlg\V
WXZeTWTg\ba [TiX UXXa eXcbegXW \a VX__f biXeXkceXff\aZ Wb‘\aTag aXZTg\iX
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‘hgTag bY ITU2 $9hVV\  et  al.’ -+++%) ITU2 TaW \gf XYYXVgbe I@CG eXZh_TgX g[X
TffbV\Tg\ba bY g[X ‘\VebghUh_X(U\aW\aZ ‘bgbe cebgX\a WlaX\a gb _TgX XaWbVlg\V
beZTaX__Xf $AbeWXaf  et  al.’ -++,%) @agXeXfg\aZ_l’ g[X _TgX XaWbfb‘X V[b_XfgXeb_
VbagXag [Tf UXXa f[bja gb TYYXVg g[\f ‘TV[\aXel $CXUeTaW et al.’ -++-%) K[hf’
jX fcXVh_TgXW g[Tg V[b_XfgXeb_(U\aW\aZ DCE1/ ‘\Z[g UX \aib_iXW \a g[\f
cTg[jTl) ?bjXiXe’ WXc_Xg\ba bY DCE1/ [TW ab XYYXVg ba g[X ‘X‘UeTaX
TffbV\Tg\ba bY ITU2 be WlaX\a Tf Vb‘cTeXW gb Vbageb_ $@@@’ =\ZheX 0%) Lcba
biXeXkceXff\ba bY I@CG’ Xa_TeZXaXW cXe\ahV_XTe beZTaX__Xf jXeX YeXdhXag_l
bUfXeiXW Ubg[ \a DCE1/ WXc_XgXW TaW Vbageb_ VX__f) @a VbageTfg’ \a g[X
‘T]be\gl bY DCE1/ WXc_XgXW VX__f g[X VTeZb UXTe\aZ beZTaX__Xf eX‘T\aXW
fVTggXeXW \a g[X VX__ cXe\c[Xel \a fc\gX bY I@CG biXeXkceXff\ba $@@@’ =\ZheX 0%)
KbZXg[Xe’ g[XfX eXfh_gf fhZZXfg g[Tg g[X ‘XV[Ta\f‘ UX[\aW beZTaX__X
W\fcXef\ba \a DCE1/(WXc_XgXW VX__f \f W\fg\aVg Yeb‘ g[X ITU2(WlaX\a
‘TV[\aXel)

3.4 The dispersed organelles are motile and move along microtubules

EXkg’ jX fghW\XW g[X ‘bg\_\gl bY W\fcXefXW XaWbfb‘Xf \a DCE1/ WXc_XgXW
VX__f) Kb TV[\XiX g[\f’ DCE1/ WXc_XgXW TaW Vbageb_ ?XCT VX__f jXeX YXW ;\@(
_TUX__XW C;C TaW g[X cebUX jTf T__bjXW gb eXTV[ _TgX XaWbVlg\V
Vb‘cTeg‘Xagf) K[X geTYY\V^\aZ bY _TUX__XW XaWbfb‘Xf jTf g[Xa ‘ba\gbeXW
j\g[ _\iX VX__ ‘\VebfVbcl) CTgX XaWbfb‘Xf TeX abe‘T__l ‘bg\_X TaW ‘biX
T_baZ ‘\VebghUh_Xf \a T U\W\eXVg\baT_ ‘TaaXe’ geTiX__\aZ Yeb‘ g[X VX__ VXageX gb
cXe\c[Xel TaW UTV^ $Bb et al.’ -++,6 Q[TaZ et al.’ -++,T6 CXUeTaW et al.’ -++-%)
N[Xa g\‘X(_TcfX \‘TZXf bY beZTaX__Xf Xk[\U\g\aZ g[\f glcX bY ‘biX‘Xag TeX
fhcXe\‘cbfXW’ g[Xl cebWhVX T t fgX__TgXu  cTggXea bY geT]XVgbe\Xf j\g[\a T VX__)
K[\f cTggXea bY XaWbfb‘X ‘biX‘Xag jTf bUfXeiXW \a g[X ‘T]be\gl bY Vbageb_
VX__f $@@@’ =\ZheX 1%) @a DCE1/ WXc_XgXW VX__f’ g[X W\fcXefXW beZTaX__Xf jXeX
‘bg\_X gbb Uhg g[X cTggXea bY ‘biX‘Xag jTf T_gXeXW) @a g[bfX VX__f’ ;\@(C;C
_TUX__XW XaWbfb‘Xf ‘biXW T_baZ g[X VX__ cXe\c[Xel cebWhV\aZ geT]XVgbe\Xf g[Tg
bhg_\aXW g[X VX__ $@@@’ =\ZheX 1%) K[X XaWbfb‘X ‘biX‘Xag Vbh_W UX \a[\U\gXW
j\g[ g[X ‘\VebghUh_X WXcb_l‘Xe\f\aZ TZXag abVbWTmb_X \a Ubg[ Vbageb_ TaW
DCE1/ WXc_XgXW VX__f) K[\f \‘c_\Xf g[Tg WXfc\gX T_gXeXW ‘biX‘Xag \a DCE1/
WXc_XgXW VX__f’ g[X XaWbfb‘Xf jXeX fg\__ ‘bi\aZ T_baZ g[X ‘\VebghUh_Xf)

@a TWW\g\ba gb ‘\VebghUh_Xf’ g[X TVg\a Vlgbf^X_Xgba c_Tlf T eb_X \a g[X
WlaT‘\Vf bY _TgX XaWbVlg\V beZTaX__Xf) @agXeXfg\aZ_l’ g[X W\fehcg\ba bY TVg\a
Y\_T‘Xagf [Tf UXXa eXcbegXW gb eXfh_g \a _bfg U\W\eXVg\baT_\gl \a g[X ‘biX‘Xag
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bY _TgX XaWbVlg\V beZTaX__Xf Tf jX__ Tf g[X\e fVTggXe\aZ gb g[X VX__ cXe\c[Xel
$;heeUTV[ et al.’ ,4416 :beWbaa\Xe et al.’ -++,%) @aWXXW’ hcba g[X geXTg‘Xag bY
Vbageb_ VX__f j\g[ g[X TVg\a W\fehcg\aZ WehZ VlgbV[T_Tf\a ;’ g[X cTggXea bY
XaWbfb‘X ‘biX‘Xag fgTegXW gb eXfX‘U_X g[Tg bUfXeiXW \a DCE1/ WXc_XgXW
VX__f $@@@’ =\ZheX 1%) K[\f bUfXeiTg\ba eT\fXW g[X dhXfg\ba \Y g[X ‘bWh_Tg\ba bY
DCE1/ TYYXVgf g[X TffbV\Tg\ba bY _TgX XaWbfb‘Xf j\g[ g[X TVg\a Vlgbf^X_Xgba)

3.5 MLN64 affects actin­dependent fusion of late endocytic organelles

8Vg\a Vlgbf^X_Xgba [Tf UXXa \‘c_\VTgXW \a g[X Yhf\ba bY _TgX XaWbVlg\V
beZTaX__Xf’ aT‘X_l _TgX XaWbfb‘Xf j\g[ _lfbfb‘Xf TaW _TgX XaWbfb‘Xf j\g[
c[TZbfb‘Xf be XTV[ bg[Xe $iTa ;Xhef  et  al.’ ,4406 B]X^Xa  et  al.’ -++/%) @a
lXTfg’ [b‘bglc\V iTVhb_X Yhf\ba [Tf UXXa f[bja gb eXdh\eX ‘X‘UeTaX(UbhaW
TVg\a $<\gmXa  et  al.’ -++-%) Kb fghWl \Y DCE1/ TYYXVgXW g[X Yhf\ba bY _TgX
XaWbVlg\V beZTaX__Xf’ jX ‘ba\gbeXW g[X TU\_\gl bY _TgX XaWbfb‘Xf*_lfbfb‘Xf gb
‘\k \a _\i\aZ ?XCT VX__f) K[\f jTf TV[\XiXW Ul _TUX__\aZ g[X _TgX
XaWbfb‘Xf*_lfbfb‘Xf j\g[ Y_hbeXfVXag WXkgeTaf5 Y_hbeXfVX\a(Vba]hZTgXW Ybe
baX VX__ cbch_Tg\ba TaW e[bWT‘\aX(Vba]hZTgXW Ybe g[X bg[Xe) :X__f jXeX g[Xa
VbVh_gheXW TaW YhfXW j\g[ cb_lXg[l_XaX Z_lVb_ $G<>%) , [ TYgXe G<>
geXTg‘Xag’ VX__f jXeX Y\kXW TaW g[X WXZeXX bY Yhf\ba bY _TgX XaWbVlg\V
beZTaX__Xf jTf TffXffXW Tf g[X WXZeXX bY eXW*ZeXXa f\ZaT_ biXe_Tc Yeb‘
VbaYbVT_ ‘\VebZeTc[f) @a Vbageb_ VX__f’ f\Za\Y\VTag Vb_bVT_\mTg\ba bY eXW TaW
ZeXXa f\ZaT_f jTf bUfXeiXW Tg g[\f g\‘X cb\ag $@@@’ =\ZheX 2%) @Y g[X VX__f jXeX
geXTgXW j\g[ VlgbV[T_Tf\a ; TYgXe G<> geXTg‘Xag’ g[X biXe_Tc jTf Vbaf\WXeTU_l
eXWhVXW) K[\f fhZZXfgf g[Tg W\fehcg\aZ g[X TVg\a Vlgbf^X_Xgba \aWXXW \‘cT\ef
g[X TU\_\gl bY _TgX XaWbVlg\V beZTaX__Xf gb YhfX in  vivo) J\‘\_Te_l’ DCE1/
WXc_Xg\ba eXfh_gXW \a T f\Za\Y\VTag eXWhVg\ba \a f\ZaT_ biXe_Tc $@@@’ =\ZheX 2%) @a
VbageTfg’ j[Xa VX__f biXeXkceXff\aZ >=G(gTZZXW j\_W(glcX DCE1/ jXeX YhfXW
j\g[ VX__f _TUX__XW j\g[ eXW WXkgeTa’ g[X eXW*ZeXXa biXe_Tc jTf ‘Te^XW_l
Xa[TaVXW) K[\f \aVeXTfX \a Yhf\ba jTf TVg\a WXcXaWXag Tf \g jTf TUb_\f[XW
j[Xa g[X VX__f jXeX geXTgXW j\g[ VlgbV[T_Tf\a ; $@@@’ =\ZheX 2%) @a VbageTfg’

JK8IK biXeXkceXff\ba [TW ab f\Za\Y\VTag XYYXVg) KbZXg[Xe’ g[XfX eXfh_gf
fhZZXfg g[Tg T% DCE1/ WXc_Xg\ba \‘cT\ef Yhf\ba bY _TgX XaWbVlg\V beZTaX__Xf
f\‘\_Te_l gb g[X W\fehcg\ba bY TVg\a Vlgbf^X_Xgba TaW U% DCE1/
biXeXkceXff\ba Xa[TaVXf Yhf\ba bY _TgX XaWbVlg\V beZTaX__Xf \a Ta TVg\a(
WXcXaWXag YTf[\ba)
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3.6 MLN64 modulates the association of actin and p34­Arc with late endocytic organelles

Kb Yheg[Xe TffXff g[X cbff\U_X _\a^ UXgjXXa TVg\a TaW DCE1/’ jX fghW\XW g[X
‘bec[b_bZl bY g[X TVg\a Vlgbf^X_Xgba \a VX__f biXeXkceXff\aZ be WXc_XgXW bY
DCE1/) K[X biXeT__ beZTa\mTg\ba bY TVg\a jTf abg Zebff_l T_gXeXW X\g[Xe hcba
DCE1/ WXc_Xg\ba be biXeXkceXff\ba’ Tf TffXffXW Ul _TUX__\aZ bY Y\_T‘Xagbhf
TVg\a j\g[ Y_hbeXfVXag c[T__b\W\a) ?bjXiXe’ g[X TffbV\Tg\ba bY TVg\a j\g[ _TgX
XaWbVlg\V beZTaX__Xf jTf T_gXeXW hcba ‘bWh_Tg\ba bY DCE1/ cebgX\a _XiX_f)
@a Vbageb_ ?XCT VX__f’ Tccebk\‘TgX_l -+" bY _TgX XaWbfb‘Xf*_lfbfb‘Xf
_TUX__XW j\g[ Y_hbeXfVXag WXkgeTa jXeX WXVbeTgXW j\g[ TVg\a cTgV[Xf be
XkgXaf\baf $@@@’ =\ZheX 3%) K[\f eXfh_g \f \a TZeXX‘Xag j\g[ T eXVXag in  vitro (
fghWl WX‘bafgeTg\aZ g[Tg T fhUfXg bY _TgX XaWbfb‘Xf \f TU_X gb ahV_XTgX TVg\a
$B]X^Xa et al.’ -++/%) @a DCE1/ WXc_XgXW VX__f’ [bjXiXe’ g[X WXkgeTa _TUX__XW
XaWbfb‘Xf jXeX bYgXa f\ghTgXW UXgjXXa TVg\a VTU_Xf Uhg XaWbfb‘X(TffbV\TgXW
TVg\a cTgV[Xf jXeX ba_l fX_Wb‘ bUfXeiXW $@@@’ =\ZheX 3%) @a VbageTfg’ j\_W(glcX
DCE1/ biXeXkceXff\aZ XaWbfb‘Xf f[bjXW \aVeXTfXW TVg\a _TUX__\aZ Tf
Vb‘cTeXW gb Vbageb_’ j[\_X JK8IK biXeXkceXff\ba [TW ab f\Za\Y\VTag XYYXVg)
K[hf’ jX Xai\f\baXW g[Tg DCE1/ ‘\Z[g UX \aib_iXW \a g[X cebVXff _XTW\aZ gb
TVg\a ahV_XTg\ba \a g[X _TgX XaWbfb‘T_ ‘X‘UeTaXf) Kb Yheg[Xe TffXff g[\f
cbff\U\_\gl’ jX TaT_lmXW g[X XaWbfb‘X TffbV\Tg\ba bY 8ec-*. fhUha\g c./(8eV
\a DCE1/ WXc_XgXW be biXeXkceXff\aZ VX__f) 8ec-*. Vb‘c_Xk YhaVg\baf \a g[X
eXZh_Tg\ba bY TVg\a cb_l‘Xe\mTg\ba TaW [Tf UXXa f[bja gb _bVT_\mX gb g[X f\gXf
bY WlaT‘\V TVg\a $DTV[Xf^l TaW >bh_W’ ,444%) @a Vbageb_ VX__f’ c./(8eV
Tag\UbW\Xf i\fhT_\mXW _T‘X__\cbW\T Tf jX__ Tf Vlgbc_Tf‘\V chaVgTgX fgehVgheXf
$@@@’ =\ZheX 4%) K[\f biXeT__ beZTa\mTg\ba jTf abg TYYXVgXW Ul g[X ‘bWh_Tg\ba bY
DCE1/ cebgX\a _XiX_f) J\‘\_Te_l gb c[T__b\W\a _TUX__\aZ’ T cbeg\ba bY _TgX
XaWbVlg\V beZTaX__Xf i\fhT_\mXW j\g[ CT‘c,(Tag\UbWl jTf WXVbeTgXW j\g[ c./(
8eV chaVgTX $@@@’ =\ZheX 4%) DCE1/ WXc_Xg\ba eXfh_gXW \a T ‘bWXfg Uhg
f\Za\Y\VTag WXVeXTfX bY c./(8eV _TUX__\aZ \a _TgX XaWbVlg\V beZTaX__Xf’ j[XeXTf
DCE1/ biXeXkceXff\ba \aVeXTfXW \g) KbZXg[Xe’ g[XfX eXfh_gf \aW\VTgX g[Tg
T_gXe\aZ DCE1/ cebgX\a _XiX_f ‘bWh_TgXf g[X TffbV\Tg\ba bY TVg\a TaW c./(8eV
j\g[ _TgX XaWbVlg\V beZTaX__Xf)
 Kb TaT_lmX g[X TffbV\Tg\ba bY _TgX XaWbVlg\V beZTaX__Xf j\g[ g[X TVg\a
Vlgbf^X_Xgba in  vitro’ jX YeTVg\baTgXW g[X VX__f TaW fghW\XW g[X T‘bhag bY
CT‘c-(cbf\g\iX ‘X‘UeTaXf Vb(fXW\‘Xag\aZ j\g[ TVg\a) Kb YTibhe g[X
fXW\‘XagTg\ba bY ‘X‘UeTaXf \a TffbV\Tg\ba j\g[ g[X TVg\a Vlgbf^X_Xgba’ g[X
fT‘c_Xf jXeX geXTgXW j\g[ ‘\VebghUh_X WXcb_l‘Xe\f\aZ TZXag abVbWTmb_X ce\be
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gb cX__Xg\aZ) 8YgXe T Ue\XY VXage\YhZTg\ba’ T ‘\abe YeTVg\ba bY TVg\a TaW CT‘c-
jTf eXVbiXeXW \a g[X cX__Xg Ubg[ \a Vbageb_ TaW DCE1/ WXc_XgXW fT‘c_Xf $@@@’
=\ZheX ,+%) N[\_X TWW\g\baT_ geXTg‘Xag j\g[ VlgbV[T_Tf\a ; W\W abg TUb_\f[ g[X
fXW\‘XagTg\ba bY TVg\a be CT‘c- $WTgT abg f[bja%’ g[X YeTVg\ba bY CT‘c-
cX__XgXW eX_Tg\iX gb TVg\a jTf V_XTe_l eXWhVXW Ul g[\f geXTg‘Xag $@@@’ =\ZheX ,+%)
J\‘\_Te_l gb TVg\a W\fehcg\ba’ g[X T‘bhag bY CT‘c- fXW\‘XagXW jTf WXVeXTfXW
hcba DCE1/ WXc_Xg\ba Tf Vb‘cTeXW gb Vbageb_) K[XfX eXfh_gf fhZZXfg g[Tg
DCE1/ WXc_Xg\ba eXWhVXW g[X TffbV\Tg\ba bY CT‘c-(cbf\g\iX beZTaX__Xf j\g[
g[X TVg\a Vlgbf^X_Xgba)
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DISCUSSION

1. Rab proteins in regulation of late endosomal cholesterol trafficking

K[X cebVXff bY V[b_XfgXeb_ XYY_hk Yeb‘ g[X _TgX XaWbfb‘Xf TaW*be _lfbfb‘Xf \f
fg\__ cbbe_l V[TeTVgXe\mXW) K[X ‘T]be\gl bY C;C(WXe\iXW V[b_XfgXeb_ \f
XiXaghT__l YbhaW ba g[X c_Tf‘T ‘X‘UeTaX $:ehm  et  al.’ -+++6 ChfT  et  al.’
-++,%) <_XiTgXW V[b_XfgXeb_ XfgXe\Y\VTg\ba hcba C;C \aY_hk fhZZXfgf g[Tg <I
V[b_XfgXeb_ \f \aVeXTfXW’ gbb $9ebja TaW >b_WfgX\a’ ,431%) ?bjXiXe’ _\gg_X \f
^abja bY g[X ceXV\fX geTYY\V^\aZ \g\aXeTe\Xf g[Tg V[b_XfgXeb_ Yb__bjf en route gb
g[XfX XaW WXfg\aTg\baf) MXf\Vh_Te geTYY\V^\aZ [Tf UXXa baX fhZZXfgXW
‘XV[Ta\f‘5 ghUh_Tg\aZ ‘X‘UeTabhf VTee\Xef [TiX UXXa i\fhT_\mXW gb X‘XeZX
Yeb‘ _TgX XaWbVlg\V beZTaX__Xf’ XkgXaW\aZ T__ g[X jTl gb g[X VX__ fheYTVX TaW
g[X <I $Bb  et  al.’ -++,%) K[XfX VTee\Xef Vbh_W WX_\iXe V[b_XfgXeb_ j\g[ g[X‘)
Fhe bUfXeiTg\ba g[Tg _TgX XaWbfb‘T_ V[b_XfgXeb_ XZeXff Vbh_W UX \a[\U\gXW j\g[
XkVXff ITU(>;@ TeZhXf g[Tg ITU(‘XW\TgXW iXf\Vh_Te geTafcbeg cebVXffXf
bcXeTgX \a g[X eX‘biT_ bY _TgX XaWbfb‘T_ V[b_XfgXeb_) @a TWW\g\ba’ hcba g[X
V_XTeTaVX bY g[X _TgX XaWbfb‘T_ V[b_XfgXeb_ TVVh‘h_Tg\ba Ul EG:, cebgX\a \a
EG:, WXY\V\Xag VX__f’ jX bUfXeiXW T eXW\fge\Uhg\ba bY bg[Xe _TgX
XaWbfb‘T_*_lfbfb‘T_ _\c\W TaW cebgX\a Vbafg\ghXagf $C9G8 TaW 8>8’
eXfcXVg\iX_l%) K[\f jbh_W Yheg[Xe _\a^ g[X geTYY\V^\aZ bY V[b_XfgXeb_ gb g[X
geTYY\V^\aZ bY bg[Xe _\c\W TaW cebgX\a VTeZb Yeb‘ _TgX XaWbVlg\V beZTaX__Xf)

K[\f c[XabglcX jTf abg bUfXeiXW \a Vbageb_ VX__f biXeXkceXff\aZ
EG:,) K[\f fhZZXfgf g[Tg \g jTf g[X ha_bTW\aZ bY ‘Tff\iX V[b_XfgXeb_
TVVh‘h_Tg\ba g[Tg’ cXe[Tcf geTaf\Xag_l’ T_gXeXW g[X UT_TaVX UXgjXXa YbejTeW
geTafcbeg TaW eXge\XiT_ bY VTeZb \a g[X _TgX XaWbfb‘Xf) @a VbageTfg’ g[X
_bVT_\mTg\ba bY CT‘c, eXf\W\aZ ba g[X bhgXe ‘X‘UeTaX bY g[X XaWbfb‘Xf jTf
abg TYYXVgXW Ul V[b_XfgXeb_ ha_bTW\aZ) @g \f cbff\U_X g[Tg g[\f iTe\Tg\ba ]hfg
eXY_XVgf W\YYXeXaVXf \a fbeg\aZ ‘XV[Ta\f‘f5 CT‘c, ‘Tl f\‘c_l UX eXge\XiXW
‘beX XYY\V\Xag_l g[Ta C9G8) Fa g[X bg[Xe [TaW’ Ubg[ C9G8 TaW V[b_XfgXeb_
TeX Xae\V[XW \a g[X \agXeaT_ ‘X‘UeTaXf bY _TgX XaWbVlg\V beZTaX__Xf
$BbUTlTf[\  et  al.’ ,4446 DqU\hf  et  al.’ -++.%) @g \f cbff\U_X g[Tg hcba g[X
V[b_XfgXeb_ eX_XTfX’ \ageTXaWbfb‘T_ Vb‘cbaXagf TeX W\YYXeXag\T__l TYYXVgXW \a
Vb‘cTe\fba gb g[X eXf\WXagf bY g[X _\‘\g\aZ ‘X‘UeTaX)

ITU2 TaW ITU4 TeX _bVTgXW \a _TgX XaWbfb‘Xf TaW TeX g[hf cbff\U_X
VTaW\WTgXf Ybe cTeg\V\cTg\aZ \a g[X XZeXff bY V[b_XfgXeb_ Yeb‘ g[XfX beZTaX__Xf)
@aWXXW’ \a T eXVXag fghWl \g jTf eXcbegXW g[Tg g[X _TgX XaWbfb‘T_ V[b_XfgXeb_
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TVVh‘h_Tg\ba \a EG:, WXY\V\Xag VX__f Vbh_W UX biXeVb‘X Ul biXeXkceXff\aZ
X\g[Xe bY g[XfX gjb ITU cebgX\af $:[bhW[hel  et  al.’ -++-%) CTgXe’ \a Tabg[Xe
fghWl \g jTf fgTgXW g[Tg EG:, WXY\V\Xag VX__f Vbh_W UX Vb‘c_X‘XagXW j\g[
ITU4 Uhg abg j\g[ ITU2 $NT_gXe  et  al.’ -++.%) 8g g[X ‘b‘Xag g[\f
W\fTZeXX‘Xag [Tf abg UXXa fXgg_XW’ Uhg W\YYXeXaVXf \a g[X VX__ TaW XkceXff\ba
flfgX‘f hfXW [TiX UXXa cb\agXW Tf baX cbff\U_X eXTfba $NT_gXe et al.’ -++.%)
GeXfh‘TU_l g[X biXeXkceXff\ba bY ITU4 Vbh_W Xa[TaVX g[X _TgX XaWbfb‘X gb
K>E geTafcbeg) K[hf’ \g fXX‘f YXTf\U_X g[Tg Xa[TaV\aZ g[\f geTafcbeg fgXc
jbh_W T__bj V[b_XfgXeb_ gb eXVlV_X ‘beX XYY\V\Xag_l Yeb‘ _TgX XaWbfb‘Xf i\T
g[X K>E) N\g[ ITU2 g[X \agXeceXgTg\ba fXX‘f T U\g ‘beX Vb‘c_\VTgXW5 ITU2
[Tf UXXa fhZZXfgXW gb WX_\iXe VTeZb X\g[Xe Yeb‘ XTe_l gb _TgX XaWbfb‘Xf be’
T_gXeaTg\iX_l’ eXZh_TgX _lfbfb‘X U\bZXaXf\f Yeb‘ _TgX XaWbfb‘Xf $GeXff  et  al.’
,4436 9hVV\  et  al.’ -+++%) Jb YTe’ ITU2 [Tf abg UXXa TffbV\TgXW j\g[ Tal
cTg[jTl _XTW\aZ bhg Yeb‘ g[X _TgX XaWbfb‘T_ Vb‘cTeg‘Xagf) =heg[Xe‘beX’
biXeXkceXff\ba bY ITU2 [Tf UXXa f[bja gb \‘‘bU\_\mX _TgX XaWbfb‘Xf ‘hV[
_\^X j[Tg \f bUfXeiXW \a EG:, WXY\V\Xag VX__f $CXUeTaW  et  al.’ -++-%) @a bhe
fghW\Xf j\g[ :FJ VX__f’ biXeXkceXff\ba bY ITU2 eXfh_gXW \a g[X \a[\U\g\ba bY
V[b_XfgXeb_ XfgXe\Y\VTg\ba j[Xa VX__f jXeX fhcc_\XW j\g[ C;C) K[XfX eXfh_gf
jbh_W fXX‘\aZ_l TeZhX TZT\afg ITU2 cTeg\V\cTg\aZ \a g[X V_XTeTaVX bY _TgX
XaWbfb‘T_ V[b_XfgXeb_) ?bjXiXe’ Vb‘cTe\aZ g[X XYYXVgf bY ITU biXeXkceXff\ba
\a abe‘T_ VX__f TaW VX__f Xk[\U\g\aZ _TgX XaWbfb‘T_ geTafcbeg cebU_X‘f $_\^X \a
EG: W\fXTfX% ‘Tl abg UX YXTf\U_X) @a g[X _TggXe VTfX’ ThZ‘Xag\aZ Tal
‘X‘UeTaX ‘biX‘Xag \a g[X ]T‘‘XW _TgX XaWbfb‘Xf ‘\Z[g cebi\WX XabhZ[
Y_Xk\U\_\gl Ybe bg[Xe ‘XV[Ta\f‘f gb fgTaW \a $GTZTab et al.’ -+++%)

FiXeXkceXff\ba bY XaWbVlg\V ITU cebgX\af [Tf UXXa fhZZXfgXW Tf T
cbff\U_X geXTg‘Xag Ybe EG: W\fXTfX $:[bhW[hel et al.’ -++-%) =be g[X YhgheX \g
jbh_W UX \agXeXfg\aZ gb fXX j[Xg[Xe g[XeX \f T ‘XV[Ta\fg\V VbaaXVg\ba UXgjXXa
g[X ITU(eXZh_TgXW iXf\Vh_Te geTafcbeg ‘TV[\aXel TaW EG: cebgX\af) 8g g[\f
‘b‘Xag’ ab fhV[ ‘b_XVh_Te \agXeTVg\ba [Tf UXXa XfgTU_\f[XW) @a TWW\g\ba’ \g
‘hfg UX abgXW g[Tg g[X V_XTeTaVX bY _TgX XaWbfb‘T_ V[b_XfgXeb_ WXcbf\gf’ Tf
TffXffXW Ul Y\_\c\a fgT\a\aZ \a EG: cTg\Xag VX__f’ WbXf abg aXVXffTe\_l ‘XTa
g[Tg g[X ‘b_XVh_Te WXYXVg \a EG: [Tf UXXa VbeeXVgXW) N[\_X g[X XkTVg YhaVg\ba
bY g[X EG: cebgX\af eX‘T\af ha^abja’ Yheg[Xe V[TeTVgXe\mTg\ba bY ITU
biXeXkceXff\ba \a EG: VX__f \f eXdh\eXW gb TffXff g[X fh\gTU\_\gl bY ITU
cebgX\af Tf T cbgXag\T_ VheX Ybe EG: cTg\Xagf)
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2 Recycling endosomes and cholesterol homeostasis

IXVlV_\aZ XaWbfb‘Xf [TiX UXXa f[bja gb UX Xae\V[XW \a V[b_XfgXeb_ TaW
bg[Xe eTYg _\c\Wf $>TZXfVh  et  al.’ -+++6 ?Tb  et  al.’ -++-%) @a bhe fghWl’
biXeXkceXff\ba bY ITU,, \a :FJ VX__f eXfh_gXW \a T ‘Tff\iX Xa_TeZX‘Xag bY
ghUh_Te beZTaX__Xf VbagT\a\aZ eXVlV_\aZ VTeZb $geTafYXee\a TaW geTafYXee\a
eXVXcgbe% Tf jX__ Tf fhUfgTag\T_ T‘bhagf bY V[b_XfgXeb_’ Tf f[bja Ul g[X
\agXafX Y\_\c\a fgT\a\aZ bY ITU,, beZTaX__Xf) :baVb‘\gTag_l’ T ‘Te^XW WXVeXTfX
\a g[X eTgX bY V[b_XfgXeb_ XfgXe\Y\VTg\ba jTf bUfXeiXW \a ITU,, biXeXkceXff\aZ
VX__f) K[XfX eXfh_gf fhZZXfg g[Tg g[X ITU,,(eXZh_TgXW eXVlV_\aZ cTg[jTl
cTeg\V\cTgXf \a g[X eXZh_Tg\ba bY VX__h_Te V[b_XfgXeb_ [b‘XbfgTf\f) K[\f cTg[jTl
W\W abg fXX‘ gb \agXeYXeX j\g[ g[X geTYY\V^\aZ bY C;C(WXe\iXW V[b_XfgXeb_’ Tf
]hWZXW Ul fXiXeT_ Ve\gXe\T) =\efg’ \a ITU,, XkceXff\aZ VX__f’ g[X geTYY\V^\aZ bY
;\@(_TUX__XW C;C cTeg\V_Xf gb _TgX XaWbVlg\V beZTaX__Xf jTf abg Vb‘ceb‘\fXW)
@a VbageTfg’ \a VX__f XkceXff\aZ g[X >KGTfX WXY\V\Xag ‘hgTag bY ITU0’ ;\@(C;C
jTf VbaY\aXW gb Xa_TeZXaXW XTe_l XaWbfb‘Xf TaW jTf abg geTafcbegXW
abe‘T__l gb _TgX XaWbVlg\V beZTaX__Xf) K[hf’ \a g[X VTfX bY ITU0’ \g \f cbff\U_X
g[Tg g[X \a[\U\g\ba \a g[X XfgXe\Y\VTg\ba jTf cTeg\T__l WhX gb g[X \‘cT\eXW
geTYY\V^\aZ bY C;C V[b_XfgXeb_) JXVbaW’ \a VX__f WXc_XgXW bY _\cbcebgX\af’ g[X
eTgX bY XfgXe\Y\VTg\ba jTf _bj Uhg ITU,, jTf fg\__ TU_X gb Yheg[Xe fhcceXff \g)
K[X Xa_TeZXaXW ghUh_Te XaWbfb‘Xf Vb__XVgXW V[b_XfgXeb_ XiXa \a g[X TUfXaVX
bY C;C) =\aT__l’ g[X V[TeTVgXe\mTg\ba bY ITU,, biXeXkceXff\ba \a EG:,
WXY\V\Xag Y\UebU_Tfgf eXiXT_XW g[Tg ,% Y\_\c\a(cbf\g\iX ITU,, beZTaX__Xf jXeX
Ybe‘XW \a fc\gX bY g[X _TgX XaWbfb‘T_ V[b_XfgXeb_ ]T‘ TaW -% ITU,,
biXeXkceXff\ba W\W abg \‘cT\e g[X XZeXff bY _TgX XaWbfb‘T_ V[b_XfgXeb_ hcba
EG:, biXeXkceXff\ba) KbZXg[Xe’ g[XfX eXfh_gf fhZZXfg g[Tg ITU,,(eXZh_TgXW
cTg[jTl Ybe V[b_XfgXeb_ XaWbVlgbf\f \f W\fg\aVg Yeb‘ g[X C;C(V[b_XfgXeb_
cTg[jTl) @g fXX‘f ‘beX _\^X_l’ g[Tg g[X eXVlV_\aZ Vb‘cTeg‘Xag [TaW_Xf g[X
Uh_^ bY V[b_XfgXeb_ Y_bj Yeb‘ g[X c_Tf‘T ‘X‘UeTaX)
 ITU,, \f T eXZh_Tgbe bY eXVlV_\aZ ‘X‘UeTaX geTYY\V^\aZ gb g[X VX__
fheYTVX $L__e\V[ et al.’ ,4416 IXa et al.’ ,443%) NX g[XeXYbeX [lcbg[Xf\mXW g[Tg
g[X \‘cT\eXW XfgXe\Y\VTg\ba hcba ITU,, biXeXkceXff\ba Vbh_W UX ce\‘Te\_l WhX
gb WXYXVg\iX eXVlV_\aZ bY V[b_XfgXeb_ gb g[X c_Tf‘T ‘X‘UeTaX) K[\f [lcbg[Xf\f
jTf fhccbegXW Ul Ta XTe_\Xe fghWl f[bj\aZ g[Tg T ‘hgTag Ybe‘ bY g[X I‘X(,
cebgX\a g[Tg eXgTeWf g[X eXVlV_\aZ bY geTafYXee\a’ T_fb f_bjXW g[X WX_\iXel bY
V[b_XfgXeb_ TaT_bZhX ;?< gb g[X VX__ fheYTVX $?Tb  et  al.’ -++-%) Lcba
biXeXkceXff\ba bY ITU,, g[X eXVlV_\aZ XaWbfb‘Xf jXeX WeT‘Tg\VT__l
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XkcTaWXW \a :FJ VX__f) 8f g[X ‘X‘UeTaXf bY eXVlV_\aZ XaWbfb‘Xf TeX
g[bhZ[g gb [TiX [\Z[ TYY\a\gl Ybe V[b_XfgXeb_ $?Tb et al.’ -++-%’ g[Xl ‘\Z[g UX
TU_X gb TVVb‘‘bWTgX TVVh‘h_Tg\aZ VTeZb) @a fhV[ T fVXaTe\b’ XiXa T ‘bWXfg
fgTZaTg\ba \a eXVlV_\aZ Vbh_W XiXaghT__l _XTW gb fhUfgTag\T_ eXgXag\ba bY
V[b_XfgXeb_ j\g[\a g[X eXVlV_\aZ XaWbfb‘Xf) 9l Y\_\c\a fgT\a\aZ’ g[X c_Tf‘T
‘X‘UeTaX bY ITU,, XkceXff\aZ VX__f W\W abg TccXTe Zebff_l WXc_XgXW bY
V[b_XfgXeb_) ?bjXiXe’ T_eXTWl f‘T__ V[TaZXf \a g[X c_Tf‘T ‘X‘UeTaX
V[b_XfgXeb_ VbagXag [TiX UXXa f[bja gb _XTW gb _TeZX eXfcbafXf \a g[X <I
$CTaZX  et  al.’ -++/%) @Y ITU,, biXeXkceXff\ba \a YTVg eXgTeWXW V[b_XfgXeb_
WX_\iXel gb g[X VX__ fheYTVX’ baX jbh_W Tffh‘X g[Tg Ul c_Tf‘T ‘X‘UeTaX
V[b_XfgXeb_ _bTW\aZ’ g[X ITU,,(\aWhVXW XfgXe\Y\VTg\ba U_bV^ Vbh_W UX UlcTffXW
$=\ZheX 1%) @aWXXW’ \a VX__f fhcc_X‘XagXW j\g[ V[b_XfgXeb_(‘Xg[l_( (
VlV_bWXkge\a Vb‘c_Xk’ T eTc\W TaW fhUfgTag\T_ \aVeXTfX \a g[X eTgX bY
V[b_XfgXeb_ XfgXe\Y\VTg\ba jTf bUfXeiXW) K[\f \aVeXTfX jTf abg \a[\U\gXW Ul
ITU,,)

Figure  6.  Possible  model  for  cholesterol  esterification  block  in  Rab11  overexpressing  cells.
Rab11  overexpression  leads  to  enlargement  of  recycling  endosomes  and  stagnation  of
cholesterol flow to the plasma membrane, which in turn suppresses cholesterol esterification. If
cholesterol (indicated in red) is added to the plasma membrane, the block is bypassed.

@g \f VbaVX\iTU_X g[Tg fXiXeT_ VX__h_Te cTg[jTlf TeX TU_X gb YXXW 8:8K
j\g[ V[b_XfgXeb_) 8 cTg[jTl geTafcbeg\aZ V[b_XfgXeb_ Yeb‘ _TgX XaWbfb‘Xf gb
g[X <I UlcTff\aZ g[X c_Tf‘T ‘X‘UeTaX [Tf UXXa WXfVe\UXW $EXhYX_W  et  al.’
,441%) =eb‘ g[X c_Tf‘T ‘X‘UeTaX’ V[b_XfgXeb_ VTa UX WX_\iXeXW gb g[X <I
g[ebhZ[ T iXf\Vh_Tg\ba cebVXff g[Tg TccXTef gb UX XaXeZl(\aWXcXaWXag $J^\UT et
al.’ ,441%) @g \f cbff\U_X g[Tg V[b_XfgXeb_ Yeb‘ VlV_bWXkge\a ZXgf XfgXe\Y\XW i\T
g[\f cTg[jTl Tf \g jTf abg \a[\U\gXW Ul ITU,, biXeXkceXff\ba) DbeXbiXe’ \a
_\cbcebgX\a(WXce\iXW VbaW\g\baf’ biXeXkceXff\ba bY ITU1 eXfh_gXW \a T f‘T__
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\aVeXTfX \a g[X eTgX bY V[b_XfgXeb_ XfgXe\Y\VTg\ba) @a >b_Z\(gb(<I eXgebZeTWX
geTafcbeg’ Tg _XTfg gjb \aWXcXaWXag cTg[jTlf [TiX UXXa \‘c_\VTgXW5 baX
WXcXaWXag ba g[X Vlgbfb_\V VbTg cebgX\a :FG(@’ g[X bg[Xe :FG(@ \aWXcXaWXag
Uhg fcXV\Y\VT__l eXZh_TgXW Ul ITU1 $>\ebW  et  al.’ ,444%) :[b_XfgXeb_ [Tf UXXa
f[bja gb UX fXZeXZTgXW TjTl Yeb‘ :FG(@ VbTgXW iXf\V_Xf $9ehZZXe  et  al.’
-+++%) @g \f gX‘cg\aZ gb fcXVh_TgX g[Tg ITU1(iXf\V_Xf jbh_W g[Xa fXeiX Tf
ceXYXeXag\T_ ‘X‘UeTaX VTee\Xef Ybe V[b_XfgXeb_ Yeb‘ g[X >b_Z\ UTV^ gb g[X <I)
@aVeXTfXW WX_\iXel bY V[b_XfgXeb_ gb g[X <I Ul ITU1 biXeXkceXff\ba jbh_W
g[Xa _XTW gb \aVeXTfXW XfgXe\Y\VTg\ba)
 K[X \WXT bY g[X W\YYXeXag\T_ fbeg\aZ bY _\c\Wf T_baZ g[X XaWbVlg\V
cTg[jTl \f jX__ TcceXV\TgXW’ T_g[bhZ[ g[X ‘XV[Ta\f‘f Ul j[\V[ \g \f TV[\XiXW
[TiX abg UXXa VbaV_hf\iX_l WXY\aXW) IXVlV_\aZ beZTaX__Xf [TiX UXXa f[bja gb
UX Xae\V[XW j\g[ bg[Xe eTYg _\c\Wf \a TWW\g\ba gb V[b_XfgXeb_’ fhV[ Tf
fc[\aZb‘lX_\a $>TZXfVh et al.’ -+++% TaW >D, ZTaZ_\bf\WX’ Tf TffXffXW Ul g[X
W\fge\Uhg\ba bY V[b_XeT gbk\a fhUha\g 9 g[Tg U\aWf gb \g $E\V[b_f et al.’ -++,%) @a
TZeXX‘Xag’ jX YbhaW g[Tg T cbeg\ba bY cleXaX(_TUX__XW fc[\aZb‘lX_\a jTf
Xae\V[XW \a g[X Xa_TeZXaXW ITU,, beZTaX__Xf’ Tf jX__ Tf g[X Uh_^ bY
\agXeaT_\mXW V[b_XeT gbk\a) @a TWW\g\ba’ g[X Z_lVb_\c\W fh_YTg\WX jTf
eXW\fge\UhgXW gb ITU,, beZTaX__Xf \a T YeTVg\ba bY biXeXkceXff\aZ VX__f) @a
VbageTfg’ ITU,, biXeXkceXff\ba W\W abg TYYXVg g[X W\fge\Uhg\ba bY Z_bUbge\TbVl_
VXeT‘\WX ba g[X c_Tf‘T ‘X‘UeTaX’ XTe_l XaWbfb‘T_ G@$.%G be g[X _TgX
XaWbfb‘T*_lfbfb‘T_ _\c\Wf C9G8 TaW >D- ZTaZ_\bf\WX) K[hf’ g[X ITU,,(
\aWhVXW _\c\W TVVh‘h_Tg\ba \a eXVlV_\aZ XaWbfb‘Xf W\W abg eXfh_g \a T ZXaXeT_
‘\ffbeg\aZ bY _\c\W Vbafg\ghXagf T_baZ g[X XaWbVlg\V cTg[jTl) 8 eXVXag fghWl
eXcbegXW g[Tg \a EG:, WXY\V\Xag VX__f’ \a TWW\g\ba gb _TgX XaWbfb‘Xf T_fb XTe_l
XaWbfb‘Xf [TeUbhe V[b_XfgXeb_ \a XkVXff $:[bhW[hel  et  al.’ -++/%) @g jTf
f[bja g[Tg \a g[bfX VX__f’ ITU/(‘XW\TgXW W\eXVg eXVlV_\aZ Yeb‘ XTe_l
XaWbfb‘Xf gb g[X VX__ fheYTVX jTf \a[\U\gXW) K[\f WXYXVg jTf cebcbfXW gb UX
WhX gb \‘cT\eXW XkgeTVg\ba bY ITU/ Ul >;@5 g[X in vitro XkgeTVgTU\_\gl bY ITU/
jTf cXegheUXW j[Xa V[b_XfgXeb_ jTf ceXfXag \a XkVXff \a g[X ‘X‘UeTaX) @a g[X
fT‘X VbaW\g\baf’ >;@(‘XW\TgXW XkgeTVg\ba bY ITU0 TaW ITU,, jTf abg
\a[\U\gXW $:[bhW[hel  et  al.’ -++/%) @a Ta XTe_\Xe fghWl’ ITU2 XkgeTVg\ba gb
>;@ jTf f[bja gb UX fhcceXffXW \a XkVXff V[b_XfgXeb_ $CXUeTaW et al.’ -++-%)
K[XfX eXfh_gf fXX‘ \agXeXfg\aZ Tf ITU cebgX\af TeX X‘XeZ\aZ Tf beZTa\mXef bY
‘X‘UeTaX Wb‘T\af j\g[\a beZTaX__Xf $QXe\T_ TaW DV9e\WX’ -++,%) @Y fb‘X
ITU cebgX\af TeX ‘beX t gb_XeTagu  gb [\Z[ V[b_XfgXeb_ g[Ta bg[Xef \a gXe‘f bY
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g[X\e TVg\i\gl VlV_X’ \g Vbh_W [TiX f\Za\Y\VTaVX \a W\eXVg\aZ g[X V[b_XfgXeb_ Y_bj
gb VXegT\a cTg[jTlf Tg g[X XkcXafX bY bg[Xef)

 @a fh‘‘Tel’ bhe WTgT eXiXT_ T f\Za\Y\VTag eb_X Ybe eXVlV_\aZ XaWbfb‘Xf
\a eXZh_Tg\aZ VX__h_Te V[b_XfgXeb_ UT_TaVX) K[X V[b_XfgXeb_ cbb_ Y_bj\aZ
g[ebhZ[ g[X ITU,,(‘XW\TgXW cTg[jTl WbXf abg fXX‘ gb WXe\iX Yeb‘ C;C’ Tg
_XTfg W\eXVg_l) @afgXTW’ bhe eXfh_gf cb\ag gb g[X \‘cbegTaVX bY Vbag\ahbhf
‘X‘UeTaX VlV_\aZ g[ebhZ[ g[X <I: \a g[X ‘T\agXaTaVX bY VX__h_Te V[b_XfgXeb_
[b‘XbfgTf\f) K[X V[b_XfgXeb_ geTafcbeg WXYXVg bUfXeiXW \a ITU,,
biXeXkceXff\aZ VX__f f[TeXf fb‘X f\‘\_Te\g\Xf j\g[ g[X EG: WXYXVg’ aT‘X_l
TVVh‘h_Tg\ba bY V[b_XfgXeb_ gb g[X XaWbVlg\V Vb‘cTeg‘Xagf TaW \‘cT\eXW
V[b_XfgXeb_ XfgXe\Y\VTg\ba) K[\f Yheg[Xe fgeXaZg[Xaf g[X \WXT g[Tg XaWbVlg\V
geTYY\V^\aZ TaW VX__h_Te V[b_XfgXeb_ UT_TaVX TeX \agXeVbaaXVgXW)

3. MLN64 in late endosomal dynamics

N[Xa DCE1/ jTf Y\efg \WXag\Y\XW Tf T eXf\WXag bY _TgX XaWbfb‘T_ ‘X‘UeTaXf
\g jTf Ta \‘‘XW\TgX VTaW\WTgX Ybe T cebgX\a ha_bTW\aZ g[X _TgX XaWbfb‘T_
V[b_XfgXeb_ gb bg[Xe VX__h_Te TVVXcgbef $8_cl  et  al.’ -++,6 JgeThff  et  al.’ -++-%)
?bjXiXe’ j[Xa T ‘bhfX [TeUbhe\aZ T ‘hgTag DCE1/ \aVTcTU_X bY
V[b_XfgXeb_ U\aW\aZ jTf fghW\XW’ ab TcceXV\TU_X T_gXeTg\baf \a V[b_XfgXeb_
[b‘XbfgTf\f jXeX bUfXeiXW) @a TWW\g\ba’ g[X ‘\VX jXeX YXeg\_X fhZZXfg\aZ g[Tg
DCE1/ [Tf ab \aW\fcXafTU_X eb_X \a fgXeb\W cebWhVg\ba Tf WbXf Jg8I $B\f[\WT
et  al.’ -++/%) @a TVVbeWTaVX’ jX bUfXeiXW ab \‘cXW\aZ XYYXVgf ba VX__h_Te
V[b_XfgXeb_ [b‘XbfgTf\f j[Xa VX__f jXeX WXc_XgXW bY DCE1/ Ul IE8\)
@‘cbegTag_l’ ab EG:(_\^X TVVh‘h_Tg\ba bY YeXX V[b_XfgXeb_ \a _TgX XaWbVlg\V
beZTaX__Xf jTf bUfXeiXW’ fhZZXfg\aZ g[Tg DCE1/ \f abg Tg _XTfg fb_X_l
eXfcbaf\U_X Ybe V_XTe\aZ XaWbVlgbfXW V[b_XfgXeb_ Yeb‘ _TgX XaWbVlg\V
beZTaX__Xf)
 @g [Tf ceXi\bhf_l UXXa eXcbegXW g[Tg hcba biXeXkceXff\ba bY JK8IK
DCE1/’ \)X) T VbafgehVg _TV^\aZ V[b_XfgXeb_(U\aW\aZ JK8IK Wb‘T\a’ _XTWf gb
g[X TVVh‘h_Tg\ba bY V[b_XfgXeb_ \a _TgX XaWbVlg\V beZTaX__Xf \a :FJ VX__f
$Q[TaZ  et  al.’ -++-%) K[\f _XW g[X Thg[bef gb fhZZXfg g[Tg JK8IK DCE1/
jbh_W [TiX T Wb‘\aTag aXZTg\iX XYYXVg ba _TgX XaWbfb‘T_ fgXeb_ geTafcbeg) NX
bUfXeiXW g[Tg \a :FJ VX__f T_fb g[X j\_W(glcX cebgX\a jTf TU_X gb \aWhVX fgXeb_
WXcbf\g\ba \a g[X Xa_TeZXaXW XaWbfb‘Xf [TeUbhe\aZ g[X cebgX\a) DbeXbiXe’
j[Xa VX__f jXeX YXW g[X Y_hbeXfVXag fgXeb_ ;?<’ g[X T‘bhag bY fgXeb_
WXcbf\gXW \a j\_W(glcX DCE1/ biXeXkceXff\aZ XaWbfb‘Xf jTf XiXa ZeXTgXe Tf



Maarit Hölttä­Vuori

62

Vb‘cTeXW gb g[X V[b_XfgXeb_(U\aW\aZ WXY\V\Xag ‘hgTagf bY DCE1/) 8f g[\f
XYYXVg jTf bUfXeiXW ba_l j\g[ ceb_baZXW \aVhUTg\ba’ \g VTaabg UX VbaV_hWXW
g[Tg jX jXeX bUfXei\aZ T W\eXVg fgXeb_ geTafcbeg Ul DCE1/) @g \f cbff\U_X g[Tg
g[X fgXeb_ WXcbf\g\ba Vbh_W Tg _XTfg cTeg\T__l UX Xkc_T\aXW Ul ‘X‘UeTaX
XaZh_Y‘Xag Tf g[X beZTaX__Xf Xa_TeZXW) EbaXg[X_Xff’ g[X j\_W(glcX cebgX\a W\W
YTV\_\gTgX g[X fgXeb_ WXcbf\g\ba ‘beX XYY\V\Xag_l g[Ta g[X JK8IK be D.+2I’
E.,,; ‘hgTagf) @agXeXfg\aZ_l’ \a EG:, WXY\V\Xag VX__f [TeUbhe\aZ _TgX
XaWbfb‘T_ V[b_XfgXeb_ TVVh‘h_Tg\ba’ j\_W(glcX DCE1/ fXX‘XW gb \aWhVX
XaWbfb‘X Xa_TeZX‘Xag ‘beX XYY\V\Xag_l g[Ta JK8IK) K[XfX eXfh_gf fcXT^
TZT\afg g[X \WXT g[Tg g[X YhaVg\ba bY DCE1/ jTf ‘T\a_l gb V_XTe g[X
XaWbfb‘Xf bhg bY V[b_XfgXeb_) @g [Tf UXXa f[bja g[Tg hcba biXeXkceXff\ba’
DCE1/ jTf TU_X gb ceb‘bgX V[b_XfgXeb_ geTafcbeg gb fgXeb\WbZXa\V
‘\gbV[baWe\T $Q[TaZ  et  al.’ -++-%) Fhe eXfh_gf fhZZXfg g[Tg TWW\g\baT__l’
DCE1/ ‘Tl ceb‘bgX g[X geTafYXe bY V[b_XfgXeb_ j\g[\a be UXgjXXa XaWbfb‘T_
‘X‘UeTaXf)
 ;Xc_Xg\ba bY DCE1/ cebgX\a \a ?XCT VX__f eXfh_gXW \a T fge\^\aZ
eXW\fge\Uhg\ba bY _TgX XaWbVlg\V VTeZb UXTe\aZ beZTaX__Xf gb g[X VX__ cXe\c[Xel
j\g[ T VbaVb‘\gTag WXVeXTfX \a g[X _TgX XaWbfb‘T_*_lfbfb‘T_ WXZeTWTg\ba)
K[X W\fcXefT_ Vbh_W UX biXeVb‘X Ul eX\agebWhV\aZ g[X j\_W(glcX cebgX\a Uhg
abg j\g[ g[X fgXeb_(U\aW\aZ WXY\V\Xag ‘hgTagf) K[\f eXfh_g cb\agXW gb g[X
cbff\U\_\gl g[Tg DCE1/(‘XW\TgXW fgXeb_ geTafYXe ‘\Z[g cTeg\V\cTgX \a g[X
eXZh_Tg\ba bY ‘X‘UeTaX geTYY\V^\aZ) CTgX XaWbfb‘Xf TeX g[bhZ[g gb Vbaf\fg bY
T t ‘bfT\V bY Wb‘T\afu  j\g[ W\YYXeXag\T_ cebgX\a TaW _\c\W Vb‘cbf\g\baf
$>ehXaUXeZ’ -++,%) K[X _TgX XaWbfb‘T_ ITU cebgX\af ITU2 TaW ITU4 [TiX
UXXa f[bja gb _bVT_\mX \a W\fg\aVg Wb‘T\af ba _TgX XaWbfb‘T_ ‘X‘UeTaXf
$9TeUXeb et al.’ -++-%) @agXeXfg\aZ_l’ V[b_XfgXeb_ _bTW\aZ bY _TgX XaWbfb‘Xf [Tf
UXXa f[bja gb ‘bWh_TgX g[X\e TffbV\Tg\ba gb ‘\VebghUh_Xf g[ebhZ[ g[X ITU2(
I@CG(WlaX\a ‘TV[\aXel’ g[hf TYYXVg\aZ XaWbfb‘X cbf\g\ba\aZ $CXUeTaW et al.’
-++-%) ?bjXiXe’ jX jXeX abg TU_X gb WX‘bafgeTgX Tal \‘cT\e‘Xag \a g[X
‘X‘UeTaX eXVeh\g‘Xag bY ITU2 be WlaX\a \a DCE1/ WXc_XgXW VX__f)
DbeXbiXe’ g[X XaWbfb‘X W\fcXef\ba Vbh_W abg UX eXfVhXW hcba I@CG
biXeXkceXff\ba’ fhZZXfg\aZ g[Tg g[X ‘b_XVh_Te ‘XV[Ta\f‘ haWXe_l\aZ
beZTaX__X W\fcXef\ba \a DCE1/(WXc_XgXW VX__f \f W\fg\aVg Yeb‘ g[X ITU2(I@CG(
WlaX\a ‘TV[\aXel)
 @a TWW\g\ba gb ‘\VebghUh_Xf’ g[X TVg\a Vlgbf^X_Xgba cTeg\V\cTgXf \a g[X
eXZh_Tg\ba bY _TgX XaWbfb‘T_ WlaT‘\Vf) 9bg[ \a lXTfg TaW ‘T‘‘T_\Ta VX__f’
TVg\a [Tf UXXa f[bja gb cTeg\V\cTgX \a g[X Yhf\ba bY _TgX XaWbVlg\V beZTaX__Xf
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$iTa ;Xhef et al.’ ,4406 <\gmXa et al.’ -++-6 B]X^Xa et al.’ -++/%) ;\fehcg\ba bY
Y\_T‘Xagbhf TVg\a [Tf UXXa f[bja gb eXfh_g \a T_gXeXW ‘bg\_\gl TaW
eXW\fge\Uhg\ba bY _TgX XaWbVlg\V beZTaX__Xf gb g[X VX__ cXe\c[Xel Tf jX__ Tf
\a[\U\g\ba bY _TgX XaWbfb‘T_ WXZeTWTg\ba $iTa ;Xhef et al.’ ,4406 ;heeUTV[ et
al.’ ,4416 :beWbaa\Xe  et  al.’ -++,%) K[X DCE1/ WXc_Xg\ba c[XabglcX
‘\‘\V^XW TVg\a W\fehcg\ba \a eXZTeW gb _TgX XaWbfb‘T_ WlaT‘\Vf \a T__ g[XfX
eXfcXVgf) @a TWW\g\ba’ biXeXkceXff\ba bY DCE1/ eXfh_gXW \a Xa[TaVXW
XaWbfb‘X Yhf\ba \a Ta TVg\a(WXcXaWXag ‘TaaXe) =heg[Xe‘beX’ jX bUfXeiXW
g[Tg DCE1/ WXc_Xg\ba WXVeXTfXW g[X _TgX XaWbfb‘X TffbV\Tg\ba bY Ubg[ TVg\a
TaW c./(8eV’ T Vb‘cbaXag bY 8ec-*. Vb‘c_Xk g[Tg cTeg\V\cTgXf \a TVg\a
ahV_XTg\ba $DTV[Xf^l TaW >bh_W’ ,444%) @a VbageTfg’ hcba biXeXkceXff\ba bY
DCE1/’ Ubg[ TVg\a TaW 8ec-*. _TUX__\aZ \a DCE1/ XkceXff\aZ XaWbfb‘Xf
jTf \aVeXTfXW)
 KbZXg[Xe’ g[XfX WTgT cb\ag gb g[X \WXT g[Tg DCE1/ cTeg\V\cTgXf \a g[X
eXZh_Tg\ba bY TVg\a TffbV\Tg\ba j\g[ _TgX XaWbfb‘T_ ‘X‘UeTaXf) @a ‘T‘‘T_\Ta
VX__f’ Vb‘cbaXagf bY g[X ‘TV[\aXe\Xf _\a^\aZ _TgX XaWbfb‘Xf gb g[X TVg\a
Vlgbf^X_Xgba TeX _TeZX_l ha^abja) FaX ‘lbf\a $‘lbf\a @ T_c[T% [Tf UXXa
f[bja gb _bVT_\mX \a _TgX XaWbVlg\V beZTaX__Xf $ITcbfb  et  al.’ ,444%) Fa g[X
bg[Xe [TaW’ \a lXTfg VX__f’ \g [Tf eXVXag_l UXXa f[bja g[Tg g[X fgXeb_
Xae\V[‘Xag bY iTVhb_Te ‘X‘UeTaXf ceb‘bgXf TVg\a eX‘bWX__\aZ TaW Xa[TaVXf
iTVhb_Te Yhf\ba $KXWe\V^  et  al.’ -++/%) K[X VbaaXVg\ba UXgjXXa TVg\a
Vlgbf^X_Xgba TaW ‘X‘UeTaX V[b_XfgXeb_ VbagXag [Tf UXXa \‘c_\VTgXW \a fXiXeT_
fghW\Xf $DTaXf TaW DTeg\aXm(8’ -++/%) @g fXX‘f YXTf\U_X g[Tg \a ‘T‘‘T_\Ta
VX__f’ DCE1/ ‘bWh_TgXf _bVT__l g[X V[b_XfgXeb_ VbagXag bY g[X _TgX XaWbfb‘T_
‘X‘UeTaX’ g[XeXUl TYYXVg\aZ g[X eXVeh\g‘Xag bY g[X TVg\a ahV_XTg\ba
‘TV[\aXel TaW TVg\a \gfX_Y ba _TgX XaWbfb‘Xf $=\ZheX 2%) K[\f ‘XV[Ta\f‘
Vbh_W \aib_iX lXg TWW\g\baT_ Vb‘cbaXagf fhV[ Tf c[bfc[b\abf\g\WXf g[Tg TeX
^abja eXZh_Tgbef bY TVg\a WlaT‘\Vf TaW fXaf\g\iX gb g[X V[b_XfgXeb_ VbagXag \a
g[X ‘X‘UeTaX $Bj\^ et al.’ -++.%)

 @a g[X YhgheX’ \WXag\Y\VTg\ba bY g[X \agXeTVg\ba cTegaXef Ybe DCE1/ j\__
[bcXYh__l [X_c gb X_hV\WTgX g[X XkTVg ‘b_XVh_Te fXdhXaVX bY XiXagf ba g[X _TgX
XaWbfb‘T_ ‘X‘UeTaX \a eX_Tg\ba gb TVg\a WlaT‘\Vf) @a TWW\g\ba’ Yheg[Xe
fghW\Xf TeX aXXWXW gb TWWeXff g[X dhXfg\ba bY XaWbfb‘T_ Wb‘T\af TaW g[X
cbgXag\T_ eb_X bY DCE1/ \a beZTa\m\aZ g[X‘) IX‘bWX__\aZ bY g[X _bVT_
V[b_XfgXeb_ VbagXag ‘\Z[g T_fb [TiX TVg\a(\aWXcXaWXag XYYXVgf bY _TgX
XaWbfb‘T_ WlaT‘\Vf5 Ybe \afgTaVX’ V[b_XfgXeb_ [Tf UXXa f[bja gb cTeg\V\cTgX
\a beZTa\m\aZ V_hfgXef bY JE8I< cebgX\af eXdh\eXW Ybe iXf\V_X Yhf\ba $CTaZ et
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al.’ -++,%) :bh_W g[XeX \a YTVg UX T VbaaXVg\ba UXgjXXa DCE1/ TaW ITU
cebgX\af7 N[\_X TafjXef gb g[XfX dhXfg\baf TeX abg lXg TiT\_TU_X’ UTfXW ba g[X
fghW\Xf WXfVe\UXW [XeX \g VTa UX VbaV_hWXW g[Tg V[b_XfgXeb_ UT_TaVX TaW g[X
XaWbVlg\V cTg[jTl Ubg[ TYYXVg TaW TeX TYYXVgXW Ul baX Tabg[Xe \a T cebYbhaW
jTl)

Figure  7.  Suggested  model  for  MLN64  action  on  the  late  endosome  membrane.  MLN64
modulates locally the membrane cholesterol content, creating a platform for actin recruitment.
It is possible that this association involves additional lipid or protein components.
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