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Titre!:!!

Importance!des!jonctions!adhérentes!et!la!polarité!cellulaire!dans!la!régulation!des!signaux!

engendrés!par!le!récepteur!Fas/CD95!

Résumé:!!

Fas!(CD195/TNFRSF6)!est!une!protéine!transmembranaire!appartenant!à!la!superfamille!des!

tumor!necrosis!factor!receptor!(TNFR).!Même!si!la!signalisation!induite!par!ce!récepteur!suite!

à!la!liaison!avec!son!ligand!FasL!(CD178/TNFSF6),!a!surtout!été!étudiée!dans!un!contexte!de!

mort! cellulaire,! on! sait! à! présent! qu’elle! conduit! aussi,! notamment! dans! un! contexte!

cancéreux,!à!la!survie!de!la!cellule!en!induisant!sa!prolifération!ou!sa!migration.!L’équipe!du!

Dr.!AO!Hueber!s’efforce!depuis!plusieurs!années!de!disséquer!les!mécanismes!moléculaires!

sous!tendant!la!versatilité!de!ce!récepteur.!En!effet,!comprendre!le!contrôle!des!signaux!émis!

par!Fas!dans!le!contexte!de!l’équilibre!de!la!décision!mort/vie!de!la!cellule,!est!crucial!pour!le!

développement!de!stratégies!thérapeutiques!anti!cancéreuses!et!notamment!pour!le!cancer!

colorectal,!qui!est!la!troisième!cause!la!plus!courante!de!cancer!dans!le!monde!et!au!2ème!

rang!des!décès!par!cancer.!
!

S’il!était!connu!que!les!cellules!intestinales,!en!perpétuel!renouvellement,!mourraient!suite!à!

la! perte! des! contact! cellule)cellule! ou! cellule)matrice! extracellulaire,! le! rôle! possible! des!

jonctions! intercellulaires! et! de! la! polarité! cellulaire! dans! le! contrôle! de! la! signalisation! du!

récepteur!de!mort!Fas!avait!été!jusqu’à!présent!largement!inexploré.!L’objectif!principal!de!

mon! sujet! de! doctorat! a! été! d’étudier! le! rôle! des! jonctions! adhérentes! et! de! la! polarité!

cellulaire! dans! la! modulation! de! la! mort! cellulaire! induite! par! FasL! dans! des! cellules!

épithéliales!de!côlon.!!

!

Nous! avons! pu! démontrer! que! l’établissement! de! la! polarité! cellulaire! et! la! formation! de!

jonctions! adhérentes! contrôlaient! la! signalisation! pro)apoptotique! du! récepteur! Fas! en!

montrant! que! :! (i)! le! récepteur! Fas! se! concentrent! avec! l’E)cadhérine! aux! jonctions!

intercellulaires!;!(ii)!l’association!Fas)cadhérine!protège!les!cellules!de!la!mort!cellulaire!induite!

par!Fas.!!

Une! approche! protéomique! nous! a! permis! d’identifier! plusieurs! nouveaux! partenaires!

interagissent!avec!un!site!d’interaction!à!domaine!PDZ!localisé!dans!la!partie!C)terminale!du!

récepteur.! Parmi! ceux)ci! se! trouve! la!molécule!de! polarité/échafaudage!Dlg1.!Nous! avons!

démontré!que!Dlg1!interagit!directement!avec!Fas!et!réduit!la!formation!du!complexe!de!mort!

suite! à! l’engagement! avec! le! ligand,! ce! qui! constitue! un! mécanisme! supplémentaire! de!

protection!contre!la!mort!cellulaire.!!

L’ensemble!de!ces!résultats!nous!ont!conduit!à!proposer!que!le!complexe!Fas)cadherin)Dlg1!

en! contrôlant! l’inhibition! de! la!mort! cellulaire! induite! par! Fas! non! seulement! participer! à!

l’homéostasie!épithéliale!en!protégeant!l’épithélium!de!l’apoptose!mais!également!participer!

à!l’élimination!des!cellules!endommagée!non)polarisées!freinant!ainsi!le!développement!de!

cellules!cancéreuses.!!

!

Dans!la!deuxième!partie!de!mon!doctorat,!j’ai!étudié!le!rôle!de!plusieurs!partenaires!de!Fas!

identifiés!dans!notre!analyse!protéomique,!et!notamment!de!l’E3!ubiquitine!ligase!LNX2.!J’ai!

pu!montrer!que!(i)!LNX2!se!liait!directement!à!Fas!(ii)!induisait!la!dégradation!du!récepteur!
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activé!par!son! ligand!au!niveau!des! lysosomes,!conduisant!à!une! inhibition!des!signaux!de!

mort.! L’ensemble! de! ces! résultats! suggèrent! que! LNX2! protège! les! cellules! épithéliales!

coliques!de!la!mort!cellulaire!induite!par!FasL.!La!protéine!LNX2!étant!surexprimée!dans!le!

cancer! du! côlon,! le!mécanisme!d’action! de! LNX2! identifie! sur! la! signalisation! Fas! pourrait!

expliquer!la!résistance!des!cellules!cancéreuses!du!côlon!à!la!mort!par!Fas.!!

!

Mots)clés! :! Mort! cellulaire,! le! récepteur! Fas,! jonction! adhérente,! polarité! cellulaire,!

épithélium.!

! !
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Title:!

!Importance!of!AJ!and!cell!polarity!in!the!regulation!of!Fas!signaling!

Abstract:!

Fas!is!a!transmembrane!cell!death!receptor!mostly!known!for!its!function!in!inducing!cell!death!

through!apoptosis,!but! it! is!also!recognized!to!be! implicated! in!a!wide!range!of!non)death!

functions! in! various! cell! types! and! contexts.! The! disequilibrium! between! cell! death! and!

survival! signals! due! to! defective! apoptosis! is! a! key! factor! in! tumorigenesis.! Fas! is! found!

ubiquitously!expressed! in!human! tissues! including!many!epithelia! such!as! in! the! intestine.!

Thus,!the!activation!of!Fas!signaling!in!this!tissue!should!be!rigorously!regulated!in!order!to!

maintain!the!balance!between!cell!death!and!non)death!signaling.!!

At!a!cellular!level,!the!choice!of!life!and!death,!is!regulated!by!different!environmental!cues!

including! cell)cell! junctions! and! cell! polarity! through! the! involvement! of! various! sets! of!

specialized!macromolecules.! The! possible! role! of! cell–cell! contacts! and! cell! polarity! in! the!

control!of!Fas!signaling!has!been!largely!unexplored.!Therefore,!the!main!aim!of!my!PhD!was!

to!investigate!the!role!of!adherens!junction!and!cell!polarity!in!the!modulation!of!the!FasL)!

induced!cell!death!signaling!in!colon!epithelial!cells.!

!We!were!able!to!demonstrate!that!both!cell!polarity!establishment!and!adherens!junction!

formation!control!the!pro)apoptotic!signaling!of!the!death!receptor!Fas.!We!found!that!the!

Fas!receptors!concentrate!at!cell)cell!junctions!together!with!E)cadherin!and!that!Fas)cadherin!

association! protects! cells! from! FasL)! induced! cell! death.! Using! a! proteomic! approach,! we!

identified!several!novel!partners!of!Fas!that!interact!with!the!C)terminal!PDZ)binding!site!of!

Fas! including! the! polarity/scaffold! molecule! Dlg1.! We! demonstrated! that! Dlg1! interacts!

directly!with!Fas!and!decrease!the!death)!inducing!complex!formation!upon!Fas!activation,!

therefore,!providing!an!additional!mechanism!to!protect!against!cell!death.!Altogether,!our!

data!show!that!inhibition!of!FasL)!induced!cell!death!by!Fas)cadherin)Dlg1!complex!helps!to!

maintain!epithelial!homeostasis!by!protecting!normal!epithelia!from!apoptosis!and!promotes!

elimination! of! compromised! non)! polarized! cells! to! avoid! development! of! pathological!

conditions!such!as!cancer!development.!!

In!the!second!part!of!my!PhD,!I!investigated!the!role!of!several!partners!of!Fas!identified!in!

our!proteomic!analysis,!including!the!E3!ubiquitin!ligase!LNX2.!I!demonstrate!that!LNX2!binds!

directly!Fas,!and!targets!activated!Fas!to!lysosomal!degradation,!therefore!preventing!FasL)!

induced!cell!death.!My!results!suggest!that!LNX2!protects!colon!epithelial!cells!against!FasL)!

induced!cell!death.! Interestingly,! LNX2! is! found!overexpressed! in! colon!cancer,!which!may!

explain!how!colon!cancer!cells!evades!Fas)mediated!apoptosis!by!promoting!Fas!degradation!

following!its!activation.!!

Keywords:!Apoptosis,!Fas!receptor,!adherens!junction,!cell!polarity,!epithelium!!

! !
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I.$ Literature!review!



I.A! The!TNF!and!TNF!receptor!superfamilies!

!

In!the!late!19th!century,!the!observation!made!by!Coley!William!on!the!regression!of!sarcomas!

from!patients!who!previously! contracted!bacterial! infection,! led! to! the! treatment!of! some!

human! cancers! by! bacterial! extracts.! Later,! it! was! discovered! that! it! was! the! bacterial!

lipopolysaccharide!(LPS)!isolated!from!these!extracts!that!was!inducing!tumor!regression.!It!

was!not!until!1975!that!Carswell!et!al.!biochemically!and!genetically!characterized!the!factor!

present!in!the!serum!responsible!of!the!tumor!cells!necrosis![24].!This!factor!was!called!“tumor!

necrotizing!factor”!before!being!renamed!“tumor!necrosis!factor”!(TNF).!The!discovery!of!TNF!

laid!the!foundation!for!the!isolation!and!identification!of!the!larger!family!of!cytokines!and!

their!target!receptors,!known!respectively!as!the!TNF!superfamily!(TNFSF)!and!TNF!receptor!

superfamily!(TNFRSF).!

!

!

Figure 1. Select members of the TNF and TNFR superfamily implicated in rheumatic diseases
TNF superfamily ligands (TNFSF; top) are active primarily as non-covalently associated 
homotrimers and can be soluble or membrane-expressed. TNF superfamily receptors 
(TNFRSF; bottom) contain variable numbers of cysteine-rich domains in their ligand-
binding extracellular regions. TNFRSF are mainly membrane-expressed, but can form 
soluble receptors via enzymatic cleavage of the ectodomains. Also depicted are the primary 
cell targets that respond to TNFSF through TNFRSF signalling, although this list is not 
comprehensive in terms of the expression characteristics of each molecule. TNFRSF 
molecules whose main function is to promote apoptotic cell death (TNFR1, Fas, TNF-
related apoptosis-inducing ligands 1 (TRAIL1) and TRAIL2) can recruit a death-inducing 
signalling complex to their cytoplasmic domains via a death domain. 4-1BBL, 4-1BB 
ligand; APRIL, a proliferation-inducing ligand; BAFF, B-cell-activating factor; BAFFR, 
BAFF receptor; BCMA, B-cell maturation antigen; CD40L, CD40 Ligand; DR3, death 
receptor 3; FasL, Fas ligand; Fn14, fibroblast growth factor-inducible immediate-early 
response protein 14; GITRL, glucocorticoid-induced TNF receptor-related (GITR) ligand; 
HVEM, herpes virus entry mediator; LT, lymphotoxin; OX40L, OX40 ligand; RANKL, 
receptor activator of nuclear factor-κB (RANK) ligand; TACI, transmembrane activator and 
CAML interactor; TL1A, TNF-like ligand 1; TWEAK, TNF-related weak inducer of 
apoptosis.
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TNFSF!and!TNFRSF,!one!of!the!major!ligand)receptor!families!currently!composed!of!19!ligands!

and!29!related!receptors,!play!a!pivotal!role!in!controlling!countless!aspects!of!the!immune!

system! development! and! function. The! ligand)receptor! interaction! primarily! leads! to! cell!

death! and! inflammation! but! can! also! induce! several! signaling! pathways! inducing! cell!

proliferation,! survival! and! differentiation.! As! a! consequence! of! this! versatile! and! dual!

signaling,!most!of!the!TNFSF/TNFRSF!members!could!have!both!beneficial!and!harmful!effects!

and! it! is! therefore!not! surprising! that! they!have!been! linked!with!diverse!human!diseases!

including! cancer,! cardiovascular,! neurologic,! pulmonary,! autoimmune,! and! metabolic!

disorders! [25]! [26].! Several! examples! of! diseases! caused! by! mutations! of! TNFSF/TNFRSF!

members! are! presented! in! table! 1.! They,! therefore,! constituted! potential! targets! in!

therapeutic!strategies!against!human!diseases!including!autoimmune!disorder!and!cancer.!!

Table!1:!Diseases!caused!by!mutations!in!the!TNF!superfamily,!receptors,!and!receptorCassociated!proteins![25]!

Gene! Study! Disease!
Cytokine!

! !

TNFCβ!(LTCα)! Human! Cerebral!infarction!

TNFCα! Human! Cerebral!infarction!

CD40L! Human! X)linked!hyper)IgM!syndrome!

FasL! Mouse! Generalized!lymphoproliferative!disease!

EDACA1! Human! Ectodermal!dysplasia!

EDACA2! Dog! X)linked!hypohidrotic!ectodermal!dysplasia!

Receptor!
! !

TNFR1! Human! TNFR1)associated!periodic!syndrome!!

Human! TRAPS!associated!with!SLE!!

Human! Crohn!disease!

TNFR2! Human! Crohn!disease!

Fas! Mouse! Autoimmune!lymphoproliferative!syndrome!!

Human! Generalized!lymphoproliferative!disease!

RANK! Human! Familial!expansile!osteolysis!

OPG! Human! Idiopathic!hyperphosphatasia!!

Human! Juvenile!Paget!disease!

TACI! Human! Common!variable!immunodeficiency!

BAFFR! Mouse! Lupus)like!syndrome!(B!cell−mediated!autoimmunity)!

EDAR! Human! Hypohidrotic!ectodermal!dysplasia!

Adaptors!
! !
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TRAF3! Human! Herpes!simplex!encephalitis!

TRAF6! Mouse! Hypohidrotic!ectodermal!dysplasia!

EDARADD! Mouse! Hypohidrotic!ectodermal!dysplasia!

Act1! Mouse! B!cell−mediated!autoimmune!phenotypes!

!

TNFSF/TNFRSF!are!evolutionary!conserved!ligands!and!receptors,!and!can!be!followed!back!to!

single! copy!genes!of!Arthropods! [27].!Drosophila!melanogaster! possess!a!very! simple!TNF!

ligand)receptor!system,!with!one!TNF!homologue,!Eiger,!and!one!TNFR!homologue,!Wengen!

[28].!The!Eiger)Wengen!pathway!plays!vital!roles!in!Drosophila!development,!cell!death,!and!

immune!function.!More!recently,!another!TNFRSF!member,!Grindelwald,!has!been!defined!to!

have!a!role!in!mediating!the!pro)apoptotic!effects!of!Eiger,!resulting!in!JNK!activation!as!well!

as!the!promotion!of!tumor!invasiveness!and!JNK)dependent!neoplastic!growth![29].!!

In!higher!vertebrates,! the!various!members!of! the!TNFSF/! TNFRSF! system!originated! from!

multiple!whole!genome!duplication!events.!Interestingly!phylogenetic!tree!construction!and!

sequence!alignment!have!disclosed!that!in!human,!the!emergence!of!the!adaptive!immune!

system! and! the! replication! of! the! MHC! (major! histocompatibility! complex)! must! have!

happened!at!the!same!time!than!extensive!duplications!in!TNFSF!genes![30].!!

!

The!TNF!ligands!are!type!II!transmembrane!proteins!characterized!by!a!common!structural!

motif!at!the!C)terminal!extracellular!called!the!TNF!homology!domain!(THD).!This!domain!is!a!

150! amino! acid! long! sequence! containing! a! conserved! framework! of! aromatic! and!

hydrophobic! residues.! THDs! share! a! virtually! identical! tertiary! fold! and! associate! to! form!

trimeric!proteins.!In!addition,!this!domain!has!the!ability!to!bind!to!the!cysteine)rich!domain!

(CRD)!located!at!the!extracellular!N)terminus!of!its!cognate!receptor!of!the!TNFSFR.!!

One!TNFSF!member!can!bind!to!one!or!more!of!the!TNFRSF!member!(Figure!1).!The!expression!

of!almost!all!TNFSF!members!is!found!in!cells!of!the!immune!system,!including!B!and!T!cells,!

natural!killer!(NK)!cells,!monocytes!and!dendritic!cells![25].!

The!TNFSF!proteins!exist!under!several!forms.!The!TNF!is!a!good!illustration!of!this!multiple!

representation.!The!membrane)bound!TNF!(mTNF)!is!expressed!at!the!cell!surface,!forms!non)

covalently)bound!homotrimers,!and!can!be!shed!by!proteolysis!releasing!a!soluble!form!(sTNF)!
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[31].!The!sTNF!allows!a!distant!ligand)receptor!interaction,!away!from!the!TNF!bearing!cells!

which!can,!therefore,!spread!the!apoptosis!induction!effect![32].!!

!

The!TNFR!member!is!a!type!I!protein,!characterized!by!the!presence!of!one!or!several!CRD!in!

its!extracellular!part,!that!bind!to!the!THD!of!its!cognate!TNFSF!ligand![33].!!

Two!models!of!receptor!aggregation!have!been!proposed!so!far!in!the!structural!organization!

of!TNF/TNFR!complexes:! (a)! the! ligand! induced! trimerization!model!and! (b)! the!pre)ligand!

assembly!model.!!

a)! The!nuclear!magnetic!resonance!(NMR)!and!crystallography!studies!lead!to!the!ligand)

induced! trimerization! model.! It! was! proposed! that! the! trimer! TNF! ligand! recruits! three!

individual!chains!of!the!receptor!inducing!its!trimerization![34,!35].!Evidence!supporting!this!

model! comes! also! from! the! crystal! structure! of! TRAIL! (Apo2L)! in! complex!with! one! of! its!

receptor,! the! protein! DR5! (TNFRSF10B)! revealing! an! architecture! in! which! the! three!

monomeric! ligand! interlocks!with! the! three! receptor! chains! forming!a!hexameric! complex!

[36].!

b)! The! pre)ligand! assembly! model! proposes! on! the! other! hand! that! a! preassembled!

trimeric!complexes!could!be!formed!at!the!cell!surface!independently!of!the!ligand!binding,!

thanks!to!a!domain!localized!in!the!membrane!distal!CRD,!and!therefore!called!later!pre)ligand!

assembly!domain!(PLAD)![37].!Nowadays,!it!is!widely!recognized!that!many!TNFRSF!members!

predominantly! exist! as! a! pre)assembled! complexes! [38].! Depending! on! the! form! and!

composition! of! the! receptor! complexes! found! at! the! plasma! membrane,! the! pre)ligand!

binding! model! offers! different! representations.! For! instance,! the! pre)assembled! receptor!

complexes!of!the!TNFR1!is!trimetric,!whereas,!DR5!was!found!rapidly!as!a!dimer,!followed!by!

the!recruitment!of!a!third!DR5!monomer![39].!!

The!receptors!of!the!TNFRSF!can!be!classified!into!three!groups!according!to!the!nature!of!

their!cytoplasmic!part,!responsible!of!the!type!of!interactions!with!intracellular!adaptors!and!

consecutively!of!the!signaling!outcome.!

! !
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I.A.c.1! &The&death&domain&containing&receptors&

The! members! of! this! group! harbor! a! conserved! cytoplasmic! protein)protein! interaction!

domain!known!as!the!death!domain!(DD)!(see!more!detailed!description!page!26).!There!are!

eight!human!DD!containing!receptors!originally!called!death!receptors!(DRs)!:!Tumor!necrosis!

factor! receptor! 1! (TNFR1/TNFRSF1A),! Fas! (CD95/TNFRSF6),! TNF)related! apoptosis)inducing!

ligand!receptor!1!(TRAIL)R1/DR4/TNFRSF10A),!TNF)related!apoptosis)inducing!ligand!receptor!

2! (TRAIL)R2/DR5/TNFRSF10B),! death! receptor! 3! (DR3/APO)3/TNFRSF25),! DR6(TNFRSF21),!

p75)nerve! growth! factor! receptor! (p75)NGFR/! TNFRSF16),! ectodermal! dysplasia! receptor!

(EDAR)![40].!The!DD!of!Fas,!DR4!and!DR5!binds!to!the!adaptor!protein!Fas)associated!death!

domain!(FADD),!whilst!TNFR1!and!DR3!binds!to!the!TNFR)associated!death!domain!(TRADD).!

The! DD! of! each! proteins! interacts! with! one! of! several! DD)containing! adaptor! molecules,!

leading!to!the!formation!of!scaffolding!complex!that!initiates!the!recruitment!and!activation!

of!caspases!and!eventually!induction!of!apoptosis!(see!section!cell!death!signaling!pathway!of!

Fas)![41].!In!spite!of!their!name,!death!receptors!induce!also!other!signals!notably,!but!not!

only,! through! the! activation! of! transcription! factors! and! consequent! gene! activation.! For!

example,!the!most!prominent!role!of!TNF!in!inflammatory!cascade!is!due!to!the!induction!of!

cytokines!and!chemokines! [42].!Non)death!activities!of! Fas!are!also! important!and!will!be!

detailed!in!page!31.!!

I.A.c.2! The&TRAF8interacting&motif&containing&receptors&&

Some!of!the!TNFRSF!members!lack!a!DD!but!harbor!a!TRAF)interacting!motif!(TIM)!that!allow!

the!binding!to!the!TNF!receptor!associated!factors! (TRAFs)!and!the! initiation!of!non)death!

signaling! pathways.! Currently,! seven! TRAF! proteins! have! been! characterized! in!mammals:!

TRAF1!to!TRAF7.!According!to!the!nature!of!the!TRAF!recruited,!different!signal!transduction!

pathways!are!activated!such!as!NF)$B,!JNK,!ERK!and!phosphoinositide!3)kinase!(PI3K)![43].!

Receptors!with!TIM!domain!are!presented!in!table!2.!!

I.A.c.3! The&decoy&receptors&

Some!TNFRSF!serve!as!decoy!receptors!as!these!do!not!contain!any!functional!intracellular!

signaling!domains!or!motifs.!So!far!four!receptors!belong!to!this!group:!DcR1!(TNFRSF10C),!

DcR2(TNFRSF10D),! DcR3! (TNFRSF6B)! and! Opg! (TNFRSF11B).! Despite! the! fact! that! these!

receptors!cannot!transmit!intracellular!signals!by!themselves,!they!possess!an!important!role!

as!they!can!compete!with!other!TNFRSF!members!for!their!corresponding!ligands!and/or!by!
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forming!signaling)incompetent!heteromeric!receptor!complexes![44].!For!instance,!DcR3!can!

bind!FasL!and!therefore!neutralize!the!Fas/FasL! signaling.!Therefore,! the!function!of!these!

DcRs! is! to! hinder! the! activation! of! signal! transduction! pathways! through! other! TNFRSF!

receptors![45].!

Table!2:!TNF!receptors!superfamily,!their!ligands!and!their!intracellular!binding!partners![46]!

TNFRSF!receptor!
(other!names)!!
!

Death!receptors!

TNFSF!ligand!(other!names)!

!

Intracellular!

binding!partner!

!

Fas!(TNFRSF6,!CD95)!

!
FasL!(TNFSF6,!CD178)! FADD!

TNFR1!(TNFRSF1a,!

CD120a)!

TNF!(TNFSF2,!TNF)α),!LTα!(TNFSF1,!

TNF)β),!LTβ!(TNFSF3)!

TRADD,!FADD,!RIP!

TRAILR1!(TNFRSF10A,!DR4,!

CD261)!

TRAIL/Apo2L!(TNFSF10,!CD253)! FADD,!TRADD,!RIP!

TRAILR2!(TNFRSF10B,!DR5,!

CD262)!

TRAIL/Apo2L!(TNFSF10,!CD253)!

!

FADD,!TRADD,!RIP!

NGFR!(TNFRSF16,!p75NTR,!

CD271)!

NGF!(not!a!TNFSF!member)! NADE!

DR3!(TNFRSF25!or!12,!

TRAMP)!

TL1A!(TNFSF15,!VEGI),!TWEAK!

(TNFSF12)!

TRADD,!FADD!

DR6!(TNFRSF21,!CD358)! N)APP!(not!a!TNFSF!member)! TRADD,!RIP!

EDAR! EDA)A1! EDARADD!

Receptors!with!TRAF!
interacting!motif!!

! !

TNFR2!(TNFRSF1b,!

CD120b)!

TNF!(TNFSF2,!TNF)α),!LTα!(TNFSF1,!

TNF)β),!LTβ!(TNFSF3)!

TRAF1–3!

!

LTβR!(TNFRSF3)! LTβ!(TNFSF3),!LTαβ2! TRAF2,!TRAF3,!TRAF5!

OX40!(TNFRSF4,!CD134)! CD40L!(TNFSF5,!CD154)! TRAF1–3,!TRAF5,!

TRAF6!

CD27!(TNFRSF7)! CD27L!(TNFSF7,!CD70)! TRAF2,!TRAF3,!TRAF5!

CD30!(TNFRSF8)! CD30L!(TNFSF8,!CD153)! TRAF1–3,!TRAF5!

4)1BB!(TNFRSF9,!CD137)! 4)1BBL!(TNFSF9,!CD137L)! TRAF1–3!

RANK!(TNFRSF11A,!

CD265)!

RANKL!(TNFSF11,!TRANCE,!CD254)! TRAF1–3,!TRAF5,!

TRAF6!

Fn14!(TNFRSF12A,!

TWEAKR;!CD266)!

TWEAK!(TNFSF12)! TRAF2,!TRAF6!

TACI!(TNFRSF13B,!CD267)! APRIL!(TNFSF13,!CD256)! TRAF2–3,!TRAF5,!

TRAF6!

BAFFR!(TNFRSF13C,!BR3,!

CD268)!

BAFF!(TNFSF13B/20,!BLys,!THANK,!

CD257)!

TRAF2,!TRAF3,!TRAF6!
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HVEM!(TNFRSF14,!CD270)! LIGHT!(TNFSF14,!CD258),!LTα!

(TNFSF1,!TNF)β)!

TRAF1–3,!TRAF5!

BCMA!(TNFRSF17,!CD269)! APRIL!(TNFSF13,!CD256),!BAFF!

(TNFSF13B/20,!BLys,!THANK,!CD257)!

TRAF1–3,!TRAF5,!

TRAF6!

GITR!(TNFRSF18,!AITR,!

CD357)!

GITRL!(TNFSF18,!AITRL,!TL6)! TRAF1–5!

TROY!(TNFRSF19,!TAJ)! ?! TRAF2,!TRAF5,!TRAF6!

RELT!(TNFRSF19L)! ?! TRAF1!

XEDAR!(TNFRSF27)! EDA)A2! TRAF3,!TRAF6!

Decoy!receptors! ! !

TRAILR3!(TNFRSF10C,!

DcR1,!CD263)!

TRAIL/Apo2L!(TNFSF10,!CD253)! !

TRAILR4!(TNFRSF10D,!

DcR2,!CD264)!

TRAIL/Apo2L!(TNFSF10,!CD253)! !

OPG!(TNFRSF11B)! TRAIL/Apo2L!(TNFSF10,!CD253),!

RANKL!(TNFSF11,!TRANCE,!

CD254)!

!

DcR3!(TNFRSF6B)! FasL!(TNFSF6),!TL1A!(TNFSF15,!VEGI),!

LIGHT!(14,!CD258)!

!

!

I.B! The!Fas/FasL!system!

The! cell! surface! bound! receptor! Fas! (CD95/TNFRSF6)!was! first! discovered! in! 1989! by! two!

independent!groups!as!a!target!of!two!monoclonal!antibodies!that!induced!the!death!of!the!

cells! by! apoptosis! (a! cell! death! process! displaying! specific!morphological! and! biochemical!

features!that!I!will!described!in!details!in!page!28!of!the!manuscript)![47]![48].!The!receptors!

responsible!of!cell!death!were!cloned!by!the!Nagata’!and!Krammer’s!teams,!in!1991!and!1992,!

respectively! [49,! 50].! Later,! in! 1993,! the! cognate! ligand! of! Fas! was! identified! as! FasL!

(TNFSF6/CD95L)![51].!!

!

FasL! (TNFSF6/CD95L/CD178),! is! a! cytokine! belonging! to! the! TNFSF.! FasL,! a! type! II!

transmembrane!protein!of!40)kDa,!is!mainly!expressed!in!activated!T!lymphocytes![51]!and!

natural!killer!(NK)!cells![52],!and!is!constitutively!expressed!in!tissues!of!immune)privilege!sites!

such!as!the!testis!and!eye![53,!54].!

! !
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!

I.B.a.1! Structural&domains&

Human!FasL!is!encoded!by!a!gene!located!on!chromosome!1q23,!which!consists!of!4!exons!

[55].! FasL! is! constituted! of! an! extracellular! domain,! a! transmembrane! domain! and! an!

intracellular!domain.!!

!

!

•! The!extracellular!domain!of!FasL!contains!179!amino!acids.!In!addition!to!the!THD!(see!

page!17),!it!contains,!the!self)assembly!(SA)!domain,!crossing!amino!acids!137!to!183,!

which! is! responsible! for!FasL!biological! activity!as!a!homotrimeric! complex! [56,!57]!

(Figure!2).!

•! The!intracellular!domain!(ICD)!of!FasL!consists!of!80!amino!acids.!It!contains!a!binary!

casein!kinase!I!(CKI)!binding!sites,!which!can!be!found!in!other!TNF!family!members.!

This!motif!is!involved!in!reverse!signaling!by!FasL!(see!below)[58,!59].!Moreover,!FasL!

comprises!an!extended!proline)rich!domain!(PRD)!(45–65!amino!acids),!Contrary!to!all!

other!members!of!the!protein!family.!It!acts!as!a!docking!site!for!proteins!containing!

proline)interacting!Src)homology!3!(SH3)!or!WW!domains!(module!of!around!40!aa!

defined! by! the! presence! of! two! conserved! tryptophan! residues).! This! domain! is!

responsible!for!FasL!distribution!to!lipid!rafts![60]!that!is!essential!for!a!maximum!Fas!

receptor)Fas!ligand!contact!and!an!optimal!cell!death!signaling![61].!!

! !

Figure!2:!Human!Fas!ligand!protein!structure!![3]!
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!

I.B.a.2! FasL&Expression&

In!contrast!to!Fas,!FasL!expression!is!limited!and!highly!regulated.!It!is!expressed!by!cytotoxic!

T!lymphocytes!(CTLs)!and!natural!killer!(NK)!cells!to!selectively!kill!virus!infected!or!tumorigenic!

cells![62].!FasL!is!also!found!expressed!on!the!immune!privileged!sites,!where!development!of!

an!inflammatory!response!has!to!been!limited!to!avoid!inflammation)related!destruction!of!

the! integrity!and! function!of! the! tissues.! Such!privileged! sites!are! found! in! the!eye,! testis,!

placenta!or!pregnant!uterus!as!well!as!in!neurons!and!astrocytes!of!the!central!nervous!system!

[63].!Other!organs!express!FasL!only!during!periods!of!extreme!inflammatory!responses!and!

during!cancer!development,!such!as!the!liver!and!small!intestine![64,!65].!

I.B.a.3! Proteolytic&processing&of&FasL&generates&different&forms&with&different&functions&&

Proteolytic!processing!by!ectodomain!shedding! is!a!common!feature!of!various!membrane!

proteins.!This!is!the!case!for!FasL,!therefore!it!can!be!found!as!soluble!forms.!Indeed!different!

matrix!metalloproteinases!(MMPs)!have!been!involved!in!FasL!shedding,!such!as!MMP3![66],!

MMP7![67],!MMP9![68].!However,!the!soluble!FasL!(sFasL)!generated!by!MMP7!and!MMP9!

had!a!pro)apoptotic!activity!in!contrast!to!previous!described!sFasL!fragments.!This!suggest!

that!the!pro)!or!anti)apoptotic!function!and!the!exact!nature!of!sFasL!produced!by!ectodomain!

shedding!seems!to!depend!both!on!the!cellular!microenvironment!and!on!its!interactions!with!

specific!components!of!the!extracellular!matrix.!Furthermore,!our! lab! in!collaboration!with!

the! team! of! Dr.! Zoernig! identified! a! disintegrin! and!metalloproteinase! domain)containing!

protein!10!(ADAM10)!as!a!major!FasL!sheddase!in!T)cells![69].!!

Only!the!membrane!FasL!(mFasL)!leads!to!strong!activation!of!apoptosis!upon!Fas!engagement!

[70,!71].!As!for!sFasL,!it!inhibit!the!apoptotic!signal!triggered!by!the!membrane!ligand![72].!

Biochemical!studies!led!to!propose!that!aggregation!of!multiple!pre)assembled!Fas!trimers!on!

the!surface!of!responding!cells!is!needed!to!induce!an!optimal!cell!death!signaling![73].!Indeed,!

sFasL!is!not!able!to!efficiently!induce!Fas!death!signaling,!while!in!the!presence!of!a!cross"
linking! antibody,! the! efficiency! of! apoptosis"induction! by! sFasL! was! greatly! increased,!
suggesting! that! the! lesser! pro"apoptotic! potency! of! sFasL! reflects! an! inability! to! induce!
trimerization! of! the! Fas! receptor! [74].! These! results! are! coherent! with! the! results! by! P.!

Legembre’s!group!illustrating!that!only!the!naturally!cleaved!trimeric!FasL,!in!contrast!to!the!

oligomerized! forms! of! FasL,! induces! cell! migration! signaling! upon! Fas! binding! (see! Fas!
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signaling! section)[75].! Suggesting! that! the! mFasL! triggers! a! better! Fas! aggregation! than!

soluble!FasL!trimers.!!

In!addition!to!these!membrane!and!soluble!forms,!FasL!can!also!exist!in!a!membrane!form!

with! cytotoxic! activity,! on! the! surface! of! small! vesicles! called! exosomes.! Indeed,! several!

studies!have!demonstrated!that!FasL!containing!exosomes!are!released!by!many!types!of!FasL)

producing! cells,! including! NK! cells,! cytotoxic! T! cells,! retinal! pigment! epithelial! cells,! and!

placental!trophoblasts![76].!Moreover,!a!study!by!Abusamra!et!al.!revealed!that!tumor!cells!

expressing!FasL,!can!also!produce!FasL!positive!exosomes!that!target!tumor)specific!CD8+!T!

cells!and!promote!tumor!immune!escape![77].!

!

I.B.a.4! FasL&function:&

The!membrane!bound!FasL!has!double!roles,!it!can!diffuse!signals!both!as!a!ligand!and!as!a!

receptor!in!a!cell)to)cell!contact)mediated!manner.!This!means!that!mFasL!not!only!mediates!

the!forward!signals!to!Fas!in!the!target!cells!through!cell)to)cell!contact!(described!in!section!

below)!but!also!transmits!reverse!signals!back!into!the!mFasL)bearing!cells!in!a!process!called!

reverse!signaling![58].!

Our!lab!reported!that!upon!FasL!shedding!by!ADAM10,!the!remaining!membrane!anchored!

17)kDa!N)terminal!fragment,!is!further!cleaved!by!a!member!of!the!signal!peptide!peptidase)

like!2a!family!of!intramembrane)cleaving!proteases!(SPPL2a).!This!cleavage!liberates!a!smaller!

and!highly!unstable!fragment!that!has!been!shown!to!be!able!to!translocate!to!the!nucleus!

and!capable!of!inhibiting!gene!transcription!in!T!cells![69].!This!FasL!reverse!signaling!has!been!

found!important!in!negative!fine)tuning!of!certain!immune!responses![78].!!

Others!molecular!explanations!for!the!FasL!reverse!signaling!have!been!reported.!It!has!been!

shown! that! FasL! proline)rich! sequence! initiates! reverse! signaling!which! is! involved! in! co)

stimulation!of!CD8+!T!cells,!optimal!thymocyte!maturation,!and!antigen)driven!proliferation!of!

mature!T! cells! [58].!Upon!Fas!activation,! FasL! is!phosphorylated!as!well! as!other! signaling!

molecules!such!as!AKT,!ERK,!and!c)Jun!N)terminal!kinase!(JNK)!that!will!activate!transcription!

factors!and!enhance!IFN)"!production![79].!Another!study!showed!that!the!serine/threonine!

residues!in!CKI!binding!motif!is!needed!for!the!FasL)mediated!activation!of!nuclear!factor!of!

activated! T! cells! (NFAT)! and! co)stimulation! of! T! cells! [59].! These! results! suggest! that! FasL!

reverse!signaling!can!induce!different!outcomes!depending!on!the!context.!
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!

Fas!(TNFRSF6/CD95)!is!a!type!I!transmembrane!receptor!belonging!to!the!TNFRSF.!Fas!is!best)

known!for!inducing!cell!death!through!apoptosis,!but!it!is!now!well!recognized!that!it!could!

also! be! involved! in! a!wide! range! of! non)death! functions! in!many! cell! types! and! contexts!

involving!cell!survival,!proliferation,!inflammation,!migration,!and!invasion!of!cells![80,!81].!!

!!

!

I.B.b.1! Structure&&

The!human!Fas!encoding!gene!located!on!the!long!arm!of!chromosome!10!(10q24.1),!contains!

nine!exons!and!eight!introns!encoding!a!protein!of!a!335!amino!acids![82].!!

Fas! is! divided! into! 3! domains:! an! extracellular! domain,! a! transmembrane! domain,! and! a!

cytoplasmic!domain.!Exons!1!through!5!encode!the!extracellular!region,!Exon!6!encodes!the!

transmembrane!region!while!Exons!7)9!encode!the!intracellular!region![83,!84].!

•! The!extracellular!domain!contains!three!extracellular!CRDs.!CRD2!and!CRD3,!the!two!

CRDs!of!Fas!closest!to!the!plasma!membrane,!are!required!for!Fas!ligand!binding![56,!

85].!Fas!pre)exists!at!the!plasma!surface!as!a!homotrimer,!in!the!absence!of!ligand![37].!

The!extracellular!region!of!pre)ligand!assembly!domain!(PLAD)!makes! it!possible!to!

homotrimerize,!by!homophilic!bonds.!This!PLAD!domain!is!localized!at!CRD1![73]!and!

is!essential!for!FasL!binding!as!well!as!for!apoptotic!signal!transduction!(Figure!3).!The!

extracellular!domain!harbor!also!a!conserved!extracellular!glycosphingolipid)binding!

motif!(GBM)!identified!as!one!of!the!regulatory!elements!in!the!decision!of!the!nature!

of!the!receptor!internalization!route!used![86].!

•! The!transmembrane!region!(TM)!has!19!amino!acids!that!forms!a!stable!homo)trimer!

of! Fas! in! the! lipid!bilayer.!The! intramembrane! trimerization!of! Fas! is!necessary! for!

Figure!3:!Human!Fas!receptor!structure!
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efficient! activity! of! the! receptor! [87].!Moreover,! the! absence! of! TM!by! alternative!

signaling!of!Fas!mRNA,!produce!a!soluble!form!of!Fas!that!act!as!decoy!and!prevent!

cell!death![88].!!

!

•! The! cytoplasmic! domain! is! constituted! of! 145! amino! acids,! containing! the! death!

domain!(DD)!and!a!lysin)rich!region!(LRR)!at!the!proximal)membrane!region!of!Fas.!The!

DD!is!a!region!of!approximately!80!amino)acid!residues!containing!a!series!of!six!α)

helices.!Fas!induces!cell!death!signaling!through!its!DD,!that!is!capable!of!establishing!

homotypic! interactions!with! a! DD)containing!molecules! such! as! Fas)associated! DD!

(FADD)! [89].! Mutations! in! the! DD! halts! ligand)induced! apoptosis! and! causes!

autoimmune!lymphoproliferative!syndrome!(ALPS).![22].!There!are!two!models!of!Fas!

DD!/FADD!recruitment.!Scott!and!co)workers!describe!that!the!Fas)FADD!complex!is!

formed! by! dimer! units! (where! two! Fas)DD! binds! to! two! FADD)DD),! that! can!

additionally! dimer! into! a! tetramer! structure! (4! Fas! plus! 4! FADD)! [21].!Meanwhile,!

Wang’s!team!reported!that!the!Fas!DD/FADD!complex!is!rather!composed!of!5!FADD!

units!layered!on!a!5)member!Fas!DD![22]!(Figure!4).!

A 

B 

Figure!4!A)!The!Fas!DD)FADD!in!tetrameric!model![21].!Color:!Fas(green),!FADD!(blue).!and!B)!The!Fas!DD)FADD!model!

and!the!locations!of!the!three!types!of!contacts!in!5:5!model![22],!Color!Fas!(purple),!FADD!(blue).!
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The!finding!of!the!interaction!of!Fas!with!the!Fas)associated!phosphatase)1!(FAP1),!a!protein!

containing! a! PSD)95/Dlg)A/ZO)1! (PDZ))domain,! lead! to! the! identification! of! a! PDZ)binding!

domain!at!the!C)terminal!part!of!Fas!(three!amino!acids!332)335!SLV!(serine)leucine)valine!

amino! acids))! [90].! The! PDZ)binding! domain! allow! the! interaction! with! a! PDZ! domain!

containing! proteins! known! to! play! a! key! role! in! the! formation! and! function! of! signal!

transduction!complexes.!Interestingly,!the!murine!Fas!lacks!the!three!amino!acids!SLV!at!its!C)

terminal!part.!This!suggests!that!the!PDZ)binding!domain!of!Fas!emerged!in!humans!and!is!not!

conserved!through!species![91].!In!my!thesis,!we!used!the!PDZ)binding!domain!of!human!Fas!

as!a!bait!in!a!proteomic!screen!in!order!to!identify!molecular!partners!of!Fas.!This!led!us!to!the!

discovery!of!19!new!interactants!of!Fas!including!FAP)1!(see!Results!section).!

!

I.B.b.2! Expression&of&Fas&

In! contrast! to! FasL,! the! expression! of! Fas! is! ubiquitous.! For! example,! Fas! expression! is!

constitutively! expressed! in! several! epithelial! tissues! including! the! biliary! tract,! the!

reproductive!system!of!both!genders!and!the!intestine![92].!Fas!is!also!abundant!in!thymus,!

liver,!kidney!and!heart![93].!This!expression!can!be!nevertheless!modulated.!!

The! increase! of! Fas! expression! is! observed! in! several! situations! including:! (i)! during! the! T!

lymphocytes!activation!or!infection!by!viruses,!such!as!human!leukemia!virus!T!(HTLV)1),!the!

virus!human! immunodeficiency!(HIV)1)!or!Epstein)Barr!virus! (EBV)! [94)96];! (ii)! through!the!

action!of!Interferon)γ!or!cytokines!involved!in!inflammation![92,!97].!(iii)!during!hematopoietic!

cell! differentiation,! immature! CD34+! hematopoietic! progenitors! gradually! increase! Fas!

expression!at!their!surface!during!their!differentiation![98].!

On!the!other!hand,!a!downregulation!or!a!loss!of!Fas!expression!is!frequently!found!in!the!

progression! of! a! number! of! human!malignancies,! including! colon,! breast,! lung,! and! liver!

carcinoma![99].!

!

I.B.b.3! The&multi8signaling&machinery&of&Fas&

I.B.b.3.1! Cell!death!signaling!pathway!of!Fas!

Apoptosis! is! a! form!of! cell! death! that! depends! on! the! activation! of! a! cascade! of! cysteine!

aspartyl)specific!proteases!(caspases),!which!are!known!to! induce!cleavage!of!critical!cell’s!

components!leading!to!cell!death.!Of!note!these!class!of!enzymes!are!also!involved!in!other!
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signaling!process!including!inflammation![100].!Caspases!are!produced!in!cells!as!catalytically!

inactive!procaspases!and!must!undergo!proteolytic!activation!during!apoptosis.!Depending!on!

their!position!in!the!death!signaling!cascade,!two!groups!of!caspases!could!be!distinguished:!

the!initiator!caspases!(including!caspase)2!8,!)9!)10)!and!the!downstream!effector!caspases!

(including!caspase)3,!)6!and!)7!)14)!that!are!thought!to!be!more!directly!responsible!of!the!cell!

execution.!The!initiator!caspases!are!activated!through!dimerization!which!is!promoted!by!an!

adapter!protein!through!a!protein)protein!interaction!domain!in!the!prodomain!of!procaspase!

(Figure!5).!The!initiator!inflammatory!caspases)2!and!)9!contain!a!caspase!recruitment!domain!

(CARD),!while!the!initiator!caspases)8!and!10!involved!in!apoptosis!contain!as!death!effector!

domain!(DED).!The!particular!protein)protein!interaction!domain!in!different!caspases!allow!

the!interaction!with!distinct!adaptors.!!

Apoptosis! is! characterized! by! blebbing,! cell! shrinkage,! nuclear! fragmentation,! chromatin!

condensation,!chromosomal!DNA!fragmentation,!and!global!mRNA!decay.!

!

!

! !

Figure!5:!Scheme&of&procaspase-8&&and&procaspase-10&processing&[1] 
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Apoptotic!signaling!pathway!is!activated!through!two!mechanisms!(Figure!6)![101]:!!

i.! The!intrinsic!pathway,!also!known!as!the!mitochondrial!pathway,!that!is!activated!upon!

detection! of! cytotoxic! internal! stimuli,! such! as! DNA! damage! or! growth! factor!

deprivation.!

ii.! The!extrinsic!pathway!also!known!as!the!death!receptor!pathway,!that!is!initiated!by!

the!binding!of!death!ligands!to!death!receptors!(excepted!for!the!dependence!

receptors!that!are!able!to!induce!apoptosis!in!absence!of!ligand!binding).!

!

Generally,!both!of!these!apoptotic!pathways!converge!to!activate!caspases,!which!cleave!key!

cellular!proteins!and!destruct!the!cell![102].!!

!

!

FasL!binding!triggers!the!recruitment!of!several!cytosolic!adaptor!proteins!to!Fas!cytoplasmic!

part!leading!to!the!formation!of!a!death)inducing)signaling!complex!(DISC),!which!ultimately!

induces!rapid!apoptosis!in!a!range!of!sensitive!cell!types![103].!The!DISC!is!composed!of!the!

oligomerized! receptors,! the!DD)containing! adaptor!molecule! FADD,! the! initiator! caspases,!

procaspase)8!and!10,!and!the!regulator!of!procaspase)8!c)FLIP!(Figure!7).!It!has!been!shown!

Figure!6:!Apoptosis!signaling!pathway:!the!extrinsic!and!intrinsic!pathway![2]!
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that!Fas!stimulation!upon!FasL!binding!leads!to!conformational!changes!in!Fas’s!intracellular!

DD,!promoting!the!aggregation!of!additional!Fas!molecules!into!large!clusters.!This!expanded!

complex! is! then!capable!of! recruiting!FADD!through!homotypic! ligation!and! initiating!DISC!

formation![21].!FADD!also!carries!a!N)terminal!protein–protein!interaction!domain,!the!death!

effector! domain! (DED),! and! by! homologous! interaction! recruits! the! DED)containing!

procaspase)8! (FLICE)! and! form! the! DISC! [104].! Through! close! proximity,! DISC)bound!

procaspase)8!dimers!undergo!autocatalytic!cleavage!to!stabilize!caspase)8!in!its!catalytically!

active!conformation![105].!Active!and!mature!caspase)8!is!then!released!from!the!DISC!into!

the!cytosol!in!a!hetero)tetrameric!form,!consisting!of!two!p10!and!two!p18,!where!it!activates!

downstream!effector!caspases,!including!caspase)3!and!caspase)7,!to!drive!apoptosis![100].!

In!human,!another!initiator!caspase!known!to!be!recruited!to!the!Fas!DISC!is!the!caspase)10,!

which!is!highly!homologous!to!caspase)8![106].!However,!they!exhibit!a!selective!substrates!

cleavage,!which!may!suggest!that!their!biological!function!may!differ![107].!!

Two!different!Fas)induced!apoptosis!pathways!were!described!depending!on!the!cell! type,!

type!I!and!type!II,!presents!in!(Figure!7).!In!contrast!to!type!I!cells,!the!DISC!formation!and!the!

activated!caspase)8!is!not!sufficient!to!induce!FasL)mediated!apoptosis!in!the!type!II!cells,!and!

therefore!the!mitochondrial!pathway! is!required.!Caspase)8!cleaves!the!pro)apoptotic!BH3!

domain!only! containing!Bcl)2! family!member,!Bid,! that! is! responsible! for! the!activation!of!

mitochondrial! pathway.! Truncated)Bid! (t)bid)! translocate! to! the! mitochondria! where! it!

induces! the! activation! of! Bax! and! Bak.! Active! Bax! and! Bak! cause! mitochondrial! outer!

membrane! permeabilisation! (MOMP),! enabling! the! release! of! apoptotic! factors! including!

cytochrome!c!and!Smac/Diablo!into!the!cytoplasm.!Cytochrome!c!forms!a!complex!with!dATP,!

apoptotic! protease! activating! factor! 1! (Apaf)1)! and! the! initiator! procaspase! 9! forming! a!

multimeric!complex!known!as!the!‘apoptosome’.!The!apoptosome!activates!caspase!9,!that!

can!then!cooperate!with!caspase)8!to!cleave!and!activates!effector!caspases!in!the!cytosol.!

Meanwhile,! Smac/Diablo! promote! caspase! activation! through! neutralizing! the! inhibitory!

effects!to!inhibitor!of!apoptosis!proteins!(IAPs)!,!which!finally!enhance!the!apoptotic!signal!

[108].!!
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!!

I.B.b.3.2! NonHdeath!signaling!pathway!of!Fas!!

Fas!is!an!important!activator!of!major!signaling!pathways!other!than!cell!death!depending!on!

the!context!and!cell!type![80,!81].!The!non)death!signals!of!Fas!have!been!reported!early!on!

in!the!Fas!research!field.!Alderson!and!coworkers,!established!that!FasL!engagement!promotes!

proliferation! of! TCR! stimulated! T)cells! and! thymocytes! [109].! Likewise,! another! study! by!

Aggarwal! et! al! reported! the! proliferation! effect! of! Fas! stimulation! on! the! human! diploid!

fibroblasts! in! a! dose)dependent! manner! [110].! Moreover,! Freiberg! and! co)workers!

demonstrated!that!Fas!aggregation!in!dermal!fibroblasts!may!initiate!dual!signaling!programs!

either!apoptosis!or!proliferation!depending!on!the!magnitude!of!Fas!aggregation!where!high!

aggregation!of!Fas! induces!apoptosis!and! low!aggregation! leads!to!non)apoptotic!signaling!

[111].!As!mentioned!above,!to!date!there!is!a!plethora!of!evidence!of!the!non)death!function!

of!Fas!involving!cell!survival,!proliferation,!inflammation,!migration,!and!invasion!of!cells![81].!

I!will!give!here!few!examples!of!such!functions.!!

)! In! tumor! cell! resistant! to! apoptosis,! FasL! engagement! enhanced! cell! motility! and!

invasiveness!in!a!manner!dependent!on!the!activation!of!NF)$B,!ERK,!and!caspase)8!

[112].!

)! Fas!is!described!as!an!activator!of!the!PI3K!pathway!and!as!a!critical!trigger!of!the!basal!

Figure!7:!Type!I!and!Type!II!apoptotic!pathways!of!Fas!(Yurchenko!et!al.,!2012)!
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invasion!of!glioblastoma!through!activation!of!MMPs!that!facilitates!tumor!migration!

[113].!!

)! Fas!stimulation!leads!to!proinflammatory!signaling!in!macrophages,!DCs,!fibroblasts,!

hepatocytes,!and!keratinocytes!have!been!shown!in!several!studies![114].!Fas!cytokine!

stimulation! includes! IL)6,! IL)8,! IL)1β,! TNFα! and!monocyte! chemoattractant! protein!

(MCP)1).!While! cytokines! such! as! IL)6! and! TNFα! transduce! powerful! inflammatory!

signals! in!a!broad! fashion,! chemokines! like! IL)8! and!MCP)1!attract!neutrophils!and!

monocytes/macrophages!to!inflammatory!sites,!which!act!to!further!enhance!immune!

signals.!

)! Fas! is! expressed! on! primary! sensory! neurons! and! induces! neurite! growth! through!

sustained!activation!of!the!extracellular)signal!regulated!kinase!(ERK)!pathway!and!the!

consequent!upregulation!of!p35,!a!mediator!of!neurite!outgrowth![115].!!

!

Although!the!molecular!mechanisms!underlying!these!non)death!pathways!are!less!described!

than!the!cell!death!ones,!accumulation!of!knowledge!could!be!noticed!in!the!last!few!years:!

Fas!stimulation!leads!to!increase!of!Src)Family)Kinase!(SFK)!members!activity!(including!Yes,!

Fyn! and! Lck)! that! will! transduce! signals! by! tyrosine! phosphorylation! of! different! cellular!

targets.!Fas!activation!leads!to!the!formation!of!a!PI3K)Activation)Complex!(PAC)!including!the!

SFK!member! Yes! and! the! PI3K! regulatory! subunit,! p85,! in! human! glioblastoma! cells.! PAC!

formation!and!activation!of!PI3K!led!to!increased!migration!of!glioblastoma!cells![116].!

The!activation!of!Fas!by!naturally!cleaved!FasL!in!activated!T!lymphocytes!induces!the!motility)

inducing!signaling!complex!(MISC)! [75](Figure!8).!Upon!Fas!stimulation,!phospholipase!Cγ1!

(PLCγ1)! is! recruited! to! the! membrane)proximal! intracellular! domain! known! as! calcium)

inducing!domain!(CID).!PLCγ1!produces!inositol!triphosphate!(IP3)!that!activates!IP3!receptors!

and! promote! the! release! of! endoplasmic! reticulum! (ER)! calcium! stores.! The! intracellular!

increase!in!calcium!(Ca2+)!activates!protein!kinase!C!β2!(PKCβ2),!limiting!the!recruitment!of!

FADD!and!caspase)8!by!activating![117].!In!the!MISC,!the!recruitment!and!activation!of!NADPH!

oxidase!3!lead!to!reactive!oxygen!species!production,!causing!the!activation!of!the!Src!kinase!

c)yes!and!the!following!induction!of!cell!migration![7].!This!pathway!has!been!also!described!

in!glioblastoma!cells!(Kleber,!Sancho)Martinez!et!al.!2008)!and!Triple)negative!breast!cancer!

(TNBC)!cells![80,!118].!
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Nevertheless,!the!molecular!mechanisms!controlling!the!activation!of!such!pathways!are!not!

fully!understood!and!their!contribution!to!the!final!phenotype!is!still!unclear.!!

!

I.B.b.4! Fas/FasL&signaling&is&regulated&and&fine8tuned&at&many&levels&

The! mechanisms! underlying! the! switch! from! death! to! non)death! signaling! upon! FasL!

engagement!is!still!poorly!understood.!Several!studies!showed!that!Fas!induced!death!and!

non)death!signaling!pathways!determination!might!occur!in!the!early!steps!of!Fas!signaling,!

through!the!regulation!of!signaling!modulators!and!regulation!of!endocytosis,!localization!and!

post)translational!modification!of!Fas!at!the!plasma!membrane!level!(Figure!9).!!

I.B.b.4.1! Fas!signaling!regulated!at!the!receptor!and!ligand!level!

I.B.b.4.1.1! Role!of!endocytosis!

Fas)induced!apoptotic!and!non)apoptotic!signaling!pathways!depends!also!on!Fas!receptor!

Figure!8:!FasCinduced!cell!migration!pathway![7]!

Figure!9:!Multiple!levels!of!regulation!that!affect!the!strength!of!apoptotic!signaling!(Flusberg!e!
Sorger,!2015)!
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internalization.! Lee!and!coworkers!demonstrated! the! requirement!of! Fas! internalization! in!

type!I!cells!upon!FasL!engagement!in!order!to!induce!DISC!amplification,!caspase!activation!

and! apoptosis.! It! was! demonstrated! that! activated! Fas! moves! into! an! endosomal!

compartment!where!the!recruitment!of!the!DISC!components!principally!occurs.!The!blockage!

of!Fas!internalization!impaired!DISC!formation!and!apoptosis.!Cells!unable!to!internalize!Fas!

results!in!activation!of!proliferative!ERK!and!NF)$B!signaling!pathways!upon!FasL!stimulation.!

Moreover,!Fas!internalization!was!observed!in!co)culture!experiments!with!cells!expressing!a!

non)cleavable! form!of!membrane)bound! FasL.! The! degree! of! receptor! internalization!was!

comparable!to!experiments!using!oligomerized!soluble!forms!of!FasL![119].!Therefore,! the!

subcellular!localization!and!internalization!pathways!of!Fas!play!important!roles!in!controlling!

activation!of!distinct!signaling!cascades!to!determine!divergent!cellular!fates![120].!In!contrary!

to!Type!I!cells,!Fas!internalization!was!not!observed!in!type!II!cells!which!suggest!the!difference!

in!signaling!in!both!types![120]!.!

Moreover,!a!study!from!our! lab! identified!an!extracellular!glycosphingolipid)binding!(GBM)!

motif! of! Fas! as! a! regulatory! element! in! the! selection! of! the! internalization! route! and!

accordingly!the!signals!transmitted!upon!ligand!binding.!We!established!that!the!GBM!motif!

is! needed! for! clathrin)mediated! internalization! of! Fas,! enabling! the! transduction! of! the!

apoptotic! signal.! The! loss! of! function! of! this! motif! targets! the! activated! receptor! to! an!

alternative! raft/clathrin)independent! but! ezrin)dependent! internalization! route,! thus!

supressing! its! cell! death! signal!while! promoting! its! non)death! functions! [86].!Moreover,! a!

study!by!Rossin!et!al!reported!a!membrane)proximal!region!of!Fas,!a!lysine)rich!region!(LRR)!

in! the! cytoplasmic! domain,! as! a! key! determinant! in! modulating! Fas! localization! to! the!

sphingolipid)!and!cholesterol)rich!nanodomains!(SCN),!also!called!rafts,!and!modulates!Fas!

interaction!with!the!cytoskeleton![121].!Mutation!in!this!region!excluded!Fas!from!lipid!rafts!

and!decreased!significantly!cell!death.!However,!it!did!not!impair!the!non)death!signaling!of!

Fas.!Indeed,!one!of!the!first!studies!demonstrating!the!essential!role!of!membrane!rafts!in!the!

initiation!of!Fas)mediated!cell!death!signaling!was!by!Hueber!et!al![122].!This!study!report!that!

in!mouse!thymocytes!a!significant!fraction!of!Fas!is!constitutively!segregated!into!SCNs,!and!

that!this!distribution!is!crucial!in!recruiting!the!DISC!and!inducing!apoptosis!upon!Fas!ligation.!

Other! studies! confirmed! the! importance!of! Fas! distribution! in! lipid! rafts!on!Fas)mediating!

apoptosis!in!several!other!cell!types![123].!!
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A!more!recent!study!by!Sharma!et!al!identified!endosome!associated!trafficking!regulator!1!

(ENTR1),!as!a!negative!modulator!of!Fas)induced!apoptosis!through!the!regulation!of!Fas!cell!

surface!levels![124].!ENTR1!localize!to!early!and!recycling!endosomes!where!it!binds!to!FAP)1,!

which! interacts!with! Fas! (see! page! 27).! The! FAP)1/ENTR1! complex! regulate! Fas! endocytic!

trafficking!and!promotes!Fas!degradation,!through!the!sorting!of!Fas!into!intraluminal!vesicles!

of!multivesicular!bodies!and!consequently!stopping!Fas!induced!signaling!transduction![124].!!

!

I.B.b.4.1.2! Role!of!postHtranslational!modifications!

Our!lab!pointed!out!two!PTMs!essential!in!the!versatility!of!the!Fas!signaling:!!

(i)!After!a!demonstration!that!Fas!localization!in!SCN!was!necessary!for!Fas)induced!cell!death,!

we! reported! that! Fas! is! internalized! through! a! clathrin)dependent! mechanism! in! these!

domains!following!FasL!engagement!and!that!this!internalization!is!necessary!for!transducing!

an!optimal!death!signal!in!several!cells,!we!demonstrated!that!some!specific!lipid!interactions!

are!regulating!these!very!early!steps.!Indeed,!we!identified!Fas!palmitoylation,!a!reversible!

addition!of!a!palmitic!acid!on!a!specific!cystein!residue!located!in!the!cytoplasmic!membrane)

proximal!domain!of!Fas,!represents!a!key!signal!targeting!Fas!to!the!SCNs.!More!importantly,!

it!allows!the!association!of!Fas!with!the!actin!cytoskeleton!through!the!recruitment!of!the!

protein! Ezrin,!which! is! essential! for! internalization! to! occur.!We! carried! out! a! screen! that!

permitted! the! identification! of! DHHC7;! one! of! the! 23! members! of! the! palmitoyl!

acyltransferase!DHHC!family,!as!the!Fas!palmitoylating!enzyme.!We!define!the!modification!

of!Fas!by!palmitoylation!as!a!novel!mechanism!for!Fas!expression!regulation!via!its!capacity!to!

avoid!its!degradation!by!lysosomal!proteolysis![125].!

(ii)! the! outcome! of! Fas! signaling! is! clearly! defined! by! the! phosphorylation! status! of! two!

tyrosines!(Y232!and!Y291)!in!its!death!domain!which!is!regulated!by!the!Src)family!kinase/SHP)

1!system.!Dephosphorylation!of!both!tyrosines!in!the!death!domain!of!Fas!triggers!apoptotic!

signal!whereas!the!tyrosine!phosphorylation!suppresses!the!pro)apoptotic!signal!and!triggers!

the!prosurvival!signal.!Additionally,!Fas!tyrosine!phosphorylation!profile!was!corelated!with!

different!context!of!human!cancer.!Observing!higher!levels!of!pY232!and/or!pY291!in!colon,!

breast,!and!ovarian!malignant!tissues!than!their!corresponding!normal!tissues.!These!results!

can!permit!the!use!of!Fas!tyrosine!phosphorylation!screening!to!help!Fas)related!therapeutic!

design!and!maximize!the!chance!of!therapeutic!success![126,!127].!
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We!also!show!that!the!status!of!Fas!tyrosine!phosphorylation!strongly!influences!the!signaling!

of! the! epidermal! growth! factor! receptor! (EGFR)! pathway! in! colorectal! cells:! Fas! in! its!

prosurvival!state,!phosphorylated!at!Y291!(pY291)Fas),!interacts!with!EGFR.!This!interaction!

notably! increases!EGFR!signaling! in!anti)EGFR)resistant! colorectal! cancer! cells! through! the!

Yes)1/STAT3)mediated! pathway.! Upon! EGF! treatment,! the! pY291)Fas! accumulates! in! the!

nucleus!and!induce!the!nuclear!localization!of!pEGFR!and!pSTAT3,!the!expression!of!cyclin!D1,!

the!activation!of!STAT3)mediated!Akt!and!MAPK!pathways,!cell!proliferation!and!migration!

[128].!

!

I.B.b.4.2! Fas!signaling!regulated!by!signaling!modulators!

A! complex! network! of! pro)! and! anti)apoptotic! regulators! modulates! the! outcome! of! Fas!

engagement.!The!DISC! is!a!complex!structure!comprising!multiple!regulators!that!together!

determine!whether!apoptosis!becomes!activated!in!response!to!diverse!stimuli!in!different!

cell!types.!Among!these!regulators!is!the!cellular!FLICE)like!inhibitory!protein!(c)FLIP),!which!

is! recruited! to! the! DISC! and! interfere! with! caspase)8! activation.! In! addition! to! inhibiting!

caspase)8!processing,! c)FLIPL!also!promotes!Fas)stimulated!activation!of!NF)κB!and!ERK! in!

TCR)triggered!cells![129,!130].!Furthermore,!Lavrik!et!al!show!that!the!initial!concentration!of!

c)FLIP!at!the!DISC!is!one!of!the!factors!contributing!to!the!cellular!decisions!for!Fas)induced!

death!and!non)death! signaling! [131].! FLIP! therefore!acts!as!a!determinant!of! Fas! signaling!

output!rather!than!as!a!simple!apoptosis)suppressor.!Likewise,!a!recent!study!by!Horn!et!al.!

discovered!that!the!activity!of!caspase)10!within!the!DISC!can!trigger!a!switch!from!FasL!and!

caspase)8)dependent! cell! death! to! DISC)mediated! activation! of! NF)$B! signaling! and! cell!

survival,! since! the! depletion! of! caspase)10! inhibited! FasL)mediated! I$B#!

degradation/phosphorylation![132].!These!studies!demonstrate!how!Fas!signaling!modulators!

can!be!involved!in!generating!either!death!or!non)death!signaling.!

! !
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!

I.B.c.1! Fas&/FasL&function&in&physiology&

Fas/FasL!system!plays!a!major!role!in!immune!homeostasis!through!anti)!and!pro)apoptotic!

regulation.!Here!I!will!briefly!introduce!Fas/FasL!role!in!immune!system.!

!

!

In! the! thymus,!T! cells!mature!and!are!positively!or! negatively! selected,!depending!on! the!

affinity! of! their! T)cell! antigen! receptors! (TCRs)! for! self)major! histocompatibility! (MHC)!

antigens.!T!cells!with!a!high!affinity! for!self!MHC!molecules!and!peptide!are!eliminated!to!

ensure!tolerance!to!normal!tissues!and!to!prevent!autoimmunity.!Fas/FasL!system!is!involved!

in!this!negative!selection!in!the!thymus!when!T!cells!encounter!high!antigen!concentrations,!

thus,!revealing!the!importance!of!Fas/FasL!in!regulating!auto)immunity!and!central!tolerance!

[133].!Moreover,! FasL! expression! is! induced! in! cytotoxic! T! cells! (CTL)! upon! activation! and!

induce!cell!death!of!targeted!cells!expressing!Fas.!CTL!also!kill!target!cells!including!infected!

cells!and!cancer!cells!or!damaged!cells,!through!another!mechanism!by!the!release!of!cytolytic!

perforin!and!granzyme!B!(GrB)!that!finds!its!way!into!the!target!cell!and!can!kill!it!by!directly!

cleaving!and!activating!caspase)8![134].!Following!activation,!T!cells!express!Fas!and!FasL!and!

upon!recurrent!antigenic!stimulation!become!sensitive!to!Fas/FasL)!mediated!autocrine!and!

paracrine!apoptosis!to!be!able!to!maintain!the!pool!size!of!antigen!activated!T)cell!clones!and!

regulate!immune!response.!Fas!engagement!leads!to!activation)induced!cell!death!(AICD)!in!

T)cell,!(Figure!10).!This!mechanism!is!well)recognized!to!removing!activated!effector!T!cells!

after!an!immune!response!to!a!threat,!preventing!the!tissue!damage!that!might!otherwise!be!

Figure!10:!Fas/FasCL!induced!apoptosis!in!physiological!
immune!response![10]!
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caused! by! an! over)long! immune! response! [104].! B! cells! activation! as! T)cells! leads! to! the!

expression!of!FasL!and!killing!of!Fas)expressing!target!cells!by!B!cells![135,!136].!Further,!B!cell!

specific!Fas)deficient!mice!develop!lymphoproliferation!like!lpr!mice![137].!

As!mentioned!earlier!the!absence!or!very!limited!FasL!expression!in!certain!tissues!confers!an!

immunologic! privileged! status! to! these! sites! and! protect! them! from! destructive! effects!

through!apoptosis!mediated!by!immune!cells!(Figure!10).!!

Fas!is!also!known!for!its!function!outside!the!immune!system,!that!I!will!describe!here.!!

Fas! also! play! an! essential! role! in! liver! homeostasis! by! contributing! in! the! elimination! of!

senescent!cells![138].!Furthermore,!activation!of!Fas!is!correlated!with!hepatocyte!apoptosis!

in!a!broad!variety!of!liver!diseases!including!liver!failure,!fibrosis,!and!carcinogenesis![64].!!

Fas/FasL)mediated! non)death! signaling! are! also! essential! in! inducing! dendritic! cells! (DCs)!

maturation!and!proliferation!of!T!cell!and!neurites:!!

)! Fas!triggers!functional!maturation!of!DCs!as!well!as!the!secretion!of!proinflammatory!

cytokines!that!attract!neutrophils!and!T!cells.!Fas!is!incapable!to!induce!DC!death!due!

to!a!constitutive!c)FLIP!expression![139,!140].!!

)! As! mentioned! above! Fas! mediates! T)cell! proliferation! through! Fas)mediated! co)

stimulation!of!TCR)driven!T)cell!which!appears!to!involve!caspase!activation!without!

subsequent! apoptosis! induction! [130].! Moreover,! Fas! engagement! can! controls!

TCR/CD3)driven! signal! initiation! in! a! dose)dependent! manner.! High! doses! of!

immobilized! FasL! almost! completely! silence! T! cells! by! blocking! early! TCR)induced!

signaling!events,!however,!lower!amounts!of!the!same!agonists!dramatically!augment!

TCR/CD3)driven!activation!and!proliferation![141].!!

)! Meanwhile,! Fas! can! mediate! proliferation! and! regeneration! of! neurons! [115].!

Furthermore,! Fas! appears! to! regulate! neuronal! branching! in! hippocampal! neurons!

[142]!and!Fas!activation!increases!neural!progenitors!cell!survival![143].!

! !
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I.B.c.2! Fas/FasL&function&in&disease&

I.B.c.2.1! Fas/FasL!in!autoHimmune!disorders!

I.B.c.2.1.1! Type!I!autoimmune!lymphoproliferative!syndrome!

The!critical!role!of!the!Fas/FasL!role!in!immune!system!control!was!definitively!brought!with!

the!spontaneous!development!of!autoimmune!disease!symptoms! in!mutant!mouse!strains!

lacking!Fas!or!FasL!function![144].!In!lpr!(lymphoproliferative!disease)!mice,!a!mutation!in!Fas!

gene! leads! to! dramatic! reduction! in! Fas! mRNA! expression! and! therefore! to! the! protein!

expression[145].! In!gld! (generalized! lymphoproliferative! disease)!mice,! a!mutation! in! FasL!

gene! leads! to! a! nonfunctional! FasL! protein! [146].! In! lprcg!mice,! which! have! an! lpr)like!

phenotype,!there!is!a!point!mutation!in!the!Fas!DD!that!abrogates!the!recruitment!of!FADD!

and!caspase)8,!consequently!abolishing!apoptotic!signaling![147].!All!these!mutant!mice!are!

characterized!by!a!considerable!accumulation!of!lymphocytes!as!well!as!high!levels!of!auto)

reactive!antibodies!and!the!development!of!several!related!pathologies![80].!!

Similar! anomalies! can! be! observed! in! human! patients! who! suffer! from! autoimmune!

lymphoproliferative! syndrome! (ALPS)! and! develop! chronic! lymphadenopathy! and!

splenomegaly!and! frequently!develop!autoimmunity! [148].! In! these!patients,! an!expanded!

population!of!abnormal!CD4)!/!CD8)!double)negative!T!cells!can!be!found.!Patients!with!the!

type!Ia!form!of!the!disease!display!dominant)negative!FAS!mutations,!while!type!Ib!patients!

carry! FasL! mutations.! These! defects! parallel! those! in! mice! with! lprcg! and! gld! mutations,!

respectively.!ALPS!type!Ia!cells!bear!a!heterozygous!mutation!inside!the!Fas!DD!that!blocks!the!

Fas)induced!apoptotic!cascade.!whereas!mutations!in!the!CASP10!gene!lead!to!ALPS!II,!and!

cases!without!defined!mutations!are!termed!ALPS!III.!Other!authors!refer!to!the!latter!form!as!

ALPS)like!disease!(ALD)![149].!

I.B.c.2.1.2! Inflammatory!bowel!disease!

Inflammatory! bowel! disease! (IBD)! is! characterized! by! inflammatory! conditions! of! the!

gastrointestinal!(GI)!tract,!giving!rise!to!progressive!damage!to!the!inflamed!gut!tissue!and!

disruption!of!the!intestinal!epithelial!barrier.!The!two!major!forms!of!IBD!are!ulcerative!colitis!

(UC)!and!Crohn’s!disease!(CD).!CD!is!characterized!by! inflammation!of!the!distal! ileum!and!

colon,!with!discontinuous,!patchy!inflammatory!lesions,!whereas!UC!presents!with!continuous!

inflammation!from!the!rectum!to!proximal!parts!of!the!colon.!Several!factors!are!known!to!
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influence!their!pathogenesis,!including!genetics,!environmental!risks,!abnormal!microbiota,!

and!dysregulated! immune! responses! [150].! The! extent!of!endothelial! FasL!expression!was!

elevated!in!the!submucosa!and!associated!with!an!elevated!number!of!lymphoid!follicles!in!

samples!from!patients!with!either!CD!or!UC.!In!IBD,!ulcers!and!areas!with!an!elevated!density!

of! mononuclear! cells! expressing! FasL! also! displayed! a! high! density! of! blood! vessels! with!

endothelial!FasL!expression.!These!detailed!expression!pattern!suggests!that!endothelial!FasL!

expression! has! a! role! in! the! regulation! of! lymphocyte! access! to! the! peripheral! lymphoid!

tissues,!comprising!the!intestinal!mucosa![151].!!

!

I.B.c.2.1.3! Multiple!sclerosis!

Multiple!sclerosis!(MS)!is!an!autoimmune!disease!characterized!by!the!accumulation!T!cells!in!

the! central! nervous! system! (CNS)! compartment.! T! cells! expand! clonally,! and! they! are!

responsible! for! oligodendrocyte! loss,! demyelination,! and! neuronal! damage! by! targeting!

specific!antigens.!The!regulation!of!the!unlimited!accumulation!of!these!cells!is!achieved!also!

by!Fas/FasL)mediated!apoptosis,!and!its!therapeutic!improvement!could!be!useful!to!reduce!

pathogenic!T!cells!in!MS.![152]!

I.B.c.2.2! Fas/FasL!function!in!cancer!

I.B.c.2.2.1! Fas/FasL!system!as!a!tumor!suppressor!!

The! pro)apoptotic! function! is! the! most! well)established! activity! of! Fas/FasL! system,! as!

discussed!above.!Indeed,!Fas!activity!in!mediating!the!death!of!either!virus)infected!cells!or!

cancer!cells!when!engaged!by!CTL!is!well!documented.!In!addition!to!the!perforin/granzyme!

pathway,!Fas/FasL!is!a!direct!major!system!that!both!CTLs!as!well!as!cytolytic!effector!T!cells!

use!to!eliminate!neo)plastically!transformed!cells![153,!154].!Furthermore,!FasL!is!a!chemo)

attractor,!inducing!the!migration!of!neutrophils!and!phagocytic!cells!to!the!inflammatory!site,!

although!the!mechanism!of!how!FasL!exerts!its!chemotactic!effect!is!unknown![74].!!

I.B.c.2.2.2! Fas/FasL!system!as!a!tumor!promoter!!

Likewise,!various!teams!have!revealed!through!extensive!studies,!that!Fas!could!also!be!tumor!

promoter.!!

Actually,!many!carcinomas!were!found!to!express!Fas!at!high!levels!such!as!hepatocellular,!

ovarian,!renal,!colorectal!and!pancreatic!cancers,!but!are!usually!resistant!to!induction!of!Fas)
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mediated!apoptosis.!Additionally,!Legembre!et!al.,!showed!that!not!only!were!tumor!cells!not!

sensitive! to! Fas)induced! cell! death,! but! Fas! stimulation! increased! their! motility! and!

invasiveness! due! to! the! activation! of! NF)$B,! ERK,! and! caspase)8! [155].! Fas! could! actually!

promote! the!growth!of! tumors! through! its!non)apoptotic!activities! [81].!Another!evidence!

that!Fas!overexpression!can!be!favorable!to!tumor!growth!was!established!in!a!mouse!model!

of! Lewis! lung! carcinoma,! where! deregulated! Fas! expression! failed! to! sensitize! toward!

apoptosis!but!enhanced!tumor!formation![156].!Ever!since!additional!studies!have!provided!

evidence!that!Fas!induces!the!migration/invasion!of!multiple!cancer!cell!types![93].!Even!more,!

higher!expression!of!Fas!in!human!breast!cancer!tissue!has!been!significantly!correlated!with!

poorer! prognosis! in! breast! cancer! patients.! It!was! defined! that! blocking! Fas! signaling! can!

inhibit! breast! cancer! progression! by! preventing! proinflammatory! cytokine! production! by!

disrupting!NF)$B,!signifying!that!Fas!signaling)initiated!cancer)related!inflammation!in!breast!

cancer!cells!which!may!be!a!potential!target!for!treatment!of!breast!cancer![157].!

Additionally,!we!demonstrated!high!levels!of!Fas!tyrosine!phosphorylation,!which!is!a!direct!

molecular!indicator!of!Fas!pro)survival!signal!output,!in!malignant!tissues!from!some!types!of!

cancer!such!as!colon,!breast,!and!ovarian!cancers,!proposing!that!the!pro)survival!signal!of!Fas!

may!govern!in!these!cancers![126].!

The!cells!that!are!apoptosis)resistant!and!pro)inflammatory,!are!found!to!upregulate!Bcl)2!or!

Bcl)XL!in!type!II!cells.!Indeed,!Fas)FasL!expression!was!found!to!increase!with!increasing!grades!

of! tumor! severity,! which! correlated! with! increased! expression! of! anti)apoptotic! Bcl)2,!

suggesting! a! role! for! Bcl)2! family! proteins! in! selecting! for! apoptosis)resistant,! Fas)positive!

tumors![158].!Another!mechanism!of!resistance!may!be!through!inhibition!of!caspase)8!pro)

apoptotic! activity! through! upregulation! of! c)FLIPL,! which! may! be! facilitated! through! Fas)

dependent!NF)$B!activation.!Interestingly,!c)FLIPL!expression!has!also!been!associated!with!

inflammatory! signaling! in! response! to! Fas.! Fas)dependent! liver! regeneration! after! partial!

hepatectomy!in!mice!correlated!with!increased!c)FLIPL!expression![159].!

Interestingly,!Fas!is!found!frequently!down)regulated!during!cancer!progression,!raising!the!

possibility!that!loss!of!Fas!is!part!of!a!mechanism!for!tumor!evasion.!However,!complete!loss!

of!Fas!is!hardly!observed!in!human!cancers!and!numerous!cancer!cells!express!large!amounts!

of!Fas!and!are!highly!sensitive!to!Fas)mediated!apoptosis!in!vitro.!A!study!in!a!mouse!model!
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displayed! that! in! general! Fas/FasL! system! is! necessary! for! optimal! growth! cancer! cells.!

Actually,!loss!of!Fas!reduced!cancer!occurrence!as!well!as!the!size!of!the!tumors,!in!mouse!

models!of!ovarian!cancer!and!liver!cancer![160].!

Furthermore,! FasL! upregulation! has! been! found! in! many! types! of! malignancy,! including!

melanoma,!lung!cancer,!breast!cancer,!cholangiocarcinoma!and!ovarian!cancer![112].!It!was!

elucidated! that! FasL! induces!migration! and! invasion! of! glioblastoma! and! other! apoptosis)

resistant!tumor!cells,!through!activation!of!PI3K,!ERK,!NF)κB,!and!caspases,!and!also!leads!to!

the!secretion!of!inflammatory!cytokines[118].!Moreover,!numerous!cancer!cell!lines!express!

FasL!and!kill!Fas)expressing!T)cell!by!Fas)mediated!apoptosis!in!vitro.!Thus,!the!expression!of!

FasL!may!play!an!important!role!in!tumor!cell!immune!escape!by!creating!a!tumor!immune!

privilege!mechanism![161].!!

All! together! these! studies! demonstrate! that! Fas! plays! a! growth! promoting! role! in!

tumorigenesis!and!propose!that!efforts!to!limit!its!activity!rather!than!to!enhance!its!activation!

should! be! taken! in! consideration! throughout! cancer! therapy.! Indeed,! knockdown! of!

endogenous!FasL!reduced!the!invasive!phenotype!in!glioblastoma!model!cell!lines.!Upon!the!

addition!of!soluble!recombinant!FasL!in!FasL!knockdown!cells,!invasion!was!restored,!and!this!

effect!was!inhibited!by!APG101![162,!163].!!

I.B.c.2.2.3! Role!of!Fas/FasL!system!in!colon!cancer!

I.B.c.2.2.3.1! Colon&Cancer&

Colorectal!cancer!(CRC)!is!the!third!most!common!type!of!cancer!worldwide!and!is!the!third!

leading!cause!cancer!death!in!women!and!men.!The!majority!of!colorectal!cancer!cases!display!

no! apparent! evidence! of! having! inherited! disorders,! about! 75!%,! also! known! as! sporadic,!

suggesting! contribution! of! genetic! and! environmental! factors,! whereas! only! 25! %! of! the!

patients!have!family!histories!of!the!disease![164].!!

Most!colon!cancers!start!as!a!polyps,!noncancerous!growths,!on!the!inner!lining!of!the!colon!

or!rectum!and!consequently!grow!into!blood!vessels!or!lymph!vessels,!increasing!the!chance!

of!metastasis! [165].! During! colorectal! adenocarcinoma! development,! epithelial! cells! from!

gastrointestinal! trait! acquire! successive! genetic! and! epigenetic! mutations! in! specific!

oncogenes! and/or! tumor! suppressor! genes,! presenting! them! a! selective! advantage! on!
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proliferation!and!self)renewal.!So,!normal!epithelium!becomes!hyperproliferative!mucosa!and!

successively!gives!rise!to!a!benign!adenoma!that!evolves!into!carcinoma!and!metastasis.!!

CRC!is!a!heterogeneous!disease both!in!the!biological!behavior!and!at!molecular!level,!in!which!

various! patterns! of!mutations! contribute! to! the! commencement! and! progression.! Loss! of!

genomic!integrity!facilitates!the!accumulation!of!multiple!mutations!during!the!development!

of!CRCs.!CRCs!and!their!pathological!precursors!display!specific!molecular!signatures,!specific!

pathological!features!and!specific!natural!histories.!The!molecular!features!and!mechanisms!

involved!in!colorectal!epithelial!cell!transformation!and!play!a!significant!role!in!CRCs!can!be!

divided!into!3!groups![166]:!

i.! The! most! common! is! the! chromosomal! instability! (CIN),! which! represent!

approximately! 70%–85%! of! CRCs.! This! group! is! characterized! by! accumulation! of!

mutations!in!specific!oncogenes!and!tumor!suppressors.!For!example,!the!CIN!pathway!

is!associated!with!mutation!in!APC!gene,!KRAS!oncogene!and!tumor!suppressor!TP53.!!

ii.! The!microsatellite!instability!(MSI)!group!regroups!the!dysfunction!of!DNA!mismatch!

repair!genes!leading!to!genetic!hypermethylation.!

iii.! The!CpG!island!methylator!phenotype!(CIMP)!group!that!silence!gene!function!with!

aberrant!DNA!methylation.!

I.B.c.2.2.3.2! Fas/FasL&expression&in&normal&intestine&

Fas!is!found!expressed!in!a!large!variety!of!tissues,!including!the!intestinal!tract.!Along!the!

intestinal! tract,! Fas! is!uniformly!expressed!at! the!basolateral! side!of!all! epithelial! cells.!By!

contrast,!FasL!is!mainly!expressed!on!lymphoid!cells!including!T,!B,!and!NK!cells!and!on!myeloid!

cells,!such!as!activated!neutrophils.!Epithelial!cells!of!the!intestinal!tract!do!not!express!FasL,!

except!for!the!differentiated!Paneth!cells!which!reside!at!the!bottom!of!the!crypts!in!the!small!

intestine.! In! the!colon,!Paneth!cells!are! rare,!and!expression!of! FasL! is! restricted! to!a! few!

lamina!propria!cells![167].!
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!

!

I.B.c.2.2.3.3! Fas/FasL&as&a&tumor&suppressor&in&colon&cancer&

Fas!can!activate!cell!death!by!apoptosis!in!different!colorectal!tumor!cell!lines.!Actually,!CH)

11,!an!anti)Fas!monoclonal!antibody,!exhibited!antitumor!activity!in!colon!cancer!cells!with!

elevated! Fas! level! expression.! This! death! inducing! outcome! was! efficiently! avoided! by!

overexpression!of!Bcl)2,!indicating!a!crucial!function!of!mitochondria!for!Fas!signaling!in!CRC!

in! type! II! cells! [168].!Moreover,! FasL! had! a! strong! inhibitory! effect! on! the! clone)forming!

capacity!of!colon!cancer!cells!characterized!by!microsatellite!instability! (MSI)!and!deficient!

mismatch!repair!with!wild)type!KRAS.!Where!Fas!stimulation!caused!an!irreversible!cell!cycle!

arrest,!which!was! associated!with! cytokine! secretion! [169].! Furthermore,! FasL! is! a! potent!

chemoattractant!and!activation!signal!for!neutrophils!in!vitro!and!in!vivo.!Overexpression!of!

FasL!in!colorectal!tumor!xenografts!in!mice!attract!neutrophils!that!infiltrate!the!tumor!and!

result!in!total!tumor!elimination![170].!!

Figure!11:!Fas!and!FasL!expression!in!small!intestine!and!colon!(Hoogwater,!Steller!et!al.!2012) 
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I.B.c.2.2.3.4! Fas/FasL&as&a&tumor&promotor&in&colon&cancer&

The!consequence!of!Fas!activation!in!colon!cancer!is!context)dependent.!Most!human!tumor!

cells!express!low!levels!of!Fas!and!as!a!consequence!are!resistant!to!Fas)mediated!apoptosis.!

Nevertheless! the! expression! is! never! null! and! suggesting! that! Fas! low! expression!may! be!

considered!as!an!advantage!by!the!tumor![171].!

Along!with!this!idea,!it!has!been!shown!that!colon!cancer!cells!use!Fas!signaling!to!stimulate!

both!local!growth!and!metastatic!spreading,!and!to!induce!hepatocyte!apoptosis!and!thereby!

create!a!favorable!niche!for!tumor!cell!growth![172].!Additionally,!Zheng!et!al.!demonstrated'

that! Fas! signaling! downregulated! epithelial! markers! such! as! E)cadherin,! upregulated!

mesenchymal! markers! such! as! N)cadherin! and! promoted! motility! in! gastrointestinal! (GI)!

cancer! cells.! FasL! treatment! also! amplified! the! expression! of! epithelial–mesenchymal!

transition! (EMT)! transcriptional! factors! in! the! nucleus! and! induced! a! spindle! shape! cell!

morphology! in! these! cells.! FasL)induced! motility! was! decreased! significantly! by! the!

knockdown!of!Snail!or!Twist!expression![173].!!

The!expression!of!FasL!is!progressively!increased!during!evolution!from!adenoma!to!colorectal!

carcinoma!and!metastasis.!Fas!and!FasL!are!co)expressed!in!the!majority!of!adenomas!and!

carcinomas!but!this!does!not!result!in!apoptosis!spontaneously.!Studies!in!human!colon!cancer!

biopsies!have!shown!that!infiltration!of!primary!tumors!by!memory!and!cytotoxic!T!cells!is!

associated!with!reduced!metastatic!spread!and!a!better!prognosis![174].!This!suggests!that!

tumor!progression!and!metastasis!formation!are!suppressed!by!the!adaptive!immune!system,!

in!which!Fas!plays!a!central!role.!Hence,!colon!cancer!cells!may!escape!immune!surveillance!

and!killing!via!decreasing!Fas!expression!and!counterattack!the!immune!system!via!increasing!

FasL!expression![175].!

!

The!dual!role!of!Fas/FasL! in!death!and!non)death! is!currently!well!accepted.!As!presented!

before,!Fas/FasL!can!act!as!a!tissue!protector!in!some!cases,!whereas,!in!other!cases!it!can!act!

as!tissue!dismantler.!Therefore,!it!is!essential!to!understand!better!the!switch!between!death!

and!non)death!signaling!of!Fas,!which!will!help!in!explaining!its!pathological!roles!and!help!

identify! the!appropriate! therapeutic! choices.! There! are! several! approaches! in! targeting! of!

Fas/FasL! signaling! therapies! including! i)! activation! Fas! death! signaling! using! Fas/mouse!

chimeric!monoclonal!antibody!such!as!ARG098![176],!!
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ii)! inhibiting! the! Fas! signaling! by! targeting! FasL! using! drugs! consisting! of! the! extracellular!

domain!of!the!receptor!Fas!including!APG101!which!is!a!soluble!Fas)Fc!fusion!protein![177].!

Additional!drugs!targeting!Fas/FasL!signaling!are!presented!in!table!3.!

!

Table!3:!Table!of!Fas!targeting!drugs.[178]!

'
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! !

Intervention! Tumor!type! Mouse!model! Outcome! References!

Activation!of!Fas!
Pharmacological!
activation!of!Fas!

Burkitt)like!lymphoma! Xenotransplantation!

of!BJAB!cells!

Tumor!regression! [47]!

T!cell!leukemia! Xenotransplantation!

of!Jurkat!cells!

Tumor!growth!delay! [179]!

Colorectal!

adenocarcinoma!

Xenotransplantation!

of!HCT116!cells!

Tumor!growth!delay! [179]!

Glioblastoma! Xenotransplantation!

of!U87MG!cells!

Increased!tumor!cell!

apoptosis!and!overall!

survival!

[180]!

Forced!FasL!expression!
in!tumor!cells!

Colorectal!

adenocarcinoma!

Syngeneic!

transplantation!of!

MC38!cells!

Enhanced!tumor!

incidence,!growth,!and!

incidence!of!

metastasis!

[172]!

Overexpression!of!FasL! Lewis!lung!carcinoma! Syngeneic!

transplantation!of!

3LL!cells!

Accelerated!tumor!

growth!and!decreased!

overall!survival!

[156]!

Inhibition!of!Fas/FasL!
Fas!deletion!in!
hepatocytes!

Hepatocellular!

carcinoma!

Drug)induced!(DEN)! Reduced!tumor!

incidence!and!size,!and!

reduced!angiogenesis!

[160]!

Mutated!mFasL!
FasLΔm/Δm!
!!

Histiocytic!sarcoma! Spontaneous! Spontaneous!

development!of!

histiocytic!sarcoma!

[71]!

Fas!knockdown!in!
tumor!cells!in!
combination!with!
erlotinib!

Non)small!cell!lung!

carcinoma!

Xenotransplantation!

of!H1650!cells!

Overcome!erlotinib!

resistance!and!reduced!

tumor!volume!

[181]!

Fas!knockdown!in!
tumor!cells!

Ovarian!carcinoma! Xenotransplantation!

of!SKOV3.ip1!cells!

Reduced!tumor!size,!

incidence,!and!

angiogenesis!

[160]!

Fas!deletion!in!tumor!
cells!

Ovarian!carcinoma! Genetic!(LSL)KrasG12D;!

Ptenloxp/loxp;!

Fasloxp/loxp)!

Reduced!tumor!size!

and!incidence!

[160]!

Pharmacological!block!
of!FasL!

Glioblastoma! Syngeneic!

transplantation!of!

SMA)560!cells!

Reduced!

invasion/migration!

[118]!

Hepatocellular!

carcinoma!

Induction!of!chronic!

hepatitis!

Reduced!tumor!

incidence!

[182]!



! 48!

I.C! Epithelial!tissue!architecture!and!organization!

!

Epithelium!belongs!to!one!of!the!four!basic!types!of!animal!tissues,!along!with!connective,!

muscle!and!nervous!tissues.!The!epitheliums!may!be!the!first!tissues!that!emerged!during!the!

evolution!of!multicellular!animals,!and!is!the!first!differentiated!structure!to!emerge!during!

embryogenesis! [183].!The!appearance!of!epithelia! in!evolution!reflects!the!requirement!of!

Metazoan!for!a!tissue!structure!that!is!capable!of!segregating!their!internal!medium!from!the!

outside!environment.!These!functions!are!assured!by!polarized!cells!consisting!of!a!continuous!

sheet!of!tightly!connected!cells!that!line!the!outside!surfaces!of!organs!and!tissues.!!

Epithelial! tissues! are! derived! from! all! three! major! embryonic! germ! layers.! From! the!

ectoderm!originates!the!epithelia!lining!the!skin!on!the!mouth,!nose!and!the!anus.!Epithelium!

cells!that!are!found!covering!most!of!the!digestive!system!and!the!airways!are!developed!from!

the!endoderm.!From!the!mesoderm!derives!the!endothelium,!which!is!the!epithelium!that!

lines!vessels!in!the!cardiovascular!and!lymphatic!system.!!

Both! during! development! and! adult! life! in! animal,! epithelial! cells! undergo! intensive! cell!

proliferation! that! alter! their! position,! shape! and! size! in! stereotypical!ways.! This! results! in!

ordered! robust! structure,! which! ultimately! leads! to! the! formation! of!mature! organs!with!

cellular! organization! suited! to! their! specialized! functions,! despite! being! a! highly! dynamic!

process.!These!properties!are!regulated!by!various!types!of!cell)cell! junctions!that!connect!

epithelial!cells!together!into!a!structural!and!functional!continuum,!and!apical)basal!polarity!

to!distinguish!the!outside!surface!from!the!inside!surface!of!the!sheet.!Abnormalities!in!the!

organization!of!these!characteristics!are!typical!in!metabolic!and!genetic!disorders!of!epithelia!

[184].!!

Hence,!epithelial!tissues!play!a!pivotal!role!in!providing!the!body’s!first!line!of!protection!

from! physical,! chemical,! and! biological! deterioration.! Moreover,! epithelium! cells! act! as!

gatekeepers!of!the!body!regulating!permeability!and!permitting!selective!transfer!of!materials!

across!a!physical!barrier.!All!substances!are!compelled!to!cross!an!epithelium!to!enter!the!

body.!Certain!epithelia!often!comprise!structural!features!that!permit!the!selective!transport!

of!molecules!and! ions!throughout!their!cell!membranes![184].!Here!are!some!examples!of!

surfaces!that!are!lined!by!an!epithelium!and!face!the!outside!environment;!skin,!the!digestive!

tract,!the!respiratory!tract,!the!urinary!and!reproductive!systems.!Other!epithelial!cells!may!

have!acquired!an!additional!specific!function.!Many!epithelial!cells!have!the!capacity!to!secret!
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and!release!mucous!and!specific!chemical!compounds!onto!their!apical!surfaces.!For!instance,!

the! release! of! digestive! enzymes! by! the! small! intestine! epithelium,! trapping! entering!

microorganisms!and!particles!by!secreting!mucous!by!the!cells!lining!the!respiratory!tract.!!

!

!

Figure!12:!Cells!of!Epithelial!Tissue.!Simple!epithelial!tissue!is!organized!as!a!single!layer!of!cells!and!stratified!epithelial!tissue!
is!formed!by!several!layers!of!cells.[185]!

!

Epithelial!tissues!are!classified!depending!on!the!number!of!the!cell!layers!formed!and!the!

shape!of! the!cells! (Figure!12).!Cell! shapes! can!be! squamous! (flattened!and! thin),! cuboidal!

(cube)like!shape!cell!that!is!as!wide!as!it!is!tall),!or!columnar!(rectangular,!taller!than!it!is!wide).!

Moreover,!epithelial!tissues!can!be!arranged!in!a!single!layer!of!cells!where!every!cell!rests!on!

the!basal!lamina,!known!as!simple!epithelium,!or!in!layers!of!two!or!more!in!which!only!the!

basal!layer!of!cells!rests!on!the!basal!lamina,!known!as!stratified!epithelium.!All!three!shapes!

can! form! either! simple! or! stratified! epithelium! [186].! The!morphology! of! the! epithelia! is!
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representative!of!the!function!they!perform,!the!different!epithelial!functions!are!summarized!

in!(Table!4).!!

!Table!4:!Summery!of!epithelial!tissues!function!and!localization![185]!

!



! 51!

!

I.C.b.1! Polarity&in&epithelia&

Cell! polarity! involves! the! asymmetric! distribution! of! the! components! of! the! cell,! such! as!

plasma!membrane!proteins,!organelles,!and!cytoskeletal,!which!is!essential!for!normal!cellular!

function!and!morphogenesis!during!development!in!unicellular!and!multicellular!organisms.!

Polarity!in!cells!can!be!divided!into!three!main!types.!First,!the!apico)basal!cell!polarity!that!is!

responsible!for!asymmetric!distribution!of!cell!junction!and!polarity!protein!between!the!apex!

and! the!base! in!epithelial! cells.! Secondly,! the!planar! cell!polarity! in!epithelial! cells!display!

polarization!along!the!orthogonal!axis!within!the!plane!of!the!epithelium![187,!188].!Lastly,!

the!front)rear!cell!polarity!involved!in!redistributing!cytoskeletal!and!membranous!proteins!

directing!migrating!cells!in!response!to!chemotactic!signals![189].!!

Epithelial!cells!are!characterized!by!the!polarization!of!their!plasma!membrane!at!the!apico)

basal!domain,!known!as!the!apico)basal!polarity.!This!is!defined!by!the!presence!of!at!least!

two! plasma! membrane,! facing! the! external! medium! at! the! apical! surface,! connected! to!

adjacent!cell!at!lateral!surface!and!connected!to!the!to!the!extracellular!matrix!(ECM)!at!basal!

surface.!The!protein!and! lipid! composition!of! these!domains!are!different,!displaying! their!

specific! functions.!Moreover,! epithelial! cells! display! polarization! along! the! orthogonal! axis!

within! the! plane! of! the! epithelium,! known! as! planar! cell! polarity.! It! is! also! known! as! the!

collective! alignment! of! cell! polarity! across! the! tissue! plane,! which! is! represented! by! the!

uniform! orientation! of! bristles! covering! the! insect! epidermis! or! of! the! hairs! covering! the!

mammalian!body!surface!and!the!organization!of!the!hair!cells!within!the!cochlea![187,!190].!

Polarity! is! critical! for! the! function! of! epithelial! cells! that! demonstrate! definite! apico)basal!

polarity,!in!contrast!to!motile!cells!that!acquire!front)rear!polarity.!In!epithelial!cell,!the!change!

of!the!cuboidal!or!columnar!shape!through!the!loss!of!apico)basal!polarity!is!essential!process!

in! morphogenesis! in! development! and! during! wound! healing.! However,! deregulation! in!

polarity!signaling!pathway!lead!to!invasiveness.!In!cancer!development,!the!transition!from!

epithelial!to!migrating!polarity!by!is!seen!as!a!hallmark!in!cancer!progression!to!invasiveness!

or!metastasis![191,!192].!Consequently,!altered!polarity!leads!to!disrupted!cell)cell!adhesion,!

cytoskeleton!rearrangements!and!loss!of!epithelial!homeostasis!overall.!In!the!further!chapter!
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I.E,!I!will!develop!in!more!details!the!organization!of!polarity!in!epithelium!and!its!function!in!

maintaining!epithelium!homeostasis.!

!

I.C.b.2! Intracellular&junction&types&in&epithelia&

Cohesion! of! epithelial! cells! within! an! epithelium! requires! a! close! connection! between!

neighboring! cells.! This! cohesion! is! ensured! by! the! formation! of! various! types! of! cell)cell!

junctions.!

These! junctions!maintain!tissue!homeostasis!by!controlling!the!structural! integrity!of!the!

epithelia.!However,!beside!this!structural!function,!cell)cell! junction!participates!also!in!the!

regulation!of,!cell!proliferation,!cell!migration!and!the!diffusion!of!ions,!solutes!and!microbes!

across!the!tissue.!Cell–cell!contacts!are!far!from!being!static!structures!despite!being!essential!

to!maintain!a!barrier!function!by!binding!cells!together.!During!the!turnover!of!growing!tissues!

including!the!intestine!or!the!skin,!they!are!continuously!remodeled!to!permit!the!extrusion!

of!old!cells!and!to!include!young!cells!derived!from!stem!cells!without!being!accompanied!with!

loss! of! the! barrier! function! [193].! Likewise,! during! leukocyte! extravasation! at! sites! of! an!

ongoing! immune! response! or! in! secondary! lymphoid! organs,! the! homotypic! interactions!

between!endothelial!cells!must!be!disrupted!to!allow!the!passage!of!the!leukocytes!without!

disturbing!the!barrier!of!the!endothelium![194].!Cell–cell!junctions!are!also!implicated!in!most!

developmental! processes,! which! also! necessitate! intense! remodeling! of! these! structures.!

Figure!13:!Tissue!organization!and!cell!junction!composition!in!two!different!epithelia!
(intestine!and!epidermis).[4] 
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These!diverse!demands!in!different!cell!types!and!different!physiological!situations!necessitate!

a!complex!regulatory!network!which!allows!a!partial!disassembling!and!re)establishment!of!

cell–!cell!contacts.!

As!mention!above,!within!each!epithelium!it!exists!different!types!of!intercellular!adhesion!

complexes!that!ensured!specific!functions.!Cell)cell! junction!complexes!are!divided!in!three!

basic! types! of! connections:! tight! junctions,! anchoring! junctions! that! include! adherens!

junctions!and!desmosomes,!and!gap!junctions!(Figure!13).!I!will!now!briefly!detail!the!different!

types!of!intercellular!junctions!present!in!epithelia,!as!well!as!their!contributions!to!epithelial!

adhesion.!!

!

I.C.b.2.1! Tight!junction!

Tight!junctions!(TJ)!are!required!to!separate!tissue!spaces!and!regulate!selective!permeability!

barrier!across!the!epithelium,!forming!the!continuous!intercellular!barrier!between!epithelial!

cells.! In! conventional! electron! micrographs,! tight! junctions! appear! as! regions! of! tight!

apposition!of!neighboring!cells,!where!the!plasma!membranes!of!adjacent!cells!appear!to!fuse!

together,! which! are! called! kissing! points.! Tight! junction! are! composed! of! different!

transmembrane!proteins,!known!as!claudins,!occludin,!tricellulin!and!the!junctional!adhesion!

molecules! (JAM)! that! form! homophilic! and! heterophilic! interactions! with! their! the!

extracellular! domains! [195].! These! transmembrane! proteins! are! connected! with! a! large!

number!of!cytoplasmic!proteins!known!as!zonula!occludens!(ZO)1,!ZO)2,!ZO)3)!that!in!turn!

associate!with! the!actin! cytoskeleton.!These!proteins! interact!with!each!other!and! form!a!

complex! protein! network! in! a! dense,! cytoplasmic! plaque! as! observed! by! freeze)fracture!

electron!micrographs.!These!proteins!belong!to!the!MAGUK!family!and!contain!PDZ!domains!

that!help!them!to!act!as!scaffold!proteins!to!recruit!other!proteins!to!the!tight!junction!plaque.!

The!tightness!of!the!barrier!to!ion!and!molecules!is!affected!by!the!precise!composition!of!the!

junction.!This!composition!varies!with!tissue!type!and!can!be!regulated!to!allow!the!passage!

of!certain!molecules!or!ions!depending!on!the!local!environmental!conditions.!When!the!TJ!

barrier!fails!due!to!alteration!of!TJ's!proteins,!material!can!cross!the!epithelia!in!an!unregulated!

fashion.! Indeed,!trans)epithelial!absorption!and!secretion!stop,!and!antigens!and!microbes!

can!breach!the!barrier,!which! leads!to!several!diseases! in!human.!Alteration!of!TJ! leads!to!

autoimmune!diseases!(such!as!inflammatory!bowel!diseases)!and!loss!of!sensory!hair!cells!in!

the!hearing!organs!leading!to!deafness![196].!!
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Beside!its!essential!barrier!function,!tight!junctions!have!been!also!involved!in!the!regulation!

of!other!cellular!functions!such!as!proliferation,!differentiation!and!cell!polarity!(see!polarity!

section).!!

I.C.b.2.2! Adherens!junction!

Adherens!junctions!(AJ)!are!cell)cell!adhesion!complexes!that!make!important!contribution!to!

embryogenesis!and!tissue!homeostasis.!AJ!are!ubiquitous!structures!that!act!primarily!to!hold!

adjacent! cells! together! through! interactions! between! the! extracellular! domains! of! the!

transmembrane!proteins!of!the!adjacent!cells.!The!intracellular!domain!of!the!transmembrane!

proteins,!which!are!mainly!cadherins,!is!associated!with!catenin!family!members,!which!in!turn!

interact!with!actin!that!forms!an!anchoring!cytoskeleton!at!the!site!of!the!junction.!By!their!

interaction!with!the!actin!cytoskeleton,!they!also!fulfill!a!role!of!diffusion!barrier!for!proteins!

between!the!apical!domain!and!the!basolateral!domain.!The!AJ!performs!multiple!functions!

including!initiation!and!stabilization!of!cell)cell!adhesion,!regulation!of!the!actin!cytoskeleton,!

intracellular! signaling! including! transcriptional! regulation! [197].! Disruption! of! the! AJs! or!

defects! in! their! different! components! are! associated! with! a! variety! of! diseases! including!

inflammatory! bowel! disease! [198],! disorders! of! the! skin! [199]! and! cancer! [200].! Since!my!

thesis! focus! on! the! importance! of! AJ! in! the! regulation! of! cell! surface! receptors,! I! will! go!

through! in! detail! the! organization! and! function! of! AJ! with! the! focus! on! the! role! of! AJ! in!

mediating!and!regulating!multiple!signaling!pathways!in!the!section!below.!

I.C.b.2.3! Desmosomes!

Like!AJ,!Desmosomes!are!intercellular!junctional!complexes!that!strengthen!cell)cell!adhesion.!

Their!function!is!especially!important!in!tissues!under!extensive!mechanical!strain,!such!as!the!

cardiac!muscle!or!skin!epithelia.!Desmosomes!are!calcium)dependent!junctions,!composed!of!

desmosomal! cadherins.! Desmosomal! cadherins! interact! with! Plakin! proteins!which! act! as!

anchors!of!the!intermediate!filaments!between!neighboring!cells.!The!desmosomal!adhesion!

complexes!establish!an! integrated!mechanically!resistant!unit! throughout! the! tissue! [201].!

Desmosomes! are! found! compromised! in! several! human! diseases! including:! blistering! skin!

diseases! ,! cardiomyopathies! and! some! cancers! [202].! These! pathological! conditions! are!

caused!by!both!reduced!intercellular!adhesion!and!aberrant!signaling!pathways.!
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I.C.b.2.4! Gap!junction!

Gap! junctions! are! cell)to)cell! channels! that! allow! diffusion! of! small! metabolites,! second!

messengers,! ions!and!other!small!molecules!between!the!cytoplasm!of!adjacent!cells.!Gap!

junctional!communication!is!essential!for!electrical!transduction,!signaling!and!nutrition.!Gap!

junction! channels! can! be! open! or! closed.! This! regulatory! process! is! highly! dynamic! and!

regulated! at!multiple! levels! [203].! Gap! junctional! channels! are! composed! of! hexamers! of!

medium)sized!families!of!integral!proteins:!connexins!in!mammals.!Similarly,!to!other!cell–cell!

junctions,!at!gap! junctions’! cytoskeletal! interactions!with!microtubules!and! indirectly!with!

actin!have!been!described.!Mutations!in!specific!connexin!genes!are!associated!with!a!variety!

of! disorders! such! as! inherited! hearing! loss,! hyperproliferation! of! skin! known! as!

erythrokeratoderma,!atrial!fibrillation!and!cancer.!These!disorders!are!caused!by!defects!in!

intercellular! communication,! signaling! via! hemichannels! or! non)junctional! effects! through!

interactions!of!connexins!with!other!molecular!signaling!systems![204].!!

!

I.D! Adherens!junction!

In!this!section,!I!will!introduce!the!main!organization!of!AJ!in!epithelial!cells,!presenting!the!

structure!of!the!different!molecules!implicated!in!the!formation!of!AJ.!!I!will!start!to!describe!

the! cadherin! family! and! their! evolution!within! species.! I! will! then! detail! the!mechanisms!

leading!to!AJ!assembly!which!starts!with!cadherin!clustering!and!assembly.!I!will!detail!the!

importance!of!AJ!in!the!physiopathology!of!the!epithelial!tissue.!Finally,!in!order!to!understand!

the!functions!of!AJ!in!epithelial!tissues,!I!will!describe!the!molecular!involvement!of!AJ!in!the!

regulation!of!different!signaling!pathways!!

!

!

AJ!consists!of!two!basic!adhesive!units:!the!nectin–afadin!complex!and!the!cadherin–catenin!

complex.! Both! nectin! and! cadherin! are! multimembers! families! that! have! a! cell)specific!

expression,!which!determine!the!strength!and!adhesive!specificity!of!the!AJ.!

Nectins!and!cadherins!have!been!localized!in!a!specific!area!of!the!lateral!domain!of!the!cell!

called!zonula!adherens!(ZA)!in!simple!epithelium![205].!The!ZA!was!described!by!Farquhar!and!

Palade!as!a!belt!like!attachment!between!epithelial!cells!supported!by!cytoplasm!filaments,!

which! are! usually! located! between! the! apical! tips! of! most! simple! epithelia! [206].! The!

nectin/afadin!complex!and!cadherin/catenin!complex!are!found!in!distinct!clusters!and!don’t!
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intermix,! in! fact!both!of!nectins!and!cadherins!are!found! in!mosaic!clusters! in!ZA![207].! In!

contrast!to!nectin/afadin!complex,!cadherin/catenin!complex!are!also!found!stretched!at!the!

entire! length! of! the! epithelial! lateral! membrane.! Several! studies! indicated! the! ability! of!

cadherin!receptors!to!aggregate!into!lateral!clusters.!Indeed,!studies!in!Drosophila!embryonic!

epithelia! [208]! and! cultured! mammalian! cells! [209]! found! that! E)cadherin! organized! into!

nanoscale!clusters!that!distributed!extensively!throughout!the!lateral!AJ!(LAJ)!below!the!ZA.!

The!particular!localization!of!AJ!in!simple!epithelium!is!necessary!for!proper!modulation!of!

various!signaling!pathways.!

However,!the!organization!of!AJ!differ!in!basal!keratinocytes,!which!lacks!ZA!and!cadherin!is!

found!all!around!the!cell!membrane!in!cell)cell!adhesions![9]!where!nectin!is!found!colocalized!

with! cadherin! [210].! This! different! organization! suggest! that! the! mechanisms! by! which!

cadherin/catenin!regulate!signaling!pathways!in!these!cells!may!differ!from!simple!epithelia.!!

!

I.D.a.1! Cadherin8Catenin&complex&

I.D.a.1.1! Classical!cadherins!and!the!cadherin!superfamily!

I.D.a.1.1.1! Structure!and!function!of!cadherins!

Cadherins! were! first! recognized! by! the! labs! of! Takeichi,! Kemler! and! Jacob! as! membrane!

proteins! that! maintained! calcium)dependent! cell)cell! adhesion! [211)213].! The! large!

superfamily! of! cell! surface! glycoproteins!was! identified! using!molecular! cloning,! based! on!

sequence!homology!with!the!unique!domain!first!discovered!in!the!extracellular!regions!of!

the!classical!cadherins!E)!and!N)cadherin,!known!as!the!cadherin!superfamily.!The!cadherins!

consists! of! more! than! 100! members,! in! vertebrates,! which! are! grouped! into! distinct!

subfamilies![214].!Cadherin!subfamilies!comprise:!classical!cadherins,!desmosomal!cadherins,!

flamingo! cadherins,! proto)cadherins! as!well! as! FAT,! table! 5.! This! diversity! is! the! result! of!

multiple!cadherin!encoding!genes!as!well!as!alternative!RNA!splicing!mechanisms![215].!Only!

classical! cadherins! are! adhesion! molecules! and! are! the! core! components! of! AJ.! Their!

expression!seems!to!be!tightly!controlled!during!development.!Indeed,!each!tissue!or!cell!type!

shows!a!characteristic!pattern!of!cadherin!molecules,!which!is!often!linked!with!changes!in!

cellular!morphology!and!tissue!architecture,!since!cadherins!play!different!roles!in!the!cell.!!
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!

!

The! members! of! this! superfamily! are! transmembrane! glycoproteins! characterized! by! a!

repetitive!sequence!homology!in!their!extracellular!region!(amino!acid!sequence!of!about!110!

residues),! known! as! cadherin! repeats! (also! called! extracellular! cadherin! domains! (EC)! or!

cadherin!motifs).!The!EC!harbor!negatively!charged!conservable!sequence!motifs!(DXD,!DRE,!

and!DXND)!NAPXF),!which!is!involved!in!calcium)binding![216].!Binding!of!calcium!to!each!EC!

domain!is!required!for!the!correct!conformational!organization!of!the!cadherin!extracellular!

domain.!The!number!of!the!EC!domains!varies!considerably!within!the!members![217].!By!

contrast,!the!intracellular!domain!is!not!conserved!among!the!members!of!this!subfamilies,!

thereby!leading!to!diverse!functions!ranging!from!cell–cell!adhesion!to!signaling.!!

The!biological!functions!of!the!family!members!have!diverged:!!some!of!them!are!well!defined!

as!adhesion!molecules,!including!classic!cadherins!and!desmosomal!cadherins,!whereas!the!

other! members! do! not! necessarily! show! strong! adhesive! activities! [218].! For! instance;!

Flamingo! functions! in! planar! cell! polarity,! Fat! cadherin! and! its! binding! partner! Dachsous!

regulate!cell!proliferation!and!planar!cell!polarity,!cadherin!23!and!protocadherin!15!regulate!

the!formation!of!apical!cell!protrusions![219].!

In!my!thesis,!I!will!concentrate!on!the!classical!cadherins!since!they!form!AJ.!The!given!name!

of!classical!cadherins!were!originated!from!the!tissue!in!which!they!are!essentially!expressed.!

HOMOPHILIC BINDING
The binding of a molecule (for 
example, an adhesion molecule) 
in one cell to an identical 
molecule that is usually on 
another cell. 

Table 1 | Members of the cadherin superfamily

Subtype Examples Common features

Classic cadherins Type I: E-cadherin, 
N-cadherin, R-cadherin 
Type II: VE-cadherin

Well established Ca2+-dependent homophilic adhesion function
Cytoplasmic domains interact with β-catenin, α-catenin and p120
Linked to the actin cytoskeleton
Associated with adherens junctions

Desmosomal 
cadherins

Desmocollins, 
Desmosgleins

Adhesion proteins of desmosomal junctions
Similar in structure to classic cadherins, but have distinct structural 
differences
Cytoplasmic domains interact with plakoglobin (γ-catenin) and 
desmoplakin
Linked to intermediate filament cytoskeleton

Atypical cadherins T-cadherin, LI-cadherin Function as homophilic adhesion proteins without interaction with 
catenins or link to actin cytoskeleton

Proto-cadherins CNRs (α-Pcdhs), 
β- Pcdhs, γ-Pcdhs, 
PAPC, AXPC

Variable EC domains
Many proto-cadherin genes (such as α-, β-, γ-pcdhs) often present 
in large gene clusters with complex splicing
Others, such as PAPC and AXPC, are present as single genes
Highly expressed in nervous system
Cytoplasmic domains do not interact with catenins — some interact 
with Fyn-kinase, other interactions unknown

Cadherin-related 
signalling proteins

FAT, Daschous,Flamingo 
(seven membrane 
spanning), RET tyrosine 
kinase

Variable number of cadherin-type repeats in extracellular domains
Roles in tumour suppression, embryonic patterning and 
establishment of cell polarity (especially in Drosophila melanogaster)
Not known if these proteins function as homophilic adhesion 
molecules 

The principle feature common to all cadherins is the presence of extracellular cadherin repeats (EC domains) in the extracellular 
region of a membrane protein. Data from REFS 34,35. AXPC, axial proto-cadherin; CNRs, cadherin-related neuronal receptors; 
E-cadherin, epithelial cadherin; LI-cadherin, liver-intestine cadherin; N-cadherin, neural cadherin; PAPC, paraxial proto-cadherin; 
pcdhs, proto-cadherins; T-cadherin, truncated-cadherin; VE-cadherin, vascular-endothelial cadherin.

Classic cadherins are single-pass transmembrane 
proteins that interact with a number of different cyto-
plasmic proteins to carry out their functions, which 
include cell–cell adhesion, cytoskeletal anchoring and 
signalling2,30,34. Classic cadherins form a core protein 
complex that consists of a parallel (cis) cadherin dimer 
and the catenin polypeptides (FIG. 2b). α-Catenin inter-
acts, through β-catenin, with the distal part of the 
cadherin cytoplasmic domain, and p120 catenin inter-
acts with a more proximal region of the cytoplasmic 
domain40–42. These cadherin proteins are universally 
present in all cadherin complexes BOX 1. α-Catenin can 
mediate physical links to the actin cytoskeleton, either by 
directly binding actin filaments43 or indirectly through 
other actin-binding proteins such as vinculin, α-actinin, 
and ZO1 REFS 14,4446. p120 catenin seems to influence 
cadherin function in several ways (see below).

The extracellular domain of the classic cadherin 
molecule consists of five cadherin-type repeats, called 
EC (extracellular cadherin) domains that are bound 
together by Ca2+ in a rod-like structure47,48. The extra-
cellular-domain dimer mediates the adhesive binding 
function that is regulated by catenins and the cyto-
plasmic domain.

The cadherins and tissue morphogenesis
The cadherins and cell sorting. The expression of 
different types of cadherins mediates selective cell 
recognition events that are responsible for the sort-
ing of different groups of cells in developing tissues, 
and the formation of selective connections between 
neurons in the developing nervous system2,11,36. The 

phenomenon of selective cell recognition and cell 
sorting is controlled by several different parameters. 
Cell sorting seems to be due in part to the HOMOPHILIC 

BINDING specificity of the extracellular domain, as the 
identity of the EC1 domain determines cell-sorting 
specificity when experimentally transferred from one 
cadherin to another49. However, different cadherins 
can be promiscuous with regards to their adhesive 
binding properties, with evidence for heterophilic 
adhesion between different classic cadherins50,51. The 
level of cadherin expression, and presumably there-
fore the overall strength of adhesion, has also been 
found to strongly influence cell-sorting behaviour, 
independently of the type of cadherin expressed51,52. 
Furthermore, it is important to realize that many cell 
types express several different cadherins, but the com-
binatorial property of cadherin expression that con-
trols cell-sorting behaviour has not yet been identified. 
For example, during the development of the spinal 
cord, spinal motor-neuron cell bodies express several 
classic cadherins and sort into different functional 
groups. Each group of neuronal cell bodies expresses 
a different set of four cadherins, but the expression of 
one particular cadherin was found to dominate sort-
ing behaviour for each group53. These findings indicate 
that homophilic binding specificity can contribute to 
cell-sorting behaviour. However, other factors, such as 
cadherin-mediated signalling events, quantitative dif-
ferences in adhesion, or other cellular consequences of 
adhesion that are mediated by different cadherins (for 
example, cytoskeletal organization), can determine 
overall cell-sorting behaviour. 
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Table!5:!Members!of!the!cadherin!superfamily![5]!
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However,! most! cadherins! can! be! expressed! in! many! different! tissues! and! that! these!

expression! patterns! are! not! exclusive.! The! classical! cadherins! include! E)cadherin! (E)! for!

epithelium),!N)cadherin!(N)!for!neural),!P)cadherin!(P)!for!placenta)!and!VE)cadherin!(VE)!for!

vascular!endothelial).!

Expression! of! classical! cadherin! at! the! cell! surface! is! critical! for! cell)cell! adhesion! and!

accordingly!for!development!and!for!integrity!of!solid!tissues![5].!The!capacity!for!exogenous!

expression!of!specific!classical!cadherins!to!increases!the!adhesiveness!of!cadherin)deficient!

cells! that! primarily! adhere! poorly! to! one! another,! demonstrated! that! classical! cadherins!

support!cell)cell!adhesion.!This!was!shown!for!Drosophila!Schneider!cells,!mouse!fibroblastic!

L! cells,! and! Chinese! hamster! ovary! cells! [220)222].! The! capacity! of! newly! isolated! cells! to!

aggregate! in! agitated! suspensions! also! permitted! the! evaluation! of! cell)cell! adhesion.! The!

advantage! of! this!method! is! to! investigate! the! capacity! of! cells! to! adhere! to! one! another!

independent!of!cell)matrix!adhesive!interactions![223].!!

Classical!cadherins!are!encoded!as!an!inactive!precursor!proteins!containing!a!signal!sequence!

and!a!pro)domain!that! immediately!precedes!EC1![224].!After!protein!translation,!the!pro)

domain!is!cleaved!from!the!cadherin!protein!precursor.!The!cleavage!of!the!pro)domain!by!

proteolysis!is!essential!for!cadherin’s!adhesive!activity![225].!The!mature!protein!is!composed!

of! five! extracellular! cadherin! repeats! (EC1)EC5),! a! transmembrane! region,! and! a! highly!

conserved!cytoplasmic!tail.!The!cytoplasmic!domain!of!classical!cadherin!is!divided!into!two!

domains,! the! juxtamembrane! domain! (JMD)! that! binds! p120)catenin,! and! the! β)catenin!

binding!domain!(CBD)!that!can!also!bind!γ)catenin!(plakoglobin).!Sequences!homologous!to!

the!β)catenin/plakoglobin)binding!region!exist!also!in!the!desmosomal!cadherins.!
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However,!catenins!are!not!the!only!proteins!interacting!functionally!with!cadherin.!Certainly,!

other!cytoplasmic!proteins!including!signaling!molecules![226],!cytoskeletal!regulators![227]!

and!determents!of!epithelial!polarity![228]!associate!directly!or!indirectly!to!cadherin.!

!

!

Classical!cadherins!structure!is!highly!conserved!during!evolution.!Successive!studies!found!EC!

domain)containing!proteins! in! invertebrates,!remarkably!the!Drosophila!homologs!DE)!and!

DN)cadherin.!While!DE)!and!DN)cadherins!cytoplasmic!regions!are!very!comparable!to!their!

vertebrate!counterparts,!their!ectodomains!differ!significantly,!containing!up!to!15!EC!repeats!

rather! than! five.! Moreover,! between! the! EC! cluster! and! the! transmembrane! region,! a!

primitive! classical! cadherin! proteolytic! site! domain! (PCPS,! previously! termed! the! non)

chordate!cadherin!domain),!an!EGF)like!domain!(EGF),!and!a!laminin!globular!domain!(LmG)!

are!present.!AJ!are!also!present!in!the!nematode!Caenorhabditis!elegans,!which!expresses!the!

homologues!HMR)1!(cadherin),!HMP)1!(α)catenin)!and!HMP)2!(β)catenin)![229].  

tissue architecture. We will discuss the several distinct
contributions that classical cadherins make to morpho-
genesis, and then review the cellular and molecular mech-
anisms of cadherin biology that are likely to contribute to
these morphogenetic effects. Ultimately, any comprehen-
sive analysis of cadherin-based morphogenesis must map
mechanisms onto specific morphogenetic outcomes. We
are not there yet, but hope to highlight promising lines of
research in this article.

A. Classical Cadherins and the Cadherin
Superfamily

The cadherins were first identified by the labs of
Takeichi, Kemler, and Jacob as membrane proteins that
supported calcium-dependent cell-cell adhesion (147,
363, 385). Molecular cloning allowed the identification
of a large superfamily of cell surface glycoproteins,
based on sequence homology with a unique domain first
found in the extracellular regions of E- and N-cadherin
(reviewed in Refs. 264, 368, 411) (Fig. 1). These cad-
herin repeats (also called cadherin domains or cadherin
motifs) bear negatively charged DXD, DRE, and DXND-
NAPXF sequence motifs thought to be involved in Ca2!

binding (411). Sequence homology combined with

genomic and phylogenetic analysis make it possible to
define six major subgroups within the superfamily: clas-
sical (or type I) cadherins, atypical (type II) cadherins,
desmosomal cadherins, flamingo cadherins, and proto-
cadherins, as well as a number of solitary members
(264).

The capacity for classical cadherins to support cell-
cell adhesion is most clearly demonstrated by experi-
ments where exogenous expression of specific cadherins
increases the adhesiveness of cadherin-deficient cells that
otherwise adhere poorly to one another (e.g., Drosophila
Schneider cells, mouse fibroblastic L cells, Chinese ham-
ster ovary cells) (14, 225, 231, 248, 418).1 The predicted
increase in cell-cell adhesion has been evaluated by a
number of means, but the most intuitively obvious assays
test the ability of freshly isolated cells to aggregate in
agitated suspensions (77, 248, 249). This approach has the
advantage of examining the ability of cells to adhere to
one another independent of cell-matrix adhesive interac-
tions. Furthermore, aggregation under conditions of shak-
ing or stirring further tests the ability of cells to resist
detachment forces imposed by fluid shear stress, provid-
ing an additional measure of relative adhesiveness. This
capacity of cadherins to resist disruptive forces was first
demonstrated for E-cadherin and N-cadherin (240, 248)
and has since been confirmed for many other classical
cadherins.

Although the cadherin domain was first identified in
proteins that are established adhesion molecules, its pres-
ence does not necessarily predict an adhesion function
for all members of this superfamily. For example, in Xe-
nopus embryos, paraxial protocadherin (PAPC) contrib-
utes to patterning the gastrulating mesoderm, but does
not appear to support homophilic cell adhesion (50). In-
stead, PAPC influences morphogenetic movements by
downregulating the adhesive activity of the classical cad-
herin, C-cadherin, through an as-yet-unknown mecha-
nism. Similarly, the flamingo cadherins, which are serpen-
tine (7 transmembrane spanning) molecules, are geneti-
cally implicated in planar cell polarity, but may exert their

1 It is worth noting here that the term adhesion is used in a number
of different ways throughout the cadherin literature that often reflect
how cadherin function has been assayed. However, these different
operational definitions may not reflect the same cellular mechanisms.
The well-established physical definition of adhesion is the resistance
of bonds to detachment by force. This can encompass the micro-
scopic behavior of individual bonds as well as the macroscopic
behavior of multiple bonds distributed over the surfaces of cell-cell
contacts. In biological systems, adhesion is often used to refer to the
morphological characteristics of cell-cell contacts. In particular, cells
that make extensive contacts with one another are often interpreted
as engaging in strong adhesive interactions (315). While there is no
doubt that cell adhesion is necessary for contacts to form, the mor-
phology of interactions can be perturbed without demonstrable
changes in cell resistance to detachment forces (314). Thus morpho-
logical changes may not always reflect changes in the actual cell
surface adhesion.

FIG. 1. Domain structure of the cadherin-catenin complex compo-
nents. Schematic overview of the domain structure of a classical cad-
herin and its three associated catenins: !-catenin, "-catenin, and
p120-ctn.
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Figure!14:!Domain!structure!of!the!cadherinCcatenin!complex!components.!Schematic!overview!of!the!
domain!structure!of!a!classical!cadherin!and!its!three!associated!catenins:!#Ccatenin,!!Ccatenin,!and!
p120.!(Niessen!et!al.,!2011) 
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I.D.a.1.1.2! Expression!in!adult!and!during!development!of!classical!cadherins!

Classical! cadherin! superfamily! has! distinct! expression! patterns! during! embryonic!

development!and! in! the!mammalian!adult.!Changes! in! cadherin!expression!are! frequently!

accompanied!with!changes!in!cellular!morphology!and!tissue!architecture.!Here,!I!will!describe!

the! expression! of! some!of! the!well)known! classical! cadherins! including! E),!N),! P)! and! VE)!

cadherins.!

ELcadherin,! for! epithelial)cadherin,! is! generally! considered! the! prototype! of! all! cadherins!

because!of! its!early! identification!and! its! thorough!characterization,!both! in!normal!and! in!

pathological!conditions.!The!human!E)cadherin!is!encoded!by!the!CDH1!gene,!which!is!located!

on! chromosome! 16q22.1.! E)cadherin! is! expressed! in! all! mammalian! epithelia.! The!

spatiotemporal!control!of!E)cadherin!expression!throughout!embryonic!development!permits!

cell!migration!and!morphogenesis.!The!first!zygotic!E)cadherin!gene!expression!in!the!mouse!

starts!at!the!two)cell!stage.!Throughout!gastrulation!this!dynamic!regulation!is!demonstrated!

by!decreased!E)cadherin!expression!in!delaminating!epiblast!cells!at!the!primitive!streak!so!

that!mesoderm!is!formed.!Similarly,!E)cadherin!expression!in!the!ectoderm!is!switched!off!at!

neurulation!but!remains!strong!at!the!ectoderm)neuro)ectoderm!borders,!where!it!plays!an!

important!role!in!neural!tube!closure.!Reciprocally,!E)cadherin!transcription!is!re)initiated!in!

cells! undergoing! mesenchymal)epithelial! transitions! (MET)! during! kidney! organogenesis!

[230].!This!E)cadherin!switching!is!also!accompanied!by!the!switching!of!the!neural!cadherin,!

N)cadherin!as!explained!below.!

NLcadherin! protein! is! encoded! by! the! CDH2! gene,! which! is! positioned! on! chromosome!

18q11.2.!N)cadherin! is!detected! in!the!mesoderm!and!the!notochord! in!the!early!embryo,!

while!in!the!late!embryo!it!is!found!in!neural!tissue,!lens!and!some!other!epithelial!tissues,!

nephric!primordial,!cardiac!and!skeletal!muscles,!mesothelium,!primordial!germ!cells!some!

mesenchymal!tissue.!N)cadherin,!in!the!adult,!is!limited!to!neural!tissue,!retina,!endothelial!

cells,!osteoblasts,!fibroblasts,!mesothelium,!myocytes,!limb!cartilage,!oocytes,!spermatids!and!

Sertoli! cells! [231].! N)cadherin! expression! is! spatiotemporally! regulated! during! neural!

development,!which!is!important!during!a!number!of!processes.!!

The! so)called! “cadherin! switch”! happens! throughout! embryonic! development,! tissue!

morphogenesis!and!cancer!progression.!In!fact,!loss!of!E)cadherin!expression!in!cell!lines!and!

tumor!tissues!is!often!associated!with!induced!expression!of!mesenchymal!cadherins,!such!as!

N)cadherin!and!cadherin)11,!a!phenomenon!generally!referred!to!as!cadherin!switching![232,!
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233].!E)cadherin!repressors,!such!as!Snail!and!SIP1,!can!induce!N)cadherin!expression!during!

EMT,! suggesting! that! this! cadherin! switch! is! part! of! a! transcriptional! reprogramming! of!

dedifferentiating!epithelial!cells![234].!Carcinoma!cells,!during!EMT,!shed!their!differentiated!

epithelial! characteristics! that! includes! cell"cell! adhesion,! polarity! and! lack! of!motility! and!

develop!mesenchymal! traits! such! as!motility! and! invasiveness.! These! invasive! cells!would!

infiltrate!to!the!circulating!system,!till!it!reaches!a!secondary!site!where!the!cells!go!through!a!

reverse! mechanism,! known! as! mesenchymal)epithelial! transitions! (MET).! These! two!

mechanisms!were!observed!in!breast!cancer![235].!

PLcadherin!was!described!for!the!first!time!by!Hirai!et!al.,!in!1986,!where!it!was!found!in!the!

placenta!and!was!characterized!as!part!of!new!class!of!cadherins!that!emerged!in!developing!

mouse!embryos![236].!P)cadherin!is!encoded!by!the!CDH3!gene,!which!shares!66!%!homology!

with!CDH1!encoding!E)cadherin!protein.!P)cadherin!is!less!characterized!!and!differs!from!E)

cadherin!mostly!in!the!extracellular!portion![237].!P)cadherin!expression!is!restricted!to!the!

extra)embryonic! ectoderm!and! visceral! endoderm,! the! structures! creating! the! placenta! in!

mice!as!shown!by!embryonic!histogenesis![236].!P)cadherin!is!only!expressed!in!certain!tissues!

in! the! adult,! typically! co)expressed!with! E)cadherin,!which! includes! the! basal! layer! of! the!

epidermis,!the!hair!follicle,!the!breast!and!the!prostate,!the!ovary,!mesothelium,!the!cervix,!

as!well!as!the!corneal!endothelium![238,!239].!!

VELcadherin,!vascular!endothelial)cadherin,!is!encoded!by!the!human!gene!CDH5!located!in!a!

gene!cluster!in!a!region!on!the!long!arm!of!chromosome!16.!VE)cadherin!expression!is!tissue)

specific!and! is! found! in!endothelial! tissues!and! in! the!brain,! in!a!way! that! its!promoter! is!

repressed! in! other! cell! types! [240].! Although! VE)cadherin! is! specific! to! endothelial! cells,!

endothelial!cells!express!another!major!cadherin,!N)cadherin![241].!VE)cadherin!arises!as!the!

organizer!of!endothelial!cell–cell!junctions,!as!it!governs!the!level!of!expression!and/or!the!

localization!of!other!junctional!molecules,!such!as!claudin)5!and!N)cadherin![242].!!

!



! 62!

I.D.a.1.2! Catenins!

The!catenins!are!vital!linkers!between!cadherins!and!both!actin!and!microtubules!(Figure!15).!

I!will!present!briefly!the!structure!and!the!function!of!the!different!catenins!implicated!in!AJ!

formation!and!stability.!

!

I.D.a.1.2.1! !Hcatenin!

β)catenin!can!bind!at!the!same!time!to!the!cytoplasmic!portion!of!classical!cadherins!and!to!

α)catenin.!The!protein!β)catenin,!encoded!by!CTNNB1,!is!extremely!conserved!with!only!six!

amino!acids!distinctive!between!the!Xenopus!and!human!proteins,!and!it!is!67%!identical!to!

the!Drosophila! homolog! armadillo.! β)catenin! exists! as! a! single! protein! in! vertebrates! and!

insects,!in!contrast!to!the!multitude!of!cadherins!and!various!tissue)specific!α)catenin!variants!

(see!below).!!

The! structure! of! β)catenin! consists! of! a! central! armadillo! domain! (residues! 141)664)!

composed!of!12!armadillo!repeats,!known!as!armadillo!repeat!domain!(ARM),!an!N)terminal!

domain! that!harbors! the! binding! site! for!α)catenin! [243]!as!well! as! the!glycogen! synthase!

kinase)3!(GSK3)!and!casein!kinase!1!(CK1)!phosphorylation!sites!that!are!recognized!by!the!β)

TrCP!ubiquitin!ligase,!and!a!C)terminal!domain!that!functions!as!a!transcriptional!activator!in!

WNT! signaling.! The! ARM! domain! is! an! extended! super)helical! structure! produced! by! the!

subsequent!packing!of!helical!ARM!repeats.!This!superhelix!is!involved!in!the!binding!of!most!

β)catenin! ligands! including! E)cadherin,! TCF! family! transcription! factors,! adenomatous!

polyposis!coli!(APC),!and!the!transcription!inhibitor!ICAT![244].!Since!the!surface!of!the!ARM!
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p120 catenin. p120 catenin is a positive regulator of cad-
herin function. As discussed below, the cadherin–p120 
catenin interaction counteracts cadherin endocytosis and 
degradation, and thus enhances the surface abundance of 
cadherin52–55. p120 catenin also links cadherin to micro-
tubules through either a kinesin (a class of motor proteins), 
an interaction that could promote the surface transport of 
cadherin56, or the adaptor protein PH domain-containing  
family A member 7 (PLEKHA7), which links p120 
catenin to the microtubule minus end-binding protein 
NEZHA (also known as KIAA1543)57.

The degree to which p120 catenin supports cadherin 
activity shows tissue-specific differences39. Moreover,  
in contrast to other components of the cadherin–catenin 
complex, p120 catenin is not essential for D. melanogaster 
or C. elegans development and its support of cadherin 
function is revealed only in genetic interactions58,59. In 
D. melanogaster oogenesis, a DE-cadherin mutant that 
does not bind p120 catenin can fully replace endogenous 
DE-cadherin60. This, together with the ability of the  
cadherin–α-catenin fusion protein to compensate for  
the loss of β-catenin48, suggests that complex cadherin-
based morphogenesis can be achieved without regulatory 
input by the two catenins that bind to the cadherin cyto-
plasmic tail, as long as α-catenin is linked to cadherin. 
These findings focus attention on α-catenin as a key 
mediator and regulator of cadherin function.

α-catenin. α-catenin is essential for AJ formation and 
function and operates at the interface of the cadherin–
catenin complex and the actin cytoskeleton41,42,61. How 
α-catenin acts at AJs is currently not well understood 
and many ideas have been put forward. α-catenin binds 

to β-catenin and can, at least in vitro, directly bind actin 
filaments62. These binary interactions support the simple  
model that α-catenin physically links the cadherin– 
catenin complex to actin, explaining the close association 
of cadherin and actin. However, αE-catenin (the mam-
malian α-catenin isoform with which these experiments 
were carried out) binds to actin preferentially as a dimer, 
and the dimerization domain in αE-catenin overlaps with 
its β-catenin-binding site63. Thus, αE-catenin may not 
be able to bind β-catenin and actin at the same time, a  
conclusion supported by the failure to show a quaternary 
complex between cadherin, β-catenin, α-catenin and 
actin using several approaches64. These and other find-
ings precipitated a model postulating that the interaction 
of α-catenin with β-catenin enriches α-catenin at AJs. 
As α-catenin detaches from β-catenin, it would dimerize  
owing to its high local concentration and interact  
with actin. α-catenin dimers would then compete with  
the actin-related protein 2/3 (ARP2/3) complex, a nucleator  
of branched actin, for actin interaction, which helps to 
convert actin networks found in lamellipodia into actin 
bundles associated with AJs64,65.

One issue with this model is that it fails to explain 
how AJs are coupled to actin and withstand strong pull-
ing forces. For example, loss of AJ proteins in C. elegans 
leads to a detachment of contractile actin cables from 
cell–cell contacts66. Two recent studies provide additional 
evidence that α-catenin couples the cadherin–catenin 
complex to actin. The cadherin–catenin complex under-
goes a basal to apical flow in the lateral membrane of 
epithelial cell types with dynamic cell–cell contacts and 
high intercellular motility, leading to the accumulation 
of cadherin at the apical zonula adherens. The cadherin 
clusters move with actin bundles, and this movement 
is disrupted by actin depolymerization or α-catenin 
removal67. A second example of α-catenin-dependent 
tethering of cadherin to actin was described for the ecto-
derm of D. melanogaster embryos. Here, small cadherin–
actin clusters are embedded in the zonula adherens.  
Depletion of α-catenin causes these cadherin–actin 
clusters to dislodge from the cortical actin belt and drift 
away from their apicolateral position36.

The interactions between α-catenin and actin might 
also be mediated by other actin-binding proteins, 
and, indeed, α-catenin is a known binding partner of 
an increasing number of actin-associated proteins, 
including vinculin, α-actinin, formin, zonula occludens  
protein 1 (ZO1) and afadin (also known as AF6)42.  
A recent example is epithelial protein lost in neoplasm 
(EPLIN; also known as LIMA1)68. EPLIN is composed of 
a LIM domain and two actin-binding regions, and inhibits 
actin depolymerization and promotes actin bundling69. 
EPLIN is recruited to AJs by directly binding α-catenin, 
and depletion of EPLIN causes disassembly of the actin 
belt that normally associates with the zonula adherens68. 
However, loss of EPLIN does not disrupt all cadherin–
actin interactions — the connections with actin cables 
that enter the junction perpendicularly are retained68. 
Linkage of perpendicular actin bundles to the AJs could 
be facilitated by the α-catenin-binding partner afadin, as 
suggested by a recent study that investigated Canoe (the 

Figure 3 | Organization and cytoskeletal relationships of cadherin–catenin and 
nectin–afadin complexes. The main cytoplasmic binding partners of classic cadherins 
are p120 catenin, β-catenin (Armadillo in D. melanogaster) and α-catenin. The main 
cytoplasmic binding partner of nectin (Echinoid in D. melanogaster) is afadin (also known 
as AF6; Canoe in D. melanogaster). The relationship of these proteins to the cytoskeleton 
is shown. The cadherins are indirectly linked to microtubules and/or filamentous actin 
(F-actin) by the catenins. α-catenin has also been shown to bind several actin-associated 
proteins (including formin, afadin, epithelial protein lost in neoplasm (EPLIN; also known 
as LIMA1), zonula occludens protein 1 (ZO1), vinculin and α-actinin), which might 
mediate interactions between α-catenin and F-actin. These cytoskeletal interactions 
have important roles in adherens junction assembly and activity. Note also that p120 
catenin has an important role in preventing cadherin endocytosis and degradation,  
and β-catenin is required for cadherin exocytosis.
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Figure!15:!Organization!and!cytoskeletal!relationships!of!cadherin–catenin!and!nectin–afadin!
complexes.![8]!
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domain! can! typically! accommodate! only! one! peptide! motif! at! a! time,! all! these! proteins!

compete!for!the!same!cellular!pool!of!β)catenin!molecules.!In!order!to!separate!the!adhesion!

and! signaling! functions!of!β)catenin!a! selective! targeting!of!distinct!molecular! forms! of!β)

catenin!is!specified!in!the!cells![245].! 

I.D.a.1.2.2! "Hcatenin!

Plakoglobin,!also!called!γ)catenin,!is!encoded!by!the!CTNNG!gene.!Plakoglobin!belongs!to!the!

armadillo! family! of! proteins! along! with! β)catenin,! shares! nearly! an! 80%! homology! to! β)

catenin,!and!has!a!nearly!identical!interaction!with!E)cadherin.!The!N)terminal!β)TrCP)binding!

motif!is!also!conserved!in!plakoglobin,!in!addition!to!the!resemblances!of!their!ARM!domain!

in!both!architecture!and!ligand!binding!capacity!which!implies!a!common!ancestry!and!shared!

regulation!with!β)catenin![246].!!

Despite!their!structural!similarities!and!their!common!interacting!partners,!plakoglobin!and!β)

catenin!seem!to!play!opposite!roles!regarding!cell!signaling!in!tumorigenesis!and!metastasis.!!

It!is!worth!mentioning!plakoglobin!primarily!associated!with!desmosomal!cadherins,!but!it!can!

substitute!for!β)catenin!in!the!classical!cadherin/catenin!complex,!and!links!cadherins!to!the!

actin!cytoskeleton.!

I.D.a.1.2.3! #Hcatenin!

Three!isoforms!of!α)catenin!have!been!described,!α)E)catenin!that!is!prevalent!in!epithelial!

tissues,!α)N)catenin!that!is!restricted!to!neural!tissues,!and!α)T)catenin!that!is!found!in!heart!

and! testis.! Each! one! of! the! isoforms! are! encoded! by! different! genes,! CTNNA1,! CTNNA2,!

CTNNA3!respectively![247].!I!will!be!concentrating!on!α)E)catenin!function!in!epithelial!cells.!!

α)E)catenin! is!essential! for!AJ! formation!and!function!and!operates!at!the! interface!of!the!

cadherin–catenin!complex!and!the!actin!cytoskeleton.!α)E)Catenin! is!a!roughly!900)amino)

acid!protein!that!contains!three!regions!with!strong!homology!with!the!actin)binding!protein!

vinculin,!known!as!the!vinculin)homology!domain!(VH).!β)catenin!binds!to!a!region!near!the!

N)terminus!(residues!57–146),!and!F)actin!binds! to!the!C)terminal!region.! In!addition,!α)E)

catenin!binds!to!itself,!using!a!domain!that!overlaps!the!β)catenin)binding!site!(residues!82–

264).! α)E)catenin! (the!mammalian! α)catenin! isoform!with!which! these! experiments!were!

carried!out)!was!found!to!preferentially!binds!to!actin!as!a!dimer.!The!interactions!between!

α)catenin! and! F)actin!might! also! be!mediated! by! other! actin)binding! proteins! (Figure! 15).!

Indeed,! α)catenin! is!a! known!binding! partner! of! an! increasing! number! of! actin)associated!
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proteins,! including!vinculin,!α)actinin,! formin,!zonula!occludens!protein!1! (ZO1)!and!afadin!

[247].!

!

I.D.a.1.2.4! p120Hcatenin!

p120)Catenin!(p120)ctn)!is!encoded!by!CTNND1!and!consists!of!21!exons!encoding!968!amino!

acids.!p120)Catenin!is!an!armadillo)family!protein!whose!ARM!repeat!domain!interact!with!

the! juxtamembrane! region! of! the! cadherin! cytoplasmic! tail.! An! amino)terminal! sequence,!

prior!the!ARM!domain,!differs!in!length!in!the!four!splice!variants!of!the!protein![248].!Multiple!

p120)catenin!isoforms!can!be!produced!by!alternative!usage!of!translation!initiation!codons!

and! through! differential! splicing! events,! proposing! extra! possibilities! for! additional!

diversification!in!expression!and!functions!in!mammalian!cells.!Isoforms!1!and!3!are!the!most!

broadly!and!abundantly!expressed! isoforms.! Isoform!1! is!preferentially!expressed! in!more!

motile!mesenchymal)type!cells,!whereas!isoform!3!characterizes!epithelial!cells![249].!

I.D.a.2! Nectin8Afadin&complex&

!

I.D.a.2.1! Nectin!

The! nectin! family! is! calcium! independent! IgG)like! adhesion! receptors! consists! of! four!

members,!nectin)1!to!)4,!(Table!6).!Several!splice!variants!have!been!showed!for!each!nectin.!

Nectins! assemble! lateral! homodimers! that! can! be! involved! in! both! homophilic! and!

heterophilic! adhesion! with! other! nectins! or! nectin)like! receptors,! although! with! variable!

specificity!and!affinity.!Nectins!constitute!of!an!extracellular!(EC)!domain!containing!three!IgG)

like!loops,!a!single!transmembrane!region!and!a!cytoplasmic!domain!with!a!C)terminal!PDZ!

binding!motif! existing! in!most! splice! variants! [250]! (Figure! 16).!Nectins! can! offer! the! first!

scaffold! for!adherens!and! tight! junction! formation.!Utilizing!many!different! in! vitro! assays!

Figure!16:!Molecular!structures!of!nectin!and!afadin.![12]!



! 65!

Takai!and!co)workers!exhibited!that!cadherin!mediated!cell)cell!adhesion!and!tight!junction!

development!was!dependent!on!nectins![251].!!

Table!6:!Nectin!and!NectinClike!family!members![252]!

!

!

I.D.a.2.2! Afadin!

The!actin)binding!protein!afadin,!also!known!as!“AF)6,”!forms!a!structural!adhesive!unit!with!

nectins,! providing! these! adhesion!molecules!with! a! direct! link! to! the! cytoskeleton.! Afadin!

consists! of! a! PDZ! domain! (to!which! nectins! bind),! two!Ras/Rap! binding! domains,! a! dilute!

domain,! a! forkhead)associated! domain,! and! three! proline! rich! regions! (two! in! humans),!

suggesting!the!potential!to!function!as!a!signal!integrator!at!AJs!(Figure!16).!A!smaller!variant!

of!afadin!also!exist,!S)Afadin,!lacking!the!actin)binding!region!(Figure!16).!The!knockdown!of!

the! longer! variant! resulted! in! decrease! in! E)cadherin)catenin! association! with! actin!

cytoskeleton!which!affected!intercellular!adhesion,!however!knockdown!of!smaller!variant!did!

not!have!this!effect!on!intercellular!adhesion![253].!

I.D.a.3! Mechanisms&of&AJ&assembly&and&disassembly&&

The!lifecycle!of!a!cadherin)mediated!adhesion!can!be!separated!into!three!stages:!formation,!

maintenance,!and!disassembly.!The!formation!of!cadherin!contacts!starts!with!an!initial!step!

involving! the! establishment! of! primordial! contacts! (puncta! formation).! Followed! by! fast!

Tight junction
The most apical intercellular 
junction, which functions as a 
selective (semi-permeable) 
diffusion barrier between 
individual cells and as a fence 
to prevent the intermingling  
of basolateral cell-surface 
molecules with apical 
molecules. Tight junctions are 
identified as a belt-like region 
in which two lipid-apposing 
membranes lie close together.

Focal complex
A small (<0.5 m diameter) 
immature cell–extracellular 
matrix junction that is 
observed at the peripheral 
region of the leading edge of 
moving cells.

Focal adhesion
A mature cell–extracellular 
matrix junction that associates 
with integrin signalling factors, 
filamentous-actin-binding 
proteins and actin stress fibres.

factor receptors. Cadherins are single-membrane-
spanning CAMs that constitute a family with over 100 
members21,22. Homophilic engagements of the classical 
cadherins, such as E-cadherin (epithelial), N-cadherin 
(neuronal) and VE-cadherin (vascular endothelial), can 
stabilize nectin-based cell–cell contacts to form AJs in  
epithelial cells, fibroblasts and endothelial cells, respec-
tively. Integrins are the CAMs that are involved in 
cell–extracellular matrix (ECM) junctions, and are com-
posed of heterodimers of  and  subunits23. To date, 18 

-subunits and 8 -subunits have been identified, and 
24 different combinations have been reported. Integrins 
have important roles in the formation of focal complexes 
and focal adhesions — essential structures for cell move-
ment and proliferation. Many reports have demonstrated 
physical and functional associations between CAMs and 
growth factor receptors24–26. Here, we describe how nectins 
and NECL-5 regulate cell–cell adhesions in cooperation 
with cadherins, integrins and platelet-derived growth  
factor (PDGF) receptor, and how they are involved in 
contact inhibition of cell movement and proliferation.

Adhesion properties of nectins and Necls
The nectin and Necl molecules share common domains, 
including an extracellular region with three Ig-like 
loops, a transmembrane segment and a cytoplasmic 
tail1 (FIG. 1a). Many proteins that directly interact with 
nectins and Necls at their cytoplasmic region have 

been identified: nectins interact with the filamentous  
(F)-actin-binding protein afadin and the cell polarity 
protein partitioning defective-3 (PAR3), whereas Necls 
interact with scaffolding proteins, such as membrane-
associated guanylate kinase (MAGUK) and Band4.1 
family members, or with the motor-related protein 
TCTEX1 (REFS 6,27–30) (FIG. 1a).

Nectins and Necls are classified by whether they can 
bind afadin; nectins bind afadin, whereas Necls do not. 
The direct binding between nectin and afadin is medi-
ated by the conserved C-terminal motif of nectins and 
the PDZ domain of afadin1. Afadin was originally identi-
fied as an F-actin-binding protein that localized at AJs 
and had a structure that is similar to the AF-6 gene  
product31 — an ALL1 fusion partner that is involved in 
acute myeloid leukaemias32. Afadin has multiple domains 
and several alternative splicing sites in the C-terminal 
region. Four splicing variants have been identified31,33; 
hereafter, afadin refers to the longest variant.

Two nectin or Necl molecules on the surface of the 
same cell first form cis-dimers, and then this is followed 
by trans-dimerization of the cis-dimers on apposing cells. 
This results in the formation of cell–cell adhesions (FIG. 1b). 
Nectins and cadherins cooperatively function to establish 
AJs. In contrast to cadherins, nectins promote cell–cell con-
tacts by forming homophilic or heterophilic trans-dimers.  
Heterophilic interactions have been detected between 
nectin-1 and nectin-3, between nectin-2 and nectin-3, 

Table 1 | Nectin and Necl family members

Member Old nomenclature Function Knockout mouse phenotype

Nectin-1 PRR1, HVEC Cell–cell adhesion molecule 
Receptor for -herpes virus (HSV-1, HSV-2 and pseudorabies 
virus) entry into cells. 
(Defects in humans: cleft lip/palate-ectodermal dysplasia 
syndrome, also known as Zlotogora–Ogur syndrome)

Microphthalmia, skin abnormalities 
and abnormal mossy-fibre trajectories 
in the hippocampus

Nectin-2 PRR2, HVEB Cell–cell adhesion molecule 
Receptor for -herpesvirus entry into cells

Male-specific infertility

Nectin-3 PRR3 Cell–cell adhesion molecule Male-specific infertility 
Microphthalmia and abnormal mossy-
fibre trajectories in the hippocampus

Nectin-4 – Cell–cell adhesion molecule 
Overexpressed in breast carcinoma

–

NECL-1 TSLL1, SynCAM3 Cell–cell adhesion molecule with neural tissue-specific 
expression: localized at contact sites between axons and glial 
cells or Schwann cells but not at synaptic junctions

–

NECL-2 IGSF4, RA175, SglGSF, TSLC1, 
SynCAM1

Cell–cell adhesion molecule that is localized on the 
basolateral membranes in epithelial cells 
Involved in spermatogenesis and synapse formation 
Tumour suppressor in lung carcinoma

Male-specific infertility

NECL-3 Similar to NECL3, SynCAM2 Putative cell–cell adhesion molecule –

NECL-4 TSLL2, SynCAM4 Cell–cell adhesion molecule 
Mediates axo-glial interaction, Schwann cell differentiation 
and myelination 
Possible involvement in tumour suppression

–

NECL-5 TAGE4, PVR, CD155 Receptor for poliovirus 
Overexpressed in various carcinomas 
Enhancement of cell movement and proliferation (in 
cooperation with integrin v 3 and PDGF receptor)

–

CAM, cell adhesion molecule; HSV, herpes simplex virus; HVE, herpesvirus entry; PDGF, platelet-derived growth factor; PRR, poliovirus receptor-related protein; 
PVR, poliovirus receptor.
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presentation! of! more! nascent! contacts! lateral! to! the! initial! puncta,! leading! to!

maturation/expansion! of! nascent! contacts! via! clustering! of! cadherins.! I! will! discuss! these!

different!steps!in!the!next!paragraphs.!

!

I.D.a.3.1! Cadherin!clustering!and!AJ!formation!

Cadherin!clustering!could!be!promoted!by!lateral!interactions!between!cadherin!extracellular!

regions! or! through! cytoplasmic! interactions! that! link! cadherins! into! a! supramolecular!

complex.!I!will!briefly!explain!how!both!of!these!interactions!lead!to!cadherin!clustering!and!

AJ!formation.!

!

I.D.a.3.1.1! Clustering!driven!by!cadherin!ectodomains!

There!is!conserved!pattern!of!adhesive!interactions!between!classical!cadherins!ectodomains,!

which! was! revealed! by! their! crystal! structures.! Two! types! of! interaction! between! these!

ectodomains! have! been! described:! the! trans)interactions! that! are! formed! between!

ectodomains! presented! on! opposite! cell! surfaces! and! the! lateral! cis)interactions! that! are!

formed!between!cadherins!presented!on!the!same!cell!surface!(Figure!17).!Adhesive!trans)

interactions! take! place! between! the! EC1! domains! of! neighboring! cadherins,! whereas! cis)

interactions!include!an!interface!between!the!base!of!the!EC1!domain!and!the!EC2!domain!of!

its!adjacent!cadherin.!Trans)!and!cis)interactions!can!be!present!simultaneously,!yet,!the!cis)

interactions! are! essentially! weak! and! required! strengthening! by! the! formation! of! trans)

dimers.! Thus,! productive! adhesion! is! generated! by! both! trans)interactions! and! cis)

Figure!17:!Models!for!the!intercellular!adhesion!activities!of!cadherin!
[12]!
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interactions,! which! restricts! the! molecular! motion! of! the! ectodomains.! This! ability! of!

ectodomains!to!simultaneously!engage!in!both!trans)!and!cis)interactions!was!predicted!to!

generate! a! two)dimensional! lattice! with! the! capacity! to! aggregate! cadherins! into! lateral!

clusters![254].!!

The!ectodomain!alone!is!not!sufficient!to!support!clustering,!although!lateral!clustering!may!

increase!adhesion!by!regulating!the!local!distribution!of!the!ectodomain!presented!on!the!cell!

surface.! Instead,! multiple! cytoplasmic! factors! contribute! to! cadherin! clustering! in! cells,!

including!the!catenins!and!the!actin!cytoskeleton.!

I.D.a.3.1.2! CadherinHcatenin!clusters!and!actin!!

There! is! a! mutual! relationship! between! actin! and! cadherin)catenin! clusters! during! AJ!

formation.! The! interplay! between! actin! and! the! cadherin)catenin! clusters! is! observed! at!

different!stages!of!AJ!formation.!Indeed,!the!role!of!actin!in!AJ!formation!is!detected!at!the!

initiating,!establishment!and!the!later!stages!known!as!the!matured!AJ.!First,!actin!create!cell!

protrusions!that!initiate!cadherin!clustering.!Second,!actin!polymerization!and!reorganization!

are!coupled!to!cell!contact!development!and!the!aggregation!of!cadherin–catenin!clusters!into!

AJs.!Third,!multiple!actin!networks!associate!with!cadherin–catenin!clusters!at!mature!AJs!to!

hold!them!in!place![16].!Cadherins!can!stimulate!actin!assembly!to!generate!protrusive!force!

[255]!by!orchestrating!cortical!signaling!and!regulators!of!actin!assembly![256].!The!cadherin)

actin!cytoskeleton!association!is!dynamic!which!undergoes!turnover!and!assembly!mutually!

during! junction!assembly!and!at! steady! state! [257].!Disturbance! in! the!assembly,! stability,!

and/or!disassembly!can!change!the!functional!activity!of!cadherin)mediated!AJs,!which!in!turn!

can! generally! disrupt! intercellular! adhesion! and! tissue! integrity.! Some! example! of!

physiological! consequences! of! AJ! assembly! alteration! are! described! below! (see! paragraph!

adherens!junctions:!implication!in!disease,!page!85).!

At! early! stages! of! AJ! establishment,! cadherin! associates!with!!)catenin,! the! latter! in! turn!

associates! to! α)E)catenin.! β)catenin)cadherin! association! is! important! for! the! targeting! of!

cadherins!to!the!plasma!membrane!and!cadherin!stability![8].!β)catenin)cadherin!association!

occurs! in! the! endoplasmic! reticulum! and! is! needed! for! the! effective! surface! transport! of!

cadherin!through!the!biosynthetic!pathway.!Failure!of!cadherins!to! interact!with!β)catenin!

results!in!retention!in!the!endoplasmic!reticulum!and!degradation!of!cadherin.!Moreover,!β)
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catenin! protect! cadherin! cytoplasmic! domain! from! proteolysis! in! vitro! [258].! Once! at! the!

plasma!membrane,!the!cadherin–β)catenin!complex!rapidly!recruits!α)E)catenin.!

Since!αE)catenin!was!shown!to!independently!bind!F)actin![259],!it!was!proposed!that!α)E)

catenin!directly!interlinked!E)cadherin/β)catenin!complex!to!F)actin.!!Although!early!inCvitro!

experiments!with!purified!proteins!contradicted!this!model,!since!they!failed!to!demonstrate!

a!quaternary!complex!between!cadherin,!β)catenin,!α)E)catenin!and!actin![260,!261].!This!was!

explained!by!the!fact!that!α)E)catenin!can!exist!both!as!monomers!and!homodimers!in!the!

cytosol! [260]and! α)E)catenin!was! found! to! preferentially! binds! to! actin! as! a! homodimer.!

Accordingly,!α)E)catenin!may!not!be!able!to!bind!β)catenin!and!F)actin!simultaneously![262].!

Accordingly,!mammalian!α)E)catenin!exists!in!distinctive!cellular!pools!including!cytoplasmic!

monomer!and!homodimer!and!membrane)tethered,!monomeric!αE)catenin!bound!directly!to!

E)cadherin/β)catenin.!

!An! in! vivo! study! by! Buckley! et! al.! demonstrated! that! tension! forces! applied! to! the! αE)

catenin/F)actin! interface! is!necessary! to! strengthen! the! interaction!between!E)cadherin/β)

catenin/α)E)catenin!complex!and!F)actin.!Explaining!that!the!reason!why!the!previous!studies!

have!failed!to!observe!the!quaternary!complex!is!due!to!the!lack!of!tension!force!in!the!in!vitro!

model! that! is! only! observable! in! vivo! [263].! Moreover! another! study! by! Bianchini! et! al.,!

demonstrated!that!the!cytosolic!homodimer!pools!α)E)catenin!!and!monomeric!junctional!α)

E)catenin!work!together!to!induce!strong!cell–cell!adhesion![262].!

In!early!stages!of!AJs!assembly,!cadherin)catenin!clusters!are!found!at!the!nascent!adhesion,!

also!known!as!punctum!adherens.!These!nascent!adhesions!are!promoted!by!filopodial!and!

lamellipodial! extensions.! These! dynamic!membrane! protrusive! activity! implicate! the! actin!

cytoskeleton! and! Rho! GTPases! including! Rac1,! Cdc42,! and! RhoA! ! [264].! Alongside! the!

formation!of!nascent!contacts,!E)cadherin!ligation!recruits!and!activates!Rac1!to!these!sites,!

in!a!phosphoinositide!3)kinase!(PI3K)!dependent!manner.!!As!a!result,!Arp2/3!is!recruited!and!

activated!at!cadherin)mediated!contacts,!which!promotes!the! formation!of!actin!branched!

networks![265,!266].!Rac1!may!also!contribute!to!the!stable!formation!of!nascent!contacts!

through!facilitating!the!interaction!of!α)catenin!with!β)catenin![16]!.!

When!more!nascent!contacts!begin!to!form,!the!densities!of!AJ)associated!proteins,!including!

α)catenin!increases.!The!formation!of!AJ!promotes!the!formation!of!α)E)catenin!homodimers.!

Homodimers!of!α)E)catenin!compete!with!the!actin)related!protein!2/3!(ARP2/3)!complex,!a!

nucleator! of! branched! actin,! for! actin! interaction.! This! competition! serves! as! a! feedback!
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mechanism! to! reduce! lamellipodial! movements! as! cell)cell! junction! formation! progresses!

[260,! 267,! 268].! This! is! consistent!with! the! loss)of)function! and!mutagenesis! studies! that!

involve!α)E)catenins!in!radial!cable!formation![16].!Since!the!loss)of)function!mutations!in!α)

E)catenin!produce!cells!that!fail!to!dynamically!bring!themselves!together,!stabilize!cell)cell!

junctions! and! integrate! actin! networks! throughout! an! epithelial! sheet.! This! was! further!

confirmed!by! drugs! that! impair! actin! polymerization!weaken! cell)cell! contacts! and! reduce!

adhesion![269].!Thus,!α)E)catenin!plays!an!integral!role!in!remodeling!the!actin!cytoskeleton!

into!radial!actin!cables!once!recruited!to!the!nascent!contacts.!In!addition,!several!proteins!

essential!for!actin!organization!at!filopodia!protrusion,!in!keratinocytes,!are!recruited!in!a!α)

catenin)dependent!manner.!These!proteins! include!vinculin,!zyxin,!VASP,!and!Mena.! In!the!

absence!of!α)catenin!or!when!VASP/Mena!function! is!stopped,!keratinocytes!still! send!out!

filopodia,!but!they!fail!to!reorganize!the!actin!cytoskeleton!at!AJs!and!do!not!seal!cell!borders!

[269].!

!

Several!studies!have!demonstrated!that!cadherins)catenin!produce!signals!that!influence!the!

cytoskeleton! through! the! catenins.! Indeed,! both! α)catenin! and! p120)catenin! bind! to! Rho!

Figure 1. Stages of Cadherin-Mediated Adhesion in Epithelial Cells
During the initial stages of intercellular adhesion, cells extend filopodial/lamellipodial
extensions that enhance cell-cell contacts. Such dynamic membrane protrusive activity
involves the actin cytoskeleton and Rho GTPases. Cadherin-catenin complexes are recruited
to these nascent contacts, referred to as puncta, in a way dependent on Nectin/Afadin-based
cell adhesions. cis-dimers of cadherin-catenin complexes engage in highly dynamic productive
homophilic contacts, together with rearrangements of the actin cytoskeleton. These events are
orchestrated by both α-catenin and p120-catenin. When more nascent contacts begin to form,
the densities of AJ-associated proteins, including α-catenin, rise and promote the formation of
α-catenin homodimers that may then serve as a feedback mechanism to dampen lamellipodial
movements and promote the formation of radial actin cables as cell-cell junction formation
progresses. At intermediate stages of intercellular adhesion, the lateral clustering of cadherins
promotes the association of actin-binding and actin-polymerizing proteins. Under these
conditions, membrane sealing is enhanced, and eventually radial actin cables also rearrange
and get stabilized and bundled by myosin II, α-actinin, and possibly α-catenin homodimers.
Establishment of mature cell contacts reorganizes the actin cytoskeleton to this more static
state.
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Figure!18:!Schematic!representation!of!cadherinCmediated!adhesion!stages!in!epithelial!cells![16]!
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GTPases! and! coordinate! cell! adhesion! and! actin! dynamics.! p120)catenin! controls! small!

GTPases!such!as!RhoA,!Cdc42!and!Rac!and!their!effectors,!including!Rho)associated!protein!

kinase! 1! (ROCK1)! PAK! (p21)activated! kinase),! that! regulate! the! actin! cytoskeleton.! The!

interaction!with!cadherin!is!thought!to!localize!the!small!GTPase!regulatory!activity!of!p120)

catenin!at!AJs!to!affect!actin!organization.!Rho!signaling!is!required!for!cell)cell!integrity!and!

this!is!likely!to!largely!reflected!by!local!regulation!of!the!actomyosin!cytoskeleton.!Both!loss)!

and!gain)of!Rho!function!disturb!junctional!integrity,!demonstrating!that!rigorous!expression!

of!Rho!signaling!at!junctions!plays!a!crucial!role!in!cell)cell!cohesion![256].!During!the!early!

steps! of! cell! adhesion! in! epidermal! cultures,! cells! extend! lamellipodia! and! filopodia! in!

response! to! elevated! Rac1/Cdc42! activity! and! other! signal! transducers! including!

phosphatidylinositol!3)kinase!(PI3K)!and!growth!factor!ligands!for!transmembrane!receptor!

tyrosine!kinases!(RTK).!The!recruitment!of!both!p120)catenin!and!α)catenin!at!the!contact!

sites!with!Rac1!collectively!contribute!to!the!extension!of!the!contact!surface!and!maturation!

of!cadherin)mediated!AJs![16,!248].!!

AJ! formation! at! later! stages! involves! the! maturation! and! extension! of! nascent! contacts!

through!clustering!of!cadherins.!At!this!stage,!membrane!sealing!is!increased!and!ultimately!

radial!actin!cables!are!rearranged!and!get!stabilized!by!myosin!II![270],!α)actinin,!and!possibly!

α)E)catenin!homodimers.!The!actin!cytoskeleton!is!reorganized!to!be!in!a!static!state!by!the!

formation!of!mature!cell!contacts.!

!

I.D.a.3.2! Regulation!of!cadherin!stability!at!the!plasma!membrane!

Although!AJs!may!appear!to!be!in!a!static!structure!in!mature!tissues,!cadherin!junctions!are!

dynamic!structures!that!display!molecular!turnover.!Moreover,!cadherins!surface!levels!can!

be!controlled!by!various!mechanisms.!!

Cells!disassembly!and!remodeling!of!AJs!is!essential!during!different!physiological!events!such!

as:! tissue! remodeling! during! developmental! process! and! wound! healing,! angiogenesis,!

transmigration! of! immune! cells! within! an! epithelium.! AJ! disruption! can! be! induced! by! a!

plethora! of! signaling! events.! There! are! four! main! routes! that! are! involved! in! cadherin!

disassembly:!

!

Endocytosis!is!one!of!the!mechanisms!regulating!cadherin)adhesion!remodeling.!For!example,!

studies! in!mammalian! cell! culture! have! shown! that! cadherins! are! continually! internalized!
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[271].! The! endocytosis! rate! of! E)cadherin! in!mature! contacts! in! epithelial! cell! lines! stably!

transfected! with! E)cadherin)GFP! were! studied! by! De! Beco! et! al.! [272].! They! studied! the!

dynamics!of!E)cadherin!by!combining!the!2)photon!FRAP!technique!with!fast!3D!microscope.!

The!study!demonstrated!that!E)cadherin!endocytosis!and!recycling!to!the!plasma!membrane!

in!mature!contacts!happens!in!the!scale!of!tens!of!seconds.!Also!they!showed!that!the!diffusion!

of!E)cadherin!at!the!plasma!membrane!is!extremely!decreased!in!mature!contacts!in!contrast!

to! immature!contacts[272].!Hence,!cadherin! redistribution!at!mature!AJs!seems!to!be!due!

primarily!to!endocytosis!and!recycling!rather!than!lateral!diffusion![272].!Interestingly,!a!study!

using!cadherin!constructs!with!mutated!endocytic!elements!showed!that!these!mutants!can!

still!be!recruited!to!AJs!and!form!stable!contacts!but!were!not!endocytosed![273],!which!shows!

that!E)cadherin!can!be!recruited!to!the!cell!membrane!and!!by!only!its!extracellular!region.!!

Studies!in!mammalian!cell!culture!propose!that!cadherins!are!mostly!internalized!by!clathrin)

mediated! endocytosis,! although! other! mechanisms! have! also! been! recognized.! Clathrin!

adaptor!proteins!often!bind!to!diLeu!motifs,!and!a!diLeu!motif!in!the!juxtamembrane!region!

of!E)cadherin!promotes! its!endocytosis! [274].!Dynamin! functions! in! the! fission!of! clathrin)

coated!pits!and! is! involved! in!cadherin!endocytosis! in!both!mammalian!cell!culture!and!D.!

melanogaster![8].!

The!internalization!into!clathrin)coated!vesicles!(CCV)!depends!on!p120)catenin.!There!appear!

to!be!two!principal!roles!for!p120)catenin!in!AJ.!The!first!is!regulating!the!actin!cytoskeleton!

as!mentioned!above.!The!second!regulates!cadherin!levels!by!controlling!the!rate!of!cadherin!

turnover.! The! cadherin–p120)catenin! interaction! counteracts! cadherin! endocytosis! and!

degradation,!and!thus!enhances!the!surface!abundance!of!cadherin![275].!p120)catenin!play!

an! essential! role! in! maintaining! AJs! stability! ! [276].! p120)catenin! interacts! with! the!

juxtamembrane!domain!of!cadherins,!a!domain!that!comprises!docking!sites!for!the!endocytic!

machinery!and!sites! for!cadherin!ubiquitylation!by!the!E3!ubiquitin! ligase!hakai,!which!can!

trigger!cadherin!endocytosis!and!degradation![277].!Loss!of!p120)catenin!increases!cadherin!

turnover!and!endocytosis,!suggesting!that!it!normally!blocks!the!endocytic!machinery!from!

acting!on!cadherins.!This!idea!is!supported!by!the!fact!that!mutation!of!the!diLeu!motif!in!the!

juxtamembrane!domain!of!E)cadherin!reverses!the!internalization!seen!with!mutation!of!the!

p120!catenin)binding!site![274].!

Cadherin!recycling!back!to!the!cell!surface!could!be!facilitated!by!p120)catenin.!Examination!

of!living!cells!after!AJ)disruption!induced!by!calcium!depletion!show!that!p120)catenin!
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accelerates!the!delivery!of!N)cadherin!to!the!plasma!membrane!via!an!interaction!with!

kinesin!motors![278].!These!studies!suggest!that!p120!catenin!transport!cadherins!back!to!

the!cell!surface!and!away!from!the!degradative!pathway.!

Moreover,!mechanical!forces!and!tension!exerted!on!cell!adhesion,!notably!through!the!actin!

cytoskeleton!and!Rho!GTPases.!The!Rho!GTPases!Cdc42!and!Rac1!were!found!to!also!regulate!

AJs! endocytosis! by! regulating! cadherin! levels! at! the! plasma!membrane! through!Dynamin)

dependent!E)cadherin!endocytosis!process.!Two!other!small!GTPases,!namely!Rap1!and!Arf6!

(ADP)Ribosylation!Factor!6)!were!also!implicated!in!the!regulation!of!E)cadherin!endocytosis,!

although! additional! studies! are! required! to! clarify! their! exact! contribution! for! E)cadherin!

stabilization!at!the!membrane![8].!

!

Regulation! of! cadherin! expression! at! the! plasma!membrane!may! also! be! transcriptionally!

regulated.!A!variety!of!transcription!factors!target!E)cadherin!promoter![279].!These!include!

transcriptional! repressors!of! the!Snail/slug! family! [280],! and! the! transcriptional! repressors!

SIP1! and! ZEB1,! the! aberrant! expression! of! which! may,! in! turn,! reflect! loss! of! inhibitory!

microRNAs!that!preserve!cadherin!expression![281].!!

!

Functional!levels!of!cadherins!at!the!plasma!membrane!can!also!be!regulated!by!proteolytic!

processes.! E)cadherin! and! N)cadherin! can! also! be! cleaved! in! both! the! extracellular! and!

Cadherin 

Figure!19:!Schema!presenting!mechanisms!regulating!cadherin!stability!at!cell!plasma![19]!
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intracellular! domains! by! ADAM10! and! other! metalloproteases.! The! extracellular! domain!

cleavage! of! E)cadherin! lead! to! the! generation! of! a! soluble! biologically! active! ectodomain!

fragment![282].!This! fragment!acts!as!an!adhesive!substrate!for!other!cells! to!attach!to!or!

migrate!upon.!This!ectodomain!can!compete!with!full!length!cadherin!binding!and!intervene!

with!intercellular!adhesion!as!well!as!inducing!cell!signals.!This!can!reduce!cell!aggregation!

and! increase! migration! and! invasion! [283].! Moreover,! the! cytoplasmic! tail! of! cadherin! is!

cleaved! after! the! sheddase,! which! gives! rise! to! a! cytoplasmic! tail! that! translocate! to! the!

nucleus!and!regulate!transcription!of!targeted!genes![11,!284].!!

In! summary,! various!mechanisms! regulate! the! pool! of! functional! cadherin! present! at! the!

plasma! membrane! and! that! are! able! to! participate! to! AJ.! These! different! mechanisms!

(cadherin! endocytosis,! transcriptional! regulation,! degradation! and! sheddase)! facilitate! AJ!

turn)over!and!the!remodeling!of!AJ!required!in!various!physiological!situations.!!

!

!

I.D.b.1! AJ&in&physiology&

The! cadherin)catenin)cytoskeleton! complex! has! an! essential! function! in! diverse! cellular!

processes!including!cell)cell!adhesion!which!is!essential!for!maintaining!tissue!integrity!in!adult!

and! during! embryogenesis,! controlling! proliferation,! cell! sorting,! apico)basal! polarity,!

migration,!inflammation,!and!cell!survival.!!

I.D.b.1.1! CellHcell!adhesion:!maintenance!of!tissue!integrity!in!adult!and!during!

embryogenesis!

The!most!commonly!understood!function!of!classical!cadherin!lies!in!their!involvement!in!the!

preservation! of! cell)to)cell! cohesion! in! solid! tissues! of! the! body.! This! adhesive! function! is!

required!as!soon!as!the!first!steps!of!embryo!development!and!therefore!it!is!not!surprising!

that!loss!of!AJ!has!a!strong!impact!on!epithelial!tissue!organization!in!adult!as!well!as!during!

the!early!development.!Here,!I!will!introduce!the!diverse!morphogenetic!impacts!associated!

with!the!loss!of!AJ!components!in!mice!development!and!in!conditional!KO!in!specific!adult!

tissue,!followed!by!the!role!exhibited!in!mammalian!cell!lines.!

Knockout! of! any! classical! cadherins! compromised! murine! development! and! leads! to! an!

embryonic!lethality!(excepting!in!the!case!of!P)cadherin!KO!mice)!which!are!viable!(explained!

below!page!75).!Like!cadherins,!the!knockout!of!any!of!the!other!AJ!components!(!)catenin,!
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αE)catenin,!p120)catenin!and!plakoglobin)!have!a!similar!consequence!to!cadherin!KO!and!

leads!to!major!developmental!defects!associated!with!embryonic!lethality.!

E)cadherin! is! crucial! for!embryonic!development!and! for!epithelial! integrity! in!adult.!Mice!

knockout!for!E)cadherin!(Cdh1–/–)!die!at!the!time!of!implantation,!embryonic!day!4!(E4),!and!

have! defects! in! cell! junctional! and! cytoskeletal! organization,! resulting! in! failure! to! form!

trophectoderm,!the!first!polarized!epithelial!layer!in!the!mouse!embryo![285].!Serval!studies!

leave! little! doubt! that! cadherin! function! is! necessary! for! cell)cell! cohesion.!However,! it! is!

noteworthy!to!mention!that!in!other!contexts!disruption!of!cadherins!has!more!subtle!effects!

on!tissue!integrity![286)288].!Interestingly,!conditional!disruption!of!E)cadherin!in!the!mouse!

skin! was! associated! with! mild! adhesion! defects,! or! defective! tight! junctions,! but! did! not!

disrupt!epidermal!integrity![289].!However,!combining!the!deletion!of!P)cadherin!as!well!as!E)

cadherin! disrupted! cell)cell! cohesion! in! the!mouse! epidermis! [290,! 291].!Hence! individual!

cadherin!species!may!not!be!completely!accountable!for!cell)cell!cohesion!since!they!can!be!

compensated!by!other! classical! cadherins!or! other!adhesion!molecules.!The! reason! of! the!

modest!effect!is!demonstrated!in!an!in!vitro!study.!Reduction!of!E)cadherin!levels!in!confluent!

MDCK!cell!monolayers!had!little!effect!on!the!localization!or!function!of!AJs!or!tight!junctions,!

in!contrast!to!#)E)catenin!silencing![292]!since!E)cadherin!is!compensated!by!other!cadherins.!

However,! the! effects! of! E)cadherin! silencing! on! establishment! of! cell! adhesion! became!

evident!during!reassembly!of!junctions!in!a!calcium!switch!experiment,!which!suggest!the!E)

cadherin!mainly!play!a!role!in!the!establishment!but!not!in!the!maintenance!of!AJ!in!epithelial!

cell!lines![292].!!

Beside! E)cadherin,! other! classical! cadherin! has! been! shown! to! be! essential! for! tissue!

structuration!such!as!N)cadherin,!which!is!needed!for!structural!integrity!of!the!neural!tube!

and!in!cortical!structures!in!mice![293].!Knockout!N)cadherin!in!mice!embryos!exhibit!major!

heart!defects!and!malformed!neural!tubes!and!somites!and!die!at!day!10!of!gestation![294].!

At!this!stage!all!tissues!expected!to!present!seem!to!be!normally!differentiated.!N)cadherin!

re)expression! rescues! partially! N)cadherin! null! embryos,! which! is! exhibited! by! an!

augmentation! in! number! of! somites,! branchial! arches! and! the! presence! of! forelimb!buds,!

nonetheless,!brain!development!was!still!impaired![295].!Multiple!in!vitro!and!in!vivo!studies,!

in! the! adult,! demonstrated! that! N)cadherin! overexpression! is! associated! mostly! with! a!
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morphological! change! towards! a! more! fibroblastic! phenotype,! with! cells! becoming! more!

motile,!invasive!and!metastatic![231].!However,!there!are!invasive!tumors!where!N)cadherin!

is!downregulated!and!where!it!may!play!the!role!of!a!tumor!suppressor!molecule![231].!

P)cadherin!knockout!mice!are!viable!and!fertile!in!contrast!to!E)cadherin!and!N)cadherin.!Still,!

P)cadherin–deficient!females!display!early!differentiation!of!the!mammary!gland!and!present!

mammary! hyperplasia! later! in! life.! These! observations! demonstrate! the! necessity! of! P)

cadherin!in!cell)cell!adhesion!in!order!to!limit!growth!of!the!mature!luminal!epithelial!cells.!

This!indicates!the!role!P)cadherin!play!in!the!biology!of!stem!cells!by!maintaining!the!normal!

mammary!gland!in!undifferentiated!state.!

Disrupting!VE)cadherin!in!embryos!and!adult!mice!alters!vascular!integrity.!VE)cadherin!gene!

knockout! mouse! embryos! exhibit! severe! angiogenic! defects! which! is! lethal.! VE)cadherin!

adhesive! function! is! important! for! the! control! of! vascular! permeability! and! leukocyte!

extravasation.! Silencing!VE)cadherin! expression! and! blocking! its! adhesive! function! in! vitro!

provided!evidence!that!this!adhesion!molecule!is!essential!for!AJ!formation!and!endothelial!

barrier!maintenance![296)298].!VE)cadherin!expression!defects,!leading!to!vascular!leakage!is!

observed!in!many!human!diseases!such!as!ischemic!disease!and!cancer![299,!300].!

β)catenin!knockout!mouse!display!defects!in!the!formation!of!embryonic!ectodermal!layer.!At!

E7.5,!β)catenin!knockout!embryos!were!half!as!large!as!wild)type!and!heterozygous!embryos!

due! to! an! absence! of! formation! of! the! three! germ! cell! layers.!Most! notably,! the! normal!

epithelial!organization!of!the!ectodermal!layer!was!completely!absent![301].!In!fact,!β)catenin!

was! shown! to! be! needed! for! anterior)posterior! axis! formation! in!mice,! since! its! absence!

anterior!markers!were!not!induced![302].!Huelsken!et!al!shows!that!β)catenin!deletion!did!not!

disrupt!AJ!in!vivo,!since!plakoglobin!was!able!to!substitute!β)catenin![302].!Which!reflects!β)

catenin! involvement! in!mediating! signaling,! since! β)catenin! has! a! central! role! in! the!WNT!

pathway.!!

The! mutation! of! Ctnna1,! encoding! for! #)E)catenin,! at! the! actin)binding! domain! in! mice!

disturbs! development! of! the! trophoblastic! epithelium! resulting! in! mutant! blastocysts!

incapable!of!hatching!from!the!zona!pellucida!and!implanting!in!the!uterus![303].!Regardless!

of! the! presence! of! E)cadherin/α)E)catenin! complex! at! the! plasma!membrane,! the!mutant!

embryos!are!not!able! to!generate!a!blastocoelic! cavity,!which!confirms! the! importance!of!
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regulation!of!actin! cytoskeleton!by!α)E)catenin! in!AJ.! E)cadherin)null! embryos!present! the!

same! trophectoderm!defect! [285].!These!data!establish! that!α)E)catenin! is!essential! for!E)

cadherin)mediated!adhesion!in!the!early!pre)implantation!embryo.!Moreover,!tissue)specific!

deletion! of! α)catenin! in! mouse! epidermis! leads! to! dramatic! alteration! of! this! epithelium!

associated!with!loss!of!intercellular!adhesion![304,!305].!!

Conditional!knockout!studies!have!been!used!to!study!the!impact!of!p120!deletion!in!specific!

mouse!epithelial!tissues.!The!severity!of!p120!KO!with!respect!to!cell!adhesion!and!alteration!

of!epithelial!morphology!differs!markedly!from!one!tissue!to!another![306].!!

!

The! function! of! each! member! of! the! nectin! family! in! cell)cell! adhesion! is! redundant! or!

compensated!by!other!cell!adhesion!proteins,!and!consequently,!mice!knockout!lacking!only!

one! member! of! family! are! viable.! However,! phenotypes! are! observed! in! specific! tissue,!

revealing!their!importance!in!cell)cell!adhesion.!For!instance,!knockout!studies!of!nectin)1!and!

nectin)!3! revealed!an!heterophilic! trans)interactions!between!nectin! isoforms,!which!plays!

significant! role! in! morphogenesis! [307].! Both! nectin)1! and! nectin)3)deficient! mice! show!

several!developmental!eye!abnormalities!which!include!the!malfunction!of!the!ciliary!body!

and!a!separation!between!the!pigment!and!non)pigment!epithelial!cells!of!the!ciliary!body.!

This!developmental!defects!are!due!to!a!decrease!of!the!adhesive!property!of!the!apical!region!

of!these!cells![308].!!

Knockout!in!mice!of!Afadin,!the!other!member!of!the!afadin)nectin!complex!is!also!associated!

with! developmental! defects.! However,! these! defects! do! not! phenocopy! Nectin! knockout,!

suggesting! afadin! is! indispensable! during! embryogenesis.! Indeed,! Afadin! KO!mice! display!

during!the!gastrulation!stage!at!(E7.5)!disorganization!of!the!ectoderm,!an!impaired!migration!

of! the!mesoderm,!and! the! loss!of! somites!and! structures!normally!derived! from!both! the!

ectoderm!and!the!mesoderm![309].!

In!general,!the!members!of!the!AJ!exhibit!specific!role!in!AJ!formation!and!hence!have!different!

implication!in!tissue!integrity.!For!instance,!#)catenin!is!indispensable!for!AJ!formation!and!

maintenance!since!it!links!the!cadherins!to!the!actin!cytoskeleton!and!no!other!catenin!can!

compensate!for!this!role,!whereas!cadherins!for!example!have!a!functional!redundancy!in!the!

adult!tissue.!!

!
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I.D.b.1.2! CellHcell!recognition!and!cell!sorting!

Since! cadherin! interacts! in! an! homophilic! dependent!manner,! the! expression! of! different!

types! of! cadherins!mediates! selective! cell! recognition! events! that! are! responsible! for! the!

sorting!of!different!groups!of!cells!in!developing!tissues.!This!was!first!recognized!by!the!classic!

experiments! done! by! Townes! and! Holtfreter! in! 1955! showing! that! cells! dissociated! from!

gastrula!stage!embryos!would!rearrange!to!link!again!with!those!from!the!same!germ!layer!

when!allowed!to!re)aggregate.!Additionally,!these!cell!populations!relative!position!within!the!

reformed!aggregate!reflected!what!was!established!in!the!embryo![310].!This!sorting!behavior!

was!depends!on!distinction!adhesion!between!different!cell!populations![11].!

!

!

A!classic!example!is!exhibited!by!neural!crest!cells!that!undergo!a!series!of!cadherin!switches!

during!neurulation.!E)cadherin!is!downregulated!by!neural!crest!precursors!during!their!initial!

induction,! N)cadherin! and! cadherin)6b! are! expressed! when! they! reside! in! the!

neuroepithelium! and! then! downregulate! the! latter! when! they! delaminate.! E)cadherin!

downregulation! by! transcriptional! repression! appears! to! be! a! critical! early! stage! in! the!

epithelial)mesenchymal! transition! (EMT)! that! this! cell! population! undergoes,! while! N)

cadherin!and!cadherin)6b!are!necessary!at! later! stages! [311].! It! is! also!worth!mentioning,!

reciprocally,! E)cadherin! transcription! is! re)initiated! in! cells! undergoing! mesenchymal)

epithelial! transitions! (MET)! during! kidney! organogenesis! [312].! Such! cadherin! switching! is!

commonly!seen!in!many!other!forms!of!EMT![279].!!

ability of these distinct cell populations to remain associ-
ated in a single aggregate. In principle, these phenomena
could be accounted for in terms of relative surface adhe-
sive energies between the surfaces of similar cells versus
dissimilar cells. In the absence of factors that alter intrin-
sic properties of protein bonds, surface adhesion energies
are determined by the identities of the adhesion proteins,
i.e., their bond energies, and the number of such bonds
formed between two cells. As discussed below, cells alter
these parameters to regulate intercellular adhesion in the
context of cadherin biology.

A causal role for cadherins in cell recognition and
sorting was first suggested by key experiments that the
Takeichi and Edelman labs performed using cell culture
systems (89, 248). Building on the demonstration that
expression of E-cadherin in cadherin-null L-cells allowed
cells to aggregate with one another in stirred suspensions
(248), Nose et al. (1988) found that mixed suspensions of
cells expressing either E-cadherin or N-cadherin would
form discrete aggregates of cells that expressed only one
cadherin but not cells that expressed the other cadherin
(268) (Fig. 7). Similarly, cadherin-null murine S180 sar-
coma cells engineered to express either L-CAM (the chick
homolog of E-cadherin) or chick N-cadherin segregated
away from one another (89). This indicated that the dif-
ferential expression of classical cadherins, which would
typically determine surface adhesive energies, was suffi-
cient to recapitulate key elements of the cell sorting phe-
nomenon observed in dissociated embryos (350, 373).

But does sorting occur in the intact organism? In-
deed, changes in cadherin expression are commonly seen
during developmental segregation events. A classic exam-
ple is displayed by neural crest cells, which form over a
long developmental time period from gastrulation through
early organogenesis (319). The presumptive neural crest
population is first induced at what becomes the border

between the neural and nonneural ectoderm. During neu-
rulation, these precursors become incorporated into the
neural folds and the neural tube itself before eventually
delaminating from the neuroepithelium and becoming mi-
gratory. A series of cadherin switches occur during this
process (125): neural crest precursors downregulate E-
cadherin during their initial induction, express N-cadherin
and cadherin-6b when they reside in the neuroepithelium,
and then downregulate the latter when they delaminate.
The downregulation of E-cadherin by transcriptional re-
pression appears to be an essential early stage in the
epithelial-mesenchymal transition (EMT) that this cell
population undergoes, while N-cadherin and cadherin-6b
are necessary at later stages (319). Such cadherin switch-
ing (typically from E-cadherin to N-cadherin) is com-
monly seen in many other forms of EMT (369).

As well as qualitative differences in cadherin expres-
sion, quantitative differences in the level of protein ex-
pressed on cells can also induce segregation behavior.
This was demonstrated in cultured L-cells transfected to
express P-cadherin at different levels (76, 351) (Fig. 4A)
and strikingly confirmed by analysis of Drosophila oogen-
esis, in which a key step involves the oocyte coming into
contact with somatic (follicle) cells at the posterior of the
egg chamber (Fig. 4C). DE-cadherin is found at all the
cell-cell contacts in the egg chamber (103), and when
either DE-cadherin (103) or armadillo (Drosophila !-catenin)
(289) is disrupted, oocytes become mispositioned in the
egg chamber and lose polarity. Importantly, correct posi-
tioning of the oocyte required DE-cadherin to be ex-
pressed both in the germline cells as well as in the follicle
cells (103, 105), implicating adhesive interactions be-
tween these two cell types in controlling oocyte pattern-
ing. But if cadherin adhesion is determinative, how does
the oocyte consistently localize to the posterior of the egg
chamber when DE-cadherin is expressed by all the germ

FIG. 4. The role of cadherin in cell sorting and positioning. A: differential type or levels of cadherin expression on cells drive cell sorting
in vitro in cell (re)aggregation assays. B: during the formation of the neural tube, E-cadherin is switched off in a subset of ectodermal cells,
whereas N-cadherin expression is turned on in these cells (red cell membranes) driving segregation of these cell populations. Other in vivo
examples are neural crest cell migration and positioning and segregation of motor neuron cells. C: Drosophila oocyte positioning where
differential cadherin expression in the follicle cells is crucial to properly position the oocyte at the posterior end of the embryo. For a detailed
description, see the text.

696 NIESSEN, LECKBAND, AND YAP

Physiol Rev • VOL 91 • APRIL 2011 • www.prv.org

Downloaded from www.physiology.org/journal/physrev at Univ De Nice Sophia Antipolis (134.059.101.253) on March 22, 2019.

est morphogenetic movements (e.g., neuroectoderm) and
can be reduced by genetic maneuvers that decrease mor-
phogenetic movements (367). Thus the demonstrable con-
tribution of classical cadherins to tissue integrity also
reflects the magnitude of disruptive forces that those
tissues experience.

Here it should be noted that changes in cell-cell
integrity or more subtle alterations in the morphology
of contacts can occur without changes in cell surface
adhesion (384). For example, hepatocyte growth factor
(HGF, also known as scatter factor) induces colonies of
MDCK cells to separate from one another (352). De-
spite the attractive inference that such scattering is due
to loss of cell-cell adhesion, E-cadherin adhesiveness
was not reduced (71). This disruption of epithelial in-
tegrity instead appears to reflect increased integrin-
based contractility, which appears to mechanically pull
the cells apart.

B. Cell Sorting and cell-cell Recognition

A fundamental developmental process is the capacity
of cells with different cell fates to physically segregate
from one another (Fig. 4). This was first demonstrated by
the classic experiments of Townes and Holtfreter (373)
who showed that when cells from dissociated gastrula
stage embryos were allowed to reaggregate, the cells
would rearrange to reassociate with those from the same
germ layer. In addition, the relative position of these cell
populations within the reformed aggregate mirrored that
found in the embryo (373). They proposed that this sort-
ing behavior was based on differential adhesion between
different cell populations.

There are three distinct components to this phenom-
enon of cell sorting: the ability of “like” cells to form
discrete populations with one another, the ability of “un-
like” cells to segregate away from one another, and the

FIG. 3. Physiological role for cadherins in tissue integrity. A: cadherin function in stratifying epithelium of the skin. Loss of all classical
cadherins (E- and P-cadherin) in this tissue results in loosening of the intercellular contacts associated with loss of epidermal barrier function.
B: loss of cadherin expression in epithelia results in loosening of contacts and the acquisition of more migratory behavior. This is a key feature
of cells that undergo epithelial/mesenchymal transition. Vice versa, E-cadherin expression is induced during mesenchymal-epithelial
transition, resulting in increased cellular adhesion and an epithelial appearance. EMT and MET are important processes not only during
morphogenesis, but they also contribute to carcinogenesis. C: synapse formation. Loss of cadherins affects neuronal transmission and
connectivity. Cadherin adhesive interactions are crucial for proper synapse formation between neurons as well as the neuromuscular
junctions. D: cadherins are required for the establishment of stable adherens junctions during morphogenetic movements. In C. elegans during
ventral closure, the embryonic epidermis spreads from the dorsal side, and the leading cells of the two free edges meet at the ventral midline
to enclose the embryo (left side). The leading edge cells extend filopodial protrusions that rapidly establish stable adherens junctions upon
contact with an opposite filopodia, thereby rapidly increasing the contact sites between opposite cells resulting in sealing of the sheet. In the
absence of the cadherin/catenin complex, embryos are unable to form adherens junctions between opposite leading cells and thus cannot
enclose the embryo.
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Figure!20:!Role!of!cadherin!in!cellCcell!recognition!and!cell!sorting.![11]!
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Cell!sorting!seems!to!be!due!in!part!to!the!homophilic!binding!specificity!of!the!extracellular!

domain,! as! the! identity! of! the! EC1! domain! determines! cell)sorting! specificity! when!

experimentally! transferred! from!one! cadherin! to! another.! Another! characteristic! found! to!

strongly!influence!cell)sorting!behavior,!is!the!level!of!cadherin!expression,!and!presumably!

therefore!the!overall!strength!of!adhesion,!independently!of!the!type!of!cadherin!expressed.!

Consequently,!the!mechanisms!regulating!cadherin!adhesiveness,!can!also!contribute!to!cell)

sorting!behavior.!This!includes!cadherin)mediated!signaling!events,!quantitative!differences!

in! adhesion,! or! other! cellular! consequences! of! adhesion! that! are! mediated! by! different!

cadherins,!for!example,!cytoskeletal!organization.!

I.D.b.1.3! Inflammation!

Components!of!the!AJ!were!found!also!involved!in!protecting!against!inflammation!in!the!skin!

and!intestine.!!The!absence!of!p120!or!#)catenin!in!the!skin!of!mice!resulted!in!increase!of!

NF$B!activity!and!inflammation!in!mice!epidermis![304,!313].!Additional!study!in!the!intestine!

demonstrated! that! conditional! ablation! of! p120! in! the! epithelium! of! the! small! and! large!

intestines!of!mice!lead!to!inflammation!and!mucosal!damage,!resulting!in!bleeding!and!death!

within!the!first!3!weeks!of!life.!This!last!study!demonstrates!the!essential!role!of!p120!and!AJ!

in!the!intestine!barrier!function!and!epithelial!homeostasis![306].!!

I.D.b.1.4! ApicoHbasal!polarity!

The! AJ! assembly! occur! simultaneously! with! the! establishment! of! cell! polarity! and! the!

recruitment! at! cell)cell! junctions! of! several! protein! complexes! known! to! be! essential! for!

polarity,!suggesting!a!close!relationship!between!junction!formation!and!polarity![314].!!

 

Figure!21:!Polarity!complexes!localization!at!cellCcell!junction!in!simple!
epithelia! 
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In!particular,!AJ!has!been!found!associated!with!the!members!of!the!Scrib!polarity!complex.!

SCRIB!co)localize!with!E)cadherin!on!lateral!membranes!and!a!recent!study!has!demonstrated!

the!direct!interaction!between!SCRIB!and!E)cadherin![315].!DLG1!is!also!found!to!co)localize!

at!the!lateral!membrane!with!E)cadherin!and!immunoprecipitation!experiments!demonstrate!

that!they!belong!to!the!same!macromolecular)complex![228,!316].!!

Several!early!studies!have!demonstrated!that!AJ!formation!is!required!for!the!establishment!

of!polarity!in!mammalian!epithelial!cell! lines,!and!both!mice!and!Drosophila!animal!models!

[317)319].!!

In!mammalian!epithelial!cells,!deletion!of!E)cadherin!resulted!in!the!mis)localization!of!SCRIB!

[320].!The!re)expression!of!E)cadherin!in!cadherin)null!cells!lead!to!the!re)localization!of!SCRIB!

and! DLG1! to! the! basolateral!membrane! [316,! 320].! In!mammalian! cells,! the! effects! of! E)

cadherin!silencing!became!evident!on!cell!polarity!when!cell)cell! junctions!are!disrupted!by!

calcium)depletion.!In!this!case!cells!fails!to!reestablished!a!normal!apico)basal!polarity![292].!

Studies! in!mice! epidermis! exhibited! the! role! of! AJ! in! regulating! the! proper! localization! of!

polarity!protein.!The!conditional!KO!of!αCcatenin!resulted!the!mis)localization!of!aPKC,!LGN!

and!PAR3![321].!Another!study!demonstrated!that!conditional!ECcadherin!KO!in!luminal!cells!

of! the!prostate!epithelium! trigger! the!mis)localization!of!both!apical! (PAR3!and!aPKC)!and!

basolateral! polarity! proteins! (DLG1! and! SCRIB),! resulting! the! loss! of! polarity! of! prostate!

luminal!cells!![315].!

!In!Drosophila,!mutation!in!armadillo!lead!the!displacement!of!Dlg!in!the!epithelial!cells![322].!!

In! general,! AJ! might! be! implicated! directly! in! to! the! polarization! of! epithelium! through!

modulating!the!subcellular!localization!of!members!of!the!apico)basal!polarity!complexes.!In!

addition,!several!studies!shows!that!loss!of!AJ!affect!also!TJ!formation,!which!is!involved!also!

in!the!recruitment!of!!polarity!proteins!to!cell)cell!junction!in!simple!epithelia![323].!!

Moreover,!another! level!of!complexity! is!added!to!the! interrelationship!function!of!AJ!and!

polarity!factors!by!the!fact!that!polarity!factors!can!feedback!on!AJ!function![324](explained!

in!page!125).!!

!

I.D.b.1.5! Cell!migration!!

Although! cadherins! are! often! thought! to! mediate! stable! cell! interactions,! they! also! have!

dynamic! roles! in!mediating! cell! rearrangements!and! cell!migration.! Indeed,! association! of!

cadherin! with! the! actin! cytoskeleton! allow! rearrangement! at! cell)cell! borders! and! a!
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synchronized! cell! movement! within! an! epithelium.! This! process! is! called! collective! cell!

migration!(CCM).!CCM!play!a!major!role!in!physiological!process!in!embryonic!development,!

tissue! repair! as!well! as! in! pathological! processes! including! tumor! invasion! and!metastasis!

[325].!

Cadherins!were!suspected!to!play!a!role!in!CCM!by!maintaining!cell)cell! junction.!This!well)

characterized! form! of! cadherin)dependent! morphogenetic! movement,! occurs! in! the!

Drosophila!egg!chamber,!known!as!border!cell!migration.!In!this!process!a!small!group!of!cells!

derived!from!the!follicular!epithelium!migrate!through!the!nurse!cells!within!the!egg!chamber!

to!the!anterior!border!of!the!oocyte.!DE)cadherin!was!found!necessary!in!both!the!border!cells!

and!in!their!neighboring!nurse!cells,!for!the!border!cell!cluster!to!migrate![326].!Moreover,!Cai!

et!al.,!were!able!to!uncover!multiple! critical! functions!of!E)cadherin)mediated!adhesion! in!

different!subcellular!location!within!the!border!cell!migration!system.!They!demonstrate!that!

DE)cadherin!functions!in!a!feedback!loop!with!Rac!that!act!downstream!of!receptor!tyrosine!

kinase! (RTK)! signaling! guideline! in! order! to! preserve! a! forward)directed! protrusion! and!

develop!a!stable!front.!Also,!they!show!that!the!leading!cell!communicates!direction!to!side!

and! back! cells! through! the! border! cell/border! cell! adhesion! that! transmits! directional!

information!within!the!group.!The!expression!of!DE)cadherin!is!important!to!hold!the!cluster!

together!guaranteeing!collective!behavior![255].!!

During! tissue! turnover! in! the! adult! tissue! many! circumstances! occur! where! cell)cell!

interactions! must! be! dynamically! remodeled.! This! is! observed! in! the! gut! epithelium! that!

exhibits!continuous!and!rapid!turnover![327].!Throughout!the!life!cycle!of!gut!epithelial!cells,!

cells!move!gradually!and!consistently!up!the!crypt)villus!axis!where!they!undergo!apoptosis!

and!are!shed!at!the!tips!of!the!villi.!Cells!must!maintain!the!intestinal!epithelial!barrier!even!

with!constant!rearrangement!during!this!migration.!This!indicated!that!maintenance!of!stable!

AJ!is!important!for!epithelial!barrier!function!during!cell!migration!and!cell!extrusion!in!order!

to!avoid!entry!points!to!pathogens!that!could!disrupt!homeostasis.!The!consistent!patterning!

of!migratory!cells!was!disrupted!leading!to!disturbed!epithelial!barrier!by!the!expression!of!a!

dominant)negative!cadherin![328].!Unexpectedly,!overexpression!of!E)cadherin!delayed!also!

the!rate!of!epithelial!cell!migration![329].!!

Plutoni!et!al!was!able!to!demonstrate!the!role!of!P)cadherin! in!mediating!CCM,![330].!The!

study!used!a!2D!system!to!analyze!P)cadherin’s!role!in!cell!migration!in!response!to!the!sudden!

removal!of!boundaries.!This! in!vitro! system!simulates!tumor!cells!collective!cell!movement!
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proceeding!as!2D!monolayers!migrating!along!tissue!clefts! [331].!They!used!myoblast!cells!

lines!that!are!of!mesenchymal!origin,!which!express!only!N)!and!M)cadherins,!and!form!and!

maintain!cell–cell!contacts.!These!cells!in!contrast!to!other!epithelial!cells!(MCF10A!or!MDCK)!

do! not! endogenously! display! collective! cell!movement.! Interestingly,! overexpression! of! P)

cadherin!in!myoblast!cells,!induces!a!very!effective!collective!cell!movement!phenotype!with!

typical!features!of!a!collective!migration!model.!Principally,!this!study!illustrated!that!during!

collective! cell! movement,! P)cadherin! specifically! activates! Cdc42! through! the! guanine!

nucleotide!exchange! factor! (GEF)!βPIX.!Moreover,! they! showed! that! the!partnership!of!P)

cadherin/β)PIX/Cdc42!is!crucial!for!P)cadherin–mediated!collective!cell!movement.!Collective!

cell!movement!was!not!observed!upon!E)!or!R)cadherin!expression!in!this!mesenchymal!cell!

model,!suggesting!the!specificity!of!P)cadherin!to!ensure!this!function.!Accordingly,!P)cadherin!

is! involved! in! collective! cell!movement! in! epithelial! cells! as!well! as! in!mesenchymal! cells.!

Interestingly,! P)cadherin! expression! is! found! in! invasive! carcinoma! and! sarcoma,! plus! is!

correlated!with!poor!prognosis![332],!which!can!explains!P)cadherin!role!in!invasive!cancer.!!

Other!AJ!components!were!also!involved!in!cell!migration.!For!instance,!a!study!has!revealed!

that!p120)catenin!plays!a!role!in!mediating!collective!invasion,!since!the!deletion!of!p120!in!!

squamous!cell!carcinoma!cells!inhibited!invasion!in!collagen!gels!and!Matrigel![333].!Another!

study!has!demonstrated!the!importance!of!cadherin!and!#)catenin!in!!activating!myosin)II–

mediated!contractility!at!large!distances!from!the!wound!edge![334].!

These!different!examples!suggest!that,!cadherins!with!the!help!of!catenins!actively!participate!

in!morphogenetic!cell)upon)cell!movements!in!adult!life!and!in!the!embryo.!

!

I.D.b.1.6! Cell!proliferation!

E)cadherin! plays! an! vital! role! in! suppression! of! motility! and! in! contact! inhibition! of!

proliferation!(CIP)!upon!establishment!of!cell)cell!contact,!through!the!regulation!of!growth!

inhibitory!signaling!pathways!including!the!growth!factor!receptor!tyrosine!kinase!signaling!

and!Hippo!pathway![335,!336]!(signaling!explained!further!in!page!90).!

I!will!present!some!examples!exhibiting!the!involvement!of!AJ!components!in!mediating!cell!

proliferation.!
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It!was!observed,!a!long!time!ago,!that!formation!of!a!confluent!cell!monolayer!leads!to!cell!

cycle!withdrawal! [337],!which! is! now!known! as!CIP.! Different! studies! have! elucidated! the!

function!of!E)cadherin!in!mediating!cell!proliferation.!Overexpression!of!E)cadherin!in!cancer!

epithelial! cells! lacking! E)cadherin! or! the! inhibition! of! E)cadherin! ligation!with! neutralizing!

antibodies,! exhibited! that! cadherin)mediated! adhesion! plays! a! fundamental! role! in!

implementing!contact!inhibition!of!cell!proliferation![338].!The!ability!of!E)cadherin!to!prevent!

proliferation!includes!upregulation!of!the!cyclin)dependent!kinase!inhibitor!p27,!which!binds!

to!cyclin!E–Cdk2!complex!to!reduce!its!activity![338,!339].!

Since!E)cadherin!was! shown! to!also! regulate! cell!morphology!and! the! re)establishment!of!

apico)basal! polarity,! it! was! not! clear! whether! E)cadherin! indirectly! or! directly! mediated!

negative! regulation! of! cell! proliferation.! Therefore,! a! study! carried! out! in! Gumbiner’s! lab!

addressed! this! question! and! demonstrated! that! the! ligation! of! E)cadherin! by! E)cadherin)

coated!beads!in!isolated!epithelial!cells!decreased!the!occurrence!of!cells!to!enter!S!phase!

[340].! Inhibition! of! proliferation!mediated! by! E)cadherin! is! based! on! E)cadherin! bound!β)

catenin! [340,! 341].! These! studies! demonstrated! that! E)cadherin! ligation!was! sufficient! to!

induce!proliferation!inhibitory!signaling.!

Conditional!Knockout!of!α)catenin!in!the!skin!induced!proliferation!and!developed!squamous!

cell!carcinoma!through!mediating!Hippo!pathway![304,!305].!In!fact,!α)catenin!overexpression!

restricted!cell!proliferation!in!myeloid!leukemia!cell!line!lacking!α)catenin!expression!HL)60!

cells! [342]! and! in! lung! carcinoma! cells! lacking! endogenous! α)catenin! expression! [343].!

Overexpression!of!!α)catenin!in!glioma!cells!via!inhibiting!β)Catenin!nuclear!translocation!and!

consequently! inhibiting! the! expression! of! downstream!genes! cCMyc! and!CCND1! (Cyclin!D)!

[344].!

Noticeably,! loss! of! p120! in! several! epithelia! is! associated!with! cell! hyperproliferation! and!

tumor! development.! Loss!of! p120! in! the! salivary!gland! induces!dysplasia! indistinguishable!

from!high)grade! intraepithelial! neoplasia!whereas! p120! ablation! in! the! epidermis! induces!

hyperproliferation!and!inflammation![313,!345].!

In!general,!cadherins!and!catenins!have!vital!roles!in!regulating!negatively!cell!proliferation.!

I.D.b.1.7! Cell!survival!

Several! studies! have! shown! that! loss! of! AJ! in! various! epithelia! has! been! associated! with!

increased!cell!death!in!different!animal!models!and!in!vitro!studies.!These!studies!suggest!that!
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intercellular!junctions,!like!cell)extracellular!matrix!(ECM)!contacts,!induce!signals!necessary!

for!cell!survival.!These!works!show!that!both!establishment!of!cell)ECM!and!cell)cell!contacts!

participate!in!the!establishment!of!survival!signals.!Cell!death!mechanisms!following!loss!of!

cell! adhesion! to! ECM! (a! phenomenon! known! as! anoïkis)! have! been! studied! and! largely!

described!(for!review![346,!347]).!However,!the!mechanisms!at!the!origin!of!the!involvement!

of!AJ!in!the!control!of!cell!survival!have!been!much!less!studied.!I!will!summarize!here!the!

different!example!of!the!literature!that!assigned!a!pro)survival!function!to!AJ.!

The!conditional!ablation!of!ECcadherin!in!mice!lead!to!loss!of!adhesion!and!increase!apoptosis!

in! diverse! tissues! including! intestine! [348],! lactating! mammary! gland! [349]! and! ovaries!

epithelia![350].!The!importance!of!E)cadherin!in!maintain!mammary!epithelium!cell!integrity!

and!cell!survival!was!observed!also!in!the!goat![351].!

When!both!P)!and!E)cadherin!KO!are!suppressed!in!skin,!different!types!of!cell)cell!junctions!

are!lost!including,!AJ!but!also!TJ!and!desmosome.!Loss!of!cell)cell! junctions!correlates!with!

defect!in!tissue!integrity!and!increase!apoptosis.!Apoptotic!cells!are!mostly!supra)basal!and!

therefore!not!anymore!in!contact!with!the!ECM,!suggesting!that!cell)ECM!contact!may!protect!

the!epidermal!cells!from!cell)death!and!only!cells!that!relies!on!cell)cell!contact!initiate!a!cell)

death!program![291].!!

E)cadherin!is!not!the!only!cadherin!showing!importance!in!cell!survival,!even!the!deletion!of!

VE)Cadherin!in!endothelial!cell!induced!increase!in!apoptosis!(due!to!disruption!of!the!survival!

pathway!of!VEGFR)2)!in!mice![19,!352,!353].!Another!early!study!demonstrated!the!function!

N)cadherin!in!activating!fibroblast!growth!factor!(FGF)!receptor!in!order!to!prevent!a!rise!in!

intracellular!free!calcium!consequently!inhibiting!apoptosis!in!ovarian!cells![354].!!

Ablation! of!#)catenins! in! epithelial! cells! has! been! also! accompanied! with! an! augmented!

sensitivity!to!apoptosis.!Analysis!of!conditional!KO!of!#)catenin!in!epidermis!demonstrate!that!

the!cells!coming!from!conditional!#Ccatenin!knockout!skin!degenerated!and!was!replaced!by!

#Ccatenin!positive!cells,!suggesting!that!#Ccatenin!KO!cells!are!more!sensitive!to!apoptosis!in!

comparison!to!their!counterpart!WT!cells![304].!Participation!of!#)catenin!in!the!control!of!

apoptosis!has!been!established!in!#)catenin!KO!epidermis![355].!Livshits!et!al.!determine!that!

KO!of!#)catenin!epidermis!in!murine!epidermis!is!accompanied!with!a!significant!apoptosis!of!

keratinocytes!situated!in!the!supra)basal!compartment!of!the!epidermis,!that!do!not!interact!
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with!the!ECM![355].!These!data!confirmed!the! results!obtained! in!E/P)cadherin!double!KO!

animals!(see!above)!and!support!the!theory!that!cell)ECM!contact!provide!additional!survival!

signals! in! absence! of! formed! AJs.! Furthermore,! the! expression! of!#)catenin! in!#)catenin)

deficient!colon!carcinoma!cells!reconstruct!AJ!in!these!cells!and!reduced!their!sensitivity!to!

apoptosis!induced!by!sphingosine,!an!endogenous!induced!of!apoptosis![356].!!

Alongside! #)catenin,! the! capability! of! !)catenin! to! control! WNT)signaling! has! been! also!

determined!to!be!needed!to!maintain!survival!of!mammary!epithelial!cells![357].!Transgenic!

mice!expressing!in!mammary!epithelial!cells!a!mutant!form!of!!)catenin!lacking!the!C)terminal!

regulatory!domain,!which! is!enabled!to!active!the!transcription!of!WNT)target!genes,!mice!

induced!apoptosis!of!mammary!stem!cells!impairing!the!development!of!the!mammary!gland!

in!these!animals![357].!!

These!results!display!the!importance!of!cadherins!in!maintaining!cell!integrity!and!regulating!

cell! survival! by! inhibiting! apoptosis.! I! will! elucidate! some! of! the!mechanism! by!which! AJ!

mediate!cell!survival.!

AJs!are!involved!in!the!regulation!of!phosphoinositide!3)kinase!(PI3K)!intracellular!signaling!

pathway.!PI3Ks!are!heterodimers!consisting!of!a!catalytic!subunit!(p110)!in!complex!with!a!

regulatory! subunit! (p85),! that! catalyze! the! conversion! of! phosphatidylinositol! (4,5))

bisphosphate!(PI!(4,5)!P2)!into!phosphatidylinositol!(3,4,5))trisphosphate!(PI!(3,4,5)!P3).!PI3K)

mediated!activation!of!protein!kinase!B!or!Akt!is!followed!by!a!down)regulation!of!the!growth)

promoting!MEK/ERK!signaling,!causing!cell!cycle!arrest!and!differentiation! in!keratinocytes!

[358],! epithelial! cells,! and! carcinoma! cells.! Several! studies! described! that! E)cadherin!

engagement!result!in!PI3K/Akt!recruitment!and!activation,!this!activation!is!required!for!E)

cadherin!and!β)catenin!association!to!actin!cytoskeleton![226,!359,!360].!!

Another!study!by!Carmeliet!et!al!has!showed!that!VE)cadherin/β)catenin!is!needed!to!induce!

survival! signals! in! endothelail! cells,! since! trancuated! of! abcence! of! VE)cadherin! induced!

apoptosis![352].!VE)cadherin!mediates!survival!signaling!through!the!formation!of!a!complex!

consisting!of!β)catenin,!PI3)kinase,!and!VEGFR)2.!VE)cadherin!promotes!and!mediates!VEGF)

A!activation!of!AKT!and!Bcl)2!(both!mediate!anti)apoptotic!signaling)!and!endothelial!survival!

[352].!!

VE)Cadherin!regulate!cell!survival!signaling!through!mediating!RTK,!Tie2,!localization!within!
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the!endothelial!cell.!Tie2!is!a!RTK!which!is!required!for!vascular!formation![361].!A!study!by!

Fukuhara!et!al.!demonstrated!that!Tie2!can!induce!two!opposing!signaling!either!survival!and!

cell!integrity!or!proliferation!depending!on!its!localization!in!endothelial!cells.!Tie2!is!activated!

by! Angiopoietin)1! (Ang1)!which! results! in! cell! survival! signaling! and! cell! integrity! through!

activation!of!PI3K!and!consequently!AKT!when!is!recruited!to!cell)cell!junction.!Interestingly,!

when! cell)cell! junction! is! disrupted! by! VEGF,! Tie2! is! found! at! the! ECM!adhesion!where! it!

induced!ERK!activation!that!leads!to!migration!and!proliferation![362].!!

AJ! allows! the! cells! to! adapt! to! external!mechanical! forces! including! compaction,! tension,!

stretching!and!shear!stress,!which!is!necessary!for!cell!survival.!Cells!response!to!these!forces!

control! cell! survival,! and! the!disturbance!of! this!process! results! in! cell!death.! This! kind! of!

external!forces!is!detected!by!cadherins.!In!response!to!force,!E)cadherin!promotes!a!signaling!

cascade!that!leads!to!elevated!cell!stiffening!through!reinforcing!actin!cytoskeleton.!A!study!

by!Frank!et!al.,!has!demonstrated!that!p21)activated!kinase!2!(PAK2),!the!serine/threonine!

kinase,! is! recruited! at! AJ! [363]! where! it! promotes! cytoskeletal! rearrangements! that! are!

essential!for!cells!to!increase!contractility![363].!A!more!recent!study!have!shown!that!PAK2!

is!able!to!sense!the!force!that!the!cell!is!exposed!to!and!protects!cells!under!force!from!cell!

death! [364].! Therefore,! PAK2! is! able! to! link! force)induced! mechano)transduction! to! cell!

survival![364].!!

In! conclusion,! AJ! components! play! a! role! in! cell! survival! through! regulation! of! different!

signaling!pathways!including!regulation!of!RTK!localization!and!signaling!!

I.D.b.2! Adherens&junction&role&in&human&disease&

Dysregulation!of!AJs!or!defects!in!the!associated!proteins!leads!to!various!human!disorders!

which!are!induced!by!somatic!or!germline!mutations,!epigenetic!silencing,!and!dysregulation!

of! protein! processing.! Here! I! will! give! some! examples! of! non)cancer! and! cancer! diseases!

caused!by!a!non)functional!AJ.!!!

I.D.b.2.1! Adherens!junction!in!nonHcancer!diseases!!

Many! studies! have! shown! the! importance! of! AJs! in!maintaining! tissue! integrity! and! their!

disruption!have!been!associated!with!some!genetic!diseases!(For!review!see[365]).!Defect!in!

inherited!diseases!is!limited!if!we!compare!to!the!implication!of!AJ!in!tumor!formation.!This!

can!be!explained!either!by!a!compensatory!mechanism!that!exist!in!some!tissues!expressing!



! 86!

various!cadherins!or!by!the!fact!that!mutation!in!AJ!component!caused!an!early!lethality!as!it!

is!observed!in!animal!models.!!

A! loss)of)function! mutations! in! CDH3,! which! encodes! P)cadherin,! result! in! two! allelic!

autosomal! recessive! disorders! known! as! hypotrichosis! with! juvenile! macular! dystrophy!

(HJMD)! and! ectodermal! dysplasia,! ectrodactyly,! and!macular! dystrophy! (EEM)! syndromes.!

Both! syndromes! display! sparse! hair! showing! signs! of! progressive!macular! dystrophy.! EEM!

syndrome!is!characterized!in!addition!by!ectodermal!and!limb!defects.!Several!studies!have!

established! that! P)cadherin! plays! an! important! role! in! regulating! cell! signaling,!malignant!

transformation,!and!other!major!intercellular!processes!together!with!its!involvement!in!cell)

cell!adhesion.!The!strong!P)cadherin!gene!expression!detected!in!the!hair!follicle!matrix,!the!

apical!ridge!of!limb!buds,!and!the!retinal!pigment!epithelium!(RPE)!associate!with!the!affected!

sites!in!humans!carrying!mutations!in!this!gene![199,!366].!

Another!effects!of! cadherin!mutation,!mirrored!closely!the!characteristics!of! inflammatory!

bowel!disease!(IBD)!pathology.!Interestingly,!genome)wide!association!studies!have!identified!

multiple! susceptibility! loci! for! both! Crohn's! disease! (CD)! and! ulcerative! colitis! (UC),!which!

include!members!of!the!cadherin!families,!CDH1!and!CDH3,! that!encode!E)cadherin!and!P)

cadherin,!respectively![367].!Elding!and!colleagues!have!confirmed!this!causal!variant!link!to!

CDH1!and!CDH3! [368],! indicating!that!alterations! in!these!genes!may!be! important! for!the!

development!of!inflammatory!bowel!disease!(IBD).!Moreover!several!studies!illustrated!that!

other!catenin!proteins!associated!with!AJ!such!as!α)catenin,!p120)catenin!and!β)catenin!were!

found! to! be! decreased! around! regions! of! ulceration! in! inflammatory! bowel! disease! (IBD)!

mucosa! compared! to! control! samples! [198].! In! agreement! with! these! results,! a! chimeric!

mouse! that! expressed! a! dominant)negative! cadherin! in! intestinal! epithelial! stem! cells,! by!

Hermiston! and! Gordon! in! 1995,! has! shown! that! disruption! of! AJ! in! these! cells! triggers! a!

phenotype!resembling!human!IBD,!confirming!the!involvement!of!dysregulation!of!cadherins!

in!this!pathology.!

I.D.b.2.2! Adherens!junction!in!cancers!

Numerous!studies!in!mice!or!in!culture!cells!demonstrated!that!alteration!of!AJ!component!

function!is!associated!with!tumor!formation!in!different!epithelial!tissues![200,!336,!369].!In!

agreement!with!this,!mutations!or!altered!expression!of!AJ!components!has!been!observed!in!

various!human!epithelial!cancer.!I!present!here!an!overview!of!the!main!observations!both!in!
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vitro!and!in!vivo!demonstrating!the!involvement!of!E)cadherin!and!some!catenins!(#)catenin,!

!)catenin!and!p120)!in!tumor!progression.!

Abnormal!E)cadherin!expression!or!loss!of!its!normal!localization!at!cell–cell!contacts!has!been!

often!observed!in!advanced!cancers.!Moreover,!the!loss!of!E)cadherin!is!also!a!key!feature!in!

epithelial)to)mesenchymal! transition! (EMT),! a! process! in! which! epithelial! cells! lose! their!

epithelial!phenotype!and!acquire!a!more!mesenchymal!phenotype!that!favors!cell!migration!

and!invasion.!This!gives!additional!weight!to!the!overall!concept!that!physiological!processes!

controlling!cadherin!expression!throughout!development!may!be!pathogenetically!active!to!

disturb!E)cadherin!expression!in!carcinomas.!The!loss!of!E)cadherin!expression!can!be!due!to!

different!molecular!mechanisms.! Loss! of! E)cadherin! expression! is! frequently! associated! in!

different!types!of!human!carcinoma!with!genetic!alteration!(loss!of!heterozygosity!(LOH))!in!

the!region!of!the!CDH1!gene![230].!!

During!tumor!invasion!and!EMT!E)cadherin!expression!is!reduced!by!transcriptional!silencing,!

notably!through!a!variety!of!transcription!factors!that!target!the!E)cadherin!promoter![279].!

These!include!transcriptional!repressors!that!are!overexpressed!in!advanced!carcinomas![280,!

370].!!

Many! studies! both! in! cellular! and! animal! models! demonstrate! that! suppression! of! AJ!

components!expression!favors!tumor!progression!from!a!non)invasive!tumor!to!an!invasive!

and! metastatic! tumor.! One! example! was! the! demonstration! that! the! expression! of! a!

dominant)negative!E)cadherin!mutant!in!a!mouse!pancreatic!β)cell!tumor!model!accelerated!

the!rate!at!which!adenomas!converted!into!carcinomas![371].!Conversely,!over)expression!of!

E)cadherin! in! those! cells! delayed! tumor! progression.! Another! example! by! Derksen! et! al.!

exhibited!that!conditional!ablation!of!E)cadherin!in!p53)deficient!mouse!mammary!epithelium!

stimulated! tumor! initiation! and! progression! to! invasion! and! metastasis.! However,! it! is!

important!to!emphasize!that!in!mouse!model’s!loss!of!E)cadherin!alone! is!not!sufficient!to!

induce! tumor! formation! [372].! This! demonstrate! the! need! of! a! supplementary! oncogene!

activation!in!order!for!E)cadherin!to!promote!tumor!formation.!

Beside! E)cadherin,! catenin! and! in! particular!!)catenin,! by! its! ability! to! regulate! the!WNT!

signaling!pathway,!has!been!associated!with!tumorigenesis!in!several!cancer!types!including!

colon!carcinomas.!!)catenin! is! known!as!a! central! transcriptional! co)activator!of! the!WNT!

signaling!pathway![373].!This!pathway!determines!cell!fate!during!embryogenesis!and!tissue!

renewal! in! the! adult.! Activation! of!WNT! signaling! pathway! inhibits! the! degradation! of!!)
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catenin!and!permits!its!translocation!to!the!nucleus,!where!it!interacts!with!TCF/LEF!family!of!

DNA)binding! proteins! and! induce! the! activation!of! transcription! factors! leading! to! cellular!

proliferation.!Without!WNT!signaling,!!)catenin!binds!adenomatous!polyposis!coli!(APC)!that!

associate! !)catenin! to! a! destruction! complex! resulting! in! its! degradation.! Mutations! of!

CTNNB1!gene!are!commonly!found!in!a!variety!of!cancers!such!as!in!primary!hepatocellular!

carcinoma,!colorectal!cancer,!ovarian!carcinoma,!breast!cancer,!lung!cancer!and!glioblastoma.!

Most!of!these!mutations!are!grouped!on!a!tiny!area!of!the!N)terminal!segment!of!β)catenin!

that!contains!several!Ser/Thr!phosphorylation!sites.!Phosphorylation!in!this!motif,!called!the!

β)TrCP! binding!motif,! regulates! the! destabilization! of! the! protein.!Mutations! in! this!motif!

prevents! the! ubiquitinylation! and! degradation! of! β)catenin! since! it! blocks! β)catenin!

phosphorylation!and!therefore!lead!to!increased!stability!of!the!β)catenin.!This!will!lead!to!the!

translocation!of!β)catenin!to!the!nucleus!without!any!external!stimulation!and!to!constantly!

drive!transcription!of!its!target!genes![374].!

Involvement!of!α)catenin!in!cancer!has!been!less!studied!in!comparison!to!E)cadherin!and!β)

catenin,!but!it!has!been!documented!that!α)catenin!expression!is!downregulated!in!numerous!

cancers.!The!loss!of!α)catenin!in!tumor!cells!was!primarily!reported!in!a!human!lung!cancer!

cell!line!in!the!early!1990s.!This!cell!line!displayed!impaired!cell)cell!adhesion!even!though!E)

cadherin!expression!is!abundant,!!this!is!likely!to!be!a!consequence!of!homozygous!deletion!

of!the!α)E)catenin!gene,!CTNNA1![375].!Re)establishing!α)catenin!expression!induced!cell)cell!

adhesion!and!delayed!cell!proliferation.!Successively,!many!other!cancer!cell!lines!or!primary!

tumor!tissues!were!found!to!lack!or!to!downregulate!α)catenin,!including!myeloid!leukemia,!

breast!cancer,!colon!cancer,!lung!cancer,!and!prostate!cancer.!In!these!cancers,!alteration!of!

#)E)catenin!correlates!with!high!tumor!grade,!metastasis!and!poor!survival![376].!Additionally,!

tissue)specific!deletion!of!α)E)catenin!in!the!epidermis!developed!squamous!cell!carcinoma!in!

mice![304,!305].!In!these!mice,!ablation!of!α)catenin!in!keratinocyte!not!only!altered!AJ,!but!

also!lead!to!loss!of!epidermal!cell!polarity!and!hyper)proliferation![377],!demonstrating!that!

E)cadherin)α)E)Catenin!functional!adhesion!participate!in!contact!inhibition!of!growth.!

Multiple! findings! suggest! that! α)E)catenin! has! a! tumor)suppressing! role.! For! instance,!

overexpression!of!α)E)catenin!inhibited!EGF)promoted!glioblastoma!proliferation,!migration!

and! invasion,! through! impairing! β)catenin! nuclear! translocation! [344].! Restoration! of! α)E)

catenin! in!a!myeloid! leukemia!cell! line! lacking!α)E)catenin!expression,! resulted! in! reduced!
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proliferation! and! apoptotic! cell! death! [342].! Through! loss)of)function! and! gain)of)function!

analyses,! a! study! identified! α)E)catenin! as! a! tumor! suppressor! in! basal)like! breast! cancer!

[378].!!

Finally,! the! p120)catenin! has! received! increasing! attention! in! the! context! of! cancer!

progression.!p120)catenin!is!frequently!altered!and/or!lost!in!tumors!of!the!colon,!bladder,!

stomach,!breast,!prostate,!lung,!and!pancreas![379].!The!catenin!p120!gene,!CTNND1,!is!rarely!

found! mutated,! suggesting! that! other! mechanisms! such! as! epigenetic! silencing! by! DNA!

methylation!and!protein!processing!dysregulation!may!downregulate!p120)catenin!in!tumors.!!

The! role!of!p120)catenin! in!cancer!progression! is!complex.! Indeed,!p120)catenin!has!been!

demonstrated!to!function!as!either!a!tumor!suppressor!or!a!metastasis!promoter!depending!

on!the!presence!of!E)cadherin.!E)cadherin!loss!leads!to!degradation!of!# and!!%catenins,!but!

not!p120)catenin!which! remains! stranded! in! the!cytoplasm.!The! resulting!accumulation!of!

p120)catenin! in! the! cytoplasm! induces! cell! migration! by! activating! Rac1! and! Cdc42! Rho!

GTPases![380].!Suggesting!that!p120)catenin!may!function!as!a!metastasis!promoter.!In!other!

cases,!p120)catenin!loss!may!be!the!initial!event!promoting!eventually!to!inactivation!of!the!

cadherin! complex.! As! I! mentioned! above,! p120)catenin! is! required! to! stabilize! plasma!

membrane! E)cadherin.! Furthermore,! p120)catenin! is! capable! of! associating! with! and!

stabilizing!mesenchymal!cadherins!that!do!not!establish!stable!AJs!such!as!N)cadherin![381].!

When!cancer!cells!undergo!an!EMT,!N)cadherin!is!expressed,!and!E)cadherin!is!repressed,!a!

phenomenon!known!as!cadherin!switch.!It!has!been!shown!that!in!these!EMT!conditions!p120)

catenin!is!required!to!stabilize!N)cadherin!and!to!trigger!Rac1!activation,!thereby!inducing!an!

increase!in!motility!and!invasion!as!well!as!the!anchorage)independent!growth!of!these!breast!

cancer!cell!line![382,!383].!!

These!data! show! that! catenins!acts!as!a! regulator! that!endorses!either!epithelial! integrity!

when!it!is!bound!to!E)cadherin,!or!motility!when!it!is!associated!with!mesenchymal!cadherins.!

!

!

As!we!discuss!above!the!role!of!AJ!and!AJ!components!goes!far!behind!a!unique!role!in!cell)

cell!adhesion,!since!AJ!modulate!various!cellular!functions!including!proliferation,!migration,!

survival! and! polarity.! Indeed,! AJ! are! required! to! interpret! and! integrate! signals! from! the!

surrounding! microenvironment! in! order! to! modulate! these! different! cellular! functions.!
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Several! molecular! mechanisms! have! been! proposed! to! explain! the! cellular! responses!

controlled! by! AJ! and! involve! AJ! in! the! regulation! of! various! important! signaling! pathway!

including:!WNT,!Hippo,!NF$B,!and!receptor!Tyrosine!kinase!(RTK),!PI3K,!and!Rho!proteins.!I!

will! review! here! several! of! these! most! relevant! regulatory! mechanisms! including!

transcriptional! regulation!of! catenins,!YAP/TAZ!and!NF)$B!by!AJ,! regulation!of! cell! surface!

receptors!such!as!EGFR,!FGFR,!VEGFR!and!TGF)!!receptor.!!

!

!

I.D.c.1.1! Role!of!AJ!in!“transcriptional!regulation”!!

I.D.c.1.1.1! Catenins!

As!mentioned!above!(page!88),!β)Catenin!plays!fundamental!roles!in!both!cell–cell!adhesion!

and!WNT)mediated!transcriptional!activation.!Since!β)Catenin!has!this!dual!role!in!cells,!it!is!

intriguing!to!understand!how!the!same!molecule!can!switch!from!AJ!or!DNA)binding!factor.!

Several!studies!have!demonstrated!the!presence!of!a!tight!coordination!between!signaling!

and!adhesion!through!the!competition!for!the!same!pool!of!β)catenin.!This!was!confirmed!by!

the! similarity! in! the! binding! mechanism! between! β)catenin–cadherin! and! β)catenin–TCF!

Figure!22:!Scheme!displaying!the!regulation!of!major!intracellular!signaling!pathways!by!CadherinCcatenin!complexes.![6]!
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complexes![384].!A!study!by!Gottardi!et!al.,!show!that!E)cadherin!suppress!WNT/!)catenin!

pathway! by! sequestrating! !)catenin! at! AJ! [385].! Indeed,! overexpression! of! cadherin!

suppressed!the!cellular!transformation!independently!of!cell!adhesion,!through!sequestration!

of! !)catenin! by! the! cadherin! cytoplasmic! domain.! Another! way! E)cadherin! was! found! to!

suppress!WNT/!)catenin!pathway!is!by!increasing!the!interaction!of!!)catenin!with!caveolin)

1![386].!Caveolin)1!controls!cell!proliferation!and!viability!by!inhibiting!expression!of!survivin!

via!a!transcriptional!mechanism!involving!the!!)catenin!)TCF/LEF!pathway!in!several!cellular!

settings.!Caveolin)1!targets!!)catenin!to!a!Triton!X)100)insoluble!protein!complex!apparently!

at!the!plasma!membrane,!accordingly!inhibiting!TCF/LEF)dependent!transcription.!In!fact,!E)

cadherin!is!found!in!the!soluble!and!insoluble!fraction!in!complex!with!# and!!%catenins![387].!

Caveolin)1/!)catenin!interaction!enhances!!)catenin!turnover!leading!to!its!reduced!nuclear!

translocation!and!consequently!transcriptional!activity![386].!!

In! addition,! a! study! by! Maher! et! al.,! demonstrated! that! cadherin)based! cell! adhesion!

enhanced! the! phosphorylation! and! destruction! of! β)catenin! by! the! β)catenin! phospho)

destruction!complex!composed!of!N)terminal!phosphorylated!β)catenin!and!Axin,!APC2,!GSK)

3β! located! in!proximity!of!AJ.!This!mechanism!increased!β)catenin!cytosolic! turn!over! in!a!

density!dependent!manner![388].!However,!although!these!findings!clearly!demonstrate!that!

cadherin! levels! can! affect! β)catenin! signaling,! the! notion! that! cadherin! loss! is! enough! to!

promote!β)catenin!signaling!by!releasing!it!from!the!cadherin)bound!pool!is!mostly!incorrect.!

Since!cancer!cell!lines!that!lack!E)cadherin!do!not!manifest!a!corresponding!up)regulation!of!

β)catenin!signaling![389,!390].!Moreover,!in!a!mouse!model!for!pancreatic!cancer!depletion!

of!E)cadherin! described!no! role! for!β)catenin! signaling! in! the!progression!of! these! tumors!

[391].!

α)catenin!directly!binds!to!β)catenin!which!makes!it!tempting!to!hypothesize!that!α)catenin!

controls! β)catenin! signaling.! Several! experiments! reveal! that! α)catenin! can! suppress!WNT!

signaling!by!different!molecular!processes:!1)!by!stimulating!β)catenin!degradation![392];!2)by!

obstructing! nuclear! translocation! of! β)catenin! [344];! 3)! by! inhibiting! formation! of! the! β)

catenin)TCF)DNA! complex! [393];! 4)by! recruiting! APC! to! the! β)catenin)TCF! complex! [392].!

Further!investigation!is!needed!to!see!if!the!tumor)suppressing!effect!of!α)E)catenin!in!vivo!is!

mediated!by!inhibition!of!β)catenin!signaling![376,!392,!393].!However,!KO!of!a)E)catenin!in!
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the!epidermis!is!not!sufficient!to!increase!!)catenin!nuclear!signaling![377].!

Similarly,!")catenin!(Plakoglobin)!can!also!interact!with!TCF!family!DNA!binding!proteins!and!

impact!gene!expression,!although!")catenin!appears!to!bind!a!distinct!region!on!TCF!that!may!

differentially! impact! target! gene! expression! involved! in! cell)cycle! control,! apoptosis,! cell!

proliferation,!and! invasion![394].!Plakoglobin! is!a!very!weak!transactivator!when!bound!to!

DNA,! which! is! probably! caused! by! the! divergence! of! their! C)terminal! sequences! [394].!

Plakoglobin! can! activate! TCF)dependent! transcription! in! vitro! in! the! absence! of! β)catenin!

[395].! Unlike! β)catenin! that! has! well)documented! oncogenic! potential! through! its!

involvement! in!the!WNT!signaling!pathway,!")catenin!generally!acts!as!a!tumor/metastasis!

suppressor![396].!Another!studies!have!shown!that!plakoglobin!binds!to!the!tumor!suppressor!

p53!in!the!nucleus,!where!p53!and!")catenin!association!decreased!significantly!cell!migration!

and!invasion!in!carcinoma!cell!lines!through!most!probably!activating!targeted!genes![397].!

Indeed,! Aktary! et! al.! demonstrated! that! the! transcriptional! activity! of! p53! incresed! in! the!

presence!of!")catenin![398].!

p120)catenin!can!directly!influence!gene!expression!as!well!as!AJ!stability!similarly!to!its!close!

cousin!β)catenin.!p120)catenin!interacts!directly!with!the!transcription!inhibitor!Kaiso.!Kaiso!

belongs!to!a!large!family!of!BTB/ZF!proteins,!which!are!important!in!development!and!cancer.!

p120)catenin!binding!to!Kaiso!weaken!its!association!with!DNA!that!results!in!de)repression!

of!Kaiso!target!genes!which!have!been!linked!to!WNT)dependent!developmental!processes!!

[399].!This!suggest!that!p120!can!indirectly!modulate!WNT!signaling!through!localizing!to!the!

nucleus!and!releasing!the!repression!of!Kaiso!by!binding!to!it![400].!

All!in!all,!!)catenin!but!also!the!other!catenins!can!regulate!gene!transcription.!Catenins!are!

able!to!act!as!transcription!factors!and/or!through!binding!to!transcription!factors!in!order!to!

promote!or!repress!gene!expression!in!order!to!influence!cell!behavior.!
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I.D.c.1.1.2! AJ!control!the!YAP/TAZ!in!Hippo!signaling!pathway!

The!Hippo!signaling!pathway!is!well)known!for!controlling!organ!size!through!the!regulation!

of!cell!growth!and!proliferation!in!Drosophila!and!vertebrates.!The!heart!of!the!Hippo!pathway!

consists! of! a! core! kinase! cascade! that! consists! of! the! Ser/Thr! kinase! Mst! 1! and! Mst2!

(corresponding! to! Hippo! in! flies),! and! the! Large! tumor! suppressor! 1! and! 2! (Lats! 1/2)!

(corresponding!to!Warts!in!flies)!together!with!the!scaffolding!proteins!Salvador!homologue!1!

(Sav1)!and!MOB!kinase!activator!1!(MOB1).!Lats1!and!Lats2!phosphorylates!the!transcriptional!

co)activators!YES)associated!protein!1!(YAP1,!Yorki!in!flies)!and!the!transcriptional!co)activator!

with!PDZ)binding!motif!TAZ,!causing!it!to!be!excluded!from!the!nucleus!and!retained!in!the!

cytoplasm.!These!transcription!co)activators!will!translocate!to!the!nucleus!to! induce!gene!

expression!that!will!activate!cell!proliferation!and!prevent!apoptosis![401].!Elevated!YAP/TAZ!

expression!or!nuclear!enrichment!has!been!observed!in!many!types!of!cancers,!including!liver,!

breast,!lung,!colon,!ovary!and!others![402].!!

!

Several! mechanisms! modulate! Hippo)YAP! signaling! by! sensing! the! spatial! and! physical!

organization! of! cells! including! epithelial! polarity! and! tight! junction! complexes,! the! FAT)

Dachsous!morphogen!pathway,!cell!shape,!or!mechano)transduction!(Figure!23).!!

Beside! these! mechanisms,! AJ! has! been! found! to! participate! to! the! control! of! the! Hippo!

signaling! pathway! and! inhibit! cell! growth! [18].! Kim! et! al! demonstrated! that! E)cadherin!

controlled!the!sub)localization!of!YAP!in!response!to!cell!density![341].!E)cadherin!homophilic!

ligation! was! enough! to! induce! YAP! subcellular! localization.! E)cadherin! inhibition! of! cell!

STK4 and STK3, respectively), activates another kinase, Warts
(Lats 1 and Lats2 in mammals), that phosphorylates the
transcriptional activator Yorkie (YAP and TAZ in mammals),
causing it to be excluded from the nucleus and retained in the
cytoplasm; indeed, the localization and phosphorylation of Yorkie/
YAP are often taken as a measure of the activity of the Hippo
pathway. The scaffolding proteins that are required for Hippo

pathway activity include Salvador/Sav1 and Mats/Mob1. Some
membrane-associated proteins, including the Merlin/NF2 tumor
suppressor and Kibra, also interact with the core kinase components
and act as common upstream activators of the pathway. The Hippo
signaling pathway has also been reported to lead to the degradation
of TAZ or YAP under some circumstances (Liu et al., 2010; Zhao
et al., 2010). In the nucleus, YAP interacts with the DNA-binding
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Figure!23:!Hippo!signaling!pathway!regulated!by!various!mechanisms!.!
[18]!
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proliferation!is!dependent!on!#)catenin!and!!)catenin.!This!was!confirmed!by!the!observation!

of! YAP! redistribution! from! the! nucleus! to! the! cytoplasm! in! dense! cells! overexpressing! E)

cadherin!in!contrast!to!the!wild)type!cells!lacking!E)cadherin!or!#)catenin!and!!)catenin![341].!!

α)E)catenin!can!regulate!YAP!in!a!cadherin)independent!manner.!A!study!by!Silvis!el!al.!has!

demonstrated! that! α)E)catenin!mediates! YAP! cellular! sub)localization,! ! where! α)E)catenin!

triggers! YAP! cytoplasmic! retention! through! direct! interaction! [305].! Schlegelmilch! et! al!

proposed! that!α)E)catenin! interacts!with!YAP!and!promotes! its! cytoplasmic! localization!by!

preventing!its!de)phosphorylation![403].!α)E)catenin!form!a!multimolecular!complex!with!14)

3)3!and!phosphorylated)YAP1,!which!prevents!YAP1!de)phosphorylation!by!PP2A!and!YAP1!

subsequent!nuclear!localization!and!transcriptional!activity![403].!!

The!cadherin)mediated!adhesion!and!cell!polarity!regulate!Hippo!pathway!through!different!

mechanism! during! the! early! blastocyst! by! mediating! angiomotin! (AMOT).! At! the! pre)

implantation! stage! compaction! of! mouse! embryo! lead! to! the! formation! of! two! different!

lineages,!the!trophectoderm,!the!first!polarized!epithelium!that!generate!the!extra)embryonic!

tissues!and!the!placenta,!and!the!inner!cell!mass,!non)polarized!cells!that!develop!to!embryo!

and!is!the!origin!of!embryonic!stem!cells.!Both!lineages!have!cadherin)mediated!adhesion.!In!

the!inner!non)polarized!cells!AMOT!localize!to!AJ!and!activate!the!Hippo!pathway,!whereas!

the! outer! polarized! cells! (the! trophectoderm)!AMOT! is! sequestrated! by! cell! polarity! from!

basolateral!domain!which!leads!to!suppressing!Hippo!pathway![404].!

!

This!regulatory!mechanism!of!Hippo!pathway!by!AJ!explains,!at!least!in!part,!the!role!of!AJ!

formation!in!the!process!of!contact!inhibition!of!proliferation!observed!in!epithelial!tissues.! 

I.D.c.1.1.3! NFHκB!activity!

Hyperactivation!of!NF)κB!signaling!is!frequently!found!in!cancer![405].!Genes!controlled!by!

the! NF)κB! pathway! are! involved! in! numerous! hallmarks! of! cancer,! including! survival,! cell!

death,!proliferation,!invasion,!angiogenesis!and!inflammation.!The!five!subunits!of!the!NF)κB!

transcription!factor!family,!include!RelA!(p65),!RelB,!cRel,!NF)κB1!(p50!and!its!precursor!p105)!

and!NF)κB2!(p52!and!its!precursor!p100),!assemble!homodimers!or!heterodimers.!The!classical!

form!is!constituted!of!RelA!(p65)!and!p50.!!

Formation! of! the! E)cadherin/catenin! complex! have! the! ability! to! down)modulate! NF)κB!
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activity.!It!was!indicated!that!an!overexpression!of!E)cadherin,!in!distinct!cell!lines,!decreases!

NF)κB!activation!while!loss!of!E)cadherin!leads!to!an!increased!activity!of!this!transcription!

factor! [406].! Additional! studies! have! proposed! that! presence! of! α)catenin! is! required! to!

prevent!NF)κB!activation.!Mechanistically,!α)catenin!binds!to!the!IκBα!protein,!and!stabilizes!

IκBα! by! preventing! its! ubiquitylation! and! its! association! with! the! proteasome.! This!

stabilization,! in! turn,! prevents! nuclear! localization! of! RelA! and! p50,! leading! to! decreased!

expression!of!various!target!genes!induced!by!a!NF)κB!dependent)mechanism!such!as!TNF)α,!

IL)8!and!RelB![304,!378].!

In!apparent!contradiction!with!these!data,!p120)catenin!deletion!in!various!epithelia!has!been!

associated!with!a!strong!inflammatory!response!associated!with!cancer!progression![306,!313,!

407,!408].!This!strong!inflammation!of!epithelial!tissue!has!been!associated!with!an!activation!

of!the!NF)κB!pathways!in!the!epidermis!and!the!derived!tumors,!suggesting!that!p120)could!

directly!regulate!NF)κB!in!the!skin![313,!407].!However,!cultures!of!keratinocytes!isolated!from!

p120!KO!mice!do!not!display!NF)κB!activation,!suggesting!that!this!effect!is!indirect!and!due!

to!the!underlying!microenvironment![313].!!

!

I.D.c.1.2! Regulation!of!cell!surface!receptors!!

Another!way!AJ!regulate!cytoplasmic!signaling!is!by!associating!and!modulating!the!signaling!

activity!of!different!cell!surface!receptors.!Such!regulation!has!been!exemplified!with!several!

classical!cadherins!expressed!in!different!tissues.!Here,!I!will!report!the!molecular!mechanisms!

that!underlie!this!regulation.!!

!

I.D.c.1.2.1! EGFR!

The! epidermal! growth! factor! receptor! (EGFR)! plays! an! important! role! in! the! regulation! of!

epithelial!cell!growth!and!differentiation!of!many!epithelia![409].!It! is!well!established!that!

deregulation!of!EGFR!signaling!is!associated!with!tumorigenesis.!Indeed,!EGFR!upregulation!

or!mutations!leading!to!its!constitutive!activation!have!been!observed!in!numerous!epithelial!

tumors![410],!resulting!in!tumor!overgrowth.!!

Therefore,!one)way!AJ!may!have!a!growth!inhibitory!function!is!link!to!their!capacity!to!control!

EGFR!signaling.!Qian!et!al.,!initially!shows!that!formation!of!E)cadherin)catenins!complex!can!
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inhibit!cell!responsiveness!to!EGF![411].!This!study!demonstrates!that!the!mitogenic!response!

associate! with! EGF! stimulation! declined! when! cells! reach! confluency.! By! contrast! this!

inhibition! is! overcome! when! E)cadherin! function! is! blocked! by! addition! of! inhibitory!

antibodies.! In! agreement!with! this! study,! Perrais! et! al.! show! that! E)cadherin! engagement!

obtained!by!microspheres!coated!with!recombinant!E)cadherin!is!sufficient!to!!inhibit!EGFR!

cell!growth!signaling,!confirming!the!inhibitory!function!of!AJ!formation!on!EGFR.![340].!

Various!studies!proposed!that!inhibition!of!EGFR!signaling!by!cadherin!required!a!molecular!

proximity! of! these! molecules! that! are! found! co)localized! at! cell–cell! contacts.! Various!

molecular! interactions! have! been! proposed! to! participate! to! this! association.! Qian! et! al.!

suggests!that!the!E)cadherin!extracellular!domain!is!required!since!this!domain!is!needed!to!

co)immunoprecipitate!the!two!molecules!when!they!are!co)expressed!in!293T!cells![411].!The!

team!of!McClatchey!demonstrate!that!EGFR!and!E)cadherin!interaction!requires!two!adaptors!

molecules:! Merlin! (an! ezrin! radixin! and! moesin! (ERM)! family! of! membrane/cytoskeleton!

linking!proteins)!and!NHERF1!(Na+–H+!exchanger!regulatory!factor!1!(also!called!EBP50)![412].!

NHERF1!binds!both!the!cytoplasmic!domain!of!EGFR!and!Merlin.!Merlin!is!known!to!localize!

with!AJ! and! to! interact!with!AJ! components! such! as!#)catenin! [413].!Moreover,!Merlin! is!

required!to!establish!stable!cadherin)mediated!AJs!between!cells!in!dense!culture![414]!and!

to!undergo!contact)dependent!inhibition!of!proliferation!at!confluence.!!

Therefore,!the!interaction!of!EGFR!with!AJ!and!Merlin/NHERF1!in!confluent!cell!culture!allows!

the! association! of! EGFR!with! the! actomyosin! network! present! at! cell)cell! junction,! which!

blocks!the!endocytosis!of!the!ligand)bound!EGFR![415].!Since!EGFR!internalization!is!needed!

for!a!full!EGFR!signaling!response![416],!the!recruitment!of!EGFR!to!the!E)cadherin/catenin!

complex! inhibit!EGFR! internalization! into!the!endocytic!compartment!and!consequently! its!

signaling.!

A!study!by!Pece!e!Gutkind!demonstrated!an!inverse!finding,!where!E)cadherin!promotes!an!

EGFR!dependent!signaling!instead!of!inhibiting!it.!Using!a!non)tumorigenic!keratinocyte!cell!

line! (HaCat),! they! show! that! E)cadherin)catenin! complex! induces! a! ligand)independent!

activation!of!EGF!receptors! (EGFRs),!and!the!consequent!activation!of!a!biochemical!route!

leading!to!the!stimulation!of!MAPKs![417].!!

These!controversial!findings!could!be!explained!by!the!level!of!E)cadherin!expressed!at!the!

cell!surface.!Low!cell!surface!expression!of!E)cadherin!would!promote!EGFR!activity,!whereas!
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high!surface!expression!of!E)cadherin!and!the!AJs!induce!an!important!co)aggregation!of!EGFR!

together!with!E)cadherin,!which!alters!the!rate!of!activated!EGFR!endocytosis,!resulting!in!a!

decreased!responsiveness!of!the!RTK.!

I.D.c.1.2.2! FGFR!!

The! fibroblast! growth! factor! (FGF)! ligands! are! involved! in! early! embryo! patterning! and!

development.!In!the!adult,!FGFs!are!considered!as!key!players!in!tumorigenesis.!FGFs!and!their!

cognate!receptors!(FGFRs)!are!also!implicated!in!epithelial!to!mesenchymal!transitions!(EMTs)!

[279].! FGFRs! trigger! numerous! intracellular! signaling! pathways! orchestrating! key! cellular!

events!including!cell!migration.!!

A!study!by!Bryant!et!al.!has!demonstrated!that!FGFR1!activation!by!its!ligand!FGF!induces!the!

co)internalization!of!FGFR1!and!E)cadherin! into!early!endosomes![418].!This! is! followed!by!

nuclear!translocation!of!FGFR1!resulting!in!the!activation!of!mitogen)activated!protein!kinase!

(MAPK)!pathway.!In!addition,!they!established!that!reciprocally!presence!of!high)quantities!of!

E)cadherin!at!the!plasma!membrane!blocks!FGFR1!endocytosis!and!signaling.!Thus,!E)cadherin!

is!a!negative!regulator!of!FGFR1!by!limiting!its!endocytosis!but!at!the!same!time!E)cadherin!

can!be!co)!endocytose!with!activated!FGFR1,!revealing!a!complex!co)regulation!between!these!

two!receptors.!

It! is! worth! mentioning! that! E)cadherin! is! not! the! only! cadherin! found! to! mediate! FGFR!

signaling.!Since!N)cadherin!and!VE)cadherin!also!modulate!FGFR!signaling!in!endothelial!cells.!

Although! N)! and! VE)! cadherin! have! a! similar! structure! and! bind! the! same! intracellular!

partners,! they! seem! to! display! different! functions! in! the! endothelium.! Remarkably,! both!

cadherins!have!opposite!impact!on!FGFR!signaling.!N)cadherin!expression!in!endothelial!cells!

or!in!tumor!cells!lead!to!FGFR!signaling!activation!and!increased!migratory!signals![419,!420].!

Whereas,! VE)cadherin! decreased! the!migratory! effects! of! FGFR!by! forming! a!multiprotein!

complex!with!FGFR1!and!the!phosphatase!Dep1[421].!

Therefore,!the!modulatory!function!of!cadherins!on!FGFR!is!dependent!of!the!type!of!cadherin!

considered!and!the!level!of!engagement!of!the!cadherin.!

I.D.c.1.2.3! VEGFR!

VEGF! is! a! major! growth! factor! for! endothelial! cells! which! binds! to! two! tyrosine! kinase!

receptors,! VEGFR)1! and! )2.! VEGFR! activation! by! VEGF! triggers! a! proliferative! response!

important! during! formation! of! new! vessels.! However,! VEGFR! activity! need! to! be! strictly!
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controlled! to!avoid!endothelial! cells!overgrowth.! In! this! respect,!Dejana!group! shows! that!

association!of!VEGFR!with!VE)cadherin!at!cell)cell!junctions!in!confluent!culture!play!a!crucial!

role! to! inhibit! VEGFR! pro)proliferative! signaling! [352].! This! group! also! elucidated! the!

mechanism! by! which! VE)cadherin! expression! and! clustering! regulates! the! growth! factor!

receptor! VEGFR2! signaling.! They! demonstrated! that! the! association! of! VE)cadherin! with!

VEGFR)2! allows! the! co)clustering! of! the! phosphatase! DEP)1! which! is! located! at! cell)cell!

junction! together!with!VE)cadherin! and! that!DEP)1! dephosphorylates! VEGFR)2! to! limit! its!

internalization!and!signaling.!When!VE)cadherin!is!absent!or!not!engaged!at!cell)cell!contacts,!

VEGFR2!is!endocytosed!more!rapidly!and!remains!in!endosomal!compartments!for!a!longer!

time!where!the!receptor!signals![422].!The!regulation!of!VEGFR2!signaling!by!VE)cadherin!is!

probably!required!to!control!vascular!stabilization!when!new!vessel!is!formed.!

I.D.c.1.2.4! TGFH!!receptor!

TGF)β!belongs!to!the!members!of!the!TGF)ß!superfamily!that!include!activins,!BMPs!and!GDFs.!

TGF)β!induce!signaling!via!the!heteromeric!serine/threonine!kinase!transmembrane!receptor!

complexes! TβRII/TβRI.! The! activation! of! TβRI! results! in! the! phosphorylation! of! receptor)

associated!members!of!the!SMAD!family,!which!will!dissociate!from!the!receptor!to!form!a!

complex!with!the!mediator!Smad)4.!This!complex!will!translocate!to!the!nucleus!to!regulate!

transcription!which!will! lead! to!biological!outputs!depending!on! the!context.! For! instance,!

TGF)β!family!members!have!the!ability!to!both!promote!and!inhibit!proliferation,!induce!stem!

cell! renewal!as!well!as!stem!cell!differentiation,!and!serve!to!suppress!as!well!as!promote!

tumorigenic!events![423].!!

TGF)β! receptor! complex,! is! another! receptor! identified! to! be! regulated! by!VE)cadherin.! A!

study!by!Dejana’s!group!reported!that!VE)cadherin!expression!and!junctional!clustering!are!

required!for!optimal!transforming!growth!factor)β!(TGF)β)!signaling!in!endothelial!cells![424].!

VE)cadherin!knockdown!inhibited!Smad1/5!and!Smad2/3!phosphorylation!induced!by!TGF)β,!

leading!to!a!reduced!expression!of!Smad!target!genes!and!preventing!the!inhibitory!effect!of!

TGF)β!on!endothelial!cells!proliferation!and!migration.!!

I.D.c.1.2.5! Overview!on!receptor!regulation!by!AJ!

All! in! all,! these! studies! elucidate! the! mechanisms! by! which! cadherins! control! signaling!

pathways! emanating! from! various! cell! surface! receptors! (summarized! in! Table! 7).! It! is!

interesting! to! notice! that! this!mechanism!of! regulation! is! not! unique! and! depends! of! the!



! 99!

specific!cadherin!and!RTK!considered!and!the!cellular!context.!RTK!can!associate!with!one!

cadherin!only!in!a!specific!cellular!context!as!it!is!the!case!for!EGFR,!whereas!other!receptors,!

such! as! FGFR1,! can! be! regulated! by! different! cadherins! in! different! cell! types! leading! to!

different!signaling!This!observation!support!the!hypothesis!that! it!exists!specific! functional!

interactions! between! cadherin! subtypes! and! receptor! tyrosine! kinase! (RTK)! members.!

However,!depending!on!the!cellular!context,!the!same!cadherin!may!regulate!in!a!different!

manner!different!cell!surface!receptors.!For!example,!VE)cadherin!promotes!or!inhibits!the!

cytoplasmic! signaling! respectively! of! TGF)β! receptor! and! VEGFR.! To! regulate! cell! surface!

receptors,!AJ!serve!as!molecular!organizer!by!recruiting!several!adaptors!such!as!actin!binding!

protein! (the! ERM! Merlin),! scaffold! molecule! (NHERF1)! and! signaling! regulator! (the!

phosphatase!DEP)1)!indispensable!to!the!regulation!of!the!growth!factor!receptors.!Finally,!

inhibition! of! RTK! activity! in! confluent! cells! relies! on! two! general! rules:! first,! the! physical!

association!of!the!RTK!with!a!cadherin;!second,!this!association!inhibits!the!endocytosis!of!the!

receptor!in!order!to!blocks!its!signaling!capacity.!!

These!findings!offer!an!attractive!mechanism!whereby!cell)cell!adhesion!molecules!can!affect!

cell!fate!decision!upon!cell)cell!contact!formation.!These!observations!suggest!that!cadherin!

mediated!cell!surface!receptor!signaling!is!very!complex!and!as!to!be!studied!in!a!context)

dependent!manner!since!no!prediction!of!the!outcome!of!this!regulation!can!be!proposed.!

Table!7:!Cadherin!regulating!growth!factor!receptor!signaling!

!

RTK! Cadherin! Cell! Cellular!

response!

Interrelation! References!!

FGFR1! N)

cadherin!

!

mouse!epiblast!

stem!cells!

Pluripotency!

maintenance!

Stabilization!of!FGFR!by!N)

cadherin!at!cell!membrane!

[425]!

FGFRs/FGFR1! mouse!

cerebellar!

neurons!

ventral!spinal!

cord!

Neurite!

outgrowth!

co)clustering,!N)cadherin)

dependent!activation!of!FGFR!

[426]!

[427]!

FGFRs/FGFR1! zebrafish, 
xenopus!

RGC!

extension!

N)cadherin)dependent!

activation!of!FGFR!

[428]!
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RTK! Cadherin! Cell! Cellular!

response!

Interrelation! References!!

RGC!(Retina!

Ganglion!Cells)!

 

and!

guidance!

FGFRs!!

!

poliomavirus!

middle!T)

antigen!

(PvVmT))

induced!mince!

mammary!

cancer!cells!

!

Increase!in!

invasion!and!

pulmonary!

metastasis!

!

N)cadherin)dependent!

activation!of!FGFR!

!

[429]!

FGFR1! human!breast!

cancer!cells!

Increased!

invasion!and!

metastasis!

co)clustering,!N)cadherin!

−dependent)increase!of!FGFR!

membranous!stability!

[419]!

FGFR!
!

mouse!breast!

cancer!cells!

Increase!in!

tumor!

invasion,!

proliferation!

and!

metastasis!

N)cadherin!−dependent!

increase!of!FGFR!1)4!

expression!and!

phosphorylation!N)cadherin)

dependent!increase!of!FGFR1!

and!2!mRNA!expression!

clustering!in!complex!with!

NCAM!

[420]!

FGFR1! E)

cadherin!

!

Human!breast!

adenocarcinoma!

Blocks!

mitogen)

activated!

protein!

kinase!

pathway!

Overexpression!of!E)cadherin!

blocks!both!the!co)endocytosis!

of!E)cadherin!and!FGFR1!

[418]!

EGFR! Liver)derived!

epithelial!cells!

(LDCs)!from!

mice!

Inhibit!

mitogenic!

signaling!in!

response!to!

cell!contact.!

Merlin!immobilizes!EGFR!at!

the!plasma!membrane!and!

stabilizes!associated!cell!

junctions!

!

[415]!
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RTK! Cadherin! Cell! Cellular!

response!

Interrelation! References!!

EGFR! keratinocyte!cell!

line!

Activation!of!

MAPK!

pathway!

E)cadherins!stimulate!the!

MAPK!pathway!through!the!

ligand)independent!activation!

of!epidermal!growth!factor!

receptors!

[417]!

VEGFR2! VE)

cadherin!

human!

endothelial!cells!

Increases!

contact!

inhibition!of!

cell!growth,!

limitation!of!

endothelial!

cell!

proliferation!

E)cadherin!binds!to!VEGFR2,!

preventing!its!endocytosis!and!

promoting!its!inactivation!at!

the!cell!surface!

[422]!

VEGFR! VEGF)expressing!

murine!colon!

tumor!cancer!

Increase!in!

tumor!

metastasis!

to!lung!

and!liver!

VEGF!uncouples!VE)cadherin!

junctions!creating!endothelial!

gaps!

[430]!

VEGFR2,!3! human!

endothelial!cells!

Enhanced!

endothelial!

response!to!

flow!shear!

stress!

co)clustering!facilitates!ligand)

independent!transactivation!of!

VEGFR!2,3!

[431]!

FGFR! human!

endothelial!cells!

Preventing!

cell!motility!

and!

apoptosis!

and!

VE)cadherin!associate!with!

FGF!receptor!

[421]!
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RTK! Cadherin! Cell! Cellular!

response!

Interrelation! References!!

controlling!

permeability!

! !
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I.E! ApicoHbasal!Polarity!!

!

Cell!polarity!is!the!asymmetrical!organization!within!the!cell!that!aim!to!control!the!localization!

and!distribution!of!a!variety!of!membrane!proteins,!organelles!and!cytoskeletal!components.!

The!ability!of!the!cell!to!maintain!and!establish!functionally!distinct!domains!involves!complex!

interactions!between!many!protein!complexes,!which!regulate!different!signaling!pathways.!

Organization!of!molecules!and!organelles!within!a!cell!is!fundamentally!important!to!ensure!

cellular!function!in!a!tissue!such!as!transmitting!of!signals!across!neurons!and!preserving!a!

barrier! within! an! epithelium.! Therefore,! cell! polarity! control! a! number! of! critical! cellular!

processes,!including!cell!migration,!differentiation,!proliferation,!and!morphogenesis!in!both!

unicellular!and!multicellular!organisms![432].!Consequently,!the!deregulation!of!mechanisms!

regulating!cell!shape!can!lead!to!developmental!disorders,!tissue!degeneration!or!cancer![433,!

434].!!

Several!different!types!of!cell!polarity!exist!to!assure!the!proper!embryo!development!and!

tissue!homeostasis! in!the!adult,! including!apico)basal,!planar!and!front–rear,!polarity! [190,!

435,!436].!

The!apicoCbasal!cell!polarity!(ABCP)!is!a!form!of!polarity!specific!to!epithelial!cells,!which!is!

characterized!by!a!separating!axis!between!the!apical!and!basal!domains!within!epithelial!cell.!

The!apical!domain!faces!the!outside!of!body!or!the!internal!lumen!cavity,!the!lateral!domain!

is!linked!to!the!adjacent!cell!and!the!basal!domain!is!connected!to!extracellular!matrix!(ECM)!

in! simple! epithelia.! Apico)basal! polarity! is! essential! for! the! asymmetrical! positioning! of!

proteins,! lipids! and! organelles! in! epithelia,! which! is! necessary! for! organization! of! various!

signaling!pathways,!cell–cell!contact!and!cell!communication!in!order!to!establish!coherent!

epithelial! tissue! and! to! regulate! tissue! growth! differentiation! and! apoptosis.! The!

establishment!and!maintenance!of!defined!specialized!domains!along!the!apico)basal!axis!of!

a!cell!is!achieved!via!both!antagonistic!and!cooperative!relationships!between!evolutionary!

conserved! polarity!modules! known! as! the!Par,!Crumbs! and!Scribble!modules! [437]! (Their!

function!in!ABCP!is!described!in!details!in!the!section!below).!
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In!addition!to!apico)basal!cell!polarity!there!are!other!forms!of!cell!polarity!in!epithelia,!known!

as!planar!cell!polarity!(PCP).!PCP!forms!domains!orthogonally!to!apico)basal!polarity!along!

the!X!and!Y!axes!(across!the!plane!of!an!epithelium)!through!signaling,!in!order!to!orient!cells!

or!tissues!in!a!given!direction.!This!is!displayed!in!the!organization!of!the!hair!cells!within!the!

cochlea![190].!PCP! is!a!consequent!of!a!mutual! ! antagonistic!between!two!complexes,! the!

proximal!cassette!(including!vang)like!protein!(Vangl)!and!Prickle!(pk))!and!the!distal!complex!

(including!Frizzled!(Fz),!Dishevelled!(Dsh),!and!Diego!(Dgo))![438].!The!ABCP!contribute!in!PCP,!

for!instance,!the!Par!and!Scrib!complexes!physically!interact!with!core!PCP!components![439,!

440],! which! displays! an! interconnection! between! ABCP! and! PCP! in!maintaining! epithelial!

integrity.!

Migrating! cells! adopt! a! front–rear! polarity! in! response! to! environmental! cues! (including!

chemotactic),! which! is! required! to! orientate! cell! during! the! migratory! step.! Migration!

concerns!in!individual!cells,!single)cell!migration,!or!cluster!of!cells!interconnected!by!cell)cell!

junctions!which!migrate! collectively,!known!as! collective!migration.!Adoption!of! front)rear!

polarity!in!migrating!cells!requires!epithelial!polarity!complexes,!but!the!molecular!mechanism!

that! leads! to! the! establishment! of! the! front! rear! polarity! is! still! under! debates.! The!Rho)

GTPases! including! Cdc42,! Rac! and! RhoA,! play! an! important! role! in! mediating! front)rear!

polarity!by!having!different!distribution!within!the!cell.!RhoA!is!activated!at!the!rear!of!the!cell!

to! facilitate! retraction,! whereas! Rac! and! Cdc42! are! activated! at! the! leading! edge! of! the!

migrating! cell! to! drive! directed! protrusions! [441].! The! activation! the! Rho)GTPases! are!

mediated!by!the!Scrib!complex!and!Par!complex!at!the!leading!edge!(explained!page!124).!

Here,!I!will!concentrate!on!the!mechanisms!leading!to!the!establishment!of!the!apico)basal!

polarity!in!epithelial!cells!and!its!functional!importance.!!

!

Genetic! and! biochemical! studies! in!Caenorhabditis! elegans,!Drosophila!melanogaster! and!

monolayer!or!three)dimensional!(3D)!cultures!of!mammalian!epithelial!cells!have!generated!

a!large!scale!of!knowledge!on!a!network!of!polarity!proteins!and!lipids!that!specify!identity!to!

the!apical!and!basolateral!domains!of!epithelial!cells.!!
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Genetic!studies!in!different!organisms!have!shown!the!existence!of!evolutionarily!conserved!

and!ubiquitously!expressed!proteins!that!regulate!ABCP!(Table!8).!Theses!cell!polarity!proteins!

belongs!to!three!main!polarity!complexes!:!the!Scribble!polarity!module,!which!is!composed!

of! Scribble! (Scrib),!discs! large! (Dlg)!and! lethal! giant! larvae! (Lgl);! the!Par! complex!which! is!

composed!of!Par)3,!Par)6!and!aPKC!(atypical!protein!kinase!C);!the!Crumbs!complex!which!is!

composed!of!the!transmembrane!protein!Crumbs!(Crb),!Pals1!and!Patj!(Pals1)associated!tight!

junction! protein)[14].! These! polarity! protein! complexes! serve! as! scaffolds! engaging! other!

proteins! in! response! to! both! intracellular! and! extracellular! cues,! which! leads! to! the!

reorganization!of!the!cytoskeleton!and!vesicular!trafficking!that!results!in!the!establishment!

and!maintenance!of!cellular!asymmetry![442].!

The!localization!of!each!of!these!modules!is!distinct!in!epithelial!cells!and!is!not!similar!in!all!

epithelia.!In!simple!epithelia,!the!CRB!and!PAR!complexes!are!restricted!to!the!apical!region!

of!the!lateral!membrane!whereas!SCRIB!complex!is!concentrated!along!the!lateral!membrane.!!

In!contrast!to!simple!epithelia!cells,! the!apical!domain!of!stratified!epithelia! (such!as!basal!

keratinocyte!of!the!epidermis)!do!not!face!the!interior!of!a!lumen!but!this!domain!is!linked!to!

supra)basal!cells!with!cell)cell!contacts!identical!to!the!one!developed!with!lateral!cells.!It!is!

important!to!point!out!that!basal!keratinocyte!own!the!same!polarity!components!of!simple!

epithelial!cells!but!the!organization!of!these!polarity!proteins!within!the!epithelial!cells!can!

differ![9].!!

Therefore,!it!is!noteworthy!to!point!out!that!the!mechanisms!involved!in!the!establishment!!

Figure 1.
Comparison of cell polarity in simple epithelial and basal keratinocytes.
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Figure!24:!Simple!epithelia!vs!basal!keratinocyte!molecular!organization![9] 
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and!the!maintenance!of!ABCP!have!been!obtained!in!experiments!carried!out!using!simple!

epithelia!model! systems.! The!mechanisms! by!which! polarity! complexes! regulate! stratified!

epithelium!homeostasis!is!still!under!investigation.!

Here!I!will!briefly!describe!the!different!components!of!two!of!these!polarity!complexes,!the!

Par!complex!and!the!Crumb!complex!and!I!will!define!with!more!details!the!composition!of!

the!Scrib!polarity!complex.!I!will!discuss!how!these!three!complex!work!together!to!form!and!

maintain!the!homeostasis!of!apico)basal!polarity!in!epithelium.!I!will!also!mention!the!role!of!

located in cell–cell contact regions and colocalized with ZO1 at
tight junctions [65,67–69].

PAR3A has been extensively studied in epithelial cells. It
seems likely that the starting point required for PAR3A to target
the tight junctions is its ability to form self-associations and to
bind to the junctional adhesion molecules (JAMs). PAR3A
forms a homodimer via its N-terminal region; this association

seems to be required for the correct association of PAR3A at the
apical side of the cell–cell contact region during the process of
polarization [70]. This mechanism may also be adopted by
PAR3B [52]. PAR3A may then be stabilized upon binding
directly to JAM via its first PDZ domain, and these two proteins
may then be co-distributed to the sites of cell–cell contact [71].
As JAMs are present at newly formed cell–cell contacts prior to

Fig. 1. Structure and interactions of mammalian polarity complex proteins. (Part A) PAR complex, (part B) CRB complex and (part C) SCRIB complex. Domains are
shown according to the SMART (Simple Modular Architecture Research Tool) database (http://smart.embl-heidelberg.de.). All interactors are mentioned in the text
except for TβR1 (TGFβ receptor 1) [182], Smurf [182], Ect2 [183], KIF3A [184], MASCOT [166], JEAP [166], CamKII [185], TAPP1/2 [186], TARPs [187],
synGAP [185], dopamine receptor [188], Vangl2 [128], Shaker K+ channel [189].

619E. Assémat et al. / Biochimica et Biophysica Acta 1778 (2008) 614–630

Figure!25:!!Structure!and!interactions!of!mammalian!polarity!complex!proteins.![14]!
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several! proteins! that! do! not! directly! belong! to! these! complexes! and! that! have! been!

demonstrated!to!regulate!ABCP.!

I.E.b.1! The&Par&complex&

The!Par!genes!were!the!first!genes!identified!by!Kemphues!et!al.!in!1988!to!be!involved!in!cell!

polarization!and!asymmetric!divisions!arising!in!the!C.!elegans!zygote![443],!They!identified!six!

genes!controlling!asymmetric!division!and!called!them!par!(for!partition!defective)!(from!Par1!

to!Par6)![443].!These!6!genes!encode!for!proteins!of!different!structural!features.!Par1!and!

Par4!are!two!protein!kinases,!Par5!is!a!member!of!the!14.3.3!family!protein,!Par3!and!Par6!are!

two!scaffold!and!adapter!proteins![14].!Subsequently,!Tabuse!et!al.!in!1998![444]!identified!

atypical!protein!kinase!C!(aPKC/PKC3!in!C.elegans)!protein!coded!by!the!seventh!par!gene.!

C.elegans!embryos!lacking!PKC3!as!the!result!of!RNA!interference!were!lethal,!displaying!par3)

like! phenotypes.! These! studies! discovered! the! Par! complex! as! an! apical! protein! complex!

consisting!of!the!proteins!PAR3,!PAR6!and!aPKC![445].!The!other!proteins!(Par1,!Par4!(Lkb1!in!

mammals)!and!Par5!(14)3)3!in!mammals))!also!play!a!role!in!regulating!apico)basal!polarity!

[13]!(described!in!page!119).!

Mainly,!the!Par!complex!is!involved!in!the!establishment!and!conservation!of!TJ!and!apical!

domain![446].!PAR6!and!PAR3!are!two!scaffold!proteins!containing!PDZ!domains!that!mediate!

interaction!with!the!other!proteins!of!the!complex.!The!major!role!of!these!two!proteins!is!to!

localize! and! regulate! the! serine/threonine! kinase! aPKC,! which! is! the! core! effector! of! this!

complex.!PAR3!and!PAR6!have!also!several!interactions!with!the!small!G!proteins!of!the!Rho!

family,!Cdc42!and!Rac,!that!are!also!important!effectors!in!the!apical)basal!polarity!pathway!

by!regulating!the!actin!cytoskeleton![447].!!

The! Par! complex! is! conserved! from! worms! to! vertebrates.! In! fact,! after! being! originally!

characterized!in!the!nematode!C.!elegans!as!essential!proteins!for!asymmetric!division,!it!was!

later!illustrated!in!the!fruit!fly!D.!melanogaster!and!vertebrates.!Although!only!single!copies!

of!the!Par!genes!exist!in!nematodes!and!flies,!this!gene!family!has!expanded!in!vertebrates,!

for!instance,!there!are!three!genes!encoding!PAR6!(PAR6A/C,!PAR6B!and!PAR6D/G),!two!genes!

encoding! PAR3! (PAR3A! and! PAR3B)! and! two! genes! encoding! aPKC! (aPKCλ/ι! and! aPKCζ).!

Studies!have!shown!that!various!isoforms!have!different!roles.!For!instance,!PAR6!proteins!

display!diverse!patterns!of!localization!in!epithelial!MDCK!cells![448].!PAR6A!is!localized!both!

at!tight!junctions!and!in!the!cytosol,!while!PAR6B!is!localized!in!the!cytosol,!whereas!PAR6G!
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mostly!co)localizes!with!tight!junction!markers![448].!The!specific!spatiotemporal!localizations!

for!each!PAR6!proteins!strongly!advocate!diverse!functions.!This!was!confirmed!by!a!study!

demonstrating!that!substitution!of!the!zebrafish!par6!gene!with!a!different!isoform!did!not!

rescue!the!wild!type!phenotype![449].!!

PAR6!contains!conserved!domains!mediating!its!interactions!with!the!other!members!of!the!

complex,! including!a!Phox/Bem!1!(PB1)!domain!at!the!N)terminal! that!binds!to!other!PB1)

domain)containing! proteins! such! as! aPKC,! and! an! adjacent! Cdc42/Rac! interaction! binding!

(CRIB)!motif!binds!to!the!Cdc42!or!Rac!GTPases!only!in!their!activated!GTP)bound!state![450].!

Lastly,!PAR6!have!a!PDZ)domain!that!binds!to!other!proteins!including!PAR3!and!CRB3!(Figure!

25).! PAR6! proteins! do! not! hold! enzymatic! domains,! therefore! they! function! by! bringing!

together!several!proteins!at!a!specific!localization!such!as!tight!junctions,!the!leading!edge!of!

a!migrating!cell,!the!tip!of!the!growing!axon,!etc.![451].!The!key!function!of!PAR6!is!to!allow!

the!interaction!between!aPKC!and!its!downstream!effectors!such!as!PAR3!and!LGL!(described!

below)![452].!!

PAR3A! forms!a! homodimer!via! its!N)terminal! region!and! this! self)association! seems! to!be!

required!for!the!correct!targeting!of!PAR3A!at!the!apical!side!of!the!cell–cell!contact!region!

during!polarization![453].!It!seems!likely!that!the!starting!point!required!for!PAR3A!to!target!

the!tight!junctions!is!its!ability!to!form!self)associations!and!to!bind!to!the!junctional!adhesion!

molecules!(JAMs).!At!this!point!PAR3A!play!a!role!of!a!scaffold!by!the!recruitment!of!the!other!

proteins!involved!in!the!development!of!TJ!such!as!PAR6![454]!and!aPKC![455].!Several!studies!

have! exposed! that! overexpression! or! depletion! of! PAR3A! in! epithelial! cells! leads! to! the!

disruption!of!tight!junctions,!as!well!as!the!mis)localization!of!PAR6,!aPKC!and!tight!junction!

markers! [453,! 454,! 456].! PAR3A! can! also! interact! with! other! proteins! depending! on! its!

phosphorylation! state,! which! is! dependent! on! aPKC.! These! molecular! partners! to! PAR3A!

include!14.3.3!(Par5)!and!the!Rac!exchange!factor!Tiam1.!These!interactions!display!the!role!

PAR3A!can!play!in!regulating!cytoskeleton!dynamics![14](explained!below).!

aPKC!is!composed!of!an!N)terminal!PB1!domain!which!allows!its!interaction!with!PAR6![457],!

and!a!PKC!catalytic!domain!within!its!C)terminal!region![458]!(Figure.!25).!aPKC!is!known!to!

phosphorylate!several!proteins!such!as!PAR3![458]!and!LGL![459].!In!addition,!the!complex!

aPKC/PAR6! can! interact! independently! with! LGL! and! PAR3,! therefore! able! to! form!
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(LGL/aPKC/PAR6! or! PAR3/aPKC/PAR6)! to! regulate! epithelial! cell! polarity! [452](explained!

below!page!117).!aPKCs!are!the!only!members!of!the!Par!complex!showing!catalytic!activity.!

The!main!function!of!aPKCs!is!to!prevent!lateral!proteins!from!localizing!to!the!apical!domain.!

In!MDCK!epithelial!cells,!aPKCs!localize!with!the!other!members!of!the!PAR!complex!at!tight!

junctions! [460].! This! kinase! activity! is! required! for! the! formation! of! tight! junctions,! since!

overexpression!of!aPKC!mutant!lacking!kinase!activity!blocks!TJ!formation!and!leads!to!mis)

localization!of!PAR6!and!PAR3![455].!!

I.E.b.2! Crb&complex&

In!1990,!Tepass!et!al.!recognized!the!presence!of!a!genetic!link!between!epithelial!polarity!and!

crumbs!(crb),!in!Drosophila.!Indeed,!Crb!mutations!fail!to!form!or!maintain!a!zonula!adherens,!

which!results!in!the!loss!of!cell!polarity!and!adhesion,!and!increased!cell!death![461].!!

The!Crumbs!complex! is!an!apical!polarity!protein!consisting!of!the!transmembrane!protein!

Crumbs,!and!cytoplasmic!scaffolding!proteins!PALS1!(Stardust!in!Drosophila),!PATJ!(formerly!

known! as! Discs! Lost! in!Drosophila)! and! PATJ! homologue! in! mammals!MUPP1! (Multi)PDZ!

domain!protein!1).!!

The!Crumbs!complex!was!first!identified!in!the!epithelia!of!Drosophila!and!subsequently!in!

vertebrates!(Table!8).!Although!D.!melanogaster!has!only!one!Crumbs!gene!in,!three!genes!

have!been! identified! in!mammals! (denoted!CRB1,!2,! and!3).!CRB1!and!CRB2!are!primarily!

present!in!the!retina!and!brain![462]!and!CRB2!is!as!well!expressed!in!the!kidney![463].!CRB3!

is!present!in!all!epithelial!tissues!including!retina![464],!and!in!skeletal!muscles![465].!!

CRBs!proteins!may!have!a!compensatory!effect!in!certain!tissues!like!the!retina,!but!also!that!

can!have!more!specific!roles!in!other!tissues.!For!instance,!in!mice!retina!CRBs!proteins!can!be!

found!expressed! in! the! same!cell! type.! In!mice,!both!mutations! in!CRB1! and!CRB2! lead! to!

defects!in!the!retina.!Moreover!a!study!has!shown!a!compensatory!effect!of!CRB2!on!CRB1!

mutants!in!mice!retina![466].!However,!CRB3!was!not!linked!to!retinal!diseases![467].!!

CRB3!is!a!transmembrane!protein!that!localizes!to!the!apical!membrane!of!epithelial!cells!and!

is!concentrated!in!TJ,!where!it!interacts!with!PALS1.!Interaction!of!CRB3!with!the!PDZ!domain!

of!PALS1!is!mediated!by!an!evolutionarily!conserved!C)terminal!PDZ)binding!motif,!the!amino!

acid!sequence!ERLI![14].!CRB3!complex!is!crucial!to!define!the!apical!domain.!Overexpression!

of!CRB3!in!MDCKII!cells!leads!to!the!expansion!of!the!apical!domain!resulting!in!the!decreased!

of!the!basolateral!domain,!delayed!formation!of!TJ!and!disruption!of!cell!polarity![465,!468].!
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This! function! depends! on! two! conserved! domains! in! the! cytoplasmic! tail! of! Crumbs,! the!

membrane!proximal!FERM)binding!domain!and!a!C)terminal!ERLI!motif![465,!468].!Moreover,!

CRB3! contributes! to! primary! cilia! formation,! which! are! cell! surface! microtubule)based!

organelles!that!play!a!role!as!mechano)sensor!and!chemo)sensor!to!mediate!signaling!cues.!

Small! interfering!RNA!experiments! showed! that!CRB3! is! required! for! ciliogenesis! in!kidney!

tubules!epithelial!cells![469,!470].!!

PALS1! is! a! scaffold! protein,! also! known! as!MPP5! (for!membrane)associated! palmitoylated!

protein!5)[471].!PALS1!Knockdown!in!MDCK!cells!leads!to!TJ!and!polarity!defects,!including!

increase!in!permeability!and!disrupted!development!of!luminal!cysts,!result!from!a!failure!of!

recruitment! of! the! Par6/Par3/aPKC! complex! to! the! tight! junction! [472]! and! to! the! mis)

targeting! of! E)cadherin! to! the! cell! membrane! [473].! PALS1! is! needed! for! the! proper!

localization! of! Par6/Par3/aPKC! complex! to! the! tight! junction! and! correct! targeting! of! E)

cadherin!at!cell)cell!junction.!

PATJ!interacts!with!different!TJ!components!including!ZO)3!(via!its!sixth!PDZ!domain),claudin)

1!(via!its!eighth!PDZ!domain)![474],!as!well!as!members!of!the!Crumbs!complex!such!as!PALS1!

and! CRB3! [475].! Overexpression! or! downregulation! of! PATJ! in! epithelial! cells! disrupts!

localization! of! TJ! proteins! ZO1,! ZO3! and! Occludin.! This! observation! suggests! that! PATJ! is!

required!for!TJ!formation![474)476].!The!downregulation!of!PATJ!also!affects!the!distribution!

of!the!CRB!complex!proteins!CRB3!and!PALS1,!which!were!no!longer!accumulated!at!the!apical!

membrane! and! in! TJ,! suggesting! that! PATJ! is! involved! in! apical! stabilization! of! the! Crumb!

complex![475].!!

MUPP1!is!a!paralog!of!PATJ,!that!contains!PDZ!domains!(13!and!10!respectively)!and!a!L27!

domain.!MUPP1!and!PATJ!share!numerous!binding!partners!ZO)3,!PALS1,!PAR6,!and!nectins!

[477,!478].!MUPP1!and!PATJ!display!similar!subcellular!distributions,!where!they!localize!to!

TJs.!However,!they!may!have!different!functions!since!PATJ!is!necessary!in!establishing!of!TJs!

and!epithelial!polarization,!while!MUPP1!is!not![478].!!

!

!
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Table!8:!Components!of!the!polarity!complexes!in!different!species,!adapted!from![14]!

&

!

I.E.b.3! Scrib&complex&

The!scribble!(scrib)!gene!was!identified!in!Drosophila!using!a!screen!for!maternal!mutations!

disrupting!aspects!of!epithelial!morphogenesis!such!as!cell!adhesion,!shape!and!polarity![479].!

The!scrib!mutation!lead!to!defects!in!the!in!the!epithelial!organization!as!a!result!of!irregularly!

shaped!cells!that!piled!upon!each!other.!In!addition!to!scrib,!two!other!genes!were!found!to!

establish!the!same!phonotype!when!mutated!which!are!known!as!lethal!giant!larvae!(lgl)!and!

lethal!discs!large!(dlg).!!In!Drosophila!development,!Dlg,!Lgl,!and!Scrib,!show!common!patterns!

of!distribution!at!the!lateral!domain!of!epithelial!cells!and!loss)of)function!phenotypes,!and!

may! form! a! biochemical! complex! that! controls! and! refines! the! segregation! of! apical! and!

Polarity'complex' Drosophila' C.elegans' Mammalian!
! Protein! Gene!symbol!

Par!complex! DmPar6  

!

Par)6! PARD6A! PARD6A!
! PARD6B!! PARD6B!!
! PARD6G!! PARD6G!!
! Bazooka! Par)3! PARD3!! PARD3!!
! PARD3B! PARD3B!
! DmaPkc! PKC)3! aPKCι/λ! PRKCi!!
! PKCζ! PRKCz!

Crumbs!complex! Crb! Crb1!! CRB1!! CRB1!!
! Eat)20! CRB2! CRB2!
! ! CRB3! CRB3!
! Sdt! TAG)117! Pals1! MPP5!
! Dpatj! ! PATJ! INADL!

Scrib!complex! Scrib! LET)413! SCRIB! SCRIB!
! Dlg! dlg)1! DLG1/SAP97!! DLG1!
! PSD)93;!

Chapsyn110!

!

DLG2!!

! SAP102;!NE)

DLG!

!

DLG3!

! PSD95;!SAP90!

!

DLG4!

! P)DLG! DLG5!
! Lgl! ! LGL1! LLGL1!!
! LGL2! LLGL2!
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basolateral!membrane!domains!through!promoting!the!proper!localization!of!apical!proteins!

at!the!apical!domain![480,!481].!!

The!Drosophila!homologues!of!Scrib!module! in!mammalians!are!evolutionary!conserved! in!

sequence! and! function.! In!mammals,! only! one! gene! of!SCRIB! exists,!which! also! known! as!

VARTUL,!whereas!there!are!five!genes!of!DLG!including!DLG1!(hDlg1,!SAP97),!DLG2!(ChapsynC

110,!PSDC93),!DLG3!(NECDlg,!SAP102),!DLG4!(PSDC95,!SAP90),!and!DLG5!(LPCDLG)!and!two!LGLs,!

LGL1!and!2!(Hugl1!and!2!in!human).!!

!

The!diverse!genes!of!DLG!and!LGL!in!mammalians!are!involved!in!specific!functions!but!may!

also!have!a!redundancy!effect!(explained!further!in!the!Scrib!complex!function!section!below!

page!120).!

I.E.b.3.1! Structure!!

Although!the!SCRIB,!DLG!and!LGL!proteins!do!not!have!intrinsic!enzymatic!activity,!they!all!

contain!a! number!of!well)characterized!protein–protein! interaction! domains! (described! in!

more! detail! below)! that! allows! them! to! bind! to! signaling! proteins,! such! as! kinases! and!

phosphatases.!Essentially,!their! function! looks!to!be!absolutely!dependent!on!their!cellular!

sub)localization.! Hence,! much! of! the! currently! known! functions! of! the! Scribble! module!

proteins!can!be!attributed!to!their!role!as!signaling!scaffold!proteins!that!regulate!site)specific!

signaling!within!the!cell.!

In!this!section,!I!will!introduce!the!structure!of!the!members!of!the!Scrib!module!and!how!the!

organization!enables!them!to!function!as!scaffold!that!coordinate!the!assembly!of!large!signal!

transduction!networks!at!specific!sites!of!the!cell!and!in!particular!in!define!area!of!the!plasma!

membrane.!!

I.E.b.3.1.1! SCRIB!

SCRIB!is!a!large!cytoplasmic!multi)domain!protein!of!175!kDa!that!plays!many!roles!in!flies!and!

mammals.!SCRIB!belongs!to!the!LAP!protein!family,!which!contain!leucine)rich!repeats!(LRR)!

and! PDZ! domains,! and! function! in! controlling! cell! shape,! size! and! subcellular! protein!

localization![482].!The!LAP!protein!family!also!includes!Erbin!and!Densin180![483,!484].!SCRIB!

contains!16!LRR!at!its!amino!terminus,!followed!by!2!LAP)specific!domains!(LAPSD),!a!linker!

region,!4!PDZ!domains!and!a!C)terminal!lacking!any!identifiable!motives![482].!The!SCRIB!PDZ!

domains,!are!regions!of!80–90!amino!acids!that!are!found!ubiquitously!through!the!animal!
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kingdom!and!ensure!protein–protein! interactions.!The!PDZ!and!LRR!domains!of! SCRIB!are!

needed! for! effective! activity,! for! example! in! proper! localization! and! targeting! to! the!

membrane.! SCRIB! LRR! repeats! regulate! its! ability! to! target! the! basolateral! epithelial!

membranes.! However,! this! membrane! localization! of! Scrib! required! first! E)cadherin!

engagement![320].!The!LRR!domain!of!Scrib! is!critical! for!to!organize!a!polarized!epithelial!

monolayer!and!are!involved!in!the!control!of!cell!proliferation.!Drosophila!Scrib!LRR!domain!

mutants!have!similar!phenotype!to!scribC/C!mutants,!however,!when!overexpressed,!a!scrib!

mutant!lacking!the!PDZ!domains!function!as!the!wild)type!gene!in!vivo![485],!suggesting!that!

the!PDZ!domain!are!insufficient!to!support!Scrib!function.!

SCRIB!interacts!directly!to!the!C)terminal!motif!of!ZO)2!through!its!PDZ!domains!3!and!4.!ZO)

2!interacts!with!several!components!of!the!tight!junctions,!including!ZO1,!Occludin,!Cingulin!

and!Claudins.!SCRIB/ZO)2!do!not!co)localize!at!tight!junction!but!are!found!co)localized!in!non)

polarized!cells.!Thus,!SCRIB/ZO)2!interaction!most!probably!happens!before!ZO)2!segregation!

at!tight!junctions![486].!!

The!PDZ!domain!of!SCRIB!also!binds!the!GEF!!Pix!protein![487].!The!Scrib/βPix!complex!was!

demonstrated!to!be!central!for!Scrib)dependent!employment!of!Rac1/Cdc42!to!the!leading!

edge!of!migrating!cells,!vesicle!trafficking!in!neurons,!oriented!directional!migration,!receptor!

recycling!in!thyroid!cells![488].!

I.E.b.3.1.2! LGL!

In!mammalians!two!genes!encode!Lgl!Drosophila!homologue!protein,!that!are!named!LGL1!

(115! kDa)! and! LGL2! (113! kDa).! Two! extra! related! LGL! proteins! have! been! described! in!

mammals:!syntaxin)binding!protein!5!(LGL3)!and!syntaxin)binding!protein)5)like!(LGL4),!which!

are!homologous! to! the! Tomosyn!Drosophila! protein.! LGL!proteins! contains! several!WD)40!

repeats,!also!known!as!WD!or!β)transduction!repeats,!and!conserved!phosphorylation!sites!

targeted! by! aPKC! and! Aurora! kinases.!WD)40! repeats! are! structural! motifs! composed! of!

approximately!40!amino!acids!that!usually!terminate!with!a!tryptophan–aspartic!acid!(WD)!

dipeptide! and! are! known! to! form!β)propellers! that! act! as! protein! interacting!modules.! In!

human!cell!line,!LGL2!WD40!motif!interacts!with!SCRIB![489].!This!interaction!has!yet!not!been!

confirmed!in!in!any!other!organism.!

LGL1!was!found!to!bind!specifically!with!syntaxin)4!(STX4)!(a!t)SNARE!specific!for!the!lateral!
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plasma! membrane),! which! suggests! that! LGL! may! contribute! to! apico)basal! polarity! by!

regulating!basolateral!exocytosis!in!mammalian!epithelial!cells![490]. !

I.E.b.3.1.3! DLG!

In!mammalians,!five!DLGs!exist,!including!DLG1!(hDlg1,!SAP97),!DLG2!(ChapsynC110,!PSDC93),!

DLG3!(NECDlg,!SAP102),!DLG4!(PSDC95,!SAP90),!and!DLG5!(LPCDLG).!These!five!proteins!have!

the!same!structure!belonging!to!the!MAGUK!superfamily.!The!existence!of!multiple!DLG!genes!

in!mammals!with!a!similar!structure!suggests!that!they!have!a!certain!functional!redundancy!

(detailed!in!page!120).!!

In!the!following!paragraph,!I!will!focus!on!the!biological!roles!of!Dlg1!in!human!epithelial!cells,!

considering! that! the!high! level!of! conservation!among! the!different!Dlg! suggest!a!possible!

redundancy!among!these!different!proteins.!!

Drosophila!discs!large!1!(DLG1)!is!the!mammalian!homologue!of!Drosophila’s!Dlg!and!is!the!

most!closely!related!to!Drosophila!Dlg!and!the!most!frequently!studied!DLG!in!epithelial!cells!

[491].!The!disc!large!homologue!1!(DLG1)!protein,!also!named!synapse)!associated!protein)97!

(SAP)97).!DLG1!belongs!to!the!membrane)associated!guanylate!kinase!(MAGUK)!superfamily,!

which!are!characterized!by!the!presence!of!PSD)95/Dlg)A/ZO)1!(PDZ)!domains,!a!Src!homology!

3!(SH3)!domain!that!mediate!critical!protein–protein!interactions!and!a!guanylate!kinase)like!

(GUK)!domain! (see!Figure! 25).! That! is! catalytically! inactive,! thus!DLG1! is!a!protein! lacking!

intrinsic!enzymatic!activity.! The! family!of!MAGUKS! include!also!other! cell)cell! adhesion!or!

polarity!molecules!such!as!ZO!proteins!and!PALS1![492].!

DLG1!contain!also!a!L27!(Lin)2,!Lin)7)!domain!located!at!its!N)terminus!and!a!HOOK!domain!

located!in!between!the!SH3!and!GUK!domains.!!

In!Drosophila!the!alternative!splicing!gives!rise!to!tow!main!Dlg!isoforms,!DlgS97!that!contains!

L27! domain!and!DlgA! lacking! the!L27! domain.!The!DlgA,! is! found! specifically!expressed! in!

Drosophila!epithelial!tissues!and!localize!via!its!PDZ2!at!the!septate!junctions!(the!counterpart!

of!TJ!in!vertebrates)![493)495].!DlgS97!is!localized!at!the!neuromuscular!junction.!DlgS97!was!

reported!to!be!the!main!isoform!in!neurons!and!muscles!during!Drosophila!development![493,!

496].! Dlg! PDZ1)2! domain! is! required! for! the! targeting! and! clustering! of! its! partners,! the!

adhesion!protein!Fasciclin!II!and!the!Shaker!potassium!channel!at!the!glutamatergic!synapse!

[497,!498].!!
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!

!

Mammalian!Dlg1! contains! two! regions! of! alternative! splicing.! The! first! region! is! at! the!N)

terminus,!containing!two!alternative!splicing!exons!termed!I1A!and!I1B,!and!the!second!region!

is!located!between!the!SH3!and!GUK!domain!(also!termed!the!HOOK!domain),!contains!four!

alternative!splicing!exons!I2,!I3,!I4!and!I5.!This!alternatively!splicing!insertions!results!in!different!

alternative! spliced! isoforms! of! Dlg1,! which! gives! Dlg1! specific! function! and! different 

intracellular distribution within!the!cell![491]!(Figure!26).!

The! N)terminal! alternatively! spliced! region! of! Dlg1! can! bind! SH3! domains! from! multiple!

proteins!and!also!moderate!Dlg1!self)association![491].!Moreover,!N)terminus!of!Dlg1!also!

called! the! MAGUK! recruitment! (MRE)! domain! binds! to! the! Lin2)Lin7! (L27)! domain! of!

calmodulin)associated! Ser/Thr! kinase! (Cask)! and! mediates! the! localization! of! Dlg1! to! the!

membrane! of! epithelial! cells! [499].! Firestein! and! Rongo! et! al,.! demonstrated! that! the!

concerved!N)terminus!of!Dlg1!targets!Dlg1!to!the!adherens!junction!in!C.elegans![500].!Which!

demonstrate! the! importance! of! the! conserved! domains! of! Dlg1! in! the! funcionality! and!

localization!of!the!protein.!

The!I2!and!I3!insertions,!that!are!located!between!SH3!domain!and!GUK!domain!(Known!also!

as!HOOK!domain),!have!been! shown! to! contribute! to! the! subcellular! localization!of!DLG1.!

DLG1!I3!directs!membrane!targeting,!in!addition!to!the!N)terminus!domain!of!Dlg1,!probably!

through!interaction!with!the!cytoskeleton!protein!4.1/ERM!family!members!at!an!early!stage!

of!cell)cell!formation,!via!PDZ)1!and!PDZ)2!on!Dlg1!and!a!HOOK!domain![501].!Which!associate!

a!fundamental!role!of!the!conserved!HOOK!domain!of!MAGUKs!in!mediating!direct!binding!to!

the!FERM!domain!of!protein!4.1,!thus!regulating!the!membrane!targeting!properties!of!the!

scaffolding!complex!in!epithelial!cells![502].!The!HOOK!domains!provide!a!link!with!the!cortical!

actin! cytoskeleton! after! binding! to! members! of! the! FERM! superfamily! [503].!Whereas! I2!

promotes!a!nuclear!confinement![491].!Hence,!this!gives!rise!to!the!possibility!that!alternative!

catalytically inactive guanylate kinase (GUK) domain [9]. Significant
divergence among the MAGUK family members occurs within se-
quences between these core domains, especially those sequences at
the N-terminus before the first PDZ domain, and between the SH3 and
GUK domains [8]. Each family member therefore plays distinct regula-
tory roles in the targeting, trafficking and localisation of various mem-
brane channels [8].

In this review we will focus purely on SAP97. SAP97 is the rat ho-
mologue of the Drosophila and human discs large tumour suppressor
protein (hDlg). SAP97 contains the nucleotide and deduced amino
acid sequence of a 97 kDa protein. It is widely expressed throughout
the brain and in multiple organs, especially in epithelial cells in the
body [10–13]. SAP97 is enriched in excitatory synapses, where it is
strongly implicated in the trafficking and localisation of both NMDA
and AMPA-type glutamate receptors, regulating synaptic plasticity
and could be involved in multiple neurological diseases.

2. SAP97 structure and alternative splicing

Like the other MAGUKs, SAP97 is composed of three PDZ (PSD-95,
Dlg, and ZO-1) repeats, a single SH3 domain, and an inactive GUK do-
main (Fig. 1). Additionally, SAP97 contains two regions of alternative
splicing. One region is at the N-terminus and the other region is locat-
ed between the SH3 and GUK domains (Fig. 1). In the N-terminal
region of SAP97 there are two spliced insertions, I1A and I1B, located
between the unique N-terminal domain of SAP97 and the first PDZ re-
peat. The N-terminal alternatively spliced region of SAP97 can bind
SH3 domains from multiple proteins and also moderate SAP97
self-association [14]. The most prevalent isoform containing 1A, 1B,
and I3 is thought to recruit distinct SH3-containing proteins to the
sites of cell–cell contact, e.g. at synapses [14]. In addition to many in-
sertions, SAP97 contains alternative N-termini expressing either dou-
ble cysteines that normally are palmitoylated (αSAP97) or an L27
domain (βSAP97) (Fig. 1) [7,15,16]. The unique N-terminal domains
bestow distinct subsynaptic SAP97 localisation, targeting αSAP97 to
the PSD and βSAP97 primarily to perisynaptic regions [15]. βSAP97
has a longer N-terminal region featuring the L27 domain and is the
most prominent in the brain [16]. The region between the SH3 and
GUK domains of SAP97 contains four alternatively spliced insertions,
which have been characterised I2, I3, I4 and I5 [11,14].

The alternatively spliced insertions result in the existence of mul-
tiple alternatively spliced SAP97 isoforms. These endow SAP97 with
special functions but also result in the roles and functions of SAP97
being quite complicated to determine, especially when many earlier
studies did not define which isoform was being characterised. The
different intracellular distributions of SAP97 isoforms that have
been characterised in both neurons and epithelial cells likely reflect
their distinct functions within different cell types [14,17,18]. For
example, insertion I3 is responsible for the localisation of SAP97 to
the plasma membrane to the regions of cell–cell contact [14]. The I3
insert binds the actin/spectrin-associated protein, 4.1N, and this in-
teraction is thought to be critical for the synaptic targeting of SAP97
and AMPA receptors [17,19]. Deleting the SH3 or GUK domains does
not alter SAP97 localisation in spines, whereas deleting the hook

region (ΔI3) that binds protein 4.1 reduces the targeting of SAP97
to spines [17]. The I2 insert does not bind protein 4.1 [11], and
SAP97I2 has a diffuse expression pattern in the soma and dendrites
of neurons with no localised concentration in dendritic spines [17].
The proposed role of the I2 insert is to target SAP97 to the nucleus
[17,20,21], although I2 variants have also been described at the cell
periphery and at the cell–cell contact points of differentiated cells
[17,20]. To date, very little is known about I2, I4 and I5 inserts in neu-
rons. All are known to be expressed in the brain [14] and in cultured
hippocampal neurons [17], but whether they play a major role in reg-
ulating glutamatergic receptors as has been shown for SAP97-I3-
containing isoforms remains to be determined.

3. SAP97 binding partners

SAP97 has been shown to interact with a number of binding part-
ners through its protein–protein interaction domains including mem-
brane ion channels and cytosolic structural proteins, and here we will
describe a few of these binding interactions. The first identified bind-
ing partner of SAP97 was protein 4.1 [11,14], which as described
above interactswith the I3 insert/HOOKdomain of SAP97I3 situated be-
tween the SH3 and GUK domains. However, the unique N-terminus of
SAP97 plays a major role in selecting binding partners and in SAP97
localisation at adhesion sites, as well as the ion channel clustering
[22,23]. For example, the N terminus of SAP97 has a myosin VI binding
site, and direct binding betweenmyosin VI, SAP97 and the AMPA recep-
tor subunit, GluA1, traffics AMPA receptors in a trimeric complex to and
from the postsynaptic membrane [22]. SAP97 PDZ domains can directly
interact with KIF1Bα (kinesin family member 1Bα), and S-SCAM (syn-
aptic scaffolding molecule), forming protein complexes that may play
an important role in the axonal transport of a number of SAP97- and
S-SCAM-bound cargos, such as Kv1.4 potassium channel complexes
[24–26]. In addition to binding KIF1B, SAP97 can also bind through its
GUK domain to the microtubule-dependent motor KIF13B/GAKIN
(kinesin family member 13B) [8,18,27].

SAP97 also has intramolecular interactions that can regulate its
ability to bind other proteins. For example, the binding of GKAP
(GUK-associated protein) to the GUK domain of SAP97 is negatively
regulated by a series of intramolecular interactions between the
SH3 and GUK domains [28]. However, the N-terminal sequences
that precede PDZ1 facilitate GKAP binding through a U-shaped con-
formation state of SAP97. A unique feature of the existence of SAP97
in multiple conformations that depend on intramolecular interactions
is how this could subsequently alter SAP97 recruitment and assembly
at cell–cell contact sites in normal and disease states [27].

SAP97 also interacts with A-kinase-anchoring protein 79/150
(AKAP79/150) [29], a scaffold for PKA, PKC and the Ca2+/calmodulin
dependent protein phosphatase calcineurin (also known as PP2B).
This interaction is proposed to bring these kinases and phosphatases
close to their specific substrates at the synapse. For example, the
SAP97–AKAP complex facilitates the phosphorylation of the gluta-
mate receptor subunit GluA1 by PKA [29]. Therefore the SAP97–
AKAP79 complex might be important for the recruitment of kinases
and phosphatases to synaptic AMPARs. Phosphorylation of SAP97 by

PDZ PDZ PDZ SH3 GUK

L27

I3 I2 I4 I5
I1a,b

SAP97

SAP97

C3/C5

Fig. 1. Schematic diagram of the domain organization of SAP97 isoforms. Illustrated are the major protein–protein interaction sites of SAP97: three PDZ domains (red ovals), an SH3
domain (open rectangle) and a GUK domain (green rectangle). At the N-terminus are the α- and β-isoform inserts, with the former containing a palmitoylation motif (cysteine
residues C3 and C5) and the latter an L27 domain. Alternatively spliced sequences (I1a, I1b, I2, I3, I4 and I5) are indicated at the N-terminus (I1a, I1b) and between the SH3 and
GUK domains.
Diagram modified from [15].

590 C. Fourie et al. / Biochimica et Biophysica Acta 1838 (2014) 589–594

Figure!26:!!Schematic!diagram!of!the!domain!organization!of!SAP97!isoforms.![17]!
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splicing!creates!hDlg1!isoforms!with!discrete!functional!properties.!!

Whereas!the!interaction!between!the!different!proteins!of!the!Crumb!and!Par!complexes!is!

clearly!demonstrated!and!illustrated!by!many!studies,!there!is!only!small!evidences!of!physical!

interactions!between!the!members!of!the!Scrib!module.!Studies!in!Drosophila!and!in!human!

demonstrated!a!direct! interaction!between!Scrib!and!Dlg1!through!the!GUK!domain![504],!

[505].!SCRIB!physical! interaction!with!LGL2!was!also!characterized! in!polarized!mammalian!

cells![489].!Moreover,!a!recent!study!has!demonstrated!that!a!RhoG)specific!GEF,!SGEF!form!

a! ternary! complex! linking! indirectly! SCRIB! and! DLG1! at! cell)! cell! junctions! in! epithelial!

mammalian!cells![506].!!

!

Establishment! of! apico)basal! polarity! is! based! on! the! spatiotemporal! coordination! of! the!

activity!of!the!three!main!polarity!complexes.!Between!each!of!these!complexes,!there!are!

finely! tuned!antagonistic! interactions! that!determines!a!definitive! role!of!each!complex! in!

establishing!apico)basal!polarity!in!simple!epithelia.!Here!I!will!discuss!how!the!proteins!of!the!

polarity!complexes!and!their!interactions!with!other!molecules!are!involved!in!the!initiation,!

formation!and!maintenance!of!ABCP.!!

Establishment!ABCP:!

Epithelial!cells!orient!their!basal!surface!through!the!adhesion!of! integrin!receptors!to!the!

extracellular!matrix,!and!they!extend!membrane!protrusions,!known!as!filopodia,!to!contact!

neighboring! cells! which! allow! the! formation! of! cohesive! layers! of! cells! [507].! The!

establishment!of!intercellular!adhesion!facilities!mammalian!epithelial!polarization,!partly!by!

targeting!protein!sorting,!targeting!and!distribution!of!basolateral!and!apical!proteins!to!their!

proper!membrane!localization![508].!!

At!the!initial!stages!of!intercellular!adhesion,!E)cadherin!and!junctional!adhesion!molecule!A!

(JAMA)!are!recruited!to!the!cell!cortex,!which!cluster!these!primordial!adhesion!sites,!known!

as! puncta! [269],! into! adhesive! homophilic! interactions.! These! primordial! adhesion! sites!

contain!a!mixture!of!AJ!and!TJ!components!and!extend!the!interface!of!adhesion!along!the!

basolateral!domain!through!the!recruitment!of!the!actin!cytoskeleton!and!its!remodeling!by!

regulating!RhoCGTPase!Rac1!and!Cdc42![509].!!
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The!maturation!of!primordial!adhesion!is!assured!by!Rho)GTPase!activity!of!Rac1!and!Cdc42,!

which! are! essential! in! activating! aPKC.! aPKC!mediates! LGL1/2! phosphorylation! during! the!

epithelial!polarity!establishment!phase![452],!resulting!in!the!detachment!of!LGL1/2!from!the!

PAR6/aPKC!dimer!which!re)localize!to!the!basolateral!membrane,!where!it!can!interact!with!

DLG!and!SCRIB!and!exclude!apical!proteins![452,!459].!Following!this,!aPKC!interacts!with!and!

phosphorylates!PAR3,!favoring!the!formation!of!the!active!PAR!complex!at!the!apical!junctions!

[460,!510].!

!

!

CRB3!interacts!directly!to!PAR6!(Lemmers,!Michel!et!al.!2004)!or!via!PALS1!(Hurd,!Gao!et!al.!

2003)! to! induce! the! differentiation! of! the! premature! junctional! structure! into! mature!

epithelial!structures.!!

In!general,!the!establishment!of!epithelial!polarity!is!induced!by!signaling!cues!emanating!from!

the!cell)cell!junctions!which!leads!to!the!activation!of!Rho!GTPases!activates!aPKC.!Activated!

aPKC! leads! to! phosphorylation! of! several! polarity! proteins! to! assure! the! correct! sub)

localization!in!the!cell,!which!consequently!maintain!cell!junction.!

! !

S.I.J. Ellenbroek et al. / Seminars in Cancer Biology 22 (2012) 208– 215 209

Fig. 1. Polarity protein complexes. Three conserved polarity protein complexes i.e. the Par, the Crumbs and the Scribble complex, regulate different modes of cell polarity. (A)
In  contacting epithelial cells the Par complex is located apically in region where the tight junctions (TJs) are present and consists of Par3, Par6 and aPKC. Also apically localized
is  the Crumbs complex, consisting of Crb3, Pals1 and PATJ. Mutual exclusion of these apical polarity proteins and the basolaterally localized Scribble complex (comprising
Scrib,  Dlg1, Lgl1/2) confers apical–basal polarity. (B) Interplay between polarity proteins of the different complexes is possible in multiple ways, including competition of
binding  of Lgl1/2 and Par3 to Par6/aPKC (I), binding of proteins from different complexes (II), phosphorylation of Par3, Lgl1/2 and Crb3 by aPKC (III) and mutual exclusion of
the  Scribble complex and the apically located Par and Crumbs complex (IV). See also text.

These two complexes act in a mutually antagonistic fashion with
the third complex, the so-called Scribble complex, which also has
been identified in Drosophila (Fig. 1A). The Scribble complex con-
sists of Scribble, Discs large (Dlg) and Lethal giant larvae (Lgl). In
epithelial cells this complex is located basolaterally and necessary
for maintenance of the basolateral membrane and basal protein
restriction (Fig. 1A).

After initial identification of the polarity proteins, numerous
subsequent studies revealed diverging roles for the proteins of
these complexes to polarization of several cell types, conserved
in different species (reviewed in [10]). Signaling between these
three polarity protein complexes is interconnected via interactions
between members of the different complexes (Fig. 1B). For exam-
ple, Lgl1 and 2 can compete with Par3 for binding to a module of
Par6 and aPKC. The latter protein can phosphorylate Lgl, thereby
releasing it from the Par6/aPKC dimer, resulting in localization of
Lgl to the basolateral side of cells. This allows the formation of an
active Par complex comprising aPKC/Par6/Par3. This competition
of binding has been observed in both Drosophila (polarized neu-
roblast) and mammalian polarizing migrating cells [11,12].  This
process of mutual exclusion is crucial for spatial restriction of
these proteins required for proper polarization of cells. In addi-
tion, aPKC is able to bind both PATJ and Crumbs, the latter being a

phosphorylation target [13]. Crumbs has been shown to compete
with Par3 for binding to Par6 in a Drosophila epithelial model
[8]. Furthermore, Par6 has been shown to interact with Pals1 via
its PDZ-domain [14]. Clearly, the three conserved polarity protein
complexes have many potential ways of signaling interplay, which
might affect each other’s function (Fig. 1B). The interactions of the
proteins and their downstream targets are highly cell type and
context dependent.

Cytoskeletal changes are required for all different modes of cell
polarity and numerous studies indicate a link between signaling of
small GTPases of the Rho family and polarity proteins (reviewed in
[10]). Small RhoGTPases, including Cdc42, Rac1 and RhoA, control
the cytoskeletal changes in cells by switching between an active
GTP-bound state and an inactive GDP-bound state. Signaling by
these proteins is initiated by the activation of cell surface recep-
tors and triggers various processes including gene transcription,
differentiation, adhesion and migration, all subject to intensive
cytoskeletal reorganization.

The polarity protein Par3 can bind the Rac-activator Tiam1
linking Rac activation to polarity signaling of the Par complex.
Tiam1-mediated Rac activity has been shown to be able to activate
the Par complex during epithelial tight junction (TJ) matura-
tion [15]. Alternatively, Par6/Par3 has been shown to regulate

Figure!27: Interchange!between!polarity!proteins!of!the!different!complexes!is!possible!in!multiple!
ways,!(I)!involving!competition!of!binding!of!Lgl1/2!and!Par3!to!Par6/aPKC,!(II)!binding!of!proteins!
from!different!complexes,!(III)!phosphorylation!of!Par3,!Lgl1/2!and!Crb3!by!aPKC!and!(IV)!mutual!
exclusion!of!the!Scrib!complex!and!the!apically!located!Par!and!Crumbs!complex.[20]!
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Epithelial!polarity!maintenance:!

The! polarity! complexes! Par,! Crumbs! and! Scrib! complexes! are! involved! in! a! mutual! and!

antagonistic!relationship!that!maintain!their!polarized!localization!in!simple!epithelia.!

The!Par!complex!mediates!the!basolateral!localization!of!the!Scrib!complex!protein!member!

LGL! in! an! antagonistic! manner.! At! the! apical! domain! aPKC! phosphorylates! LGL! in! the!

aPKC/PAR6/LGL!complex.!Once!phosphorylated,!LGL!detach!from!this!complex!and!re)localize!

to!the!lateral!domain!of!mammalian!cells![459].!

The! Par! complex!works! in! cooperation!with! the! Crumbs! complex,! in! contrast! to! the! Scrib!

complex,! to!mediate!Par! localization! to!TJ,!which! is! facilitated!by! the! interaction!between!

PAR6!and!PALS1!in!mammalian!epithelial!cells![511].!The!association!between!CRB!complex!

and!PAR!complex!has!been!further!reinforced!by!the!discovery!that!PALS1!regulate!localization!

of!aPKC!to!tight!junctions!in!mammalian!epithelial!cells![472].!This!possibly!occurs!via!PATJ!

that! interacts!directly!with!members!of! tight! junction,! recruits!PALS1! to! the! tight! junction!

region!with!PAR6!that!interacts!to!aPKC.!!

In!Drosophila,!Dpatj!is!able!to!modulate!the!phosphorylation!of!Crb!by!aPkc!that!is!required!

for!the!proper!localization!of!Crb!and!Dpatj!to!the!apical!membrane.!This!study!provided!a!

mechanistic!framework!for!the!functional!interaction!between!the!Par!and!Crumb!complexes!

based!in!the!post)translational!modification!of!Crb!by!DaPKC![512].!!

! !

Figure 3: Intracellular localization of polarity complexes in a differentiated epithelial cell. Figure!28:!The!crosstalk!between!different!polarity!complex!in!differentiated!epithelium!cell.![13]!
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The!cooperative!and!antagonistic!relationships!between!the!polarity!complexes!are!essential!

in!maintaining!the!apico)basal!polarity!in!epithelial!cells!(Figure!28).!The!disruption!of!any!of!

the!complexes! lead! to! the!disruption!of! the! sub)localization!of! the!other!polarity!proteins!

leading!to!a!disorganized!epithelia.!!

!

In!addition!to!the!three!polarity!complexes,!other!molecules!are!found!essential!for!polarity!

regulation.!Here,!I!will!briefly!introduce!these!polarity!proteins!and!their!function.!

Another! complex,! known! as! the! Yurt/Coracle! complex,! was! discovered! in!Drosophila! and!

involved! in! the! apico)basal! establishment.! Yurt/Coracle! complex! displays! antagonistic!

interactions!with!Crb.!This!complex!consists!of!FERM)domain!proteins,!Coracle!and!Yurt!and!

the!membrane!proteins,!Neurexin!IV!and!the!Na!+!/K!+)ATPase!that!form!a!complex!at!basal!

lateral!junctions!(Laprise!et!al.,!2009).!An!antagonist!interaction!was!also!exhibited!between!

Yurt!and!aPKC!which!is!dependent!on!Yurt!phosphorylation!by!aPKC![513].!The!mammalian!

orthologue!of!Yurt!(Ymo1)!also!binds!CRB,!where!Ymo1!is!also!involved!in!the!formation!of!

lateral!membrane! in! epithelial! cell,! which! can! imply! that! regulation! of! polarity! by! Yurt! is!

conserved!in!the!mammalian!epithelial!cells.!

The!other!Par!proteins!(PAR1,!PAR4!and!PAR5)!are!involved!in!the!exclusion!of!PAR!complex!

role! in!apico)basal!polarity.! In!mammalian!cells!and!Drosophila,! the!kinase!PAR1!has!been!

exhibited!to!localize!to!the!lateral!membrane!of!epithelia!and!regulate!polarization!through!

controlling!the!localization!of!PAR3!polarity!protein![514,!515].!aPKC!phosphorylates!PAR1!in!

order!to!prevent!its!apical!targeting![516,!517].!PAR1!phosphorylates!PAR3!which!allows!the!

binding!of!PAR5,!a!protein!of!the!14)3)3!family!![518,!519].!The!recruitment!of!PAR5!on!PAR3!

excludes! Par3! from! the! lateral! membrane,! insuring! the! restriction! of! PAR3! of! the! apical!

domain![13].!!

In!mammals!and!Drosophila,!PAR4!act!upstream!PAR1,!PAR1!is!phosphorylated!and!activated!

by!PAR4![520,!521].!

!Another!important!family!of!proteins!implicated!in!the!epithelial!polarity!are!the!Rho!GTPases!

family.!Cdc42!play!an!significant!role!in!regulating!the!cell!polarity![522],!which!seems!to!be!

highly!conserved!from!yeast!to!man![523].!Cdc42!has!been!shown!to!be!required!for!apical!

polarization! in! various! in! vivo! and! in! vitro!models! [524].! Cdc42! binds! to! PAR6! and!which!

increases! the! activity! of! aPKC! within! the! PAR6)PAR3)aPKC! complex,! in! mammalian! and!
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Drosophila!systems.!The!other!GTPase!Rac1!is!also!required!for!polarization!and!tight!junction!

formation.! TIAM1,! an! exchange! factor! of! Rac1,! is! associated! with! the! PAR3/PAR6/aPKC!

polarity! complex.! aPKC! phosphorylation! of! TIAM1! triggers! its! activation! resulting! in! the!

recruitment!and!activation!of!Rac1!at!the!PAR!complex![525].!!

It!exists!a!close!interconnection!between!polarity!complexes!and!Rho!GTPases!where!polarity!

complexes!promote!the!sub)localization!and!activity!of!Rho!GTPases!within!the!cell!in!order!

to! regulate! the! cytoskeleton! organization! in! order! to! maintain! ABCP! and! the! epithelial!

structure.!

!

I.E.e.1! The&Scrib&module&function&in&physiology&and&in&physiopathology&

I.E.e.1.1! Scrib!module!function!in!physiology!

The! Scrib!module! is! required! in! the! establishment! of! apico)basal! polarity! and! planar! cell!

polarity! and! participates! also! the! regulation! of! various! cellular! processes! including!

proliferation,!migration,! apoptosis! and! differentiation! of! epithelial! tissues! [433,! 446,! 488,!

526].! Here! I! will! describe! the! role! each! member! of! the! Scrib! module! play! in! different!

physiological!process.!

I.E.e.1.1.1! In!polarity!

Divers!studies!in!Drosophila,!mice!and!mammalian!cells!analyzed!the!function!of!Scrib!complex!

components!in!establishing!and!maintaining!Apico)basal!polarity!but!also!front)rear!and!PCP.!

Here,!I!will!describe!the!role!Scrib!complex!members!play!in!these!different!types!of!polarity.!

!

I.E.e.1.1.1.1! In&apico8basal&polarity&

In!Drosophila,! the! Lgl! and! Dlg! proteins! localize! at! septate! junctions! (occludin! junction! in!

invertebrate,!homologue!to!TJ)!in!the!apical!belt!of!the!lateral!cell!membrane.!Scrib!and!Dlg!

co)localize!with!Lgl!in!epithelial!cells![481].!The!mutants!scrib,!dlg!and! lgl! in!Drosophila!has!

demonstrated!that!the!localization!at!plasma!membrane!of!each!of!these!three!proteins!relies!

on!the!presence!of!the!others! [479].! In!Drosophila,!scrib!mutants!defects! in!epithelial!cells!

leads!to!the!misdistribution!of!apical!proteins,!such!as!Crb,!Dpatj,!E)cadherin!and!Armadillo!

that!are!found!dispersed!throughout!the!plasma!membrane!of!epithelial!cells! [479].!These!

findings!indicate!that!one!main!Scrib!function!in!epithelial!polarity!is!to!exclude!proteins!(such!
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as! Crb! complex)! from! the! basolateral! domain! [479].! Likewise,! dlg! and! lgl! mutation! in!

Drosophila!displayed! the! same!phenotype! as! scrib!mutants,!which! results! in! disruption! of!

septate!junction,!defects!in!apico)basal!polarity,!and!mis)localization!of!apical!junctions!and!

AJs![481,!494,!527].!!

In!mammalians,!the!role!played!by!DLG1!and!SCRIB!in!establishment!of!epithelial!polarity!is!

still!poorly!understood!and!is!still!under!investigation.!SCRIB!null!mice,!did!not!show!any!apico)

basal!polarity!defects,!but! rather!defects! in!planar! cell!polarity! (PCP)! [528].! In!mammalian!

epithelial!cells,!the!knockdown!of!SCRIB!did!not!display!defects!in!apico)basal!polarity![324,!

529,!530].!DLG1!knockout!mice!also!show!no!obvious!epithelial!polarity!defects![531,!532].!

Similarly,!DLG1!knockdown!in!mammalian!epithelium!cells!has!only!a!weak!effect!on!polarity!

[228,!533].!These!in!vivo!and!in!vitro!data!on!DLG1!can!be!explained!by!the!redundancy!with!

one!or!several!of!the!five!mammalian!DLG!family!members![534,!535].!For!example,!DLG5!and!

DLG3! displayed! a! similar! function! in! apico)basal! polarity! [534,! 536],! which! suggests! the!

redundancy!in!between!these!two!DLG!proteins.!!

The!different!DLG!members!can!be!found!co)expressed!in!the!same!tissues.!For!instance,!in!

epithelial!neuroectodermal!cells,!all!DLGs!were!found!expressed!in!the!head!region!in!mice!

[534].!In!addition,!DLG2,!DLG3,!and!DLG4!were!expressed!in!the!epithelial!lining!of!the!gut!

along! the! anterior)posterior! axis! [534].! Interestingly,! the! DLG! proteins! show! different!

subcellular!localizations!in!epithelial!cell!types,!in!mice!embryos!and!in!polarized!mammalian!

epithelial! cell! cultures! [534,! 537].! DLG1! had! the! expected! restricted! distribution! to! the!

basolateral!membrane!where!it!colocalized!with!the!AJ!component!!)catenin,!whereas!DLG2!

and!DLG3!were!present!in!the!cytoplasm!and!at!different!membrane!localization!than!Dlg1.!

Indeed,!DLG3’s!is!found!at!the!apical!regions!where!it!co)localizes!with!TJs.!DLG4!is!targeted!

to!the!membrane!but!shows!no!restriction!to!any!particular!domain![534].!Finally,!DLG5! is!

found!localized!at!AJ!and!in!cytoplasmic!vesicles!containing!cadherin![535].!Taken!together,!

these! data! suggest! that! the! different! DLG! family! members! can! have! possible! functional!

redundancy!but!can!also!have!a!more!specific!function.!

LGLC1!knockout!mice!exhibit!defects!in!the!distribution!of!β)catenin,!F)actin,!and!myosin!II)B!

that! are! normally! localized! at! the! apical! junctional! complex! in! neuroepithelia,! displaying!

defects! in! cell! polarity[538].! Moreover,! the! absence! of! LGL)1! disrupted! the! asymmetric!

localization!of!Numb![538].!Numb!play!an!essential!role!in!the!regulation!of!cell!differentiation!

in! neuroepithelia! [539,! 540].! LGLC1! knockout! mice! results! in! defects! in! asymmetrical! cell!
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division!(ACD)!where!neural!progenitor!cells! is!not!able!to!exist!cell!cycle!and!differentiate!

leading!to!brain!dysplasia!and!mice!lethality![538].!LGL)1!is!essential!for!Numb!asymmetrical!

localization!during!ACD.!However,! the!knockout! of!LGLC2! display!no!defects! in!apico)basal!

polarity!and!are!viable![541].!In!mammalian!cells,!overexpression!of!LGL1/2!during!the!polarity!

formation!phase!disturbs!the!establishment!of!junctional!complexes,!through!competing!with!

PAR3!for!its!interaction!with!the!complex!aPKC/PAR6![452].!Other!studies!demonstrate!that!

the!depletion!of!LGL1/2,!in!mammalian!epithelial!cells,!results!in!an!increase!of!the!activity!

amount!of!PAR3/aPKC/PAR6!complex!that!result!in!the!inhibition!of!apical!protein!disassembly!

after! calcium! withdraw! [542].! LGL1/2! is! needed! for! disassembly! of! apical! proteins! by!

regulating! the! activity! of! PAR3/aPKC/PAR6! complex! to! prompt! the! orientation! of! apical!

membrane!polarity.!!Moreover,!3D)organotypic!cultures!made!with!human!cells!deficient!for!

LGL!demonstrate!that!LGL!is!needed!for!the!proper!orientation!of!the!apical!membrane!and!

lumen! formation! [542].! These! studies! demonstrate! the! importance! of! LGL! in! the!

establishment!and!maintenance!of!ABCP!in!reconstructed!mammalian!epithelial!generated!in!

vitro!with!mammalian!epithelial!cells.!

I.E.e.1.1.1.2! In&planar&cell&polarity&&

The!Scrib!module!proteins!plays!an!important!role!in!the!planar!cell!polarity!(PCP)!pathway!in!

epithelium!tissue,!in!addition!to!its!function!in!ABCP.!PCP!controls!global!or!local!patterning!

events!in!the!epithelium!through!the!propagation!and!restriction!of!polarization!signals!along!

the! surface! of! an! epithelium.! PCP! disruption! lead! to! various! development! defects! in!

mammalians!including!neural!tube!formation,!lung!and!heart!defects,!deafness!and!polycystic!

kidney!disease![543,!544].!!

!

In!Drosophila!Scrib!and!Lgl!exhibit!genetic!and!physical!interactions!with!core!PCP!regulators!

[190],!which!demonstrate!their!involvement!in!PCP![545,!546].!

Figure!29:!Planar!cell!polarity!!
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SCRIB!was!shown!to!be!necessary!in!the!PCP!pathway!during!mammalian!development.!For!

instance,!SCRIB!null!mice!display!typical!phenotype!resulting!from!an!abnormal!PCP.!SCRIB!null!

mice!result!in!a!lethal!phenotype!after!birth!accompanied!by!defects!in!neural!migration![547]!

and!neural!tube!defects!(NTD)!(known!as!craniorachischisis!(explained!page!130)),!resulting!in!

the!failure!to!initiate!neural!tube!closure![528,!548,!549].!!Indeed,!SCRIB!was!found!to!interact!

with! the! core! PCP! protein! Vangl2! [489]! (Figure! 29).! In! mice,! SCRIB! is! needed! for! lung!

morphogenesis!by!signaling!through!PCP!in!developing!lung,!where!PCP!core!proteins!Vangl2!

and!Celsr1!are!found!mis)localized!in!the!absence!of!SCRIB!in!the!lung![550].!Moreover,!SCRIB!

is!found!to!regulate!the!activity!of!RhoA!and!therefore!the!localized!regulation!of!the!actin!

cytoskeleton! needed! in! the! establishment! and! growth! of! epithelial! branches.! SCRIB!

homologue!in!zebrafish!(Scribble1)!was!also!shown!to!be!involved!in!PCP!and!cell!migration!

during!development![547,!551].!

I.E.e.1.1.1.3! In&front&rear&polarity&&

Activation!of!cell!migration!is!induced!in!response!to!extracellular!cues!such!as!chemokines!or!

growth!factors!gradients,!mechanical!stimulation!or!electric!field.!The!cell!migration!process!

requires!that!migratory!cells!adopt!a!front)rear!polarity!in!order!to!be!able!to!have!a!persistent!

and!directional!migration.!At!the!leading!edge,!polarized!migratory!cells!display!extension!of!

an!actin)rich!protrusion!to!allow!formation!of!novel! focal!adhesion!sites! in!the!protrusion,!

which!pull!the!cell!forward!in!the!direction!of!new!attachment!sites.!At!the!rear!of!the!cell,!

adhesion!sites!are!disrupted!to!induce!detachment!and!tail!retraction![552].!Cell!migration!

plays!an!important!function!in!development,!immune!response,!angiogenesis,!wound!healing!

and!cancer!metastasis.!!

Lgl,!Scrib!and!Dlg!have!opposing!roles!in!cell!migration!of!the!Drosophila!ovarian!border!cells.!

lgl!or!dlg!mutants!enhance!border!cell!migration,!whereas,!scrib!mutants!reduce!it![99,!553,!

554],!suggesting!that!Lgl,!Scrib!and!Dlg!can!work!independently!to!control!collective!migration!

in!Drosophila.!

The!components!of!the!Scrib!complex,!SCRIB,DLG1!and!LGL)1!are!all!found!at!the!leading!edge!

of!mammalian!migrating!cells,!where!they!promote!cytoskeleton!organization,!promoting!the!

protrusion!of!lamellipodia!through!different!mechanisms!described!below![446](Figure!30).!!

The! Scrib! module! participates! in! the! regulation! of! cell! migration! during! embryonic!
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development!and!the!wound!healing!process![555].!SCRIB!is!necessary!for!epithelial!cell!sheet!

migration!as!well! as!abdominal!wall! closure!during!murine!embryonic!development! ! [528,!

530].!The!involvement!of!Scrib!in!epithelial!cell!migration!has!been!also!demonstrated!both!in!

vitro! on!mammary! derived! cells! and! in! vivo! in! skin!wound! healing! experiments! on! SCRIB!

knockout!mice![435].!SCRIB!control!cell!migration!by!regulating!the!localization!and!activity!of!

several!Rho!GTPase!(Rac!and!cdc42)!in!adhesion!sites!located!at!the!leading!edge!of!migrating!

cells.!SCRIB!regulates!Rac!and!cdc42!activity!through!its!association!with!!Pix,!a!GEF!of!both!

Rac! and! cdc42! [487],! which! activates! Rac! and! cdc42! to! specifically! activate! actin!

polymerization!and!cytoskeleton!organization!at!the!leading!edge!of!migratory!cells.!

!

!

DLG1!is!involved!in!cell!migration!during!development!of!mice!embryo,!DLG1!knockout!leads!

to! disturbance! in! cell!migration! resulting! in! craniofacial! defects! [556],! and! epithelial! duct!

formation!and!morphogenesis!abnormalities!in!urogenital!development![531].!In!astrocytes,!

DLG1!regulates!directed!cell!migration!at!the!leading!edge!in!a!PAR6/aPKC)dependent!manner!

by! re)orientating! the!microtubule! network.! PAR6/aPKC! activation! by! Cdc42! at! the! leading!

edge!leads!to!APC!and!DLG1!recruitment!which!allows!anchoring!of!the!microtubule!plus!end!

Figure!30:!Regulation!of!the!cytoskeleton!by!Scrib!complex!during!cell!polarity![15]!
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at!the!plasma!membrane!and!centrosome!reorientation![557].!

LGL)1!is!also!found!to!be!involved!in!cell!migration,!where!it!is!found!localized!at!the!leading!

edge!of!cell![552].!LGL)1!was!found!to!bind!to!Non)muscle!myosin!II!(NMII).!!NMII!is!known!as!

an!actin)based!motor!protein!that!plays!an!important!role!in!cell!migration!via!modulation!of!

lamellar!protrusion!and!rear!retraction.!LGL)1!binds!to!NMII!at!the!leading!edge!of!migrating!

cell!which!allows!F)actin!polymerization!a!key!step!to!initiate!cell!to!movement.!At!the!rear!of!

the!cell!LGL)1! is!absent!permitting!NMII!to!assemble! into!filaments!to!allow!cell! retraction!

[552].!

Altogether! these! studies!demonstrate!that! the!Scrib!module!play!an! important! role! in! the!

epithelium!integrity!during!development!not!only!by!assuring!establishment!of!ABCP!but!also!

by!participating! to!both!PCP!and! front)rear!polarity,! two! important! steps! required! for! the!

correct!morphogenesis!of!tissues.!!

I.E.e.1.1.2! CellHcell!junction!formation!

The!Scrib!polarity!proteins!play! critical! role! in! cell)cell! adhesion!by! influencing! the!correct!

positioning!of!AJ!and!TJ!components!in!specific!compartment!of!the!plasma!membrane.!The!

role!Scrib!polarity!module!plays!in!preserving!the!AJ!and!TJ!is!important!for!the!cohesion!of!

the!epithelium!and!its!function.!!

The! first! experiments! depleting! scrib,! dlg! or! lgl! in!Drosophila,! allow! to! observe! the! mis)

localization!of!apical!proteins!to!the!basolateral!domain!and!the!disruption!of!the!AJ!formation!

[479,!481].!!

In!the!worm!C.!elegans,!Scrib!homologue!(called!Let)413)! is!required!for!AJ! formation!and!

ABCP![558,!559].!!

In!mammalians,!SCRIB!localizes!to!the!basolateral!domain!together!with!cell)cell!junction.!In!

particular,! SCRIB! is! found! co)localized!with!!)catenin! and! E)cadherin! at! AJ! in!mammalian!

epithelial!cells![320,!324].!SCRIB!is!needed!in!the!lumen!morphogenesis!in!mice!lung,!since!

SCRIB!mutant! (conditional! KO!mice)! displayed! disturbance! in! the! localization! of! AJ! and! TJ!

proteins!leading!to!disturbance!of!epithelial!integrity![550].!Moreover,!conditional!knockout!

of!SCRIB!in!the!mice!lens!leads!to!the!loss!of!epithelial!proteins!including!the!loss!of!E)cadherin!

and!ZO)1!of!the!lens!cell,!and!the!abnormal!expression!of!a!mesenchymal!markers!such!as!
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αSMA.!These!features!could!be!explained!by!a!sustained!activation!of!the!TGFβ!signaling!in!

these!cells,!which!promotes!EMT!process!to!occur!EMT![560].!This!study!propose!that!SCRIB!

is!needed!for!the!establishment!and!maintenance!of!specialized!traits!that!define!epithelial!

cells,!which!are!needed!for!epithelial!integrity!in!vivo!in!the!developing!embryo![560].!!

The!targeting!of!E)cadherin!and!SCRIB!to!AJ!is!mutually!dependent![99,!320,!324].!The!absence!

of!SCRIB! in!the!mammalian!epithelial!cells! (MDCK),!displayed!disorganization! in!E)cadherin!

localization!leading!!to!decrease!in!cell)cell!adhesion!and!increased!!migration![324].!Later!on,!

it! has! been! demonstrated! that! SCRIB! decreases! E)cadherin! endocytosis! by! stabilizing!

p120catenin)E)cadherin!association.!Moreover,!SCRIB!controls!vesical!sorting!of!E)cadherin!by!

blocking!retromer)mediated!retrieval!of!E)cadherin!to!the!Golgi.!This!observation!supports!a!

model!in!which!SCRIB!regulate!AJ!trafficking![561].!In!contrast,!in!mammary!epithelial!cells!

(MCF10A),!SCRIB!displayed!no!effect!on!AJ!structure!but!is!involved!in!cell!migration![530].!An!

additional! study! has! demonstrated! the! role! of! SCRIB! in! the! assembly! of! TJ! in! intestinal!

epithelial!cells!(SK)CO15)![529].!Altogether,!these!studies!propose!that!the!role!of!SCRIB!in!AJ!

establishment!is!context)dependent!in!mammalian!epithelial!cells.!!

In!C.!elegans!Dlg)1)deficient!embryos!that!are!unable!to!recruit!an!AJ!protein!known!as!apical!

junction!molecule)1!(AJM)1)!but!was!not!necessary!for!the!apico)basal!polarity!preservation!

[562,!563].!This!suggests!that!Dlg)1!function!in!paracellular!barrier!formation!is!conserved!but!

not!in!the!maintenance!of!epithelial!polarity.!The!human!homologue!of!Dlg,!hDLG1,!colocalizes!

with!E)cadherin!and!found!to!expand!on!the!cell)cell!contact!in!intestinal!and!renal!epithelial!

cells! [228].! ! The! conditional! mutation! of!DLG1! in! mice! lens! leads! to! an! alteration! in! the!

distribution!of!polarity!and!cell–cell!adhesion!markers!such!as!E)cadherin,!N)cadherin!and!α)

catenin/!)catenin! in!epithelial! cells! [564].! Similarly! in!mammalian!cells,!deletion!of! hDLG1!

disorganized!the!actin!cytoskeleton!in!epithelial!cells![564].!!This!was!shown!also!in!intestinal!

epithelial!cells!where!the!knockdown!of!DLG1!disrupted!the!localization!of!E)cadherin!and!F)

actin!at!cell!junctions![228].!!

LGL1/2!localization!is!restricted!to!the!basolateral!domain!through!its!phosphorylation,!since!

non)phosphorylatable!LGL1/2!escaped!into!the!apical!domain!of!mammalian!cell!epithelial!cell!

line![490].!The!knockout!of!LGLC1!lead!to!mis)localization!of!!)catenin!in!the!neuroepithelia,!

which!propose!that!LGL)1!is!needed!in!the!establishment!of!cell)cell!adhesion![538].!!
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!

The!overall!conclusion!is!that!the!Scrib!module!members!participate!in!different!extents!to!

the!organization!of!cell)cell!junctions!by!influencing!their!proper!asymmetric!localization!and!

stabilization.!!

I.E.e.1.1.3! Cell!proliferation!

The! polarity! is! established! by! asymmetric! distribution! of! proteins!modulating! intracellular!

polarity! and! cell–cell! junctions! and! cell–extracellular! matrix! contacts.! Therefore,! the!

characteristic!organization!of!epithelial!cells!offers!a!scaffold!for!proper!positioning!of!the!cell)

cell! junctions,! directional! secretion! and! spatially! regulated! signaling! pathways.! The!

establishment!of!polarity!in!epithelium,!among!the!different!signaling!pathway,!controls!cell!

proliferation,!which!is!a!key!event!linked!to!polarity.!

!

Some!genetic!studies!in!Drosophila!provided!evidence!that!the!genes!coupled!with!loss!of!cell!

polarity! phenotype! can! in! addition! regulate! cell! cycle! progression.! The! Scrib! module!

components!were!initially!discovered!for!their!role!in!regulating!proliferation!in!Drosophila.!

Mutations!of!scrib,!dlg!or!lgl!in!Drosophila!imaginal!discs!lead!to!over)proliferation!and!tumor!

formation! [481,! 527,! 565].! All! three! genes! were! identified! to! suppress! cell! proliferation!

through!regulating!negatively!cell!entry!to!phase!S!by!the!increase!of!cyclin!E!levels![566,!567].!!

However,!the!regulation!of!cell!proliferation!by!SCRIB,!DLG1!and!LGL!in!mammalians!is!less!

characterized.!

The!knockdown!of!SCRIB!in!a!non)tumorigenic!human!keratinocyte!cell!line!(HaCaT)!is!enough!

to!increase!cell!growth,!reduce!cell)cell!contacts!and!increase!cell!invasion![568].!

It! has! been! proposed! that! SCRIB! directly! regulate! cell! proliferation! by! controlling! MAPK!

signaling! pathways.! The! mitogen)activated! protein! kinase! (MAPK)! pathways! that! activate!

extracellular!signal)regulated!kinase!(ERK),!c)Jun!amino)terminal!kinase!(JNK)!and!p38!kinases!

have!important!roles!in!regulating!cell!fate!in!response!to!growth,!proliferation,!differentiation!

and! survival! signals! [569].! Indeed,! SCRIB! play! a! role! in! inhibiting! cell! growth! through!

interacting! with! PH! domain! leucine)rich)repeats! protein! phosphatase! (PHLPP1)! that!

negatively!regulate!Akt.!Scrib!binds!PHLPP1!and!target!it!to!the!plasma!membrane!where!it!

can!mediate!Akt!dephosphorylation![570].!SCRIB!can!also!directly!regulate!the!Erk!signaling!

pathway,!through!direct!protein)protein!interaction!between!SCRIB!and!Erk![571].!The!loss!of!
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SCRIB! in! cooperation! with! the! oncogene! Myc! increase! tumor! cell! growth! in! mammary!

epithelial!cells![572].!!

hDLG1! is! found! to! interact!with! tumor! suppressors! like! adenomatous! polyposis! coli! (APC)!

protein!through!an! interaction!between!the!PDZ!domain!of!Dlg1!and!the!C)terminal!S/TXV!

motif!of!APC.!APC! is!mutated! in! familial!adenomatous!polyposis!and! in!sporadic!colorectal!

tumors![573].!The!APC)DLG1!complex!formation!plays!an!important!role!in!transducing!the!

APC!cell!cycle!blocking!signal![574].!Another!tumor!suppressor!involved!in!the!control!of!cell!

proliferation!and!known!to!be!a!binding!partner!of!DLG1!PDZ!is!the!phosphatase!PTEN.!PTEN!

is!the!lipid!phosphatase!that!dephosphorylates!the!D3!position!of!phosphatidylinositol!(3,4,5))!

triphosphate!(PIP3),!antagonizing!the!action!of!the!oncogenic!phosphatidylinositol!3)kinase!

(PI3K)!and!counteracting!the!pro)survival!and!cell!growth!activity!of!the!protein!kinase!Akt!(or!

PKB)![575,!576].!The!growth!of!cancer!cells!is!repressed!when!DLG1!and!PTEN!are!co)expressed!

[577,!578].!The!mechanism!underlying!the!effect!on!cell!growth!is!unclear,!but!DLG1!rises!PTEN!

stability! and! augments! PTEN’s! inhibitory! activity! upon! the! AKT! kinase! (or! PKB),! a! potent!

stimulator!of! cell!proliferation!and! survival! [578].!DLG1’s!anti)proliferative! function!maybe!

linked! to! DLG1’s! ability! to! recruit! PI3K! to! E)cadherin! complexes! at! the! cell!membrane! of!

epithelial! cells! where! the! formation! of! this!macromolecular! complex! is! required! for! their!

differentiation! [228].!Moreover,!DLG1!can!bind! to!APC!and!PTEN! together,!which! forms!a!

ternary! complex! that! could! act! as! a! platform! for! the! assembly! of! a! network! of! signal!

transduction!factors!that!regulate!cell!growth![578].!!

LGLC1! knockout!mice! have! been! described! to! display! hyperproliferation! of! neuroepithelial!

cells!in!the!developing!brain,!which!is!caused!by!defects!in!cell!cycle!exit![538].!LGLC1!knockout!

mice!do!not!have!a!significant!increase!of!neural!progenitor!cells![538].!!

!

Moreover! in! epithelial! cells,! the! Scrib! complex! members! regulated! cell! growth! through!

mediating!hippo!signaling!pathway(explained!further!page!133)![18].!!

In!general,!these!studies!demonstrate!a!clear!involvement!of!the!Scrib!polarity!complex!in!the!

regulation!of!cell!growth.!Nevertheless,!even!though!various!mechanisms!have!been!proposed!

to! explain! the! role! of! this! polarity! module! in! control! of! proliferation,! these! regulatory!

mechanisms!are!still!under!investigation.!
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I.E.e.1.1.4! Cell!survival!!

Several!studies!shown!that!cell!survival,!another!major!cellular!process,!is!influenced!by!the!

Scrib! complex.! Apoptosis! is! an! important! mechanism! that! removes! cells! during!

embryogenesis,! eliminates! potentially! cancerous! and! virus)infected! cells,! and! maintains!

balance!in!the!adult!tissues!such!as!the!intestine.!The!regulation!of!cell!survival!is!crucial!in!the!

organism!since!the!failure!of!cells!to!undergo!cell!death!via!apoptosis!can!result!in!a!range!of!

effects! from!embryonic! death! to! neoplasia! or! autoimmune!disease! [579].! Indeed,! several!

studies!have!provided!evidence!that!loss!of!apico)basal!polarity!is!an!important!cue!to!induce!

apoptosis.! Moreover,! Scrib! complex! components! have! been! directly! involved! in! this!

mechanism!of!cell!elimination.!!

In!this!section!I!will!discuss!how!Scrib!module!polarity!proteins!can!influence!cell!death.!

Mutation! of! the! basolateral! protein! complex! genes,! scrib,! dlg! and! lgl! induced! neoplastic!

growth!that!lead!to!large!larva!in!Drosophila![481].!However,!clonal!deletion!of!these!genes!in!

the! imaginal! disc! are! eliminated! by! apoptosis,! a! molecular! mechanism! involving! Jun! N)

terminal! kinases! JNK)mediated! activation! [580)584].! JNK! can! mediate! apoptosis! via!

upregulation!pro)apoptotic!genes!through!the!transactivation!of!certain!transcription!factors!

or!by!directly!regulating!the!activities!of!mitochondrial!pro)!and!anti)apoptotic!proteins!via!

defined!phosphorylation!events![585].!!

Indeed,!several!studies!describe!that!clones!mutant!for!scrib!were!eliminated!by!surrounding!

wild)type!cells!in!the!imaginal!disc!eye![584].!In!mammalian!MDCK!cells,!the!absence!of!SCRIB!

in!cells!surrounded!by!wild!type!cells,!also!induced!apoptosis!and!apical!extrusion!of!!SCRIBC/C!

cells!through!the!activation!of!p38!mitogen)activated!protein!kinase!(MAPK)![586].!!

However,!the!apoptotic!signaling!is!inhibited!in!scrib)/),!dlgC/),! lglC/C!mutant!clones!in!the!eye!

disc! expressing! an! activated! form! of! Ras! (RasV12),! which! display! an! intense! tumor)like!

overgrowth!and!metastatic!behavior![582,!584].!The!loss!of!SCRIB!increased!primary!tumor!

size!in!Myc)driven!mammary!tumors!through!blocking!Myc)induced!apoptosis.!Here,!SCRIB!

mediates! Rac/JNK/c)Jun! pathway! that! regulates! the! pro)apoptotic! protein! Bim!expression!

[572].!!

These!studies!demonstrate!that!the!Scrib!module!is!able!to!modulate!cell!survival.!

! !
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I.E.e.1.2! Scrib!module!role!in!disease!

Disrupting! the! regulation! of! epithelial! polarization! results! in! abnormal! embryonic!

morphogenesis!that!lead!to!diverse!diseases![587]!and!can!lead!to!tumor!formation![433,!488].!!

Since! the! original! identification! of! Scrib,! Dlg! and! Lgl! as! neoplastic! tumor! suppressors! in!

Drosophila,!much!effort!has!concentrated!on!understanding!their!contribution!in!mammalian!

cancer! progression! and!metastasis.! Here! I!will! describe! below!evidence! demonstrating! an!

important! role! for! the! Scribble! polarity!module! in!mammalian! cancer! but! also! in! various!

human! diseases! such! as! some! mental! disorders! including! Alzheimer! disease! and!

schizophrenia.!

I.E.e.1.2.1! In!nonHcancer!

In!human,!mutation!in!SCRIB!were!found!in!two!different!pathologies!resulted!from!neural!

tube!defects!known!as!craniorachischisis![548]!and!spina!bifida![588]!.!Neural!tube!defects!are!

the!consequence!from!a!failure!of!embryonic!neural!tube!closure,!which!leads!to!a!class!of!

human!birth!defects!such!as!spina!bifida.!Spina!bifida!results!from!failure!of!the!complete!low!

spinal! closure.! Craniorachischisis! is! the! consequence! from! failure! to! initiate! the! closure!

process,!resulting!in!the!absence!of!complete!closure!between!the!hindbrain!and!spinal!neural!

tube.!The!neural!tube!defects!are!known!to!be!caused!by!defects!in!the!planar!cell!polarity!

pathway!in!mice!and!human![588].!These!results!confirm!the!potential!of!the!involvement!of!

SCRIB!in!the!planar!cell!polarity!pathway!also!in!human!development.!

!A!recent!study!by!Xu!et!al.,![589]!demonstrated!that!Scribble!is!down)regulated!in!autosomal)

dominant! polycystic! kidney! disease! (ADPKD).! The! autosomal)dominant! polycystic! kidney!

disease!(ADPKD)!is!characterized!by!the!gradual!expansion!of!countless!renal!cysts!in!bilateral!

kidneys,!which!may!lead!to!end)!stage!renal!disease![590].!Knockdown!of!Scrib!in!zebrafish!

results!in!the!same!phenotype!characterized!by!an!abnormal!pronephric!cyst!formation![591]!

Until! recently! this!disease!has!been!associated!with!germline!mutations! in!PKD1!or!PKD2,!

which! encode! for! the! proteins,! polycystin! (PC))1! and! PC2,! respectively.! PC1! and! PC2! are!

expressed!in!the!apical!mono)cilia,!cytoplasmic!endoplasmic!reticulum/Golgi!membranes,!and!

the!basolateral!cell!surface,!and!were!found!to!be!essential!in!regulating!the!function!of!cell!

membranes![592].!The!study!of!Xu!et!al.!revealed!that!deregulation!of!Scribble!during!kidney!

development!affects!the!Hippo!signaling!pathway.!Similarly,!PKD1!and!PKD2!mutations!result!

also!in!deregulation!of!the!Hippo!pathway!in!the!kidney.!Thus,!these!works!demonstrate!that!
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Scribble! is!required! for!normal!kidney!development!by!playing!a!key!role! in!regulating!the!

Hippo!signaling!pathway![589].!!

The!role!of!DLG1!in!human!pathologies!varies!depending!on!its!function!in!the!tissue.!DLG1!is!

indeed!involved!in!many!pathologies!in!human,!which!can!be!explained!by!the!different!roles!

of!DLG1!in!the!regulation!of!cell!polarity!and!synapse!assembly,!and!as!an!organizer!of!the!

signal!transduction!in!diverse!cellular!systems.!The!function!of!DLG1!in!vesicular!trafficking!

has! been! shown! to! be! involved! in! neuropathology.! Indeed,! DLG1! expression! was! found!

augmented! in!the!dorsolateral!prefrontal!cortex!of!post)mortem!brains! from!patients!with!

schizophrenia[593,!594].!In!addition,!in!Alzheimer!patients,!DLG1!ability!to!bind!and!regulate!

the!trafficking!of!several!surface!proteins!including!the!disintegrin!and!metalloproteinase!10!

(ADAM10)!and!GluR1! is!altered![595].!These!results!suggest!that!DLG1! is! indispensable!for!

proper! neuronal! functioning! possibly! by! regulating! the! intracellular! trafficking! of! various!

receptors.!

I.E.e.1.2.2! In!cancer!

In!addition!to!the!role!of!the!Scrib!complex!in!the!maintenance!of!tissue!homeostasis,!this!

polarity!complex!has!been!found!altered!in!various!cancer.!Indeed,!loss!of!ABCP!is!an!early!

event!in!epithelial!cancers!and!can!occur!at!pre)invasive!stages![596].!Furthermore,!several!

polarity!proteins!have!altered!expression!owing!to!gene!amplification,!deletion!or!epigenetic!

regulation,!which!frequently!associates!with!disease!progression!and!strongly!correlates!with!

occurrence!of!metastasis.!!

I.E.e.1.2.2.1! SCRIB&and&DLG&are&targets&of&viral&oncoproteins&

High)risk!strains!of!human!papillomavirus!(HPVs)!play!a!contributing!role!in!the!development!

of!cervical!cancer.!Over!80%!of!cervical!cancers!are!initiated!by!the!high)risk!human!papilloma!

viruses! HPV16! and! HPV18.! HPV16! and! HPV18! target! PDZ)domain)containing! proteins! for!

degradation! via! the! E6! oncoprotein! [597].! Here! are! some! examples! of! polarity! proteins!

contain! PDZ! domains! identified! as! targets! of! the! E6! oncoprotein;! SCRIB,! DLG1,! MAGI)1!

(membrane)associated! guanylate! kinase,!WW! and! PDZ! domain)containing! protein! 1)! and!

MUPP1!(multi)PDZ)!domain!protein!1)[598)600].!Since!the!regulation!of!cell!polarity!depends!

on! the! correct! spatiotemporal! ! expression! of! the! cell! polarity! complexes,!modifications! in!

expression!levels!or!mis)localization!of!any!of!these!components!disturbs!the!function!of!the!
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complex!as!a!whole!and!result!in!abnormal!signaling!that!can!lead!to!neoplastic!transformation!

[183].!

Interestingly,!while!most!studies!revealed!the!involvement!of!human!virus!oncoproteins!to!

inactivate!the!tumor!suppressor!role!of!hDLG1,!Frese!and!co)workers!revealed!an!oncogenic!

function!to!hDLG1!upon!binding!to!the!adenovirus!9!E4)ORF1[601].!Indeed,!they!reveal!the!

importance! of! hDLG1! in! promoting! Ras! mediated! PI3K! activation! that! mediated! cellular!

transformation.! Hence,! they! reveal! an! additional! function! of! oncoprotein! E4)ORF1! that!

oppose!to!inactivating!hDLG1!tumor!suppressor,!but!rather!in!using!hDLG1!in!activating!PI3K!

that!gives!it!an!oncogenic!function.!The!contradictory!roles!seem!to!be!related!to!differences!

in!the!precise!pattern!of!expression.!!

These!studies!demonstrate!the!importance!of!the!proper!localization!and!expression!of!the!

Scrib!module!members!in!order!to!maintain!the!homeostasis!of!the!tissue.!

I.E.e.1.2.2.2! Abnormal&expression&of&Scrib,&Dlg&and&LGL&in&human&cancer&

An!important!mechanism!by!which!polarity!proteins!function!is!by!spatially!restraining!signal!

transduction! components.! Consequently,!mutations! that! alter! the! localization! or! protein–

protein! interactions! of! polarity! proteins! with! other! oncogenic! proteins! may! also! affect!

downstream!signaling![596].!

Each!member!of!the!Scrib!polarity!module!was!found!mis)localized!in!several!human!cancers.!

Scrib!was!found!mis)localized!in!half!of!the!ductal!carcinoma!in!situ!(DCIS)!breast!cancer!lesions!

[572].! SCRIB! and! DLG1! has! been! shown! to! be! mis)localized! in! colon! and! cervical! cancer,!

whereas!Lgl2!is!mis)localized!in!gastric!adenocarcinomas![602)604].!The!Scrib!polarity!module!

members! often! display! abnormal! expression! throughout! different! types! of! tumor! such! as!

colon,!cervical,!endometrial,!breast,!prostate!and!lung![587,!602)606].!!

Furthermore,!overexpression!of!SCRIB,!LGL)1!in!transformed!cell!lines,!lead!to!an!increase!in!

cell!adhesion!that!reversed!the!malignant!phenotype,!which!suggest!a!direct!function!of!Scrib!

polarity!complex!in!tumor!progression![607,!608].!Generally,!these!studies!approve!the!idea!

that!abnormal!expression!of!polarity!proteins!is!associated!with!malignancy!and!invasion.!!

Tissue! specific! knockouts!of!SCRIB! in! the!adult!mouse! leads! to! hyperproliferation!and!cell!



! 133!

morphology! changes,! and! predisposes! cells! to! oncogenic)mediated! tumorigenesis! in! the!

prostate! [587],! breast! [572],! lung! ! [609]!and! skin!epithelial! tissues! [610],!demonstrating!a!

direct!link!between!alteration!of!Scrib!and!tumor!progression.!

I.E.e.2! Role&of&the&Scrib&complex&in&modulation&of&Signaling&Cascades&

In!order!to!establish!and!maintain!tissue!integrity,!the!members!of!Scrib!module!localize!at!

cell)cell!junctions!where!and!interacts!with!protein!complexes!to!modulate!signaling!pathways!

that!play!critical! roles! in!cell!growth,!proliferation!and!survival! [433].!SCRIB,!DLG1!and!LGL!

have!been!involved!in!the!regulation!of!many!different!pathways!including!RTK,!WNT,!Hippo,!

thyroid!hormone!receptor!and!glutamate!receptor!signaling.!Here,!I! limit!my!review!on!the!

molecular!mechanisms!by!which!the!Scrib!complex!regulates:! i)! the!Hippo!pathway;! ii)!cell!

surface! receptor! signaling,! since! these! signaling! pathways! control! cell! proliferation! and!

survival!in!respond!to!cell!polarity.!!

I.E.e.2.1! Hippo!signaling!!

Cells!that!are!unable!to!perceive!density!failed!to!regulate!growth!and!over)proliferate,!which!

lead!to!the!development!of!hyperproliferative!diseases! including!tumorigenesis! [611,!612].!

The! Hippo! pathway! (described! in! detail! page! 93)! is! well! known! to! regulate! organ! size! in!

mammals!and!Drosophila.!The!Hippo/Yap!pathway!acts!through!the!actin!cytoskeleton,!cell–

cell! junctions! and! apical–basal! polarity! to! sense! cell’s! density.! The! apical–basal! polarity!

complex!play!a! role! in! regulating!of!epithelial! cell)density!and!proliferation,! in!addition! its!

deregulation!is!exhibited!in!various!cancer!types![18].!Several!studies!linked!the!Scrib!complex!

to!the!regulation!of!the!Hippo!pathway.!

In!Drosophila! epithelial! tissues,! the! depletion! of! Lgl! or! upregulation! of! aPKC! blocks!Hippo!

pathway!signaling,!resulting!in!the!activation!of!Yorki!(Yap1!in!mammals),!which!activates!cell!

proliferation! and! survival! [613].! Lgl/aPKC! regulate! the! Hippo! pathway! by! controlling! the!

localization!of!Hippo!(Mst1/2!in!mammalians)!and!therefore!its!activity![613].!Indeed,!Hippo!

is!activated!when!recruited!to!specific!membrane!regions!where!it!constitute!a!complex!with!

Expanded,! and! with! its! downstream! kinase,! Warts! (LATS1/! 2! in! mammalians)! [614].! The!

molecular!mechanism!explaining!how!Lgl/aPKC!regulates!Hippo!localization!in!Drosophila!is!

currently!unclear.! In!mammalian!cells,!overexpression!of!aPKC! results! in! its!binding! to! the!

MST1/2!(Hippo!orthologs),!which!leads!to!uncouple!the!binding!of!LATS1/!2!(Warts!ortholog),!

thus!inhibiting!LATS1/2!phosphorylation!and!inactivation!of!YAP!(Yorki)![615].!
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Scrib!mutation!results!in!abnormal!regulation!of!the!Hippo!pathway!in!mammalian,!zebrafish!

and!Drosophila! systems! [616)618].! In! breast! cancer! stem! cells,! SCRIB! interacts! with! TAZ,!

Mst1/2!and!Lats1/2!acting!as!an!adaptor!protein,!which!inhibits!TAZ!activity![619].!Either!loss!

or! mis)localization! of! SCRIB! blocks! the! ability! of! Mst1/2! to! activate! Lats1/2,! resulting! in!

constant!TAZ!activation![619].!However,!it!is!uncertain!if!the!same!regulation!happens!in!other!

organisms.!In!fact,!Scrib!regulates!Hippo!signaling!by!another!mechanism!in!zebrafish.!Scrib!

interacts!with!FAT1,!an!upstream!regulator!of!Hippo!signaling,!and!together!with!FAT1!blocks!

YAP!activity![618].!In!Drosophila!scrib!mutants!exhibited!high!activity!of!Yorki![620].!Scrib!acts!

downstream!of! the!Fat! (Ft)! receptor! in!Drosophila,! demonstrating! that!Scrib! regulates! cell!

growth!through!Hippo!signaling![621].!!

In!Drosophila,!however,!no!direct!interaction!between!Hippo!pathway!members!and!Scrib!or!

Dlg!have!been!defined.!Actually,!scrib!and!dlg!mutants!block!Hippo!signaling!only!when!cell!

polarity!is!lost,!and!cell!death!is!also!inhibited![620].!!

Some!membrane)associated!proteins,!including!the!Merlin/NF2!tumor!suppressor!and!Kibra,!

also!interact!with!the!core!kinase!components!and!act!as!common!upstream!activators!of!the!

Hippo!pathway! [622].!Merlin/Nf2! tumor! suppressor!and!Kibra!appear! to! connect! cadherin!

ligation!to!the!Hippo!cascade![623)625].!Merlin!directly!associates!with!α)catenin!to!promote!

maturation! of! the! adherens! junction.! In! both!Drosophila! and!mammals,!Merlin! promotes!

Hippo!signaling!by!targeting!LATS!(Warts!ortholog)!to!the!cell!membrane.!Furthermore,!Merlin!

is!able!to!physically!link!α)catenin!to!the!apical!polarity!complex!protein!PAR3.!This!interaction!

is!required!during!early!stages!of!junction!formation!and!polarity!establishment.!Thus,!during!

junctional! maturation,! Merlin! is! found! to! be! specifically! essential! for! the! organization! of!

adhesion!and!polarity![413].!This!data!suggests!a!mechanism!whereby!cadherin!junction!and!

polarity!complexes!may!function!together!to!sense!the!integrity!of!the!epithelium!and!regulate!

this!pathway!in!certain!cells.!!

The! ability! of! numerous! components! of! cell! adhesion! and! polarity! complexes! to! bind!

YAP1/TAZ! could! assure! its! sequestration! out! of! the! nucleus! in! cells! only! after! junction!

formation! and! when! apical–basal! polarity! is! entirely! established.! This! is! beneficial! by!

sensitizing! the! cell! to! a! variety! of! changes! to! the! epithelial! state,! which! allow! a! graded!

activation!of!YAP1.!For!instance,!the!ablation!of!cell!polarity!can!activate!certain!YAP1/TAZ!
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pools,!while!more!severe!polarity!and!adhesion!disruption!can!generate!a!stronger!growth!

response!through!the!release!of!several!YAP1/TAZ!pools![596].!!

I.E.e.2.2! Role!in!regulating!cell!surface!receptors!!

Different! studies! have! shown! Scrib!module! polarity!members!modulating! the! signaling! of!

various! cell! surface! receptors! in! order! to!modulate! diverse! cellular! process.! Scrib!module!

control!growth!and!polarity!of!epithelial!cells!through!the!regulation!of!receptor!aggregation!

and! trafficking.! These! receptors! include! receptor! tyrosine! kinase! (RTK),! thyroid! hormone!

receptor,!glutamate!receptor.!Here,!I!will!describe!some!of!the!receptors!that!are!regulated!

by!the!Scrib!module.!

I.E.e.2.2.1! Receptor!tyrosine!kinase!

Receptors!tyrosine!kinase!(RTK)!are!transmembrane!receptors!that!contain!a!tyrosine!kinase!

activity!in!their!cytoplasmic!domain.!Many!growth!factors,!cytokines!and!hormones!receptors!

belong!to!the!family!of!RTK.!Activation!of!these!receptors!by!the!fixation!of!their!ligand!in!their!

external!domains!leads!to!the!activation!of!the!Tyrosine!kinase.!The!RTK!activity!is!crucial!in!

various!processes!such!as!cell!growth,!cell!survival,!differentiation!and!motility.!Hence,!RTK!

should!be!tightly!regulated,!since!deregulation! in!the!signaling!pathway!can!lead!to!cancer!

progression.!!

Studies!have!demonstrated!the!involvement!of!the!Scrib!complex!proteins!in!the!regulation!

of!RTK![488].!!

Lgl2!is!involved!in!the!negative!regulation!of!the!ErbB2)Ras!signaling!pathway!in!the!zebrafish!

epidermal!cells.!The!study!showed!that!lgl2!(pen! in!zebrafish)!mutants!displayed!enhanced!

ErbB2! signaling,!which! result! in!alteration!of!E)Cadherin! localization!and! induction!of! EMT!

[626].! The! absence! of! Lgl2! induce! ErbB2! signaling! activation! which! resulted! in! Sgk1!

upregulation.!Sgk1!is!a!molecules!regulating!E)cadherin!function!at!the!cell!membrane!through!

phosphorylating! Ndrg1,! a! protein! implicated! in! E)cadherin! vesicular! recycling! [626].! This!

suggest!the!Lgl2!modulate!ErbB2)Ras!signaling,!by!decreasing!its!activity,!in!order!to!maintain!

epithelial!phenotype!and!integrity.!!

DLG1!was!found!to!regulate!the!signaling!FGFR2!and!fiber!cell!differentiation!in!the!mouse!

lens! [627].! FGF! stimulation! upstream! Erk! activation! is! essential! for! lens! proliferation! and!

differentiation![628].!Conditional!knockout!of!DLG1! in!mice! lens!reduced!FGFR2! levels!and!

therefore!its!activity!resulting!in!a!strong!decrease!of!Erk!activation!in!the!epithelial!cells.!DLG1!

is!necessary!to!stabilize!and!localize!FGFR2!in!epithelia!cells.!DLG1!is!found!to!co)localize!with!
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FGFR!at!the!cell!membrane!in!the!fiber!lens.!However,!a!direct!interaction!between!the!two!

molecules!was!not!demonstrated![627].!This!study!demonstrates!the!importance!of!DLG1!in!

modulating!cell!fiber!differentiation!through!the!regulation!of!FGFR2!activity.!

SCRIB! regulates! the! Hepatocyte! Growth! Factor! (HGF)! signaling! in! the! MDCK! cysts.! HGF)

treatment!of!3D)cultured!MDCK!cysts! results! in! partial! EMT,!associated!with! formation!of!

actin)rich!extensions!from!the!basal!surface!of!the!cells.!These!extensions!are!observed!during!

the! initial! step! of! tubulogenesis.! Depletion! of! SCRIB! decreases! HGF)mediated! cell!

morphogenesis![629].!Mechanistically,!SCRIB!interacts!with!the!Rho!family!GEF!(βPIX)!and!p21!

activated! kinase! (PAK)! downstream! of! HGF! signaling.! Studies! has! shown! that! SCRIB/βPIX!

interacts!with!PAK!at!the!leading!edge!of!migrating!cells!to!promote!actin!polymerization!and!

cytoskeleton! organization! [630].! SCRIB/βPIX! is! needed! for! the! correct! localization! of!

phosphorylated! active! PAK! during! tubulogenesis! in! MDCK! cysts! [629].! These! studies!

demonstrate! the! requirement!of! SCRIB/βPIX! in!modulating!PAK! localization!and!activation!

downstream!HGF)mediated!signaling!for!proper!tubulogenesis.!!

Altogether! these! different! studies! suggest! that! the! Scrib! complex! proteins! regulate! RTK!

activity!by!regulating!the!receptor!trafficking!or!localization!

I.E.e.2.2.2! Thyroid!stimulating!hormone!receptor!

TSHR!physiological!role!is!mainly!to!regulate!thyroid!gland!growth!in!embryos!and!homeostasis!

in! the! adult.! TSHRs! localization! and! density! on! thyroid! membranes! are! critical! for! TSH!

responsiveness!and!thyroid!function.!Studies!have!shown!that,!upon!TSH!stimulation,!TSHR!is!

rapidly!internalized!by!clathrin)coated!pits!by!in!various!thyroid!and!non)thyroid!cells![631].!

SCRIB!regulates!the!G!protein)coupled!thyroid!stimulating!hormone!receptor!(TSHR)!recycling!

process!following!receptor!activation!by!TSH.!Lahuna!et!al.,! !demonstrated!that!SCRIB!bind!

directly!to!TSHR,!via!one!of!its!PDZ!binding!domains,!in!order!to!recruit!the!βPIX)GIT1)ARF6!

complex!that!is!involved!in!vesicle!trafficking![487]!and!is!required!for!TSHR!recycling!to!plasma!

membrane!in!mammalian!cells![632].!!

I.E.e.2.2.3! Glutamate!receptor!

The!proper!trafficking!of!glutamate!receptors!to!synapses!is!fundamental!for!synaptic!function!

and!plasticity.! The!postsynaptic!density! (PSD)! is! a!postsynaptic!membrane!where! synaptic!

scaffold! proteins! assemble! high! concentration! of! glutamate! receptors! (composed! of! N)

methyl)d)aspartate! receptor! (NMDAR)! and! α)amino)3)hydroxyl)5)methyl)4)isoxazole)

propionate! receptor! (AMPAR))! in! excitatory! synapses,!which! are! connected!with! signaling!
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proteins! and! cytoskeletal! components.! AMPA! and! NMDA! receptors! are! tetrameric!

transmembrane! ion! channels! which! regulates! Ca2+! entry! following! activation! of! the!

neurotransmitter!glutamate.!

DLG1! plays! a! major! role! in! the! trafficking! and! targeting! of! membrane! ion! channels! and!

cytosolic!structural!proteins!in!several!cell!types.!DLG1!was!found!localized!throughout!the!

secretory!trafficking!pathway!and!at!the!postsynaptic!density!(PSD)!in!neurons![633].!DLG1!is!

found!to!be!essential!for!NMDAR!trafficking!to!the!synapse,!DLG1!is!also!involved!in!AMPAR!

trafficking!to!the!synapse![634,!635].!Therefore,!regulation!of!membrane!targeting!of!these!

receptors!by!DLG1!controls!neuronal!excitability,!synaptic!transmission!and!plasticity,!which!

is!essential!for!normal!brain!function![17].!!

DLG1!regulates!AMPARs!in!synaptic!plasticity!via!targeting!the!AMPAR!subunit!GluA1!forward!

trafficking!from!the!Golgi!network!to!the!plasma!membrane.!GluA1!recruitment!is!a!crucial!

step!for!promoting!and!preserving!forms!of!synaptic!plasticity!such!as!long)term!potentiation!

(LTP).!DLG1!interact!directly!with!the!AMPAR!subunit!GluA1!in!contrast!to!other!members!of!

the!MAGUK! family! [636].! The!mechanism!behind! the! transport! of! AMPA! receptors! to! the!

postsynaptic!plasma!membrane!by!DLG1!is!dependent!of!the!tri)partite!association!of!Dlg1)

myosin! VI! (an! actin)based! motor)! and! GluA1,where! DLG1! function! ! as! a! molecular! link!

between!GluA1!and!myosin!VI![637].!!

DLG1!regulates!NMDAR!trafficking!by!interacting!with!GluN2A/2B!subunits!through!one!of!its!

PDZ! domain.! Jeyifous,!Waites! et! al.,! revealed! that!DLG1!uses! the!Golgi! outpost! secretory!

pathway!when!in!a!complex!with!NMDARs.!CASK,!a!molecular!partner!of!DLG1,!is!needed!for!

the!DLG1/NMDAR!complex!sorting.!CASK!distinguishes!the!sorting!of!NMDARs!from!AMPARs!

by!DLG1!in!the!somatic!ER,!leading!NMDARs!to!mainly!avoid!somatic!Golgi!and!transport!via!

dendritic!Golgi!outposts!to!synapses!in!hippocampal!neurons![638].!Indeed,!CASK!requires!an!

L27!domain)mediated!interaction!to!associate!with!the!DLG1,!which!stabilize!DLG1!extended!

conformation!that!favorably!interact!with!NMDAR!complex![639].!!

However,!it!is!important!to!point!out!that!certain!experiments!in!vivo!were!not!able!to!show!

the!necessity!of!DLG1!in!the!regulation!of!AMPAR!and!NMDAR.!These!results!can!be!explained!

by! the! fact! that! mammalian! neuronal! tissue! has,! in! addition! to! DLG1! (SAP)97),! three!

homologous!proteins!named!postsynaptic!density)95!(PSD)95),!postsynaptic!density)93!(PSD)
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93)!and!synapse)associated)protein)102!(SAP)102),!which!are!thought!to!play!a!key!role! in!

synapse)assembly!and!plasticity![492,!640].!The!in!vivo!importance!of!DLG1!for!brain!function!

is!unclear,!taking!in!consideration!the!high!degree!of!functional!redundancy!among!these!four!

proteins.!!

In!rats,!Scrib1!is!involved!in!the!functional!and!spatial!control!of!synaptic!NMDAR.!Scrib1!is!

found! co)localized!with! NMDAR! at! excitatory! synapses! of! the! postsynaptic! density! in! the!

stratum!region!of!the!hippocampus.!Scrib1!interacts!directly!with!GluN2!subunits.!Scrib1!levels!

controlled!the!trafficking!and!recycling!of!NMDAR!to!the!membrane!via!the!direct!interaction!

with! the! AP2! adaptor! proteins! and! the! help! of! the! regulatory! proteins! ARF6,! which! is!

implicated! in! trafficking! of! biological! membranes! and! transmembrane! protein! cargo.!

Moreover,!synaptic!NMDAR!currents!is!decreased!in!depleted!Scrib1!in!hippocampal!neurons!

[635].!

!

In! conclusion,! the! members! of! the! Scrib! complex! establish! and! maintain! tissue! integrity!

through! its! implication! in! regulating! the! activity! of! several! cell! membrane! receptors.!

Interestingly,!the!regulation!of!the!signaling!of!these!receptors!was!mainly!modulated!through!

trafficking!and!recycling!to!the!cell!membrane.!These!findings!propose!that!the!Scrib!complex!

can!regulate!spatially!the!activity!of!several!receptors,!which!reinforce!the!importance!of!the!

asymmetric!distribution!of!polarity!proteins!within!the!cells.!

! !



II.$ Rational!and!objectives!of!the!thesis!



The!superfamily!of!TNF!receptors! (TNFRSF)!plays!a!determinant!role! in!the!control!of!both!

inflammatory!responses!and!apoptotic!cell!death.!Among!the!TNFRs,!Fas!(CD95/TNFSFR6),!one!

of! the! best)studied! apoptosis! inducers,! is! found! ubiquitously! expressed! in! human! tissues!

including!many!epithelia!such!as!in!the!intestine.!Its!activation!by!its!ligand!(FasL)!can!induce!

both! death! and! non)death! signaling! pathways! including! secretion! of! pro)inflammatory!

cytokines,!cell!migration!and!proliferation.!The!pro)death! role!of!Fas!depends!on!the!rapid!

recruitment!to!its!cytoplasmic!death!domain!(DD)!of!adaptor!protein!FADD!and!the!initiator!

caspases)8!and!)10!to!form!the!death)inducing!signaling!complex!(DISC),!which!leads!to!the!

cleavage!and!the!activation!of!these!caspases!and!ultimately!to!cell!destruction![81].!It!is!only!

more! recently! that! the! non)apoptotic! Fas! signaling! pathways! have! been! more! fully!

appreciated!with!the!report!that!activated!Fas!is!able!to!recruit!different!signaling!modulators,!

which!may!not!automatically!leads!to!caspase)8/10!activation!and!cell!death![93].!However,!

so!far,!the!molecular!mechanisms!controlling!the!inhibition!of!cell!death!and!the!induction!of!

pro)survival!pathways!of!Fas!remains!largely!unclear.!This!question!plays!a!central!role!in!a!

context! of! tumorigenesis! since! cancer! cells! (including! CRC! cells)! repress! Fas! cell! death!

pathways!and!activate!non)cell!death!Fas!signaling!to!increase!their!invasiveness![172,!641].!

Therefore,! the!activation!of!Fas!signaling! in!these!tissues!should!be!rigorously!regulated!in!

order!to!maintain!the!balance!between!cell!death!and!non)death!signaling.!

The!main!aim!of!our!team!is!to!progress!in!the!understanding!of!the!molecular!mechanism!

that!regulate!the!pro)!or!non)!death!Fas!signaling!in!order!to!better!predict!the!outcome!of!

Fas!signaling!in!both!normal!and!pathological!conditions!including!tumor!development.!

On! the!way! to! decipher! the! role! of! the! Fas! signaling! pathways,! our! lab!met! an! apparent!

biological!contradiction!that!puzzles!the!domain!of!the!death!receptor!Fas!since!several!years:!

whereas!Fas!receptor!is!highly!expressed!in!most!of!the!epithelia!(including!gut),!the!polarized!

epithelial! cells! are! resistant! to! Fas! induced! cell! death! possibly! induced! by! circulating! or!

resident! FasL! presenting! immune! cells.! In! contrast,! intestinal! cells! of! patients! suffering! of!

inflammatory!bowel!diseases!are!characterized!by!an!elevated!percentage!of!apoptotic!cells,!

which!correlates!with!an!altered!formation!of!cell)cell!junctions!and!a!loss!of!cell!polarity![642].!

These! observations! suggest! that! maintenance! of! cell! polarity! and! cell)cell! adhesion! may!

protect! epithelial! cells! from! cell! death! induction! possibly! due! to! the! regulation! of! TNFR!

receptor!members.!!
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Programmed!cell!death!should!be!tightly!regulated!during!embryogenesis!and!the!adult!life!in!

order!to!maintain!tissue!homeostasis!and!integrity.!At!a!cellular!level,!the!choice!of!life!and!

death,!is!regulated!by!different!environmental!cues!including!cell)cell!junctions!and!cell)ECM!

adhesion!through!the!involvement!of!various!sets!of!specialized!macromolecules![643,!644].!

Several! studies!demonstrated! the! involvement!of!AJ! components,! including!cadherins!and!

catenins,! in! mediating! cell! survival! (see! introduction! page! 83).! In! brief,! several! studies!

exhibited! that! conditional! knockout! of! cadherins! in! different! tissues! including! ! intestinal!

epithelia! [348],! lactating! mammary! gland! [349]! and! in! ovaries! [350]! resulted! in! loss! of!

adhesion!and!induced!apoptosis!in!vivo.!The!ablation!of!#)catenin!in!mice!epidermis!is!also!

associated!with!an!important!apoptosis!of!keratinocytes![355].!Mutation!in!!)catenin’s!gene!

resulted! in! apoptosis! ! of! mammary! stem! cells! in! mice! [357].! However,! the! molecular!

mechanism!by!which!AJ!components!control!cell!survival!have!been!much!less!studied.!

Based!on!these!observations,!our!lab!decided!to!investigate!the!possible!involvement!of!cell)

cell! junction!and!role!of!cell!polarity!establishment! in!the!regulation!of!the!death!receptor!

Fas/TNFR!members!signaling!upon!engagement!by!its!(their)!cognate!ligand.!!

This!study!was!initiated!by!my!PhD!co)director!Dr.!Laurent!Gagnoux!is!part!of!my!PhD!studies!

who!found!that!formation!of!cell)cell! junction!protected!epithelial!cells!from!Fas!cell!death!

signaling!and!that!this!protection!is!released!when!junctions!are!disrupted.!My!PhD!studies!

were!developed!around!the!two!following!objectives:!

II.A! My!thesis!objective!1:!Characterization!of!the!role!of!AJ!and!polarity!in!the!

regulation!of!Fas!cell!death!signaling!

L.Gagnoux! found! that! formation! of! cell)cell! junction,! and! in! particular! adherens! junctions,!

protected! epithelial! cells! from! Fas! cell! death! signaling.! He! demonstrated! that! in! colon!

epithelia,! the!receptor!Fas!concentrates!at!cell)cell! junctions!with!E)cadherin!and!that!Fas)

cadherin! association! protects! cells! from! FasL)induced! cell! death.! Additionally,! thanks! to! a!

proteomic! approach,! it! was! found! that! the! polarity! molecule! DLG1! interacts! with! the! C)

terminal!PDZ)binding!site!of!Fas,!possibly!regulating!the!localization!of!Fas!at!cell)cell!junction!

and!influencing!Fas!cell!death!signaling.!

!
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When!I!joined!the!team,!I!first!continued!the!ongoing!study!on!characterizing!the!role!of!AJ!

and!DLG1!polarity!protein!in!the!regulation!of!Fas!cell!death!signaling.!

More!specifically!we!were!interested!in!understanding:!

)! If!Fas!signaling!could!be!regulated!by!different!cadherins.!

)! The!molecular!mechanism!by!which!DLG1!influences!Fas!death!and!non)death!

signaling.!

)! If!DLG1!is!able!to!modulate!Fas)signaling!independently!of!the!formation!of!AJ.!!

In!order!to!answer!these!questions,!we!used!the!colon!epithelial!cells!HCT15!that!are!known!

to!form!extensive!cell)cell!junctions!and!mature!AJ!when!they!reach!confluency.!Along!the!way!

I!used!both!biochemical!and!molecular!biology!techniques!such!as!transfection,!infection!of!

viruses! and! generating! stable! expressing! mutants,! PCR,! RT! –PCR,! Oligo! designing,! siRNA!

designing!and!utilized!spinning!disc!microscopy!in!order!to!examine!AJ!role!in!Fas!signaling.!

!

II.B! My!thesis!objective!2:!Investigation!of!the!role!of!novel!interactants!of!Fas!in!the!

modulation!of!receptor!signaling!and!trafficking!

In!the!second!part!of!my!PhD,!I!was!interested!in!deciphering!the!role!of!the!newly!identified!

Fas!molecular!partners,!interacting!with!its!C)terminal!PDZ)binding!site![645],!in!the!regulation!

of!Fas!signaling.!Indeed,!besides!DLG1,!our!proteomic!analysis!revealed!that!53!new!molecular!

partners!are!capable!to!bind!the!C)terminal!region!of!Fas.!!

Among!the!proteins!identified!in!the!proteomic!approach,!we!chose!to!study!the!effect!on!Fas!

signaling!of!the!five!following!proteins:!the!actin)binding!LIM!(abLIM1),!the!E3!ubiquitin!ligase!

Ligand!Numb)protein!X2!(LNX2),! the!endoplasmic!reticulum!chaperone!GRP78,!the!polarity!

protein!PATJ!and!the!adaptor!protein!Beta)2)syntrophin!(SNTB2).!These!proteins!were!chosen!

based! on! their! known! involvement! in! the! regulation! of! cell! surface! receptor! signaling,!

apoptosis,!stress!response!or!polarity.!

My!objective!in!this!second!part!of!my!thesis!studies!was!to!understand!how!the!chosen!Fas!

partners! may! regulate! Fas! signaling.! To! examine! this,! I! was! determined! to! answer! these!

questions.!

)! Does!Fas!chosen!partners!regulate!Fas!signaling?!!

)! If!yes,!how!do!they!modulate!Fas!signaling?!!
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)! Do! they! co)localize! with! Fas! in! the! cell! and! influence! Fas! receptor! localization! or!

trafficking?!

To!answer!these!questions,!I!used!the!same!techniques!than!the!ones!described!above.!

! !



III.$ Results



!

III.A! Project!1:!Characterization!of!the!role!of!AJ!in!the!regulation!of!Fas!cell!death!

signaling!

!

In! this! study,!we!were! able! to! display! that! both! cell! polarity! establishment! and! adherens!

junction! formation! control! the! pro)apoptotic! signaling! of! the! death! receptor! Fas.! We!

demonstrate!that:!

)! Fas!receptors!concentrate!at!cell)cell!junctions!together!with!E)cadherin!and!that!Fas)

cadherin!association!protects!cells!from!FasL)!induced!cell!death.!!

)! The!polarity/scaffold!molecule!DLG1!interact!with!the!C)terminal!PDZ)binding!site!of!

Fas!and!attenuates!Fas!cell!death!signaling.!!

)! DLG1! inhibits! Fas! cell!death! signaling! independently!of! the!presence!of!mature!AJ.!

Indeed,!DLG1!interacts!directly!with!Fas!and!decrease!the!death)!inducing!complex!formation!

upon! Fas! activation,! therefore,! providing! an! additional!mechanism! to! protect! against! cell!

death.!

!

Taken! together,!our!data! show! that! inhibition!of! FasL)induced!cell!death!by!Fas)cadherin)!

DLG1!complex!helps!to!maintain!epithelial!homeostasis!by!protecting!normal!epithelia!from!

apoptosis! and! promotes! elimination! of! compromised! non)polarized! cells! to! avoid!

development!of!pathological!conditions!such!as!cancer!development.!

!
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Finely tuned regulation of epithelial cell death maintains tissue integrity and homeostasis. At the cellular level, life and 
death decisions are controlled by environmental stimuli such as the activation of death receptors. We show that cell polarity 
and adherens junction formation prevent proapoptotic signals emanating from the Fas death receptor. Fas is sequestered in 
E-cadherin actin-based adhesion structures that are less able to induce downstream apoptosis signaling. Using a proteomic-
based approach, we find that the polarity molecule Dlg1 interacts with the C-terminal PDZ-binding site in Fas and that this 
interaction decreases formation of the death-inducing complex upon engagement with Fas ligand (FasL), thus acting as an 
additional cell death protection mechanism. We propose that E-cadherin and Dlg1 inhibit FasL-induced cell death by two 
complementary but partially independent mechanisms that help to maintain epithelial homeostasis by protecting normal 
polarized epithelia from apoptosis. When polarity is lost, the Fas–cadherin–Dlg1 antiapoptotic complex is disrupted, and FasL 
can promote the elimination of compromised nonpolarized cells.

Cell polarity and adherens junction formation inhibit 
epithelial Fas cell death receptor signaling
Laurent Gagnoux-Palacios1,, Hala Awina1,, Stéphane Audebert3,, Aurélie Rossin1, Magali Mondin1,, Franck Borgese1,, Carlota Planas-Botey1, 
Amel Mettouchi2, Jean-Paul Borg3,4,, and Anne-Odile Hueber1,

Introduction
Programmed cell death by apoptosis is a physiological process 
that leads to the elimination of damaged or potentially harmful 
cells to maintain tissue homeostasis. As a consequence, evad-
ing apoptosis is an integral part of tumor development and re-
sistance to therapy (Hanahan and Weinberg, 2011). Cytokines 
of the TNF receptor family including the Fas receptor (CD95; 
TNF RSF6) are among the best-characterized apoptosis inducers. 
The apoptotic signaling induced by Fas upon activation by its li-
gand (FasL; TNF SF6) depends on the recruitment to the recep-
tor of adaptor proteins and caspases forming a death-inducing 
signaling complex (DISC). This complex triggers caspase activa-
tion, responsible for the proteolytic cleavage of a broad spectrum 
of cellular targets, leading ultimately to cell death (Kischkel et 
al., 1995). Beside this prodeath function, Fas activation can also 
promote alternative nondeath signaling pathways leading to cell 
survival, proliferation, motility, cancer growth, and metastasis, 
depending on the cellular context (Peter et al., 2007). Invalida-
tion and mutations of the Fas/FasL system in animal models and 
in human pathologies mainly demonstrate that Fas regulates tis-
sue homeostasis in the immune system through the induction 
of apoptosis (Ramaswamy et al., 2009). Nevertheless, previous 

work reports that Fas is expressed in almost all human tissues 
including many epithelia such as the intestine (Chen et al., 2010). 
Therefore activation of Fas in these tissues has to be strictly con-
trolled in order to maintain an equilibrium between survival and 
cell death signals.

At a cellular level, the life-and-death decision is controlled by 
different environmental cues including cell anchorage, which 
guarantees both cell–ECM adhesion and cell–cell adhesion thanks 
to different sets of specialized macrocomplexes. Both types of ad-
hesion complexes have been shown to protect from cell death, 
but the exact mechanisms underlying these observations are still 
debated (Grossmann, 2002; Stupack and Cheresh, 2002). Cell–
cell contacts are mediated by specialized cell surface receptors 
including E-cadherin, the main cell–cell adhesion molecule ex-
pressed in epithelial tissues. The cytosolic domain of E-cadherin 
interacts with catenins (α-, β-, and p-120), which are adaptor 
molecules that connect the receptor to the actin cytoskeleton to 
form intercellular adhesion complexes called adherens junctions 
(AJs; Niessen et al., 2011). AJs play a master organizer role in the 
establishment of apical–basal polarity and are found functionally 
associated with the Scrib–Dlg1–Hugl1 polarity complex (Reuver 
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and Garner, 1998; Qin et al., 2005). In addition, AJs act as signal-
ing platforms and are directly involved in the control of various 
pathways (Kobielak and Fuchs, 2006; McCrea et al., 2015). Their 
signaling capacities are at least in part due to their ability to as-
sociate with some cell surface receptors and to modulate their 
activities (Qian et al., 2004; Curto et al., 2007; Fukuhara et al., 
2008; Lu et al., 2014). Alteration of AJs in epithelia is associated 
with loss of cell–cell contacts and cell polarity, which leads to 
uncontrolled proliferation and carcinoma formation (Jeanes et 
al., 2008; Stairs et al., 2011). However, loss of AJs in various an-
imal models or in in vitro studies has been also associated with 
increased cell death (Carmeliet et al., 1999; Hofmann et al., 2007; 
Schneider et al., 2010), which is in agreement with a role of cell–
cell junctions in the regulation of cell survival.

The possible role of cell–cell contacts and cell polarity in the 
control of Fas signaling has been largely unexplored. In this 
study, we report that E-cadherin plays a critical role in the regu-
lation of Fas cell death signaling. Indeed, we demonstrate that in 
polarized colon epithelial cells, Fas is sequestered in E-cadherin 
actin-based adhesion structures, preventing its cell death sig-
naling function. Moreover, we identify that the C-terminal PDZ 
domain of Fas interacts with the polarity molecule Dlg1, which 
accumulates together with AJs at cell–cell junctions. The interac-
tion of Dlg1 with Fas inhibits Fas cell death signaling by impairing 
efficient formation of the DISC. Therefore, our findings uncover 
an important mechanistic link between cell–cell contacts and cell 
polarity along with the protection of polarized cohesive epithelial 
tissues from the Fas-induced death signal.

Results and discussion
Cell–cell contacts protect epithelial colon cells from FasL-
induced cell death
To evaluate the importance of human epithelial tissue organiza-
tion, and in particular cell–cell junctions, in the regulation of Fas 
proapoptotic signaling, we first analyzed the FasL-induced sensi-
tivity of HCT15 cells, a human epithelial cell line of colon origin, 
which forms extensive cell–cell junctions and grows as indepen-
dent islets (Fig. 1 A). Using time-lapse video microscopy experi-
ments, we showed that induction of cell death by addition of FasL 
in HCT15 cells occurs preferentially in the cells located in the islet 
periphery that do not form mature junctions or in cells that do not 
form a cohesive islet (Fig. 1 A and Video 1). In contrast, cells that 
form extensive cell–cell junctions (i.e., located in the center of the 
islet) are protected from cell death. Treatment of HCT15 with stau-
rosporine, a widely used chemical promotor of intracellular stress 
apoptosis, did not reveal a protective effect of cell–cell junctions 
(Fig. 1 A and Video 2), suggesting that cell–cell contacts specifically 
affect Fas signaling rather than having a general antiapoptotic ef-
fect. To rule out the possibility that the cell death resistance of cells 
located in the center of the islet was due to a limited diffusion of 
FasL through tight junction assembly, HCT15 cells were grown on 
permeable culture inserts. Video microscopy experiments showed 
that FasL treatment in both apical and basal reservoirs did not sen-
sitize the central cells of the islet to FasL, demonstrating that this 
protective effect cannot be explained by a restriction of FasL dif-
fusion at the basal side of the cells (Video 3).

Since maturation of cell–cell contacts including tight junc-
tions and AJs requires the presence of extracellular calcium 
(Takeichi, 1988), we then analyzed the FasL-mediated cell death 
induction in HCT15 cells in which cell junctions were disrupted 
by growing cells in low-calcium conditions (Fig. 1 A and Video 4). 
Depletion of calcium resulted in a strong increase of FasL-induced 
cell death (Fig. 1, B–D and I), confirming the protective effect of 
cell–cell contacts in the regulation of Fas proapoptotic signaling.

To further characterize the nature of the cell–cell adhesion 
complex involved in the regulation of Fas signaling, we evaluated 
the role of AJs, the major cell–cell contact organizers (Halbleib 
and Nelson, 2006; Niessen et al., 2011), by specifically targeting 
their assembly. This was achieved by the transfection of HCT15 
cells with siRNAs directed against either α-catenin, which is 
essential to nucleate mature AJs (Vasioukhin et al., 2001), or 
E-cadherin. We showed that the partial knockdown of AJ com-
ponents alters cell–cell contact formation and results in a strong 
increase in the number of cells sensitive to FasL-mediated cell 
death (Fig. 1, E–H and J). Altogether, these experiments suggest 
that the formation of AJs in human epithelial cells inhibits the 
proapoptotic function of the Fas receptor.

Fas associates and forms a stable complex with AJs
Since the formation of AJs regulates Fas cell death signaling, we 
analyzed the localization of Fas at the border and the center of the 
cell islets. We found that at cell–cell contacts of confluent cells, Fas 
strongly colocalizes with E-cadherin (Fig. 2, A–C) and α-catenin 
(Fig. 2 F; Pearson coefficient of 0.815 and 0.655 for E-cadherin 
and α-catenin, respectively). Fas colocalized with E-cadherin to-
gether with actin in the zona adherens located at the apical end 
of lateral cell–cell contacts (Fig. 2, A and B, arrows) but also in 
cell contacts formed along the lateral surface of HCT15 epithelial 
cells (Fig. 2 B, arrowheads). Interestingly, Fas was less enriched 
in AJs in cells located at the periphery of the islet (Fig. 2, A and 
D), suggesting that maturation of cell–cell contacts favors Fas–E-
cadherin association. Using proximity ligation assays (PLAs), we 
confirmed the molecular proximity of Fas and AJ components in 
HCT15 cells (Fig. 2 E). A similar colocalization of Fas and AJs was 
observed in human colon epithelial tissues, showing that Fas un-
dergoes a similar polarized expression in vivo (Fig. 2 G).

To finely evaluate the role of AJs in the polarized expression of 
the Fas receptor, its localization was analyzed by immunofluores-
cence (IF) in HCT15, in which cell–cell contacts were disrupted by 
inhibiting α-catenin expression with siRNA. As shown in Fig. 2 F, 
in the absence of cell–cell junctions, Fas is no longer limited to 
a specific domain of the plasma membrane but rather becomes 
expressed all over the plasma membrane.

The formation of mature AJs corresponds with the assembly 
of cadherins and various cytoplasmic molecules together with 
the actin cytoskeleton into a macromolecular complex charac-
terized by its detergent insolubility (Kinch et al., 1995). Since 
Fas associates with AJs in confluent cells, we analyzed whether 
the detergent solubility of Fas was dependent on AJ formation. 
Detergent solubility assays demonstrated that the proportion of 
Fas molecules associated with the detergent-insoluble cytoskel-
etal fraction decreased in HCT15 cells transfected with either 
α-catenin or E-cadherin siRNAs compared with cells transfected 
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Figure 1. AJs protect epithelial colon cells from FasL-induced cell death. (A) HCT15 cells were grown in normal media or in low-calcium conditions 
(20 µM) before FasL (20 ng/ml + M2) or staurosporine (20 µM) treatment. Cell death was analyzed by phase-contrast time-lapse microscopy. Arrows indicate 
the localization of dead cells. Bar, 50 µm. (B–D) HCT15 cells were grown in media containing various concentrations of calcium (from 1,800 µM [normal 
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with a control siRNA (Fig. 2, H and I). Altogether, our data sug-
gest that maturation of AJs controls the presence of Fas at sites 
of cell–cell contacts and its molecular association with this 
adhesion complex.

Sequestration of Fas in AJs inhibits FasL binding to the plasma 
membrane and consequently cell death signaling
To determine whether the inhibition of FasL-mediated cell death 
signaling found in confluent cells was due to a less-efficient bind-
ing of FasL to the cell surface, we developed a FasL-binding assay 
using FasL-coated beads. FasL-coated beads and noncoated beads 
were added to HCT15 cells forming mature cell–cell contacts or in 
which AJs were disrupted by transfecting cells with an α-catenin 
siRNA. Following 30 min incubation, FasL binding efficiency was 
determined using microscopic observations, bead counting, and 
IF studies (Fig. 3, A–E).

We showed that FasL-coated beads bound efficiently to HCT15 
cells compared with noncoated control beads (Fig. 3 B). More-
over, IF studies followed by quantitative analyses revealed that 
FasL-coated beads induced a progressive accumulation of Fas and 
caspase-8 to small patches located beneath the area of bead–cell 
contacts (Fig. 3, C–E). As expected, a longer activation time (90 
min) led to a strong cytosolic accumulation of activated caspase-8 
associated with cell shrinkage (Fig. 3 C). Fas and caspase-8 re-
cruitments were mostly observed beneath the beads attached to 
cells located at the border of the islet, suggesting that the effi-
ciency of FasL binding is improved in bordering cells in which 
Fas does not accumulates in AJs. We next used the same FasL-
coated bead assay to isolate Fas receptors together with DISC 
components. In agreement with our IF results, the quantity of 
Fas immunoprecipitated at each time point strongly increases 
during activation time, suggesting that the aggregation of Fas 
underneath each bead is a dynamic process (Fig. 3 F). These re-
sults demonstrated that FasL-coated beads preferentially bind to 
epithelial cells located at the margin of the islet, which do not 
form extensive cell–cell junctions.

We then compared the FasL-coated bead-binding efficiency 
and the caspase activation of HCT15 cells in which AJs were dis-
rupted by knocking down α-catenin expression using specific 
siRNA. In the absence of AJs, FasL-coated beads were able to bind 
efficiently to the cells within the islet independently of their po-
sition and not only to the cells located at the periphery (Fig. 3 A), 
suggesting that the absence of AJs sensitizes cells within the 
islet to FasL binding. Counting the beads bound in each culture 
condition confirmed that the absence of AJs strikingly increased 
the binding efficiency of FasL-coated beads compared with con-
trol cells (siCtrl; Fig. 3 B). In agreement with these observations, 
more DISC components (Fas, caspase-8, and FADD) were pulled 
down by FasL-coated beads in α-catenin–knockdown cells com-

pared with control cells (Fig. 3, F and G). Altogether, our results 
demonstrate that the disruption of AJs increases the availability 
of the Fas receptor for ligand binding, which strongly increases 
epithelial cell sensitivity to FasL-induced cell death.

The Fas C-terminal PDZ binding site interacts with various 
PDZ proteins and is required to stabilize and localize Fas at 
cell–cell contact
Recent examples demonstrate that PDZ domain–containing 
molecules interact directly with various cell surface receptors 
through a PDZ-binding site to target them to specific membrane 
domains including cell–cell contacts (Borg et al., 2000; Curto et 
al., 2007; Theisen et al., 2007; Chiasson-MacKenzie et al., 2015). 
Since Fas has been reported to contain a PDZ C-terminal bind-
ing motif (Yanagisawa et al., 1997), we tested the possibility that 
this domain was involved in the subcellular localization of Fas 
at cell–cell contacts. We generated HCT15 cells stably express-
ing a GFP-tagged version of the WT or a mutant form of Fas in 
which the last three amino acids (SLV), which compose a class I 
PDZ-binding motif (FasGFPΔSLV), were deleted (Fig. 4 A). Con-
focal analysis of the subcellular distribution of the FasGFP WT 
and FasGFPΔSLV ectopic receptors was performed on HCT15 
cells stably expressing these constructs and forming extensive 
cell–cell junctions. This experiment showed that whereas FasGFP 
WT mainly colocalizes with E-cadherin at the lateral cell–cell 
junctions, FasGFPΔSLV not only does not efficiently associate 
with cell–cell junctions but also displays a cytosolic localization 
(Fig. 4, B and C). Cell surface biotinylation assays confirmed that 
the FasGFPΔSLV mutant is significantly less expressed at the 
cell surface compared with the WT form of Fas (Fig. 4, D and E). 
Detergent solubility assays demonstrated that the FasGFPΔSLV 
mutant is more soluble than its WT counterpart (Fig. S1 A), which 
correlates with a reduced association of the Fas PDZ mutant to 
cell–cell junctions. Thus, these data suggest that the Fas C-termi-
nal PDZ binding site is required to target and/or to sequester Fas 
at cell–cell junctions.

We then used a previously described proteomic approach 
(Belotti et al., 2013) to identify the Fas molecular partner(s) able 
to associate with the PDZ-binding site of Fas and possibly be in-
volved in its subcellular localization. Two peptides correspond-
ing respectively with the last 20 amino acids of WT Fas and a 
mutant form lacking the PDZ-binding motif (FasΔSLV; Fig. 4 A) 
were bound to agarose beads and used as baits to pull down Fas 
molecular partners from HCT15 cell extracts. Following pull-
down experiments, proteomic analysis allowed us to identify 53 
molecules that were significantly pulled down with the FasWT 
peptide but not with the Fas peptide lacking the PDZ-binding 
motif (Fig. 4 F and Table S1). Among these proteins, 19 are PDZ 
domain–containing proteins, which have been associated with 

conditions] to 20 µM [low conditions]) before FasL treatment (15 ng/ml + M2), and cell death was measured by monitoring caspase-8 activation (presence 
of p43/41 and p30 cleaved fragments) and PARP cleavage by IB. Relative caspase-8 activation (p41/43) and PARP cleavage were measured by quantitative 
densitometry (n = 3). (E–G) Cell death was induced by FasL treatment (15 ng/ml + M2) in HCT15 cells transfected with the indicated siRNAs and analyzed 
by IB as above. IBs were quantified by densitometry (n = 3). (H) The efficiency of each siRNA was verified by IB. (I and J) Cell death was analyzed by sub-G1 
quantification (PI incorporation) in HCT15 grown in low-calcium conditions or transfected by the indicated siRNAs. Arrowheads in B and E indicate the 
cleaved forms of PARP. In all graphs, error bars represent means ± SEM. *, P < 0.05; **, P < 0.01; Student’s t test.
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Figure 2. Fas accumulates at cell–cell junctions and colocalizes with AJ components in both colorectal cell lines and colon tissue sections. (A) Detec-
tion of E-cadherin, actin, and Fas by IF on HCT15 cells in border or center regions of the cell islet. An enlarged part of images from bordering cells is shown. 
Arrows indicate the diffuse localization of Fas at the plasma membrane in bordering cells. (B) XZ projection of Z stack acquired in A. Arrows and arrowheads 
indicate Fas–E-cadherin colocalization both at the zona adherens and along the lateral surface, respectively. (C) Line scan (yellow line in A) profile of fluores-
cence intensity of Fas, E-cadherin, and actin obtained at the center of the cell islet. (D) Quantification of the specific enrichment of Fas at cell–cell junctions 
in cells located at the center (confluent area) compared with the border of the HCT15 cell islets. Bars in graphs represent means ± SEM (n = 5). (E) PLA was 
used to determine the interaction of Fas and E-cadherin in HCT15 cells. Red fluorescent spots indicate colocalization of Fas and E-cadherin. PLA dots/cells in 
each condition were counted, and the right panel shows the mean of dots/cells ± SEM. One representative experiment is shown out of three. (F) Detection of 
Fas and α-catenin in HCT15 invalidated for α-catenin expression by using an siRNA approach. A XZ projection of Z stack is shown. (G) IF localization of Fas and 
E-cadherin in human colon tissue sections using confocal microscopy. (H and I) Fas detergent solubility in HCT15 cells transfected by the indicated siRNAs 
was analyzed by IB. S, soluble fraction; I, insoluble cytoskeletal fraction. Erk-2 and caveolin-1 were used as controls of soluble protein and membrane protein, 
respectively. Relative percentage of solubility of Fas in each condition was quantified by densitometry (n = 3). Bars in graphs represent means ± SEM (n = 5). 
Bars: 10 µM (A, B, E, and F); 20 µM (G). *, P < 0.05; Student’s t test.
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Figure 3. AJs sequester Fas at site of cell–cell junction, and this impairs efficient FasL binding and therefore Fas cell death signaling. (A) Binding assays 
of latex beads coated with FasL (Beads FasL) on HCT15 transfected with siRNAs against α-catenin and followed by phase-contrast microscopy. (B) FasL-coated 
or -noncoated (NC) beads attached to cells were counted using flow cytometry after cell lysis. Graphs represent means ± SEM (n = 3). (C and D) Detection of 
Fas and cleaved caspase-8 in HCT15 cells incubated with FasL-coated beads was done by IF at different time points. Beads appear in red (by autofluorescence). 
An XZ projection of the Z stack is shown. Arrows indicate the accumulation of Fas beneath the beads. (E) Accumulation of Fas and activated caspase-8 under 
FasL-coated beads was quantified. Graph represents mean ± SEM (n > 3). (F) FasL-coated beads were used to immunoprecipitate activated Fas from cell lysates 
of HCT15 cells transfected with indicated siRNAs. Fas, caspase-8, and FADD were detected by IB. Arrows and arrowheads indicate native caspase-8 and cleaved 
(activated) caspase-8, respectively. (G) Relative caspase-8 and Fas were quantified by densitometry at t = 0 or after 30 min FasL-coated bead activation (n = 
3). Bars: 10 µM (C and D); 50 µM (A). *, P < 0.05; **, P < 0.01; Student’s t test.
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Figure 4. Fas PDZ binding domain regulates Fas cell–cell junction localization and interacts with the polarity molecule Dlg1. (A) Schematic represen-
tation of human Fas constructs and of the C-terminal sequence of Fas. The SLV C-terminal PDZ-binding motif is shown in red. TM, transmembrane domain. 
(B) Detection of E-cadherin and GFP by IF in HCT15 cells transduced with empty vector (EV), GFP-Fas WT, and ΔSLV mutant. (C) Quantification of the specific 
enrichment of GFP-Fas WT and ΔSLV mutant at cell–cell junctions. Error bars in graphs represent means ± SEM (n = 5). (D) Cell surface expression of GFP-Fas 
WT and ΔSLV mutant were compared using biotinylation assays. (E) Relative cell surface expression of GFP-Fas WT and of the ΔSLV mutant was quantified 
by densitometry. Error bars in graphs represent means ± SEM (n = 3). (F) Volcano plot summarizing comparison between the protein interacting with Fas 
C-terminal (Cter) peptide of WT and the ΔSLV mutant. The log2 ratio of protein intensities was plotted against negative log10 P values. Red circles correspond 
with proteins significantly more abundant in the WT than in the ΔSLV mutant (P < 0.05), and blue circles correspond with proteins without significant changes. 
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cell–cell junctions, cell polarity, receptor trafficking, and actin 
cytoskeleton interaction/regulation. FAP1 is the only protein al-
ready identified as a Fas interactor (Yanagisawa et al., 1997).

The most abundant protein found to interact with the Fas 
C-terminal part is the polarity molecule Dlg1. Dlg1 is a scaffold 
molecule containing four PDZ domains, and it belongs to the 
Scrib polarity complex. Dlg1 has been found to be tightly associ-
ated with AJs in various animal and cellular models (Reuver and 
Garner, 1998; Guo et al., 2014). Moreover, Dlg1 has been found to 
interact with several molecular partners also identified in our 
proteomic analysis such as CASK, Lin7c, and MPP7 (Fig. 4 F). Pull-
down experiments followed by immunoblotting (IB) were used 
to verify the interaction of the Fas C-terminal domain with Dlg1 
as well as with other abundant PDZ domain–containing proteins 
identified in our screen such as CASK, Lin7c, SNTB2, and PATJ 
but not with NHE RF1, used as a negative control (Fig. 4 G). Using 
pulldown experiments, we also showed that the knockdown of 
Dlg1 expression by siRNAs affects the recruitment of several Fas 
molecular partners known to associate with Dlg1, such as CASK 
and Lin7c, but has only a minor effect on other PDZ-binding 
proteins (Fig. 4, H and I), supporting the idea that Dlg1 could or-
ganize a complex structural network composed of several pro-
teins linked to the Fas C-terminal domain and connected to the 
actin cytoskeleton.

To further demonstrate the molecular interaction between 
Fas and Dlg1, Fas–Dlg1 association was verified by using both 
Fas immunoprecipitation (IP) experiments in 293T cells tran-
siently transfected with Dlg1 and various Fas-deletion mutants 
(Fig. S1 B) as well as PLA on HCT15 cells (Fig. 5 D). Our results 
support the idea of a direct interaction between Fas and Dlg1 in 
epithelial cells.

The Dlg1 polarity molecule colocalizes with Fas and inhibits 
FasL-induced cell death signaling
As we mentioned, the Dlg1 polarity molecule has been found 
tightly associated with E-cadherin (Guo et al., 2014). As expected, 
IF experiments demonstrate that Dlg1 colocalizes with Fas at 
cell–cell junctions (Pearson’s correlation coefficient of 0.73) in 
HCT15 cells, both at the border and in the center of the cell islets 
(Fig. 5, A and B).

We then investigated the importance of the Fas–Dlg1 asso-
ciation on Fas plasma membrane stability, localization, and 
signaling using a loss-of-function approach. IF experiments 
demonstrated that the knockdown of Dlg1 in HCT15 cells only 
slightly impacts Fas localization at the cell junctions (Fig. 5, A 
and C). In agreement with this result, solubilization assays re-
vealed that siRNA silencing of Dlg1 in HCT15 has only a modest 
effect on Fas and α-catenin solubility (Fig. S2 A), suggesting that 
in HCT15 cells, AJ formation and Fas recruitment in AJs do not 
absolutely require Dlg1.

We then compared the binding efficiency of FasL-coated 
beads on HCT15 cells in which Dlg1 expression was knocked 

down by siRNAs. Dlg1 silencing in HCT15 did not statistically 
modify either the binding efficiency of FasL-coated beads or the 
preferential binding on peripheral cells observed in control cells 
(Figs. 3 A and S2 B). This suggests that the absence of Dlg1 is not 
sufficient to affect the Fas basal–lateral localization and to sensi-
tize cells within islets to FasL binding as it occurs when cell–cell 
junctions are disrupted.

The potential role of Dlg1 in the modulation of Fas proapop-
totic signaling was then studied by comparing FasL death sensi-
tivity of HCT15 cells transfected with either control (siCtrl) or 
two different Dlg1 (siDlg1#1 and 2) siRNAs. The knockdown of 
Dlg1 significantly increased Fas-induced cell death as judged by 
IB using anti–cleaved caspase-8 and poly-ADP ribose polymerase 
(PARP) antibodies (Fig. 5, E and F). The increase of Fas cell death 
correlates with a slight increase of Fas total and cell surface ex-
pression in cells transfected by siRNAs against Dlg1 compared 
with a control receiving the control siRNA (siCtrl; Fig. S2 C). 
To analyze whether the role of Dlg1 in the regulation of Fas cell 
death signaling was dependent on AJ formation, we took advan-
tage of another colorectal cell line named SW480 that does not 
form AJs due to a very low level of E-cadherin expression (Fig. 
S2 D; Conacci-Sorrell et al., 2003). The absence of Dlg1 in SW480 
cells strongly increased FasL-induced cell death (Fig. 5, E and F) 
without significantly affecting Fas total or cell surface expres-
sion (Fig. S2 E).

Altogether, these data show that Dlg1 does not play an essen-
tial role in the sequestration of Fas in AJs but inhibits Fas cell 
death signaling by modulating the ability to optimally form a 
DISC upon FasL engagement. Since the Fas PDZ mutant is un-
able to efficiently localize in AJs, we hypothesize that other PDZ 
molecules may participate or compensate for the absence of Dlg1 
to target/stabilize Fas at cell–cell junctions. Indeed, several PDZ 
proteins identified in our screen, such as MAGI-1/3, β2-syntro-
phin, MPP7, and CASK, have been found associated with cell–cell 
junctions. Further studies would be necessary to determine the 
exact mechanism by which Dlg1 interferes with cell death signal-
ing. Indeed, several examples have shown that Dlg1 modulates 
receptor signaling by influencing their trafficking, localization, 
and molecular environment by recruiting adaptor molecules 
(Round et al., 2005; Fourie et al., 2014).

In this study, we uncover a new role of AJs as key regulators 
of Fas proapoptotic signaling in polarized epithelial cells. We 
clearly demonstrate that AJ formation is accompanied by the 
accumulation of Fas receptor within these adhesion complexes. 
This results in a strong inhibition of Fas-mediated cell death by 
impairing efficient FasL binding, thereby preventing the activa-
tion of the receptor. Moreover, we unravel that Fas accumula-
tion in these lateral cellular domains requires the PDZ-binding 
domain of Fas. Using a proteomics approach, we reveal that this 
domain of Fas interacts preferentially with Dlg1, a scaffold mole-
cule involved in the maintenance of cell polarity. We demonstrate 
that the Fas–Dlg1 interaction inhibits Fas cell death signaling, 

(G) Pulldown experiment done with the C-terminal peptide of Fas (WT or FasΔSLV) followed by IB. (H) Pulldown experiment done with beads coupled to the 
C-terminal peptide of WT Fas on cell lysates of HCT15 transfected with the indicated siRNAs and followed by IB. (I) Relative expression of each protein pulldown 
with WT Fas C-terminal peptide was quantified by densitometry (n = 3). Bars, 10 µM. *, P < 0.05; Student’s t test.
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Figure 5. Dlg1 is an inhibitor of Fas cell death signaling. (A) Detection of Fas and Dlg1 by IF in control and Dlg1-knockdown HCT15 cells. (B) Line scan profile 
(yellow line in A) of fluorescence intensity of Fas, Dlg1, and actin in confluent cells. (C) Quantification of the specific enrichment of Fas at cell–cell junctions in 
control and Dlg1-knockdown HCT15 cells. Error bars in graphs represent means ± SEM (n = 5). (D) PLA was used to determine the interaction of Fas and Dlg1 
in HCT15 cells as in Fig. 2 E. PLA dots/cells in each condition were counted, and the right panel shows the mean of dots/cells ± SEM. One representative exper-
iment is shown (n = 3). (E and F) Cell death induced by FasL (15 ng/ml + M2) in HCT15 and SW480 cells transfected with the indicated siRNAs was analyzed 
as described above. Relative caspase-8 activation (p41/43) and PARP cleavage were quantified by densitometry (n = 3). (G) Schematic model summarizing the 
inhibitory function of E-cadherin and Dlg1 on Fas pro–cell death signaling. *, P < 0.05; Student’s t test.
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suggesting that Dlg1 interferes with the formation/stability of 
the death signaling complex. Therefore, accumulation of Fas at 
cell–cell junctions inhibits Fas cell death signaling by at least two 
different complementary mechanisms (Fig. 5 G).

Our study supports for the first time in human cells a molec-
ular link between a scaffold protein involved in the maintenance 
of cell polarity and a cell death receptor. This result is in agree-
ment with previous studies revealing the importance of cell po-
larity in the control of cell death (Weaver et al., 2002; Brumby 
and Richardson, 2003; Igaki et al., 2009; Frank et al., 2012). This 
cell death–regulatory mechanism is crucial to protect normal cells 
from apoptotic signals and to sense and eliminate abnormal cells 
from epithelial tissues in pathological conditions such as tumor 
development. Our data reveal a striking similarity with data 
obtained in Drosophila melanogaster in which activation of the 
fly TNF receptor Grnd by its ligand Eiger leads to the apoptotic 
elimination of mispolarized clonal epithelial cells due to siRNA 
silencing of Scrib or Dlg1 (Igaki et al., 2009; Andersen et al., 2015). 
Moreover, Gnrd is found associated with the Crumbs polarity com-
plex and Veli (lin7), which regulates the fly TNF receptor signaling 
capacity. Our proteomics analysis demonstrates that Lin7c, the 
mammalian homologue of Veli, also interacts with Fas and that 
its association with Fas is dependent on Dlg1, suggesting that the 
control of TNF receptor signaling by polarity molecules has been 
conserved during evolution.

Finally, since Fas activation also leads to nonapoptotic signal-
ing, in particular in the context of tumor development (Peter et 
al., 2007), it is possible that recruitment of Dlg1 and/or E-cad-
herin by Fas blocks cell death signaling while alternatively 
promoting nondeath pathways. Therefore, our study opens the 
door for further investigations to unravel the molecular mecha-
nisms underlying the versatile regulation of Fas signaling by the 
cadherin–Dlg1 complex.

Materials and methods
Reagents and antibodies
For IB or IF, antibodies against anti-Fas (B10), Dlg1/SAP97 (2D11 
and S19), Erk-2, Lin7 (C15), and CASK (H107) were purchased from 
Santa Cruz Biotechnology; anti–caspase-8 and Fadd were from 
MBL; anti–cleaved caspase-8 (cl. caspase-8) and PARP were from 
Cell Signaling Technology; anti–caspase-10 was from BioVision; 
anti–β-catenin, N-cadherin, and NHE RF1 were from BD; anti-HA 
was from Covance; anti–E-cadherin was from Invitrogen; anti-Fas 
(EPR5700), p120, E-cadherin, and α-catenin were from Epitomics; 
anti-GAP DH was from EMD Millipore; anti-PATJ was from Gene-
Tex; and anti–β2-syntrophin (SNTB2) was from Thermo Fisher 
Scientific. Fluorescent and HRP-conjugated secondary antibodies 
were from Molecular Probes and Jackson ImmunoResearch Labo-
ratories, respectively, and staurosporine was from Sigma-Aldrich. 
For FasL treatment, Flag-recombinant human FasL from Alexis 
was cross-linked with anti-Flag M2 from Sigma-Aldrich.

Constructs
Human Fas ΔCter (pCR3.hFasDelCter) constructs were obtained 
using the QuikChange site-directed mutagenesis kit (Invitrogen) 
with pCR3-hFas as template and using 5′-CAG ACT ATC ATC CTC 

TAG GAC ATT ACT AGT GAC TCAG-3′ and 5′-CTG AGT CAC TAG TAA 
TGT CCT AGA GGA TGA TAG TCTG-3′ oligonucleotides, and they cor-
responded with the deletion of the last 20 aa of human Fas. pCR3-
hFas, pCR3-hFasΔICD, and pCR3-hFasΔDD were kind gifts from P. 
Schneider (University of Lausanne, Epalinges, Switzerland) and 
correspond respectively with Fas full-length cDNA (FasFull), de-
leted of the entire cytoplasmic domain (FasΔICD), and deleted of 
the C-terminal domain of Fas including the death domain (DD; 
FasΔDD). Fas GFP WT was a kind gift from J. Lane (University 
of Bristol, Bristol, UK). Fas GFP ΔSLV was obtained by deleting 
the SLV tripeptide by PCR. Both GFP constructs (WT and mutant) 
were cloned in the retroviral vector LXSN. Rat Dlg1-expressing 
vector was a gift from L. Banks (International Centre for Genetic 
Engineering and Biotechnology, Trieste, Italy).

Cell Culture, treatment, transfection, and viral infection
All cell lines were grown in DMEM supplemented with 10% FBS 
supplemented with nonessential amino acids (Gibco; Thermo 
Fischer Scientific). Transient transfection of plasmids in 293T 
was obtained by using the JetPRI ME transfection reagent (Poly-
plus). For siRNA transfection, cells were transiently transfected 
using RNAiMAX lipofectamine reagent (Invitrogen) according 
to the manufacturer’s procedure. α-Catenin, E-cadherin, and 
Dlg1 silencing were obtained using individual sequences: for 
α-catenin #1, 5′-GAA GAG AGG UCG UUC UAAG-3′; and #2, 5′-GAU 
GGU AUC UUG AAG UUGA-3′; and for Dlg1 #1, 5′-CCA UAG AAC 
GGG UUA UUAA-3′; and #2, 5′-GGA AGA CAU UUA CAA CCA AGU-3′. 
E-cadherin silencing was obtained using a mix of two individual 
siRNAs (#1, 5′-GGC CUG AAG UGA CUC GUAA-3′; #2, 5′-GGG ACA 
ACG UUU AUU ACUA-3′), and siRNA targeting luciferase was used 
as control (siCtrl, 5′-CGU ACG CGG AAU ACU UCGA-3′).

Infection of HCT15 with LXSN retroviral vector expressing 
Fas GFP WT and mutant was performed as described (Gagnoux-
Palacios et al., 2005). Briefly, infectious supernatants generated 
using phoenix retroviral producer cell line supplemented with 
polybrene were added to actively growing cells at high MOI fol-
lowed by spinoculation procedure. Expressing cells were selected 
for neoresistance to geneticin (500 µg/ml; Sigma-Aldrich) 48 h 
after infection.

Preparation of FasL-coated beads
400 µl magnetic beads linked to human anti-mouse IgG (Dyna- 
beads; Invitrogen) were incubated with 40 μg M2 antibody for 
1 h at RT in DMEM and 0.1% BSA on a wheel. M2-coated beads 
were washed and incubated one more hour with 2 μg recombi-
nant FasL in the same conditions. After washing, beads were kept 
at 4°C in sterile conditions or used immediately for Fas activa-
tion. The same amount of uncoated beads was used as a control 
in these experiments.

Cell death assays
For cell death experiments, cells were incubated with indicated 
doses of recombinant human Flag-FasL (FasL) cross-linked with 1 
µg/ml M2 antibody or with FasL-coated beads. After the indicated 
incubation time at 37°C and 5% CO2, cells were collected and fixed 
in ice-cold 70% ethanol. Cells were washed in 38 mM sodium ci-
trate, pH 7.4, stained for 20 min at 37°C with 50 µg/ml propidium 
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iodide (PI; Sigma-Aldrich) and 5 µg/ml RNaseA (Sigma-Aldrich) in 
38 mM sodium citrate, and analyzed by flow cytometry using the 
Fortessa analyzer (BD). The proportion of apoptotic cells as rep-
resented by the sub-G1 peak was determined. Alternatively, cell 
death induced by FasL/M2 cotreatment or staurosporine (20 µM) 
was analyzed by video microscopy using an inverted ZEI SS Ax-
iovert200 microscope equipped with a Zeiss 10× Plan-Neofluar 
PH1 dry 0.3 NA objective lens. Images were acquired with a mono-
chrome Neo sCMOS camera (Andor Technology) controlled with 
MetaMorph 7.7 software (Molecular Devices).

IF and FasL-binding assay
For immunolabeling, cells attached to glass coverslips were fixed 
with 3.7% formaldehyde for 15 min at RT and either subsequently 
permeabilized with 0.1% Triton X-100 or incubated on ice in 
cold methanol for 5 min. After 1-h saturation in PBS contain-
ing 1% BSA and overnight incubation at 4°C with the indicated 
primary antibodies, cells were washed with PBS and incubated 
with fluorescent-conjugated secondary antibodies (Molecular 
Probes/Invitrogen) and DAPI (Sigma-Aldrich). Samples were 
analyzed using an inverted IX81 Olympus microscope (Olympus) 
equipped with a motorized XY stage (Prior Scientific), a CSU-X1 
confocal head (Yokogawa Electric Corporation), and a sensitive 
iXon DU-897-BV electron-multiplying charge-coupled device 
(EMC CD) camera (Andor Technology). Z stacks were acquired 
using a piezo stage NanoScan Z100 (Prior Scientific). The system 
was controlled using MetaMorph software. Fresh frozen sections 
of human colon were immunolabeled using a similar procedure 
and analyzed on an LSM780 confocal microscope (Zeiss) using a 
40× 1.1 NA water objective. All experimental and control images 
of the IF or phase-contrast data were collected using identical 
imaging settings, and images were merged using Fiji software 
tools (ImageJ; National Institutes of Health; Schindelin et al., 
2012). For FasL-binding assay, cells were incubated with FasL-
coated beads or uncoated beads (as a control) in DMEM and 0.1% 
BSA for 30 min at 37°C and 5% CO2. After extensive washing to 
remove unbound beads, cells were fixed with a solution of 3.7% 
formaldehyde in PBS, and phase-contrast pictures of each well 
were performed using a 10× objective. Alternatively, cells were 
lysed, and lysates were subjected to flow cytometry using the 
HTS Plate Manager (BD) to calculate the number of cell-fixed 
beads in each condition.

Specific enrichment quantification
Fas specific enrichment at cell–cell junctions or Fas and caspase 
recruitment at FasL-coated beads were quantified using the same 
the process with Fiji software. Briefly, reference regions, either 
cell–cell junctions (labeled by E-cadherin, actin, and Dlg1) or 
bead contours were defined using intensity-based thresholds. 
The intensity of the marker of interest, endogenous Fas, FasGFP, 
or cleaved caspase-8, was measured inside those predefined 
contours (cell–cell junctions or beads). Then, the intensity of the 
marker of interest, endogenous Fas, FasGFP, or cleaved caspase-8, 
was measured outside those predefined contours to measure the 
basal level of expression. Finally, the enrichment factor was cal-
culated by the ratio of the signal of interest inside/outside of the 
junctions or beads. An enrichment factor value >1 meant that the 

protein of interest was specifically enriched either in the cell–cell 
junction or at the FasL-coated beads.

DuoLink in situ PLA
To detect the interaction between Fas and Dlg1 or α-catenin, we 
used the DuoLink in situ PLA (Olink Bioscience) according to the 
manufacturer’s protocol. HCT15 or SW480 cells were seeded on 
poly-l-lysine (40 µg/ml)–coated microscope slides. Cells were 
fixed with 4% PFA and permeabilized with 0.5% Triton X-100. 
Cells were immunolabeled with primary antibodies: anti-Fas, 
anti-Dlg1, or anti–α-catenin overnight at 8°C. The secondary 
antibodies (PLA probes supplied in the DuoLink kit) were incu-
bated for 1 h at 37°C. Images were collected on an inverted Axio-
Observer Z1 microscope (Zeiss) equipped with a 63× 1.4 NA Plan 
Apochromat DIC III oil objective lens. Images were acquired with 
a monochrome EMC CD iXON+897 camera (Andor Technology) 
controlled with MetaMorph 7.8 software. A fluorescence signal 
indicated that two proteins were separated by <40 nm. PLA dots 
and nuclei were calculated in each field, and results were ex-
pressed as the mean number of count/cells.

Peptide pulldown, IP, and IB
Peptides corresponding with carboxyl terminals of human Fas 
(316–335 aa [Fas] or 316–332 aa [FasΔSLV]) were synthesized 
(GenScript) and cross-linked to NHS-activated Sepharose 4 Fast 
Flow beads according to the manufacturer’s instructions (GE 
Healthcare). Pulldown experiments were performed using HCT15 
cell lysates, and interacting proteins were identified by IB. Briefly, 
peptide-coated beads were added to cell lysates and incubated for 
2 h at 4°C. Beads were washed in lysis buffer (20 mM Hepes, pH 
7.5, 150 mM NaCl, 0.2 mM EDTA, 0.5% Triton X-100, 2 mM MgCl2, 
2 mM DTT, 10 mM NaF, 20 mM β-glycerophosphate, and a mix of 
protease inhibitors), and proteins bound to beads were separated 
by SDS-PAGE classical procedure. For IP, 293 cells transfected with 
Fas and rat Dlg1-encoding plasmids were lysed at 4°C in IP buffer: 
20 mM Hepes, pH 7.5, 150 mM NaCl, 0.2 mM EDTA, 0.5% Triton 
X-100, 10% glycerol, 2 mM MgCl2, 10 mM NaF, 20 mM β-glycero-
phosphate, and a mix of protease inhibitors. The postnuclear su-
pernatants obtained after centrifugation at 10,000 g for 10 min at 
4°C were incubated with protein G Sepharose beads (Invitrogen) 
coupled to Fas antibody (Apo1.3) for 2 h. After washes with lysis 
buffer, beads were eluted with sample buffer at 95°C for 5 min and 
subjected to SDS-PAGE and IB. To analyze DISC formation, cells 
were incubated with 20 µl FasL-coated beads at 4°C for 30 min 
to allow bead deposition and initial attachment. Cell plates were 
lysed directly (t = 0) or transferred at 37°C for various periods of 
time (from 15 to 60 min) to trigger Fas activation and DISC for-
mation before cell lysis in IP buffer. Cell lysates were sonicated, 
and protein concentration was evaluated. The same quantity of 
protein (1 mg) was used in the IP for each condition. Lysates were 
incubated for 1 h at 4°C under agitation. FasL-coated beads were 
then isolated using a magnet and washed four times with the lysis 
buffer. Magnetic beads were resuspended in Laemmli buffer, and 
protein extracts were separated by SDS-PAGE followed by classical 
IB procedures. IB analysis of total proteins was performed accord-
ing to standard protocols. Briefly, cells were lysed in 50 mM Tris, 
pH 8, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.5% deoxycholate, 
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and 0.1% SDS containing phosphatase and protease inhibitors. 
After preclearing by centrifugation and quantification, the solubi-
lized denatured proteins were resolved by SDS-PAGE. IB was per-
formed using the indicated primary antibody and HRP-coupled 
secondary antibody (Jackson ImmunoResearch Laboratories). 
Quantitative densitometry was performed using ImageJ.

Cell surface biotinylation
The presence of Fas at the cell surface was assessed by bioti-
nylation assays followed by IP with agarose beads coupled with 
avidin according to the manufacturer’s instructions. Briefly, 
cells were washed three times in PBS, pH 8, 1 mM MgCl2, and 
0.5 mM CaCl2 at 4°C, and then sulfo-NHS-SS-biotin (Pierce) was 
added to a final concentration of 0.2 mg/ml for 30 min at 4°C. 
The monolayers were washed once in ice-cold PBS, pH 8, 1 mM 
MgCl2, and 0.5 mM CaCl2 and incubated with PBS solution con-
taining 100 mM glycine for 10 min to block free biotin. After 
incubation, cells were washed once with ice-cold PBS and lysed 
in lysis buffer. The same amount of biotinylated proteins were 
precipitated with Neutravidin-conjugated agarose (Pierce) in 
each condition for 2 h. The beads were washed three times in 
lysis buffer for 5 min each and resuspended in Laemmli buffer. 
Protein extracts were separated by SDS-PAGE followed by clas-
sical IB procedures.

Mass spectroscopy analysis
Following peptide pulldown (see above), protein extracts were 
loaded and stacked on a NuPAGE gel (Life Technologies). Stained 
bands were submitted to an in-gel trypsin digestion. Peptide ex-
tracts were reconstituted with 0.1% trifluoracetic acid in 4% ace-
tonitrile and analyzed by liquid chromatography (LC)–tandem 
mass spectrometry (MS/MS) using an Orbitrap Fusion Lumos 
Tribrid mass spectrometer (Thermo Fisher Scientific) online 
with an Ultimate 3000RSLCnano chromatography system 
(Thermo Fisher Scientific). Protein identification and quantifi-
cation were processed using the MaxQuant computational pro-
teomics platform (version 1.5.3.8) using the human subset of the 
SwissProt database (date 2018.01; 20,244 entries). The statistical 
analysis was done with Perseus program (version 1.5.6.0). Dif-
ferential proteins were detected using a two-sample t test at 0.01 
and 0.05 permutation-based false discovery rate. The mass spec-
trometry proteomics data, including search results, have been 
deposited in the ProteomeXchange Consortium via the PRI DE 
partner repository with the dataset identifier PXD009659. 

Detergent solubility assay
The detergent solubility assay was derived from Gimond et al. 
(1999). Cell cultures were lysed 20 min on ice in 300 µl of 0.5% 
Brij58, 50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM 
EGTA, 5 mM NaF, 20 mM β-glycerophosphate, and 10 mM so-
dium pyrophosphate in the presence of protease inhibitors, 
and cell lysates were centrifuged at 14,000 rpm for 10 min to 
obtain the soluble fraction of protein. The pellet represents the 
cytoskeleton-associated protein (insoluble fraction) and was 
resuspended in 400  µl Laemmli buffer. To compare the solu-
bility of each protein, 1:15 soluble fraction (representing ∼20 
µg soluble protein) and 1:5 insoluble protein (80  µl) for each 

condition were separated in SDS-PAGE followed by classical IB 
procedures. Quantitation of protein expression was performed 
using ImageJ and was used to determine the proportion of each 
protein in soluble versus insoluble fractions. The solubility 
index for each protein represents the ratio of total amount of 
soluble versus insoluble. One representative experiment was 
shown out of three.

Statistical analysis
Data were analyzed using a homoscedastic two-tailed t 
test. P < 0.05 was considered statistically significant. *, P < 
0.05; **, P < 0.005.

Online supplemental material
Fig. S1 describes the role of the Fas C-terminal PDZ-binding site 
in the regulation of Fas detergent solubility and Fas-Dlg1 bind-
ing. Fig. S2 shows the impact of the Dlg1 polarity molecule on 
Fas detergent solubility, FasL binding, and both total and cell 
surface Fas expression. Video 1 shows the effects of FasL treat-
ment on an islet of HCT15 cells. Video 2 shows the effects of 
the treatment of the same cell line by staurosporine, a common 
chemical inducer of apoptosis. Video 3 and 4 are filmed in sim-
ilar conditions to Video 1 except that HCT15 cells were grown 
on a semipermeable cell culture or in culture media depleted 
of calcium, respectively. Table S1 shows the comprehensive 
listing of all Fas interactors identified by pulldown assay and 
LC-MS/MS analysis.
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Figure S1. Role of Fas PDZ binding domain in the regulation of Fas solubility and Dlg1 association. (A) Detergent solubility of Fas-GFP (WT and ΔSLV 
mutant) stably expressed in HCT15 cells was analyzed by IB. S, soluble fraction; I, insoluble cytoskeletal fraction. E-cadherin was used as a control for mem-
brane protein. The percentage of insolubility of WT and ΔSLV mutant Fas-GFP was quantified by densitometry and is shown on the right (n = 3). Graphs 
represent means ± SEM. *, P < 0.05; Student’s t test. (B) IP experiments on 293T cell extracts expressing Dlg1 and either WT or Fas deletion mutant proteins. 
The presence of Dlg1 in the IP was detected by IB.

https://doi.org/10.1083/jcb.201805071


Journal of Cell Biology
https://doi.org/10.1083/jcb.201805071

Gagnoux-Palacios et al. 
Cadherins are gatekeepers of Fas death receptor

S16

Figure S2. Impact of Dlg1 polarity molecule on Fas expression. (A) Detergent solubility of Fas, AJ components, and Dlg1 in HCT15 cells transfected by 
Ctrl or Dlg1 siRNAs was analyzed by IB as described above (Fig. 2 H). *, P < 0.05; Student’s t test. (B) Binding assay of latex beads coated with FasL (Beads 
FasL) on HCT15 transfected with Dlg1 siRNA and followed by phase-contrast microscopy. FasL-coated or -noncoated (NC) beads attached to cells were 
counted using flow cytometry after cell lysis. Graphs represent means ± SEM (n = 3). (C) Cell surface expression of Fas was compared in Dlg1-knockdown and 
control HCT15 cells using biotinylation assays. Relative cell surface expression of Fas in Dlg1-knockdown and control cells was quantified by densitometry. 
Bars in graphs represent means ± SEM (n = 3). (D) Comparison of AJ components, Fas, and Dlg1 expression levels in HCT15 and SW480 cells by IB. Detection 
of E-cadherin and Fas localization by IF in HCT15 and SW480 cells. (E) Cell surface expression of Fas in Dlg1-knockdown and control SW480 cells was com-
pared using biotinylation assays. Relative cell surface expression of Fas in Dlg1-knockdown and control cells was quantified by densitometry. Bars in graphs 
represent means ± SEM (n = 3). Bars: 50 µm (B); 10 µm (D).
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Video 1. HCT15 cells forming cohesive islets were treated with 20 ng/ml of FasL in the presence of cross M2 antibody and 
immediately visualized by phase contrast using a video microscope for 12 h. Frames were taken every 15 min for 12 h. Cell 
death is observed mainly in the periphery of the cell islet, suggesting that cells in the center of the islet are protected from Fas cell 
death signaling.

Video 2. HCT15 cells were treated with staurosporine, a chemical inducer of apoptosis, and cells were filmed as described 
in Video 1. Contrary to what happens with the FasL treatment, cells treated with staurosporine died with the same kinetic inde-
pendently of their position within the cell islet. Frames were taken every 15 min for 12 h.

Video 3. HCT15 were grown on a semipermeable cell culture insert and treated with FasL added apically or basolaterally. 
Cell death is observed mainly in the periphery of the cell islet, demonstrating that the protective effect observed in cells located 
at the center of the islet cannot be explained by a restriction of FasL diffusion at the basal side of the cells. Frames were taken every 
15 min for 12 h.

Video 4. HCT15 were grown in culture media depleted of calcium before being treated with FasL and filmed in similar 
conditions to Video 1. Absence of mature cell–cell contacts resulting from calcium depletion prevents the cell death–protective 
effect observed in control cells forming extensive cell–cell junctions. Indeed, FasL treatment induced cell death in all the cells in-
dependently of their position within the cell islet. Frames were taken every 15 min for 12 h.

Table S1 is a separate Excel document showing identification of Fas interactors by pulldown assay and LC-MS/MS analysis.



Table&S1.&Identification&of&Fas&interactors&by&pulldown&assay&and&LC;MS/MS&analysis
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Mol.!
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[kDa]

Score Intensity
MS/MS!
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Protein!

with!PDZ!
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14,1 0 20,7 + DLG1 Q12959;P78352Q12959 Disks&large&homolog&1 55 64,9 100,45 323,31 55333000000 885 +
10,7 0 12,5 + MPP7 Q5T2T1 Q5T2T1 MAGUK&p55&subfamily&member&7 30 52,3 65,523 323,31 5703800000 398 +
8,3 0 12,0 + NSF P46459;Q969G3P46459 Vesicle;fusing&ATPase 36 53,2 82,593 323,31 4512900000 288 ;
7,7 0 12,0 + LIN7C Q9NUP9;O14910;Q9HAP6Q9NUP9 Protein&lin;7&homolog&C 13 65,5 21,834 123,59 2355200000 95 +
5,7 0 11,5 + CASK O14936 O14936 Peripheral&plasma&membrane&protein&CASK 39 41,5 105,12 323,31 17520000000 478 +
9,6 0 11,2 + INADL Q8NI35;O75970Q8NI35 InaD;like&protein 68 48,8 196,37 323,31 4718500000 598 +
11,0 0 11,0 + MAGI1 Q96QZ7 Q96QZ7 Membrane;associated&guanylate&kinase,&WW&and&PDZ&domain;containing&protein&134 30,4 164,58 323,31 2273200000 291 +
12,6 0 11,0 + MAGI3 Q5TCQ9 Q5TCQ9 Membrane;associated&guanylate&kinase,&WW&and&PDZ&domain;containing&protein&348 40,2 165,61 323,31 2058900000 312 +
9,8 0 9,9 + SNTB2 Q13425 Q13425 Beta;2;syntrophin 19 44,4 57,949 304,1 1225000000 137 +
7,7 0 9,5 + MPP5 Q8N3R9;P08908Q8N3R9 MAGUK&p55&subfamily&member&5 27 51,9 77,293 323,31 1360100000 189 +
12,4 0 9,0 + PTPN13 Q12923;REV__Q14197Q12923 Tyrosine;protein&phosphatase&non;receptor&type&1357 31,5 276,9 323,31 702180000 304 +
6,7 0 8,8 + UTRN P46939 P46939 Utrophin 74 26,3 394,46 323,31 994460000 342 ;
9,8 0 8,7 + MPP6 Q9NZW5;Q14168Q9NZW5 MAGUK&p55&subfamily&member&6 22 51,5 61,116 221,18 594700000 107 +
12,9 0,0 8,5 + ABLIM1 O14639 O14639 Actin;binding&LIM&protein&1 21 33,7 87,687 166,4 389580000 112 ;
12,3 0 7,9 + DTNB O60941;Q9Y4J8O60941 Dystrobrevin&beta 15 31,9 71,355 323,31 303370000 92 ;
9,6 0 7,7 + SEC23B Q15437 Q15437 Protein&transport&protein&Sec23B 19 31,9 86,478 323,31 259750000 98 ;
10,6 0 7,6 + SNX27 Q96L92 Q96L92 Sorting&nexin;27 12 24,8 61,264 94,948 170490000 51 +
12,6 0 7,4 + SNTB1 Q13884 Q13884 Beta;1;syntrophin 16 36,8 58,06 84,887 276190000 65 +
5,2 0 7,2 + LNX2 Q8N448 Q8N448 Ligand&of&Numb&protein&X&2 14 27 76,003 323,31 815910000 109 +
7,1 0 6,3 + SEC24A O95486 O95486 Protein&transport&protein&Sec24A 11 12,9 119,75 131,85 113020000 56 ;
8,6 0 5,9 + KIF26A Q9ULI4;Q2KJY2Q9ULI4 Kinesin;like&protein&KIF26A 18 14,9 194,59 144,01 74679000 67 ;
8,0 0 5,9 + SEC24B O95487 O95487 Protein&transport&protein&Sec24B 14 14,7 137,42 149,95 85766000 67 ;
6,5 0 5,8 + HSPA8 P11142 P11142 Heat&shock&cognate&71&kDa&protein 42 61,9 70,897 323,31 64702000000 1308 ;
6,1 0 5,5 + HSPA1L P34931 P34931 Heat&shock&70&kDa&protein&1;like 12 24 70,374 8,1016 78633000 10 ;
8,1 0 5,0 + CTNNAL1 Q9UBT7 Q9UBT7 Alpha;catulin 8 12,7 81,895 45,096 39351000 20 ;
5,7 0 5,0 + HSPA1B;HSPA1AP0DMV9;P0DMV8P0DMV9;P0DMV8Heat&shock&70&kDa&protein&1B;Heat&shock&70&kDa&protein&1A32 55,5 70,051 323,31 21219000000 623 ;
10,6 0 4,6 + ABLIM2 Q6H8Q1 Q6H8Q1 Actin;binding&LIM&protein&2 9 22,4 67,812 116,25 35682000 29 ;
4,3 0,000114286 4,4 + FAS P25445 P25445 Tumor&necrosis&factor&receptor&superfamily&member&62 5,7 37,732 56,535 45159000 12 ;
13,7 0 4,2 + HSPA9 P38646 P38646 Stress;70&protein,&mitochondrial 44 58,3 73,68 323,31 25773000000 890 ;
8,1 0 3,9 + COL11A2 P13942 P13942 Collagen&alpha;2(XI)&chain 2 3 171,79 2,3443 17471000 1 ;
8,6 0 3,8 + ARHGEF26 Q96DR7 Q96DR7 Rho&guanine&nucleotide&exchange&factor&26 9 11,7 97,344 27,27 16484000 32 ;
6,7 0 3,8 + LNX1 Q8TBB1 Q8TBB1 E3&ubiquitin;protein&ligase&LNX 5 9,2 80,628 15,813 16285000 26 +
6,5 0 3,7 + MPP3 Q13368 Q13368 MAGUK&p55&subfamily&member&3 4 9,9 66,151 96,623 14892000 17 +
8,9 0 3,4 + CCDC47 Q96A33 Q96A33 Coiled;coil&domain;containing&protein&47 2 5 55,873 3,6001 12839000 4 ;
4,7 0,000105263 3,3 + HSPA6 P17066;P48741P17066 Heat&shock&70&kDa&protein&6 14 23,2 71,027 26,532 6690100000 74 ;
6,0 0,000108108 3,3 + HSPA4 P34932 P34932 Heat&shock&70&kDa&protein&4 12 21,8 94,33 90,558 37541000 64 ;
3,6 9,76E;05 3,1 + KARS Q15046 Q15046 Lysine;;tRNA&ligase 5 13,2 68,047 15,726 31806000 22 ;
7,9 0,000111111 3,1 + DLG2 Q15700 Q15700 Disks&large&homolog&2 17 13,9 97,551 2,4884 8768200 3 +
9,1 0,000117647 3,0 + SDCBP O00560 O00560 Syntenin;1 7 33,9 32,444 204,35 521870000 103 +
5,8 0,000102564 2,9 + RALGAPB Q86X10 Q86X10 Ral&GTPase;activating&protein&subunit&beta 6 7 166,8 16,943 9857900 14 ;
3,8 9,52E;05 2,9 + TJP1 Q07157 Q07157 Tight&junction&protein&ZO;1 9 6,8 195,46 34,463 20882000 25 +
5,6 0,0001 2,7 + SPEG Q15772 Q15772 Striated&muscle&preferentially&expressed&protein&kinase2 0,6 354,28 3,0201 7181800 2 ;
3,4 0,000444444 2,4 + UPF1 Q92900 Q92900 Regulator&of&nonsense&transcripts&1 10 12,7 124,34 40,269 17833000 26 ;
3,5 0,000454545 2,4 + PDIA4 P13667 P13667 Protein&disulfide;isomerase&A4 16 30,4 72,932 114,27 205270000 70 ;
5,1 9,30E;05 2,3 + HSPH1 Q92598 Q92598 Heat&shock&protein&105&kDa 16 22,3 96,864 176,73 260570000 129 ;
3,5 0,000851064 2,2 + DDX17 Q92841 Q92841 Probable&ATP;dependent&RNA&helicase&DDX17 9 18,8 80,272 121,08 24798000 45 ;
3,8 0,000521739 2,2 + STAU1 O95793 O95793 Double;stranded&RNA;binding&protein&Staufen&homolog&14 8,5 63,182 8,606 9903100 9 ;
2,7 0,00431373 2,2 + QARS P47897 P47897 Glutamine;;tRNA&ligase 7 11,5 87,798 73,231 28440000 32 ;
3,3 0,00367347 2,0 + HSPA5 P11021 P11021 78&kDa&glucose;regulated&protein 42 54,9 72,332 323,31 45308000000 1420 ;
4,4 0,001 2,0 + IARS P41252 P41252 Isoleucine;;tRNA&ligase,&cytoplasmic 14 14,7 144,5 144,67 61947000 79 ;
4,6 0,0036 1,8 + SFPQ P23246 P23246 Splicing&factor,&proline;&and&glutamine;rich 6 9,9 76,149 103,81 75825000 48 ;
4,1 0,00576923 1,7 + S100A7 P31151 P31151 Protein&S100;A7 1 10,9 11,471 5,6645 13140000 16 ;
0,6 0,148361 1,7 DMD P11532;Q13474P11532 Dystrophin 10 3 426,74 128,72 2826300000 69
3,2 0,016 1,6 EPRS P07814 P07814 Bifunctional&glutamate/proline;;tRNA&ligase;Glutamate;;tRNA&ligase;Proline;;tRNA&ligase14 14,7 170,59 110,07 73820000 114
2,4 0,0298246 1,6 ALYREF Q86V81 Q86V81 THO&complex&subunit&4 6 32,3 26,888 124,76 39275000 58
2,3 0,0311186 1,6 CLTC Q00610;P53675Q00610 Clathrin&heavy&chain&1 21 16,8 191,61 318,65 189170000 127
1,2 0,0697838 1,5 VCL P18206 P18206 Vinculin 17 20,4 123,8 45,852 94545000 60
3,4 0,0191273 1,5 SEC24C P53992 P53992 Protein&transport&protein&Sec24C 2 2,7 118,32 4,5941 8295000 4
6,8 0,00618868 1,5 + UBA52;RPS27A;UBB;UBCP62987;P62979;P0CG47;P0CG48P62987;P62979;P0CG47;P0CG48Ubiquitin;60S&ribosomal&protein&L40;Ubiquitin;60S&ribosomal&protein&L40;Ubiquitin;40S&ribosomal&protein&S27a;Ubiquitin;40S&ribosomal&protein&S27a;Polyubiquitin;B;Ubiquitin;Polyubiquitin;C;Ubiquitin3 26,6 14,728 73,682 365600000 39 ;
1,6 0,0592 1,4 CCT5 P48643 P48643 T;complex&protein&1&subunit&epsilon 5 10,9 59,67 10,957 82330000 15
3,4 0,0266429 1,4 NONO Q15233 Q15233 Non;POU&domain;containing&octamer;binding&protein4 14,4 54,231 11,021 12952000 12
3,2 0,0293793 1,4 RP1L1 Q8IWN7 Q8IWN7 Retinitis&pigmentosa&1;like&1&protein 1 1 261,2 3,5695 11160000 3
1,3 0,0701053 1,4 HP;HPR P00738;P00739P00738;P00739Haptoglobin;Haptoglobin&alpha&chain;Haptoglobin&beta&chain;Haptoglobin;related&protein4 13,1 45,205 10,724 63427000 14
1,4 0,0706301 1,4 MAP4K4 O95819;Q8N4C8;Q9UKE5O95819 Mitogen;activated&protein&kinase&kinase&kinase&kinase&415 13,8 142,1 58,295 112680000 71
2,9 0,0350667 1,4 PRKDC P78527 P78527 DNA;dependent&protein&kinase&catalytic&subunit 16 4,9 469,08 108,65 33352000 71
1,0 0,088898 1,3 RALGAPA2 Q2PPJ7 Q2PPJ7 Ral&GTPase;activating&protein&subunit&alpha;2 10 7,7 210,77 28,258 9481800 22
1,7 0,0686667 1,3 ILF3 Q12906;Q96SI9Q12906 Interleukin&enhancer;binding&factor&3 8 11,6 95,337 48,038 21865000 28
1,3 0,0753882 1,2 PROSER2 Q86WR7 Q86WR7 Proline&and&serine;rich&protein&2 1 3 45,801 3,4221 467970000 17
4,0 0,0358689 1,2 SRRM2 Q9UQ35 Q9UQ35 Serine/arginine&repetitive&matrix&protein&2 8 4,3 299,61 20,997 49043000 30
2,1 0,0610149 1,2 PRSS3 P35030 P35030 Trypsin;3 1 4,3 32,528 2,4031 7548500 9
2,0 0,0636 1,2 IDE P14735 P14735 Insulin;degrading&enzyme 4 4,4 117,97 14,315 16428000 10
1,5 0,0761446 1,1 BAG6 P46379 P46379 Large&proline;rich&protein&BAG6 3 3,4 119,41 5,7456 9751600 5
3,1 0,0563175 1,1 GEMIN5 Q8TEQ6 Q8TEQ6 Gem;associated&protein&5 4 4,5 168,59 10,401 9547400 6
3,2 0,057125 1,1 DDX5 P17844 P17844 Probable&ATP;dependent&RNA&helicase&DDX5 11 19,4 69,147 25,143 105890000 75
3,5 0,0562581 1,1 MYO1C O00159 O00159 Unconventional&myosin;Ic 11 13,5 121,68 149,32 61038000 60
2,4 0,064507 1,1 CNN3;CNN2 Q15417;Q99439Q15417;Q99439Calponin;3;Calponin;2 2 6,7 36,413 11,063 14047000 9
1,6 0,0769545 1,1 DRG1 Q9Y295 Q9Y295 Developmentally;regulated&GTP;binding&protein&15 17,7 40,542 107,42 6967400 11
1,9 0,0724675 1,1 HSPA4L O95757 O95757 Heat&shock&70&kDa&protein&4L 5 8,6 94,511 4,4961 3077200 6
1,3 0,0846737 1,1 TRIM28 Q13263 Q13263 Transcription&intermediary&factor&1;beta 12 26,5 88,549 153,43 46251000 74
1,1 0,0970385 1,1 TUFM P49411 P49411 Elongation&factor&Tu,&mitochondrial 10 30,5 49,541 54,628 68596000 29
3,0 0,0618551 1,1 FUS P35637;Q92804P35637 RNA;binding&protein&FUS 3 6,3 53,425 14,151 47178000 30
1,9 0,0761463 1,1 FMNL3;FMNL2Q8IVF7;Q96PY5Q8IVF7;Q96PY5Formin;like&protein&3;Formin;like&protein&2 2 2,4 117,21 7,7576 7954900 12
3,6 0,0612353 1,0 DARS P14868 P14868 Aspartate;;tRNA&ligase,&cytoplasmic 8 21,2 57,136 82,974 36123000 55
2,2 0,0757037 1,0 DDX1 Q92499 Q92499 ATP;dependent&RNA&helicase&DDX1 6 11,4 82,431 24,71 10243000 21
1,2 0,0981887 1,0 IPO7 O95373;O15397O95373 Importin;7 5 5,7 119,52 156,87 20599000 22
1,6 0,0838333 1,0 SERPINB3 P29508 P29508 Serpin&B3 5 15,9 44,564 72,488 28077000 35
1,5 0,0892784 1,0 SF3B3 Q15393 Q15393 Splicing&factor&3B&subunit&3 4 5 135,58 44,303 12009000 9
5,4 0,0598788 1,0 PDCD6IP Q8WUM4 Q8WUM4 Programmed&cell&death&6;interacting&protein 11 18,9 96,022 216,44 67020000 87
2,6 0,0745116 0,9 DDB1 Q16531 Q16531 DNA&damage;binding&protein&1 5 7,1 126,97 17,005 28603000 27
0,6 0,244276 0,9 LTF P02788 P02788 Lactotransferrin;Lactoferricin;H;Kaliocin;1;Lactoferroxin;A;Lactoferroxin;B;Lactoferroxin;C25 46,9 78,181 279,6 177540000 122
3,8 0,0706667 0,9 FBXO3 Q9UK99 Q9UK99 F;box&only&protein&3 6 17,2 54,56 165,48 23252000 47
3,0 0,0762 0,9 MARS P56192 P56192 Methionine;;tRNA&ligase,&cytoplasmic 8 13,2 101,11 57,992 30562000 39
2,5 0,0784 0,9 ARG1 P05089 P05089 Arginase;1 8 28,3 34,735 116,13 164890000 83
2,1 0,0828387 0,9 STT3A P46977 P46977 Dolichyl;diphosphooligosaccharide;;protein&glycosyltransferase&subunit&STT3A2 3,3 80,529 4,1712 5599600 4
1,3 0,0997009 0,9 PTBP1 P26599;O95758P26599 Polypyrimidine&tract;binding&protein&1 3 8,7 57,221 64,252 35209000 19
0,9 0,138857 0,9 SERPINH1 P50454 P50454 Serpin&H1 6 18,2 46,44 91,967 24026000 25
3,5 0,0761519 0,9 KIAA0195 Q12767 Q12767 Uncharacterized&protein&KIAA0195 2 1,8 151,15 2,47 39323000 2
3,0 0,0752184 0,9 G3BP1 Q13283 Q13283 Ras&GTPase;activating&protein;binding&protein&1 4 13,3 52,164 61,878 29798000 37
2,5 0,0791648 0,9 TJP2 Q9UDY2 Q9UDY2 Tight&junction&protein&ZO;2 1 1,4 133,96 5,6671 2167100 6
1,5 0,0981714 0,9 LETM1 O95202 O95202 LETM1&and&EF;hand&domain;containing&protein&1,&mitochondrial2 3,4 83,353 4,8422 8771500 11
1,7 0,0933861 0,9 NSUN2 Q08J23 Q08J23 tRNA&(cytosine(34);C(5));methyltransferase 3 7 86,47 34,389 8055800 10
3,6 0,0759524 0,9 LARP1 Q6PKG0;Q659C4Q6PKG0 La;related&protein&1 12 19,3 123,51 79,754 40367000 60
5,1 0,0733333 0,9 RARS P54136 P54136 Arginine;;tRNA&ligase,&cytoplasmic 10 20 75,378 104,84 69346000 69

Peptide pulldown using Fas WT or Fas DeltaSLV peptides wasere performed on HCT15 cell lysates to identify new
molecular partners of Fas interacting with the C;terminal PDZ;binding motif of Fas. LC;MS/MS of the sample
were&processed&as&described&in&Materials&and&methods,&and&Fas&interactome&data&presented&in&this&table&resulted&
from the relative intensity–based label;free quantification analysis (LFQ) processed using the MaxLFQ algorithm.
For each identified and quantified protein, enrichment (log2) as well as P value (;log 10) were indicated and used
to plot the Volcano plot shown in Fig. 4 F. Protein name, protein ID, the gene name, the number of unique
peptides identified (Peptides), the percent peptide coverage (Sequence coverage %), and the molecular weight of
each protein are also indicated. Proteins significantly more abundant in the WT than in the DeltaSLV mutant (P <
0.05)&are&written&in&red.



1,7 0,0967767 0,9 HMGB2 P26583 P26583 High&mobility&group&protein&B2 2 12,9 24,033 4,884 15070000 8
1,5 0,102349 0,8 TBL2 Q9Y4P3 Q9Y4P3 Transducin&beta;like&protein&2 3 8,1 49,797 9,2767 13200000 9
3,4 0,0795217 0,8 TUBB P07437 P07437 Tubulin&beta&chain 12 40,8 49,67 49,721 96270000 36
4,1 0,0788764 0,8 MCM5 P33992 P33992 DNA&replication&licensing&factor&MCM5 3 5,6 82,285 6,0725 13508000 7
1,6 0,1044 0,8 PKP2 Q99959 Q99959 Plakophilin;2 5 7,6 97,414 15,187 13543000 26
1,7 0,104036 0,8 MAT2A P31153 P31153 S;adenosylmethionine&synthase&isoform&type;2 4 18,7 43,66 44,23 12275000 12
1,1 0,139831 0,8 PRMT1 Q99873;Q9NR22Q99873 Protein&arginine&N;methyltransferase&1 10 30,2 41,515 77,925 57460000 30
3,2 0,0884444 0,8 CAPRIN1 Q14444 Q14444 Caprin;1 5 7,5 78,365 25,717 37363000 38
4,6 0,0828085 0,8 HNRNPU Q00839 Q00839 Heterogeneous&nuclear&ribonucleoprotein&U 10 19 90,583 147,36 88646000 70
0,8 0,183324 0,8 CDSN Q15517 Q15517 Corneodesmosin 2 7,9 51,522 4,7626 16947000 11
1,1 0,150952 0,8 ARL6IP4 Q66PJ3 Q66PJ3 ADP;ribosylation&factor;like&protein&6;interacting&protein&44 11,6 44,915 101,63 32191000 48
3,2 0,0940392 0,7 EWSR1 Q01844 Q01844 RNA;binding&protein&EWS 3 7,2 68,477 76,831 53484000 51
2,2 0,103676 0,7 NACA;NACAP1Q13765;E9PAV3;Q9BZK3Q13765;E9PAV3;Q9BZK3Nascent&polypeptide;associated&complex&subunit&alpha;Nascent&polypeptide;associated&complex&subunit&alpha,&muscle;specific&form;Putative&nascent&polypeptide;associated&complex&subunit&alpha;like&protein2 13 23,384 84,203 13734000 20
4,1 0,08912 0,7 MYO1B O43795;Q9UBC5;Q8N1T3O43795 Unconventional&myosin;Ib 18 20,5 131,98 323,31 173330000 170
1,9 0,113183 0,7 IPO5 O00410;O60518O00410 Importin;5 10 13,9 123,63 44,627 38320000 48
2,6 0,101593 0,7 KPNA2 P52292 P52292 Importin&subunit&alpha;1 5 14 57,861 13,296 11738000 19
1,8 0,116138 0,7 PHB2 Q99623 Q99623 Prohibitin;2 3 11,4 33,296 20,76 20490000 19
2,3 0,109088 0,7 ATAD3B;ATAD3A;ATAD3CQ5T9A4;Q9NVI7;Q5T2N8Q5T9A4;Q9NVI7;Q5T2N8ATPase&family&AAA&domain;containing&protein&3B;ATPase&family&AAA&domain;containing&protein&3A;ATPase&family&AAA&domain;containing&protein&3C4 6,2 72,572 7,5502 14690000 13
1,2 0,151707 0,7 RRM1 P23921 P23921 Ribonucleoside;diphosphate&reductase&large&subunit4 6,1 90,069 43,303 12883000 14
1,2 0,155433 0,7 MUT P22033 P22033 Methylmalonyl;CoA&mutase,&mitochondrial 2 2,8 83,134 2,7691 8632500 3
1,0 0,179045 0,7 ECM1 Q16610 Q16610 Extracellular&matrix&protein&1 2 5 60,673 31,015 16141000 20
1,4 0,15171 0,7 MYOF Q9NZM1 Q9NZM1 Myoferlin 2 1,2 234,71 3,1109 3513600 5
1,8 0,138467 0,7 RUVBL2 Q9Y230 Q9Y230 RuvB;like&2 3 7,6 51,156 5,7901 10899000 14
3,8 0,109487 0,7 DCD P81605 P81605 Dermcidin;Survival;promoting&peptide;DCD;1 3 32,7 11,284 5,3529 66171000 12
1,7 0,152064 0,6 POLDIP3 Q9BY77 Q9BY77 Polymerase&delta;interacting&protein&3 9 32,1 46,089 123,65 62614000 83
2,6 0,135248 0,6 ZNF622 Q969S3 Q969S3 Zinc&finger&protein&622 5 16,1 54,271 19,711 20516000 26
1,4 0,172489 0,6 CCT7 Q99832 Q99832 T;complex&protein&1&subunit&eta 12 27,3 59,366 87,339 71021000 50
1,0 0,200829 0,6 CSTA P01040 P01040 Cystatin;A;Cystatin;A,&N;terminally&processed 3 52 11,006 56,61 30702000 33
2,8 0,145752 0,6 DDX21 Q9NR30;Q9BQ39Q9NR30 Nucleolar&RNA&helicase&2 9 14,8 87,343 100,78 81093000 52
1,7 0,165292 0,6 DPM1 O60762 O60762 Dolichol;phosphate&mannosyltransferase&subunit&12 10,4 29,634 10,639 18602000 20
1,6 0,173909 0,6 ATP5B P06576 P06576 ATP&synthase&subunit&beta,&mitochondrial 15 42,3 56,559 141,44 168410000 111
1,6 0,173714 0,6 DNAJC10 Q8IXB1 Q8IXB1 DnaJ&homolog&subfamily&C&member&10 8 11,3 91,079 53,346 49682000 59
2,3 0,163375 0,6 TUBB2A;TUBB2BQ13885;Q9BVA1Q13885;Q9BVA1Tubulin&beta;2A&chain;Tubulin&beta;2B&chain 13 44,5 49,906 37,599 58518000 28
0,9 0,243493 0,6 ACSS2 Q9NR19 Q9NR19 Acetyl;coenzyme&A&synthetase,&cytoplasmic 1 2,9 78,579 2,4985 109180000 15
0,9 0,242462 0,5 NCCRP1 Q6ZVX7 Q6ZVX7 F;box&only&protein&50 5 22,9 30,847 24,893 19379000 23
2,7 0,164124 0,5 SNRPD3 P62318 P62318 Small&nuclear&ribonucleoprotein&Sm&D3 2 23,8 13,916 4 10534000 13
1,4 0,201209 0,5 CCT8 P50990 P50990 T;complex&protein&1&subunit&theta 12 26,8 59,62 50,167 69410000 54
2,0 0,179941 0,5 GDI2 P50395 P50395 Rab&GDP&dissociation&inhibitor&beta 7 22 50,663 124,23 33172000 38
0,5 0,395442 0,5 HSP90AB2P Q58FF8 Q58FF8 Putative&heat&shock&protein&HSP&90;beta&2 6 16,3 44,348 37,818 83729000 18
2,4 0,18435 0,5 S100A9 P06702 P06702 Protein&S100;A9 5 50,9 13,242 71,399 67447000 43
0,9 0,270531 0,5 HSPD1 P10809 P10809 60&kDa&heat&shock&protein,&mitochondrial 18 38,7 61,054 323,31 458830000 180
2,3 0,191507 0,5 SYNCRIP O60506 O60506 Heterogeneous&nuclear&ribonucleoprotein&Q 9 22,3 69,602 36,031 70361000 38
0,8 0,297865 0,5 CCT4 P50991 P50991 T;complex&protein&1&subunit&delta 10 24,3 57,924 37,579 56413000 41
0,7 0,344748 0,5 LGALS3BP Q08380 Q08380 Galectin;3;binding&protein 5 11,3 65,33 37,041 31004000 24
2,3 0,217957 0,5 RCC2 Q9P258 Q9P258 Protein&RCC2 7 18 56,084 17,514 70948000 61
1,6 0,244111 0,5 LSG1 Q9H089 Q9H089 Large&subunit&GTPase&1&homolog 3 5,3 75,225 18,756 26126000 29
1,7 0,250877 0,4 RPL38 P63173 P63173 60S&ribosomal&protein&L38 3 32,9 8,2178 6,7358 30578000 17
0,7 0,368604 0,4 SET;SETSIP Q01105;P0DME0Q01105;P0DME0Protein&SET;Protein&SETSIP 5 22,8 33,488 49,522 31310000 37
1,2 0,29702 0,4 ARF4 P18085 P18085 ADP;ribosylation&factor&4 4 27,2 20,511 4,0888 8479700 5
0,7 0,367175 0,4 PPP2R1A P30153;P30154P30153 Serine/threonine;protein&phosphatase&2A&65&kDa&regulatory&subunit&A&alpha&isoform6 15,6 65,308 10,003 25161000 16
0,6 0,428786 0,4 ASS1 P00966 P00966 Argininosuccinate&synthase 4 10,4 46,53 24,898 38357000 14
0,9 0,3395 0,4 IQGAP1 P46940 P46940 Ras&GTPase;activating;like&protein&IQGAP1 18 16,3 189,25 155,06 68239000 94
0,5 0,543775 0,4 GANAB Q14697 Q14697 Neutral&alpha;glucosidase&AB 11 13,7 106,87 39,924 65038000 41
0,9 0,344416 0,4 HNRNPK P61978 P61978 Heterogeneous&nuclear&ribonucleoprotein&K 8 23,5 50,976 241,64 159580000 70
0,9 0,375975 0,4 EIF3B P55884 P55884 Eukaryotic&translation&initiation&factor&3&subunit&B10 19,8 92,48 87,64 84426000 79
1,5 0,334093 0,4 HDAC10 Q969S8 Q969S8 Histone&deacetylase&10 10 27,5 71,444 143,52 185350000 101
2,4 0,306587 0,4 PDIA6 Q15084 Q15084 Protein&disulfide;isomerase&A6 3 9,3 48,121 75,068 33414000 32
0,7 0,416886 0,4 MVP Q14764 Q14764 Major&vault&protein 9 16,1 99,326 56,911 41756000 64
0,9 0,398964 0,4 TUBA1B P68363;A6NHL2P68363 Tubulin&alpha;1B&chain 18 54,5 50,151 323,31 1502300000 219
2,3 0,342013 0,3 RUVBL1 Q9Y265 Q9Y265 RuvB;like&1 7 21,7 50,227 45,931 49700000 53
1,5 0,367745 0,3 RPL22L1 Q6P5R6 Q6P5R6 60S&ribosomal&protein&L22;like&1 2 19,7 14,606 2,8271 36116000 6
1,5 0,367873 0,3 TMPO P42167 P42167 Lamina;associated&polypeptide&2,&isoforms&beta/gamma;Thymopoietin;Thymopentin6 24 50,67 2,6706 10582000 6
2,1 0,353154 0,3 EFTUD2 Q15029 Q15029 116&kDa&U5&small&nuclear&ribonucleoprotein&component5 7,2 109,43 13,87 23681000 24
1,2 0,395509 0,3 KLHL22 Q53GT1 Q53GT1 Kelch;like&protein&22 8 17,5 71,666 51,529 38063000 64
1,5 0,374395 0,3 RPL23 P62829 P62829 60S&ribosomal&protein&L23 3 30,7 14,865 156,62 139580000 45
0,5 0,60713 0,3 PSMA4 P25789 P25789 Proteasome&subunit&alpha&type;4 2 6,9 29,483 5,3656 22199000 14
0,9 0,441893 0,3 CCT6A P40227;Q92526P40227 T;complex&protein&1&subunit&zeta 6 13,6 58,024 52,76 62483000 37
0,5 0,565 0,3 TCP1 P17987 P17987 T;complex&protein&1&subunit&alpha 12 29,1 60,343 108,14 56475000 75
0,7 0,471368 0,3 PRPF19 Q9UMS4 Q9UMS4 Pre;mRNA;processing&factor&19 2 7,3 55,18 6,092 7283800 14
0,7 0,482659 0,3 CCT3 P49368 P49368 T;complex&protein&1&subunit&gamma 14 30,6 60,533 53,808 92690000 47
0,6 0,499232 0,3 GGCT O75223 O75223 Gamma;glutamylcyclotransferase 6 37,2 21,007 32,491 35196000 53
0,9 0,474953 0,3 C7orf50 Q9BRJ6 Q9BRJ6 Uncharacterized&protein&C7orf50 3 29,4 22,083 7,4133 10608000 26
0,8 0,486491 0,3 CFAP54 Q96N23 Q96N23 Cilia;&and&flagella;associated&protein&54 2 0,9 351,97 3,4216 26651000 5
4,3 0,397073 0,3 PABPC1 P11940;Q9H361;Q4VXU2;Q96DU9P11940 Polyadenylate;binding&protein&1 18 27,8 70,67 165,92 485250000 169
0,6 0,571448 0,3 HNRNPDL O14979 O14979 Heterogeneous&nuclear&ribonucleoprotein&D;like 3 7,6 46,437 5,6956 17481000 11
0,9 0,496227 0,3 NOLC1 Q14978 Q14978 Nucleolar&and&coiled;body&phosphoprotein&1 5 7,6 73,602 16,39 128930000 47
2,4 0,444494 0,3 RPS10;RPS10P5P46783;Q9NQ39P46783;Q9NQ3940S&ribosomal&protein&S10;Putative&40S&ribosomal&protein&S10;like4 18,8 18,898 32,554 440210000 33
1,3 0,488828 0,3 RPL11 P62913 P62913 60S&ribosomal&protein&L11 6 32,6 20,252 48,308 199050000 42
0,4 0,7098 0,3 CANX P27824 P27824 Calnexin 10 20,8 67,567 43,643 111070000 41
0,5 0,636127 0,3 XRCC6 P12956 P12956 X;ray&repair&cross;complementing&protein&6 11 24,1 69,842 111,58 74701000 63
0,9 0,547531 0,3 DDX3X;DDX3YO00571;O15523;Q9NQI0O00571;O15523ATP;dependent&RNA&helicase&DDX3X;ATP;dependent&RNA&helicase&DDX3Y9 17,2 73,243 166,98 87566000 63
0,6 0,615005 0,2 GNL3 Q9BVP2 Q9BVP2 Guanine&nucleotide;binding&protein;like&3 2 3,5 61,992 2,3004 4103900 3
0,5 0,646492 0,2 AZGP1 P25311 P25311 Zinc;alpha;2;glycoprotein 5 18,1 34,258 20,355 64418000 27
0,5 0,660351 0,2 GALNT3 Q14435 Q14435 Polypeptide&N;acetylgalactosaminyltransferase&3 2 3,6 72,609 4,7032 10123000 9
0,7 0,62385 0,2 SUB1 P53999 P53999 Activated&RNA&polymerase&II&transcriptional&coactivator&p156 44,9 14,395 116,64 421170000 71
1,1 0,588879 0,2 PABPC4 Q13310;P0CB38Q13310 Polyadenylate;binding&protein&4 11 18,8 70,782 10,504 32960000 33
0,7 0,628596 0,2 EIF3L Q9Y262 Q9Y262 Eukaryotic&translation&initiation&factor&3&subunit&L 9 21,5 66,726 278,35 48774000 84
1,0 0,610208 0,2 YBX1 P67809;Q9Y2T7P67809 Nuclease;sensitive&element;binding&protein&1 11 54,3 35,924 114,45 45499000 82
0,6 0,658213 0,2 UBTF P17480 P17480 Nucleolar&transcription&factor&1 12 19 89,405 170,83 358460000 142
1,1 0,622602 0,2 DHX15 O43143 O43143 Pre;mRNA;splicing&factor&ATP;dependent&RNA&helicase&DHX155 7,3 90,932 16,774 39245000 36
0,7 0,65799 0,2 CAPN1 P07384 P07384 Calpain;1&catalytic&subunit 10 16 81,889 53,242 56430000 38
0,4 0,751301 0,2 HSP90AB1 P08238;Q58FF7;Q58FF6;Q58FG1P08238 Heat&shock&protein&HSP&90;beta 30 48,2 83,263 323,31 585690000 180
0,6 0,686747 0,2 SSRP1 Q08945 Q08945 FACT&complex&subunit&SSRP1 16 25,1 81,074 323,31 477390000 170
0,4 0,818104 0,2 EXPH5 Q8NEV8 Q8NEV8 Exophilin;5 2 1,3 222,52 2,6165 37670000 4
0,5 0,732851 0,2 ACTG2;ACTA1;ACTC1;ACTA2P63267;P68133;P68032;P62736;Q562R1P63267;P68133;P68032;P62736Actin,&gamma;enteric&smooth&muscle;Actin,&alpha&skeletal&muscle;Actin,&alpha&cardiac&muscle&1;Actin,&aortic&smooth&muscle9 24,7 41,876 4,0089 111370000 31
0,9 0,656021 0,2 RPL27 P61353 P61353 60S&ribosomal&protein&L27 4 36 15,798 10,295 145810000 24
1,2 0,647832 0,2 NCL P19338 P19338 Nucleolin 19 27,5 76,613 150,71 521260000 148
1,0 0,657551 0,2 SERBP1 Q8NC51 Q8NC51 Plasminogen&activator&inhibitor&1&RNA;binding&protein11 33,6 44,965 94,7 254560000 94
1,0 0,663316 0,2 U2AF2 P26368 P26368 Splicing&factor&U2AF&65&kDa&subunit 6 17,3 53,5 63,307 48806000 47
1,1 0,686432 0,2 SKP1 P63208 P63208 S;phase&kinase;associated&protein&1 2 15,3 18,658 17,191 14151000 25
1,0 0,712139 0,2 RPS15A P62244 P62244 40S&ribosomal&protein&S15a 4 30,8 14,839 9,1165 138940000 52
0,4 0,803181 0,2 AP3B1 O00203;Q13367O00203 AP;3&complex&subunit&beta;1 9 9,4 121,32 16,644 9267000 17
0,5 0,785846 0,2 PRPF40A O75400 O75400 Pre;mRNA;processing&factor&40&homolog&A 8 8,7 108,8 48,589 48751000 45
1,1 0,730542 0,1 HDAC6 Q9UBN7 Q9UBN7 Histone&deacetylase&6 9 11,6 131,42 64,695 269540000 107
1,3 0,740157 0,1 RPSA P08865 P08865 40S&ribosomal&protein&SA 14 62,4 32,854 323,31 613390000 209
1,5 0,736917 0,1 RPL12 P30050 P30050 60S&ribosomal&protein&L12 7 59,4 17,818 199,64 402990000 130
0,6 0,786813 0,1 RPS27;RPS27L P42677;Q71UM5P42677;Q71UM540S&ribosomal&protein&S27;40S&ribosomal&protein&S27;like2 28,6 9,461 7,0686 18966000 24
0,5 0,819245 0,1 BLMH Q13867 Q13867 Bleomycin&hydrolase 6 18,9 52,562 42,882 151640000 65
0,7 0,783768 0,1 RPL17 P18621 P18621 60S&ribosomal&protein&L17 4 23,4 21,397 14,903 67116000 26
0,4 0,913927 0,1 DLAT P10515 P10515 Dihydrolipoyllysine;residue&acetyltransferase&component&of&pyruvate&dehydrogenase&complex,&mitochondrial3 5,9 68,996 7,6872 11931000 10
0,4 0,882304 0,1 AIMP1 Q12904 Q12904 Aminoacyl&tRNA&synthase&complex;interacting&multifunctional&protein&1;Endothelial&monocyte;activating&polypeptide&21 3,8 34,352 3,7849 10888000 16
0,5 0,852561 0,1 HNRNPC P07910;P0DMR1;O60812;B7ZW38;B2RXH8P07910 Heterogeneous&nuclear&ribonucleoproteins&C1/C25 18,6 33,67 26,197 42484000 27
0,3 0,958081 0,1 TFRC P02786 P02786 Transferrin&receptor&protein&1;Transferrin&receptor&protein&1,&serum&form15 24,6 84,87 176,73 68475000 61
0,5 0,858902 0,1 CASP14 P31944 P31944 Caspase;14;Caspase;14&subunit&p17,&mature&form;Caspase;14&subunit&p10,&mature&form;Caspase;14&subunit&p20,&intermediate&form;Caspase;14&subunit&p8,&intermediate&form4 13,6 27,679 20,117 25842000 38
0,8 0,836244 0,1 RPLP0;RPLP0P6P05388;Q8NHW5P05388;Q8NHW560S&acidic&ribosomal&protein&P0;60S&acidic&ribosomal&protein&P0;like9 45,7 34,273 176,15 653620000 123
0,3 0,990333 0,1 PSIP1 O75475 O75475 PC4&and&SFRS1;interacting&protein 6 12,3 60,103 11,164 24829000 20
0,7 0,865241 0,1 EEF2 P13639 P13639 Elongation&factor&2 23 30,4 95,337 249,69 675390000 245
0,4 0,916658 0,1 SLC25A6;SLC25A4P12236;P12235P12236;P12235ADP/ATP&translocase&3;ADP/ATP&translocase&3,&N;terminally&processed;ADP/ATP&translocase&16 21,1 32,866 45,413 168020000 82
0,4 0,96191 0,1 DDX41 Q9UJV9 Q9UJV9 Probable&ATP;dependent&RNA&helicase&DDX41 20 36,5 69,837 71,124 180690000 124
0,3 0,991348 0,1 VDAC1 P21796 P21796 Voltage;dependent&anion;selective&channel&protein&16 30 30,772 43,296 35876000 22
0,9 0,926582 0,1 RPS3A P61247 P61247 40S&ribosomal&protein&S3a 12 45,1 29,945 84,643 351850000 108
0,4 0,963464 0,1 PUF60 Q9UHX1 Q9UHX1 Poly(U);binding;splicing&factor&PUF60 9 26,5 59,875 105,48 108400000 79
0,3 1 0,1 FRG1 Q14331 Q14331 Protein&FRG1 5 20,5 29,172 32,063 17611000 36
0,5 0,96348 0,1 HNRNPM P52272 P52272 Heterogeneous&nuclear&ribonucleoprotein&M 6 12,1 77,515 44,403 51021000 36



0,4 0,998987 0,1 ACTB;ACTG1 P60709;P63261;Q6S8J3;A5A3E0;P0CG38;Q9BYX7;P0CG39P60709;P63261Actin,&cytoplasmic&1;Actin,&cytoplasmic&1,&N;terminally&processed;Actin,&cytoplasmic&2;Actin,&cytoplasmic&2,&N;terminally&processed16 56 41,736 323,31 2531800000 285
0,4 0,994956 0,1 SNRPE P62304 P62304 Small&nuclear&ribonucleoprotein&E 1 12 10,803 3,2698 6913100 4
0,3 1 0,1 HSPA2 P54652 P54652 Heat&shock;related&70&kDa&protein&2 17 31,8 70,02 34,066 26857000 34
0,3 1 0,1 ILF2 Q12905 Q12905 Interleukin&enhancer;binding&factor&2 4 13,6 43,062 15,762 15631000 14
0,4 1 0,1 KRT18 P05783;CON__H;INV:HIT000015463P05783 Keratin,&type&I&cytoskeletal&18 11 33,5 48,057 110,78 75456000 63
0,4 1 0,0 EPB41L5 Q9HCM4 Q9HCM4 Band&4.1;like&protein&5 7 13 81,855 60,821 39546000 45
0,4 1 0,0 GTF2F1 P35269 P35269 General&transcription&factor&IIF&subunit&1 3 7,9 58,24 43,844 11168000 14
0,3 1 0,0 PRMT5 O14744 O14744 Protein&arginine&N;methyltransferase&5;Protein&arginine&N;methyltransferase&5,&N;terminally&processed3 6,3 72,683 29,94 17529000 26
0,4 1 0,0 SLC25A5 P05141;Q9H0C2P05141 ADP/ATP&translocase&2;ADP/ATP&translocase&2,&N;terminally&processed5 16,1 32,852 3,2182 12366000 11
0,3 1 0,0 SRP9 P49458 P49458 Signal&recognition&particle&9&kDa&protein 3 36 10,112 10,714 29537000 20
0,4 1 0,0 S100A8 P05109 P05109 Protein&S100;A8;Protein&S100;A8,&N;terminally&processed4 39,8 10,834 19,476 108490000 43
0,3 1 0,0 ATP5A1 P25705 P25705 ATP&synthase&subunit&alpha,&mitochondrial 14 33,8 59,75 107,01 141810000 87
0,3 1 0,0 HNRNPH1;HNRNPH2P31943;P55795P31943;P55795Heterogeneous&nuclear&ribonucleoprotein&H;Heterogeneous&nuclear&ribonucleoprotein&H,&N;terminally&processed;Heterogeneous&nuclear&ribonucleoprotein&H26 16,7 49,229 134,65 51424000 37
0,4 1 0,0 GNB2L1 P63244 P63244 Guanine&nucleotide;binding&protein&subunit&beta;2;like&1;Guanine&nucleotide;binding&protein&subunit&beta;2;like&1,&N;terminally&processed13 60,3 35,076 182,1 620010000 199
0,4 1 0,0 RPS19 P39019 P39019 40S&ribosomal&protein&S19 6 37,2 16,06 39,017 195510000 58
0,3 1 0,0 SYCP1 Q15431 Q15431 Synaptonemal&complex&protein&1 1 1,3 114,19 3,2362 315730000 25
0,3 1 0,0 NEDD8 Q15843 Q15843 NEDD8 2 34,6 9,0714 9,0674 296160000 17
0,3 1 0,0 SERPINB12 Q96P63 Q96P63 Serpin&B12 8 26,7 46,276 90,188 149240000 67
0,3 1 0,0 BCLAF1 Q9NYF8 Q9NYF8 Bcl;2;associated&transcription&factor&1 3 4,2 106,12 7,4976 11624000 15
0,3 1 0,0 ESF1 Q9H501 Q9H501 ESF1&homolog 4 5,9 98,795 44,956 6018300 16
0,3 1 0,0 SLC25A1 P53007 P53007 Tricarboxylate&transport&protein,&mitochondrial 3 11,3 34,012 8,1881 16777000 17
0,3 1 0,0 NAF1 Q96HR8 Q96HR8 H/ACA&ribonucleoprotein&complex&non;core&subunit&NAF11 2 53,716 3,3808 6275000 2
0,3 1 0,0 TUBA1A;TUBA8Q71U36;Q9NY65Q71U36;Q9NY65Tubulin&alpha;1A&chain;Tubulin&alpha;8&chain 18 54,5 50,135 54,378 47110000 14
0,3 1 0,0 TUBB4B;TUBB4AP68371;P04350;Q3ZCM7;Q9BUF5;A6NNZ2;Q9H4B7P68371;P04350Tubulin&beta;4B&chain;Tubulin&beta;4A&chain 15 51 49,83 313,29 468340000 182
0,2 1 0,0 TXNDC5 Q8NBS9 Q8NBS9 Thioredoxin&domain;containing&protein&5 2 5,8 47,628 5,5167 9742700 8
0,3 1 ;0,1 RAN P62826 P62826 GTP;binding&nuclear&protein&Ran 5 26,9 24,423 12,105 63064000 33
0,3 1 ;0,1 TOP1 P11387 P11387 DNA&topoisomerase&1 10 16,2 90,725 77,503 98063000 84
0,2 1 ;0,1 SUPT16H Q9Y5B9 Q9Y5B9 FACT&complex&subunit&SPT16 23 24,8 119,91 323,31 511160000 271
0,2 1 ;0,1 CSNK2A1;CSNK2A3P68400;Q8NEV1P68400;Q8NEV1Casein&kinase&II&subunit&alpha;Casein&kinase&II&subunit&alpha&34 11 45,143 34,048 37780000 27
0,1 1 ;0,1 PCBP1 Q15365 Q15365 Poly(rC);binding&protein&1 6 25,6 37,497 43,424 85136000 49
0,1 1 ;0,1 RPL23A P62750 P62750 60S&ribosomal&protein&L23a 6 32,7 17,695 14,552 144410000 31
0,3 1 ;0,1 PDIA3 P30101 P30101 Protein&disulfide;isomerase&A3 14 34,1 56,782 94,139 152800000 45
0,3 1 ;0,1 AGK Q53H12 Q53H12 Acylglycerol&kinase,&mitochondrial 3 8,1 47,137 5,7039 12562000 14
0,2 1 ;0,1 ARGLU1 Q9NWB6 Q9NWB6 Arginine&and&glutamate;rich&protein&1 2 5,9 33,216 2,9215 21282000 6
0,2 1 ;0,1 TKT P29401 P29401 Transketolase 9 22 67,877 49,505 113870000 86
0,1 1 ;0,1 RPS21 P63220 P63220 40S&ribosomal&protein&S21 2 22,9 9,1113 4,6386 17178000 9
0,2 1 ;0,1 SRSF3;SRSF7 P84103;Q16629P84103;Q16629Serine/arginine;rich&splicing&factor&3;Serine/arginine;rich&splicing&factor&71 8,5 19,329 20,916 37814000 21
0,2 1 ;0,1 ZRANB2 O95218 O95218 Zinc&finger&Ran;binding&domain;containing&protein&28 24,8 37,404 83,273 90359000 81
0,0 1 ;0,1 RPS3 P23396 P23396 40S&ribosomal&protein&S3 12 59,7 26,688 123,4 528210000 139
0,1 1 ;0,1 EIF3C;EIF3CL Q99613;B5ME19Q99613;B5ME19Eukaryotic&translation&initiation&factor&3&subunit&C;Eukaryotic&translation&initiation&factor&3&subunit&C;like&protein10 12,5 105,34 75,293 80606000 84
0,1 1 ;0,1 PCBP2;PCBP3 Q15366;P57721Q15366;P57721Poly(rC);binding&protein&2;Poly(rC);binding&protein&35 20,3 38,58 10,796 35999000 16
0,1 1 ;0,1 RPS14 P62263 P62263 40S&ribosomal&protein&S14 5 36,4 16,273 13,847 138220000 41
0,2 1 ;0,1 HDGFRP2 Q7Z4V5 Q7Z4V5 Hepatoma;derived&growth&factor;related&protein&21 2,2 74,316 19,633 23755000 21
0,1 1 ;0,1 RPS16 P62249 P62249 40S&ribosomal&protein&S16 4 28,1 16,445 17,827 212740000 47
0,1 1 ;0,1 PPIB P23284 P23284 Peptidyl;prolyl&cis;trans&isomerase&B 6 29,2 23,742 13,964 46057000 15
0,1 1 ;0,1 EIF3G O75821 O75821 Eukaryotic&translation&initiation&factor&3&subunit&G4 21,2 35,611 10,773 20657000 12
0,2 1 ;0,1 RPN1 P04843 P04843 Dolichyl;diphosphooligosaccharide;;protein&glycosyltransferase&subunit&111 21,4 68,569 55,832 62026000 54
0,1 1 ;0,2 PLAA Q9Y263 Q9Y263 Phospholipase&A;2;activating&protein 1 1,5 87,156 2,2517 44229000 3
0,2 1 ;0,2 KRT2 P35908 P35908 Keratin,&type&II&cytoskeletal&2&epidermal 47 82,6 65,432 323,31 74860000000 1095
0,1 1 ;0,2 RPL21 P46778 P46778 60S&ribosomal&protein&L21 2 20,6 18,565 7,6034 71045000 31
0,1 1 ;0,2 SNRNP200 O75643 O75643 U5&small&nuclear&ribonucleoprotein&200&kDa&helicase7 4,9 244,5 30,467 13388000 15
0,2 1 ;0,2 FLNA P21333 P21333 Filamin;A 42 25,9 280,74 305,24 238640000 262
0,1 1 ;0,2 PA2G4 Q9UQ80 Q9UQ80 Proliferation;associated&protein&2G4 13 44,2 43,786 323,31 182010000 128
0,0 1 ;0,2 RPS20 P60866 P60866 40S&ribosomal&protein&S20 3 25,2 13,373 14,785 80541000 36
0,0 1 ;0,2 RPL30 P62888 P62888 60S&ribosomal&protein&L30 5 57,4 12,784 83,407 202740000 52
0,0 1 ;0,2 EIF3E P60228 P60228 Eukaryotic&translation&initiation&factor&3&subunit&E 7 17,3 52,22 14,992 25605000 21
0,0 1 ;0,2 RPL13 P26373 P26373 60S&ribosomal&protein&L13 4 19,9 24,261 25,144 56944000 39
0,2 1 ;0,2 EIF2S1 P05198 P05198 Eukaryotic&translation&initiation&factor&2&subunit&112 41,9 36,112 79,301 57973000 72
0,2 1 ;0,2 SSR4 P51571 P51571 Translocon;associated&protein&subunit&delta 2 12,1 18,998 15,008 9685400 14
0,2 1 ;0,2 HSP90AA1 P07900;Q14568;Q58FG0P07900 Heat&shock&protein&HSP&90;alpha 33 50,5 84,659 323,31 1304300000 252
0,0 1 ;0,2 RPL7 P18124 P18124 60S&ribosomal&protein&L7 6 29,4 29,225 36,437 161560000 69
0,1 1 ;0,2 RPL37A P61513;A6NKH3P61513 60S&ribosomal&protein&L37a 3 38 10,275 38,135 27520000 24
0,1 1 ;0,2 SRSF5 Q13243 Q13243 Serine/arginine;rich&splicing&factor&5 3 13,2 31,263 8,1491 51448000 22
0,1 1 ;0,2 RPL9 P32969 P32969 60S&ribosomal&protein&L9 2 15,1 21,863 28,067 35907000 19
0,1 1 ;0,3 EZR P15311;P26038;P35241P15311 Ezrin 9 17,4 69,412 46,399 91928000 53
0,1 1 ;0,3 SNRPN;SNRPB P63162;P14678P63162;P14678Small&nuclear&ribonucleoprotein;associated&protein&N;Small&nuclear&ribonucleoprotein;associated&proteins&B&and&B1 3,3 24,614 2,5985 10888000 7
0,1 1 ;0,3 CKAP4 Q07065 Q07065 Cytoskeleton;associated&protein&4 13 30,2 66,022 46,838 46719000 70
0,0 1 ;0,3 RPL27A P46776 P46776 60S&ribosomal&protein&L27a 2 14,9 16,561 8,0917 71916000 24
0,1 1 ;0,3 LUC7L2 Q9Y383 Q9Y383 Putative&RNA;binding&protein&Luc7;like&2 2 7,7 46,513 64,373 20739000 36
0,0 1 ;0,3 RPS5 P46782 P46782 40S&ribosomal&protein&S5;40S&ribosomal&protein&S5,&N;terminally&processed3 18,6 22,876 93,206 124240000 41
0,1 1 ;0,3 RPL10 P27635;Q96L21P27635 60S&ribosomal&protein&L10 3 14 24,604 40,376 28677000 28
0,1 1 ;0,3 YWHAE P62258 P62258 14;3;3&protein&epsilon 8 36,1 29,174 65,1 87674000 61
0,2 1 ;0,3 CLIC1 O00299 O00299 Chloride&intracellular&channel&protein&1 6 42,7 26,922 148,17 50073000 37
0,0 1 ;0,3 SPRR1A;SPRR1BP35321;P22528P35321;P22528Cornifin;A;Cornifin;B 3 42,7 9,8774 5,1882 16731000 28
0,0 1 ;0,3 YARS P54577 P54577 Tyrosine;;tRNA&ligase,&cytoplasmic;Tyrosine;;tRNA&ligase,&cytoplasmic,&N;terminally&processed7 15,2 59,143 19,035 37217000 39
0,1 1 ;0,3 RPL24 P83731 P83731 60S&ribosomal&protein&L24 2 13,4 17,779 17,744 41269000 44
0,1 1 ;0,3 HACD3 Q9P035 Q9P035 Very;long;chain&(3R);3;hydroxyacyl;CoA&dehydratase&32 6,6 43,159 14,5 12070000 22
0,2 1 ;0,3 GSTP1 P09211 P09211 Glutathione&S;transferase&P 8 51,9 23,356 323,31 356590000 85
0,2 1 ;0,3 DEK P35659 P35659 Protein&DEK 8 27,7 42,674 69,007 89942000 71
0,0 1 ;0,3 RPS18 P62269 P62269 40S&ribosomal&protein&S18 6 32,9 17,718 19,544 209350000 87
0,0 1 ;0,3 RPL5 P46777 P46777 60S&ribosomal&protein&L5 5 23,2 34,362 182,32 97599000 47
0,0 1 ;0,3 RPS25 P62851 P62851 40S&ribosomal&protein&S25 3 16 13,742 6,7208 59223000 19
0,1 1 ;0,3 MDH2 P40926 P40926 Malate&dehydrogenase,&mitochondrial 7 25,7 35,503 76,648 69254000 36
0,0 1 ;0,3 RPS17 P08708 P08708 40S&ribosomal&protein&S17 5 56,3 15,55 53,487 23668000 25
0,0 1 ;0,3 RPS13 P62277 P62277 40S&ribosomal&protein&S13 5 37,7 17,222 39,089 121210000 42
0,1 1 ;0,3 CPNE8;CPNE3;CPNE2;CPNE9;CPNE4;CPNE6;CPNE5;CPNE7Q86YQ8;O75131;Q96FN4;Q8IYJ1;Q96A23;O95741;Q9HCH3;Q9UBL6Q86YQ8;O75131;Q96FN4;Q8IYJ1;Q96A23;O95741;Q9HCH3;Q9UBL6Copine;8;Copine;3;Copine;2;Copine;9;Copine;4;Copine;6;Copine;5;Copine;72 3,5 63,107 4,3523 6252700 12
0,0 1 ;0,3 RPL18A Q02543 Q02543 60S&ribosomal&protein&L18a 5 29,5 20,762 14,956 88848000 57
0,0 1 ;0,3 G6PD P11413 P11413 Glucose;6;phosphate&1;dehydrogenase 6 17,1 59,256 100,93 28759000 28
0,0 1 ;0,3 EIF6 P56537 P56537 Eukaryotic&translation&initiation&factor&6 5 29,4 26,599 22,449 40670000 36
0,0 1 ;0,4 RPL22 P35268 P35268 60S&ribosomal&protein&L22 3 30,5 14,787 112,77 88892000 38
0,0 1 ;0,4 RPS12 P25398 P25398 40S&ribosomal&protein&S12 4 39,4 14,515 7,5224 51202000 28
0,0 1 ;0,4 EEF1A1P5;EEF1A1;EEF1A2Q5VTE0;P68104;Q05639Q5VTE0;P68104;Q05639Putative&elongation&factor&1;alpha;like&3;Elongation&factor&1;alpha&1;Elongation&factor&1;alpha&213 35,9 50,184 87,331 1811900000 206
0,0 1 ;0,4 RPS11 P62280 P62280 40S&ribosomal&protein&S11 6 33,5 18,431 25,466 133240000 32
0,1 1 ;0,4 HNRNPA1;HNRNPA1L2P09651;Q32P51P09651;Q32P51Heterogeneous&nuclear&ribonucleoprotein&A1;Heterogeneous&nuclear&ribonucleoprotein&A1,&N;terminally&processed;Heterogeneous&nuclear&ribonucleoprotein&A1;like&28 28,5 38,746 38,288 20804000 33
0,0 1 ;0,4 RPL10A P62906 P62906 60S&ribosomal&protein&L10a 8 35,9 24,831 44,937 164310000 103
0,1 1 ;0,4 SRP14 P37108 P37108 Signal&recognition&particle&14&kDa&protein 5 33,1 14,57 167,55 34089000 43
0,0 1 ;0,4 RPS4X;RPS4Y2P62701;Q8TD47;P22090P62701;Q8TD4740S&ribosomal&protein&S4,&X&isoform;40S&ribosomal&protein&S4,&Y&isoform&212 47,1 29,597 82,145 277890000 112
0,0 1 ;0,4 EIF3A Q14152 Q14152 Eukaryotic&translation&initiation&factor&3&subunit&A9 8,2 166,57 73,746 45930000 62
0,0 1 ;0,4 RPS8 P62241 P62241 40S&ribosomal&protein&S8 9 49,5 24,205 159,4 276490000 153
0,0 1 ;0,4 ENAH Q8N8S7;Q9UI08Q8N8S7 Protein&enabled&homolog 5 11,2 66,509 8,0541 14858000 15
0,1 1 ;0,4 LDHB P07195 P07195 L;lactate&dehydrogenase&B&chain 11 35,6 36,638 65,177 298570000 91
0,1 1 ;0,4 MTPAP Q9NVV4 Q9NVV4 Poly(A)&RNA&polymerase,&mitochondrial 2 4,6 66,171 4,0503 4747500 4
0,0 1 ;0,4 CAT P04040 P04040 Catalase 10 21,4 59,755 71,918 122450000 113
0,1 1 ;0,4 MYBBP1A Q9BQG0 Q9BQG0 Myb;binding&protein&1A 10 8 148,85 32,54 39731000 60
0,1 1 ;0,4 HIST2H3A;HIST3H3;H3F3A;HIST1H3A;H3F3CQ71DI3;Q16695;P84243;P68431;Q6NXT2Q71DI3;Q16695;P84243;P68431;Q6NXT2Histone&H3.2;Histone&H3.1t;Histone&H3.3;Histone&H3.1;Histone&H3.3C2 10,3 15,388 3,4247 132800000 12
0,2 1 ;0,4 ACLY P53396 P53396 ATP;citrate&synthase 12 15,3 120,84 48,697 48224000 31
0,0 1 ;0,4 VIM P08670 P08670 Vimentin 5 8,2 53,651 14,356 17716000 21
0,1 1 ;0,4 EIF2S2 P20042 P20042 Eukaryotic&translation&initiation&factor&2&subunit&210 34,8 38,388 323,31 171410000 94
0,1 1 ;0,5 ABCF1 Q8NE71 Q8NE71 ATP;binding&cassette&sub;family&F&member&1 14 19,5 95,925 171,85 152600000 84
0,1 1 ;0,5 SRSF2 Q01130;Q9BRL6Q01130 Serine/arginine;rich&splicing&factor&2 5 26,7 25,476 20,622 134880000 49
0,1 1 ;0,5 PSMB3 P49720 P49720 Proteasome&subunit&beta&type;3 2 16,6 22,949 15,983 13413000 16
0,0 1 ;0,5 FES P07332 P07332 Tyrosine;protein&kinase&Fes/Fps 3 5,8 93,495 17,533 42568000 36
0,0 1 ;0,5 PRDX1 Q06830 Q06830 Peroxiredoxin;1 9 56,8 22,11 31,852 236990000 65
0,0 1 ;0,5 RPS7 P62081 P62081 40S&ribosomal&protein&S7 2 11,3 22,127 4,6587 40330000 14
0,0 1 ;0,5 GCN1L1 Q92616 Q92616 Translational&activator&GCN1 5 2,8 292,75 11,088 14227000 19
0,1 1 ;0,5 GAPDH P04406 P04406 Glyceraldehyde;3;phosphate&dehydrogenase 8 41,8 36,053 300,73 927860000 115
0,0 1 ;0,5 RPL26L1;RPL26Q9UNX3;P61254Q9UNX3;P6125460S&ribosomal&protein&L26;like&1;60S&ribosomal&protein&L264 17,2 17,256 6,6857 61412000 24
0,0 1 ;0,5 RPL7A P62424 P62424 60S&ribosomal&protein&L7a 6 23,7 29,995 27,672 71670000 43
0,0 1 ;0,5 GSDMA Q96QA5 Q96QA5 Gasdermin;A 6 12,1 49,364 141,25 51470000 57
0,2 1 ;0,5 UBA1 P22314 P22314 Ubiquitin;like&modifier;activating&enzyme&1 12 18,1 117,85 323,31 115720000 80
0,1 1 ;0,5 EIF5B O60841 O60841 Eukaryotic&translation&initiation&factor&5B 24 23,3 138,83 132,97 212120000 144
0,0 1 ;0,5 TGM1 P22735 P22735 Protein;glutamine&gamma;glutamyltransferase&K 7 10,8 89,786 177,85 124770000 90
0,2 1 ;0,5 NPEPPS;NPEPPSL1P55786;A6NEC2P55786;A6NEC2Puromycin;sensitive&aminopeptidase;Puromycin;sensitive&aminopeptidase;like&protein8 10,6 103,28 25,583 47538000 41
0,1 1 ;0,5 RBM39 Q14498 Q14498 RNA;binding&protein&39 6 15,1 59,379 85,262 70524000 51



0,1 1 ;0,5 HSP90B1 P14625;Q58FF3P14625 Endoplasmin 20 30,6 92,468 274,66 298960000 95
0,0 1 ;0,5 RPS28 P62857 P62857 40S&ribosomal&protein&S28 2 30,4 7,8409 69,318 77988000 21
0,0 1 ;0,5 PRDX2 P32119 P32119 Peroxiredoxin;2 4 36,4 21,892 9,1734 47733000 20
0,0 1 ;0,6 RPL14 P50914 P50914 60S&ribosomal&protein&L14 3 15,8 23,432 11,664 72516000 26
0,0 1 ;0,6 RPL31 P62899 P62899 60S&ribosomal&protein&L31 4 33,6 14,463 121,28 127930000 54
0,0 1 ;0,6 FARSB Q9NSD9 Q9NSD9 Phenylalanine;;tRNA&ligase&beta&subunit 2 3,2 66,115 5,486 7867600 7
0,1 1 ;0,6 TCOF1 Q13428 Q13428 Treacle&protein 2 1,5 152,1 3,8257 6389400 8
0,2 1 ;0,6 MYH9 P35579;P35749P35579 Myosin;9 31 20,9 226,53 323,31 144430000 152
0,0 1 ;0,6 SRSF1 Q07955 Q07955 Serine/arginine;rich&splicing&factor&1 5 21,8 27,744 21,2 24022000 28
0,0 1 ;0,6 LARS Q9P2J5 Q9P2J5 Leucine;;tRNA&ligase,&cytoplasmic 7 8,2 134,46 40,325 21116000 37
0,1 1 ;0,6 EIF5 P55010 P55010 Eukaryotic&translation&initiation&factor&5 3 10,7 49,222 11,027 30382000 32
0,0 1 ;0,6 ENO1 P06733;P13929P06733 Alpha;enolase 16 48,4 47,168 323,31 837090000 174
0,0 1 ;0,6 RTF1 Q92541 Q92541 RNA&polymerase;associated&protein&RTF1&homolog4 6,6 80,313 21,407 13322000 28
0,1 1 ;0,6 PARP1 P09874 P09874 Poly&[ADP;ribose]&polymerase&1 22 25,7 113,08 323,31 407480000 187
0,0 1 ;0,6 RPL4 P36578 P36578 60S&ribosomal&protein&L4 10 28,3 47,697 119,55 196500000 85
0,1 1 ;0,6 PKM P14618;P30613P14618 Pyruvate&kinase&PKM 23 51,2 57,936 323,31 728320000 206
0,0 1 ;0,6 TXN P10599 P10599 Thioredoxin 1 10,5 11,737 4,4081 14943000 16
0,0 1 ;0,6 ANXA2;ANXA2P2P07355;A6NMY6P07355;A6NMY6Annexin&A2;Putative&annexin&A2;like&protein 18 48,1 38,604 256,17 338980000 193
0,0 1 ;0,7 HAL P42357 P42357 Histidine&ammonia;lyase 6 11 72,697 47,915 31428000 27
0,1 1 ;0,7 RBM25 P49756 P49756 RNA;binding&protein&25 5 9,1 100,18 8,2052 19535000 18
0,0 1 ;0,7 EIF4A1 P60842 P60842 Eukaryotic&initiation&factor&4A;I 11 29,6 46,153 38,778 90671000 80
0,0 1 ;0,7 YWHAQ P27348 P27348 14;3;3&protein&theta 4 17,6 27,764 57,55 10327000 21
0,1 1 ;0,7 PIGR P01833 P01833 Polymeric&immunoglobulin&receptor;Secretory&component12 19,6 83,283 166,97 128650000 54
0,0 1 ;0,7 RPL8 P62917 P62917 60S&ribosomal&protein&L8 3 13,2 28,024 29,521 128960000 42
0,1 1 ;0,7 FLNB O75369;Q14315O75369 Filamin;B 14 8,3 278,16 38,753 24929000 36
0,0 1 ;0,7 RPL19 P84098 P84098 60S&ribosomal&protein&L19 2 13,3 23,466 31,397 26411000 20
0,0 1 ;0,7 PHLDB2 Q86SQ0 Q86SQ0 Pleckstrin&homology;like&domain&family&B&member&25 5,4 142,16 78,689 83894000 22
0,0 1 ;0,7 HIST1H2BL;HIST1H2BM;HIST1H2BN;HIST1H2BH;HIST2H2BF;HIST1H2BC;HIST1H2BD;H2BFS;HIST1H2BKQ99880;Q99879;Q99877;Q93079;Q5QNW6;P62807;P58876;P57053;O60814;Q96A08Q99880;Q99879;Q99877;Q93079;Q5QNW6;P62807;P58876;P57053;O60814Histone&H2B&type&1;L;Histone&H2B&type&1;M;Histone&H2B&type&1;N;Histone&H2B&type&1;H;Histone&H2B&type&2;F;Histone&H2B&type&1;C/E/F/G/I;Histone&H2B&type&1;D;Histone&H2B&type&F;S;Histone&H2B&type&1;K3 27 13,952 67,171 125060000 27
0,0 1 ;0,7 EIF3M Q7L2H7 Q7L2H7 Eukaryotic&translation&initiation&factor&3&subunit&M4 15 42,502 21,26 21348000 11
0,0 1 ;0,7 PSMA6 P60900 P60900 Proteasome&subunit&alpha&type;6 2 10,2 27,399 36,193 21010000 18
0,0 1 ;0,7 DSG1 Q02413 Q02413 Desmoglein;1 23 29 113,75 323,31 948410000 378
0,0 1 ;0,8 RPS2 P15880 P15880 40S&ribosomal&protein&S2 4 15,4 31,324 9,5845 68151000 24
0,1 1 ;0,8 GGH Q92820 Q92820 Gamma;glutamyl&hydrolase 3 12,6 35,964 11,731 18687000 14
0,1 1 ;0,8 KPNB1 Q14974 Q14974 Importin&subunit&beta;1 13 19,6 97,169 240,44 53074000 40
0,0 1 ;0,8 RPL29 P47914 P47914 60S&ribosomal&protein&L29 1 9,4 17,752 3,1103 11579000 15
0,1 1 ;0,8 SGPL1 O95470 O95470 Sphingosine;1;phosphate&lyase&1 6 13,7 63,523 11,007 13959000 12
0,0 1 ;0,8 PSMB5 P28074 P28074 Proteasome&subunit&beta&type;5 4 16,3 28,48 12,172 10124000 20
0,1 1 ;0,9 CAP1 Q01518 Q01518 Adenylyl&cyclase;associated&protein&1 4 11,8 51,901 132,25 28794000 36
0,0 1 ;0,9 VDAC2 P45880 P45880 Voltage;dependent&anion;selective&channel&protein&26 24,8 31,566 42,347 17190000 31
0,0 1 ;0,9 S100A14 Q9HCY8 Q9HCY8 Protein&S100;A14 3 35,6 11,662 56,867 25823000 30
0,1 1 ;0,9 LRRC59 Q96AG4 Q96AG4 Leucine;rich&repeat;containing&protein&59 7 30 34,93 81,99 206350000 58
0,0 1 ;0,9 PPP2R4 Q15257 Q15257 Serine/threonine;protein&phosphatase&2A&activator2 7,3 40,667 3,8727 2680100 3
0,0 1 ;1,0 DMBT1 Q9UGM3 Q9UGM3 Deleted&in&malignant&brain&tumors&1&protein 7 18,2 260,73 31,134 28734000 26
0,0 1 ;1,0 RPS26P11;RPS26Q5JNZ5;P62854Q5JNZ5;P62854Putative&40S&ribosomal&protein&S26;like&1;40S&ribosomal&protein&S263 24,3 13,002 6,6554 61814000 34
0,0 1 ;1,0 ALOX12B O75342 O75342 Arachidonate&12;lipoxygenase,&12R;type 6 10,1 80,355 76,005 29628000 27
0,1 1 ;1,1 FASN P49327 P49327 Fatty&acid&synthase;[Acyl;carrier;protein]&S;acetyltransferase;[Acyl;carrier;protein]&S;malonyltransferase;3;oxoacyl;[acyl;carrier;protein]&synthase;3;oxoacyl;[acyl;carrier;protein]&reductase;3;hydroxyacyl;[acyl;carrier;protein]&dehydratase;Enoyl;[acyl;carrier;protein]&reductase;Oleoyl;[acyl;carrier;protein]&hydrolase32 19,3 273,42 290,68 162260000 149
0,0 1 ;1,1 PSMD3 O43242 O43242 26S&proteasome&non;ATPase&regulatory&subunit&3 5 12,7 60,977 11,063 16364000 22
0,0 1 ;1,1 RPS6 P62753 P62753 40S&ribosomal&protein&S6 3 14,1 28,68 31,264 40261000 21
0,0 1 ;1,1 PSMB6 P28072 P28072 Proteasome&subunit&beta&type;6 3 13 25,357 6,0645 11705000 8
0,0 1 ;1,1 PLEC Q15149 Q15149 Plectin 8 2,3 531,78 15,705 5236600 18
0,0 1 ;1,1 VPS35 Q96QK1 Q96QK1 Vacuolar&protein&sorting;associated&protein&35 5 8,8 91,706 109,63 18491000 30
0,1 1 ;1,1 EIF2S3;EIF2S3LP41091;Q2VIR3P41091;Q2VIR3Eukaryotic&translation&initiation&factor&2&subunit&3;Putative&eukaryotic&translation&initiation&factor&2&subunit&3;like&protein12 35 51,109 129,28 155800000 84
0,1 1 ;1,1 TAPBPL Q9BX59 Q9BX59 Tapasin;related&protein 1 3,6 50,182 2,3302 240160000 2
0,0 1 ;1,2 RPL15 P61313 P61313 60S&ribosomal&protein&L15 4 22,5 24,146 13,287 48382000 30
0,0 1 ;1,2 LYZ P61626 P61626 Lysozyme&C 4 39,9 16,537 51,378 62011000 34
0,0 1 ;1,2 EEF1D P29692 P29692 Elongation&factor&1;delta 2 13,2 31,121 12,98 14905000 8
0,0 1 ;1,2 AHCY P23526 P23526 Adenosylhomocysteinase 3 8,1 47,716 5,9556 8340100 11
0,0 1 ;1,2 EIF3F O00303 O00303 Eukaryotic&translation&initiation&factor&3&subunit&F 3 12 37,563 15,825 19205000 24
0,0 1 ;1,2 PFN1 P07737;CON__P02584P07737 Profilin;1 6 57,1 15,054 115,22 54659000 40
0,0 1 ;1,2 TALDO1 P37837 P37837 Transaldolase 3 10,7 37,54 12,866 13783000 20
0,0 1 ;1,3 RNPEP Q9H4A4 Q9H4A4 Aminopeptidase&B 8 17,2 72,595 22,148 18584000 22
0,0 1 ;1,3 RAB6B;RAB6A;RAB39AQ9NRW1;P20340;Q14964Q9NRW1;P20340;Q14964Ras;related&protein&Rab;6B;Ras;related&protein&Rab;6A;Ras;related&protein&Rab;39A1 5,3 23,461 12,432 22469000 12
0,1 1 ;1,3 RPL35A P18077 P18077 60S&ribosomal&protein&L35a 2 19,1 12,538 4,0796 34125000 11
0,0 1 ;1,3 DSC1 Q08554 Q08554 Desmocollin;1 13 20,8 99,986 323,31 513470000 182
0,0 1 ;1,3 H2AFV;H2AFZ;HIST1H2AJ;HIST1H2AH;H2AFJ;HIST2H2AC;HIST1H2AC;HIST3H2A;HIST2H2AA3;HIST1H2AD;HIST1H2AG;HIST1H2AB;HIST1H2AA;H2AFXQ71UI9;P0C0S5;Q99878;Q96KK5;Q9BTM1;Q16777;Q93077;Q7L7L0;Q6FI13;P20671;P0C0S8;P04908;Q96QV6;P16104;Q8IUE6Q71UI9;P0C0S5;Q99878;Q96KK5;Q9BTM1;Q16777;Q93077;Q7L7L0;Q6FI13;P20671;P0C0S8;P04908;Q96QV6;P16104Histone&H2A.V;Histone&H2A.Z;Histone&H2A&type&1;J;Histone&H2A&type&1;H;Histone&H2A.J;Histone&H2A&type&2;C;Histone&H2A&type&1;C;Histone&H2A&type&3;Histone&H2A&type&2;A;Histone&H2A&type&1;D;Histone&H2A&type&1;Histone&H2A&type&1;B/E;Histone&H2A&type&1;A;Histone&H2AX3 20,3 13,509 5,4803 141490000 21
0,1 1 ;1,4 ACTN4 O43707;Q08043;Q9H254O43707 Alpha;actinin;4 27 36 104,85 311,4 151950000 128
0,0 1 ;1,4 RPLP2 P05387 P05387 60S&acidic&ribosomal&protein&P2 5 81,7 11,665 127,56 38489000 61
0,0 1 ;1,4 SERPINB8 P50452;P50453;O75830P50452 Serpin&B8 4 12,3 42,766 27,101 6656600 14
0,0 1 ;1,4 VCP P55072 P55072 Transitional&endoplasmic&reticulum&ATPase 21 36,8 89,321 323,31 159790000 133
0,0 1 ;1,4 ALDOA P04075 P04075 Fructose;bisphosphate&aldolase&A 13 44,5 39,42 79,683 142500000 85
0,0 1 ;1,4 PPP1CB;PPP1CCP62140;P36873P62140;P36873Serine/threonine;protein&phosphatase&PP1;beta&catalytic&subunit;Serine/threonine;protein&phosphatase&PP1;gamma&catalytic&subunit4 11,6 37,186 18,19 15717000 26
0,0 1 ;1,4 PSMB1 P20618 P20618 Proteasome&subunit&beta&type;1 3 19,9 26,489 8,4491 11672000 14
0,0 1 ;1,4 TARS P26639;A2RTX5P26639 Threonine;;tRNA&ligase,&cytoplasmic 12 21,4 83,434 29,899 29823000 47
0,0 1 ;1,4 ZG16B Q96DA0 Q96DA0 Zymogen&granule&protein&16&homolog&B 3 22,6 22,739 56,956 51524000 37
0,0 1 ;1,5 CFL1 P23528;Q9Y281P23528 Cofilin;1 4 30,7 18,502 323,31 50856000 30
0,0 1 ;1,5 RPL18 Q07020 Q07020 60S&ribosomal&protein&L18 4 25,5 21,634 55,481 69162000 46
0,0 1 ;1,5 P4HB P07237 P07237 Protein&disulfide;isomerase 11 24,2 57,116 74,219 171350000 80
0,0 1 ;1,6 RPL3 P39023;Q92901P39023 60S&ribosomal&protein&L3 8 23,1 46,108 26,673 76903000 32
0,0 1 ;1,6 TGM3 Q08188 Q08188 Protein;glutamine&gamma;glutamyltransferase&E;Protein;glutamine&gamma;glutamyltransferase&E&50&kDa&catalytic&chain;Protein;glutamine&gamma;glutamyltransferase&E&27&kDa&non;catalytic&chain15 27,3 76,631 323,31 294290000 137
0,0 1 ;1,6 ARHGDIA P52565 P52565 Rho&GDP;dissociation&inhibitor&1 2 23 23,207 16,106 13334000 22
0,0 1 ;1,6 PSMA7;PSMA8O14818;Q8TAA3O14818;Q8TAA3Proteasome&subunit&alpha&type;7;Proteasome&subunit&alpha&type;7;like5 30,6 27,887 119,89 38304000 32
0,0 1 ;1,7 PPA1 Q15181 Q15181 Inorganic&pyrophosphatase 5 26,3 32,66 59,056 16878000 21
0,0 1 ;1,7 RPL35 P42766 P42766 60S&ribosomal&protein&L35 1 8,1 14,551 3,5739 12386000 11
0,0 1 ;1,7 RAB7A P51149 P51149 Ras;related&protein&Rab;7a 4 26,1 23,489 130,54 30127000 24
0,0 1 ;1,7 RPL6 Q02878 Q02878 60S&ribosomal&protein&L6 4 13,5 32,728 5,7086 30559000 9
0,0 1 ;1,7 ALDOC P09972 P09972 Fructose;bisphosphate&aldolase&C 5 21,2 39,455 106,67 38431000 44
0,0 1 ;1,7 RAB2A;RAB2BP61019;Q8WUD1P61019;Q8WUD1Ras;related&protein&Rab;2A;Ras;related&protein&Rab;2B4 25,5 23,545 15,398 8394600 19
0,0 1 ;1,7 MTDH Q86UE4 Q86UE4 Protein&LYRIC 5 12,9 63,836 55,03 43086000 51
0,0 1 ;1,8 EEF1G P26641 P26641 Elongation&factor&1;gamma 7 17,6 50,118 83,04 103600000 47
0,0 1 ;1,8 PIP P12273 P12273 Prolactin;inducible&protein 5 35,6 16,572 101,78 46888000 30
0,0 1 ;1,8 THRAP3 Q9Y2W1 Q9Y2W1 Thyroid&hormone&receptor;associated&protein&3 3 3,7 108,66 4,2076 12657000 5
0,0 1 ;1,8 DSC3 Q14574 Q14574 Desmocollin;3 8 13,1 99,968 59,459 84807000 38
0,0 1 ;1,8 CALR P27797 P27797 Calreticulin 8 35,3 48,141 193,97 65541000 42
0,0 1 ;1,8 HSD17B4 P51659 P51659 Peroxisomal&multifunctional&enzyme&type&2;(3R);hydroxyacyl;CoA&dehydrogenase;Enoyl;CoA&hydratase&25 11,1 79,685 35,91 17160000 41
0,0 1 ;1,8 JUP P14923 P14923 Junction&plakoglobin 28 53,4 81,744 282,36 1002700000 349
0,0 1 ;1,8 RPS9 P46781 P46781 40S&ribosomal&protein&S9 2 10,3 22,591 5,9093 41240000 15
0,0 1 ;1,9 ARF1;ARF3 P84077;P61204P84077;P61204ADP;ribosylation&factor&1;ADP;ribosylation&factor&35 37,6 20,697 88,623 26435000 24
0,0 1 ;1,9 PPIA P62937;P0DN26;A0A0B4J2A2;A0A075B759;Q9Y536;F5H284;P0DN37P62937 Peptidyl;prolyl&cis;trans&isomerase&A;Peptidyl;prolyl&cis;trans&isomerase&A,&N;terminally&processed7 40,6 18,012 19,826 97686000 45
0,0 1 ;1,9 NME2;NME2P1P22392;O60361P22392;O60361Nucleoside&diphosphate&kinase&B;Putative&nucleoside&diphosphate&kinase2 15,8 17,298 5,7315 15284000 11
0,0 1 ;1,9 YWHAZ P63104 P63104 14;3;3&protein&zeta/delta 6 35,1 27,745 323,31 94705000 45
0,0 1 ;1,9 CAPZA1 P52907 P52907 F;actin;capping&protein&subunit&alpha;1 5 25,9 32,922 39,584 17138000 31
0,0 1 ;1,9 PHGDH O43175 O43175 D;3;phosphoglycerate&dehydrogenase 6 15,2 56,65 21,925 48482000 27
0,0 1 ;1,9 KLK15 Q9H2R5 Q9H2R5 Kallikrein;15 4 19,5 28,087 7,8463 2573200 12
0,0 1 ;2,0 RPS24 P62847 P62847 40S&ribosomal&protein&S24 2 17,3 15,423 9,5295 13746000 14
0,0 1 ;2,0 YWHAB P31946 P31946 14;3;3&protein&beta/alpha;14;3;3&protein&beta/alpha,&N;terminally&processed4 22,4 28,082 48,942 16638000 16
0,0 1 ;2,0 GPI P06744;CON__Q3ZBD7;Q8N196P06744 Glucose;6;phosphate&isomerase 8 15,2 63,146 252,78 56133000 45
0,0 1 ;2,0 PTX3 P26022 P26022 Pentraxin;related&protein&PTX3 2 6 41,975 28,032 6850500 17
0,0 1 ;2,0 TXNL1 O43396 O43396 Thioredoxin;like&protein&1 2 12,8 32,251 5,7836 4531100 7
0,0 1 ;2,0 GARS P41250 P41250 Glycine;;tRNA&ligase 3 4,6 83,165 8,3963 12353000 24
0,0 1 ;2,1 AHNAK Q09666 Q09666 Neuroblast&differentiation;associated&protein&AHNAK13 7,9 629,09 50,323 28086000 63
0,0 1 ;2,1 IGKC P01834;P0DOX7P01834;P0DOX7Ig&kappa&chain&C&region 3 51,4 11,765 238,09 55359000 52
0,0 1 ;2,1 KPRP Q5T749 Q5T749 Keratinocyte&proline;rich&protein 22 53,2 64,135 250,73 897520000 251
0,0 1 ;2,2 IGHA1 P01876 P01876 Ig&alpha;1&chain&C&region 10 36,8 37,654 38,803 205420000 85
0,0 1 ;2,2 HIST1H1C;HIST1H1E;HIST1H1DP16403;P10412;P16402;P22492;Q02539P16403;P10412;P16402Histone&H1.2;Histone&H1.4;Histone&H1.3 3 15 21,364 5,9604 29138000 13
0,0 1 ;2,2 RPL28 P46779 P46779 60S&ribosomal&protein&L28 2 13,9 15,747 4,1521 9745800 11
0,0 1 ;2,2 RAB11A;RAB11BP62491;Q15907;P57735P62491;Q15907Ras;related&protein&Rab;11A;Ras;related&protein&Rab;11B3 15,3 24,393 10,782 13963000 16
0,0 1 ;2,3 GLTP Q9NZD2 Q9NZD2 Glycolipid&transfer&protein 1 7,2 23,85 2,3756 3132400 5
0,0 1 ;2,3 PGK1 P00558;P07205P00558 Phosphoglycerate&kinase&1 9 36,2 44,614 323,31 190280000 93
0,0 1 ;2,3 HIST1H1B P16401 P16401 Histone&H1.5 2 11,9 22,58 5,9801 5062600 16
0,0 1 ;2,3 CAPG P40121 P40121 Macrophage;capping&protein 2 7,2 38,498 3,2658 3287000 6
0,0 1 ;2,3 CST6 Q15828 Q15828 Cystatin;M 2 21,5 16,511 4,175 7764500 13
0,0 1 ;2,3 LDHA P00338;Q6ZMR3;P07864P00338 L;lactate&dehydrogenase&A&chain 9 29,8 36,688 52,747 233050000 79
0,0 1 ;2,4 LMNA P02545 P02545 Prelamin;A/C;Lamin;A/C 17 30,9 74,139 145,48 59187000 85
0,0 1 ;2,4 PEBP1 P30086 P30086 Phosphatidylethanolamine;binding&protein&1;Hippocampal&cholinergic&neurostimulating&peptide5 40,6 21,057 127,53 28680000 35



0,0 1 ;2,4 TUBA4A P68366 P68366 Tubulin&alpha;4A&chain 16 48,2 49,924 10,385 17167000 15
0,0 1 ;2,4 TPD52 P55327 P55327 Tumor&protein&D52 2 12,1 24,327 22,066 3677600 8
0,0 1 ;2,5 SBSN Q6UWP8 Q6UWP8 Suprabasin 3 18,3 60,54 35,228 15173000 32
0,0 1 ;2,5 IGJ P01591 P01591 Immunoglobulin&J&chain 3 20,8 18,098 8,3328 13631000 15
0,0 1 ;2,5 S100A16 Q96FQ6 Q96FQ6 Protein&S100;A16 2 22,3 11,801 5,991 14680000 6
0,0 1 ;2,6 DSP P15924 P15924 Desmoplakin 100 37 331,77 323,31 2869000000 854
0,0 1 ;2,8 LGALS3 P17931 P17931 Galectin;3 2 8,8 26,152 3,2426 16368000 9
0,0 1 ;2,8 SARS P49591 P49591 Serine;;tRNA&ligase,&cytoplasmic 5 10,9 58,777 44,309 13181000 22
0,0 1 ;2,8 AIM1 Q9Y4K1 Q9Y4K1 Absent&in&melanoma&1&protein 2 1,6 188,67 5,8181 3974000 6
0,0 1 ;2,8 CSTB P04080 P04080 Cystatin;B 2 24,5 11,139 19,743 17611000 22
0,0 1 ;2,8 TPI1 P60174 P60174 Triosephosphate&isomerase 12 55,6 30,791 193,5 370250000 125
0,0 1 ;2,9 IGLC1;IGLC6;IGLL5P0DOY3;P0DOY2;P0DOX8;P0CG04;P0CF74;B9A064P0DOY3;P0DOY2;P0DOX8;P0CG04;P0CF74;B9A064Ig&lambda;1&chain&C&regions;Ig&lambda;6&chain&C&region;Immunoglobulin&lambda;like&polypeptide&52 23,6 11,265 8,0439 22616000 16
0,0 1 ;3,0 PKP3 Q9Y446 Q9Y446 Plakophilin;3 12 20,5 87,081 185,03 84052000 76
0,0 1 ;3,0 CKB P12277 P12277 Creatine&kinase&B;type 4 18,4 42,644 16,707 6547000 14
0,0 1 ;3,0 DSC2 Q02487 Q02487 Desmocollin;2 2 3,2 99,961 3,5387 3948500 6
0,0 1 ;3,0 A2ML1 A8K2U0 A8K2U0 Alpha;2;macroglobulin;like&protein&1 8 6,5 161,1 49,821 16757000 31
0,0 1 ;3,0 KRTAP4;2 Q9BYR5 Q9BYR5 Keratin;associated&protein&4;2 5 47,8 14,462 4,9727 3391400 4
0,0 1 ;3,0 PLP2 Q04941 Q04941 Proteolipid&protein&2 2 18,4 16,691 5,2902 6507800 14
0,0 1 ;3,1 KLK14 Q9P0G3 Q9P0G3 Kallikrein;14 2 12,4 29,121 7,1022 5245200 7
0,0 1 ;3,1 S100A11 P31949 P31949 Protein&S100;A11;Protein&S100;A11,&N;terminally&processed2 17,1 11,74 3,588 4451000 4
0,0 1 ;3,2 PGAM1 P18669;P15259;Q8N0Y7P18669 Phosphoglycerate&mutase&1 7 37,8 28,804 37,17 102150000 52
0,0 1 ;3,3 NAGK Q9UJ70 Q9UJ70 N;acetyl;D;glucosamine&kinase 4 14,8 37,375 8,0598 4713200 10
0,0 1 ;3,4 NAPA P54920 P54920 Alpha;soluble&NSF&attachment&protein 4 16,9 33,232 19,234 9817900 18
0,0 1 ;3,4 SRSF6;SRSF4 Q13247;Q08170Q13247;Q08170Serine/arginine;rich&splicing&factor&6;Serine/arginine;rich&splicing&factor&43 8,7 39,586 4,3208 10601000 3
0,0 1 ;3,5 YOD1 Q5VVQ6 Q5VVQ6 Ubiquitin&thioesterase&OTU1 3 12,4 38,322 7,6468 8932800 8
0,0 1 ;3,5 HIST1H4A P62805 P62805 Histone&H4 7 58,3 11,367 38,557 236100000 72
0,0 1 ;3,6 PLCD1 P51178;Q4KWH8P51178 1;phosphatidylinositol&4,5;bisphosphate&phosphodiesterase&delta;13 5,2 85,664 59,18 9640000 16
0,0 1 ;3,6 QSOX1 O00391 O00391 Sulfhydryl&oxidase&1 4 6,7 82,577 23,834 7546100 12
0,0 1 ;3,7 DYNLL2;DYNLL1Q96FJ2;P63167Q96FJ2;P63167Dynein&light&chain&2,&cytoplasmic;Dynein&light&chain&1,&cytoplasmic2 24,7 10,35 4,0607 7461700 8
0,0 1 ;3,7 CRABP2 P29373 P29373 Cellular&retinoic&acid;binding&protein&2 3 22,5 15,693 5,7178 11812000 8
0,0 1 ;3,7 EDEM3 Q9BZQ6 Q9BZQ6 ER&degradation;enhancing&alpha;mannosidase;like&protein&34 5 104,66 12,057 7764000 11
0,0 1 ;3,8 POF1B Q8WVV4 Q8WVV4 Protein&POF1B 12 25,3 68,064 92,763 48792000 48
0,0 1 ;3,9 HSPB1 P04792 P04792 Heat&shock&protein&beta;1 8 59,5 22,782 136,49 449590000 79
0,0 1 ;3,9 KRTAP9;9;KRTAP9;8;KRTAP9;2;KRTAP9;3Q9BYP9;Q9BYQ0;Q9BYQ4;Q9BYQ3;Q9BYQ2;A8MXZ3Q9BYP9;Q9BYQ0;Q9BYQ4;Q9BYQ3Keratin;associated&protein&9;9;Keratin;associated&protein&9;8;Keratin;associated&protein&9;2;Keratin;associated&protein&9;33 27,3 16,266 24,681 9481400 11
0,0 1 ;4,0 PPL O60437 O60437 Periplakin 9 5,9 204,74 22,702 14592000 20
0,0 1 ;4,0 SPINK7 P58062 P58062 Serine&protease&inhibitor&Kazal;type&7 1 10,6 9,2317 5,187 18543000 8
0,0 1 ;4,2 PITHD1 Q9GZP4 Q9GZP4 PITH&domain;containing&protein&1 2 9,5 24,178 6,0649 15712000 14
0,0 1 ;4,5 KRTAP1;1 Q07627 Q07627 Keratin;associated&protein&1;1 3 29,9 18,235 6,4681 22493000 15
0,0 1 ;4,6 ANXA1 P04083 P04083 Annexin&A1 9 30,3 38,714 212,1 81991000 64
0,0 1 ;4,8 SPINK5 Q9NQ38 Q9NQ38 Serine&protease&inhibitor&Kazal;type&5;Hemofiltrate&peptide&HF6478;Hemofiltrate&peptide&HF76656 8,2 120,71 13,704 18477000 20
0,0 1 ;5,1 PRR9 Q5T870 Q5T870 Proline;rich&protein&9 3 37,9 12,904 65,091 22843000 15
0,0 1 ;5,1 HBA1 P69905 P69905 Hemoglobin&subunit&alpha 3 28,2 15,257 5,9834 19543000 6
0,0 1 ;5,2 PRDX6 P30041 P30041 Peroxiredoxin;6 11 55,8 25,035 103,98 249590000 68
0,0 1 ;5,2 SERPINB7 O75635 O75635 Serpin&B7 6 15,8 42,904 42,426 22217000 23
0,0 1 ;5,2 SPINK6 Q6UWN8 Q6UWN8 Serine&protease&inhibitor&Kazal;type&6 1 20 8,5849 39,471 40765000 9
0,0 1 ;5,3 DUSP14 O95147 O95147 Dual&specificity&protein&phosphatase&14 5 28,8 22,255 34,673 23456000 25
0,0 1 ;5,4 FABP5 Q01469;A8MUU1Q01469 Fatty&acid;binding&protein,&epidermal 10 71,1 15,164 125,16 595980000 158
0,0 1 ;5,4 RNH1 P13489 P13489 Ribonuclease&inhibitor 7 20,2 49,973 111,02 43659000 39
0,0 1 ;5,5 SERPINB2 P05120 P05120 Plasminogen&activator&inhibitor&2 7 19,3 46,596 125,69 29951000 30
0,0 1 ;5,7 KRTAP20;2 Q3LI61 Q3LI61 Keratin;associated&protein&20;2 3 44,6 6,9607 8,0238 24250000 13
0,0 1 ;5,7 SERPINB13 Q9UIV8 Q9UIV8 Serpin&B13 6 18,7 44,276 27,249 33719000 28
0,0 1 ;5,8 SFN P31947 P31947 14;3;3&protein&sigma 9 28,2 27,774 95,044 528240000 71
0,0 1 ;5,9 EPPK1 P58107 P58107 Epiplakin 19 15,9 555,61 101,57 48957000 63
0,0 1 ;6,2 LGALS7 P47929 P47929 Galectin;7 4 39,7 15,075 16,154 142940000 32
0,0 1 ;6,2 KRTAP1;5 Q9BYS1 Q9BYS1 Keratin;associated&protein&1;5 3 28,7 18,01 4,0304 39540000 10
0,0 1 ;6,2 LAP3 P28838 P28838 Cytosol&aminopeptidase 11 28,9 56,166 153,71 81965000 51
0,0 1 ;6,3 KRTAP4;8 Q9BYQ9 Q9BYQ9 Keratin;associated&protein&4;8 8 50,8 19,627 6,9621 53949000 7
0,0 1 ;6,4 DSG4 Q86SJ6 Q86SJ6 Desmoglein;4 8 11,1 113,82 25,798 44895000 22
0,0 1 ;6,5 KRTAP1;3 Q8IUG1;P0C5Y4Q8IUG1 Keratin;associated&protein&1;3 4 29,9 18,184 16,479 80695000 41
0,0 1 ;6,7 KRTAP4;7 Q9BYR0;Q9BYR2Q9BYR0 Keratin;associated&protein&4;7 10 66,7 22,535 15,488 44535000 12
0,0 1 ;6,8 CALML3 P27482 P27482 Calmodulin;like&protein&3 4 39,6 16,891 193,59 48453000 25
0,0 1 ;6,9 CALML5 Q9NZT1 Q9NZT1 Calmodulin;like&protein&5 7 42,5 15,892 171,18 119780000 49
0,0 1 ;6,9 CRYAB P02511 P02511 Alpha;crystallin&B&chain 5 30,9 20,159 53,916 75486000 29
0,0 1 ;7,0 KRTAP3;2 Q9BYR7 Q9BYR7 Keratin;associated&protein&3;2 2 24,5 10,407 8,9361 122470000 11
0,0 1 ;7,3 SERPINB5 P36952 P36952 Serpin&B5 10 34,1 42,1 67,102 94082000 68
0,0 1 ;7,4 SELENBP1 Q13228 Q13228 Selenium;binding&protein&1 13 32,2 52,39 245,42 117040000 61
0,0 1 ;7,6 KRTAP3;3 Q9BYR6 Q9BYR6 Keratin;associated&protein&3;3 2 24,5 10,365 84,673 141230000 22
0,0 1 ;8,1 KRTAP11;1 Q8IUC1 Q8IUC1 Keratin;associated&protein&11;1 5 29,4 17,085 91,827 180670000 30
0,0 1 ;8,4 FABP4 P15090;P02689P15090 Fatty&acid;binding&protein,&adipocyte 8 59,8 14,719 37,11 519620000 43
0,0 1 ;8,6 P0DPA2;P0DPA3P0DPA2 8 22,2 43,89 126,22 245130000 31
0,0 1 ;8,7 PKP1 Q13835 Q13835 Plakophilin;1 23 43,4 82,86 279,1 185710000 123
0,0 1 ;9,6 KRTAP13;1 Q8IUC0 Q8IUC0 Keratin;associated&protein&13;1 8 71,5 18,32 207,02 561940000 49
0,0 1 ;10,4 KRTAP13;4 Q3LI77;Q3SY46Q3LI77 Keratin;associated&protein&13;4 6 46,2 17,755 221,97 707240000 66
0,0 1 ;10,9 LRRC15 Q8TF66 Q8TF66 Leucine;rich&repeat;containing&protein&15 13 24,8 64,365 237,53 1448700000 113
0,0 1 ;11,6 KRTAP13;2 Q52LG2 Q52LG2 Keratin;associated&protein&13;2 13 90,3 18,727 323,31 1966200000 108
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!

In! addition! to! these! findings! that! were! published! in! the! JCB! journal,! there! are! some!

unpublished!data!that!try!to!answer!some!of!the!questions!mentioned!above.!

!

Additional!results!:(Unpublished!data):!

Possible!association!of!DLG1!wit!Fas!at!the!initial!step!following!Fas!activation!by!its!ligand.!

Since! DLG1! associates! directly! with! Fas! and! inhibits! Fas! cell! death! signaling,! we! were!

interested!to!analyze!whether!DLG1!could!be!associated!with!Fas!following!its!activation.!To!

demonstrate!the!possible!recruitment!of!DLG1!together!with!Fas!activated!receptors,!HCT15!

cells!were!activated!with!FasL)coated!beads!and!activated!Fas!receptors!recruited!underneath!

FasL)coated!beads!were!isolated!after!cell!lysis!at!different!time!points.!Western)blot!analysis!

revealed!that!at!early!points,!DLG1!is!found!associated!with!Fas,!when!the!DISC!components!

(Caspase)8!and!FADD)!are!not!fully!recruited.!However,!at!later!time!points!DLG1!seems!to!

dissociate!from!the!DISC.!These!data!suggest!that!DLG1!may!be!recruited!at!the!initial!step!of!

DISC!formation!where!it!may!play!a!negative!role!in!either!the!recruitment!or!the!activation!

of! caspases! 8! or! 10! (data! not! shown).! However,! these! results!were! difficult! to! reproduce!

possibly!because! the!unstable!association!of!DLG1!with!Fas! in! the!DISC.!Other! techniques!

would!be!required!in!order!to!prove!the!possible!role!of!DLG1!has!a!negative!regulator!of!DISC!

formation.!

!

ProCinvasive!NCcadherin!also!associates!with!Fas!and!DLG1!in!cancer!cells!and!inhibit!Fas!

cell!death!signaling.!

We!examined!whether!N)cadherin!could!regulate!Fas!cell!death!signaling!in!a!similar!manner!

to!E)cadherin,!since!EMT!has!been!associated!with!acquisition!of!resistance!to!apoptosis![646].!

To! do! this,!we! used! the!melanoma! cell! line!MDA)MB)435! in!which!N)cadherin! expression!

promotes! invasive! capacity.! Since! the! parental!MDA)MB)435! express! small! amount! of! Fas!

receptor!(Figure!31.!A),!MDA)MB)435!cells!were!transduced!by!retroviral!vectors!containing!

the!WT!form!of!human!Fas!(MDA)MB)435)Fas)!or!an!empty!vector!(MDA)MB)435)zeo)!(Figure!

31.!B).!Stable!expression!of!Fas!sensitized!MDA)MB)435)Fas!cells!to!FasL)induced!cell!death,!

demonstrating! that! transfected! Fas! is! functionally! active! in! these! cells! (Figure.! 31! C).! IF!

experiments! demonstrated! that,! in!MDA)MB)435)Fas! cells,! Fas! is!mainly! found! associated!

with!N)cadherin!and!DLG1!at!cell)cell!contacts!(Figure!31.!D!and!E).!Invalidation!of!N)cadherin!
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expression! in! MDA)MB)435)Fas! cells! abrogated! the! formation! of! AJs,! and! sensitized! N)

cadherin)deficient!cells!to!Fas)cell!death!signaling!(Figure!31.!D!and!F).!Knockdown!of!DLG1!in!

MDA)MB)435)Fas! cells! using! siRNA! reduced! N)cadherin! and! Fas! accumulation! at! cell)cell!

junctions!compared!to!control!cells!(siCtrl),!which!affects!FasL)induced!cell!death!sensitivity!

(Figure!31.!E!and!F).!All!together!these!data!suggest!that!N)cadherin!expression!in!invasive!

cancer!cells!protects!individual!cells!from!FasL)induced)cell!death!by!promoting!the!formation!
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Figure!31:'NCcadherin!expression!in!invasive!cancer!cells!associates!with!Fas!and!Dlg1!and!restrains!Fas!cell!death!signaling'

(A'and'B)!IB!procedure!was!used!to!compare!Fas!and!AJ!components!expression!in!HCT15,!parental!(A)!or!
transduced!MDACMBC435!(MDACMBC435Czeo!and!MDACMBC!435CFas)!(B).!(C)!Cell!death!was!induced!in!
MDACMBC435CFas!and!MDACMBC435Czeo!cells!by!FasL!treatment!and!measured!by!IB!as!described!above.!
(D'and'E)!IF!of!Fas,!NCcadherin!and!Dlg1!in!MDACMBC435CFasWT!transfected!by!Ctrl,!NCcadherin!or!Dlg1!
siRNAs.!(F)!Cell!death!was!induced!in!MDACMBC435CFasWT!cells!transfected!with!control!(siCtrl),!NC
cadherin!(siNCcadh)!or!Dlg1!(siDlg1)!siRNA!by!IB!as!described!above.'
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of!an!N)cadherin)Dlg1)Fas!complex!at!the!plasma!membrane!that!restrains!FasL)induced!cell!

death.!

!

III.B$ Project!2:!Investigating!Fas!novel!interactants!and!their!role!in!the!receptor!

signaling!

(Hala!AWINA.,!et!al,!unpublished!data):!
'

Analysis!of!proteomic!results!and!selection!of!five!protein'of'interest:'

Our! proteomic! approach! revealed! that,! beside! Dlg1,! Fas! C)terminal! PDZ! binding! domain!

possibly!interacts!with!53!different!proteins,!suggesting!an!extreme!complexity!and!variety!of!

the!molecular! complexes! formed! at! the! C)terminal! region! of! Fas.! In! order! to! analyze! the!

rationale!that!underlie!such!complexity,!we!chose!to!study!the!effect!of!a!limited!number!of!

proteins!on!Fas!signaling.!These!proteins!belong!to!different!protein!families!and!contain!or!

not!a!PDZ)domain.!All!these!proteins!are!known!to!modulate!cell!surface!receptor!signaling,!

apoptosis,!stress!response!or!polarity.!The!five!selected!proteins!are:!the!actin)binding!LIM!

(abLIM1),!the!E3!ubiquitin!ligase!Ligand!Numb)protein!X2!(LNX2),!the!endoplasmic!reticulum!

chaperone! GRP78,! the! polarity! protein! PATJ! and! the! adaptor! protein! Beta)2)syntrophin!

(SNTB2).!!

The! identified! functions! of! these! proteins! are! summarized! below! and! help! to! reveal! their!

possible!involvement!in!the!modulation!of!Fas!signaling!and/or!trafficking.!

abLIM1!is!a!multi)domain!protein!constituted!of!N)terminal!LIM!domains!(cysteine)rich!zinc!

finger!motifs),!dematin)!like!domain/villin!domain!that!facilitated!its!interaction!with!F)actin!

[647].! abLIM1! was! found! to! colocalizes! in! zones! of! high! actin! concentration,! which! is!

consistent!with! the! presence! of! a! recognized! actin)binding! domain! in! this! protein.!Which!

suggests! ablim1’s! role! in! facilitating! interactions! between! cytoplasmic! targets! and! actin!

filaments[647,!648].!abLIM1!was!shown!to!play!a!role! in!axon!guidance! in! in!the! retina!by!

mediating!actin!rearrangement,!however!the!exact!mechanism!of!this!regulation!is!unclear!

[649,! 650].! Recently! it! has! been! demonstrated! that! abLIM1! regulates! osteoclast!

differentiation!through!the!modulation!of!the!signaling!cascade!of!RANKL,!a!member!of!the!

TNF!ligand!family![651,!652],!suggesting!that!abLIM1!may!be!an!important!regulator!of!various!

TNFR!signaling!including!Fas.!abLIM1!does!not!contain!neither!a!PDZ!domain!nor!a!consensus!

PDZ)C)terminal! binding! site,! suggesting! does! it! is! recruited! to! Fas! through! an! indirect!
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interaction.!Interestingly,!data!from!the!BIOGRID!data!bank!suggest!an!interaction!with!CASK!

and!Lin7c,!two!Dlg1!co)interactants.!!

GRP78,! also! known! as! BiP! or!HSP5a! is! protein! involved! in! endoplasmic! plasma! stress! and!

implicated! in! the! folding!and!assembly!of!nascent!polypeptides!preventing!misfolding!and!

aggregation!of!proteins!while! targeting!misfolded!proteins! to!degradation!via!proteasome!

[653].!The!role!of!GRP78!in!cell!survival!was!demonstrated!thanks!to!the!generation!of!Grp78!

knockout! of!mice! that!were! found! lethal! [654].!GRP78! interacts!directly!or! indirectly!with!

several!proteins!and!is!able!to!modify!the!function!or!activity!of!these!proteins!upon!stress!or!

other!stimuli.!Overexpression!of!GRP78!maintain!mitochondrial!permeability!and!thus!protect!

cells! from!ER!stress)induced!apoptosis!through!stabilizing!proto)oncogene!Raf)1! [655],!and!

suppressing! Caspase)7! activity! [656].! Moreover,! GRP78! is! translocated! to! the! plasma!

membrane!where!it!signals!to!modulate!survival!signals!in!cells!under!stress![657].!GRP78!at!

the! plasma! membrane! can! induce! apoptosis! through! the! ligation! of! prostate! apoptosis!

response)4! (Par)4),! a! proapoptotic! protein! found! secreted! in! cells! under! stress! [658].!

Furthermore,!it!was!exhibited!that!GRP)78)Par)4!are!translocated!to!the!plasma!membrane!

upon!TRAIL!treatment.!GRP78!is!found!overexpressed!in!several!cancer!types!and!is!associated!

with!poor!prognosis.!Therefore,!it!would!be!interesting!to!study!whether!apoptotic!function!

mediated!by!GRP78!may!be!related!to!its!association!with!Fas!receptor.!

SNTB2!a!protein!that!belongs!to!the!members!of!dystrophin)associated!complex!(α1),!β1),!and!

β2)syntrophin,!dystrophin,!and!dystrobrevin).!SNTB2!domain!structure!contain!a!pleckstrin!

homology! domains,! PDZ! domain! which! mediates! interaction! with! proteins! and! certain!

receptors,! and! a! syntrophin)unique! domain! that! mediates! its! interaction! with! dystrophin!

complex.! SNTB2! can! be! found! at! cell)cell! junction! and! can! act! as! an! adaptor! protein! that!

recruits!and!modulates!different!signaling!proteins!through!building!a!signaling!complex![659].!

Hence,!it!will!be!interesting!to!examine!if!SNTB2!act!as!a!scaffold!protein!and!participate!in!Fas!

signaling.!Intriguingly,!data!from!the!BIOGRID!data!bank!reveal!that!SNTB2!can!interact!with!

Dlg1’s!partner!CASK!and!LIN7.!

PATJ! is!a!polarity!protein!that!belongs!to!the!apical!polarity!complex!Crumbs!(as!described!

page! 110).! Since! PATJ! belongs! to! a! different! polarity! complex! than! Dlg1,! we! wanted! to!

examine!whether!PATJ!collaborate!with!Dlg1!in!the!regulation!of!Fas!signaling.!Indeed,!the!

involvement!of!different!polarity!complexes!in!regulation!of!signaling!pathways!(such!as!the!
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Hippo!pathway)!has!been!already!observed.!

LNX2,!known!also!as!PDZRN1,!is!an!E3!ubiquitin!ligase!containing!a!RING!finger!domain!and!

four!PDZ!domains.!LNX2!is!a!member!of!the!LNX!family,!which!includes!five!members!LNX1)!

LNX5.!Several!studies!demonstrate!that!LNX2!plays!an! important!role! in!the!modulation!of!

pro)apoptotic!signals!and!proliferation!in!the!physiological!and!cancerous!context![660].!For!

instance,! LNX2! was! reported! to! interact! with! Numb,! promoting! its! degradation! through!

ubiquitination!and!as!a!consequence!altering!NOTCH1!levels!and!WNT!signaling!leading!to!an!

increase!of!cell!death!by!apoptosis! [660,!661].! In!addition,!previous!studies!illustrated!that!

LNX2!was! found! overexpressed! in! colon! cancer! cells! due! to! a! chromosomal! amplification!

[660].!Therefore,!it!was!crucial!for!us!to!understand!to!test!the!possible!role!of!LNX2!in!the!

regulation!of!Fas!signaling!in!colon!cell!lines.!

Influence'of'Fas'partners'on'Fas'cell'death'signaling!and!its!association!with!the!

cytoskeleton!

To!investigate!the!effect!of!each!of!the!five!selected!proteins!abLIM1,!LNX2,!GRP78,!PATJ!and!

SNTB2!on!Fas! cell!death! signaling,! I!used!a! siRNA!approach! in! colon!epithelial! cells!HCT15!

treated!or!not!with!FasL.!We!observed!that!the!decrease!expression!of!LNX2!and!GRP78!had!

the! most! significant! effect! on! caspase)8! (Figure! 32.! D)! and! PARP! cleavage! (Figure! 32! C).!

Interestingly,!the!siLNX2!and!siGRP78!augmented!total!Fas!expression!(Figure!32!E).!As!the!

siabLIM1,! siSNTB2! and! siPATJ! have! a! subtle! effect! on! Fas! cell! death! signaling! upon! FasL)

treatment,!we!decide!to!not!continue!the!study!on!these!proteins.!

! !
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Moreover,! the!absence!of!GRP78!augmented!cell!death!prior!FasL!treatment,!which! is!not!

displayed!by!PARP!or!caspase!cleavage,!since!the!cells!are!washed!with!fresh!medium!before!

treatment.!Next,!we!examined!if!the!detergent!solubility!of!Fas!is!dependent!on!one!of!the!
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Figure 1: Screening the effect of Fas partners on Fas signaling
(A) Fas detergent solubility in HCT15 cells transfected with indicated siRNAs was determined by IB. S for
soluble fraction and IN for insoluble cytoskeleton fraction. ERK is a control for the soluble fraction. (B)
Bar chart representing Fas relative solubility percentage in each condition quantified via densitometry.
(C,D) HCT15 cells were transiently transfected with control or indicated siRNAs for 3 days before FasL
treatment (15 ng/ml + M2). Cell death was measured by monitoring caspase[8 activation (presence of
p43/41 cleaved fragments) and PARP cleavage by IB. Relative caspase[8 activation (p41/43) and PARP
cleavage were measured by quantitative densitometry. (E) Total Fas expression was observed in HCT15
cells transfected with indicated siRNAs by IB.
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Figure!32:!Screening!the!effect!of!Fas!partners!on!Fas!signaling!

(A)' Fas! detergent! solubility! in! HCT15! cells! transfected! with! indicated! siRNAs! was!
determined!by!IB.!S!for!soluble!fraction!and!IN!for!insoluble!cytoskeleton!fraction.!ERK!is!a!
control!for!the!soluble!fraction.!(B)'Bar!chart!representing!Fas!relative!solubility!percentage!
in! each! condition! quantified! via! densitometry.! (C,' D)' HCT15! cells! were! transiently!
transfected!with!control!or!indicated!siRNAs!for!3!days!before!FasL!treatment!(15!ng/ml!+!
M2).! Cell! death!was!measured!by!monitoring! caspaseC8!activation! (presence!of!p43/41!
cleaved!fragments)!and!PARP!cleavage!by!IB.!Relative!caspaseC8!activation!(p41/43)!and!
PARP!cleavage!were!measured!by!quantitative!densitometry.!(E)'Total!Fas!expression!was!
observed!in!HCT15!cells!transfected!with!indicated!siRNAs!by!IB.!
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five! proteins! in! the! HCT15! cells,! since! certain! of! the! chosen! proteins! interact! with!

cytoskeleton.!The!detergent!solubility!assay!displayed!that!the!fraction!of!Fas!associated!to!

the!detergent)insoluble! cytoskeletal! fraction!decreased! in! the!absence! of!PATJ!and!SNTB2!

(Figure!32!A!and!B),!however,!no!difference!was!demonstrated!in!the!absence!of!LNX2,!GRP78!

or!abLIM1.!This!suggest!that!PATJ!and!SNTB2!might!connect!Fas!to!the!cytoskeleton.!

We!then!choose!to!concentrate!our!studies!on!the!LNX2!protein.!By!focusing!our!efforts!on!

answering!the!following!questions:!

)! How!is!LNX2!recruited!to!Fas?!

)! Does!LNX2!regulate!cell!death!signaling!of!Fas?!

)! Does!LNX2!target!Fas!ubiquitination?!

)! Does!LNX2!induce!Fas!degradation?!

LNX2'interacts'with'the'CLterminal'PDZLbinding'domain'of'Fas'

In!order!to!validate!the!interaction!of!LNX2!to!Fas,!a!peptide!pool)down!assay!was!carried!out,!

using!two!peptides!corresponding!respectively!to!the!last!20!amino!acids!of!human!wild!type!

Fas!(FasWT)!and!a!mutant!form!lacking!the!PDZ)binding!motif!(FasΔSLV))!coupled!to!agarose!

beads! and! used! as! bait! in! HCT15! lysate,! followed! by! immunoblotting.! We! observe! the!

immunoprecipitation! of! LNX2!with! FasWT! peptide! but! not!with! the!mutant! Fas&SLV.! The!

protein!NHERF1!was!used!as!a!negative! control! (Figure!33.A).!We! then!confirm! the!direct!

specific!interaction!of!LNX2!to!the!PDZ)binding!domain!of!Fas.!

In!the!proteomic!analysis,!another!protein!from!the!LNX!family!was!found,!LNX1.!LNX1!and!

LNX2!present!50!%!of!sequence!homology!and!has!the!same!domain!architecture![662,!663].!

In! order! to! investigate! the! dynamic! of! interaction! between! LNX1! and/or! LNX2! with! Fas,!

HEK293!cells!were!transfected!with!control!GFP,!LNX1!or/and!LNX2!coupled!GFP!plasmids!and!

carried!out!a!peptide!pool)down!as!previously!described!(Figure!33.B).!We!observe!that!LNX1!

interacts!with!Fas!in!a!weaker!manner!than!LNX2and!that!overexpressing!LNX1!with!LNX2!did!

not! disturb! the! association! between! LNX2! and! Fas,! even! though! both! proteins! were!

overexpressed!in!the!same!manner!(Figure!33.C).!These!results!demonstrate!that!Fas!interacts!

with!higher!affinity!to!LNX2!rather!than!LNX1.!
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!

LNX2'knockLdown'increases'FasLLinduced'cell'death'

Knocking!down!LNX2!in!epithelial!colon!line!HCT15,!increased!significantly!PARP!cleavage!and!

Caspase)8!activation!after!FasL)treatment!(Figure!34.!A)C).!This!data!was!confirmed!using!flow!

cytometry!approach,!by!analyzing!the!sub!G1!peak!upon!propidium!iodide!staining!that!reveal!

the!nuclear!DNA!fragmentation!characteristic!of!apoptotic!cells!(Figure!34.D).!'

We!concluded!that!LNX2!knockdown!intensify!FasL)induced!apoptosis.!

Figure 2: RING ub ligase LNX2 binds to Fas receptor through its c:ter PDZ binding domain (SLV)
(A) Pool$down experiment done with the C$terminal peptide of Fas (WT or Fas∆SLV) followed by IB. (B)
GFP (lane 1), LNX1$GFP (lane 2) or LNX2$GFP (lane 3) was overexpressed in HEK293 cells. After 24 hours
of transfection, Pool$down experiment using the C$terminal peptide of Fas (WT or Fas∆SLV) was carried
out and visualized by immunoblotting. The presence of LNX2 in the immunoprecipitants was revealed
with anti$GFP antibody. (C) Total lysates were also analyzed by immunoblotting with anti$ERK antibody
as loading control.
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Figure!33:'RING!ub!ligase!LNX2!binds!to!Fas!receptor!through!its!cCter!PDZ!binding!domain!(SLV)!!!

A)'PoolCdown!experiment!done!with!the!CCterminal!peptide!of!Fas!(WT!or!Fas∆SLV)!followed!by!IB.!(B)!GFP!
(lane!1),!LNX1CGFP!(lane!2)!or!LNX2CGFP!(lane!3)!was!overexpressed!in!HEK293!cells.!After!24!hours!of!
transfection,!PoolCdown!experiment!using!the!CCterminal!peptide!of!Fas!(WT!or!Fas∆SLV)!was!carried!out!
and!visualized!by!immunoblotting.!The!presence!of!LNX2!in!the!immunoprecipitants!was!revealed!with!
antiCGFP!antibody.! (C)'Total! lysates!were!also!analyzed!by! immunoblotting!with!antiCERK!antibody!as!
loading!control.'
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Figure!34:!LNX2!silencing!increase!cell!death!induced!by!FasCL!

(ALC)'HCT15!cells!were!transiently!transfected!with!control,!LNX2#1!or!LNX2#2!siRNA!for!3!days!before!
FasL! treatment! (15! ng/ml! +! M2).! Cell! death! was! measured! by! monitoring! caspaseC8! activation!
(presence!of!p43/41!and!p30!cleaved!fragments)!and!PARP!cleavage!by!IB.!Relative!caspaseC8!activation!
(p41/43)!and!PARP!cleavage!were!measured!by!quantitative!densitometry!(n!=!3).!(D)'Cell!death!was!
read!out! by!PI! incorporation! (subCG1! quantification)! in! HCT15! transfected!with! control,! LNX2#1! or!
LNX2#2!siRNA!for!3!days!before!FasL!treatment!(15!ng/ml!+!M2).!Arrowheads!in!A!indicate!the!cleaved!
forms!of!PARP.!In!all!graphs,!error!bars!represent!means!±!SEM.!**,!**,!P!<!0.01;!Student’s!t!test.!!
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LNX2'could'regulates'total'Fas'expression'but'does'not'affect'Fas'kinetics'at'cell'surface.'

Several!studies!have!exhibited!that!LNX2!controlled!the!expression!level!of!several!receptors!at!

cell!surface!and!regulated!their!degradation!including!Numb!and!human!glycoprotein!CD8#!

[661,! 664],! we! questioned! whether! LNX2! regulates! Fas! expression! at! cell! surface.! To!

investigate! this! function,! we! performed! a! cell! surface! biotinylation! assay! to! observe! Fas!

surface! kinetics! in! epithelial! colon! cell! line!HCT15! (Figure! 35.E).!We! could! observe,! in! the!

absence! of! FasL)treatment,! that! 50%! and! 80%! of! Fas! is! degraded! after! 3! and! 8! hours!

respectively.!We!also!observe!that!silencing!LNX2!did!not!affect!Fas!kinetics!at!cell!surface!

(Figure!35.F).!However,!silencing!LNX2!increased!Fas!total!expression!(Figure!35.B).!Therefore,!

LNX2! silencing! could! up)regulates! Fas! expression! but! does! not! affect! Fas! kinetics! at! cell!

surface.!Therefore,!we!hypothesize!that!LNX2!might!down!regulates!Fas!expression!through!

degradation.'

Since!LNX2!is!an!E3!ubiquitin!ligase,!we!hypothesized!that!LNX2!might!regulate!Fas!expression!

through!ubiquitination.!An!ubiquitin!assay!was!carried!out!in!HEK293!cells!overexpressing!GFP!

as!control,!LNX2)GFP!with!or!without!Ub)His,!followed!by!immunoprecipitating!His!via!Talon!

beads!(data!not!shown).!We!could!not!observe!any!difference!in!Fas!ubiquitination!upon!LNX2!

overexpression!LNX2!in!comparison!to!control.!!

LNX2'involved'in'Fas'degradation''

In! order! to! examine! Fas! targeted! degradation! via! LNX2,! we! performed! an! endocytosis!

experiment! in! the! colon! cell! line! SW480! stably! overexpressing! FasWT,! to! increase!

immunoprecipitated!Fas!levels.!Cells!were!incubated!in!the!presence!or!not!of!FasL!and!the!

lysosome! inhibitor! (leupeptin)! to! stop! Fas! degradation.!We! could! observe! that! 4%!of! cell!

surface! Fas!was! internalized!within! one! hour! (Figure! 36.B).! Internalized! non)activated! Fas!

receptors! did! not! go! through! degradation,! as! the! lysosome! inhibitor! (leupeptin)! did! not!

increase! the! percentage! of! internalized! Fas! levels! as! displayed! by! IB! (Figure! 36.A).! This!

suggests!that!the!internalized!non)activated!Fas!receptors!were!not!targeted!for!degradation.!

Meanwhile,!FasL!engagement!increased!Fas!internalization,!and!targeted!Fas!to!degradation!

since!leupeptin!treatment!increased!Fas!level!in!comparison!to!FasL!treatment!alone!(Figure!

36.A,!B!and!C).!These!results!lead!us!to!propose!that!FasL!treatment!targets!Fas!endocytosis!

and! degradation.! On! the! other! hand,! silencing! LNX2,! did! not! change! the! level! of! Fas!

internalized!after!leupeptin!treatment,!which!proves!the!necessity!of!LNX2!for!Fas!degradation!
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(Figure!36.A,!B!and!C).!Although!absence!of!LNX2!did!not!affect!the!endocytosis!rate!of!Fas.!

These! findings! propose! that! only! activated! Fas! is! targeted! to! degradation! after! 1! hour! of!

treatment,!and!that!LNX2!can!be!essential!in!targeting!Fas!to!lysosome!degradation.!!
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(A) Cell surface biotinylation were preformed with (HCT15) cells and membraneLimpermeable SHL
cleavable sulfoLNHSLSSLbiotin. Biotinylated proteins were isolated and cell surface level of Fas was
detected by SDSLPAGE and immunoblotting. (B) Total lysates. (C) Histograms representing Fas at cell
surface at time point zero, depletion of LNX2 does not effect Fas cell surface expression.(D) Total Fas
expression. (E) Cell surface biotinylation and kinetic of Fas at cell surface. (F) Line chart representing
relative amount of Fas at cell surface in time.
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Figure!35:!LNX2!regulates!Fas!total!expression!

(A)'Cell!surface!biotinylation!were!performed!with!(HCT15)!cells!and!membraneCimpermeable!SHCcleavable!sulfoC
NHSCSSCbiotin.!Biotinylated!proteins!were!isolated!and!cell!surface!level!of!Fas!was!detected!by!SDSCPAGE!and!
immunoblotting.'(B)'Total!lysates.!(C)'Histograms!representing!Fas!at!cell!surface!at!time!point!zero,!depletion!of!
LNX2!does!not!affect!Fas!cell!surface!expression.'(D)'Total!Fas!expression.'(E)'Cell!surface!biotinylation!and!kinetic!
of!Fas!at!cell!surface.!(F)'Line!chart!representing!relative!amount!of!Fas!at!cell!surface!in!time.!
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'

LNX2'coLlocalize'with'endosome'proteins'

In! order! to! further! understand! the!mechanism! of! LNX2! regulating! Fas,! we!wanted! to! look! at! LNX2!

localization!in!SW480!colon!cells.!Immunofluorescence!studies!show!that!LNX2!did!not!coClocalize!with!

Fas! at! adherens! junction.! LNX2! proteins! were! rather! found! in! defined! compartments.! Since! we!

previously!assessed!that!LNX2!targets!Fas!to!degradation,!we!hypothesized!that!LNX2!can!be!localized!

in!the!endosome!compartment.!Double!staining!of!both!Rab5!an!early!endosome!protein!and!Rab7!a!

late!endosome!protein!with!LNX2,!confirmed!the!localization!of!LNX2!within!the!endosomes!(Figure!37).'

'

In!conclusion,!I!propose!a!model!where!Fas!degradation!is!regulated!by!an!E3!ubiquitin!ligase,!LNX2.!

LNX2!might!play!a!role!in!protecting!against!Fas)dependent!apoptosis.!Moreover,!LNX2!can!regulate!Fas!

expression!by!targeting!it!to!lysosomal!degradation!(Figure!38).!!

!

Figure!36:!Fas!degradation!requires!LNX2!

(A)' ! Internalization! assay! were! performed! with! (SW480FasWT)! cells! as! described! in!material! and!
methods.!(B)'Average!internalization!data.!The!bars!represent!the!percentage!of!internalized!Fas!with!
and!without!FasL!(100ng/ml)!and!with!and!without!Leupeptin!treatment!for!1!hour!at!37°C,!compared!
with!total!surface!Fas!at!time!zero.'(C)'The!bars!represent!the!percentage!fold!of!internalized!Fas!upon!
treatment/FasLCindependent!internalization!of!Fas.!
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Figure!37:!Localization!of!LNX2!in!colon!cell!line!

(A)'SW480!cells!were!fixed!and!stained!for!Fas!in!(green)!and!LNX2!(red)!and!nuclei!(blue).!(B)'Cells!fixed!and!stained!for!
Rab5!in!(green)!and!LNX2!(red)!and!nuclei!(blue).!(C)'fixed!and!stained!for!Rab7!in!(green)!and!LNX2!(red)!and!nuclei!(blue).!

Figure!38:!Schematic!model!proposing!the!inhibitory!role!of!LNX2!on!Fas!cellCdeath!signaling.!
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Regulation'of'cell'death'receptors'signaling'by'AJ''

In!our!study,!we!were!able!to!demonstrate!that!AJ!protects!epithelial!colon!cells! from!cell!

death.!We!show!that!the!knockdown!of!AJ!components!E)cadherin!or!#)catenin,!using!siRNA!

approach! in! epithelial! colon! cells!HCT15,! increases! significantly! FasL)induced! apoptosis.! In!

fact,!Fas!associates!and!form!a!stable!complex!with!AJ,!where!E)cadherin!and!#)catenin!are!

needed! for! Fas! sequestration! at! the! plasma! membrane.! Interestingly,! another! study! by!

Ashkenazi! Lab!has!demonstrated!a! different!mechanism!by!which! E)cadherin! regulate! cell!

death! receptor! signaling! [665].!The! study!by! the!group!of!Ashkenazi!demonstrates! that!E)

cadherin!physically!interacts!with!the!cell!death!receptors!DR4!and!DR5!by!their!ectodomain.!

Ashkenazi’s!study!establishes!that!complete!loss!of!E)cadherin!confers!cells!with!resistance!to!

TRAIL)induced!apoptosis! via!both!DR4!and!DR5,!which!confers! to! cells!undergoing!EMT! to!

become!resistant!to!apoptosis.!They!demonstrate!that!E)cadherin!association!with!DR4/DR5!

receptor!facilitates!death!receptors!clustering!at!the!plasma!membrane.!This!aggregation!step!

is!mediated!by!the!recruitment!of!the!actin!cytoskeleton,!which!leads!to!the!activation!of!the!

pro)apoptotic! signaling! cascade! [665].! However,! Ashkenazi’s! group! failed! to! explain! the!

absence!of!DR4!or!DR5!activation!observed!in!normal!epithelial!tissue!where!the!level!of!E)

cadherin!and!TRAIL!receptors!are!high.!Therefore,! it! is!possible!that!E)cadherin!association!

with! death! receptors! may! play! two! different! roles! in! the! regulation! of! these! receptors!

depending! of! the! level! of! E)cadherin! expression:! low! E)cadherin! level! facilitate! receptor!

aggregation!and!DISC!formation,!whereas,!high!level!of!E)cadherin!might!confer!an!inhibitory!

effect! on! cell! death! receptor! activity.! Of! note,! the! dual! function! of! E)cadherin! was! also!

observed!in!the!regulation!of!the!EGFR,!where!E)cadherin!display!either!an!inhibitory!or!an!

activating!role!depending!on!the!cell!context![415,!417]!(described!above!page!96).!

!

Loss' of' polarity' trigger' an' apoptotic' signaling' in' epithelial' cells:' an' important' failLsafe'

mechanism'

In! Drosophila,! Eiger! was! identified! as! the! first! invertebrate! tumor! necrosis! factor! (TNF)!

superfamily!ligand!that!can!prompt!cell!death![666].!Eiger!is!a!type!II!transmembrane!protein!

generally! localized! to! the! plasma!membrane! harboring! a! TNF! homology! domain! at! its! C)

terminal! that! displayed! significant! homology! with! all! known! TNF! superfamily! members!

including! RANKL,! CD40L,! FasL,! APRIL,! TWEAK,! TNF)#! and! TRAIL.! Eiger.! Genetic! evidence!

illustrates!that!Eiger!prompts!cell!death!by!stimulating!the!Drosophila!JNK!pathway![666].!!
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Eiger!was!found!responsible!for!the!elimination!of!scrib)/)!clones!in!the!imaginal!disc!through!

the! activation! of! JNK! signaling! pathway! [582,! 584,! 667].! It! is!worth!mentioning! that! Eiger!

mutant! flies!are!viable!and!display!no!obvious!developmental!defects,!which!suggests!that!

Eiger!participates!in!a!stress!response!to!eliminate!damaged!cells!in!the!organism![29,!666].!

More!recently,!Andersen!and!co)workers!discovered!the!receptor!of!Eiger!that!they!called!,!

Grindelwald! (GrnD).! Inhibition! of! Grnd! expression! using! RNAi! is! sufficient! to! block! Eiger)

mediated!pro)apoptotic!signaling.!Our!lab!participate!to!these!studies!notably!by!reporting!

that!Grindelwald possess!a!cysteine)rich!domain!(CRD)!in!the!extracellular!part!with!homology!

to! vertebrate! TNFRs! containing! a! glycosphingolipid)! binding! motif! (GBM)! which! is! a!

characteristic!of!many!TNFRs!including!Fas![86].!!

These!studies!suggest!that!TNFR!signaling!participate!to!a!tumor!suppressive!mechanism!by!

eliminating!abnormal!cells!which!have!lost!their!polarity!through!activation!of!pro)apoptotic!

signaling.!

Oncogene'activation'transforms'the'proLapoptotic'TNFR'signaling'into'a'proLinvasive'and'

proliferative'signalingL'a'switch'from'an'antiL'to'a'proLtumoral'function'

Interestingly,! genetic! studies! in!Drosophila! reveal! that! loss! of! polarity,! due! to! scrib! or!dlg!

mutations,! cooperate!with!oncogenic!activations! to! promote! tumor!development.! Indeed,!

scrib)/),!dlgC/),!lglC/C!mutant!clones!in!the!eye!disc!expressing!an!activated!form!of!Ras!(RasV12)!

exhibit!a!dramatic!tumor)like!overgrowth!and!metastatic!behavior![582,!584].!!

This!overgrowth!process!is!due!to!the!cooperation!between!an!oncogenic!activation!and!the!

loss!of!a!member!of!Scrib!polarity!complex!has!been!shown!to!rely!on!the!expression!of!Eiger!

and! its! receptor!Grindelwald! [29,!668].!Diminishing!Grindelwald! levels! in!RasV12/! scribC/C! or!

RasV12/! dlgC/C! clones! is! enough! to! reestablish! normal! levels! of! Mmp1! and! eliminate!

invasiveness,!which!was!also!observed!in!an!Eiger)/)!background![29,!668].!

These!different!works!demonstrate!that!loss!of!polarity!due!to!alteration!of!components!of!

the!Scrib!complex!leads!to!the!elimination!of!these!“abnormal”!cells!through!a!JNK!dependent!

mechanism.!Moreover,!it!has!been!shown!that!an!additional!genetic!insult!in!Scrib!complex!

deficient!cells!is!sufficient!to!promote!tissue!overgrowth.!Therefore,!this!mechanism!of!cell!

elimination!can!be!considering!as!an!efficient!security!system!in!order!to!avoid!pathological!

conditions!such!as!tumor!development.!!
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These!data! support!a!model!where! fly!TNFR!crosstalk!with!polarity! factors! to! induce! JNK)

dependent!apoptosis!or!neoplastic!growth!in!a!context)dependent!manner.!Such!connection!

between!cell!polarity!and!tumor!progression!remained!unclear!in!vertebrates.!However,!the!

conserved!nature!of!the!Grindelwald!receptor!advocates!that!particular!TNFRs!might!achieve!

similar!functions!in!vertebrates.!In!fact,!our!studies!provide!evidence!of!crosstalk!between!the!

TNFR,!Fas,!and!polarity!protein!DLG1,!which!to!our!knowledge!was!demonstrated!for!the!first!

time!(See!Results).!

A' still' unresolved' molecular' interplay' between' Fas' and' Dlg1' in' the' regulation' of' Fas'

signaling.'

We! demonstrated! the! inhibitory! effect! of! DLG1! on! Fas! cell! death! signaling! pathway.! Our!

results!demonstrated!that!Dlg1!mediated!Fas!signaling! independently!of!AJ!which!propose!

that!DLG1!allows!an!additional!layer!of!Fas!regulation!and!contributes!to!the!tight!regulation!

of!Fas!activity!within!the!cell.!

We!hypothesized!that!DLG1!might!regulate!Fas!trafficking!since!Dlg1!has!been!described!to!

associate!and! to! target! several! receptors! in! specific!area!of! the! !plasma!membrane! [633].!

However,! absence! of! DLG1! in! colon! epithelial! cells! have! only! a! modest! effect! on! Fas!

localization!and!stability!at!cell)cell!junction!(see!JCB).!!

In!this!study,!we!were!not!able!to!demonstrate!the!molecular!mechanism!of!DLG1’s!inhibitory!

effect!on!FasL)induced!apoptosis.!We!propose!that!DLG1!can!inhibit!Fas)cell!death!signaling!

by!conveying!specific!cytosolic!proteins!that!would!modulate!Fas!signaling.!Several!examples!

have! demonstrated! the! association! of! DLG1! with! adaptor! proteins! to! regulate! receptor!

trafficking! and! localization! [17].! Indeed,!DLG1!was! shown! to! bind! to! a! number! of! binding!

partners!via!its!protein)protein!interaction!domains.!For!example,!CASK!interacts!with!DLG1!

through!the!L27!domain![499].!CASK!association!with!DLG1!is!importance!in!the!regulation!of!

NMDAR! sorting! in! hippocampal! neurons! [638].! CASK! can! distinguish! NMDAR! and! AMPAR!

sorting!by!DLG1,!through!regulating!DLG1!conformation![639].!Interestingly,!CASK!interaction!

with!DLG1!favors!DLG1’s!binding!to!NMDAR!on!AMPAR.!This!study!provides!a!mechanism!by!

which!DLG1!conformation!can!mediate!NMDAR!and!AMPAR!sorting![639].!Another!study!has!

demonstrated!that!DLG1–AKAP79!complex!can!be!essential!for!the!employment!of!kinases!

and!phosphatases!to!synaptic!AMPARs![669].!DLG1!binds!A)kinase)anchoring!protein!79/150!
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(AKAP79/150)! which! acts! as! a! scaffold! protein! for! PKA,! PKC! and! the! calcium/calmodulin!

dependent! protein! phosphatase! calcineurin! (also! known! as! PP2B)! [669].! DLG1–AKAP79!

enables!PKA!to!phosphorylate!the!glutamate!receptor!subunit!GluA1![669].!These!previous!

studies!propose!that!DLG1!might!use!another!molecule!in!order!to!modulate!Fas!signaling.!

Consequently,!for!the!future!we!need!to!investigate!the!role!of!DLG1!partners!including,!LIN7,!

MPP7!and!CASK!which!are!also!found!in!the!proteomic!analysis!in!Fas!cell!death!signaling.!

LNX2'a'new'ubiquitin'ligase'involved'in'the'regulation'of'Fas'

In!our!preliminary!data,!we!identify!a!novel!possible!interactant!of!human!Fas!receptor!the!E3!

ubiquitin! ligase! LNX2.!Our!data! shows! that! LNX2! interacts!with!Fas! through!a!PDZ!binding!

domain!and!could!down)regulate!Fas!expression!level!and!therefore!protect!colon!cancer!cells!

from!Fas)dependent!apoptosis.!

Regulation!of!TNFR!signaling!by!an!ubiquitin!ligase!is!not!unique!since!many!ubiquitin!ligases!

has!been!involved!in!the!regulation!of!both!death!and!non)death!signaling!of!Fas!but!also!of!

various!others!TNFRs.!The!first!obvious!function!of!these!ligase!is!to!regulate!the!stability!of!

the!receptor!itself.!So!far,!there!are!already!three!E3!ubiquitin!ligases!that!have!been!defined!

to!regulate!cell!death!receptors!stability,!including!c)Cbl![670,!671],!MARCH)8![672],!and!Hrd1!

[673].!!

•! The!E3!ubiquitin! ligase!c)Cbl,!a!member!of!the!Casitas!B)lineage!Lymphoma!protein!

family,!was!found!to!directly!bind!DR4/5,!consequently!inducing!the!mono)ubiquitination!of!

DR4/5!leading!to!their!degradation!through!the!lysosomal!pathway![671].!Furthermore,!the!

decrease!in!c)Cbl!expression!increased!the!presence!of!DR4/5!at!the!cell!surface!and!therefore!

their!capacity!to!induce!apoptosis![670].!

•! MARCH)8! targets! DR4! polyubiquitination!which! is! followed! by! DR4! degradation! in!

lysosomal)dependent! manner! [672].! Interestingly,! MARCH)8! did! not! degrade! DR5! which!

suggest!the!specificity!of!this!E3!ubiquitin!ligase!to!DR4![672].!!

•! Another! E3! ubiquitin! ligase,! Hrd1! was! demonstrated! to! protect! B)cells! against!

activation)induced!apoptosis!via!Fas!degradation,!however!the!distinct!molecular!mechanism!

is!not!clear![673].!

Beside!this!role!in!the!degradation!of!the!receptor!itself,!the!role!of!E3)ubiquitin!ligase!in!the!

regulation!of!TNFR!signaling!has!been!largely!illustrated!and!is!well)known!to!be!an!important!

process.!One!of!these!ligases!is!the!TRAF!family!protein!TRAF2.!!
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Upon!TRAIL!induction,!caspase)8!and!FADD!are!recruited!to!the!TRAIL!receptors!DR4!and!DR5!

forming! the! DISC,! which! targets! the! recruitment! of! the! E3! ubiquitin! ligase! TNF! receptor)

associated!factor!2!(TRAF2).!TRAF2!directly!binds!caspase)8!to!induce!its!polyubiquitination,!

consequently! targeting! activated! caspase)8! to! proteasomal! degradation,!which! attenuates!

cell!death!signaling![674].!The!deletion!of!TRAF2!inhibited!caspase)8!polyubiquitination!which!

was!enough!to!overcome!resistance!to!TRAIL)induced!apoptosis!in!gastric!cancer!cells!![675].!

Upon!TRAIL!induction,!FADD!was!also!found!targeted!to!proteasomal!degradation!through!the!

ubiquitination!by!Makorin!Ring!Finger!Protein!1!(MKRN1)![676].!Another!complex!known!as!

the! linear! ubiquitin! chain! assembly! complex! (LUBAC)! constituted! of! HOIP,! HOIL)1! and!

SHARPIN,! is! also! found! to! negatively! regulate! TRAIL)R! cell! death! signaling! through!

ubiquitination![677,!678].!LUBAC!attenuates!cell!death!signaling!through!targeting!caspase)8!

ubiquitination!limiting!caspase)8!activity![678].!!

In! addition! to! the! role! of! TRAF)2! and! LUBAC! in!modulating! cell! death! signaling,! they! are!

implicated! in! promoting! survival! signals.! TRAF2! act! as! a!mediator! of! TNFR1! signaling! and!

known! to! be! necessary! for! TNFα! induced! activation! of! and! stimulation! NF)κB! and!MAPK!

pathways.!TRAF2!induce!NF)κB!signaling!independently!of!its!role!in!inhibiting!the!extrinsic!

pathway![679].!The!stimulation!of!TNFR1!by!TNFα! induce!the!sequential! formation!of!two!

complexes;!complex!I!that!mediate!cell!survival,!and!complex!II!that!mediate!cell!death![680].!!

TNFR1!activation!leads!to!the!assembly!of!TNFR1)associated!signaling!complex!I,!complex!I!is!

triggered,! that! is! composed! of! TNF! receptor)associated! death! domain! (TRADD),! TRAF2,!

receptor)interacting!protein!kinase!1! (RIP1),! and!cIAP1!and!cIAP2! [680].! ! TNFα!stimulation!

results!in!RIP1!ubiquitination!by!the!E3!ubiquitin!ligase!cIAP1!and!cIAP2,!which!facilitates!the!

recruitment!and!activation!of!TAK1!in!addition!to!the!recruitment!of!LUBAC.!LUBAC!induce!

RIP1!ubiquitination!that!induce!IKK!kinase!complexes!recruitment!resulting!in!activation!of!NF)

κB! and! generation! of! survival! genes! [681)684].! ! Subsequently! complex! I! dissociates! from!

TNFR1!leading!to!formation!of!the!cytoplasmic!complex!IIa!which!is!constituted!of!TRAF2,!RIP1,!

TRADD,!FADD,!and!procaspase)8,!leading!to!apoptosis.!This!latter!signaling!occurs!if!the!NF)κB!

activation!fails,!which!acts!as!a!checkpoint!mechanism![680].!!!

In! our! study,!we! demonstrated! that! the! E3! ubiquitin! ligase! LNX2! can!modulate! apoptosis!

through!targeting!Fas!to!degradation.!However,!we!did!not!investigate!if!LNX2!could!have!non)

death!regulatory!roles!as!it!has!been!described!for!TRAF2!and!the!LUBAC!complex.!Therefore,!
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for!the!future!it!will!be!interesting!to!examine!the!ubiquitination!cascade!triggered!by!LNX2!

upon!FasL!treatment!and!its!consequence!on!Fas)signaling.!It!is!also!possible!that!LNX2!can!

play!a!more!general!role!on!other!TNFRs.!!

Future'perspective'

Our!proteomic!analysis!revealed!a!large!number!of!new!Fas!molecular!partners.!This!made!us!

question! how! could! all! these! proteins! interact!with! the! C)terminal! part! of! Fas?! Do! these!

proteins!bind!Fas!simultaneously!or!dependent!on!each!other?!!

The!above!examples!suggest!that!the!establishment!of!multi)protein!complexes!might!inflict!

limitation!to!the!accessibility!of!binding!sites.!This!call!into!question!of!how!does!the!multi)

protein! structures! bind! and! exploit! other! complexes! to! form! huge! axis! in! normal! cellular!

homeostasis!and!disease!state!of!Fas.!!

In!order!to!answer!these!questions!several!molecular!analyses!should!be!carried!out!including!

co)immunoprecipitation,! pull)down! assays,! ELISA,! mass! spectrometry! and! large! peptide!

phage)display! screens,! to! identify! direct! interactants! and! associated! proteins! that! are!

conveyed!via!adaptor!molecules.!

! !
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