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l’inhibition des kinases 

De plus, p53 induit l’expression de facteurs pro

P P



, la relocalisation d’Aurora B au niveau des télomères permet de 

active le point de contrôle des dommages à l’ADN inhibant la progression du cycle 

l’activation de p53. 

l’ADN en absence de dommage à l’ADN

, colcémide…). L

qu’elles n’aient terminé la mitose ni séparé les chromatides sœurs

le SAC n’ % pour inhiber l’activité du 

de la Cycline B, se poursuivant jusqu’à atteindre un seuil 

en dessous duquel l’activité du complexe Cycline B/

l’inhibition du d’APC/C

l’activité d’APC/C

chromatides sœurs (la 

conduisant à l’

au bout d’un certain temps en la complétion d’une mitose 

, suite à l’activation des 

permet l’arrêt du cycle cellulaire la mise en place d’un 



 

L’une des 

premières observations de l’altération de ce point de contrôle fût mise en évidence dans 

chromosomique menant à l’émergence de cellules ane

. Depuis, l’analyse 

, d’origine cellulaire variée,

l’instabilité chromosomique a mis en évidence 

L’instabilité chromosomique résultant de 

l’absence de contrôle 

cancéreuse) d’accumuler des altérations chromosomiques. Au cours du temps, ces 

altérations peuvent faciliter l’émergence de modifications de l’expression de certains 

, notamment par des processus de perte d’hétérozygotie

réduction de l’expression de BUB1 dans des fibroblastes primaires humains par une 

stratégie antisens, entraîne l’appa

n’ayant néanmoins pas de propriété tumorigène 

fuseau mitotique n’est pas suffisante

mais doit systématiquement être associée à un stress oncogénique (activation d’un 

oncogène, association à des agents mutagènes…) dont l’effet délétère ne pourra pas être 

limitant l’acquisition de propriétés agressives par 



 

 

bsence ou une diminution d’expression des protéines 

impliquées dans le point de contrôle du fuseau, d’où une impossibilité de ce dernier à se 

mettre en place. Il résulte de ces mutations (sporadiques ou germinales), chez l’

ou l’animal, l’i

une sensibilité accrue à la transformation tumorale par accumulation d’anomalies 

chromosomiques. Chez l’

es cancers du sein, de l’estomac 

l’

ainsi qu’à 

l’instabilité chromosomique fréquemment observée dans les myélomes multiples

d’aneuploïdie en mosaïque », une maladie génétique se caractérisant 

survenue de cancers dès l’enfance (néphroblastomes, leucémies…)

l’inactivation du point de contrôle du fuseau mitotique et l’appari

l’inactivation hétérozygote de MAD1 

l’apparition de tumeurs diverses

es, pulmonaires, hépatiques…)



nouvelle fois que l’inactivation du point de contrôle du fuseau mitotique n’est pas 

oncogéniques généralement acquis avec l’âge.

d’induire le développement de tumeurs de diverses o

alvéolaire…) 

l’implicati

d’

e l’apparition de lymphome

 

L’inactivati

résulter de la présence d’oncoprotéines virales telles que l’

, l’antigène nucléaire 2 du virus 

d’ l’oncoprotéine Tax du virus HTLV (

n’est plus subordonnée à la présence de facteurs



conséquence une sortie de la phase M pouvant être prématurée en cas d’anomalies de 

grégation des chromatides sœurs

L’antigène

l’antigène d’

(Leao et al., 2007; O’Nions and Allday, 2004) l’induction de 

l’expression de PLK1 (impliqué dans l’activation du complexe Cycline B/C

l’inhibition de l’expression de MAD2

i la séparation des chromatides sœurs ’implication de ces 

oncoprotéines virales dans l’inhibition du point de contrôle po

l’inhibition des voies p53 et Rb, potentialise leur effet sur le point de contrôle du fuseau 

l’émergenc d’une population de cellules 

 

, plutôt qu’inactivés,

qu’à un 



transformation tumorale que l’in

la surexpression de ces protéines et l’émergence ou le caractère agressif de certaines 

l’augmentation de l’instab

n des chromatides sœurs, 

des phénomènes d’aneuploïdie et l’apparition de 

après l’âge d’un an (langue, foie, intestin, tissus mous…)

’inactivation de 

oute altération du point de contrôle du fuseau mitotique, résultant soit d’un déficit, 

soit d’une sur

aboutira au même résultat : une mauvaise ségrégation des chromosomes, l’apparit

d’une aneuploïdie associée à une instabilité chromosomique 

l’émergence de tumeurs.

 



n’est pas complètement efficace pour inhiber tous les complexes APC/C

détruite jusqu’à atteindre un niveau où l’activité du

n’est plus suffisante pour maintenir l’inhibition par phosphorylation du

d’A . Alors, APC/C s’associe avec 

urine…) permettant alors la sortie de et l’entrée des cellules 

l’appar

sur les chromatides sœurs

) de progresser en mitose et favorise l’émergence d’une 

dont l’acteur central est

l’induction transcriptionnelle du CKI p21 et entraîne

contre l’émergence de cellules 

nt défectueux, la surexpression, tout comme l’inhibition du 

mène à l’émergence d’une population cellulaire présentant une forte instabilité 

induite par l’

l’inhibition d’un de ces acteurs principaux

. C’est pour 

que l’inhibition du SAC, 

l’émergence, puis 

d’une population cellulaire anormale.



 

 

’induction d

’échappement peuvent intervenir, notamment par 

mécanismes s’établissent à long terme 

également la survenue d’autres que l’inhibition du point de contrôle 

à l’instar de la plupart des thérapeutiq

ont pour inconvénient d’affecter également les cellules normales

res (aplasie médullaire, leucopénie…)

l’inhibition 



l’inhibition 

d’Aurora B peut conduire au maintien de la polyploïdie et augmenter l’agressivité de ces 

tumeurs. Ainsi, la combinaison d’ag

inhibiteurs d’AURORA B, et ciblant les mécanismes de résistance à l’apoptose, comme les 

puisqu’

elle famille d’inhibiteurs a été récemment mise en évidence : les 

t la capacité de concurrencer la fixation de l’

. Ils inhibent ainsi l’activ

sentant un taux élevé d’instabilité chromosomique 



processus de catastrophe mitotique et d’apoptose

la suractivation d’un poi

des mécanismes d’

l’inhibition

 

en raison de l’inhibition de l’

L’

d’inhiber l’acteur principal

donc l’avancée du cycle cellulaire

l’inhibition de l’activité de 

Rb, illustrant l’efficacité de cette stratégie pour cibler un grand nombre de tumeur

. L’inhibition du 



D’autres études ont permis de mettre en évidence des inhibiteurs de l’activité

Ubiquitine ligase d’APC/C , de façon inattendue, l’efficacit

stopper le cycle cellulaire est dépendante d’un SAC fonctionnel. C’est le cas d

protéasome, à l’instar du 

e au niveau du site d’interaction d’APC/C avec cdc20 et inhibe ainsi 

l’activité E3

permet d’inhiber la dégradation 

mécanismes d’ubiquitination régulent de nombre

secondaires issus de l’utilisation du

Il a été mis en évidence que l’arrêt du cycle cellulaire médié par l’utilisation du TAME ou 

du MG132 (dont l’effet peut être transposé au 

par l’antagonisme mutuel existant entre APC/C et ce point de contrôle : l’inhibition

l’activité du complexe APC/C par le TAME et le MG132 est amplifiée en présence d’un S

malgré l’inactivation du 

afin d’activer la signalisation 

et ainsi amplifier l’inhibition du complexe APC/C



’inefficacité

l’émergence de 

à l’arrêt du cycle médié par le SAC,

en inhibant l’activité du

mécanismes d’échappement et de chimiorésistance.



TIF1γ

γ 

γ 

grâce à l’analyse de modèles

α, β et δ





 

TIF1α

TIF1β TIF1γ TIF1δ

ont la particularité d’être compo terminal, d’un motif RBCC combinant trois 

mécanismes d’ubiquitination et confère une fon d’E3

’homo

d’une part, l’amplification de l’activité E3

apporté par le domaine RING et, d’autre part, la modulation de l’orientation du domaine 

hTIF1α
(TRIM24)

56 1301 163 200 223 254 258 390 403 426 708734 760 765 829 870 898 997 1050

1 2

1 2

410

hTIF1β
(TRIM28)

65 1201 153 190209240 245 376 389 479 516 628 669 694 801 835

hTIF1γ
(TRIM33) 125 1841 217 254 276307 312 443456 479 890 931 956 1050 1127

1 2
696 700

hTIF1δ
(TRIM66) 68 1211 150 180 210 241 247 377 390413 666670 1149 1190 1218 1326 1392

1 2

10291067



ont la particularité d’être composées, en C

terminal, d’un domaine (Plant HomeoDomain) et d’un

domaines de liaisons à l’ADN étant

ainsi qu’un domaine «

l’interaction avec la protéine HP1 



 γ

TIF1γ est le troisième membre de la famille TIF1 à avoir été identifié, chez l’Homme 

conservé au cours de l’évolution 

…)

1γ 

signalisation du TGFβ (Transforming Growth Factor β

Le TGFβ

l’embryogénèse que chez l’adulte. Il intervient dans divers processus biologiques tels que 

l’

Le rôle de TIF1γ dans la voie du TGFβ , TIF1γ agissant soit comme 

fonction du contexte cellulaire. Ainsi, TIF1γ

TGFβ,

prolifération. Néanmoins, TIF1γ exerce également certaines de ses

la voie du TGFβ, comme la réparation de l’ADN et la

 Fonction de TIF1γ dépendante de la voie du TGFβ

 Description générale de la voie du TGFβ

Au niveau moléculaire, le TGFβ se fixe à son récepteur de type II (TβRII TGFβ Receptor 

TβRI TGFβ Recept et ainsi la formation d’

de deux récepteurs TβRII et de deux récepteurs TβRI en association 

imère de ligands TGFβ. Cette interaction induit la phosphorylation et ainsi 

l’activation, des récepteurs de type I



: Voie de signalisation canonique du TGFβ 

βRI

La voie de signalisation du TGFβ dépendante des protéines SMADs est qualifiée de voie 

par la fixation du TGFβ sur 

P



TβRI et TβRII possèdent, en plus de leur activité sérine

dans l’activation des voies 

la fixation du ligand TGFβ sur s

d’activité kinase de TβRII et TβRI.

caspases…

ainsi que l’induction de 

 : rôle controversé de TIF1γ 

En 2005, TIF1γ a été identifié chez le 

un criblage dont le but était d’identifier des protéines impliquées dans la 

(protéine homologue de TIF1γ) dont la chez l’embryon de 

diminution d’expression des marqueurs mésodermiques et une 

première fois, le rôle de TIF1γ dans la régulation négative de la voie de 

signalisation du TGFβ, par le biais de son activité E3 ’induction 

par TIF1γ implique l’inhibition

β β

TIF1γ interagit 



: Régulation négative de la voie du TGFβ par TIF1γ : ubiquitination de SMAD4 

dans le cytoplasme et ainsi l’inhibition

A l’inverse, 

’enzyme 

de la voie de signalisation canonique du TGFβ.

surexpression de TIF1γ

moléculaire par lequel TIF1γ inhibe les fonctions transcriptionnelles de SMAD4 a été 

en évidence l’importance des régions 

PHD/Bromodomaine de TIF1γ dans son rôle de régulateur négatif de la voie du TGFβ

En effet, cette étude a démontré, qu’après traitement au TGFβ

TIF1γ 

ligase et permet ainsi, l’ubiquitination de SMAD4

’expression des gènes 

bles de la voie du TGFβ ne peut 

P
 TGF



γ

TIF1γ comme un 

TIF1γ

, contrairement à ce qui est observé dans l’embryon de 

c’est un événement tardif qui 

nécessite la présence d’annexes extra TIF1γ, en li

de TIF1γ dans la 

xpression de Moonshine (l’homologue de 

TIF1γ chez le poisson zèbre) 

l’hypothèse selon laquelle l’implication de TIF1γ dans la différenciation mésodermique 

anamniotes (poissons et amphibiens) n’ayant pas d’annexes embryonnaires TIF1γ 

donc réguler la différenciation mésodermique par d’autres mécanismes moléculaires.

de TIF1γ dans la 

Lorsqu’elles sont 

délétées pour TIF1γ, par interférence à l’ARN, présentent 

TIF1γ et SMAD4 dans la régulation transcriptionnelle



afin d’initier rapidement la 

triméthylation de la lysine 9 de l’histone H3

Nanog, Oct4 et Sox2 recrutent également l’ARN pol

F1γ se 

nteraction avec l’histone H3 . TIF1γ

Ainsi, l’absence de TIF1γ limite l’accessibilité de SMAD4 à la chromatine et 

ollaboratif de TIF1γ et SMAD4

: Régulation positive de la voie du TGFβ par TIF1γ

P

HP1
Histone H3 - K9me3-K18ac

nucléosome ADN

HP1 HP1 SMAD2

SMAD3

SMAD4+ TGFβ

Histone H3 - K9me3-K18ac

HP1 HP1 HP1

SMAD3

SMAD2

TIF1γ



TIF1γ est donc impliqué

dans la régulation de la voie du TGFβ et 

énope, TIF1γ induit la différenciation ectodermique en 

inhibant la voie du TGFβ l’ubiquit

poisson zèbre, TIF1γ induit la différenciation méso

l’accessibilité de SMAD4 aux promoteurs des gènes impliqués dans ce type de 

 

TIF1γ a 

l’inhibition de l’expression de Moonshine

de TIF1γ) induit l’apoptose des progéniteurs hématopoïétiques, menant à l’absence 

d’érythrocyte

ainsi qu’une 

γ

TGFβ dépendante soit de TIF1γ

TIF1γ peut interagir avec les protéines SMAD2 et SMAD3 phosphorylées

mesoderme

endoderme

ectoderme

TIF1γ
Xenopus laevis

Mus musculus
Dario rerio

TGFβTGFβ

de TIF1γ dans la différenciation des tissus embryonnaires 
et la voie du TGFβ en fonction des espèces.



un complexe SMAD2/SMAD3/TIF1γ régulant d’autres proc

l’inhibition de la prolifération

SMAD2/SMAD3/TIF1γ

complexe SMAD2/SMAD3/TIF1γ s'effectue au détriment du complexe SMAD2/3/4, TIF1γ 

Le rôle de TIF1γ dans la 

. dans deux études décrivant l’implication de TIF1γ, chez le poisson zèbre et la 

souris, dans l’élongation de la transcript

, l’un des 

l’inhibition de l’ARN 

l’élongation de la transcription

nouvelles études viennent confirmer le rôle de TIF1γ dans l’activation 

En effet, TIF1γ est impliqué

l’activation de l’ARN polymérase et l’élongat

TIF1γ

. TIF1γ 

permet l’association de ce complexe et ainsi l’activation de l’élongation de la 

rylation de DSIF et de l’ARN 

absence de TIF1γ, l’extrémité 5’ d’ARN messagers 

l’extrémité 3’. TIF1γ régule 

l’élongation de la transcription de gènes érythrocytaires



’activer érythrocytaire, TIF1γ induit

l’expression du marqueur érythrocytaire et réprime l’expression du gène 

myéloïde. Ainsi, en absence de TIF1γ, la 

De plus, TIF1γ se fixe sur les régions 

, la délétion homozygote de TIF1γ, spécifiquement dans le 

Tif1γ

rôle de TIF1γ dans l’inhibition de la différenciation myéloide

la perte de TIF1γ mène à 

l’absence d’érythrocytes, aucune anémie n’est détectée chez les souris n’exprimant pas

TIF1γ 

Le TGFβ a été décrit comme induisant la 

TIF1γ participe donc à l’induction de la différenciation érythrocytaire 

par le TGFβ

TIF1γ pourrait tre l’acteur moléculaire permettant de dicter 

l’effet final du TGFβ

n’est pas décrit à ce jour l’

: Implication de TIF1γ dans l'élongation de la transcription des 
P



ition pour l’

en absence de TIF1γ, le TGFβ

TIF1γ 

une autre étude démontrant le rôle de TIF1γ dans le vieillissement des cellules 

souches hématopoïétiques chez l’adulte. En effet, l’expression de TIF1γ est diminuée dans 

TGFβ

TIF1γ sur la voie du TGFβ 

du récepteur au TGFβ de type I : dans les cellules souches hématopoïétiques, TIF1γ induit 

nation de TβRI, menant à sa dégrad

l’initiation de la voie de signalisation du TGFβ 

nucléaire de TIF1γ et de la localisation membranaire TβRI, l’ubiquitination de TβRI en 

présence de TIF1γ implique sûrement un troisième partenaire

Enfin, TIF1γ 

la perte de TIF1γ dans le compartiment hématopoïétique mène à une diminution 

l’induction 

l’équipe du Dr

β

reconnaissant la molécule présentatrice d’antigène glycolipidique CD1d 

onique du TGFβ, impliquant la protéine SMAD4, permet la 

), la voie du TGFβ dépendante de TIF1γ exerce un effet anti

TIF1γ

: TIF1γ inhibe la mort cellulaire tandis que SMAD4 permet 

d’initier les processus de différenciation.



hématopoïétique par le TGFβ s’effectue 

: la voie TIF1γ 

a été suggéré que TIF1γ puisse induire la transcription des récepteurs TβRI et TβRII

permettant l’équilibre homéostatique entre les différents sous

 

un rôle de TIF1γ 

ainsi que de TIF1γ dans celui de la souris 

où TIF1γ a été 

l’inhibition de la voi

l’homologue des protéines TIF1, Bonus, a été historiquement mis en évidence 

: Régulation de la différenciation hématopoïétique par le TGFβ : 
exes SMAD2/3/TIF1γ et SMAD2/3/4 (     : phosphorylation)).P



γ dans le contrôle de la prolifération et de la 

γ

à l’utilisation de modèles murins permettant la délétion 

conditionnelle de TIF1γ 

TIF1γ ; TIF1γ

, la perte de TIF1γ l’absence de lactation chez les femelles gestantes

ainsi qu’une atrophie des glandes mammaires. Les auteurs ont ainsi pu mettre en 

évidence le rôle de TIF1γ dans la prolifération terminale des canaux lobulaire

le TGFβ exerce un rôle négatif 

l’inhibition 

par le récepteur à l’hormone prolactine

l’activité du TGFβ 

n absence de TIF1γ, la voie du TGFβ 

menant à l’absence l’inhibition 

β ou l’α

TIF1γ la voie du TGFβ et restaure la phosphorylation de STAT5 permettant la 

 de TIF1γ dans la voie du TGFβ

dessus décrivent TIF1γ comme un régulateur de la voie du TGFβ 

au rôle antagoniste pouvant à la fois inhiber, activer ou participer aux effets du TGFβ. Les 

différents rôles exercés par TIF1γ dans cette voie de signalisation sont complémentaire

l’inhibition de SMAD4 par 

d’augmenter l’accessibilité des protéines SMAD2/3 

phosphorylées à TIF1γ, favorisant ainsi la formation d’un complexe transcriptionnel 

SMAD2/3/TIF1γ qui



odèle intégratif du rôle de TIF1γ dans la voie de signalisation du TGFβ 

De plus, les fonctions opposées du TGFβ lui

le TGFβ 

ou inhibe l’apoptose 

P
F1γ 



Ainsi, la voie du TGFβ impliquant TIF1γ 

indépendamment de l’acteur central SMAD4.

 Fonctions de TIF1γ indépendantes de la voie du TGFβ 

 Réparation de l’ADN

TIF1γ a récemment été mis en évidence dans les processus de réparation de l’ADN, de 

dans la voie du TGFβ. à l’ADN, les 

et induisent le recrutement des facteurs de réparation de l’ADN et de

de l’ permettant ainsi une meilleure accessibilité à l’ADN 

à l’ADN par la protéine PARP1 et induit la relaxation de la 

. Néanmoins, la surexpression d’ALC1 

sensibilité accrue aux dommages à l’ADN

des cassures de l’ADN comme la 

TIF1γ est recrutée au niveau des protéines PARP 

l’ADN

dissociation d’ALC1 après réparation des dommages. Ainsi, en absence de TIF1γ, ALC1 

e qui sensibilise les cellules aux dommages à l’ADN 

Cette étude ne décrit néanmoins pas de fonction directe de TIF1γ 

dans la réparation de l’ADN. Il est tentant de spéculer que TIF1γ puisse coopérer avec 

l’induction transcription

TIF1γ dans la réparation de l’ADN

dans l’inhibition des infections adénovirales

la séquestration des protéines impliquées dans la réparation de l’ADN (complexe MRN, 



ligase IV, p53…) 

une infection adénovirale, l’inhibition de l’expression de TIF1γ par interférence à l’ARN

l’expression précoce et important TIF1γ protège la cellule 

infectée contre l’inhibition de son système de réparation de l’ADN,

otéine MRE11 (appartenant au complexe de réparation de l’ADN 

IF1γ est également dégradé

l’E3

de TIF1γ reste à ce jour inconnue

 

TIF1γ exerce 

pour TIF1γ

armi les gènes dont l’expression est inhibée en absence de TIF1γ 

, TIF1γ intervient dans la 

mplication dans la voie du TGFβ

le rôle de TIF1γ dans la transition métaphase

TIF1γ interagit avec

: en absence de TIF1γ, le complexe APC/C

La dégradation de la Cycline A est nécessaire à l’alignement des 

strats d’APC/C Ainsi, la perte de TIF1γ, en limitant l’activité d’APC/C

de l’expression des 

protéines BUB1 et BUBR1) et l’inhibition de BUBR1 par interférence à l’ARN restaure la 

progression mitotique et l’activité d’APC/C

médié par la perte de TIF1γ , et n’est 



à l’inhibition de l’activité d’APC/C

TIF1γ n’est plus nécessaire à l’activité d’APC/C

Le rôle de TIF1γ 

laquelle l’inhibition de l’expression TIF1γ par interférence à l’ARN

qu’une augmentation de l’expression de la Cycl

TIF1γ semble donc être nécessaire à la progression mitotique en inhibant le SAC

, le blocage du cycle cellulaire médié par la perte de TIF1γ n’explique pas le 

rôle suppresseur de tumeur de TIF1γ mis en évidence dans différentes néoplasies 



 γ

Le rôle suppresseur de tumeur de TIF1γ a été mis en évidence pour la première fois par 

de TIF1γ couplée à l’expression de l’oncogène Kras 

vant l’âge de 200 

). De plus, l’analyse de tumeurs pancréatiques humaines a permis de mettre en 

la diminution du taux d’ARNm et de protéine TIF1γ dans les lé

TIF1γ comme 

pressives de TIF1γ ont par la suite été validées dans d’autres 

grâce à l’utilisation de modèles murins. En effet, la délétion seule de TIF1γ ou 

combinée avec l’inactivation de TIF1α

délétion combinée de TIF1γ et TIF1α potentialise le développement tumoral, suggérant 

, la perte de TIF1γ 

TIF1γ dans la diff

γ

γ n’a, à ce jour, été mise en évidence. 

(perte d’hétérozygotie par délétion, 

… TIF1γ



’ARN messager 1γ est 

de TIF1γ

ette perte d’expression de TIF1γ, aussi bien au niveau transcriptionnel que protéique, a 

somatique du gène codant TIF1γ n’a été mise en évidence dans les leucémies, la perte 

d’expression étant due à une 

lant l’ADN, la 

’ ), l’expression de TIF1γ est restauré

ainsi qu’

concernant TIF1γ

La perte d’expression de TIF1γ dans les tissus tumoraux a 

TIF1γ



la perte d’expression de TIF1γ

ainsi qu’à

que la perte d’expression de TIF1γ serait un événement tardif de la 

perte d’expression de TIF1γ est corrélée

qu’à un risque de rechute p

également que cette perte d’expression est associée à une 

ssion de TIF1γ 

oncogénique de TIF1γ : l’inhibition de son expression

TIF1γ agirait donc comme un 

γ sur la régulation de la voie

TGFβ. Cette cytokine est particuliè

prolifératives, le TGFβ agit comme suppresseur de tumeur dans les stades 

tandis que son rôle dans l’EMT et la migration lui 

TIF1γ, en inhibant la voie du 

TGFβ l’ubiquitination de SMAD4, agit ainsi comme un oncogène en inhibant les effets 

du TGFβ dans les phas
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Transcriptional intermediary factor 1� (TIF1�;
alias, TRIM33/RFG7/PTC7/ectodermin) belongs to
an evolutionarily conserved family of nuclear fac-
tors that have been implicated in stem cell pluripo-
tency, embryonic development, and tumor suppres-
sion. TIF1� expression is markedly down-regulated
in human pancreatic tumors, and Pdx1-driven Tif1�
inactivation cooperates with the KrasG12D onco-
gene in the mouse pancreas to induce intraductal
papillary mucinous neoplasms. In this study, we
report that aged Pdx1-Cre; LSL-KrasG12D; Tif1� lox/lox

mice develop pancreatic ductal adenocarcinomas
(PDACs), an aggressive and always fatal neoplasm,
demonstrating a Tif1� tumor-suppressive function
in the development of pancreatic carcinogenesis.
Deletion of SMAD4/DPC4 (deleted in pancreatic car-

cinoma locus 4) occurs in approximately 50% of
human cases of PDAC. We, therefore, assessed the
genetic relationship between Tif1� and Smad4 sig-
naling in pancreatic tumors and found that Pdx1-
Cre; LSL-KrasG12D; Smad4lox/lox; Tif1� lox/lox (alias,
KSSTT) mutant mice exhibit accelerated tumor pro-
gression. Consequently, Tif1� tumor-suppressor effects
during progression from a premalignant to a malignant
state in our mouse model of pancreatic cancer are inde-
pendent of Smad4. These findings establish, for the first
time to our knowledge, that Tif1� and Smad4 both reg-
ulate an intraductal papillary mucinous neoplasm-to-
PDAC sequence through distinct tumor-suppressor
programs. (Am J Pathol 2012, 180:2214–2221; http://dx.doi.

org/10.1016/j.ajpath.2012.02.006)

Transcriptional intermediary factor 1� (TIF1�; alias,
TRIM33/RFG7/PTC7/ectodermin) belongs to an evolu-
tionarily conserved family of nuclear factors that have
been implicated in stem cell pluripotency, embryonic de-
velopment, and tumor suppression.1 These proteins are
characterized by the presence of a RING domain with E3
ubiquitin-ligase activity and multiple chromatin interac-
tion domains, including B-boxes, coiled-coil domains,
plant homeo domains, and bromodomains, suggesting
functions in both protein degradation and modulation of
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transcription. TIF1� interacts with transforming growth
factor � (TGF-�) signaling SMAD transcription factors.2–5

Overall, the potential role of TIF1� in the TGF-�–SMAD
signaling pathway is of high significance given the im-
portance of this pathway in tumor suppression. TGF-� is
a secreted polypeptide belonging to a wide family of
cytokines and growth factors, including TGF-�s, bone
morphogenetic proteins, and activins. TGF-� signaling
involves two serine-threonine kinase receptors, type I and
II TGF-� receptors. After binding to its receptors, TGF-�
induces the phosphorylation of the type I TGF-� receptor,
whose serine-threonine enzymatic activity is activated to
allow the phosphorylation of receptor-regulated SMAD2
and SMAD3 (R-SMADs). Phosphorylated R-SMADs then
interact with SMAD4. The R-SMADs–SMAD4 complex ac-
cumulates within the nucleus, binds to DNA, and acti-
vates the transcription of target genes. TGF-� also acti-
vates noncanonical pathways that are independent of
SMAD proteins.

Pancreatic cancer is a particularly relevant context for
exploring the interplay of TIF1� and TGF-�–SMAD func-
tion because this malignancy is characterized by a high
rate of inactivating genetic alterations in the TGF-�–
SMAD4 pathway. Pancreatic ductal adenocarcinoma
(PDAC) is an aggressive neoplasm; it is always fatal and
is the fifth most common cause of death by cancer in the
Western world. The median age of patients diagnosed as
having PDAC is 65 to 70 years. PDAC, which affects the
exocrine pancreas, accounts for �80% of pancreatic
cancers. PDAC arises from precursor lesions with ductal
differentiated features. The precursors of the disease are
divided into three groups: pancreatic intraepithelial neo-
plasm, intraductal papillary mucinous neoplasm (IPMN),
and mucinous cystic neoplasm. Both human patients and
mouse models with these types of lesions have an in-
creased risk of developing a PDAC.

We previously developed a genetically engineered mouse
model and showed that targeted pancreatic conditional inac-
tivation of Tif1� cooperated with activated Kras to induce
IPMNs.6 Indeed, Pdx1-Cre; LSL-KrasG12D; Tif1� lox/lox mice
(KTT) develop IPMNs with a short latency and a full pen-
etrance (n � 12; age range, 19 to 189 days). However,
none of these KTT mice presented obvious signs of ma-
lignant transformation reminiscent of PDAC.

In the present study, we explored the susceptibility of
KTT aging mice (aged �200 days) to develop PDAC. We
also investigated the impact of Smad4 deletion, which
occurs in approximately 50% of human PDACs, in the
IPMN-PDAC sequence resulting from combined Kras ac-
tivation and Tif1� deficiency in the murine pancreas.

Materials and Methods

Mice

Tif1� lox/lox,7 LSL-KrasG12D,8 Smad4lox/lox,9 and Pdx1-
Cre10 alleles, provided by other groups, were previously
described. Mice were maintained in a specific pathogen-
free animal facility at the AniCan Plateform, Centre Léon
Bérard (Lyon, France), and handled in compliance with
the institutional guidelines. All procedures were ap-
proved by an ethics committee under governmental reg-
ulatory authority (Comité d’Evaluation Commun au Centre
Léon Bérard, à l’Animalerie de transit de l’ENS, au PBES
et au laboratoire P4).

Histological Data

Histological experiments were performed as previously
described.6 The primary antibodies used are: mouse
monoclonal antibodies against Tif1� (1:500; Euromedex,
Souffelweyersheim, France), Mucin-5ac (clone 45M1,
1:100; Thermo Scientific, Illkirch, France), chymotrypsin
(1:1000; AbD Serotec, Colmar, France), E-cadherin
(1:700; BD Biosciences, Le Pont-De-Claix, France), and
proliferating cell nuclear antigen (1:100; Santa Cruz Bio-
technology, Santa Cruz, CA); rat monoclonal antibodies
against cytokeratin-19 (1:50, Troma-III-s; Developmental
Studies Hybridoma Bank, University of Iowa, Iowa City,
IA) and F4/80 (1:100; Acris Antibodies, Herford, Ger-
many); goat polyclonal antibodies against vimentin
(1:100; Santa Cruz Biotechnology); and guinea pig poly-
clonal antibodies against �-smooth muscle actin (�-SMA,
1:100; DakoCytomation, Trappes, France). For immuno-
fluorescence, histological section cells were incubated
with rabbit polyclonal anti-Glut2 antibody (1:100; Milli-
pore, Molsheim, France) and, finally, with secondary-la-
beled antibody (goat anti-rabbit-IgG Alexa Fluor 488 nm,
1:200; Invitrogen, Cergy-Pontoise, France). Alcian blue
staining was performed in acidic pH conditions.

Magnetic Resonance Imaging

The magnetic resonance imaging experiments were per-
formed as previously described.6

Figure 1. Tif1� deficiency cooperates with KrasG12D to drive an IPMN-PDAC
sequence. A: Longitudinal magnetic resonance imaging study (from 140 to 230
days) of a KTT mouse. Cystic lesions (hypersignal, arrow) and a firm mass
(isosignal, dotted line) are indicated. B: Macroscopic analysis of the KTT
pancreas after dissection at 230 days. Dotted line, PDAC; arrows, IPMN le-
sions. C: Histological section of the KTT pancreas stained with hematoxylin-
phloxin-saffron. The dotted line separates PDAC from the IPMN environment.
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Statistical Analysis

Statistical analyses were performed using the Fisher
exact test. Differences were considered significant
when P � 0.05.

Results

We generated aging KTT mice that were euthanized be-
tween the age of 200 days and 1 year (n � 3). As de-
scribed later, two of three of these mice presented with

Figure 2. Histological characterization of KTT pancreatic tumors. IHC analysis reveals a complete loss of Tif1� expression in the epithelial compartment
(A). KTT tumors exhibit an altered differentiation status both in the acinar (chymotrypsin, B) and ductal (cytokeratin-19, C) compartments. Markers of
activated fibroblasts and/or myofibroblasts [vimentin (D) and �-SMA (E)] can be detected in the stroma of KTT tumors. Interestingly, some vimentin-
positive, but �-SMA–negative, cells were seen lining the lumen, suggesting that some tumor cells express the vimentin marker. Tumor-associated
macrophages are also seen in KTT tumors (F4/80, F). Proliferative index [proliferating cell nuclear antigen (PCNA), G] and metabolic activity (Glut2, H)
markers are both highly overexpressed in KTT tumors. These PDACs present a dedifferentiated phenotype, generally associated with disorganization of
E-cadherin (I) from membrane toward the inside cellular compartment. CTRL, control.
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PDAC, whereas none of the Pdx1-Cre; LSL-KrasG12D (K;
n � 9) or Pdx1-Cre; Tif1� lox/lox (TT; n � 6) control mice
developed PDAC during this time frame (see Supplemen-
tal Table S1 at http://ajp.amjpathol.org). The longitudinal
analysis of one KTT mouse by magnetic resonance im-
aging showed gradual growth of cystic lesions (hyper-
signal), with the onset at 200 days of age of a firm and
solid mass (isosignal) that developed into the tail of the

pancreas (Figure 1A). Thirty days later (at the age of 230
days), the size of this solid lump had dramatically in-
creased, prompting us to euthanize the animal. Macro-
scopic analysis of the pancreas from this animal con-
firmed the presence of multifocal cystic lesions (smooth
texture), colonizing the entire organ, and the presence of
a voluminous and firm tumor (tough texture), which had
invaded the tail of the pancreas (Figure 1B). Microscopic

Figure 3. Deletion of Smad4 in KTT mice accelerates PDAC development. Histological sections of K, KTT, and KSSTT mutant mouse pancreas were stained with
hematoxylin-phloxinsaffron from 25 to 125 days. For each panel pair, low (upper) and high (lower) magnifications are shown. For each genotype, the number of mice
developing PDACs before the age of 200 days is represented as a fraction number (in parentheses). The P value was determined by the exact Fisher test. *P � 0.05.
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analysis of the pancreatic nodule that developed in this
KTT mouse revealed a poorly differentiated carcinoma
(Figure 1C), found adjacent to epithelial cysts reminis-
cent to human IPMNs. We observed focal destruction of
the pancreatic parenchyma by a malignant epithelial pro-
liferation made of irregular glands and cellular cords.
Tumor cells are irregular in size and shape, with abun-
dant basophilic cytoplasms and irregular nuclei. Mitotic
features are common. The tumoral stroma presents with
multiple inflammatory cells but only a low level of collagen
between tumor cells. Histological analysis of the two
other KTT mice sacrificed at the ages of 256 and 342
days revealed the presence of a small focus with PDAC
and the presence of multiple large high-grade IPMNs
with some papillary protrusions (data not shown). Alto-
gether, these data indicate that KTT mice develop IPMNs
with short latency and revealed that these tumors have
high malignant potential.

To carefully characterize the pathological features of
PDAC arising in KTT mice, we performed immunohisto-
chemistry (IHC) and immunohistofluorescence experi-
ments, which allowed us to underline the hallmarks of
PDAC (Figure 2). In accordance with the expression pat-
tern of the Pdx1-Cre transgene (in all pancreatic epithelial
lineages10), we observed a complete loss of Tif1� ex-
pression in the epithelial compartment of KTT tumors,
whereas residual expression could be detected in the
microenvironment surrounding the cancer cells (mesen-
chymal cells and immune infiltrates) (Figure 2A). KTT
tumors have lost their acinar differentiation (chymotrypsin
negative) (Figure 2B). Cytokeratin 19, a marker that is
normally only expressed at the membrane of the cells
lining the duct in wild-type pancreas, presents a faint, but
diffuse, cytoplasmic localization in KTT tumors, attesting
to the altered ductal differentiation of these tumors (Fig-
ure 2C). We next explored the tumor-associated stroma.

Figure 4. KTT and KSSTT pancreatic tumors display different histological features. Histological sections of 365-day-old control [wild type (WT)],
231-day-old KTT, and 126-day-old KSSTT pancreas samples stained with hematoxylin-phloxinsaffron or Alcian blue (mucin specific) or subjected to IHC
for Mucin-5ac (Muc5ac), vimentin, or E-cadherin.
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Indeed, it is well documented that PDAC is characterized
by an abundant stroma (desmoplastic stroma), the epi-
thelial cancer cells eventually representing �10% of the
tumor. Positive staining for vimentin (Figure 2D) and
�-SMA (Figure 2E) confirmed the presence of a fibroblas-
tic/myofibroblastic stromal compartment in KTT tumors.
Interestingly, some vimentin-positive cells (but �-SMA
negative) were seen lining the lumen, suggesting that
some tumoral cells express the vimentin marker. We also
detected tumor-associated macrophages (F4/80-positive
cells) in KTT tumors (Figure 2F). To assess the prolifera-
tive index and the metabolic status of KTT tumors, we
examined the expression of proliferating cell nuclear an-
tigen (Figure 2G) and glut2 (Figure 2H) markers, which
are both highly expressed in KTT tumors. The poorly
differentiated state is generally associated with disorga-
nization of E-cadherin, a membrane protein ensuring the
maintenance of proper cell-cell contact. IHC against E-
cadherin in KTT PDACs revealed a severe disorganiza-
tion of the epithelial architecture, with a clear delocaliza-
tion of E-cadherin from the membrane to the intracellular
compartment (Figure 2I).

SMAD4 (alias, DPC4, deleted in pancreatic carcinoma,
locus 4) is involved in TGF-� signaling and is a major
tumor suppressor deleted in approximately 50% of
PDACs. TIF1� has been implicated as a modulator of
TGF-� signaling, potentially either augmenting or com-
promising SMAD protein function. To examine the ge-
netic interactions between Tif1� and Smad4, we gener-
ated conditional null mice for both Smad4 and Tif1� in a
Kras-driven mouse model of pancreatic cancer. We ob-
served that Pdx1-Cre; Smad4lox/lox; Tif1� lox/lox (SSTT;
n � 18) double-null mice do not develop pancreatic
lesions (all ages, n � 18; aged �125 days, n � 8) (see
Supplemental Table S1 at http://ajp.amjpathol.org). We
next generated Pdx1-Cre; LSL-KrasG12D; Smad4lox/lox;
Tif1� lox/lox mice harboring pancreatic inactivation for both
Smad4 and Tif1� in a KrasG12D background (KSSTT; n �
9) (see Supplemental Table S1 at http://ajp.amjpathol-
.org). Interestingly, the two KSSTT mice that we eutha-
nized at the age of 25 days presented high-grade IPMN
lesions. Moreover, 44% (4/9) of KSSTT mice that we eu-
thanized before the age of 200 days had developed a
PDAC (Figure 3). More important, PDAC developing as
soon as the age of 46 days has never been reported in K
or KTT mice. Thus, double-null homozygous inactivation
of Tif1� and Smad4, in a KrasG12D background, induces
the formation of PDACs at a higher frequency and a
shorter latency than any other combined mutations. We
have also generated Pdx1-Cre; LSL-KrasG12D;
Smad4lox/�; Tif1� lox/lox mice (KSTT; n � 7) harboring Tif1�
homozygous inactivation and a Smad4 heterozygous in-
activation. Interestingly, �50% (4/7) of the KSTT mice
develop PDACs in an intermediary time frame to what is
observed in KTT and KSSTT mice (see Supplemental
Table S1 at http://ajp.amjpathol.org).

Histological analysis of these tumors revealed that KSSTT
tumors retained more differentiated features compared with
KTT tumors. Indeed, KSSTT showed strong Alcian blue
staining and Mucin-5ac immunoreactivity, attesting a well-
differentiated mucinous phenotype. In addition, KSSTT tu-

mors retained a clear epithelial differentiation, as attested
by an intact E-cadherin intercellular network and the ab-
sence of vimentin expression (Figure 4).

Discussion

By using the Pdx1-Cre; LSL-KrasG12D; Tif1� lox/lox mouse
model, we previously reported that the inactivation of Tif1�
could cooperate with the KrasG12D oncogene to induce
IPMNs with full penetrance by the age of 189 days.6 Herein,
we extended this study by demonstrating, in aging KTT
mice (aged �200 days), that homozygous inactivation of
Tif1� significantly potentiates the capacity of KrasG12D to
induce PDACs, supporting the potency of IPMNs to
evolve toward aggressive lesions, as observed in hu-
mans. This observation reinforces the existence of a
tumor-suppressive pathway, orchestrated by Tif1�, to
prevent malignant transformation of premalignant le-
sions induced by activated Kras. However, no direct
communication between the tumor itself and a pre-
existing IPMN was proved by the pathological exami-
nation. Whether PDACs directly arise from existing pre-
cancerous cystic lesions remains an open question in
the field.

The mechanism by which TIF1� exerts its tumor-sup-
pressive effect remains elusive. TGF-� signaling is clas-
sically considered as tumor suppressive, via its anti-pro-
liferative and pro-apoptotic functions, to prevent normal
or premalignant cells to evolve toward a malignant state.
This is well illustrated by the high rate of inactivating
genetic alterations in the TGF-�–SMAD4 pathway11 and
by mouse models showing that Smad4-homozygous in-
activation, in combination with activated Kras,12–14

causes the development of cystic lesions with a higher
potential to progress toward PDAC, compared with mice
expressing activated Kras alone (Pdx1-Cre; LSL-
KrasG12D).15 To address the genetic relationship between
Tif1� and Smad4 in pancreatic tumors, we generated
KSSTT double-null homozygous mutant mice. We ob-
served a pronounced genetic interaction between Smad4
and Tif1� inactivation, demonstrating that both molecules
act in separate pathways to suppress a premalignant-to-
malignant Kras-driven pancreatic tumor. It is, however,
possible that the capacity of Tif1� to constrain the pre-
malignant-to-malignant progression depends on the
modulation of TGF-� signaling arms independent of
SMAD4. This could involve R-SMADs or noncanonical
TGF-� pathways. Indeed, it has been proposed in
other cell systems that TIF1�/R-SMAD complexes
could positively mediate TGF-� functions,3,16,17

through the regulation of expression of a different set of
genes by R-SMAD–TIF1� and R-SMAD–SMAD4 com-
plexes.18 This hypothesis is consistent with the pheno-
type observed in Pdx1-Cre; LSL-KrasG12D; T�RII lox/lox

mice,19 in which canonical and noncanonical TGF-�
pathways are abrogated, with a phenotype resembling
the one observed in KSSTT mice. Finally, TIF1� could
prevent the premalignant-to-malignant progression
through mechanisms totally unrelated to TGF-� signal-
ing. Indeed, it may result from the modulation of gen-
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eral programs affecting broader genomic functions.
For instance, TIF1� and related family member TIF1�
were involved in chromatin remodeling20 and tran-
scription elongation,17,21 and TIF1� was involved in
DNA repair.22

Once the malignant transformation has occurred by by-
passing its anti-proliferative and pro-apoptotic effects,
TGF-� acquires oncogenic properties and eventually facil-
itates tumor progression. Even if our results clearly argue for
a role of Tif1� to constrain the transition between a prema-
lignant and a malignant state through a mechanism inde-
pendent of Smad4 activity, we cannot exclude that Smad4
function may facilitate tumor aggressiveness after the pre-
malignant state is overrun and the premalignant state is
achieved (in malignant tumors that retained a functional
Smad4). In such cases, Smad4 may facilitate local invasion
and metastatic dissemination by inducing epithelial-to-mes-
enchymal transition (EMT). This may reflect the capacity of
TIF1� to constrain invasiveness programs, such as EMT, as
recently demonstrated in vitro in human mammary epithelial
cells.18 Consistent with this, the Pdx1-Cre; LSL-KrasG12D;
Ink4a/Arf lox/lox; Smad4lox/lox mice12 develop well-differenti-
ated PDAC, with attenuated invasive properties, compared
with the poorly differentiated tumors observed in Pdx1-Cre;
LSL-KrasG12D; Ink4a/Arf lox/lox mice. In our study, even if
PDACs developing in KSSTT mice arise with a shorter la-
tency and a higher penetrance compared with KTT mice,
they present a well-differentiated phenotype compared with
the poorly differentiated phenotype of the PDACs we ob-
served in KTT mice. This suggests a tumor-suppressive role
of Tif1� to limit the aggressiveness of Smad4-positive can-
cer cells by compromising their capacity to undergo EMT. It
may result in a lower capacity to generate metastases. The
molecular mechanism occurring in vivo may rely on the
capacity of TIF1� to mono-ubiquitinate SMAD4 and limit
SMAD4 nuclear accumulation, as demonstrated in other
systems.2,4

In conclusion, we demonstrate, in this study, that Tif1�
inactivation cooperates with activated Kras to potentiate the
premalignant-to-malignant transition to promote the onset of
poorly differentiated tumors. We also evidence that the
tumor-suppressive role of Tif1� during the premalig-
nant-to-malignant progression is independent of
Smad4 activity. Finally, we noticed that the absence of
Smad4 could redirect Tif1�-negative pancreatic tu-
mors toward a well-differentiated phenotype, consis-
tent with an effect of Tif1� to inhibit Smad4-dependent
EMT. Then, Tif1� exerts tumor-suppressive functions
independently of Smad4 in the premalignant-to-malig-
nant transition but may also exert tumor-suppressive
functions dependent on Smad4 later on during tumor
progression.
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Oip5 Opa interacting protein 5 BB238604 2.49 Mit 

Cenpp centromere protein P AK014919 2.23 Mit 

Kif23 kinesin family member 23 BG082989 2.15 Cyt, Mit 

Ndc80 
NDC80 homolog, kinetochore complex component (S, 

cerevisiae) 
NM_023294 2.08 Mit 

Spc24 
SPC24, NDC80 kinetochore complex component, homolog (S, 

cerevisiae) 
BF577722 2.00 Mit 

Birc5 baculoviral IAP repeat-containing 5 BC004702 1.98 Cyt, Mit 

Cdca2 cell division cycle associated 2 BG065056 1.97 Mit 

Pebp1 phosphatidylethanolamine binding protein 1 AK008037 1.95 Mit 

Cenph centromere protein H BC025084 1.95 Mit 

Kif2c kinesin family member 2C NM_134471 1.94 Mit 

Cenpm centromere protein M NM_025639 1.94 Mit 

D2Ertd750e DNA segment, Chr 2, ERATO Doi 750, expressed AU019491 1.92 Mit 

Ccnb1 cyclin B1 AU015121 1.92 Mit 

Anln anillin, actin binding protein BI690018 1.92 Cyt, Mit 

Kif11 kinesin family member 11 BM234447 1.91 Mit 

Prdm5 PR domain containing 5 BM219213 1.90 Mit 

Nuf2 
NUF2, NDC80 kinetochore complex component, homolog (S, 

cerevisiae) 
AK010351 1.90 Mit 

Aurkb aurora kinase B BC003261 1.89 Cyt, Mit 

Aspm 
asp (abnormal spindle)-like, microcephaly associated 

(Drosophila) 
NM_009791 1.89 Mit 

Fam64a family with sequence similarity 64, member A AK011345 1.87 Mit 

Ube2c ubiquitin-conjugating enzyme E2C AV162459 1.86 Mit 

Kif20a kinesin family member 20A NM_009004 1.85 Cyt 

Pole polymerase (DNA directed), epsilon NM_011132 1.85 Mit 

Prc1 protein regulator of cytokinesis 1 BC005475 1.83 Cyt 

Ncapd2 non-SMC condensin I complex, subunit D2 BC025460 1.80 Mit 

Nusap1 nucleolar and spindle associated protein 1 BC009096 1.79 Cyt, Mit 

Bmp4 bone morphogenetic protein 4 NM_007554 1.79 Mit 

Cep55 centrosomal protein 55 AK004655 1.78 Cyt, Mit 

Ccnb2 cyclin B2 AK013312 1.76 Mit 

Ccna2 cyclin A2 X75483 1.76 Mit 

Cenpk centromere protein K NM_021790 1.75 Mit 

Mad2l1 MAD2 mitotic arrest deficient-like 1 (yeast) NM_019499 1.75 Mit 

Ttk Ttk protein kinase NM_009445 1.73 Mit 

Cdkn3 cyclin-dependent kinase inhibitor 3 AK010426 1.73 Mit 

Cdca8 cell division cycle associated 8 AV307110 1.73 Mit 

Cenpl centromere protein L BB538449 1.73 Mit 

Nsl1 
NSL1, MIND kinetochore complex component, homolog (S, 

cerevisiae) 
BM206988 1.72 Mit 

Cenpe centromere protein E BG916502 1.72 Mit 

Bub1b 
budding uninhibited by benzimidazoles 1 homolog, beta (S, 

cerevisiae) 
AU045529 1.71 Mit 

2810433K01Rik RIKEN cDNA 2810433K01 gene NM_025581 1.71 Mit 

    
  

  



Cenpf centromere protein F BE848253 2.12 Mit, Oth 

Cdca5 cell division cycle associated 5 NM_026410 1.93 Mit, Oth 

Spag5 sperm associated antigen 5 BM208112 1.91 Mit, Oth 

Fbxo5 F-box protein 5 AK011820 1.85 Mit, Oth 

Foxm1 forkhead box M1 NM_008021 1.82 Mit, Oth 

Pim1 Proviral integration site 1 BE631223 1.81 Mit, Oth 

Nek2 NIMA (never in mitosis gene a)-related expressed kinase 2 C77054 1.80 Mit, Oth 

Top2a topoisomerase (DNA) II alpha BM211413 1.79 Mit, Oth 

Espl1 extra spindle poles-like 1 (S, cerevisiae) BM200578 1.76 Mit, Oth 

Cdkn2c cyclin-dependent kinase inhibitor 2C (p18, inhibits CDK4) BC027026 1.71 Mit, Oth 

    
  

  

1500015O10Rik RIKEN cDNA 1500015O10 gene BB392676 3.34 Oth 

Esco2 establishment of cohesion 1 homolog 2 (S, cerevisiae) AK010391 2.08 Oth 

Gas2l3 growth arrest-specific 2 like 3 BE199211 1.91 Oth 

Mki67 antigen identified by monoclonal antibody Ki 67 X82786 1.82 Oth 

Tacc3 transforming, acidic coiled-coil containing protein 3 BB787809 1.78 Oth 

Exo1 exonuclease 1 BE986864 1.75 Oth 

C79407 expressed sequence C79407 BB540053 1.74 Oth 

Dst dystonin NM_134448 1.74 Oth 

Chaf1b chromatin assembly factor 1, subunit B (p60) BC013532 1.72 Oth 

2810417H13Rik RIKEN cDNA 2810417H13 gene AK017673 1.72 Oth 

    
  

  

Col2a1 collagen, type II, alpha 1 NM_031163 3.47   

Coch coagulation factor C homolog (Limulus polyphemus) BB731671 3.07   

Cacna2d3 calcium channel, voltage-dependent, alpha2/delta subunit 3 NM_009785 3.02   

Abi3bp ABI gene family, member 3 (NESH) binding protein BC026627 2.89   

Sprr2k small proline-rich protein 2K NM_011477 2.88   

AI646023 expressed sequence AI646023 BE910952 2.77   

Fmod fibromodulin NM_021355 2.71   

Pcp4l1 Purkinje cell protein 4-like 1 AV337888 2.53   

Col8a2 collagen, type VIII, alpha 2 BG229308 2.50   

Anp32a 
acidic (leucine-rich) nuclear phosphoprotein 32 family, member 

A 
AF022957 2.43   

Cck cholecystokinin NM_031161 2.41   

Rspo2 R-spondin 2 homolog (Xenopus laevis) BG067392 2.40   

Olfml2b olfactomedin-like 2B BC025654 2.33   

Nrn1 neuritin 1 AK003046 2.25   

--- --- BB325257 2.22   

Rcan2 regulator of calcineurin 2 NM_030598 2.21   

Fat4 FAT tumor suppressor homolog 4 (Drosophila) BB038914 2.14   

Pcsk6 proprotein convertase subtilisin/kexin type 6 BI157485 2.14   

Slc1a3 
solute carrier family 1 (glial high affinity glutamate transporter), 

member 3 
BB357585 2.12   

Sorbs2 sorbin and SH3 domain containing 2 BB251748 2.10   

Sfrp2 secreted frizzled-related protein 2 NM_009144 2.08   

Fst follistatin NM_008046 2.06   

Synm synemin, intermediate filament protein BB457010 2.04   

Ppm1l protein phosphatase 1 (formerly 2C)-like BB035578 2.03   



Mmp13 matrix metallopeptidase 13 NM_008607 2.02   

2610021K21Rik RIKEN cDNA 2610021K21 gene AK011507 2.02   

Tk1 thymidine kinase 1 NM_009387 2.02   

C330027C09Rik RIKEN cDNA C330027C09 gene AU018569 2.02   

Prelp proline arginine-rich end leucine-rich repeat NM_054077 2.00   

Ramp1 receptor (calcitonin) activity modifying protein 1 NM_016894 1.98   

Rad51ap1 RAD51 associated protein 1 BC003738 1.97   

Tmeff2 
transmembrane protein with EGF-like and two follistatin-like 

domains 2 
NM_019790 1.97   

Gucy1b3 guanylate cyclase 1, soluble, beta 3 BF472806 1.96   

Rictor RPTOR independent companion of MTOR, complex 2 BG092467 1.96   

Plac9 placenta specific 9 BB609699 1.94   

Myh11 myosin, heavy polypeptide 11, smooth muscle BC026142 1.93   

Zfp451 zinc finger protein 451 BI714076 1.92   

Rad54b RAD54 homolog B (S, cerevisiae) AW547464 1.91   

Ppap2b phosphatidic acid phosphatase type 2B NM_080555 1.91   

Cbr2 carbonyl reductase 2 BC010758 1.91   

9130213B05Rik RIKEN cDNA 9130213B05 gene AK008716 1.90   

Sema3a 
sema domain, immunoglobulin domain (Ig), short basic 

domain, secreted, (semaphorin) 3A 
NM_009152 1.90   

Eps8l2 EPS8-like 2 NM_133191 1.87   

Serpinb1a serine (or cysteine) peptidase inhibitor, clade B, member 1a AF426024 1.87   

Bdnf brain derived neurotrophic factor AY057913 1.87   

Rrm2 ribonucleotide reductase M2 NM_009104 1.87   

Frzb frizzled-related protein U91905 1.86   

Pbk PDZ binding kinase NM_023209 1.85   

Npr3 natriuretic peptide receptor 3 BG080055 1.84   

Trps1 trichorhinophalangeal syndrome I (human) BB136803 1.84   

Efr3b EFR3 homolog B (S, cerevisiae) BB795377 1.83   

Eme1 essential meiotic endonuclease 1 homolog 1 (S, pombe) BG064903 1.82   

Lhx9 LIM homeobox protein 9 BB041180 1.82   

Galnt3 
UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-

acetylgalactosaminyltransferase 3 
AK019995 1.82   

Mtap2 microtubule-associated protein 2 AV337593 1.82   

--- --- BB291656 1.80   

Clec14a C-type lectin domain family 14, member a NM_025809 1.80   

Dck deoxycytidine kinase BE630687 1.79   

Rfc5 replication factor C (activator 1) 5 AK011489 1.78   

Hipk2 homeodomain interacting protein kinase 2 BB554636 1.78   

Ctnnd2 catenin (cadherin associated protein), delta 2 BB431091 1.78   

9630026M06Rik RIKEN cDNA 9630026M06 gene BB127931 1.78   

Plce1 phospholipase C, epsilon 1 AV306884 1.78   

Hmgb2 high mobility group box 2 X67668 1.78   

2610018G03Rik RIKEN cDNA 2610018G03 gene AW556821 1.78   

Shcbp1 Shc SH2-domain binding protein 1 NM_011369 1.77   

Gm12824 predicted gene 12824 BB215381 1.77   

Mfap3l microfibrillar-associated protein 3-like AK017269 1.77   

Gpc6 glypican 6 BB493031 1.77   

AU044157 expressed sequence AU044157 BG071797 1.76   



Smoc1 SPARC related modular calcium binding 1 NM_022316 1.76   

Diap3 diaphanous homolog 3 (Drosophila) NM_019670 1.76   

C1qtnf3 C1q and tumor necrosis factor related protein 3 NM_030888 1.76   

Mxd3 Max dimerization protein 3 NM_053213 1.75   

Syne2 synaptic nuclear envelope 2 BF582734 1.74   

Dmp1 dentin matrix protein 1 AV020965 1.74   

4930547N16Rik RIKEN cDNA 4930547N16 gene BM205349 1.74   

Osbpl6 oxysterol binding protein-like 6 BB197141 1.73   

Stil Scl/Tal1 interrupting locus BC004585 1.72   

Chst7 carbohydrate (N-acetylglucosamino) sulfotransferase 7 AB046929 1.72   

Ptchd1 patched domain containing 1 BB048525 1.72   

Nr4a2 nuclear receptor subfamily 4, group A, member 2 NM_013613 1.71   

Adamtsl3 ADAMTS-like 3 BM235389 1.71   

Dcn decorin NM_007833 1.71   

Snrnp48 small nuclear ribonucleoprotein 48 (U11/U12) BB703486 1.71   

Rnf103 ring finger protein 103 AV337847 1.71   

Wdr90 WD repeat domain 90 AK014328 1.71   

Rmnd5a 
required for meiotic nuclear division 5 homolog A (S, 

cerevisiae) 
BI659732 1.70   

Sync syncoilin AK004279 1.70   
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ABSTRACT 

 

Transcriptional Intermediary Factor 1 gamma (TIF1γ) is a ubiquitous nuclear factor involved in 

development and differentiation processes. TIF1γ is also a tumor suppressor whose mechanism of action 

in cancer has remained elusive. In the present study, we observed that cells with a stable inactivation of 

TIF1γ accumulated nuclear defects. At the molecular level, we demonstrated that this phenotype was a 

consequence of both attenuated spindle activation checkpoint (SAC) and post-mitotic checkpoint in 

TIF1γ-deficient cells, which can complete abnormal mitosis and enter in a new round of cell cycle 

division. Notably, TIF1γ-deficient cells are less sensitive to spindle poisons. We have also evidenced in 

vitro (migration assay in Boyden chambers and growth in soft agar) and in vivo (xenografts injected into 

chicken chorioallantoic or Nude mice) that TIF1γ-deficient cells displayed increased abnormal mitosis 

and aggressiveness properties. Finally, we reported that decreased TIF1γ expression in human tumors 

was correlated with increased rate of genomic rearrangements. In conclusion, the present study sheds 

light on the tumor suppressive mechanism of TIF1γ through it role in chromosomal stability 

maintenance. 

 

 

 
 

 

 

  



INTRODUCTION 

Transcriptional Intermediary Factor 1 gamma (TIF1γ/TRIM33/RFG7/PTC7/Ectodermin) belongs to the 

evolutionarily conserved TIF1 family of nuclear factors. TIF1 proteins are involved in many biological 

processes such as stemness, embryonic development and tumor suppression (1). The four identified 

members that compose this family (TIF1α/TRIM24, TIF1β/TRIM28, TIF1γ/TRIM33 and 

TIF1δ/TRIM66) share the TSS (TIF1 Signature Sequence) domain (2). These proteins are also 

characterized by several chromatin interaction domains, including B-boxes, coiled-coil domains, Plant 

HomeoDomains (PHD), and bromodomains. The TIF1 proteins are also defined by the presence of a 

RING domain with E3 ubiquitin ligase activity and belong to the TRIM protein superfamily (TRIpartite 

Motif). TIF1γ whose activity and stability can be regulated by ubiquitination (3) and sumoylation (4), 

has been shown to be involved in different biological functions such as embryonic development (5, 6 , 

7 , 8 , 9 , 10 , 11), hematopoietic differentiation (12 , 13 , 14 , 15 , 16, 17), DNA repair (18), cell cycle 

regulation (19) and immune response (20, 21 , 22). At the molecular level, TIF1γ is involved in 

chromatin remodeling and subsequent transcription modulation (3, 11 , 12 , 18 , 23 , 24 , 25 ). 

Depending on the cellular context, TIF1γ has been described as a potent modulator of the Transforming 

Growth Factor β (TGFβ), acting either as a negative regulator (7 , 24 , 26-28) or a positive regulator of 

the pathway (20, 23, 29). 

 

TIF1γ is a tumor suppressor gene as supported by several evidences. Indeed, chromosomal 

rearrangements have been observed in the 1p13 locus containing TIF1γ gene in carcinomas (30-34), in 

hematopoietic neoplasia (35), in embryonic tumors (36), in conjunctive tissue tumors (37) and in 

nervous central system tumors (38, 39). Moreover, decreased TIF1γ expression was reported in different 

types of tumors. Indeed, TIF1γ expression is down-regulated in human pancreatic ductal 

adenocarcinomas (40), in human breast tumors (28), in human non-small cell lung cancers (41) and 

HepatoCellular Carcinomas (HCC) (42). Point mutations have not been described so far, possibly 

because epigenetic silencing may be responsible for TIF1γ down-regulation, as described in about 35% 

of human Chronic MyeloMonocytic Leukemia (CMML) patients (43). In these tumors, TIF1γ is 



epigenetically silenced though promoter DNA methylation and treatment of patient-derived cells with a 

demethylating agent is sufficient to restore its expression. Additionally, mouse models demonstrated the 

causal role of loss of Tif1γ in tumor progression. Indeed, we developed a genetically engineered mouse 

model which allowed us to demonstrate that conditional inactivation of Tif1γ could facilitate Kras-

induced pancreatic carcinogenesis (40). The tumor suppressive role of TIF1γ was next confirmed by 

other groups in mouse models of cancers such as CMML (43) and HCC (44). Finally, the closest family 

members of TIF1γ, i.e., TIF1α and TIF1β, have also been reported to behave as tumor suppressors, their 

hepatocyte-specific inactivation in mice resulting in HCC formation (44, 45). 

 

Despite recent advances in understanding the function of TIF1γ, little is known about the biological 

functions that are responsible for its tumor suppressive role. We and others have proposed that the 

tumor suppressive function of TIF1γ could result from its capacity to inhibit Transforming Growth 

Factor Beta (TGFβ)-induced Epithelial-to-Mesenchymal Transition (EMT) ((28, 42, 46, 47). However, 

we have also demonstrated in a transgenic mouse model of pancreatic cancer that the regulation of EMT 

by TIF1γ could not fully explain its tumor suppressive effect (46), thus indicating that TIF1γ was able to 

regulate other oncosuppressive biological functions. Recently, a novel function for TIF1γ during mitosis 

progression was identified (19). Mitotic progression relies on activation of the Anaphase Promoting 

Complex/Cyclosome (APC/C) associated with the CDC20 protein, which promotes the segregation of 

sister chromatids and the mitotic exit once chromosomes are correctly attached. This process is 

dependent upon the Spindle Assembly Checkpoint (SAC) inactivation. SAC is a conserved mechanism 

in eukaryotes, which surveys the attachment of chromosomes to the mitotic spindle during the early 

steps of mitosis (48, 49). This monitoring system is activated by defective kinetochore-to-microtubules 

attachments, and, in response, delays anaphase onset by inhibiting APC/C. This inhibitory effect is 

mediated by the assembly of the Mitotic Checkpoint Complex (MCC) composed of BUBR1, BUB3 and 

MAD2, which prevents substrate recruitment by the APC/C. When all chromosomes achieve bipolar 

attachment, the spindle checkpoint is silenced; the MCC is disassembled and APC/C-CDC20 triggers 

anaphase onset. When the SAC is satisfied, APC/C-CDC20 turn into an active ubiquitin-ligase complex 

that allows the segregation of sister chromatids and the mitotic exit through proteasome-mediated 

degradation of SECURIN, CYCLIN B1 and CYCLIN A. Sedgwick et al. showed that TIF1γ was a 



component of the APC/C-CDC20 (19). They reported that transient inactivation of TIF1γ in HeLa cells 

lead to a blockade of cells in metaphase as a result of sustained spindle checkpoint activation. However, 

this study did not address a functional relationship between the role of TIF1γ in regulating cell division 

and its role in tumor progression. Besides, spindle checkpoint activation and mitotic arrest after Tif1γ 

inactivation cannot explain the tumor suppressive role of TIF1γ that we and others have previously 

reported (40, 43, 44). 

 

In the present study, we investigated the consequences on cell behavior of prolonged TIF1γ inactivation 

(Tif1γ-/--immortalized MEFs and shTif1γ HRASV12/E1A-transformed NMuMG), better mimicking the in 

vivo situation found in tumors. Hence, contrasting with transient Tif1γ inactivation, we demonstrated in 

vitro and in vivo, that prolonged inactivation of TIF1γcaused the accumulation of mitotic defects leading 

to chromosomal instability characterized by increased aneuploidy and chromosome rearrangements, 

which are associated with the acquisition of more aggressive properties. In addition, we confirmed the 

positive correlation between low levels of TIF1γ and increased chromosomal instability in human 

tumors. In all, the present work demonstrates that loss of TIF1γ results in increased tumor 

aggressiveness, by favoring chromosomal instability.  



RESULTS 

Prolonged inactivation of Tif1γ in mouse embryonic fibroblasts results in accumulation of nuclear 

abnormalities and inactivation of the spindle checkpoint 

In an effort to understand the long-term consequences on cell proliferation resulting from Tif1γ 

inactivation, we generated immortalized Mouse Embryonic Fibroblasts (MEFs) harboring a 

homozygous deletion for Tif1γ (6, 40). For that, we first immortalized control- and Tif1γL/L MEFs lines 

according to a classical 3T3 protocol. These cells were further transduced by a retrovirus expressing the 

Cre recombinase. We observed that the inactivation of Tif1γ in immortalized MEFs rapidly resulted in 

impaired cell proliferation characterized by a decreased capacity of Tif1γ-deficient MEFs to progress 

through mitosis as illustrated by their accumulation in G2/M phase of the cell cycle and the elevated 

amount proteins involved in mitosis arrest (data not shown). This observation is in total agreement with 

the aforementioned results obtained by Sedgwick et al. after transient inactivation of Tif1γ in Hela cells 

(19). Interestingly, proliferation of Tif1γ-/--immortalized MEFs rapidly resumes growing at the same rate 

as control cells (Figure 1A). Cell cycle analysis of control- and Tif1γ-/--immortalized MEFs by flow 

cytometry using propidium iodide DNA staining, revealed an identical distribution of cells in G1, S, 

G2/M phases and >4n DNA in both cell lines (Figure 1B). Despite the equivalent proliferation rate and 

an identical distribution of the cells in the different phases of the cell cycle, cytological analyses of 

Tif1γ-/--immortalized MEFs revealed severe mitotic abnormalities. Immunofluorescence staining of γ-

TUBULIN, showed that Tif1γ-/--immortalized MEFs presented an increased proportion of cells with 

more than 2 centrosomes compared to control cells (44.8% vs. 17.4%) (Figure 1C). 

Immunofluorescence staining of α-TUBULIN showed that this centrosome amplification was associated 

with multi-polar spindles along with cytokinesis defects (Figure 1D). We then performed western blots 

experiments, which revealed a clear decrease, in Tif1γ-/--immortalized MEFs, of steady state levels of 

CYCLIN A, CYCLIN B1 and SECURIN accordingly to an increased activity of the APC/C-CDC20 

complex (Figure 1E). BUBR1 expression, a major component of the SAC was also found down 

regulated in the absence of TIF1γ, evocating an attenuated spindle checkpoint. Altogether, these results 

indicate that sustained inactivation of Tif1γ in MEFs results in the accumulation of nuclear 



abnormalities associated with increased APC-C/CDC20 activity as a result of SAC inactivation. We 

next tested whether the increase of nuclear defects after long term ablation of Tif1γ did result from SAC 

inactivation. For that, we performed experiments using colcemid and nocodazole, two spindle 

microtubule-disrupting agents that both trigger the spindle checkpoint. As expected, flow cytometry 

analysis revealed that control MEFs accumulated in G2/M in the presence of these poisons (78.1% with 

colcemid; 63.8% with nocodazole) (Figure 2A). In contrast, Tif1γ-/--immortalized MEFs were 

significantly less sensitive to colcemid and nocodazole as illustrated by the decreased proportion of cells 

blocked in G2/M phase (62.4% with colcemid; 55,6% with nocodazole) (Figure 2A). The compromised 

capacity of Tif1γ-/--immortalized MEFs to arrest in mitosis in response to spindle poisons was confirmed 

by the reduced accumulation of the mitotic marker phosphorylated Serine-10 HISTONE H3 (p-H3S10) 

in the presence of colcemid and visualized by western blotting (Figure 2B) and immunofluorescence 

(Figure 2C). Toluidine blue staining and subsequent quantification of multinuclei, revealed an 

increased percentage of multinucleated Tif1γ-/--immortalized MEFs treated with colcemid or nocodazole 

(Figure 2D). Altogether, these results show nuclear defects accumulating after treatment with spindle 

poisons in immortalized MEFs with a stable long term inactivation of Tif1γ demonstrating that these 

mutant cells are prone to inactivate the SAC. 

 

Inactivation of Tif1γ in epithelial transformed NMuMG cells results in severe ploidy defects 

In order to better understand the functional consequences of long term TIF1γ inactivation in cancer, we 

extended our work in an amenable cellular model to address this question in tumor progression. To that 

end, we used Normal Murine Mammary Gland (NMuMG) epithelial cells. We next generated control-

transformed NMuMG cells (stably expressing HRASV12 and E1A oncogenic proteins) and shTif1γ-

transformed NMuMG cells (stably expressing HRASV12, E1A and a shRNA targeting Tif1γ). The 

expression of HRASV12 and E1A oncoproteins, along with the extinction of endogenous expression of 

TIF1γ were validated by Western blotting experiments (Figure 3A). Cell counting over a 6-day period 

revealed a similar growth rate between control- and shTif1γ-transformed NMuMG cells (Figure 3B). 

We next investigated whether the absence of Tif1γ resulted in mitotic defects as we observed in 

immortalized MEFs. DAPI staining revealed that the shape and the size of nuclei were very 

heterogeneous in shTif1γ-transformed NMuMG cells compared to control cells (Figure 3C). We next 



sought to finely characterize the nuclear defects that accumulate in the absence of TIF1γ. Co-staining of 

nuclei and cortical actin revealed a significant increase of chromosomal abnormalities in shTif1γ-

transformed NMuMG such as misaligned chromosomes (0.22% vs. 0.03%), lagging chromosomes 

(0.50% vs. 0.03%), chromatin bridges (4.90% vs. 0.54%), multinucleated cells (6.10% vs. 1.17%) and 

micronuclei (9.23% vs. 3.60%) (Figure 3D). Note that the proportion of cells in mitosis is similar in 

control- and shTif1γ-transformed NMuMG (5.53% vs. 4.74%) (Figure 3D). Altogether, these results 

demonstrate, as we observed in immortalized MEFs that transformed NMuMG cells display many 

mitotic abnormalities and accumulate nuclear defects in the absence of TIF1γ. 

We next investigated whether the nuclear abnormalities described above were associated with a 

compromised capacity for the cells to arrest in mitosis in the presence of spindle poisons. As observed 

after toluidine blue staining in MEFs, a higher proportion of abnormal nuclei in shTif1γ-transformed 

NMuMG was observed compared to control cells after nocodazole treatment (70.3% vs. 28.2%) (Figure 

4A). Noteworthy that shTif1γ-transformed NMuMG present a more elevated rate of abnormal nuclei 

even in absence of nocodazol treatment (20.9% vs. 5.3%) (Figure 4A). Flow cytometry analysis showed 

that untreated shTif1γ-transformed NMuMG displayed a higher steady state number of cells with a >4n 

DNA content compared to control cells (10.7% vs. 5,7%) (Figure 4B). This result is consistent with the 

large nuclei observed after DAPI staining (Figure 3C), a phenotype classically associated with 

polyploidy (50, 51). The absence of Tif1γ also severely compromised the capacity of these cells to arrest 

in G2/M phase in response to colcemid (29.6% vs. 67.9%) and nocodazole (29.2% vs. 68.5%) (Figure 

4B). Interestingly, in the presence of spindle poisons, shTif1γ-transformed NMuMG accumulate as a 

significant polyploid cell population with a >4n DNA content. In accordance with a compromised 

capacity to arrest in mitosis, we observed that depletion of TIF1γ resulted in (i) a significant decreased 

of the steady state level of mitotic marker p-H3S10 along with decreased levels of CYCLIN A, 

CYCLIN B1 and SECURIN, which are targets of the APC/C-CDC20 complex; (ii) a reduced expression 

of SAC components such as BUBR1, BUB1 and AURORA B. (iii) that the colcemid-induced 

accumulation of BUBR1, BUB1 and AURORA B (SAC components), p-H3S10 (Aurora B target) and 

CYCLIN A, CYCLIN B1 and SECURIN (APC/C-CDC20 targets) was less pronounced in shTif1γ-

transformed NMuMG cells (Figure 4C). These observations are evocative of a sustained APC-C/CDC-

20 activity as a result of SAC inactivation after prolonged TIF1γ inactivation. We have also reported 



that γ-TUBULIN expression was significantly increased in shTif1γ-transformed NMuMG cells (Figure 

4C) consistent with the supernumerary centrosomes we observed in Tif1γ-/--immortalized MEFs (Figure 

1C). Finally, western blot analyses also revealed that the level of the cyclin-kinase inhibitor 

p21/WAF1/CIP1, at the steady state or after colcemid treatment, was reduced in the absence of TIF1γ 

(Figure 4C). This latter point evocates an attenuated post-mitotic checkpoint (also known as tetraploid 

checkpoint). This failsafe program depending on the p53/p21 pathway, blocks cells in G1 phase and 

eliminates cells with aberrant chromosome numbers or chromosome abnormalities resulting from 

segregation errors, thus guaranteeing the integrity and the equal repartition of the genetic material 

between daughter cells (52-55). Reporter assays with a plasmid containing the luciferase gene driven by 

p21 promoter transiently transfected in control-transformed NMuMG cells revealed that colcemid could 

increase luciferase expression (Figure 4D). This observation is consistent with an efficient activation of 

the p53/p21 post-mitotic checkpoint. Conversely, shTif1γ-transformed NMuMG cells transiently 

transfected with the p21 reporter presented a 2-fold decrease of the steady state luciferase expression 

and did not respond to colcemid (Figure 4D). This suggests that p53/p21 pathway is impaired in 

shTif1γ-transformed NMuMG. Taken together, these results demonstrate that sustained Tif1γ-

inactivation in transformed-NMuMG favors SAC inactivation and attenuated post-mitotic checkpoint 

resulting in the accumulation chromosomal instability and ploidy defects. 

 

Increased aggressiveness of Tif1γ-deficient transformed NMuMG cells  

Genomic instability plays an important role both in cancer development and in the response to therapies. 

Hence, we sought to determine whether the absence of TIF1γ could modulate the transforming and 

tumorigenic properties of transformed NMuMG cells. RAS and E1A were reported to constitute an 

inefficient oncogenic combination and loss of p21 was shown to significantly cooperate with these two 

oncoproteins in promoting cell transformation (56-58). In support of our hypothesis, depletion of TIF1γ 

that is associated with decreased p21 expression (Figure 4C and 4D) enhanced the transformation 

potential of the cell line, as exemplified by their loss of contact growth inhibition (Figure 5A) and the 

increased number and size of colonies observed in a soft agar colony assay (Figure 5B). Furthermore, 

TIF1γ depletion was found to drastically accelerate tumor growth when transformed NMuMG cells 

were either injected into chicken chorioallantoic membranes (CAM) (Figure 5C) or subcutaneously 



engrafted into Nude mice (Figure 5D). Finally, histological analysis demonstrated a significant increase 

in the proportion of abnormal mitosis in tumors arising from shTif1γ-transformed NMuMG cells 

compared to control-transformed NMuMG cells (57.7% vs. 28.6%) (Figure 5E), indicating that shTif1γ-

transformed NMuMG-derived tumors grow faster with a higher index of chromosomal instability. 

Altogether, these data demonstrate that TIF1γ depletion cooperates with oncogenic HRASV12 and E1A 

proteins in promoting tumor progression by facilitating chromosomal instability. 

 
 
Down-regulation of TIF1γ in human tumors is correlated with increased chromosomal 

rearrangements 

We next addressed the clinical relevance of Tif1γ down-regulation in human tumors, in which the 

chromosomal abnormalities are classically associated with quantifiable chromosomal rearrangements 

(deletions, insertions, duplications and complex multi-site variants) collectively termed Copy Number 

Variation (CNV) (59). We first examined in the Cancer Cell Line Encyclopedia (CCLE), the CNV in 

cancer cell lines (n=990) from different organs according to the expression level of TIF1γ (Figure 6A, 

upper panel). Our analysis revealed that human cell lines with a “low” expression of TIF1γ presented 

an increased CNV compared with cells with an “intermediate” or a “high expression” of TIF1γ (Figure 

6A, lower panel). Since the 1p13 locus, which contains TIF1γ, was previously reported to be deleted in 

some of human breast tumors (33, 34, 60), and because NMuMG cell line is of mammary origin, we 

decided to focus our genetic analysis on human breast tumor. We examined in The Cancer Genome 

Atlas (TCGA), the CNV in human primary breast tumors (n=131) according to the expression level of 

TIF1γ (Figure 6B, upper panel) and observed that tumors with the lowest level of TIF1γ were those 

with the highest CNV (Figure 6B, middle panel). Interestingly, low expression level of TIF1γ was 

found to be associated with an increased rate of TP53 mutations (Figure 6B, lower panel). The 

correlation between low expression of TIF1γ and increased CNV was confirmed in a third type of 

cancer cell lines, i.e. Clear Cell Renal Cell Carcinomas (CCRCC) (n=406) (Figure 6C). Next, we 

analyzed human ColoRectal Carcinomas (CRC), which are characterized by their high rate of CNV and 

can be divided into two groups depending on the nature and origin of their genomic instability (61). The 

first group is represented by Microsatellite INstability (MIN) tumors (15% of CRC), which are 

characterized by microdeletions and microduplications of dinucleotide or trinucleotide repeats 



(microsatellites) at specific polymorphic sites in the genome. MINs are classically considered to present 

a hyper-mutated phenotype due to inherited mutations in mismatch DNA repair genes (62, 63). The 

second group is represented by Chromosomal INstability (CIN) tumors (85% of CRC), which are 

characterized by large genomic deletions/amplifications, chromosomal translocations and aneuploidy. 

CINs are classically considered to present a hypo-mutated phenotype (compared to MINs) and occur as 

a consequence of conserved chromosome segregation errors (62, 64). Analysis of TCGA colorectal 

tumors (n=202) revealed that MIN (n=30, hyper-mutated tumors with >500 mutations) and CIN (n=172, 

hypo-mutated tumors with <500 mutations) respectively represented 14.8% and 85.2% of all colorectal 

tumors, a proportion in accordance with the literature (Figure 6D, upper pie chart). While a very small 

proportion of MIN tumors (3%) displayed a deleted TIF1γ locus, this proportion significantly increased 

in CIN tumors (23%) (Figure 6D, upper pie chart). In support of this observation, a large majority of 

tumors with a deleted TIF1γ locus (n=41) had a CIN phenotype (98%), while this percentage 

significantly dropped (82%) when the TIF1γ locus is intact (n=161) (Figure 6D, lower pie chart). 

These data clearly indicate that genomic deletion of TIF1γ in CRC is preferentially associated with the 

CIN phenotype. Altogether, genetic analysis of human tumors revealed that the loss of TIF1γ was 

associated with increased rate of chromosomal rearrangements, likely resulting from segregation errors 

due to an impaired spindle checkpoint and an attenuated p53/p21-dependent post-mitotic checkpoint. 



DISCUSSION 

In the present study, we demonstrated in vitro and in vivo that stable Tif1γ-deficiency resulted in 

sustained APC-C/CDC20 activity as a result of SAC inactivation, the accumulation of chromosomal 

abnormalities and increased tumor aggressiveness. This work highlights an original mechanism by 

which TIF1γ behaves as a tumor suppressor through its role in the maintenance of genomic stability, a 

major tumor suppressive function. 

 

Anaphase onset is triggered by the Anaphase Promoting Complex/Cyclosome (APC/C) associated with 

the CDC20 protein, which induces the proteasome-mediated destruction of CYCLIN A, CYCLIN B1 

and SECURIN (48, 49). The proteolysis of SECURIN releases active SEPARASE, which cleaves 

COHESIN thereby eliminating sister-chromatid cohesion and triggering the segregation of sister 

chromatids to the opposite poles of the mitotic spindle. In a recent study, Sedgwick et al. demonstrated 

that TIF1γ was important for progression of HeLa cells through mitosis by activating APC/C (19). They 

reported that transient inactivation of TIF1γ could lead to extended mitotic blockade and accumulation 

of cells in mitosis as a result of sustained spindle assembly checkpoint activation. Supporting their 

findings, we have also observed that short term inactivation of TIF1γ in different cell types (primary 

MEFs, HepG2 cells, HEK 293T cells) resulted also in sustained spindle checkpoint activation leading to 

cell cycle arrest and metaphase blockade (data not shown). However, this immediate consequence of 

TIF1γ inactivation resulting in prolonged spindle checkpoint activation (associated with proliferation 

arrest), is hard to conciliate with the tumor suppressive effect described by us and others (40, 43, 44). 

Then, to further analyze the role of TIF1γ in cell proliferation, and decipher its physio-pathological 

relevance, we investigated the consequences of prolonged TIF1γ inactivation (Tif1γ-/--immortalized 

MEFs and shTif1γ HRASV12/E1A-transformed NMuMG cells), better mimicking the in vivo situation 

found in tumors. We observed that these cells with stable long term inactivation of Tif1γ proliferated at 

the same rate as control cells (Figures 1A and 3C), accumulated mitotic abnormalities (Figures 1C, 1D, 

3D). Indeed, the sustained absence of TIF1γ was found associated with hallmarks of SAC inactivation 

(i) a decreased steady state of APC/C-CDC20 targets (CYCLIN B1, SECURIN) and SAC components 

(BUBR1, BUB1, AURORA B) (Figures 1E and 4C) and (ii) an increased resistance to spindle poisons 

(colcemid or nocodazole) which normally induced G2/M arrest (Figures 2A and 4B). Contrasting with 



NMuMG cells, it is interesting to underline the fact that we did not see obvious accumulation of cells 

with a >4n DNA content in immortalized MEFs (Figure 1B and 2A), potentially because these cells are 

not fully transformed and retained other active safeguard mechanisms preventing the onset of a 

prominent aneuploidy cells population. These in vitro experiments indicate that cells with a stable 

inactivation of TIF1γ display a high APC-C/CDC20 activity most likely as a result of SAC inactivation, 

and predisposing them complete abnormal mitosis and further accumulate nuclear defects. In vivo, we 

showed that tumors arising from Tif1γ-deficient transformed NMuMG cells engrafted into Nude mice 

presented an increased number of aberrant mitotic figures (Figure 5E). Altogether our findings clearly 

indicate that long-term inactivation of TIF1γ results in attenuation of the spindle checkpoint, increased 

chromosomal instability and aggressiveness. 

 

The mechanism by which the loss of TIF1γ promotes chromosomal instability likely results from a step 

wise selection process. Indeed, it is well described that inactivation of the APC/C-CDC20 complex 

rapidly results in mitotic arrest (65). Since TIF1γ was reported to interact with APC/C-CDC20 to 

promote its enzymatic activity, it is not surprising that loss of TIF1γ rapidly result in a mitotic arrest 

((19) and our data not shown). However, it is possible that after prolonged mitotic arrest, some cells are 

able to adapt and exit mitosis by inactivating the SAC by down regulating the expression of key player 

of the SAC. The molecular bases of this escape process resulting in inactivation of the SAC are still 

poorly known. This premature mitosis exit is associated with sustained faulty kinetochore-to-

microtubule attachments, lagging chromosomes and maintenance of cohesiveness between sister 

chromatids during mitotic exit, which promotes defective karyokinesis, chromosome breakage and 

rejoining events (66), possibly conferring to the cells a selective growth advantage. 

 

Sedgwick et al. (19) identified TIF1γ as an APC/C-interacting protein that positively regulates the E3-

ubiquitine ligase activity of TIF1γ. In the present study, we reported that prolonged inactivation of 

TIF1γ resulted in the degradation of CYCLIN A, CYCLIN B1 and SECURIN indicating that APC/C is 

still active. This observation indicates that TIF1γ is dispensable for APC/C-CDC20 E3-ligase activity 

when the SAC is inactivated and supports the hypothesis that TIF1γ positively regulates the activity of 

this complex through an indirect mechanism. Even if a direct positive effect of TIF1γ on APC-C is 



possible, we propose that TIF1γ would mainly behave as an inhibitor of the MCC. This model would 

explain why stable TIF1γ-deficient cells, which present a down regulated expression of MCC 

components (BUB1, BUBR1, MAD2, AURORA B) are still able to progress through the mitosis. This 

alternate mechanism also proposed by Sedgwick et al., might explain several unexpected results 

reported by these authors. First, they demonstrated that TIF1γ preferentially interacted with APC-C 

when the SAC is activated, strongly suggesting an active role of TIF1γ before the SAC is satisfied. 

Then, they demonstrated that BUBR1 knockout could totally rescue the mitotic arrest initially caused by 

TIF1γ inactivation, constituting then clear evidence that TIF1γ is not mandatory for APC-C activity. 

Finally, Segdwick et al. showed that TIF1γ could interact with the APC/C-MCC in SAC-activated cells 

compatible with a potential role of TIF1γ to inhibit the MCC. At the molecular level, it is possible that 

TIF1γ ubiquitylates SAC components at the kinetochores or at the MCC. Also, since TIF1γ associates 

with the chromatin and belongs to a family of transcriptional repressors, TIF1γ might repress the 

expression of mitotic factors. This hypothesis is supported by our unpublished microarray experiments 

that allowed us to identify 149 genes that were up-regulated (fold ≥1.70) in Tif1γ-/--primary MEFs 

compared to control-primary MEFs (of which 60 clustered in a group of genes involved in the 

regulation of cell cycle, including 50 genes specifically involved in mitosis and cytokinesis). 

 

Chromosomal instability and aneuploidy resulting from uncorrected mitotic errors due to an impaired 

spindle checkpoint is a common mechanism promoting tumorigenesis (67). In theory, cells with 

chromosomal abnormalities should arrest proliferation in the G1 phase of the next cell cycle as a result 

of the p53/p21-dependent post-mitotic checkpoint (54, 68). Interestingly, we observed an attenuated 

p53/p21-dependent post-mitotic checkpoint in transformed Tif1γ-deficient cells illustrated by a reduced 

p21 steady state level and transcriptional response to spindle disruption by colcemid (Figure 4C and 

4D), attenuated cell-contact growth inhibition and increased anchorage-independent growth (Figure 5A 

and 5B). Loss of p21 was shown to significantly cooperate with RAS and E1A oncoproteins to promote 

cell transformation (56-58). Enhanced oncogenic property of Tif1γ-deficient NMuMG cells allografted 

into Nude mice would then be a consequence of attenuated post-mitotic checkpoint (Figure 5D). 

Furthermore, computational analyses of human tumors available in public databases reinforce this 

conclusion. Indeed, the Cancer Cell Line Encyclopedia (CCLE) and The Cancer Genome Atlas (TCGA) 



allowed us to demonstrate that TIF1γ-deficiency was correlated with accumulation of chromosomal 

rearrangements (increased CNV and CIN) and increased rates of TP53 mutations, providing a clinical 

relevance for the loss of TIF1γ in human tumors (Figure 6). An attenuated post-mitotic checkpoint in 

TIF1γ-deficient cells most likely allows the accumulation of nuclear defects and would therefore 

facilitate the positive selection of cells with more aggressive properties. Indeed, it is commonly accepted 

that the detrimental effect resulting from chronic chromosomal instability is counterbalanced by the 

growth advantage resulting from the loss of tumor suppressor genes to promote the amplification of 

more aggressive clones (69). Interestingly, hepatic tumors arising from TIF1α knockout in mice present 

a high rate of polyploïd cells (20%), highlighting a possible conserved role of TIF1 family member in 

mitosis regulation (45). In all, loss of TIF1γ should be seen as a triggering event for chromosomal 

instability that will lead to the onset of genomic alterations giving rise to more aggressive cells. It 

further will be of particular interest to assess the respective role during mitosis of the previously 

described functions of TIF1γ such as E3 ubiquitin-ligase activity, chromatin remodeling, DNA repair 

and modulation of the TGFβ pathway.  

 

Microtubule disrupting agents (taxol, vincristine, colcemid, nocodazole) activate the spindle checkpoint. 

Cells treated with microtubule poisons arrest in mitosis and undergo apoptosis (70), explaining the 

extensive use of these drugs in chemotherapeutic treatments. Yet their efficiency is highly variable 

between cancer cells and the molecular basis of the adaptation process leading to drug resistance 

remains unclear (71). One explanation is that some cells are predisposed to SAC inactivation (as a result 

of genetic or epigenetic alterations), preventing the drugs from arresting the cells in mitosis and their 

elimination by apoptosis. In such a context, it is also possible that spindle poison drugs may even have 

the reverse effect of accelerating the onset of chromosomal defects. Indeed, cells with such 

abnormalities may not be eradicated, with the possible consequence of providing a deleterious positive 

selection pressure for cells that have acquired a growth advantage and more aggressive properties due to 

genomic instability. We demonstrated in the present study that long term inactivation of TIF1γ was 

associated with SAC inactivation and an attenuated post-mitotic response allowing cells harboring 

chromosomal abnormalities to enter a new cell cycle. In this context, it is tempting to speculate that the 

status of TIF1γ in human tumors may represent a predictive marker of microtubule drug resistance, as 



illustrated in vitro in the present study with TIF1γ-deficient cells, which are insensitive to colcemid and 

nocodazole. Targeting the activity of the APC-C may represent a pertinent therapeutic strategy for these 

tumors. 

 
In conclusion, we propose an original model to explain the tumor suppressor role of TIF1γ (Figure 6E). 

The loss of TIF1γ results in sustained spindle checkpoint activation, which delays cells in mitosis and 

slows down their proliferation. However, this arrest is slowly bypassed through SAC inactivation. This 

enables the completion of an abnormal mitosis and the production of daughter cells with chromosomal 

defects. The post-mitotic checkpoint, that should detect and eliminate those abnormal cells, is attenuated 

in TIF1γ-deficient cells. Chromosomal instability, by allowing the loss of tumor suppressor genes, 

would then confer to those cells a growth advantage, eventually facilitating tumor progression. This 

cascade of events provides an original molecular scenario to understand the tumor suppressive function 

of TIF1γ. 

 

 

 



MATERIALS AND METHODS 

Details about additional procedures are provided in the Supplemental Materials and Methods. 

 

Mice 

Tif1γL/L mice bearing the homozygous Tif1γ conditional knockout allele were described previously (6, 

40). Five-week-old female Nude mice were purchased from Charles River. Mice were housed and bred 

in a specific pathogen-free animal facility. All experiments were validated by the local animal ethic 

evaluation committee (CECCAPP) in accordance with the animal care guidelines of the European 

Union and French laws. 

 

Cell culture 

Primary Mouse Embryonic Fibroblasts (MEFs) were isolated from E13.5 wild-type or Tif1γL/L mutant 

embryos. Tif1γL/L-immortalized MEFs were obtained according to a standard 3T3 protocol (72) after 15-

20 passages and were cultured in the same medium as primary MEFs without β-ME. NMuMG (Normal 

Murine Mammary Gland) epithelial cells were purchased from the American Type Culture Collection 

(ATCC) and were cultured in DMEM, supplemented with 0.03% L-glutamine and containing 10% FBS, 

P/S and 10 μg/mL insulin. All cells were propagated at 37°C under 5% (v/v) CO2 atmosphere. 

Nocodazole was purchased from Sigma-Aldrich and was used at a 600 ng/mL final concentration. 

Colcemid was purchased from Invitrogen and was used at a 500 ng/mL final concentration. 

 

Retroviral transduction 

Tif1γL/L -immortalized MEFs were transduced either with an empty (pBABE-empty) or a Cre-expressing 

(pBABE-Cre) retroviral vector and cultured in the presence of 3 μg/mL puromycin (Invivogen) to 

respectively obtain stable control- and Tif1γ-/- or -immortalized MEFs. NMuMG cells were transduced 

either with an empty retroviral vector (pRS-empty) or a retroviral vector expressing an shRNA directed 

against Tif1γ (pRS-shTif1γ) and cultured in the presence of 10 μg/mL puromycin to respectively obtain 

stable control- and shTif1γ-NMuMG cells. Next, transformation of these NMuMG cell lines was 

performed by retroviral transduction with vectors encoding HRASV12 and E1A oncoproteins to generate 

respectively control- and shTif1γ- transformed NMuMG cells. Stably transduced cells were selected by 



culturing in the presence of 800 μg/mL G418 (Life Technologies) and 200 μg/mL hygromycin B (Life 

Technologies). 

 

Analysis of human cancer cell lines and human carcinomas 

Copy Number Variation (CNV) and TIF1γ gene expression were analyzed for 990 human cancer cell 

lines available in the Cancer Cell Line Encyclopedia (CCLE) 

(http://www.broadinstitute.org/ccle/home). Human breast, colorectal and kidney tumors available in The 

Cancer Genome Atlas (TCGA) were selected based on their tumor cells content (≥60%). CNV, TIF1γ 

gene expression and TP53 gene status were analyzed for 131 human breast carcinomas available in the 

TCGA. TIF1γ gene status and CIN or MIN status were analyzed for 202 human colorectal carcinomas 

available in the TCGA. The log2-transformed Copy Number (CN) value was used to determine the wild-

type or deleted status of TIF1γ (CN>0.3 or <-0.3). Human colorectal carcinomas were divided into CIN 

and MIN phenotype based on their whole genome hyper- or hypo-mutation status (<500 for CIN; ≥500 

for MIN), as described previously (73). CNV and TIF1γ gene expression were analyzed for 406 human 

clear cell renal cell carcinomas available in the TCGA. 

 

Statistical analysis 

For cytology and histology quantifications, luciferase reporter assays, soft agar assays, chorioallantoic 

membrane assays, allografts in Nude mice and RT-qPCR, statistical significance were tested using 

Student’s t test. Statistical significance of soft agar assay results was tested using Pearson's chi-squared 

test. CNV and gene expression data were represented as Tukey box plots (the central point represents 

the median; the bottom and top of the box represent the 25th and 75th percentile; the whiskers represent 

the minimum and maximum values). Statistical significance was tested using Student’s t test. TP53 and 

TIF1γ status data were represented as percentage of tumors presenting TP53 mutation or TIF1γ deletion. 

Statistical significance was tested using Pearson’s chi-squared test. All statistical tests were considered 

to be statistically significant when P < 0.05. 
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Figure 1. Prolonged inactivation of Tif1γ in mouse embryonic fibroblasts results in accumulation of 

nuclear abnormalities. 

(A) Growth curve comparing control-(white triangle) and Tif1γ-/-- (black square)-immortalized MEFs 

over the course of 25 days. Data are representative of three independent experiments. (B) Cell cycle 

analysis by flow cytometry of control- and Tif1γ-/--immortalized MEFs. (C) Immunofluorescence 

staining for γ-TUBULIN (red) in control- and Tif1γ-/--immortalized MEFs. Cell nuclei were 

counterstained with DAPI (blue). The white arrows indicate centrosomes. Quantification of cells 

presenting multiple centrosomes is shown. Data are representative of three independent experiments 

performed in triplicates and are represented as mean ± SD (***P < 0.001). (D) Immunofluorescence 

staining for α-TUBULIN (green) in control- and Tif1γ-/--immortalized MEFs. Cell nuclei were 

counterstained with DAPI (blue). Quantification of cells presenting multiple mitotic spindle poles or 

cytokinetic bridges is shown. Data are representative of three independent experiments performed in 

triplicates and are represented as mean ± SD (*P < 0.05). (E) Western blot analysis of mitotic protein 

levels in control- and Tif1γ-/--immortalized MEFs. 
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Figure 2. Tif1γ-/--immortalized mouse embryonic fibroblasts present a spindle checkpoint inactivation. 

 (A) Cell cycle analysis by flow cytometry of control- and Tif1γ-/--immortalized MEFs treated or not 

with colcemid or nocodazole for 24 h. (B) Western blot analysis of phosphorylated Serine-10 HISTONE 

H3 (p-H3S10) level in control- and Tif1γ-/--immortalized MEFs treated or not with colcemid for 24 h. 

(C) Immunofluorescence staining for p-H3S10 (green) in control- and Tif1γ-/--immortalized MEFs 

treated with colcemid for 24 h. Cell nuclei were counterstained with DAPI (blue). Quantification of 

mitotic index is shown. Data are represented as mean ± SEM of four independent experiments (*P < 

0.05). (D) Toluidine blue staining in control- and Tif1γ-/--immortalized MEFs treated or not with 

colcemid or nocodazole for 24 h. The black arrows encompass a representative nucleus that is magnified 

in the lower right corner of each image. Quantification of multinucleated cells is shown. Data are 

representative of three independent experiments performed in triplicates and are represented as mean ± 

SD (*P < 0.05). 
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Figure 3. Inactivation of Tif1γ in epithelial transformed NMuMG cells results in nuclear defects. 

(A) Western blot analysis in NMuMG cells transduced with the indicated retroviral vectors. (B) Growth 

curve comparing control- (white triangle) and shTif1γ-transformed NMuMG cells (black square) over 

the course of 6 days based on detection of metabolic activity (Uptiblue). Data are representative of three 

independent experiments. (C) Direct fluorescence staining of DNA by DAPI (blue) in control- and 

shTif1γ-transformed NMuMG cells and representation after Black-and-White (B&W) conversion of the 

images. (D) Direct fluorescence staining of DNA by DAPI (blue) and of cortical ACTIN cytoskeleton 

by phalloidin-TRITC (red) in shTif1γ-transformed NMuMG cells. The white arrows indicate nuclear 

abnormalities. The white dotted squares encompass a representative nuclear defect that is magnified in 

the upper right corner of each image. Quantification of nuclear abnormalities and mitotic figures is 

shown. Data are representative of three independent experiments performed in triplicates and are 

represented as mean ± SD (*P < 0.05; **P < 0.01; ***P < 0.001; n.s.: not significant). 
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Figure 4. Spindle checkpoint and post-mitotic inactivation in Tif1γ-deficient transformed NMuMG 

cells. 

(A) Direct fluorescence staining of DNA by DAPI (blue) and of cortical ACTIN cytoskeleton by 

phalloidin-TRITC (red) in control- and shTif1γ-transformed NMuMG cells treated or not with 

nocodazole for 24 h. The white arrows indicate mitotic figures. The white dotted squares encompass a 

representative mitotic figure that is magnified in the upper right corner of each image. Quantification of 

nuclear abnormalities is shown. Data are representative of three independent experiments performed in 

triplicates and are represented as mean ± SD (***P < 0.001). (B) Cell cycle analysis by flow cytometry 

of control- and shTif1γ-transformed NMuMG cells treated or not with colcemid or nocodazol for 24 h. 

(C) Western blot analysis in control- and shTif1γ-transformed NMuMG cells treated or not with 

colcemid for 24 h. (D) Luciferase reporter assay performed in control- and shTif1γ-transformed 

NMuMG cells transfected with the pGL3-p21-Luc plasmid and treated or not with colcemid for 24 h. 

Data are representative of three independent experiments performed in triplicates and are represented as 

mean ± SD (*P < 0.05; ***P < 0.001; n.s.: not significant). 
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Figure 5. Increased tumorigenicity of Tif1γ-deficient transformed NMuMG cells  

(A) Phase contrast microscopy of control- and shTif1γ-transformed NMuMG cells grown on plastic 

culture dishes. (B) Phase contrast microscopy of control- and shTif1γ-transformed NMuMG cells grown 

as anchorage-independent colonies in a soft agar medium. Quantification of colonies depending of their 

size is shown. Data are representative of three independent experiments (***P < 0.001; n.s.: not 

significant). (C) Representative macroscopic images of resected tumors from chicken chorioallantoic 

membrane assay performed with control- and shTif1γ-transformed NMuMG cells. Quantification of 

tumor volume is shown. Data are represented as mean ± SEM (*P < 0.05). (D) Representative 

macroscopic images and time-dependent development (over the course of 57 days) of tumors arising 

either from control- and shTif1γ-transformed NMuMG cells subcutaneously engrafted in Nude mice. 

Quantification of tumor volume over this period is shown. Data are represented as mean ± SEM (***P < 

0.001). (E) Histological sections of allografts from control- and shTif1γ-transformed NMuMG cells 

stained by Hematoxylin-Phloxine-Saffron (HPS) and DAPI (blue). The black and white arrows indicate 

mitotic figures. The black and white dotted squares encompass a representative mitotic figure that is 

magnified in the upper right corner of each image. Quantification of abnormal mitotic figures is shown. 

Data are represented as mean ± SEM (***P < 0.001).  
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Figure 6. Down-regulation of TIF1γ in human cancer cell lines and carcinomas correlates with 

chromosomal instability and TP53 mutations. 

(A) Classification of human cancer cell lines (n=990; isolated from different organs (distribution): 

thyroid (1%), endocrine glands (5%), breast (5%), autonomic nervous system (7%), skin and soft tissue 

(8%), kidney and urogenital tract (14%), digestive tract (19%), bone, hematopoietic and lymphoid tissue 

(20%) and respiratory tract (21%)) according to TIF1γ expression (low, intermediate (int) and high 

expression groups) and analysis of Copy Number Variation (CNV) regarding the repartition of these 

human cancer cell lines in TIF1γ low, intermediate (int) or high expression groups. Data are represented 

as Tukey box plot (**P < 0.01; ***P < 0.001). CCLE, Cancer Cell Line Encyclopedia. 

(B) Classification of human breast carcinomas according to TIF1γ expression (low, intermediate (int) 

and high expression groups) (upper panel) and analysis of CNV (middle panel) and of TP53 status (WT, 

wild-type; MUT, mutated) (lower panel) regarding the repartition of these tumors in TIF1γ low, int or 

high expression groups. Data are respectively represented as Tukey box plot and percentages (*P < 

0.05; **P < 0.01; ***P < 0.001). TCGA, The Cancer Genome Atlas. 

(C) Classification of human clear cell renal cells carcinomas according to TIF1γ expression (low, 

intermediate (int) and high expression groups) and analysis of CNV regarding the repartition of these 

tumors in TIF1γ low, int or high expression groups. Data are represented as Tukey box plot (*P < 0.05; 

***P < 0.001). TCGA, The Cancer Genome Atlas. 

(D) Analyses of the 1p13.2 locus (containing TIF1γ gene) status regarding Microsatellite INstability 

(MIN) or Chromosomal INstability (CIN) phenotype and of MIN/CIN phenotype regarding the status of 

1p13.2 locus, in human colorectal carcinomas. Data are represented as percentages (*P < 0.05). TCGA, 

The Cancer Genome Atlas. 

(E) Integrative model showing the effect of TIF1γ inactivation in mitosis and further consequences on 

tumor progression. TIF1γ inactivation results in a prolonged mitotic blockade through Spindle 

Assembly Checkpoint (SAC) sustained activation. SAC inactivation occurs after prolonged inactivation 

of TIF1γ, promotes mitosis exit and the onset of chromosomal abnormalities. Post-mitotic checkpoint 

attenuation prevents the eradication of cells with chromosomal segregation errors. Resulting genomic 

instability facilitates the emergence of cells with a growth advantage to actively fuel tumor progression.  

 





SUPPLEMENTAL MATERIALS AND METHODS

 

Retroviruses production 

Retroviruses were produced from Platinum-E cells (Cell Biolabs) transfected with retroviral vectors by 

CalPhos Mammalian Transfection kit (Clontech). Cells were incubated with retroviruses for 4 h, in the 

presence of 5 μg/mL polybrene (Sigma-Aldrich). pBABE-Cre was kindly provided by Dr. Cyril Berthet 

(National Cancer Institute, Frederick, MD, USA) and corresponding pBABE-empty vectors was kindly 

provided by Dr. Anne-Pierre Morel (Centre de Recherche en Cancérologie de Lyon, Lyon, France). 

pRS-empty vector was kindly provided by Dr. Peter ten Dijke (Leiden University Medical Center, 

Leiden, The Netherlands) and pRS-shTif1γ vector (#15728) was purchased from Addgene. pWZL-

12SE1A vector (#18748) was obtained from Addgene and pBABE-HRASV12 was previously described 

(1). 

 

Cell proliferation and flow cytometry 

For cumulative growth curve (3T3 assay), cells were plated in a T175 flask (1 × 106 cells) and were 

trypsinized, counted, and replated at the same density, twice a week for 25 days. Cells stained with 

trypan blue were counted using a Malassez cell counting chamber.  

For cumulative growth curve based on detection of metabolic activity (Uptiblue), The first day of 

experiment, cells were seeded in 48-well plates (2,000 cells per well). Each day, 20 μL of UptiBlue 

reagent (Interchim) was added and cells were incubated at 37°C for 4 h. Fluorescence was measured at 

590 nm wavelength using a spectrofluorometer.For cell cycle analysis by flow cytometry, cells were 

fixed in 70% cold ethanol at 4°C for 30 min, washed with PBS and then resuspended in a solution 

containing RNase A (2 mg/mL) and propidium iodide (40 μg/mL). Samples were subjected to flow 

cytometry (1 × 104 cells were acquired) on a Becton Dickinson FACS Calibur and analyzed with 

ModFit LT software (Verity Software House).  

 

Cytology and histology 



Cells were grown on glass coverslips, fixed in methanol at -20°C (for γ- and α-TUBULIN staining) or in 

4% formaldehyde at 4°C (for ACTIN and phosphorylated Serine-10 HISTONE H3 staining), and 

permeabilized with 0.1% Triton X-100 for 10 min before immunofluorescence experiments. The 

primary antibodies used were: mouse monoclonal antibodies against γ-TUBULIN (1:1,000; Sigma-

Aldrich), p-S10-HISTONE H3 (1:2,000; Abcam), -TUBULIN, FITC-conjugated (1:100; Sigma-

Aldrich). Secondary labeled antibodies were goat antibodies against mouse IgG, Alexa Fluor 555 dye-

conjugated or Alexa Fluor 488 dye-conjugated (1:400; Invitrogen). ACTIN was stained with phalloidin-

TRITC (1:200; Sigma-Aldrich). DNA was stained with DAPI (1 μg/mL; Sigma-Aldrich). To better 

visualize nuclear shapes, black and white pictures were obtained from acquired photos, using ImageJ 

software (National Institutes of Health).  

For toluidine blue nuclear staining, cells were fixed in methanol for 10 min at -20°C. After fixation, 

cells were incubated with toluidine blue for 10 min. 

For mitotic index, centrosomes and cytokinetic bridges quantification in MEFs, a minimum of 50 cells 

per condition were counted. For nuclear abnormalities quantification in MEFs and NMuMG cells, a 

minimum of 200 cells per condition were counted. 

All histological experiments were performed as previously described (2, 3). 

 

 

Western blotting 

Total protein extracts (20 μg) were prepared using RIPA lysis buffer [50 mM Tris, pH 7.5, 150 mM 

NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS and commercial protease and 

phosphatase inhibitor cocktail tablets (Roche)] and were subjected to electrophoresis on SDS/PAGE. 

The separated proteins were transferred onto PVDF membranes (Millipore) by electroblotting. Western 

blots were revealed using the ECL Western detection system (GE Healthcare). Primary and secondary 

antibodies are listed thereafter: 

GAPDH,    Goat polyclonal, 1:1,000  (Abcam) 

ACTIN,    Mouse monoclonal, 1:5,000  (Sigma-Aldrich) 

BUB1,    Mouse monoclonal, 1:500 (Abcam) 

BUBR1,   Mouse monoclonal, 1:1,000 (BD Biosciences)  



CYCLIN A,   Mouse monoclonal, 1:1,000 (Abcam)  

CYCLIN B1,   Mouse monoclonal, 1:3,000  (Millipore)  

HISTONE H3 (phospho-S10), Mouse monoclonal, 1:1,000 (Abcam)  

SECURIN,   Mouse monoclonal, 1:500 (Abcam)  

TIF1γ,    Mouse monoclonal, 1:2,000 (Euromedex)  

γ-TUBULIN,   Mouse monoclonal, 1:2,000 (Sigma-Aldrich) 

AURORA B,   Rabbit polyclonal, 1:1,000 (Abcam)  

E1A,    Rabbit polyclonal, 1:500 (Santa Cruz Biotechnology)  

HRAS,    Rabbit polyclonal, 1:500 (Santa Cruz Biotechnology) 

P21,    Rabbit polyclonal, 1:1,000 (Santa Cruz Biotechnology) 

Goat IgG secondary antibody, Rabbit 1:5,000   (Dako) 

Mouse IgG secondary antibody,  Rabbit, 1:5,000   (Dako)  

Rabbit IgG secondary antibody, Goat, 1:5,000    (Santa Cruz Biotechnology)  

 

Luciferase reporter assay 

NMuMG cells were seeded the day before transfection into 12-well plates (1 × 105 cells per well). 

Transient transfections (Lipofectamine, Invitrogen) were performed using 1 μg pGL3-Basic luciferase 

reporter vector (Promega) encoding Firefly luciferase under the control of p21 promoter. Fifty ng of 

phRL-CMV vector (Promega) encoding Renilla luciferase under the control of the CMV 

(CytoMegaloVirus) ubiquitous promoter was co-transfected in order to determine the transfection 

efficiency and to normalize Firefly luciferase values. The day after transfection, cells were treated or not 

with colcemid. 24 h after treatment, Firefly and Renilla luciferase activities were quantified in whole-

cell lysates (Passive Lysis Buffer, Promega) using the Dual-Luciferase Reporter Assay System 

(Promega) as previously reported (4). The firefly luciferase activity was normalized against Renilla 

luciferase activity, and the ratios applied to the untreated control-NMuMG cells, arbitrarily set at 1.0. 

Experiments were performed in triplicates. 

 

Soft agar assay 



Control- and shTif1γ-transformed NMuMG cells were harvested by trypsinization and diluted to a 

density of 10,000 cells per mL. Each mL was then suspended in 1 mL of 0.90% melted agarose (Lonza) 

in complete culture medium containing antibiotics, and plated into 6-well plates overlayed with 0.75% 

agarose in the same medium. Cells were then incubated for 3 weeks at 37°C under 5% (v/v) CO2 

atmosphere. Renewal of complete culture medium was performed once a week. Thirty fields per 

condition/per experiment were acquired and subsequently analyzed using ImageJ software. 

 

Chicken chorioallantoic membrane assay 

On day 1 of embryonic development, fertilized chick eggs (Gallus gallus domesticus, EARL Morizeau) 

were incubated at 38°C and a relative humidity of 80%. After 3 days, a window was cut in the shell. On 

day 11, 5 × 106 of control- or shTif1γ-transformed NMuMG cells, resuspended in 40 μL of complete 

culture medium were inoculated on chorioallantoic membrane. Finally, after 17 days of development, 

chicken embryos were euthanized and tumors were resected. Their surfaces were determined using 

AxioVision Release 4.6 software (Zeiss). 

 

Allografts in Nude mice 

Control- and shTif1γ-transformed NMuMG cells were implanted by subcutaneous injection of 1 × 106 

cells in 100 μL PBS into the flank of five-week-old (20-22 g body weight) female Nude mice. Tumor 

size was measured twice a week with a caliper, and the tumor volumes were determined with the 

following equation: v = (l × w2) × 0.5 (where v is volume, l is length and w is width). When tumors 

reached a maximal volume of 2,000 mm3, mice were euthanized. Tumors were then resected and fixed 

in 4% formaldehyde for 24 h and embedded in paraffin for histological analysis. 

 

Analysis of human cancer cell lines and carcinomas 

For human breast carcinomas, CNV data, TIF1γ gene expression data and TP53 gene status data were 

respectively obtained from the files “SNP and Copy Number/Level 3 Data Archives/”, “RNA 

Expression/Data Matrix Files/BRCA.exp.547.med.txt” and “Mutations/Level 2 MAF archives 

containing exome-based somatic mutations/”, provided by TCGA (https://tcga-

data.nci.nih.gov/docs/publications/brca_2012/) (5). 



For human colorectal carcinomas, TIF1γ gene status data and whole genome mutation status data were 

respectively obtained from the files “Copy Number/GISTIC marker file” and “Mutations/Somatic 

mutations”, provided by TCGA (https://tcga-data.nci.nih.gov/docs/publications/coadread_2012/).(6). 

For human clear cell renal cell carcinomas, CNV data and TIF1γ gene expression data were respectively 

obtained from the files “SNP and copy Number/Supplementary Data/Copy numbers for every genes” 

and “Gene expression/Supplementary Data/Data Matrix Files/Gene expression tumor data set”, 

provided by TCGA (https://tcga-data.nci.nih.gov/docs/publications/kirc_2013/) (7). 
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The human NUPR1/P8 gene is transcriptionally activated by transforming
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NUPR1 (nuclear protein 1), also called P8 (molecular mass
8 kDa) or COM1 (candidate of metastasis 1), is involved in
the stress response and in cancer progression. In the present
study, we investigated whether human NUPR1 expression was
regulated by TGFβ (transforming growth factor β), a secreted
polypeptide largely involved in tumorigenesis. We demonstrate
that the expression of NUPR1 was activated by TGFβ at
the transcriptional level. We show that this activation is
mediated by the SMAD proteins, which are transcription factors
specifically involved in the signalling of TGFβ superfamily
members. NUPR1 promoter analysis reveals the presence of a

functional TGFβ-response element binding the SMAD proteins
located in the genomic DNA region corresponding to the 5′-
UTR (5′-untranslated region). Altogether, the molecular results
of the present study, which demonstrate the existence of a
TGFβ/SMAD/NUPR1 activation cascade, open the way to
consider and investigate further a new mechanism enabling TGFβ
to promote tumorigenesis by inducing stress resistance.

Key words: cytokine, nuclear protein 1 (NUPR1), promoter,
SMAD, stress, transforming growth factor β (TGFβ).

INTRODUCTION

A cell constantly receives a multitude of signals informing it about
its condition and that of its environment. When it receives signals
threatening its integrity or its ability to function (exposure to toxic
substances or radiation, thermal or osmotic stress, or a lack of
nutrients or oxygen etc.), a cell expresses stress proteins in order
to deal with these attacks [1]. This stressed state, permitting the
cell to survive such hostile conditions, may be transitory (acute
stress), after which there is a return to normal conditions, or
permanent (chronic stress), part of a more long-term adaptive
process. Whether transient or permanent, this stressed state has
the aim of ensuring that the cell survives and continues to perform
its functions. If the conditions of stress become incompatible with
maintaining the biological functions normally carried out by the
cells, these cells are ‘eliminated’ by fail-safe programmes such as
apoptosis or senescence.

To ride out these detrimental conditions, cancer cells frequently
hijack and take advantage of the survival signals provided by
the stress proteins, while avoiding fail-safe programs [2]. The
combined effect of these two events (survival stimulus from the
stress proteins and avoiding the fail-safe programs) gives cancer
cells a selective benefit, which results in uncontrolled tumour
growth. During tumour progression, cancer cells must resist
diverse stress factors, such as a lack of nutrients and oxygen, the
presence of pro-apoptotic and cytostatic factors secreted in
the tumoural microenvironment, and repeated attacks by the

immune system. To survive in such hostile conditions, cancer
cells express numerous stress proteins, which are more or less
specific to a given stress factor.

Among these, the protein NUPR1 (nuclear protein 1), also
called P8 (molecular mass 8 kDa) or COM1 (candidate of
metastasis 1), has been found to be expressed in the pancreas
of rats suffering from pancreatitis as a reaction to the
injection of sodium taurocholate into the main pancreatic duct
in order to create severe chemical stress [3]. NUPR1 is an
evolutionarily conserved protein (it is present in Drosophila,
Xenopus, nematodes and mammals). It is structurally related to the
HMG (high-mobility group) transcriptional regulators, which are
involved in the stress response and in cancer progression through
their effect on chromatin remodelling and transcription. NUPR1
has been shown to interact with the histone acetylation-regulating
factor MSL1 (male-specific lethal 1 homologue), suggesting
that NUPR1 may be implicated in chromatin remodelling [4].
NUPR1 also interacts with various factors controlling the cell
cycle, programmed cell death and autophagy [5]. The functional
relevance of these interactions remains elusive.

TGFβ (transforming growth factor β) is a secreted polypeptide
that is part of a large family of cytokines and growth factors,
including TGFβs, BMPs (bone morphogenetic proteins) and
activins [6,7]. The ‘canonical’ signalling pathway activated by
TGFβ family members is mediated by the SMAD family of
transcription factors. Contrasting with its tumour suppressor role
in the majority of untransformed cells, TGFβ behaves like a

Abbreviations used: ChIP, chromatin immunoprecipitation; COM1, candidate of metastasis 1; DMEM, Dulbecco’s modified Eagle’s medium; DTT,
dithiothreitol; EMSA, electrophoretic mobility-shift assay; EST, expressed sequence tag; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GST,
glutathione transferase; HEK, human embryonic kidney; MH2, MAD homology 2; MEF, mouse embryonic fibroblast; NUPR1, nuclear protein 1; P8, molecular
mass 8 kDa; PAI-1, plasminogen activator inhibitor-1; P/S, penicillin and streptomycin mix; qPCR, quantitative PCR; RT-qPCR, reverse transcription
quantitative PCR; SBE, SMAD-binding element; siRNA, small interfering RNA; TGFβ, transforming growth factor β; TβR, TGFβ receptor; 5′-UTR, 5′-
untranslated region.

1 These authors contributed equally to this work.
2 To whom correspondence should be addressed (email laurent.bartholin@lyon.unicancer.fr).
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pro-oncogenic factor in most transformed tissues by stimulating
EMT (epithelial–mesenchymal transition), immunosuppression
and the remodelling of the extracellular matrix [8,9]. We
showed that NUPR1 was involved in TGFβ-induced tumour
aggressiveness, establishing for the first time a functional
interaction between TGFβ and a stress protein such as NUPR1
[9a].

In the present study we investigate whether human NUPR1 is
a direct molecular target of TGFβ. We show that the expression
of the NUPR1 is activated by TGFβ at the transcriptional level
through the SMAD signalling pathway. We cloned a 2340 bp
NUPR1 promoter fragment (spanning nucleotide residues − 2111
to + 229) and identified a functional TGFβ regulatory sequence
binding the SMAD proteins in a genomic region corresponding
to the 5′-UTR (5′-untranslated region).

MATERIALS AND METHODS

Plasmid constructs

The NUPR1 gene is located on the negative strand of
chromosome 16 in position 16p11.2. The complete sequence of
the NUPR1 promoter is available in GenBank® (NC_000016).
The transcription start codon is predicted by the ENSEMBL
database (ENST00000324873) and the EST (expressed sequence
tag) database (accession number BM751285). The nucleotide
positions in the present study are relative to this predicted
transcription start site ( + 1). We noted the existence of an
alternative transcription start located upstream from the putative
TATA box as suggested by the existence of another EST 42 bp
upstream (accession number BP214401).

Different genomic DNA fragments corresponding to the
NUPR1 promoter were cloned into the luciferase pGL3-basic
(Promega) reporter plasmid. Human genomic DNA (Promega)
was used as a PCR template (PrimeSTARTM HS, TaKaRa) to clone
the different fragments of the NUPR1 promoter: ( − 2111/ + 229),
( − 2111/ + 208), ( − 2111/ + 152), ( − 2111/ + 117), ( − 2111/
+ 105), ( − 2111/ + 86), ( − 2111/ + 71), ( − 2111/ + 1) and
( + 1/ + 229). Amplified fragments were cloned in the pGL3-
basic-Luciferase vector by homologous recombination (In-
Fusion HD Cloning Kit, Clontech). All of the constructs
were verified by sequencing (GATC Corporation). Mammalian
expression vectors pcDNA3.1-SMAD3 and pcDNA3.1-SMAD4
were provided by Peter Ten Dijke (Leiden University Medical
Center, Leiden, The Netherlands) and described in [10] and
Aristidis Moustakas [11] (Ludwig Institute for Cancer Research,
Uppsala, Sweden) respectively. Bacterial GST (glutathione
transferase)–SMAD3�C fusion protein expression vector was
provided by A. Mauviel [12] (Curie Institute, Orsay, France).

Cell culture

The HepG2 (human hepatocellular carcinoma) and HEK (human
embryonic kidney)-293T cancer cell lines were obtained from the
A.T.C.C. and cultured in DMEM (Dulbecco’s modified Eagle’s
medium), supplemented with 0.03% L-glutamine and containing
10% FBS (fetal bovine serum) and P/S (a mix of 100 units/ml
penicillin and 100 μg/ml streptomycin sulfate). Colo 357 cells
(human pancreatic adenocarcinoma) (a gift from Dr Caroline
Hill, Cancer Research UK, London Research Institute, London,
U.K.) were cultured in RPMI medium supplemented with 0.03%
L-glutamine and containing 10% FBS and P/S. Immortalized
MEFs (mouse embryonic fibroblasts) prepared from Smad4lox/lox

embryos [13] were generated in our laboratory. Briefly,
Smad4lox/lox MEFs were isolated from E12.5 (embryonic

day 12.5) mouse embryos and spontaneously immortalized
through successive passages. MEFs were cultured in DMEM
supplemented with 0.03% L-glutamine and containing 10%
FBS, 1% non-essential amino-acids and P/S. MEFs were infected
either with an empty retroviral vector (pBABE-wt) or a Cre-
expressing retroviral vector (pBABE-Cre). After infection, MEFs
were cultured in the presence of 3 μg/ml puromycin (Invivogen)
to select stably infected cells. All cell lines were propagated at
37 ◦C under 5 % (v/v) CO2 atmosphere. Recombinant human
TGFβ1 was purchased from Peprotech and was used at a 10 ng/ml
final concentration. Actinomycin D was purchased from Sigma–
Aldrich and was used at a 5 μg/ml final concentration.

RNA interference experiments

Colo 357 cells were seeded and reverse-transfected in 24-
well plates (105 cells per well), with LipofectamineTM 2000
(Invitrogen) and 20 pmol of control siRNA (small interfering
RNA) or siRNA directed against SMAD4 (Invitrogen). Culture
medium was changed 6 h after transfection and, 2 days after
transfection, cells were treated with TGFβ for 24 h.

Reporter assays

Cells were seeded the day before transfection into 12-well
plates (105 cells per well for HEK-293T cells and 1.5×105

cells per well for HepG2 cells). Transient transfections (Exgen
500, Euromedex) were performed using luciferase pGL3-basic
reporter plasmids (Promega) encoding firefly luciferase under the
control of different fragments of the NUPR1 promoter. phRL-
CMV vector (Promega) encoding Renilla luciferase under the
control of the CMV (cytomegalovirus) ubiquitous promoter was
co-transfected in order to determine the transfection efficiency and
to normalize firefly luciferase values. Where indicated, expression
vectors encoding SMAD3 and SMAD4 proteins were also co-
transfected. The total amount of transfected material was kept
constant (750 ng) using pcDNA3.1 empty vector (Invitrogen).
The day after transfection, cells were treated with TGFβ. At 24 h
after TGFβ treatment, firefly and Renilla luciferase activities were
quantified in whole-cell lysates (Passive Lysis Buffer, Promega)
using the Dual-Luciferase Reporter Assay System (Promega).
The firefly luciferase activity was normalized with regard to the
Renilla luciferase activity, and the ratios were related to the basal
condition (untreated cells) arbitrarily set at 1.0. Experiments were
performed in triplicate.

RT-qPCR (reverse transcription quantitative PCR)

As described previously [14], total RNAs were extracted
from the different cell lines (HEK-293T, Colo 357, HepG2
and MEFs) using the RNeasy Mini Kit (Qiagen). First-strand
cDNAs were prepared using 250 ng of RNA and SuperScriptII
Reverse Transcriptase in the presence of random primers
(Invitrogen), after incubation with DNase I (Invitrogen). qPCR
(quantitative PCR) was performed using an Applied Biosystems
ABI PRISM 7000 Sequence Detection thermocycler (annealing
temperature 60 ◦C) and iTaq SYBR Green Supermix (Bio-
Rad Laboratories). Primers (Sigma–Aldrich) used for qPCR are
presented in Supplementary Table S1 (at http://www.BiochemJ.
org/bj/445/bj4450285add.htm). As described previously [15],
all of the real-time values were averaged and compared
using the threshold cycle (CT) method, where the amount
of target RNA (2−��CT ) is normalized to the endogenous
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) or HPRT
(hypoxanthine–guanine phosphoribosyltransferase) expression

c© The Authors Journal compilation c© 2012 Biochemical Society
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reference (�CT). The amount of target in untreated cells was set
as the calibrator at 1.0. Experiments were performed in duplicate.

Western blotting

Total protein extracts (20 μg) were prepared using RIPA lysis
buffer [50 μM Tris, pH 7.5, 150 μM NaCl, 1% Nonidet P40,
0.5% sodium deoxycholate, 0.1%SDS and commercial protease
and phosphatase inhibitor cocktail tablets (Roche)] from Colo
357 cells and MEFs, and were subjected to electrophoresis
on SDS/PAGE (10% gels). The separated proteins were
transferred on to PVDF membranes (Millipore) by electroblotting.
Rabbit monoclonal anti-SMAD4 (1:1000 dilution, Epitomics)
and mouse monoclonal anti-β-actin (1:5000 dilution, Sigma–
Aldrich) were used as primary antibodies. Goat anti-rabbit IgG
(1:10 000 dilution, Dako) and rabbit anti-mouse IgG (1:10 000
dilution, Dako) were used as secondary antibodies. Western blots
were revealed using the ECL Western detection system (GE
Healthcare).

EMSA (electrophoretic mobility-shift assay)

The genomic DNA region corresponding to the 5′-UTR of
NUPR1( + 1/ + 229), used as a probe for EMSAs, was amplified
by PCR (see Supplementary Table S1 for primer sequences)
using the pGL3-hNUPR1( + 1/ + 229)-Luc vector as a template.
After enzymatic digestion by KpnI and NheI, probes were
labelled at their 3′ extremity by biotinylation (Biotin 3′ End
DNA Labelling kit, Thermo Scientific). The nuclear extracts
were prepared from 8×107 HepG2 cells treated or not with
TGFβ for 45 min. Cells were washed with PBS and further lysed
in a hypotonic buffer [10 mM Hepes, pH 7.9, 1.5 mM MgCl2,
10 mM KCl, 0.1% Nonidet P40, 1 mM DTT (dithiothreitol),
2 mM NaVO4, 10 mM NaF and commercial protease inhibitor
cocktail tablets (Roche)]. After 15 min of incubation on ice,
nuclei were centrifuged and washed twice with the above-
described buffer. Then, chromatin proteins were extracted using a
hypertonic buffer (20 mM Hepes, pH 7.9, 25% glycerol, 420 mM
NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM PMSF in DMSO
and 0.5 mM DTT). Protein concentrations in cleared lysates
were then measured using a commercial kit (Bio-Rad Protein
Assay). A 1 μg portion of recombinant proteins, e.g. GST (wild-
type, Santa Cruz Biotechnology) or GST–SMAD3�C [16], were
incubated with the 3′-labelled probes (20 fmol) for 20 min at room
temperature (23 ◦C) in the presence of 50 ng/ml poly(dI-dC) in 1×
binding buffer (LightShift Chemiluminescent EMSA kit, Thermo
Scientific) as described previously [17]. For competition assays
with antibodies, 0.25 μg of nuclear extracts were pre-incubated
for 20 min at room temperature with antibodies directed against
SMAD4 (rabbit polyclonal IgG, Santa Cruz Biotechnology),
SMAD7 (goat polyclonal IgG, Santa Cruz Biotechnology) or
GAPDH (goat polyclonal IgG, Abcam), followed by 20 min of
incubation at room temperature of the labelled probes (20 fmol)
in the presence of 50 ng/ml poly(dI-dC) in 1× binding buffer.
Protein–DNA complexes were resolved on a non-denaturing 4%
polyacrylamide gel (pre-run for 30 min at 100 V) in 0.5× TBE for
60 min at 100 V and transferred on to Hybond N + membrane
in 0.5× TBE for 45 min at 100 V. DNAs were cross-linked to
the membrane for 10 min (312 nm irradiation) and revealed
using a horseradish peroxidase-conjugated streptavidin system
(LightShift Chemiluminescent EMSA kit, Thermo Scientific).

ChIP (chromatin immunoprecipitation)

Colo 357 cells (107) were treated with or without TGFβ
for 45 min and ChIP assay was performed following the

manufacturer’s protocol (ChIP assay kit, Millipore) [18]. Briefly,
chromatin was cross-linked with formaldehyde and subjected to
immunoprecipitation using either anti-SMAD4 (rabbit polyclonal
IgG, Santa Cruz Biotechnology) or control rabbit IgG (Santa Cruz
Biotechnology) antibodies. Following reversal of the cross-links,
DNA was extracted according the standard phenol/chloroform
procedure and analysed by qPCR performed using specific
primers presented in Supplementary Table S1. All the results
obtained are represented as percentage of input values and
normalized to the values observed in untreated conditions,
arbitrarily set at 1.0.

Statistics

Results were represented as means +− S.E.M. or S.D. Statistical
significance was tested using Student’s t test (*P < 0.05;
**P < 0.01; ***P < 0.001). Means, S.E.M. or S.D. and Student’s
t test were representative of three independent experiments.

RESULTS

TGFβ activates the transcription of the NUPR1 gene

To investigate NUPR1 activation by TGFβ, we studied the
accumulation of NUPR1 transcripts in response to TGFβ in
diverse cell types known for their sensitivity to this cytokine.
HepG2 cells, Colo 357 cells, MEFs and HEK-293T cells were
used (Figure 1A). The amount of NUPR1 mRNA was significantly
increased in HEK-293T (2-fold), HepG2 (3-fold), MEFs (4-fold)
and Colo 357 (7-fold) cell lines in the presence of TGFβ as
compared with untreated cells.

We subsequently studied the kinetic accumulation of NUPR1
mRNA in response to TGFβ. We used the Colo 357 cells,
which exhibited the highest up-regulation of NUPR1 gene
expression in response to TGFβ. Colo 357 cells were therefore
treated with TGFβ for a range of periods (from 0.5 h to 24 h)
and the expression of NUPR1 mRNA was analysed. RT-qPCR
results (Figure 1B) showed that increasing amounts of NUPR1
transcripts were detectable as early as 1 h after the beginning of
TGFβ treatment. This rapid accumulation of NUPR1 mRNA is
suggestive of a TGFβ direct effect.

Next, we explored whether the accumulation of NUPR1
transcripts in response to TGFβ treatment was due to
a transcriptional activation. For this, we tested whether the
transcription inhibitor actinomycin D could compromise NUPR1
activation by TGFβ. Colo 357 cells were treated with TGFβ
and actinomycin D, alone or in combination, for 12 h or 24 h.
As shown in Figure 1(C), the TGFβ-mediated up-regulated
expression of NUPR1 is totally inhibited by the presence of
actinomycin D. This result demonstrates that the NUPR1 mRNA
level is transcriptionally modified by TGFβ.

SMAD-dependent transcriptional activation of human NUPR1
by TGFβ

The TGFβ signalling pathway involves two kinase receptors,
TβRI (TGFβ receptor type I) and TβRII. The SMAD proteins
mediate the ‘canonical’ signalling pathway in response to TGFβ.
After binding to its receptors, TGFβ induces the phosphorylation
of TβRI, which in turn phosphorylates SMAD2 and SMAD3
proteins (R-SMADs). Phosphorylated SMAD2 and
SMAD3 proteins then interact with the common SMAD4
(Co-SMAD) protein. The SMAD2–SMAD3–SMAD4 complex
accumulates within the nucleus, binds to DNA and activates
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Figure 1 TGFβ activates the transcription of NUPR1 via the SMAD signalling pathway

(A) RT-qPCR analysis of NUPR1 expression in HEK-293T, HepG2, MEFs and Colo 357 cells treated or not with TGFβ for 24 h. (B) Time-course analysis for the NUPR1 gene expression in Colo 357
cells in the presence of TGFβ assessed by RT-qPCR. (C) Effect of actinomycin D (Actino.) treatment on NUPR1 mRNA accumulation in Colo 357 cells after TGFβ treatment, evaluated by RT-qPCR.

the transcription of target genes. In order to inhibit the SMAD
pathway, we inactivated SMAD4 by RNA interference. We
transiently transfected Colo 357 cells either with a control siRNA
or a siRNA directed against SMAD4. The cells were then treated
with TGFβ for 24 h and NUPR1 expression was quantified
further. Western blotting and RT-qPCR analyses revealed an
effective (>70%) reduction of SMAD4 expression (Figure 2A),
which is correlated with a significant reduction of NUPR1 mRNA
accumulation in response to TGFβ (Figure 2B). This result was
confirmed by taking advantage of genetically engineered mice
available in our laboratory and bearing a conditional knockout
Smad4 floxed allele [13,19]. We prepared Smad4lox/lox MEFs and
infected them with either a Cre-expressing retroviral vector or a
control retroviral vector. Western blotting analysis and RT-qPCR
revealed a major decrease (>80%) in Smad4 expression in the
presence of the Cre recombinase (Figure 2C). As expected,
Cre-mediated Smad4 inactivation was found to be correlated with
a significant diminution of murine Nupr1 mRNA accumulation
after TGFβ treatment (Figure 2D). Taken together, these results
demonstrate that the SMAD signalling pathway is crucial for
enabling optimal activation of NUPR1 by TGFβ.

Identification of TGFβ-response elements in the NUPR1 promoter

The results presented above show that TGFβ activates NUPR1
gene expression at the transcriptional level via the SMAD
signalling pathway. We then analysed further the promoter region
of NUPR1. We generated the pGL3-hNUPR1( − 2111/ + 229)-
Luc reporter, which contains a genomic DNA region extending
from − 2111 to + 229 nucleotides relative to the NUPR1
transcription start. We carried out transient transfections of
HepG2 or HEK-293T cells with this reporter vector, as well as
with plasmids encoding SMAD3 and SMAD4 proteins, before
treating cells with TGFβ for 24 h. The co-transfection of vectors
expressing SMAD3 and SMAD4 was aimed at optimizing

the response to TGFβ. In the two cell lines, we observed a
2-fold increase in transcriptional activity in the presence of TGFβ
and a 5-fold increase in the combined presence of TGFβ and
exogenous SMAD3 and SMAD4 proteins (Figure 3A). We also
observed in HEK-293T cells that SMAD3 and SMAD4, in the
absence of exogenous TGFβ, could almost activate transcription
up to the level observed with the combined use of TGFβ
and overexpressed SMAD3/SMAD4 (Supplementary Figure S1
at http://www.BiochemJ.org/bj/445/bj4450285add.htm). These
results thus showed that this genomic DNA region of the NUPR1
gene that extends from position − 2111 to + 229 is sensitive to
TGFβ.

TGFβ-activated SMAD complexes accumulate in the nucleus
[6] and regulate target gene expression by binding to DNA
sequences called SBEs (SMAD-binding elements) containing
the 5′-AGnC-3′ (where n is any nucleotide) minimal motif
[20]. The extended 5′-CAGACA-3′ sequence binds SMAD
proteins with higher affinity, and was identified in the
promoter of several TGFβ-target genes, such as human
PAI-1 (plasminogen activator inhibitor-1) [21]. In silico
analysis of the − 2111/ + 229 NUPR1 promoter allowed
us to identify fourteen putative SBEs (5′-CAGAC-3′ and
5′-AGACA-3′) (Figure 3B and Supplementary Figure S2
at http://www.BiochemJ.org/bj/445/bj4450285add.htm). Inter-
estingly, these sites are not distributed evenly along this
genomic DNA sequence. Indeed, putative SBE concentration is
higher in the region corresponding to the 5′-UTR ( + 1/ + 229)
of NUPR1, and more precisely in a 170 bp ( + 60/ + 229)
sequence, which contains six SBEs (out of 14 putative SBEs
present in the analysed − 2111/ + 229 promoter). Interestingly,
this 170-bp long SBE-enriched region is the only NUPR1
promoter region that is conserved between humans and mice
(75% nucleotide homology) (Supplementary Figure S2). This
conservation suggests that the region corresponding to the 5′-UTR
of NUPR1 might be of special importance in the NUPR1 gene
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Figure 2 SMAD-dependent transcriptional activation of NUPR1 by TGFβ

(A) SMAD4 protein (Western blotting, top panel) and mRNA (RT-qPCR, bottom panel) expression in Colo 357 cells transiently transfected either with a control siRNA or SMAD4-specific siRNA
(siSMAD4). (B) NUPR1 mRNA accumulation after TGFβ treatment (24 h) in Colo 357 cells transiently transfected either with a control siRNA or SMAD4-specific siRNA was evaluated by RT-qPCR.
(C) SMAD4 (Western blotting, top panel) and mRNA (RT-qPCR, bottom panel) expression in Smad4lox/lox MEFs stably infected either with an empty retroviral vector or retroviral vector expressing Cre
recombinase (Cre). (D) Murine Nupr1 transcript accumulation after TGFβ treatment (24 h) in Smad4lox/lox MEFs stably infected either with an empty retroviral vector or retroviral vector expressing
Cre recombinase was evaluated by RT-qPCR.

response to TGFβ. In this context, to precisely map the TGFβ-
responsive elements, we cloned reporter plasmids containing
different NUPR1 promoter fragments presenting serial deletions
at the 3′ extremity of the 5′-UTR. Six fragments were designed
to sequentially remove one by one the different putative SBEs
present in the 5′-UTR. These reporters were transfected into HEK-
293T cells. Cells were then treated with TGFβ in the presence
of overexpressed SMAD3 and SMAD4 proteins (Figure 4).
Deletions from position + 229 to + 152 do not significantly
affect the induction of the NUPR1 promoter by TGFβ. By
contrast, the deletion of nucleotides + 152 to + 117 significantly
reduces activation by TGFβ, consistent with the existence of a
major TGFβ-responsive element in this region. Thus the TGFβ-
mediated transcriptional regulation is mainly dependent on a 35
bp-length sequence located between + 152 and + 117 positions
and containing a SBE (5′-AGACA-3′). In order to definitively
demonstrate the importance of the 5′-UTR region in the TGFβ-
dependent transcriptional activation of NUPR1 gene, we cloned
the pGL3-hNUPR1( + 1/ + 229)-Luc construct. Results obtained
with this reporter plasmid showed that NUPR1 5′-UTR was

sufficient to induce the activation of the reporter gene by TGFβ
and exogenous SMAD proteins (Figure 4). In conclusion, the
promoter region corresponding to the 5′-UTR ( + 1/ + 229) of
NUPR1 is necessary and sufficient to allow the transcriptional
activation of this gene in response to TGFβ.

SMAD proteins bind to the NUPR1 promoter

We next investigated whether SMAD proteins could directly
interact with the NUPR1 promoter. For this, we tested whether the
5′-UTR of NUPR1 could physically and directly interact with
the SMAD proteins. We therefore carried out EMSAs using a
GST–SMAD3�C recombinant protein. GST–SMAD3�C is
a truncated SMAD3 protein, which no longer contains its MH2
(MAD homology 2) domain in the C-terminal position. In the
absence of this MH2 domain, the affinity of SMAD3 for DNA,
ensured by the N-terminal domain, is strongly increased [22]. We
observed a shift of the NUPR1 5′-UTR probe in the presence of
GST–SMAD3�C, whereas no shift was observed with the control

c© The Authors Journal compilation c© 2012 Biochemical Society



290 R. M. Pommier and others

Figure 3 NUPR1 promoter is activated by the TGFβ/SMAD signalling pathway

(A) Luciferase reporter assay in HepG2 and HEK-293T cells transiently transfected with the pGL3-hNUPR1( − 2111/ + 229)-Luc reporter plasmid with or without pcDNA3.1-SMAD3 and
pcDNA3.1-SMAD4, treated or not with TGFβ for 24 h. (B) Schematic representation of the NUPR1 promoter. Putative SBEs (5′-CAGAC-3′ or 5′-AGACA-3′) are indicated in bold (see Supplementary
Figure S2 at http://www.BiochemJ.org/bj/445/bj4450285add.htm for more details).

Figure 4 Identification of TGFβ-response elements in the NUPR1 gene

Luciferase reporter assay in HEK-293T cells transiently transfected with reporters containing the indicated fragment of the NUPR1 promoter with TGFβ , and SMAD3 and SMAD4 expression vectors.

probe or the recombinant wild-type GST protein (Figure 5A).
These results indicate that the SMAD3 protein can specifically
and directly bind to the 5′-UTR of the NUPR1 gene.

We next explored whether an endogenous protein complex
could bind to the 5′-UTR of NUPR1 after TGFβ treatment.
To do this, we performed EMSA using nuclear protein extracts

prepared from HepG2 cells either treated or not for 45 min with
TGFβ, the length of time sufficient for the nuclear translocation
of SMAD2–SMAD3–SMAD4 proteins in response to TGFβ.
Our results revealed a shifted band in the presence of nuclear
extracts of cells treated with TGFβ (Figure 5B). This indicated an
interaction between the 5′-UTR of NUPR1 and the endogenous
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Figure 5 SMAD proteins bind to the NUPR1 promoter

(A) EMSA performed with a labelled probe corresponding to the NUPR1 5′-UTR ( + 1/ + 229) in the presence of recombinant GST–SMAD3�C. An irrelevant labelled control probe and GST
wild-type (wt) protein were used as negative controls. (B) EMSA performed with the NUPR1 5′-UTR ( + 1/ + 229) and nuclear proteins prepared from HepG2 cells with or without TGFβ (45 min),
and pre-incubated or not with increasing concentrations of the indicated antibody (anti-SMAD4, anti-GAPDH and anti-SMAD7). (C) ChIP (IP) assay performed in Colo 357 cells treated or not with
TGFβ (45 min). qPCR was performed using primers specific to either NUPR1 or PAI-1. Anti-SMAD4 and rabbit IgG antibodies were used for ChIP. All results obtained were represented as ‘percentage
input’ values and normalized to the untreated condition arbitrarily set at 1.0.

proteins involved in the TGFβ signalling pathway. Then, we
investigated whether the complex that binds to the NUPR1 5′-
UTR after TGFβ treatment actually contains SMAD proteins.
For that, we were able to show that pre-incubation of nuclear
extracts with an anti-SMAD4 antibody was sufficient to decrease
the formation of the DNA–protein complex in a dose-dependent
manner (Figure 5B). Binding of the anti-SMAD4 antibody to
the SMAD transcriptional complex probably masks the DNA-
interacting domain, consequently preventing the interaction of
this complex with DNA. Inhibition of band shift formation
using competing antibodies has already been described by others
[23,24]. As a negative control, no effect was observed using
monoclonal isotypical antibodies directed against GAPDH or
SMAD7. Altogether, our results indicate that TGFβ treatment
induces the binding of a SMAD4 transcriptional complex to
the NUPR1 5′-UTR that we demonstrated in Figure 4 to confer
sensitivity to TGFβ.

Finally, we investigated whether endogenous SMAD4 was
recruited to the endogenous promoter of NUPR1 gene. We
performed ChIP experiments in Colo 357 cells. Our results
(Figure 5C, left-hand panels) revealed an enrichment (2.5-fold)
of SMAD4 bound to the NUPR1 promoter in cells treated with
TGFβ. As a positive control, we verified that the presence
of SMAD4 was also enhanced at the well-known TGFβ-
sensitive PAI-1 (encoded by the SERPINE1 gene) promoter (3-
fold). Importantly, no enrichment (of NUPR1 or PAI-1) after
TGFβ treatment was detected in precipitates using control IgG
(Figure 5C, right-hand panels). Additionally, the ACTIN signal
was not detected to a significant level in any of the precipitates,

confirming the specificity of the association of SMAD4 with the
NUPR1 promoter.

DISCUSSION

In previous studies, we reported preliminary observations
suggesting that TGFβ treatment or SMAD4 overexpression
could activate NUPR1 expression in mouse fibroblasts [25] and
human Panc-1 cells [26], with the precise molecular mechanism
remaining elusive. In this context, and considering the important
role of both molecules in cancer, it was of particular interest to
further analyse the regulation of NUPR1 by TGFβ. The present
study provides molecular evidence that NUPR1 is a direct target
gene of the TGFβ–SMAD axis. Indeed, we demonstrated here
that TGFβ could activate the transcription of the NUPR1 gene
via the canonical pathway of the SMAD proteins. We cloned the
NUPR1 promoter, allowing us to identify precisely the TGFβ-
responsive elements. We demonstrated, using reporter assays,
that the activation of NUPR1 by TGFβ was dependent on a
35 bp sequence ( + 117/ + 152) containing a SBE (5′-AGACA-
3′) which is located in the genomic DNA region corresponding
to the 5′-UTR of NUPR1. We also showed that a DNA probe
corresponding to the 5′-UTR of NUPR1 could physically interact
with SMAD proteins. Finally, ChIP experiments revealed that
TGFβ could induce the binding of the endogenous SMAD4
protein to the 5′-UTR of NUPR1. Taken together, the results of
the present study reveal that NUPR1 is a transcriptional target of
TGFβ involving the SMAD proteins, through a TGFβ-responsive
element located in the 5′-UTR of NUPR1.
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The + 1/ + 229 bp NUPR1 5′-UTR is enriched in putative
SBE, since it contains six out of the 14 putative SBE present in
the − 2111/ + 229 bp NUPR1 promoter (Supplementary Figure
S2). Even more striking, the SBE that we identified in the
TGFβ-responsive element is located in a 25 bp region ( + 99-
CAGACtgtgGTCTGaggaggAGACA- + 123), which contains a
cluster of three aggregated SBEs (Supplementary Figure S2). The
TGFβ-responsive element we identified with our serial deletions
corresponds to the more distal (3′) SBE, but it will be of particular
interest to test the functionality of the two other SBEs, which
are positioned into a palindromic orientation, a configuration
previously described to bind SMAD proteins with higher affinity
than the usual SBEs [27].

NUPR1 expression appears to be a crucial element in cancer
cells [5]. It appears to be critical for tumour development in
immunodeficient mice [28–30], and is found overexpressed
in human cancers [31,32], in which its expression is inversely
correlated with apoptosis [33,34]. It is also involved in the
resistance to anti-tumoral treatments [35] and the formation of
metastases [36]. Our results regarding the regulation of NUPR1
by TGFβ, coupled with the latter’s oncogenic properties, make
the stress protein NUPR1 a prime candidate for involvement
in the oncogenic response induced by TGFβ. Indeed, as TGFβ and
NUPR1 play a part in tumour progression [28,30], it is tempting
to speculate on the involvement of NUPR1 in mediating the pro-
oncogenic properties of TGFβ. We put forward the hypothesis of
a new mechanism that enables TGFβ to promote tumorigenesis
by inducing stress resistance. It is noteworthy that approximately
50% of the pancreatic tumours present a deletion of the locus
containing SMAD4 [also named DPC4 (deleted in pancreatic
carcinoma 4)] [37]. Whether or not NUPR1/P8 plays a role in
SMAD4-negative tumours remains elusive. In this context, we
can speculate that NUPR1/P8 activation may involve SMAD4-
independent pathways, which have been largely described to be
involved in the oncogenic properties of TGFβ [38]. Moreover,
NUPR1/P8 expression could also be activated by other pathways,
which are totally independent of TGFβ. Finally, we cannot rule
out the possibility that NUPR1/P8 may be dispensable for tumour
aggressiveness in certain subtype of tumours, such as SMAD4-
negative tumours. Further work need to be performed to address
the exact role and the precise genetic background of the TGFβ–
NUPR1/P8 axis during pancreatic tumorigenesis. Analysis of
large collections of human pancreatic tumours along with the
generation of murine models will allow us to clarify the role of
the response to cellular stress in tumorigenesis induced by TGFβ
in vivo.

AUTHOR CONTRIBUTION

Roxane Pommier, Johann Gout, Ulrich Valcourt, Julien Marie, Carla Cano, Juan Iovanna
and Laurent Bartholin designed the experiments. Roxane Pommier, Bastien Kaniewski,
Sylvie Martel, Jonathan Rodriguez and Geneviève Fourel performed the experiments. All of
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Table S1 Primer sequences used for qRT-PCR, EMSA experiments and
ChIP assay

Fw, forward; Rev, reverse.

(a) RT-qPCR

Oligonucleotide Sequence

Human NUPR1 Fw 5′-GGTCGCACCAAGAGAGAAGC-3′

Human NUPR1 Rev 5′-CTCCGCAGTCCCGTCTCTAT-3′

Human SMAD4 Fw 5′-GTGGAATAGCTCCAGCTATC-3′

Human SMAD4 Rev 5′-CGGCATGGTATGAAGTACTCC-3′

Human GAPDH Fw 5′-CGGAGTCAACGGATTTGGTCGTAT-3′

Human GAPDH Rev 5′-AGCCTTCTCCATGGTGGTGAAGAC-3′

Human HPRT Fw 5′-GAGGGAGAAAAATGCGGAGTG-3′

Human HPRT Rev 5′-CTCCGGAAAGCAGTGAGGTAAG-3′

Murine Gapdh Fw 5′-CCCAGCAAGGACACTGAGCAAGAG-3′

Murine Gapdh Rev 5′-CTAGGCCCCTCCTGTTATTATGGGG-3′

Murine Nupr1 Fw 5′-CCCTTCCCAGCAACCTCTAAA-3′

Murine Nupr1 Rev 5′-TCTTGGTCCGACCTTTCCGA-3′

Murine Smad4 Superarray primer (Qiagen)
Murine Hprt Fw 5′-TGACCTTGATTTATTTTGCATACC-3′

Murine Hprt Rev 5′-CGAGCAAGACGTTCAGTCCT-3′

(b) EMSA

Oligonucleotide Sequence

Human NUPR1 + 1 Fw 5′-CTGGTACCGACTCAGGGACCGACTCTTC-3′

Human NUPR1 + 229 Rev 5′-CTGGCTAGCCATCGTGCCTGGCTTGTCTT-3′

(c) ChIP assay

Oligonucleotide Sequence

Human NUPR1 Fw 5′-ATGACTGTGTTTACTGGGCTGG-3′

Human NUPR1 Rev 5′-GCTTGTCTTCCCTGCCTCTC-3′

Human PAI1 Fw 5′-AGCCAGACAAGGTTGTTG-3′

Human PAI1 Rev 5′-GACCACCTCCAGGAAAG-3′

Human βACTIN Fw 5′-AGCCATGTACGTTGCTATCCAG-3′

Human βACTIN Rev 5′-CTTCTCCTTAATGTCACGCACG-3′

Figure S1 NUPR1 promoter is activated by the TGFβ/SMAD signalling
pathway

Luciferase reporter assay in HEK-293T cells transiently transfected with the
pGL3-hNUPR1( − 2111/ + 229)-luc reporter plasmid with or without pcDNA3.1-SMAD3 and
pcDNA3.1-SMAD4, treated or not with TGFβ for 24 h.

1 These authors contributed equally to this work.
2 To whom correspondence should be addressed (email laurent.bartholin@lyon.unicancer.fr).
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Figure S2 In silico analysis of the NUPR1 promoter

Human genomic sequence of the NUPR1 promoter located between positions − 2111 and + 229 was aligned with the corresponding murine Nupr1 promoter region. Red bold nucleotides and red
star: putative SBEs; + 1 arrow: transcription start site; red box: conserved region between human NUPR1 and murine Nupr1 promoter.
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a b s t r a c t

Background/objectives: Pdx1-Cre; LSL-KRASG12D mice develop premalignant pancreatic ductal lesions that
can possibly progress spontaneously to pancreatic ductal adenocarcinoma (PDAC). Although Pdx1-Cre is
expressed in the embryonic endoderm, which gives rise to all pancreatic lineages, the possible conse-
quences of KRASG12D expression in the endocrine compartment have never been finely explored.
Methods: We examined by histology whether Pdx1-driven expression of KRASG12D could induce islets of
Langerhans defects.
Results: We observed in Pdx1-Cre; LSL-KRASG12D early disorganization of the endocrine compartment
including i) hyperplasia affecting all the endocrine lineages, ii) ectopic onset of Ck19-positive (ductal-
like) structures within the endocrine islets, and iii) the presence of islet cells co-expressing glucagon and
insulin, all occurring before the onset of ducts lesions.
Conclusions: This work indicates that expression of KRASG12D in Pdx1-expressing cells during embryo-
genesis affects the endocrine pancreas, and highlights the need to deepen possible consequences on both
glucose metabolism and PDAC initiation.
Copyright � 2013, IAP and EPC. Published by Elsevier India, a division of Reed Elsevier India Pvt. Ltd. All
rights reserved.

1. Introduction

The exocrine pancreas consists of acinar and ductal cells. The
acinar cells constitute the bulk of the pancreatic tissue and produce
digestive enzymes that are discharged into the duodenum. The
ductal cells add mucous and bicarbonates to the digestive enzyme

mixture. The endocrine pancreas consists of specialized cells orga-
nized into compact islets (islets of Langerhans) embedded in the
acinar tissue. The a- and b-cells respectively secrete glucagon and
insulin, two hormones involved in the control of glycemia. The g-
and PP-cells respectively secrete somatostatin and pancreatic poly-
peptide, two hormones regulating the secretion of insulin, glucagon,
and exocrine enzymes. Pancreatic ductal adenocarcinoma (PDAC),
which represents the vastmajority of all pancreatic cancers, is a very
aggressive tumor [1]. PDAC is characterized by ductal differentiation
and believed to arise from precancerous ductal lesions named
pancreatic intraepithelial neoplasias (PanINs). KRAS-activating
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mutations are found in>90% of PDAC cases. Activation of oncogenic
KRASG12D in pancreatic progenitor cells in Pdx1-Cre; LSL-KRASG12D

mice, results in PanIN lesions that evolve spontaneously to aggres-
sivePDACat lowfrequencyandnot until an advancedage [2,3].Pdx1-
Cre; LSL-KRASG12D mice have been extensively used to demonstrate
the oncogenic role of KRAS in PanINs formation [2]. Although the
early pancreatic expression of Pdx1 during endoderm development
fromE8.5 [4] suggests thatKRASG12D expressionmight also affect the
endocrine lineage, these consequences have never been examined.
Therefore, we have sought to determine whether the endocrine
compartment was affected in the pancreases of Pdx1-Cre; LSL-
KRASG12D mice.

2. Results and discussion

We first generated Pdx1-Cre; LSL-KRASG12Dmice (n¼ 25) that we
euthanized between 1 and 9 months of age, together with their
matching controls. To visualize PanIN lesions showing ductal dif-
ferentiation, we performed immunohistochemistry (IHC) experi-
ments to detect Cytokeratin-19 (Ck19), which is expressed at the
membrane of the cells lining the ducts. No PanIN lesions were
observed in the pancreas of 1-month-old Pdx1-Cre; LSL-KRASG12D

mice (KC). Scattered PanIN lesions were detectable by the time they
reached two months of age, the number and grade of these lesions
increasing with age (Fig. 1). We further looked at the b- and a-cell
contents of the islets of Langerhans by immunodetection of Insulin
and Glucagon (Fig. 2A). We observed an increased proportion of
both b- and a-cells in the pancreases of Pdx1-Cre; LSL-KRASG12D

mice as early as the age of 1 month. It is noteworthy that a-cells
were also found scatteredwithin the islets, in contrast to their well-
defined localization at the periphery of control islets. To quantify
the areas occupied by b- and a-cells, we performed morphometric
analyses of the Insulin- and Glucagon-positive regions. In Pdx1-Cre;

LSL-KRASG12D pancreases, we found the areas occupied by b- and a-
cells to be increased, respectively, 3.1-fold (Fig. 2B) and 7.2-fold
(Fig. 2C) at 1 month of age as compared to wild-type controls.
Similar increases were found at 2 and 4 months, but increases were
hardly measurable at 9 months because of disorganization of the
islets structure. By IHC with antibodies directed against Somato-
statin and Pancreatic Polypeptide, we also observed an increase of
the g- and PP-cell populations, respectively, in Pdx1-Cre; LSL-
KRASG12D mice (data not shown). Taken together, our observations
highlight that the composition of the entire endocrine compart-
ment of the pancreas is affected in Pdx1-Cre; LSL-KRASG12D mice
before any lesions of the exocrine compartment such as PanINs and
acinar-ductal metaplasia are detectable.

Unexpectedly, we detected Ck19-positive ectopic cells inside the
endocrine compartment of Pdx1-Cre; LSL-KRASG12D mice by the
time they reached 1 month of age (Fig. 3A). Finally, immunofluo-
rescence experiments revealed the existence of cells expressing
both Glucagon and Insulin simultaneously, only in the pancreases
of Pdx1-Cre; LSL-KRASG12D mice and as early as 1 month of age
(Fig. 3B).

The present study represents the first report to detail the al-
terations that affect the endocrine compartment of the pancreases
of Pdx1-Cre; LSL-KRASG12D mice. We observed a hyperplasia
affecting all the endocrine lineages, the presence of ectopic Ck19-
positive “ductal-like” structures within the endocrine islets as
well as islet cells co-expressing Glucagon and Insulin. However, it
remains to be clarified whether these defects are a direct conse-
quence of a cell-autonomous KRASG12D expression in islets or
represent an indirect consequence caused by the expression of
KRASG12D in the neighboring exocrine tissues. This uncertainty is a
consequence of i) the early expression Pdx1-Cre in the embryonic
endoderm that will give rise to all epithelial pancreatic lineages,
and ii) the transdifferentiation processes between the different

Fig. 1. The Pdx1-Cre; LSL-KRASG12D mouse model recapitulates the full spectrum of pancreatic intraepithelial neoplasia (PanIN) development. Cytokeratin-19 (Ck19) immunohis-
tochemical analysis of pancreas sections from 1- to 9-months-old Pdx1-Cre; LSL-KRASG12D (KC) mice. Note the presence of PanIN (pancreatic intraepithelial neoplasia) lesions as early
as the age of 2 months and their progression to higher grade lesions in older (4- and 9-months-old) Pdx1-Cre; LSL-KRASG12D mice. Controls are littermate mice with one of the
following genotype: wild-type, Pdx1-Cre and LSL-KRASG12D mice.
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pancreatic cells in the adult. For instance, it has been reported that
ductal cells are multipotent progenitors that could differentiate in
a- or b-cells [5e8]. A significant plasticity also exists between adult
pancreatic a- and b-cells themselves, implying a potential route to
b-cells generation through a-cells in a murine model that develop
a-cells hyperplasia [9,10]. The presence of cells co-expressing
Glucagon and Insulin was also reported in humans with pancrea-
titis [11]. Finally, such plasticity has impeded the clear identifica-
tion of the cellular origin of PDAC. For instance, it is interesting to
underline that transgenic mice using activated KRAS under the
control of Ck19 ductal promoter are largely refractory to KRAS-
induced PanIN formation [12,13]. In contrast, mice bearing an
activated KRAS mutant allele specifically in their acinar compart-
ment (under the control of Elastase, proCPA1, Mist1 promoters)
develop spontaneous PanINs [14e17]. More unexpected is the
observation according to which KRASG12D expressing Insulin-
positive cells of the endocrine lineage (under the control of Rip
promoter) are refractory to transformation under normal

conditions, but also serve as a cell of origin of PDACwhen combined
with pancreatic inflammation caused by cerulein injection [18].

3. Conclusion

In conclusion, the alteration of the endocrine compartment we
report here before the onset of PanIN lesions in the Pdx1-Cre; LSL-
KRASG12D mice suggests that they do not result from a regenerative
response of injured pancreas. Therefore, it represents a new
example of the important cell plasticity that exists within pancre-
atic tissues. This study questions the contribution and role of the
endocrine compartment in the diseases that affect the exocrine
pancreas such as pancreatitis and pancreatic ductal adenocarci-
noma. In this context, further as well as published studies using the
Pdx1-Cre; LSL-KRASG12D mouse model should consider that the
endocrine compartment disorganization, and its possible conse-
quences on glucose metabolism, may participate to the observed
phenotype.

Fig. 2. Pdx1-Cre; LSL-KRASG12D mice present a b- and a-cell hyperplasia prior to epithelial lesions onset. (A) Insulin (Ins) and Glucagon (Gcg) immunohistochemical analysis of
pancreas sections highlight, respectively, b- and a-cell hyperplasias present on the Pdx1-Cre; LSL-KRASG12D (KC) pancreatic sections, as compared to control mice. Note that these
hyperplasias appear to develop prior to the appearance of PanIN (pancreatic intraepithelial neoplasia) lesions. (B and C) Morphometric quantification of b- and a-cell areas per-
formed on pancreas sections of 1- to 4-months-old mice confirm the endocrine hyperplasia observed in mutant pancreases, as compared to matched littermate controls. N � 3,
results are shown as mean � SEM. *: P < 0.05; **: P < 0.01; ***: P < 0.001. Controls are littermate mice with one of the following genotype: wild-type, Pdx1-Cre and LSL-KRASG12D

mice.
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4. Material and methods

4.1. Mice

The LSL-KRASG12D [19] and Pdx1-Cre [20] mice were previously
described. Mice were housed and bred in a specific pathogen free
animal facility. All experiments were validated by the local Animal
Ethic Evaluation Committee (CECCAPP) in accordance with the
animal care guidelines of the European Union and French laws.

4.2. Histology

Immunohistochemistry and immunofluorescence experiments
were performed as previously described [21,22]. Primary anti-
bodies used were as follow: Cytokeratin-19 (rat monoclonal, 1:50;
TromaeIIIes, Developmental Studies Hybridoma Bank, University
of Iowa); Insulin (guinea pig polyclonal, 1:25,000; Dako); Glucagon
(mouse monoclonal, 1:50,000; Abcam).

4.3. Morphometric quantifications and statistical analysis

Morphometric analyses were realized on Glucagon- or Insulin-
immunostained paraffin-embedded pancreatic sections. Whole
sections were scanned using an automated E400 Eclipse micro-
scope (Nikon). Acquired sections were subsequently analyzed using

Histolab (Alphelys). Insulin- or Glucagon-positive areas were
normalized to total pancreatic surface to calculate the respective
percentage occupied by b- or a-cells per pancreas. All scanned
sections were carefully selected to exclude artifacts and false-
positive areas. Results were represented as mean � SEM. Statisti-
cal analyses were performed using Student’s t test. Differences
were considered significant when P< 0.05 (*: P< 0.05; **: P< 0.01;
***: P < 0.001).
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Fig. 3. Pdx1-Cre; LSL-KRASG12D mice exhibit a progressive and severe pancreatic endocrine disorganization. (A) Immunodetection of Cytokeratin-19 (Ck19) performed on serial
pancreatic sections reveal early onset of Ck19-positive cells (black arrows) in the endocrine islets of 1- and 2-months-old Pdx1-Cre; LSL-KRASG12D (KC) mice. (B) Insulin (Ins, green)
and Glucagon (Gcg, red) double-immunofluorescence experiments, performed on 1-month-old pancreas sections of Pdx1-Cre; LSL-KRASG12D (KC) and control mice, revealed cells co-
expressing Ins and Gcg (yellow staining, merge). Cell nuclei are counterstained with DAPI (blue). Right panel shows an enlarged view of the dashed inset. Controls are littermate
mice with one of the following genotype: wild-type, Pdx1-Cre and LSL-KRASG12D mice.
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L’adénocarcinome du pancréas, communément 
nommé cancer du pancréas exocrine, est le type de can-
cer pancréatique le plus répandu. Il représente 85 % des 
néoplasmes pancréatiques. L’adénocarcinome pancréa-
tique est considéré comme une des néoplasies les plus 
agressives (Jemal et al., 2010). En effet, il représente la qua-
trième cause de mortalité par cancer dans les pays indus-
trialisés (notamment aux États-Unis), avec un taux de survie 
à 5 ans inférieur à 6 % (Jemal et al., 2010) et une durée de 
survie médiane proche de 6 mois (http://seer.cancer.gov/ ; 
Maitra et Hruban, 2008). Le mauvais pronostic des patients 
atteints de ce cancer résulte de l’absence de symptômes 
spécifi ques et de l’inexistence de facteurs diagnostiques, 
si bien que la prise en charge du patient est bien souvent 
tardive, faisant face à une dissémination tumorale trop 
avancée pour permettre une résection chirurgicale (seule-
ment 10 à 15 % des cancers du pancréas sont opérables). 
En outre, les traitements chimiothérapeutiques conven-
tionnels actuels restent ineffi caces. L’adénocarcinome 
du pancréas est une pathologie liée au vieillissement. En 
effet, il apparaît rarement chez des patients âgés de moins 
de 40 ans, mais son incidence augmente fortement entre 
60 et 80 ans (Maitra et Hruban, 2008 ; Jemal et al., 2010). 
L’augmentation progressive de l’incidence des adéno-
carcinomes pancréatiques (Jemal et al., 2010), corrélée à 
l’allongement de l’espérance de vie de la population, est 
l’une des préoccupations importantes des systèmes de 
santé des pays industrialisés. Dans les prochaines décen-
nies, le cancer du pancréas exocrine pourrait même deve-
nir la première cause de mortalité par un cancer.

De nombreuses études épidémiologiques et géné-
tiques ont été menées sur les vingt dernières années pour 
comprendre l’étiologie de l’adénocarcinome du pancréas. 
De nombreux facteurs augmentent le risque d’apparition 

d’adénocarcinome pancréatique, comme le tabac, l’obé-
sité, le diabète, la pancréatite chronique… (Hezel et al., 
2006 ; Maitra et Hruban, 2008). Toutefois, il est maintenant 
évident que ce cancer provient de mutations somatiques 
ou héréditaires de certains gènes (Hezel et al., 2006 ; Maitra 
et Hruban, 2008). Les altérations géniques rencontrées de 
façon récurrentes dans les cancers pancréatiques exocrines 
incluent des mutations activatrices de l’oncogène KRAS 
(90-95 % des cas) ou des mutations inactivatrices de gènes 
suppresseurs de tumeurs, comme p16 INK4A (90 %), TP53 
(50-75 %) et SMAD4/DPC4 (55 %) (Bardeesy et DePinho, 
2002 ; Maitra et Hruban, 2008). Le cancer du pancréas est 
initié à partir de lésions précurseurs précancéreuses qui 
accumulent de façon séquentielle ces altérations géniques 
(Bardeesy et DePinho, 2002 ; Maitra et Hruban, 2008). En 
outre, il est clairement démontré que la pancréatite est 
un déterminant micro-environnemental très favorable 
à l’initiation de la carcinogenèse dans ce tissu exocrine 
(Raimondi et al., 2010).

À partir de ces données génétiques et physiopatho-
logiques, de nombreux modèles expérimentaux de cancer 
pancréatique ont été développés, basés sur la création de 
souris génétiquement modifi ées, qui reproduisent la pro-
gression séquentielle de la maladie humaine (Aguiree et 
al., 2003 ; Hingorani et al., 2003 ; Hingorani et al., 2005 ; 
Bardeesy et al., 2006 ; Izeradjene et al., 2007). Ces souris 
génétiquement modifi ées représentent de précieux outils 
pour appréhender les événements moléculaires et cellu-
laires permettant l’établissement d’un adénocarcinome 
du pancréas (Carriere et al., 2011 ; Guerra et al., 2011). 
Malgré les progrès importants de l’imagerie du petit ani-
mal, l’utilisation des modèles animaux ne permet pas de 
répondre à toutes les questions mécanistiques concernant 
l’apparition de lésions précancéreuses et leur éventuelle 
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progression vers des lésions malignes. Ces modèles ani-
maux représentent toutefois des sources précieuses de 
cellules exocrines possédant différentes altérations géné-
tiques. Ainsi, la culture primaire de cellules pancréatiques 
exocrines sécrétrices d’enzymes digestives (cellules aci-
neuses) constitue un outil de choix pour la compréhension 
des mécanismes moléculaires et cellulaires de l’étiologie de 
la pancréatite et de la carcino genèse pancréatique.

Après une présentation générale de la biologie du 
pancréas, nous discuterons dans un premier temps des 
approches historiques de la culture de cellules acineuses 
pancréatiques. Comme notre laboratoire est spécialisé 
dans l’utilisation de nombreux modèles de souris géné-
tiquement modifi ées pour l’étude de l’étiologie de la 
pancréatite, des lésions précancéreuses et cancéreuses 
(Bartholin et al., 2008 ; Doisne et al., 2009 ; Vincent et al., 
2009 ; Vincent et al., 2012), les protocoles d’isolement des 
cellules acineuses pancréatiques seront abordés unique-
ment chez cette espèce animale. Dans la troisième partie, 
nous présenterons en détail la procédure expérimentale 
utilisée au laboratoire en routine et nous permettant d’iso-
ler des acini pancréatiques murins « intacts ». Puis, nous 
évoquerons ensuite brièvement la caractérisation molé-
culaire des cellules pancréatiques obtenues, en indiquant 
les protocoles permettant l’extraction optimale des proté-
ines et des acides ribonucléiques à partir de ce type cel-
lulaire particulier. Enfi n, ce chapitre se terminera par une 
présentation de protocoles complémentaires utilisés dans 
d’autres laboratoires.

Biologie du pancréas
Le pancréas est un organe associé au tractus digestif. 

Chez l’Homme, le pancréas est un organe rétro-périto-
néal (localisé en arrière du péritoine pariétal), situé dans 
l’abdomen supérieur, au-devant des premières vertèbres 
lombaires, en arrière de l’estomac, entre la rate et l’anse 
duodénale (Moo et al., 2009). Le pancréas est une glande 
amphicrine, c’est-à-dire possédant des capacités de sécré-
tion exocrine et endocrine. La partie exocrine est respon-
sable de la sécrétion du suc pancréatique, nécessaire à la 
digestion des aliments, alors que la partie endocrine sécrète 
les hormones responsables du contrôle du métabolisme 
du glucose. Ces deux fonctions du pancréas sont assurées 
par des compartiments épithéliaux distincts possédant des 
morphologies différentes (Leung, 2010a). Le pancréas est 
une glande organisée en lobules (fi gure 31-1B), séparés les 
uns des autres par de fi nes travées (les septa)  composées 
de tissu conjonctif lâche. Le pancréas exocrine consti-
tue la majeure partie de l’organe (90-95 % du volume 
du pancréas). Ce compartiment exocrine est constitué 
de nombreux acini sécrétoires, serrés les uns contre les 
autres, qui constituent les plus petites unités d’un système 
de canaux excréteurs branchés. Très schématiquement, le 

pancréas exocrine ressemble à une grappe de raisins, où les 
acini correspondent aux baies, et le système canalaire aux 
branches de la grappe.

Au niveau histologique, les acini sont composés d’un 
amas irrégulier de cellules acineuses, de forme pyramidale, 
qui forment alors une minuscule lumière centrale, à l’ori-
gine du canal excréteur (fi gure 31-1C) (Leung, 2010a). Les 
cellules acineuses sont les cellules responsables de la syn-
thèse des enzymes digestives qu’elles libèrent par exocy-
tose dans la lumière acineuse. La lumière de l’acinus est 
en prolongement directe avec la lumière d’un petit canal 
(canal intercalaire), qui est formé par les cellules centro-aci-
neuses (voir fi gure 31-1C) (Leung, 2010a). Les cellules 
centro-acineuses forment une transition histologique entre 
les cellules acineuses et le système excréteur canalaire. Ces 
cellules sont nommées ainsi car dans les coupes histolo-
giques passant par le centre des acini, elles apparaissent 
souvent pénétrer l’unité acineuse, occupant la lumière aci-
neuse. Le canal intercalaire rejoint alors d’autres canaux 
pour former des canaux excréteurs de diamètres croissants, 
tout d’abord les canaux intralobulaires, qui convergent 
vers des canaux interlobulaires (voir fi gure 31-1B) (Leung, 
2010a). Ces canaux sont constitués de cellules épithéliales 
de morphologie cubique, nommées les cellules canalaires 
(voir fi gure 31-1C). Les plus gros canaux sont bordés d’un 
épithélium cubique stratifi é pouvant être entouré d’un 
tissu conjonctif. Les cellules canalaires représentent 10 % 
des cellules du pancréas et correspondent à 4 % du volume 
de l’organe (Githens, 1988). Elles produisent et libèrent une 
solution alcaline riche en mucus et en ions bicarbonates, 
qui vise à neutraliser le pH acide du suc gastrique (Leung, 
2010a ; Rovasio, 2010). Le suc pancréatique, contenant les 
sécrétions enzymatiques et hydroélectrolytiques, s’écoule 
dans le canal pancréatique principal (canal de Wirsung), 
qui rejoint la voie biliaire (canal cholédoque) au niveau de 
l’ampoule de Vater et se déverse dans le duodénum par la 
papille duodénale principale (fi gure 31-1A). Certains indi-
vidus possèdent également un canal pancréatique acces-
soire (canal de Santorini), qui est plus petit et qui rejoint 
directement le duodénum (Moo et al., 2009 ; Rovasio, 2010).

Au niveau ultrastructural, une cellule acineuse est 
caractérisée par une organisation polarisée des différents 
organites (fi gure 31-1D). Le noyau occupe une position 
basale et est entouré d’un abondant réseau de réticulum 
endoplasmique rugueux ainsi que de nombreuses mito-
chondries. La partie centrale de la cellule concentre un 
appareil de Golgi très développé, en accord avec l’abon-
dante sécrétion de protéines. La caractéristique principale 
de cette cellule est la présence de nombreuses vésicules 
sécrétrices (nommées grains ou granules de zymogène) 
qui contiennent des enzymes ou précurseurs d’enzymes 
(Rovasio, 2010). Les vésicules sécrétrices sont orientées 
vers le pôle apical des cellules. En réponse à des stimuli 
excréteurs, elles déversent leur contenu au niveau de la 
lumière en fusionnant avec la membrane plasmique. La 
membrane apicale des cellules acineuses pancréatiques est 

Culture des cellules animales.indd   545Culture des cellules animales.indd   545 17/07/14   15:3817/07/14   15:38



546  PARTIE IV SYSTÈMES INTÉGRÉS ET CULTURES SPÉCIALISÉES 

également caractérisée par la présence de courtes microvil-
losités. La polarité de la cellule acineuse est assurée par la 
présence de complexes de jonctions au niveau apical, qui 
sont formés par les zonula occludens (jonctions serrées), 
zonula adherens (jonctions d’adhérence) et des macula 

adherens (desmosomes ponctués). Les jonctions serrées 
assurent également l’étanchéité entre la lumière, riche en 
suc pancréatique, et le compartiment baso-latéral des cel-
lules. Les cellules acineuses sont couplées à chaque cellule 
de l’acinus par des jonctions communicantes (jonctions 

Figure 31-1 Représentations schématiques (A) du pancréas, (B) de l’organisation des lobules pancréatiques, (C) de l’architecture 
des acini et (D) d’une cellule acineuse pancréatique. Les acini pancréatiques peuvent être arrondis ou allongées et parfois branchés. 
Le nombre d’acini par lobule est variable ; seulement deux acini ont été représentés dans ce dessin, par commodité. Les cellules 
acineuses sont polarisées, avec un noyau et un réticulum endoplasmique rugueux plutôt en position basale et de nombreux grains 
de zymogènes localisés dans le cytoplasme apical. Notez l’extension des cellules centro-acineuses dans l’acinus et la continuité de la 
lumière acineuse avec le système canalaire. Les échelles et les proportions ne sont pas respectées.
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gap) permettant une sécrétion synchronisée en réponse 
aux signaux excréteurs.

Le pancréas exocrine possède un cycle de sécrétion 
rythmé, caractérisé par un taux basal de sécrétion conti-
nue, qui augmente de façon intense, mais périodique-
ment, suite à une stimulation nerveuse ou hormonale 
liée à l’ingestion d’aliments. Ces stimulations impliquent 
notamment des neurotransmetteurs (acétylcholine, séroto-
nine…), issus de fi bres nerveuses provenant du nerf vague, 
et des peptides régulateurs, issus de l’intestin et de l’esto-
mac (Chang et Chey, 2001 ; Leung, 2010b). Le contrôle hor-
monal de la sécrétion des cellules acineuses est infl uencé 
par l’acidité des sucs gastriques lorsqu’ils arrivent au 
niveau du duodénum. Cet événement stimule la sécrétion 
de deux hormones polypeptidiques intestinales, la sécré-
tine et la cholécystokinine, dans la circulation systémique. 
Ces deux hormones induisent la sécrétion d’un volume 
important de liquide alcalin pauvre en activité enzyma-
tique par les cellules canalaires et d’une large quantité 
d’enzymes digestives par les cellules acineuses (Chang et 
Chey, 2001). Que les ligands soient des neurotransmetteurs 
ou des hormones polypeptidiques, les cellules acineuses 
possèdent des récepteurs à ces sécrétagogues. Ces récep-
teurs appartiennent à deux grandes classes : ceux réalisant 
leurs effets via l’AMP cyclique (sécrétine) et ceux induisant 
une concentration intracellulaire élevée en Ca2+ (cholé-
cystokinine et acétylcholine, par exemple) (Leung, 2010b).

En réponse aux stimulations adéquates, les cellules 
pancréatiques acineuses sécrètent des amylases, des lipases 
et des protéases, à savoir les enzymes responsables de la 
digestion, respectivement, des sucres, des lipides et des 
protéines issus de l’alimentation (Leung, 2010b). Les pro-
téases retrouvées dans le suc pancréatique sont la trypsine 
(20 % du contenu pancréatique), la chymotrypsine, l’élas-
tase, les carboxypeptidases (A et B) et la kallicréine (Kunitz 
et Northrop, 1936 ; Doyle et al., 2012). Ces enzymes pro-
téolytiques sont sécrétées sous des formes inactives (pro- 
enzymes) qui deviennent actives lorsque le contenu du suc 
pancréatique atteint le duodénum. Au niveau de la lumière 
duodénale, l’entérokinase, une enzyme ancrée à la surface 
apicale des entérocytes, active le trypsinogène en trypsine, 
qui peut alors convertir (et activer) les autres pro-enzymes 
protéolytiques du suc pancréatique (chymotrypsinogène, 
pro-carboxypeptidase, pro-kallicréine et pro-élastase). 
La trypsine est également capable d’activer les molécules 
de trypsinogène, permettant ainsi de générer une vague 
rapide d’activation enzymatique. Toutefois, si les pro-
téases sont activées de façon prématurée dans le pancréas, 
un phénomène rencontré dans le cas de pancréatite aiguë, 
elles peuvent digérer les tissus pancréatiques, aboutissant à 
une destruction rapide et massive de la glande. Les cellules 
acineuses sécrètent également des enzymes glyco lytiques, 
comme l’amylase (Doyle et al., 2012), qui est libérée direc-
tement sous une forme active. Cette enzyme est respon-
sable de la dégradation de l’amidon en dextrine et maltose. 
Enfi n, les cellules acineuses pancréatiques produisent 

diverses lipases (phospholipase A2 et lipase des triglycé-
rides) et des hydrolases du cholestérol (Doyle et al., 2012). 
Ces enzymes lipolytiques sont également sécrétées sous 
une forme active.

Les cellules étoilées sont des cellules résidentes du 
tissu conjonctif localisées autour des acini, des vaisseaux 
lymphatiques et vasculaires et des canaux pancréatiques. 
Ces cellules quiescentes possèdent une morphologie allon-
gée, avec beaucoup d’extensions cytoplasmiques leur pro-
curant une forme caractéristique qui leur a donné leur 
nom. Elles partagent des caractéristiques structurales et 
fonctionnelles avec les cellules étoilées hépatiques, per-
mettant de les distinguer des fi broblastes « classiques ». 
En effet, elles ont une grande capacité de stockage de la 
graisse (cytoplasme riche en gouttelettes lipidiques) et 
expriment des fi laments intermédiaires caractéristiques 
comme la desmine et la protéine gliale fi brillaire acide. Ces 
cellules peuvent être activées lors de processus infl amma-
toires. Cette activation s’opère notamment par leur diffé-
renciation en cellules myofi broblastiques (exprimant des 
marqueurs cellulaires spécifi ques comme l’isoforme α de 
l’actine du muscle lisse) et par une expression accrue de 
protéines de la matrice extracellulaire (collagène de type I). 
L’activation s’accompagne également d’une augmentation 
de leur capacité proliférative. L’activation soutenue des 
cellules étoilées est associée aux phénomènes de fi brose 
observés lors de pancréatite chronique et participe à la 
réaction desmoplasique (stromale) retrouvée dans le can-
cer du pancréas (Vonlaufen et al., 2008).

Le compartiment endocrine du pancréas est minori-
taire ; il ne représente que 1 à 2 % de la masse totale de l’or-
gane. Ce compartiment du pancréas est constitué d’îlots 
cellulaires, de taille variable, éparpillés au sein du tissu exo-
crine, les îlots de Langerhans (fi gure 31-2). Ces îlots com-
portent quatre types cellulaires spécialisés qui sécrètent 
des hormones régulant le métabolisme du glucose. Les 
cellules α et β régulent l’utilisation du glucose en produi-
sant le glucagon (hormone hyperglycémiante) et l’insuline 
(hormone hypoglycémiante), respectivement. Les cel-
lules β sont les cellules les plus nombreuses du pancréas 
endocrine. Leur destruction par des anticorps auto-im-
muns engendre l’apparition de diabète sucré (de type 1). 
Les cellules δ et PP produisent et sécrètent la somatostatine 
et le polypeptide pancréatique, respectivement, deux hor-
mones régulant les activités sécrétrices des autres cellules 
endocrines pancréatiques (Moo et al., 2009).

Cette revue traite de l’isolement et de la culture des 
cellules pancréatiques exocrines sécrétrices d’enzymes 
digestives (acini dispersés). Pour l’extraction et la purifi -
cation d’autres types cellulaires pancréatiques, le lecteur 
peut être invité à consulter des revues techniques sur la 
purifi cation des cellules étoilées (Apte et al., 1998 ; Ramm, 
1998 ; Kruse et al., 2001 ; Mathison et al., 2010), des cel-
lules centro-acineuses (Rovira et al., 2010) et des cellules 
canalaires (Agbunag et al., 2006 ; Klein et al., 2009). Avec 
la problématique de transplantation de cellules des îlots 
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de Langerhans pour pallier le mauvais fonctionnement du 
pancréas endocrine, dans le cas de diabète de type 1 par 
exemple, la procédure d’isolement de cellules pancréa-
tiques endocrines (îlots de Langerhans) est largement 
décrite dans la littérature (Ricordi et al., 1989 ; Noguchi, 
2009).

Culture des cellules acineuses 
dispersées ou d’acini dispersés

Un obstacle fréquemment rencontré par les labo-
ratoires de recherche travaillant sur le tissu pancréatique 
exocrine est la diffi culté de cultiver in vitro les cellules aci-
neuses suffi samment longtemps pour permettre une expé-
rimentation de longue durée. Un des déterminants rendant 
diffi cile le développement de tels systèmes de culture est la 
sensibilité intrinsèque du tissu pancréatique à la manipu-
lation expérimentale. Ce facteur est imputable au contenu 
élevé en enzymes glycolytiques, protéolytiques et lipoly-
tiques, qui contribuent littéralement à la digestion du tissu 
pancréatique lorsque ces dernières sont libérées au cours 
du prélèvement et de la dissociation du tissu pancréatique. 
Le second déterminant important est la remarquable 
plasticité des cellules acineuses in vitro, accompagnée 
de la perte des caractéristiques sécrétrices et une trans-
différenciation en d’autres cellules matures, comme en 
cellules canalaires pancréatiques ou en cellules de type 
hépatocyte… (Lardon et Bouwens, 2005). Cette plasticité 
cellulaire in vitro varie en fonction des conditions expéri-
mentales, comme la composition du milieu (Sphyris et al., 
2005), et apporte un degré de complexité supplémentaire à 

la conception des conditions de culture appropriées pour 
les cellules pancréatiques exocrines (Lardon et Bouwens, 
2005).

Plusieurs méthodes ont été développées pour l’isole-
ment et la mise en culture de cellules acineuses. Les tech-
niques pionnières consistaient en l’isolement de cellules 
acineuses en soumettant le pancréas de cobaye à une solu-
tion enzymatique contenant deux protéases, la collagénase 
et la chymotrypsine, ainsi que de la hyaluronidase – une 
enzyme catalysant l’hydrolyse de l’acide hyaluronique 
(Amsterdam et Jamieson, 1972, 1974a, 1974b).

La collagénase est une enzyme qui clive spécifi que-
ment les molécules de collagène sous la forme de triple 
hélice. Elle permet ainsi de dégrader les fi brilles de colla-
gène qui forment les septa entourant les acini. La dissocia-
tion des acini pancréatiques de la matrice extracellulaire 
est achevée par les activités enzymatiques conjointes de la 
hyaluronidase et de la chymotrypsine, qui aboutissent à la 
dégradation des autres macromolécules matricielles.

La chymotrypsine permet également de dissocier et 
de libérer les cellules acineuses d’entre elles. En effet, cette 
enzyme protéolytique à spectre large dégrade les protéines 
de surface cellulaire, et notamment les protéines d’adhé-
rence intercellulaires (intégrines, cadhérines, nectines…). 
La suspension cellulaire est ensuite exposée à des agents 
chélatant les cations divalents, comme l’acide éthylène 
diamine tétraacétique (EDTA). Cet agent piège les cations 
nécessaires à la fonction des protéines d’adhérence (cad-
hérines) retrouvées au niveau des jonctions d’adhérence et 
des desmosomes et accélère la dissociation des cellules aci-
neuses. L’isolement des cellules acineuses pancréatiques 
est alors achevé par une dissociation mécanique engendrée 

Figure 31-2 Coupe histologique de pancréas de souris (coloration hématoxyline-phloxine-safran, ×400). Les fi bres de collagène 
(tissu conjonctif) sont mises en évidence en orange avec ce type de coloration. Notez la différence de coloration entre le pôle basal 
des cellules acineuses, avec le noyau et le réticulum endoplasmique rugueux (basophiles), et le cytoplasme apical (plutôt acidophile) 
avec les nombreux grains de zymogènes.
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par une répétition de pipetages vigoureux (Amsterdam et 
Jamieson, 1972, 1974a, 1974b).

Les cellules obtenues à l’aide d’une telle méthode pré-
sentent des caractéristiques structurales et fonctionnelles 
anormales : une perte des microvillosités et des autres 
structures apicales, des dommages importants générés au 
niveau des récepteurs membranaires à cause notamment 
de l’action de la chymotrypsine, altérant ainsi les réponses 
fonctionnelles aux sécrétagogues (Bosco et al., 1994). En 
outre, les cellules obtenues par ces procédés ne sont viables 
que 1 à 2 jours, ce qui ne permet que des analyses in vitro 
de courte durée.

Pour pallier ces problèmes techniques et permettre 
une meilleure étude de la physiologie des cellules acineuses 
in vitro, un autre système cellulaire a été élaboré par la 
suite : l’isolement d’acini intacts à partir de pancréas de 
cobaye (Schultz et al., 1980), de souris ou de rat (Williams 
et al., 1978 ; Logsdon et Williams, 1983).

Les améliorations apportées dans ce système reposent 
sur le maintien de l’adhérence et des communications 
entre les cellules acineuses, et consistent en un traitement 
ménagé des membranes cellulaires. Ainsi, ces protocoles 
de culture d’acini dispersés se caractérisent par :

 — une exclusion (Schultz et al., 1980) ou une réduc-
tion (Williams et al., 1978 ; Logsdon et Williams, 1983) de 
l’utilisation d’enzymes protéolytiques à spectre large (chy-
motrypsine) qui endommagent les récepteurs de surface 
cellulaire et les protéines d’adhérence intercellulaire ;

 — une élimination des agents chélatant les cations 
divalents, comme l’EDTA, utilisés pour inactiver les inter-
actions cellulaires (jonctions d’adhérence et desmosomes) 
et ainsi isoler les cellules acineuses. Certains auteurs 
(Schultz et al., 1980) ajoutent même du Ca2+ (2 mM) dans 
leur solution de dissociation afi n de favoriser le maintien 
des jonctions intercellulaires dépendantes de ces cations 
divalents, notamment les systèmes jonctionnels contenant 
les protéines de la famille des cadhérines ;

 — une dissociation mécanique « douce ». Ainsi des 
pipetages lents et doux sont préférés à la trituration tissu-
laire par un pipetage vigoureux afi n de préserver les inter-
actions intercellulaires.

L’avantage principal de la préparation d’acini disper-
sés est qu’elle maintient davantage l’architecture intracellu-
laire et intercellulaire, préserve les membranes cellulaires, 
limite les dommages aux récepteurs de surface et améliore 
la sécrétion en réponse aux sécrétagogues (Williams et 
al., 1978 ; Schultz et al., 1980 ; Logsdon et Williams, 1983). 
L’atout majeur de ce mode de culture est que la viabilité 
des cellules est allongée en culture (7-10 jours).

Comme le maintien des contacts intercellulaires, 
notamment le couplage cellulaire par les jonctions 
 communicantes, est un déterminant indispensable à la 
fonction exocrine des cellules acineuses pancréatiques 
(Logsdon et Williams, 1986), la méthode d’isolement des 
acini dispersés est couramment préférée à celle isolant les 

cellules acineuses (Han et Logsdon, 1999 ; Ji et al., 2000 ; Ji 
et al., 2009 ; Gaiser et al., 2011).

La culture d’acini dispersés est le mode de culture des 
cellules issues du pancréas exocrine que nous pratiquons 
au laboratoire. Nous allons décrire de façon détaillée, dans 
la partie suivante, le protocole utilisé, en indiquant les 
améliorations que nous avons apportées, par rapport aux 
publications originales.

Isolement et culture d’acini 
dispersés

Considérations générales et précautions
Bien que fréquemment rencontrée dans les proto-

coles d’isolement de cellules acineuses, l’utilisation de 
la trypsine (comme agent de dissociation enzymatique) 
est à proscrire. En effet, cette enzyme protéolytique de la 
famille des protéases à sérine catalyse la conversion des 
pro- enzymes pancréatiques en enzymes matures qui pour-
raient être responsables de la digestion du tissu pancréa-
tique. Ainsi, les milieux de culture des cellules acineuses 
ainsi que le milieu de dissociation et la solution de rin-
çage isotonique contiennent des inhibiteurs de la trypsine. 
L’inhibiteur de la trypsine issu de la gaine de soja (Soybean 
Trypsin Inhibitor, STI) inhibe la trypsine et, à moindre 
mesure, d’autres protéases à serine, comme la chymo-
trypsine (De Vonis Bidlingmeyer et al., 1972). Cet inhibi-
teur (100-250 μg/ml) est très fréquemment rencontré dans 
les protocoles d’isolement de cellules pancréatiques exo-
crines. D’autres protocoles utilisent l’aprotinine (Trasylol®, 
Bayer), à la concentration de 0,5 % (v/v), pour remplacer 
le STI (Rapoport et al., 2009). L’aprotinine est un polypep-
tide de 58 acides aminés dérivé de l’inhibiteur de la tryp-
sine pancréatique bovine basique (Bovine Basic Pancreatic 
Trypsin Inhibitor) qui possède la propriété de bloquer de 
façon réversible les sites catalytiques de plusieurs protéases 
à sérine, comme la trypsine, la chymotrypsine, la plasmine 
et la kallicréine (Ascenzi et al., 2003).

Le principe du protocole, illustré sur la fi gure 31-3, 
consiste en une dissociation enzymatique du tissu 
conjonctif situé entre les lobules pancréatiques et à la base 
des acini, couplée à une dissociation mécanique ménagée 
(pipetages doux), permettant la mise en culture des acini 
sans dissociation des cellules acineuses. La solution de dis-
sociation utilisée contient de la collagénase bactérienne. 
Les systèmes canalaires, vasculaires, lymphatiques, ner-
veux et endocriniens sont séparés physiquement de la pré-
paration d’acini dispersés à l’aide d’un fi ltre possédant des 
pores de 100 μm de diamètre. Alors que la plupart des pro-
tocoles préconisent la culture des acini soit en suspension, 
soit sur des supports en plastique spécialement traités pour 
la culture, les acini sont tout d’abord cultivés en suspen-
sion pour une courte durée (24 heures), puis ensemencés 
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sur des supports de culture recouverts de protéines matri-
cielles jusqu’à l’analyse phénotypique ou fonctionnelle des 
cellules exocrines. La première étape transitoire permet 
d’éliminer les débris cellulaires et les cellules « contami-
nantes », alors que la culture sur des protéines matricielles 
favorise l’adhérence des acini.

Il convient de préciser que, outre les cellules aci-
neuses, des cellules centro-acineuses, lesquelles sont très 
minoritaires, sont également incorporées dans la prépara-
tion des acini pancréatiques en utilisant cette méthode.

Protocole

Animaux et considérations éthiques

Au laboratoire, le pancréas est prélevé à partir de 
souris C57BL/6, sauvages (Charles River Laboratories) ou 
génétiquement modifi ées (Vincent et al., 2009 ; Vincent et 
al., 2012), maintenues dans un environnement dépourvu 

de pathogène spécifi que au sein de l’animalerie AniCan 
du centre de recherche en cancérologie de Lyon (CRCL). 
Les souris ont été manipulées et euthanasiées en accord 
avec les règlementations d’expérimentation animale fran-
çaise et européenne et après approbation des protocoles 
auprès du comité éthique local d’expérimentation animale, 
le comité d’évaluation commun au centre Léon Bérard, à 
l’animalerie de transit de l’ENS, au PBES et au laboratoire 
P4 (CECCAP) de Lyon.

Dissection et prélèvement du pancréas

Alors que le pancréas se présente comme une glande 
massive et compacte (glande conglomérée) chez les carni-
vores, le porc, la chèvre et les primates, la glande est diffuse 
chez les lagomorphes (lièvres, lapins et pikas) et les rongeurs 
(souris, rats, écureuils, loirs…). En effet, à l’exception du 
lobe gauche encore distinct, la glande est majoritairement 
constituée de nodules glandulaires éparpillés à la surface du 

Figure 31-3 Représentation simplifi ée des différentes étapes 
de préparation des acini dispersés de pancréas de souris.
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mésentère chez ces animaux. À cause de cette particularité 
anatomique chez les rongeurs, le pancréas n’est pas facile-
ment repérable dans l’abdomen des souris. Le pancréas est 
formé d’un ensemble de lobules blanchâtres diffus groupés 
en deux ensembles : l’un entourant le duodénum et le canal 

cholédoque, l’autre la rate à laquelle le rattachent des liens 
conjonctivo-vasculaires (fi gure 31-4A).

Le pancréas peut être distingué sous la forme d’une 
petite « languette », entre l’estomac et le début de l’intestin. 
Il est prélevé dans des conditions aseptiques, sous le poste 

Figure 31-4 Illustration des différentes étapes de préparation des acini dispersés de pancréas de souris. (A) Prélèvement du 
pancréas (droite) attaché à la rate (gauche) par des liens conjonctivo-vasculaires. (B-D) Observations macroscopique (gauche) et en 
microscopie à contraste de phase (droite, grossissement ×40) des premières étapes de l’isolement des acini pancréatiques dispersés, 
à savoir les étapes suivant (B) la fragmentation, (C) les dissociations enzymatiques et mécaniques et (D) lors de l’ensemencement sur 
des supports de culture en plastique
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de sécurité microbiologique, à l’aide d’instruments de dis-
section stériles. Pour récupérer le pancréas en entier, toutes 
les boucles intestinales le recouvrant doivent être libérées. 
Pour cela, il suffi t de découper le gros intestin à la base (au 
niveau du rectum), de tirer sur l’intestin et de le dérou-
ler jusqu’à la base de l’estomac en coupant les attaches 
conjonctives (ou mésentériques). Ainsi, les connexions du 
duodénum avec le pancréas sont rompues, mais les liens 
avec la rate sont préservés. En utilisant cette méthode, le 
pancréas entier est libéré très rapidement (1 minute), en 
une unité rattachée à la rate (voir fi gure 31-4A). Lors des 
étapes de prélèvement et de manipulation du pancréas, il 
est préférable de le maintenir par les tissus mésentériques 
ou adipeux associés afi n de ne pas créer de dommages 
mécaniques.

Comme le mésentère, accompagné du tissu adipeux 
de réserve, possède un aspect morphologique et macro-
scopique proche du tissu pancréatique diffus, il est impor-
tant de prendre garde de ne pas confondre le tissu adipeux 
mésentérique avec le tissu pancréatique. Le tissu adipeux 
apparaît cependant plus blanc et plus « friable » que le tissu 
pancréatique.

L’isolement des acini dispersés s’effectue dans des 
conditions aseptiques, sous le poste de sécurité microbio-
logique.

Fragmentation du pancréas et dissociation 
(enzymatique et mécanique) des acini

Une fois le pancréas prélevé, il est déposé dans une 
boîte de Pétri (100 mm de diamètre) et est débarrassé du 
tissu adipeux contaminant et des brides mésentériques. 
Pour ce faire, le pancréas est étalé sur la boîte à l’aide d’une 
pince et le tissu adhérent au support plastique, essentiel-
lement le tissu adipeux, est éliminé à l’aide d’un scalpel. 
Une fois le pancréas nettoyé de la matière adipeuse, il 
est rincé deux fois avec une solution saline équilibrée de 
Hank 1× (HBSS, Hank’s Balanced Salt Solution). Le tissu 
pancréatique est découpé à l’aide d’un scalpel et d’une 
pince stérile en petits fragments de 1 à 3 mm3 d’épaisseur 
(fi gure 31-4B). Les fragments pancréatiques sont ensuite 
transvasés en tube en polypropylène de 50 ml. Les débris 
et les déchets cellulaires (principalement les cellules san-
guines) sont éliminés par une centrifugation de 2 minutes 
à 450 g, à +4 °C. Après élimination du surnageant, le culot, 
contenant les cellules pancréatiques est repris dans une 
solution de dissociation contenant de la collagénase bac-
térienne (tableau 31-I).

La collagénase IA utilisée dans notre protocole pro-
vient d’une fraction faiblement purifi ée du milieu de 
fermentation de la bactérie anaérobie Clostridium histo-
lyticum. Cette enzyme offre un rendement satisfaisant de 
dégradation des collagènes. Toutefois, elle peut contenir 
d’autres enzymes protéolytiques (clostripaïne et caséi-
nase). Par conséquent, certains auteurs, travaillant avec 
des tissus pancréatiques humains (Fanjul et al., 2010), pré-
fèrent utiliser des collagénases purifi ées à homogénéité 

telle la Liberase® (Roche Diagnostics). Ce dernier type de 
préparation enzymatique offre une meilleure reproducti-
bilité de purifi cation face aux différents lots utilisés, mais 
possède cependant un coût plus élevé.

Classiquement, au laboratoire, nous utilisons 10 ml 
de solution de dissociation par pancréas de souris. 
L’homogénat tissulaire est alors incubé dans une enceinte 
thermostatée à +37 °C avec une agitation manuelle occa-
sionnelle. En parallèle de la dissociation enzymatique, le 
tissu pancréatique va subir une dissociation mécanique, 
à intervalles de 5 minutes, afi n de compléter la libération 
des acini. La dissociation mécanique est réalisée à l’aide de 
pipettes stériles en polystyrène avec des orifi ces de taille 
décroissante (3,3 mm, 2,4 mm et 1,2 mm de diamètre). Les 
mouvements d’aspiration et de refoulement sont effectués 
de manière très douce. Au cours de cette étape de dissocia-
tion enzymatique et mécanique, il est indispensable de sur-
veiller fréquemment l’étendue de la digestion. Lorsque le 
tissu pancréatique apparaît dissocié, classiquement entre 
20 et 30 minutes d’incubation, la réaction enzymatique est 
ralentie par l’addition de 10 ml d’une solution de lavage 
tamponnée préalablement refroidie (tableau 31-II).

Comme illustré sur la fi gure 31-4C, l’effet combiné de 
la digestion enzymatique et de la dissociation mécanique 
est observable à l’œil nu avec la disparition progressive 
des fragments pancréatiques et la turbidité croissante du 
milieu de dissociation. La dissociation des acini devient 

Tableau 31-I Solution de dissociation des acini 
pancréatiques

Produit Concentration fi nale

Collagénase IA (Sigma-Aldrich) 200 U/ml

STI (Sigma-Aldrich) μg/ml

HEPES (BioWhittaker) 10 mM

HBSS contenant Ca2+ et Mg2+ 
(Gibco®, Life Technologies)

×

HBSS, Hank’s Balanced Salt Solution ; STI, Inhibiteur de trypsine 
de la graine de soja.

Tableau 31-II Solution de lavage des acini dispersés

Produit Concentration fi nale

HBSS contenant Ca2+ et Mg2+ 
(Gibco®, Life Technologies)

1×

Sérum de veau fœtal (Gibco®, 
Life Technologies)

5 %

HEPES (BioWhittaker) 10 mM

HBSS, Hank’s Balanced Salt Solution.
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alors évidente à l’examen au microscope à contraste de 
phase (voir fi gures 31-4C versus fi gure 31-4B).

Filtration et ensemencement des acini dispersés

La solution de collagénase est éliminée par une centri-
fugation à 450 g pendant 2 minutes, à +4 °C. La préparation 
d’acini est lavée trois fois consécutives avec l’addition de 
10 ml de solution de lavage et est suivie d’une centrifuga-
tion de 3 minutes à 450 g à +4 °C. À l’issue du troisième 
lavage, le culot d’acini est repris dans 10 ml de solution de 
lavage et est fi ltré sur une membrane de nylon possédant 
des pores de 100 μm (Tamis cellulaire, BD Biosciences). Le 
fi ltre permet de retenir les fragments tissulaires pancréa-
tiques dont le diamètre est supérieur à ceux des pores et 
qui ont été laissés intacts par le traitement par la solution 
de collagénase, tels que les canaux pancréatiques, les vais-
seaux et capillaires sanguins, et les îlots de Langerhans. 
Les acini dispersés qui ont un diamètre inférieur à 100 μm 
(acinus jusqu’à 10-15 cellules) passent à travers le fi ltre et 
constituent le matériel biologique utilisé dans nos études. 
Le fi ltre est rincé par l’addition supplémentaire de 5 ml 
de tampon de lavage et les acini sont centrifugés pendant 
3 minutes à 200 g, à +4 °C. Les acini sont repris dans 10 ml 
d’un milieu de culture complet (tableau 31-III) et ense-
mencés dans des supports compatibles avec la culture 
cellulaire. Au laboratoire, les acini sont répartis dans les 
différents puits d’une plaque de culture en polystyrène 
comportant six puits (BD Biosciences Falcon™) et incu-
bés pendant 24 heures dans une enceinte thermostatée à 
+37 °C, en atmosphère humide et comportant 5 % de CO2.

Immédiatement après leur ensemencement dans les 
supports de culture en polystyrène, les acini sont de petites 
tailles, généralement isolés ou formant des petites grappes. 

Il est alors possible de distinguer les cellules acineuses, 
caractérisées par un cytoplasme très sombre en micro-
scopie à contraste de phase (fi gure 31-5A). Cet aspect pro-
vient en partie de la richesse en grains de zymogènes que 
contiennent ces cellules.

Le lendemain de l’ensemencement des acini sur le sup-
port de culture en polystyrène, les acini forment des agrégats 
(visibles à l’œil nu, sous forme de petits points blancs, dans 
le puits de la plaque de culture) (fi gure 31-4D). Lorsque les 
cellules sont observées au microscope à contraste de phase, 
nous remarquons que les cellules conjonctives adhèrent 
sur le plastique de culture alors que les acini restent en 
suspension. Le support de culture est également tapissé 
de nombreux débris cellulaires. Il est important de signaler 
que les acini forment alors des agrégats compacts et que 
les cellules acineuses contiennent encore de nombreuses 
vésicules de sécrétion (fi gure 31-5B).

À ce stade du protocole, si l’expérimentateur désire 
prolonger la culture des acini sur des supports en plastique, 
il convient de transvaser délicatement les acini en suspen-
sion, à l’aide d’une pipette stérile, dans une nouvelle plaque 
de culture contenant six puits. Cette étape permet notam-
ment d’éliminer les cellules contaminantes qui ont adhéré 
sur le support ainsi qu’une fraction des débris cellulaires.

Maintien de la culture des acini dispersés 
sur un support matriciel

Si la culture des acini doit être maintenue sur de 
« longues » périodes ou si les conditions expérimen-
tales exigent des cellules cultivées en monocouche, il est 
recommandé d’ensemencer les cellules sur des supports 
matriciels, qui permettent une adhérence des cellules au 
support de culture. Différentes sources de matrice extra-
cellulaire peuvent être utilisées pour réaliser la culture de 
cellules. Concernant les cellules pancréatiques, le colla-
gène de type I (Logsdon et Williams, 1986) et les molécules 
matricielles mimant une lame basale (Sphyris et al., 2005 ; 
Bendayan et al., 1986) peuvent être utilisées.

Lorsque des solutions de collagène de type I sont uti-
lisées, il faut savoir qu’il s’agit de molécules de collagène 
monomérique qui sont immobilisées sur le support de 
culture, et non de fi brilles de collagène. Les solutions de 
collagène couramment utilisées pour la culture de cellules 
sont issues soit de derme de bovins, soit de tendons de 
queues de rat, par un procédé de solubilisation du colla-
gène (acido-soluble) dans de l’acide acétique. Les fractions 
de collagène acido-insoluble subissent alors un traitement 
par de la pepsine, ce qui permet ainsi d’augmenter leur 
solubilité dans de l’acide acétique. Dans ce cas, le collagène 
est alors dépourvu de ses extrémités télopeptidiques.

D’autres études préconisent également l’utilisa-
tion des matrices qui miment la lame basale. Ce type de 
matrice est commercialisé sous le nom de MatrigelTM 
(BD Biosciences). Cette matrice est extraite à partir de 
milieu conditionné de la lignée cellulaire de sarcome murin 
EHS (Engelbreth-Holm-Swarm) et contient du collagène 

Tableau 31-III Milieu de culture des acini pancréa-
tiques dispersés

Produit Concentration fi nale

Waymouth’s MB752/1 supplé-
menté en L-Glutamine
(Gibco®, Life Technologies)

1×

Sérum de veau fœtal (Gibco®, 
Life Technologies)

10 %

Pénicilline (Invitrogen) 100 U/ml

Streptomycine (Invitrogen) 100 μg/ml

STI (Sigma-Aldrich) 250 μg/ml

hEGF recombinant (Promokine) 25 ng/ml

hEGF, facteur de croissance épidermique humain ; STI, Inhibiteur 
de trypsine de la graine de soja. 
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Figure 31-5 Observation en 
microscopie à contraste de 
phase de la culture d’acini 
dispersés de pancréas de 
souris. Observation des acini 
dispersés (A) immédiatement 
ou (B) 24 heures après leur 
ensemencement sur les 
supports de culture en plastique, 
ou cultivés pendant (C) 
24 heures, (D) 72 heures ou 
(E) 144  heures sur un support 
de collagène de type I. (A-D) 
Le contraste des images a été 
ajusté pour mettre en évidence 
les grains de zymogènes 
(marron) dans les cellules 
acineuses. (E) Les images ont 
été converties en niveaux de gris 
pour accentuer le contraste des 
cellules. (A-E) Sauf indication 
sur la photographie, le 
grossissement des observations 

est ×120.
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de type IV, de la laminine, du nidogène/entactine, et des 
protéoglycanes à sulfate d’héparane (Kleinman et al., 
1982 ; Kleinman et al., 1986). Cependant, les solutions de 
MatrigelTM contiennent des quantités non négligeables 
de Transforming Growth Factor β (TGFβ), d’Epidermal 
Growth Factor (EGF), d’Insulin-like Growth Factor (IGF), 
de Fibroblast Growth Factor (FGF) et d’autres facteurs de 
croissance ou de cytokines sécrétés naturellement par les 
cellules tumorales EHS (Vukicevic et al., 1992). Ces facteurs 
de croissance régulent de nombreuses fonctions cellulaires, 
telles que la survie, la prolifération, la différenciation, la 
migration, ou encore l’apoptose (mort programmée) des cel-
lules. La présence de ces facteurs de croissance peut interfé-
rer avec les conditions expérimentales de certaines études. 
Pour des applications nécessitant des préparations de lame 
basale de composition mieux défi nie, il est préférable d’uti-
liser des solutions de MatrigelTM réduites en facteurs de 
croissance (MatrigelTM Matrix Growth Factor Reduced). 
Le collagène de type IV et la laminine, utilisés séparément 
ou en combinaison, comme dans le MatrigelTM, semblent 
promouvoir l’expression du phénotype différencié pour de 
nombreuses cellules épithéliales (Seely et Aggeler, 1991 ; 
Kibbey et al., 1992 ; Ghajar et Bisselle, 2008 ; Benton et al., 
2011), mais limitent leur capacité proliférative.

Au laboratoire, les acini sont cultivés sur des supports 
de culture en plastique (plaque six puits) recouverts de 
protéines matricielles. Deux types de substrats matriciels 
ont été comparés pour l’adhérence des acini : le colla-
gène de type I acido-soluble de tendons de queues de rat 
(BD Biosciences) et le MatrigelTM réduit en facteur de crois-
sance (BD Biosciences). Les supports de culture contenant 
les substrats matriciels sont préparés la veille, sous le poste 
de sécurité microbiologique :

 — la solution de collagène de type I acido-soluble. 
Elle est diluée dans de l’acide acétique 0,02 M stérile afi n 
d’obtenir une concentration fi nale de 50 μg/ml, puis dépo-
sée sur les supports de culture (1 ml par puits) à raison de 
5 μg/cm2 environ. L’adsorption de la protéine matricielle 
sur le plastique de culture s’effectue passivement en incu-
bant les solutions de collagène pendant une heure à +37 °C 
ou une nuit à +4 °C ;

 — la solution de MatrigelTM. Elle est, quant à elle, 
diluée (concentration fi nale de 400 μg/ml) dans du PBS 
froid et est déposée sur les supports de culture (1 ml par 
puits) pour obtenir un dépôt d’environ 40 μg/cm2 de 
macromolécules matricielles. L’adsorption des macromo-
lécules matricielles sur le plastique de culture s’effectue 
passivement en incubant la solution de MatrigelTM une 
nuit à +4 °C. Cette température d’incubation doit être res-
pectée car le MatrigelTM polymérise pour former un gel à 
température ambiante.

Dans les deux cas, une fois l’adsorption effectuée, 
l’excédent des solutions matricielles est éliminé, les sup-
ports de culture sont alors rincés deux fois avec du PBS et 
séchés sous le poste de sécurité microbiologique pendant 
12 heures ou jusqu’à l’ensemencement des acini. Il est 

possible de conserver les supports de culture recouverts de 
protéines matricielles pendant 3 à 4 semaines à +4 °C avant 
leur utilisation.

Vingt-quatre heures après l’isolement, les acini en 
suspension (préparés selon le protocole précédemment 
décrit) sont prélevés délicatement à l’aide d’une pipette 
stérile en polystyrène de 10 ml (afi n de ne pas dissocier les 
acini agrégés) et déposés sur le support de culture recou-
vert de protéines matricielles. Les acini sont alors cultivés 
dans une enceinte thermostatée à +37 °C, en atmosphère 
humide et comportant 5 % de CO2.

Observation des acini sur les supports matriciels

Après un jour de culture sur un support recouvert de 
collagène de type I, les acini adhèrent au substrat matriciel 
et se comportent comme des explants en culture : les acini 
adoptent une morphologie semi-sphérique d’où sortent 
et migrent quelques cellules acineuses (fi gure 31-5C). La 
migration des cellules acineuses s’accentue avec le temps 
en culture, permettant leur colonisation progressive du 
support de culture. Trois jours après l’ensemencement 
sur le collagène de type I (J4 post-isolement), les cellules 
conservent encore de nombreux grains de zymogènes, 
qui apparaissent hautement réfringents en microscopie à 
contraste de phase (fi gure 31-5D). Plus tardivement, une 
semaine après l’isolement, les acini ont achevé leur proces-
sus d’adhérence ou d’attachement, bien que subsistent de 
rares « dômes » acineux. Les cellules couvrent alors presque 
la totalité du support de culture et forment une mono-
couche cellulaire (fi gure 31-5E). À ce stade de la culture, il 
apparaît évident en microscopie à contraste de phase que 
les cytoplasmes des cellules contiennent moins de grains 
de zymogènes, indiquant une perte du phénotype acineux. 
Toutefois, les cellules sont viables. À l’issue d’une semaine 
en culture, les cellules peuvent subir un repiquage, en uti-
lisant les conditions classiques de subculture, et peuvent 
être maintenues encore quelques jours (1-2 jours) avant 
l’apparition de signes de sénescence ou de mort cellulaire.

Lorsque les acini dispersés sont ensemencés sur un 
support de Matrigel™, la phase d’adhérence est ralentie 
et les cellules maintiennent de façon plus prolongée (de 
24-48 heures) un phénotype acineux (données non mon-
trées).

Analyse du phénotype des cellules 
pancréatiques primaires

Les cellules acineuses subissent spontanément une 
trans-différenciation en cellules de type canalaire in vitro 
(Lardon et Bouwens, 2005). Ce phénomène peut être 
notamment observé par la perte des grains de zymogènes 
en microscopie à contraste de phase (voir fi gure 31-5). 
L’analyse des marqueurs moléculaires de ces deux types 
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cellulaires au cours des différentes étapes de la culture 
permet de contrôler le stade de différenciation des cellules.

Différentes techniques peuvent être utilisées pour ana-
lyser le phénotype des cellules pancréatiques exocrines en 
culture. Celles employées le plus fréquemment au labora-
toire sont les techniques d’analyses de l’expression de gènes 
marqueurs (par RT-PCR conventionnelle ou quantitative) et 
les techniques d’immunodétection (immunofl uorescence et 
Western-blotting) de protéines caractéristiques.

Les marqueurs des cellules acineuses couramment 
utilisés au laboratoire correspondent essentiellement aux 
produits de sécrétion de ces cellules : le trypsinogène, le 
chymotrypsinogène, les inhibiteurs pancréatiques des 
protéases à sérine, les amylases, les lipases, les pro-car-
boxypeptidases… La présence des amylases et des lipases 
sécrétées dans le milieu de culture des acini pancréatiques 
peut également être détectée et quantifi ée par un dosage 
enzymatique. Un phénotype de type canalaire peut éga-
lement être recherché dans les cellules en culture par la 
présence ou l’expression de la cytokératine de type 19, de 
l’anhydrase carbonique de type II et du transporteur d’ions 
chlorure (CFTR, Cystic Fibrosis Transmembrane conduc-
tance Regulator). L’anhydrase carbonique et le transpor-
teur CFTR sont respectivement responsables de la synthèse 
et de la sécrétion des ions bicarbonates par les cellules 
canalaires (Leung, 2010b).

L’extraction des protéines, pour des analyses bio-
chimiques ou de détection par Western-blotting, et des 
acides ribonucléiques (ARN), pour l’étude de l’expression 
des gènes marqueurs, est particulièrement délicate à partir 
de cellules pancréatiques exocrines. En effet, les grandes 
quantités et la variété des protéases synthétisées et sécré-
tées par ces cellules compromettent fortement l’intégrité 
structurale et fonctionnelle des protéines extraites. D’autre 
part, outre la sécrétion des enzymes protéolytiques, les 
cellules acineuses pancréatiques sécrètent également 
des nucléases, et notamment des ribonucléases, telle la 
RNase A1 (Doyle et al., 2012), qui limitent beaucoup la pré-
paration d’ARN à partir de tissu pancréatique ou de cellules 
pancréatiques acineuses en culture. Le paragraphe suivant 
indique les précautions que nous respectons au laboratoire 
pour la préparation optimale d’extraits protéiques ou pour 
l’isolement d’ARN à partir d’acini en culture.

Extraction des protéines
L’extraction des protéines est réalisée par la lyse des 

cellules pancréatiques exocrines à l’aide d’un tampon 
salin contenant des détergents, comme le tampon RIPA 
(NaCl 150 mM, NP-40 1 %, déoxycholate de sodium 1 %, 
dodécylsulfate de sodium 0,1 %, Tris-HCl 20 mM, pH 7,5). 
La première précaution est d’introduire, dans la solution 
de lyse cellulaire, des inhibiteurs de protéases à spectre 
large (leupeptine 1 μg/ml, aprotinine 1 μg/ml ou fl uorure 
de phénylméthylsulfonate 0,2 mM), ainsi que des agents 
chélatant les cations divalents pour inhiber les protéases 

dépendantes de ces ions, tel l’EDTA (1 mM) ou l’acide éthy-
lène glycol tétraacétique (EGTA, 1 mM). Lorsque des études 
de signalisation cellulaire sont envisagées, pour mettre en 
évidence le statut phosphorylé de protéines membranaires 
ou intracellulaires spécifi ques, il convient alors d’ajouter 
des inhibiteurs de phosphatases dans la solution de lyse 
tels le pyrophosphate de sodium (2,5 mM), le β-glycéro-
phosphate (1 mM) et l’orthovanadate de sodium (1 mM). 
La seconde précaution est d’éliminer complètement le 
milieu de culture des cellules contenant les enzymes pro-
téolytiques sécrétées et d’effectuer deux lavages successifs 
avec une solution saline équilibrée avant de procéder à la 
lyse cellulaire. La qualité des protéines obtenues avec ce 
« cocktail » d’inhibiteurs de protéases (et de phosphatases) 
est suffi sante pour leur détection par Western-blotting.

Extraction des acides ribonucléiques 
messagers

Les cellules pancréatiques acineuses possèdent de 
nombreux granules de sécrétion contenant de la RNase A1 
biologiquement active. Lorsque les cellules sont lysées, la 
RNase A1 est libérée et dégrade rapidement les ARN cellu-
laires. Les RNases sont des enzymes très actives. Une façon 
de neutraliser leur activité est de les dénaturer. La déna-
turation doit être le plus rapide possible pour limiter l’ac-
tion de la RNase A1. Deux paramètres sont déterminants 
pour une préparation optimale des ARN à partir des cel-
lules pancréatiques exocrines : une concentration élevée en 
agent chaotropique, comme le thiocyanate de guanidine, et 
une homogénéisation effi cace du lysat cellulaire (Chirgwin 
et al., 1979). L’homogénéisation est également importante 
pour réduire la viscosité du lysat et permettre la purifi -
cation des ARN. La plupart des solutions commerciales 
recommandées pour la préparation des ARN contiennent 
une trop faible concentration en agent chaotropique pour 
permettre une dénaturation protéique effi cace à partir de 
cellules ou tissus riches en RNases. Notre laboratoire a 
développé une solution de lyse basée sur le protocole ori-
ginal de Chirgwin (Chirgwin et al., 1979) qui contient une 
forte concentration en thiocyanate de guanidine (5 M) et 
du 2-mercaptoéthanol (1 %) (tableau 31-IV).

Tableau 31-IV Solution de lyse pour l’extraction des 
ARN

Produit Concentration fi nale

Thiocyanate de guanidine 5 M

Citrate de sodium (pH 7,0) 2,5 mM

N-Laurylsarcosine 0,5 %

2-Mercaptoéthanol (*) 1 %

* Ajouté de façon extemporanée.
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Après élimination du milieu de culture et lavage 
de la préparation d’acini avec une solution saline équili-
brée, les cellules sont lysées directement dans le support 
de culture à l’aide d’une solution de lyse. Classiquement, 
350 μl de la solution de lyse sont ajoutés dans le puits 
d’une plaque contenant six puits. La solution de lyse est 
répartie sur le support de culture à l’aide d’un grattoir (cell 
scraper) et les cellules sont homogénéisées par des cycles 
d’aspiration et refoulement à l’aide d’une pipette munie 
d’un cône (de capacité de 1 ml) afi n d’éliminer les agré-
gats. L’homogénéisation peut être améliorée en aspirant et 
refoulant plusieurs fois le lysat au travers d’une seringue 
munie d’une aiguille de 21 Gauge (0,8 mm de diamètre). 
Après clarifi cation du lysat pendant 3 minutes à 15 700 g, 
les ARN peuvent être purifi és par chromatographie d’affi -
nité à l’aide de résines commerciales. Les ARN purifi és à 
l’aide de ce protocole sont de qualité suffi sante pour subir 
une transcription inverse et effectuer des analyses phéno-
typiques (RT-PCR conventionnelle ou quantitative), voire 
transcriptomiques.

Analyse du phénotype des cellules
Un exemple de caractérisation d’une culture d’acini 

effectuée par RT-PCR quantitative est illustré sur la 
fi gure 31-6. Vingt-quatre heures après l’ensemencement 
sur le collagène de type I (J2 post-isolement), les cellules 

expriment les gènes marqueurs des cellules acineuses, 
comme les gènes codant le trypsinogène et l’inhibiteur 
murin de protéases à sérine (SPINK3), alors que l’expres-
sion du transporteur d’ions chlorure (CFTR), un marqueur 
caractéristique des cellules canalaires, est relativement 
faible. Nous notons une transdifférenciation partielle au 
cours de la culture, puisque nous observons une diminu-
tion de l’expression des marqueurs des cellules acineuses 
et une augmentation de l’expression du gène Cftr (mar-
queur canalaire) après 4 jours de culture des cellules sur le 
collagène de type I (5 jours post-isolement). À l’issue de la 
culture primaire (7 jours post-isolement), les cellules pos-
sèdent majoritairement un phénotype de type canalaire 
(voir fi gure 31-6).

En résumé, le protocole que nous avons décrit dans la 
précédente partie permet un isolement rapide (< 2 heures) 
des acini pancréatiques. En outre, les cellules obtenues 
sont viables plus d’une semaine en culture. Comme la plu-
part des analyses cellulaires effectuées dans notre labora-
toire nécessitent un maintien relativement court des acini 
en culture (2-3 jours post-isolement), les cellules acineuses 
possèdent encore des caractéristiques proches de celles 
rencontrées in vivo. Ainsi, ce protocole d’isolement d’acini 
dispersés convient parfaitement pour la réalisation de 
nos études expérimentales in vitro. D’autres laboratoires 
ont apporté des modifi cations par rapport aux protocoles 

Figure 31-6 Analyse du phénotype des cellules pancréatiques exocrines primaires ensemencées sur une matrice de collagène 
de type I. Cinétique de l’expression des gènes codant le trypsinogène, l’inhibiteur de protéases à sérine (SPINK3), et le transporteur 
d’ions chlorure (CFTR) dans les cellules pancréatiques exocrines après la culture des acini sur le support de collagène pendant 
24 heures (J2 post-isolement), 96 heures (J5) ou 144 heures (J7). L’expression de ces gènes a été analysée par RT-PCR quantitative en 
temps réel en utilisant le gène codant la glycéraldéhyde-3-phosphate déshydrogénase (GAPDH) comme gène de référence.
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initiaux, et ce, afi n de prolonger la culture d’acini disper-
sés et de maintenir des cellules acineuses sécrétrices sur de 
longues périodes de cultures (entre une et deux semaines 
in vitro). La suite de cette revue présente de façon détaillée 
deux de ces protocoles afi n que le lecteur puisse trouver 
des renseignements complémentaires sur l’isolement et la 
culture de cellules acineuses pancréatiques.

Protocoles complémentaires 
d’isolement et de culture des 
cellules acineuses pancréatiques

Le caractère « labile » du phénotype différencié des 
cellules acineuses pancréatiques peut être un frein pour 
la réalisation de certaines analyses cellulaires de longue 
durée. Dans cette dernière partie de ce chapitre, nous 
décrivons deux protocoles permettant de prolonger la 
culture des acini et de maintenir plus longuement la capa-
cité sécrétrice des cellules acineuses obtenues. L’ensemble 
des améliorations apportées par les deux protocoles pro-
vient d’une réfl exion et/ou d’une observation sur l’environ-
nement tissulaire et la physiologie des cellules acineuses 
pancréatiques. Il en ressort que deux paramètres semblent 
indispensables pour favoriser le maintien du phénotype 
des cellules acineuses et en augmenter leur durée de vie 
en culture : l’apport en acides aminés et un pH adéquat du 
milieu de culture.

Concentration en acides aminés
Les cellules pancréatiques possèdent la fonction prin-

cipale de synthétiser et de sécréter une grande quantité 
de protéines. Le pancréas possède d’ailleurs la particula-
rité d’être un des organes ayant le plus fort taux de syn-
thèse protéique. Les cellules acineuses sont caractérisées 
par un réticulum endoplasmique rugueux très développé 
et de nombreuses vésicules de sécrétion. Cette synthèse 
protéique importante requiert un apport accru en acides 
aminés. Il a été montré, dans les cellules pancréatiques 
exocrines, que le taux d’acides aminés régule le processus 
de synthèse protéique ; une insuffi sance en acides aminés 
inhibe la synthèse protéique alors qu’elle est stimulée par 
un apport extracellulaire en acides aminés (Case, 1978). 
Dans les protocoles détaillés ci-après, Sphyris et al. (2005), 
et Bläuer et al. (2011) ont élaboré un milieu de culture com-
plet contenant une quantité plus élevée en acides aminés 
(essentiels et non essentiels) pour faciliter la synthèse pro-
téique et favoriser le maintien de l’état différencié et sécré-
teur des acini dispersés.

Importance du pH
Le pôle apical des cellules acineuses est en contact 

intime avec le liquide canalaire à l’origine du suc 

pancréatique. Ce liquide élaboré par les cellules canalaires 
est riche en ions bicarbonate et est légèrement alcalin. Il est 
tentant de penser que le pH de l’environnement cellulaire 
soit important pour le respect de la physiologie des cellules 
acineuses. Ainsi, le pH du milieu de culture des cellules 
acineuses pourrait permettre de maintenir l’état différencié 
des cellules acineuses. Bläuer et al. (2011) (voir protocole 
ci-après) ont utilisé un milieu de culture dont le pH a été 
ajusté à 7,8 (au lieu de 7,4, classiquement).

Méthode de Sphyris et al. (2005) 
La méthode consiste en deux étapes de culture dis-

tinctes :
 — un attachement initial des acini sur un support de 

culture recouvert de collagène de type IV, en présence d’un 
milieu riche en sérum, permettant d’améliorer la survie des 
cellules ;

 — une culture des acini dans un milieu défi ni sans 
sérum, mais riche en acides aminés, afi n de favoriser l’état 
différencié des cellules sécrétrices.

Sphyris et al. isolent les acini pancréatiques de souris 
adultes (50 à 70 jours) en suivant un protocole de diges-
tion enzymatique (70 U/ml de collagénase) et de dispersion 
mécanique ménagée (pipetages à travers des pipettes en 
polystyrène) proche de celui que nous avons décrit précé-
demment. Après fi ltration sur une membrane de nylon de 
150 μm, les acini sont purifi és par une centrifugation (8 g 
pendant 4 minutes) au travers d’une solution de BSA 4 % 
et repris dans le milieu d’ensemencement (tableau 31-V), 
contenant notamment 15 % de sérum de veau fœtal. Après 

Tableau 31-V Milieu d’ensemencement des acini dis-
persés (D’après Sphyris et al., 2005) 

Produit Concentration fi nale

Milieu DMEM 1×

Sérum de veau fœtal 15 %

Pénicilline 100 U/ml

Streptomycine 100 μg/ml

Amphotéricine B 0,25 μg/ml

STI 200 μg/ml

3-isobutyl-1-méthyl-xanthine 
(IBMX)

0,5 mmol/l

EGF recombinant 5 ng/ml

DMEM, Dulbecco’s Modifi ed Eagle Medium ; EGF, Facteur de 
croissance épidermique ; STI, Inhibiteur de la trypsine de la graine 
de soja.
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une nouvelle centrifugation, le culot d’acini est repris dans 
le même milieu et transféré sur des supports de culture 
(plaque de 24 puits) contenant du collagène de type IV 
(50 μg/ml), préalablement adsorbé. Les acini sont main-
tenus dans ces conditions de culture classiques (enceinte 
thermostatée à 37 °C, sous atmosphère humide et en pré-
sence de 5 % de CO2) pendant 3 à 5 jours, permettant ainsi 
l’attachement initial des acini sur le support recouvert de 
collagène. En microscopie à contraste de phase, les acini 
apparaissent sous forme d’îlots épithéliaux.

Les acini sont ensuite cultivés dans un milieu de 
culture sans sérum, le milieu CME (Chee Medium with 
EGF) (tableau 31-VI). Ce milieu contient cependant de 
l’insuline, de la transferrine, du sélénium et du facteur de 
croissance épidermique (EGF). La survie et la prolifération 
des îlots acineux cultivés dans le milieu sans sérum sont très 
dépendantes de la densité des ilots épithéliaux au moment 
du changement de milieu. Les îlots acineux ne doivent pas 
être trop petits en diamètre ou trop clairsemés au moment 
du changement de milieu. Au besoin, il est recommandé de 
retarder cette étape d’un jour ou deux.

Cette méthode permet de conserver des acini sécré-
teurs pendant une période de culture allant jusqu’à 12 jours 
post-isolement. En microscopie à contraste de phase, les 
acini apparaissent toujours une sous-forme d’îlots épithé-
liaux et les cellules acineuses conservent une morphologie 

plutôt sphérique. Des analyses ultrastructurales de ces 
acini ont montré que les cellules maintenues selon cette 
méthode conservent un réticulum endoplasmique granu-
leux abondant et une grande richesse en vésicules de sécré-
tion de taille variable (grains de zymogènes). En revanche, 
dans ces conditions de culture, les cellules ont un index 
mitotique très faible. Cette faible capacité proliférative peut 
être la conséquence de l’absence de sérum et/ou de l’état 
différencié des cellules acineuses.

Méthode de Bläuer et al. (2011) : culture 
organotypique

Bläuer et al. ont décrit une méthode permettant 
de cultiver des cellules pancréatiques acineuses sur une 
période de culture allant jusqu’à 14 jours. Leur procédure 
expérimentale comporte deux étapes distinctes et succes-
sives :

 — une culture d’explants de tissu pancréatique réali-
sée dans un environnement à l’interphase air-liquide. Cette 
culture « organotypique » est effectuée sur une membrane 
poreuse d’un insert de culture en contact étroit avec un 
milieu de culture ne contenant pas de sérum (fi gure 31-7). 
Ces conditions favorisent sélectivement la migration des 
cellules acineuses hors de l’explant, tout en limitant la pro-
lifération d’autres types cellulaires (notamment des cel-
lules conjonctives). À l’issue d’une semaine de culture, les 
cellules acineuses forment une monocouche cellulaire à la 
surface de la membrane ;

 — une culture « secondaire » de cellules acineuses 
obtenue par repiquage des cellules ayant migré hors de 
l’explant. Les cellules sont alors cultivées en monocouche 
sur plastique pendant une semaine supplémentaire.

Le pancréas est récupéré à partir de souris C57BL/6 
et immergé dans une solution de lavage (tableau 31-VII) 
contenant un assortiment varié d’inhibiteurs de protéases 
à large spectre, ainsi que le STI.

Après l’élimination du tissu adipeux, le pancréas est 
émincé très fi nement de telle sorte que chaque fragment 

Figure 31-7 Illustration schématique du mode de culture des 
explants de pancréas de souris. Les explants de pancréas sont 
cultivés à l’interface air-liquide sur une membrane poreuse. Les 
cellules acineuses migrent hors de l’explant pour coloniser la 
surface de la membrane. (D’après Bläuer et al., 2011)

Tableau 31-VI Milieu de culture CME des acini disper-
sé. (D’après Sphyris et al., 2005) 

Produit Concentration fi nale

Milieu Chee 1×

Pénicilline 100 U/ml

Streptomycine 100 μg/ml

Amphotéricine B 0,25 μg/ml

L-Glutamine 4 mmol/l

Dexaméthasone 100 nmol/l

Insuline 10 μg/ml

Transferrine 5 μg/ml

Sélénium 6,7 ng/l

STI 200 μg/ml

IBMX 0,5 mmol/l

EGF recombinant 5 ng/ml

CME, Chee Medium with EGF EGF, Facteur de croissance épider-
mique ; STI, Inhibiteur de la trypsine de la graine de soja.
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mesure environ 1 mm de diamètre. Les fragments pancréa-
tiques sont alors rincés deux fois avec de la solution de 
lavage, par sédimentation et resuspension. Au dernier 
lavage, les fragments pancréatiques sont repris dans du 
milieu de culture (tableau 31-VIII) et transférés dans 
douze inserts de culture (membrane poreuse ; diamètre des 
pores de 8 μm ; 12-Well ThinCert, Greiner), à raison de 5 à 
8 explants par insert de culture (voir fi gure 31-7).

La mise en culture des explants requiert deux précau-
tions importantes. Les explants doivent être en contacts 
directs avec leur support de culture (la membrane poreuse 
de l’insert), afi n de permettre leur adhérence avec leur subs-
trat et la migration conséquente de cellules pancréatiques. 
Ainsi, afi n d’empêcher la fl ottaison des explants, il est 
important d’éliminer l’excédent de milieu accompagnant les 
explants. Les inserts sont ensuite placés délicatement dans 
une plaque de culture contenant douze puits. Le volume 
de milieu de culture dans le puits en dessous de l’insert est 
un paramètre important pour la réussite de la culture. En 
effet, le volume de milieu doit être suffi sant pour nourrir les 
explants et ne pas excéder le niveau de la membrane afi n 
d’éviter de faire fl otter les explants (voir fi gure 31-7). Dans le 
système d’insert de culture d’une plaque contenant douze 
puits, il est recommandé de compléter le puits avec 300 μl 
de milieu de culture (voir tableau 31-VIII).

Il est à noter que l’addition de la solution de MatrigelTM 
directement dans le milieu de culture est une bonne alter-
native à l’adsorption préalable de protéines matricielles sur 
la membrane des inserts de culture. Il est important de sou-
ligner que le milieu de culture élaboré par cette équipe est 
très enrichi en acides aminés et que son pH est légèrement 
alcalin (voir tableau 31-VIII). Le milieu de culture est renou-
velé tous les 2 à 3 jours et la culture est maintenue au moins 

pendant 7 jours, jusqu’à ce que les cellules migrent hors de 
l’explant, colonisent le support de culture et forment une 
monocouche à la surface de la membrane poreuse.

À l’issue de la culture primaire (environ 7 jours), les 
cellules acineuses ayant colonisé le support de culture sont 
détachées de la membrane à l’aide d’une solution de tryp-
sine recombinante (TripLE™ Express, Invitrogen) pendant 
10 minutes à +37 °C. Une dissociation mécanique ménagée 
avec une pipette en polystyrène permet de séparer les cel-
lules acineuses. Les agrégats tissulaires non digérés (dont 
l’explant) sont éliminés grâce à un tamis en nylon possé-
dant des pores de 40 μm (BD Biosciences FalconTM). Les 
cellules sont concentrées par une centrifugation de 200 g 
pendant 1 minute et rincées une fois par l’addition de 
milieu de culture (voir tableau 31-VIII). Les cellules lavées 
sont reprises dans le milieu de culture, puis ensemencées 
dans les puits d’une plaque contenant 96 puits, à raison 
de 30 000 cellules par puits, dans du milieu de culture 
(50 μl/puits). Le lendemain, le même volume de milieu de 
culture est ajouté, et les jours suivants, seulement la moi-
tié du milieu de culture conditionné est renouvelée par du 
milieu de culture « frais ».

Avec ce mode opératoire, les cellules acineuses 
pancréatiques de souris sont capables de survivre et 
de maintenir leur phénotype sécréteur sur de longues 
périodes de culture, jusqu’à 14 jours. En effet, ces cellules 
sont capables de sécréter de l’amylase non seulement à 
l’issue de la culture primaire (7 jours post-isolement), mais 
également après une semaine de culture en monocouche, 

Tableau 31-VII Solution de lavage des explants 
pancréatiques (D’après Bläuer et al., 2011) 

Produit Concentration fi nale

Milieu DMEM/F12 1:1

Pénicilline 100 U/ml

Streptomycine 100 μg/ml

BSA 0,1 %

Pyruvate de sodium 2 mM

STI 0,02 %

Cocktail d’inhibiteurs 
de protéases (Roche)

1×

BSA, bovin serum albumin ; STI, Inhibiteur de la trypsine de la 
graine de soja.

Tableau 31-VIII Milieu de culture des explants 
pancréatiques et des cellules acineuses dispersées 
(D’après Bläuer et al., 2011) 

Produit Concentration fi nale

Milieu DMEM/F12 1:1

Pénicilline 50 U/ml

Streptomycine 50 μg/ml

Acides aminés (essentiels et 
non essentiels)

3× la formulation du DMEM

Insuline 5 μg/ml

STI 0,01 %

EGF recombinant 25 ng/ml

MatrigelTM (réduit en fac-
teurs de croissance)

200 μg/ml

EGF, Facteur de croissance épidermique ; STI, Inhibiteur de la 
trypsine de la graine de soja.
Remarque : le pH du milieu de culture est ajusté à 7,8.
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après avoir subi un repiquage. Ce protocole offre un réel 
progrès pour étudier la physiologie et la patho physiologie 
des cellules acineuses in vitro. Un autre avantage de cette 
technique réside dans le fait que la culture est obtenue sans 
aucune dissociation enzymatique, ce qui permet de main-
tenir l’intégrité des membranes cellulaires et des relations 
intercellulaires. Cependant, comme il s’agit d’une culture 
provenant d’explants de pancréas, qui contiennent dif-
férents types cellulaires (cellules fi broblastiques, cellules 
endothéliales, canalaires…), la culture obtenue peut conte-
nir des cellules contaminantes. Cette hétérogénéité cellu-
laire peut être un frein à certaines études expérimentales 
qui nécessitent une réponse cellulaire fi ne.

Conclusion
Dans cette revue, nous avons vu qu’il existait dif-

férents protocoles permettant de cultiver des cellules 
pancréatiques acineuses murines, avec de nombreuses 
possibilités d’adaptations des procédures expérimentales, 
en fonction du degré de purifi cation des cellules, des appli-
cations recherchées, et du temps consacré à l’isolement de 
ces cellules. Même si le phénomène de dédifférenciation 
des cellules acineuses pancréatiques reste inévitable in 
vitro, les protocoles détaillés dans ce chapitre ont permis 
d’apporter des améliorations pour ralentir ce processus. 
Comme la dédifférenciation des cellules acineuses et leur 
transdifférenciation en cellules de type canalaire est un des 
mécanismes proposés pour la genèse des cancers pancréa-
tiques exocrines (Stanger et Dor, 2006), la culture d’acini 
pancréatiques représente un système adéquat pour les 
études des mécanismes moléculaires responsables de la 
plasticité de ces cellules. En combinaison avec l’utilisation 
d’animaux génétiquement modifi és (Aguirre et al., 2003 ; 
Hingorani et al., 2003 ; Hingorani et al., 2005 ; Bardeesy 
et al., 2006 ; Izeradjene et al., 2007 ; Vincent et al., 2009 ; 
Carrière et al., 2011 ; Guerra et al., 2011) et le développe-
ment des techniques de transfert de gènes [transduction 
adénovirale (Sphyris et al., 2005) ou lentivirale, utilisation 
de nanoparticules], ce système in vitro de culture de cel-
lules pancréatiques acineuses primaires est très utile pour 
déterminer les conséquences d’un dysfonctionnement 
génique sur la régulation de la différenciation ou la dédif-
férenciation des cellules acineuses et permettra de mieux 
comprendre les événements moléculaires responsables de 
l’apparition des pancréatites, des lésions précancéreuses et 
leur évolution en cellules néoplasiques.
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Summary: Alk4 is a type I receptor that belongs to the
transforming growth factor-beta (TGF-b) family. It takes
part in the signaling of TGF-b ligands such as Activins,
Gdfs, and Nodal that had been demonstrated to partici-
pate in numerous mechanisms ranging from early embry-
onic development to adult-tissue homeostasis. Eviden-
ces indicate that Alk4 is a key regulator of many embry-
onic processes, but little is known about its signaling in
adult tissues and in pathological conditions where Alk4
mutations had been reported. Conventional deletion of
Alk4 gene (Acvr1b) results in early embryonic lethality
prior gastrulation, which has precluded study of Alk4
functions in postnatal and adult mice. To circumvent this
problem, we have generated a conditional Acvr1b floxed-
allele by flanking the fifth and sixth exons of the Acvr1b
gene with loxP sites. Cre-mediated deletion of the floxed
allele generates a deleted allele, which behaves as an
Acvr1b null allele leading to embryonic lethality in homo-
zygous mutant animals. A tamoxifen-inducible approach
to target disruption of Acvr1b specifically in adult tissues
was used and proved to be efficient for studying Alk4
functions in various organs. We report, therefore, a novel
conditional model allowing investigation of biological role
played by Alk4 in a variety of tissue-specific contexts.
genesis 00:1–8, 2012. VVC 2012 Wiley Periodicals, Inc.

Key words: Alk4; tamoxifen; Cre-LoxP; conditional null
allele; liver

Activins are homo- or heterodimers of Inhibin bA and
bB subunits that belong to the transforming growth
factor-beta (TGF-b) superfamily of ligands. Originally
associated with the reproduction axis and the regula-

tion and secretion of follicle-stimulating hormones
(FSHs) (Ling et al., 1986), activins signaling has
recently emerged in the homeostasis of numerous
adult tissues as well as in pathological conditions
such as wound healing, fibrosis, cachexia, inflamma-
tion, and cancer (Sulyok et al., 2004; Xia and
Schneyer, 2009; Zhou et al., 2010). Activin ligands
signal through hetero-tetrameric complexes of spe-
cific type I and type II transmembrane serine/threo-
nine kinase receptors. Whereas ActRIIA and ActRIIB,
the known Activin-type II receptors are well-studied
and have benefit from the use of appropriate mouse
models (Lee et al., 2006; Matzuk et al., 1995; Oh and
Li, 1997; Song et al., 1999), the functions and roles
of the Alk4 and Alk7 type I Activin receptors have
drawn so far less interest (Bertolino et al., 2008; Gu
et al., 1998; Jörnvall et al., 2004).

Various functions, ranging from mesoderm induction,
primitive streak formation, axis and left-right determina-
tion in vertebrate development, have been proposed for
Alk4 and its cognate ligands (Armes and Smith, 1997;
Chen et al., 2004; Smith et al., 1997). To that extend,
disruption of Alk4 by targeting Acvr1b in mouse was
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shown to be lethal during embryonic development
(E9.5) due to an egg cylinder development-arrest before
embryos reach gastrulation (Gu et al., 1998). Interest-
ingly, and despite the accumulation of evidence indicat-
ing that Alk4 is a key regulator of many embryonic proc-
esses, very little is known about the spatiotemporal
aspects of Alk4 signaling in adult tissues. This observa-
tion underscores the importance of a better understand-
ing of Alk4 functions in tissues like liver, kidneys, pan-
creas, skin, brain, lung, and muscles where Alk4 expres-
sion had been reported (Roberts and Barth, 1994; Ten
Dijke et al., 1993). Moreover, Alk4 is capable of binding
and signaling ligands that are not limited to Activin
members but further include Nodal, Gdf-1, Gdf-3, Gdf-8,
and Gdf-11 (Andersson et al., 2007; Chen et al., 2004;
Kemaladewi et al., 2012; Oh et al., 2002; Yeo and Whit-
man, 2001). The importance of ligands such as Gdf-8 in
muscle, Gdf-3 in adipose tissues and Gdf-1/Gdf-11 in
brain reinforces the need to re-evaluate the importance
of the functions modulated by Alk4 in those tissues.
Such need is further emphasized by both the existence
of Alk4 polymorphisms associated with muscle strength
(Windelinckx et al., 2011) and the identification of Alk4
mutations in patients with pituitary adenomas (Danila
et al., 2002) and pancreatic ductal adeno-carcinomas
(PDAC) (Su et al., 2001). Unfortunately, the understand-
ing of Alk4 functions has so far been precluded by the
lack of adapted mouse model. Recently, Qui et al.

(2011) reported a novel conditional allele for Acvr1b

based on the disruption of the entire coding sequence

from the peptide signal sequence of Alk4. Use of these

animals in combination with a Keratin14-Cre driver line

led mutant mice to develop a severe hair loss pheno-

type. This work emphasizes an important role of Alk4

in hair follicle development and cycling. It represents a

major advance for better understanding Alk4 adult func-

tions, which was previously hampered by the early em-

bryonic lethality observed in mice lacking this receptor.

Here, we report another Acvr1b animal model with re-

stricted spatiotemporal receptor deficiencies that will

help to further address the important question of Alk4

function in vivo.
The Acvr1b gene comprises nine exons spanning 39.6

kb on mouse chromosome 15. We based our conditional
targeting approach on a CreLoxP-mediated excision of
the fifth and sixth Acvr1b exons as previous targeting of
exon 5 was shown to be sufficient to inactivate Alk4 and
cause embryonic lethality (Gu et al., 1998). We decided
to include exon 6 in our LoxP excision-strategy to further
disrupt the reading of the remaining sequences due to
the codon frame-shift that exists between exon 4 and
exon 7 (Fig. 1a). Four ES clones with correct homologous
recombination were obtained following targeting of the
Acrv1b locus. These clones carrying the targeted (Tg) al-
lele were screened on both arms by long-range PCR com-

bined with EcoRV or BamHI digestion (Fig. 1a and data
not shown). Two ES clones were used to get chimeras
that were subsequently checked by PCR for efficient
germline transmission. Surprisingly, we found that the
sole insertion of the Frt-PgkNeo-Frt-LoxP cassette in
intron 4 did not result in a disrupted allele (data not
shown). Taking benefit of our strategy allowing the re-
moval of the PgkNeo cassette using a FLP recombinase,
we use the ACT-FLPe deleter mice (Rodriguez et al.,
2000) to generate the Acvr1b-floxed (Fx) conditional al-
lele (Fig. 1b,c). We next generated a deleted (D) Acvr1b
allele by breeding Acvr1bFx/Fx animals with EIIa-Cre

transgenic mice (Holzenberger et al., 2000). Animals car-
rying Fx and D alleles were screened by duplex PCR
using similar primers (Fig. 1d). The viability of homozy-
gous Acvr1bFx/Fx and Acvr1bD/D animals was subse-
quently assessed by mating heterozygous animal to-
gether. Whereas intercrosses of Acvr1b1/Fx animals did
provide Acvr1bFx/Fx mice with an expected Mendelian
ratio out of the 114 individuals analyzed, we could not
obtain Acvr1bD/D animals from Acvr1b1/D intercrossing
(n5 0/83) (Table 1). The lack of Acvr1bD/D mice at birth
is consistent with the reported embryonic lethality asso-
ciated with Alk4 disruption (Gu et al., 1998) and further
confirmed that the combined excision of exon 5 and
exon 6 leads to a null and non-functional Acvr1b allele.
Analyses from Acvr1b1/D intercrossing further con-
firmed that no viable Acvr1bD/D embryos could be found
at E13.5 (data not shown). Note, that the identification
of several embryo resorptions at that stage further sup-
ports the lack of functionality of the D allele and the
potent use of our model to address the function of Alk4
in embryonic development.

Next, we further addressed the possibility to disrupt
Alk4 in adult tissues. Ubiquitous temporal regulation of
Cre recombination in mice can be achieved by express-
ing a Cre estrogen receptor fusion protein mutant
(CreERt2) from the Rosa26 locus (Feil et al., 1997).
This model responded efficiently to 4-OH-tamoxifen (4-
OHT) administrations, providing, therefore, a useful
tool to induce temporal recombination in embryonic
and adult tissues (Haigis et al., 2008; Ventura et al.,
2007; Wang et al., 2011). Acvr1bFx/Fx animals were,
therefore, bred with Rosa26-CreERt2 mice to generate
Acvr1bFx/Fx; Rosa26-CreERt2 mice, to evaluate Alk4 tar-
geted disruption in adult tissues upon 4-OHT adminis-
trations. Cohorts of Acvr1bFx/Fx;Rosa26-CreERt2,
Acvr1bFx/Fx, and Rosa26-CreERt2 were treated during
four consecutive days with 4-OHT to induce an efficient
Cre recombination. Tissues collected 15 days after the
last injection were used for DNA, RNA, and protein
preparation as well as histological inclusion. Note that
we did not find treated animals to have lost weight or
developed any gross defect in dissected organs at the
time of sacrifice. The recombination efficiency was first
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determined by PCR performed on genomic DNA iso-
lated from a subset of selected organs. Overall, we
found the 4-OHT treatment to work convincingly, yet it
showed a variable efficiency in tested-tissues when

compared with sunflower-oil-injected controls. Recom-
bination was found to be almost complete in lungs,
spleen, pancreas, and to a lesser extend liver whereas a
partial recombination occurred in skin, heart, kidneys,

Table 1
Medelian Repartition of Acvr1b1/Fx and Acvr1b1/D Intercrosses

Breeding
schemes

Expected
genotypes

Number/total
analyzed

Calculated
ratio (%)

Expected Mendelian
ratio (%)

Acvr1b1/Fx x Acvr1b1/Fx Acvr1b1/1 29/114 25.4 25
Acvr1b1/Fx 58/114 50.9 50
Acvr1bFx/Fx 27/114 23.7 25

Acvr1b1/D x Acvr1b1/D Acvr1b1/1 30/83 36.2 25
Acvr1b1/D 53/83 64.8 50
Acvr1bD/D 0/83 0 25

FIG. 1. Gene targeting and FLPe/Cre-mediated recombination of the Acvr1b locus. (a) Schematic view of the Acvr1b genomic locus on
chromosome 15 and of the designed targeted vector. Exons are indicated by black boxes with numbers. Primers and restriction enzyme-
site positions used for the long-range PCR screening are indicated by arrows (a, b, c, and d), or by abbreviations (EV: EcoRV; BI: BamHI). (b)
Schematic representation of the different Acvr1b alleles. Vertical arrows indicate which recombinase was used to obtain the designated al-
leles. Primers used to genotype the different alleles are indicated by arrows (in4, in5, in6, and Pgk). (c) A representative example of a PCR
done to genotype the Targeted (Tg) allele and to identify the floxed (Fx) allele following the FLPe recombination. PCR primers are indicated
bellow picture, (1): wild-type allele. (d) representative PCR results for the identification of the deleted (D) allele and for the genotyping of the
Acvr1b1/D and Acvr1b1/Fx heterozygous intercrosses. Primers used for the PCR are indicated bellow the picture.
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and ovaries/testis (Fig. 2). Out of the nine tissues tested
brain was the only one showing a modest if not an ab-
sence of recombination. Note that this observation is
consistent with the weak Rosa26 expression reported
in post-mitotic neurons (Hameyer et al., 2007). Thus, it
suggests that, despite a faint band corresponding the D
Acvr1b allele seen in one of the three samples tested,
Alk4 disruption in neuronal postnatal tissues should be
better performed with a brain selective inducible Cre
driver line.

Next, we aimed to quantify Acvr1b transcript by real-
time PCR in tissues that had undergone recombination.
As expected, most of the analyzed tissues showed a
reduced Acvr1b expression, yet lungs surprisingly did
not reveal any changes in Acvr1b transcript level upon 4-
OHT treatments (Fig. 3a). Analysis of cDNA obtained
from skin, liver, spleen, pancreas, and kidneys revealed a
robust transcript reduction, whereas, as expected, the
expression of Acvr1b was not affected in brain tissues
(Fig. 3a). These results were further validated at the pro-
tein level by western blot analysis of liver protein
extracts (Fig. 3b) and histological analysis. We found
Alk4 protein expression to be significantly reduced in
liver extract yet the presence of a weak residual band
suggests that the disruption was not complete in ana-
lyzed samples. To the same extend, immunohistochemis-
try performed on paraffin-embedded tissues sections
demonstrated a massive reduction of Alk4 expression in
the liver of 4-OHT treated mice compared with matching
oil-treated controls that were showing a well-delineated

Alk4 staining at the hepatocyte cell surface (Fig. 4a). Con-
sistent with our western blot analysis we did find some
liver areas where an Alk4 staining was still present, sug-
gesting recombination was not achieved in those regions.
In kidney, we also noticed the presence of large areas
lacking Alk4 expression whereas some tubules within
the kidney of 4-OHT-treated animals were still expressing
Alk4 following induced recombination (Fig. 4b).

Together, these results validated the use of the
Acvr1bFx/Fx mice as a novel conditional model to dis-
rupt Alk4 receptor during embryonic development and
in various adult tissues. Our work also demonstrated
that the D allele generated upon exons 5/6 excision
results in a null allele comparable of the Knock-Out al-
lele previously reported (Gu et al., 1998). This model
provides, therefore, a useful tool to delineate Alk4 adult
and embryonic functions and to identify novel pheno-
types and biological consequences caused by its inacti-
vation. To that extend, aging studies following 4-OHT
treatments might help to precise the consequences
associated with Alk4 disruption in kidneys and hepatic
pathologies. More importantly, pathologies with
reported Acvr1b mutations such as pituitary adenoma
(Danila et al., 2002) and pancreatic ductal adenocarci-
noma (Su et al., 2001) will benefit from the use of the
model we report here.

In conclusion, we have produced a novel conditional
Acvr1b floxed allele that can be ablated in embryonic
and adult tissues with the help of inducible or tissue
specific driven Cre transgenic line. We confirmed that

FIG. 2. Induced tissue recombination of the Acvr1bFx locus upon 4-OH-tamoxifen treatment. Six-week-old Acvr1bFx/Fx;Rosa26-CreERt2
mice were subjected to four consecutive daily Intra-Peritoneal (IP) injections of 1 mg of 4-OH-tamoxifen (4-OHT) or vehicle (sunflower oil)
and sacrified 2 weeks later for tissue sampling. Three animals 4-OHT- or oil-treated were randomly selected to collect indicated tissues
(skin, brain, lung, heart, liver, spleen, pancreas, kidneys, testis, or ovaries). Genomic DNA was extracted and used to run genotyping duplex
PCRs using a combination of the in4, in5, and in6 primers. A representative PCR result of two of the three independent tissue analyzed-sam-
ples is shown for each tested organ.
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the deleted allele obtained after recombination is null
and non-functional as confirmed by the embryonic
lethality that occurred in animal carrying homozygous
D alleles. Thus, Acvr1Fx/Fx mice provide a novel and
promising mouse model that will be complementary to
the conditional Acrv1b model developed by Qiu et al.
(2011) to study Alk4 receptor functions during adult
life as well as embryonic development. This model will
help to better understand the unexplored functions of
this receptor in tissues homeostasis and human diseases
associated with its mutation.

METHODS

Generation of Acvr1b Mutant Mice

All animal maintenance and experiments were per-
formed in accordance with the animal care guidelines
of the European Union and French laws and were vali-
dated by the local Animal Ethic Evaluation Committee.
Acvr1b conditional targeting vector was produced from
a mouse 129/J clone library. A BamHI-XbaI 5 kb DNA
genomic fragment containing exon 4 was first cloned in

FIG. 4. 4-OH-tamoxifen treatment efficiently disrupts Alk4 expression in liver and kidneys of Acvr1bFx/Fx;Rosa26-CreERt2 treated animals.
Alk4 expression was analyzed by immunohistochemistry on liver (a) and kidneys (b) paraffin-embedded tissue sections. A representative
picture-set of liver and kidney staining from vehicle- or 4-OHT treated Acvr1bFx/Fx;Rosa26-CreERt2 mice are shown. Note the residual posi-
tive Alk4 staining that could be seen in a subset of kidney tubules (*) where 4-OHT treatment appeared to be less efficient. Lower panels
represent higher magnification of dashed areas.

FIG. 3. Conditional 4-OH-tamoxifen (4-OHT) inactivation of Acvr1b reduces Alk4 transcript and protein expression in various organs. (a)
Real-time quantitative PCR (RT-qPCR) analysis of Acvr1b expression performed on a subset of dissected tissues from Acvr1bFx/Fx;Rosa26-
CreERt2 4-OHT (black box), or sunflower oil (white box) treated animals. Results were normalized against Tbp expression. Tissue samples
from three independent animals were analyzed per organ and per treatment. The data shown as means 6 SEM were compared using a stu-
dent’s t test (**<0.01; ***<0.001; NS: not significant). (b) Western blot analysis of Alk4 protein expression in liver tissues following mice treat-
ment with 4-OHT or sunflower oil. An arrowhead shows the Alk4 band. A duplicate of protein extracts from independent livers of
Acvr1bFx/Fx;Rosa26-CreERt2 animals are represented as indicated [L1 and L4, oil-treated controls (-); L2 and L3, 4-OHT-treated individuals (1)].
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a pL253 vector that provided theMC1 promoter–herpes
simplex virus-thymidine kinase cassette (MC1-HSVTK)
at the 50 terminus of the gene targeting vector for nega-
tive selection. A BamHI 6 kb DNA fragment containing
exon 5, 6, and 7 was also recovered and cloned in a
pBS-KS for further modification. Right and left homol-
ogy arms were 3 and 3.5 kb, respectively. A Frt-PgkNeo-
Frt-LoxP neomycin selection cassette flanked by two Frt
sites and containing one LoxP site at one end was
obtained from a pL451 vector and cloned was inserted
489 bp upstream of exon 5. A second LoxP site fol-
lowed by an EcoRV site for screening purpose was
inserted 273 bp following the end of exon 6. The integ-
rity of the entire targeting vector was verified by
sequencing prior to homologous recombination. The
ClaI-linearized targeting vector was subsequently elec-
troporated in CK35 (129/Sv) ES cells. Five hundred
G418-resistant clones were handpicked and screened
by digestion of long-range PCR products. Left arm was
screened by a BamHI digestion of the PCR product
obtained from c: (Fw-Neo) 50-TCGCATTGTCTGAG-
TAGGTG-30 and d: (Rev-ExtLeft) 50-ACTTTATATGCCT-
CAGTATGG-30 whereas right arm was screened by an
EcoRV digestion of the PCR product obtained from a:
(Fw-ExtRight) 50-CACTGATGATGGCATCTGGA-30 and b:
(Rev.int6) 50-GAGCATGGCTCACTGTTTGA-30 ampli-
cons. Two ES clones were selected and injected in
C57BL/6 blastocyst to get chimeras that were subse-
quently checked for germline transmission of the tar-
geted (Tg) allele by PCR. Genotyping of F1 mice were
done using duplex PCR with In4: 50-CAGTGGTTAAGAA-
CACTGGC-30; In5: 50-GTAGTGTTATGTGTTATTGCC-30

and Pgk: 50-CTACCGGTGGATGTGGAATGTG-30 primers
combination. Acvr1bFx and Acvr1bD alleles were
respectively generated by crossing mice carrying the
Acvr1bTg allele with ACT-FLPe (Rodriguez et al., 2000)
or EIIa-Cre (Holzenberger et al., 2000) driver mice.
Mice carrying those Fx or D alleles can be requested
and provided for research use upon acceptance of the
present manuscript. The following primers were used
for duplex PCR genotyping: In4: 50-CAGTGGTTAAGAA-
CACTGGC-30; In5: 50-GTAGTGTTATGTGTTATTGCC-30;
and In6: 50-GAGCAAGAGTTTCTCTATGTAG-30.

Tamoxifen Administration

Rosa26-CreERt2mice (Ventura et al., 2007) were bred
with Acvr1bFx/Fx to generate cohorts of mice for 4-OH-ta-
moxifen (4-OHT) treatments. To activate the CreERt2
recombinase, 6-week-old mice were subjected to intra-
peritoneal (IP) injection with 100 lL of a 10 mg/mL 4-
OHT solution (Sigma Aldrich) prepared in 10% ethanol/
90% sunflower oil (Sigma Aldrich). A subset group of ani-
mals was solely subjected to vehicle IP injections for con-
trol purposes. For each group, injections were done ev-
ery day, 4 days in a row prior to the sacrifice of the mice

2 weeks after the first injection. Cohorts were as follow:
4-OHT-treated Acvr1bFx/Fx;Rosa26-CreERt2 (n 5 5); sun-
flower oil-treated Acvr1bFx/Fx;Rosa26-CreERt2 (n 5 4);
4-OHT-treated Acvr1bFx/Fx (n 5 3); sunflower oil-treated
Acvr1bFx/Fx (n5 2).

Tissues Recombination Analysis

Genomic DNA was isolated from freshly dissected tis-
sues 2 weeks after the first 4-OHT/vehicle injection for
PCR analysis using a duplex combination of primers to
detect Acvr1b wild-type (204 bp), floxed (294 bp) and
deleted (473 bp) alleles in the same PCR reaction. Pri-
mers sequences are as follow, In4: 50-CAGTGGTTAAGAA-
CACTGGC-30; In5: 50-GTAGTGTTATGTGTTATTGCC-30;
and In6: 50-GAGCAAGAGTTTCT CTATGTAG-30.

Recombination efficiency was assessed from individ-
ual tissues collected from three tamoxifen- and three
oil-treated animals.

Quantitative Analysis of Transcript Expression

RNA was extracted from freshly dissected tissues as
following. Isolated tissues (skin, brain, liver, kidney,
lung, pancreas, and spleen) were homogenized using a
Bio-Gen Pro200 homogenizer (Pro Scientific Inc.) in a 5 M
guanidine solution. Total RNA was further purified by
RNeasy mini kit plus (Qiagen) according to the manufac-
turer’s instructions. cDNA was transcribed using Super-
ScriptII reverse transcriptase (Invitrogen). Comparable
amounts of tissue-cDNA from 4-OHT (n 5 3) or sunflower
oil (n5 3) treated Acvr1bFx/Fx;Rosa26-CreERt2mice were
analyzed in duplicate for real-time PCR analysis. Primers
for Acvr1b expression analyses were as follow Acvr1b-
ex4Fw: 50-GGTTCCGTGAAGCAGAGATC-30, Acvr1b-
ex5Rev: 50-CAGTGAGCCATGCTCGTGAT-30 and all real-
time PCR results were normalized to the expression of the
Tbp housekeeping gene, Tpb-Fw: 50-TGGTGTGCACAG-
GAGCCAAG-30, Tpb-Rev: 50-TTCACATCACAGCTCCCCAC-
30. Real-time PCR analyses were carried out on a Step-One
Real-Time System (Applied-Biosystem) using SYBR-Green
reagent (Life Technologies). Statistical tests were done
using a paired Student’s t-test (Prism4, GraphPad). A P <
0.05 was considered significant.

Protein Expression and Western Blot Analysis

Proteins were extracted with a RIPA buffer from
freshly dissected and Bio-Gen Pro200-homogenized liv-
ers. Proteins were quantified by the Lowry protein assay
(DC-assay kit, Biorad). Twenty lg of protein per sample
were separated using SDS-PAGE with a 10% resolving
gel and transferred onto a PVDF membrane (GE Health-
care). Primary antibodies (rabbit anti-Alk4, Genetex;
mouse anti-Actin, Santa Cruz BioTechnology) were incu-
bated overnight at 48C, followed by HRP-conjugated
secondary antibodies (Jackson ImmunoResearch) and
detected using a Lumi-Light ECL solution (Roche).

6 RIPOCHE ET AL.



Immunohistochemical Analysis of Liver and
Kidney Tissues

Livers and kidneys were collected from mice 2 weeks
after they received their last 4-OHT or sunflower-oil IP
injection. Dissected tissues were rinsed and immedi-
ately fixed in 4% neutral-buffered formaldehyde for at
least 24 h, followed by dehydration and paraffin embed-
ding. Immunohistochemical staining was carried out on
3-lm-thick paraffin sections. Briefly, sections were rehy-
drated and subjected to a pH 8.0/high temperature anti-
gen retrieval in a Tris-EDTA-Tween20 solution followed
by a block of endogenous peroxidase activity. Tissue
sections were incubated overnight with an anti-Alk4
antibody (rabbit polyclonal, Epitomics) followed by a
detection using a biotin-streptavidin coupled secondary
anti-rabbit antibody (Vector) and a DAB revelation
according to the manufacturer’s instructions (DAB-Kit,
Vector).
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Introduction
Dynamic cross talk between cells and the surrounding ECM is 
essential to tissue homeostasis (Nelson and Bissell, 2006). The 
ECM is a network of highly organized macromolecules that are 
generally large and complex, with multiple distinct domains ar-
ranged with specific juxtapositions. Some of these domains inter-
act with cell surface receptors, such as integrins, which mediate 
cell–matrix adhesion and signal transduction into cells (Kim et al., 
2011). Matrix molecules can also interact with cell–surface growth 
factor receptors or sequester growth factors in the ECM and acti-
vate them when needed (Hynes, 2009). The ECM thus acts as an 
epigenetic informational entity capable of integrating various ex-
tracellular cues so as to regulate multiple cell phenotypes and 
behaviors (Kim et al., 2011).

The glycoprotein tenascin-X (TNX) is an example of a ma-
trix protein with such a structural and informational role. It be-
longs to the tenascin family, whose members (TNC, TNR, TNX, 
and TNW) share a similar domain pattern: an N-terminal assem-
bly domain allowing tenascin oligomerization followed by a se-
ries of EGF-like domains, a variable number of FNIII (fibronectin 
type III) modules, and a C-terminal fibrinogen-like (FBG) do-
main (Tucker et al., 2006). TNX is a disulfide-linked trimeric pro-
tein found in numerous adult tissues. This protein has been shown 
to interact with ECM components, such as fibrillar (types I, III, 
and V) and fibril-associated (types XII and XIV) collagens, and 
the small proteoglycan decorin (Elefteriou et al., 2001; Lethias  
et al., 2006; Veit et al., 2006; Egging et al., 2007a). Its impact in 
ECM network formation and three-dimensional collagen matrix 
stiffness (Margaron et al., 2010) is supported by the symptoms of 
the TNX deficiency-related Ehlers–Danlos syndrome, a human 

Transforming growth factor  (TGF- ) isoforms are 
secreted as inactive complexes formed through non-
covalent interactions between the bioactive TGF-  

entity and its N-terminal latency-associated peptide prodo-
main. Extracellular activation of the latent TGF-  complex 
is a crucial step in the regulation of TGF-  function for tis-
sue homeostasis. We show that the fibrinogen-like (FBG) 
domain of the matrix glycoprotein tenascin-X (TNX) inter-
acts physically with the small latent TGF-  complex in vitro 
and in vivo, thus regulating the bioavailability of mature 

TGF-  to cells by activating the latent cytokine into an ac-
tive molecule. Activation by the FBG domain most likely 
occurs through a conformational change in the latent 
complex and involves a novel cell adhesion–dependent 
mechanism. We identify 11 1 integrin as a cell surface 
receptor for TNX and show that this integrin is crucial to 
elicit FBG-mediated activation of latent TGF-  and subse-
quent epithelial-to-mesenchymal transition in mammary 
epithelial cells.

Tenascin-X promotes epithelial-to-mesenchymal 
transition by activating latent TGF-
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Figure 1. Recombinant TNX fragments differentially regulate EMT in mammary epithelial cells. (A) The recombinant TNX fragments (solid lines) are de-
picted below the schematic diagram representing the full-length TNX monomer. (B) Phase-contrast images of NMuMG cells cultured for 48 h either in the 
presence of soluble recombinant human TGF- 1 (2 ng/ml) or after seeding onto noncoated dishes or dishes coated (111 pmol/cm2) with recombinant full-
length TNX, TNX E F fragment, or FBG domain. Bars, 30 μm. (C) F-actin direct fluorescence and E-cadherin indirect immunofluorescence were performed 
in NMuMG cells cultured as described in B. Bars, 15 μm.
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phosphoinositide 3-kinase, and RhoA) to elicit regulation of other 
sets of genes (Kang et al., 2009).

In this study, we analyze how full-length TNX and individ-
ual domains of this matricellular protein might affect the regula-
tion of epithelial cell plasticity. We show that the C-terminal FBG 
domain of TNX triggers an EMT in mammary epithelial cells by 
stimulating TGF-  signaling activity. We demonstrate that this 
domain physically interacts with the SLC complex, thereby fur-
ther activating the latent cytokine into a bioactive molecule. This 
FBG-mediated activation most likely occurs through a conforma-
tional change in the latent complex and involves a novel cell  
adhesion–dependent mechanism. Indeed, we identify 11 1 inte-
grin as a cell receptor for TNX and show that this integrin is crucial 
to FBG-triggered TGF-  activation and subsequent EMT.

Results
The FBG domain of TNX induces EMT in 
mammary epithelial cells
The full-length recombinant TNX protein and various fragments 
thereof used in this study (Fig. 1 A) were produced in mammalian 
cells and purified (Fig. S1 A) as previously described (Lethias 
et al., 2001, 2006). To explore whether TNX regulated epithelial 
cell plasticity, we first compared the phenotype of normal murine 
mammary gland (NMuMG) epithelial cells seeded onto noncoated 
dishes (control) or dishes coated with recombinant full-length 
TNX. In the control condition, epithelial cells adopted a cuboi-
dal shape and formed compact colonies with established cell–
cell contacts, as shown by phase-contrast microscopy (Fig. 1 B). 
In contrast, NMuMG cells seeded onto full-length TNX displayed 
an altered epithelial morphology, some of them adopting an elon-
gated shape (Fig. 1 B). To determine which TNX domain was re-
sponsible for the cell shape changes, we analyzed the morphology 
of NMuMG cells seeded onto dishes coated with equimolar 
amounts of TNX fragments, either a derivative consisting only of 
the FNIII domains (TNX E F) or the C-terminal FBG domain 
(Fig. 1 A). Cells seeded onto TNX E F protein-coated culture 
dishes maintained a cuboidal shape and cell–cell contacts (Fig. 1 B). 
However, NMuMG cells seeded onto the FBG domain or in the 
presence of TGF- 1, a potent inducer of EMT (Valcourt et al., 
2005), adopted an elongated morphology, lost their close con-
tacts, and scattered (Fig. 1 B). EMT in the presence of the FBG 
domain was confirmed by the rearrangement of actin cytoskele-
ton into stress fibers and the loss of E-cadherin from adherens 
junctions (Fig. 1 C). Concomitantly, quantitative gene expres-
sion analyses revealed a decrease of epithelial cell markers  
(E-cadherin, Keratin-19, and Mucin-1) and a gain of mesenchymal 
cell markers (N-cadherin, Vimentin, and Fibronectin-1), as well 
as of EMT inducers (Hmga2, Snail1, and Zeb1), when cells were 
seeded onto the FBG domain (Fig. S1 B). Immunoblotting analy-
ses confirmed the decrease of E-cadherin and the increase of 
N-cadherin (Fig. S1 C). Recombinant TGF- 1 gave similar results 
to the FBG domain (Figs. 1 C and S1, B and C). Interestingly, the 
EMT process was milder in the presence of the full-length TNX, 
as only a partial loss of actin and E-cadherin was observed at 
cell–cell junctions (Fig. 1 C). Moreover, only a decrease of epi-
thelial markers, but not a gain of mesenchymal ones or EMT 

heritable disorder characterized mainly by joint laxity and skin 
hyperextensibility (Schalkwijk et al., 2001). TNX has also been 
described as a matricellular protein, i.e., a protein modulating 
cell–matrix interactions. It interacts with cells via two main adhe-
sion sites: a heparin binding site comprising two adjacent FNIII 
modules, which is a putative ligand for heparan sulfate proteogly-
can receptors (Lethias et al., 2001), and the C-terminal FBG do-
main, which is the major cell adhesion site of the whole molecule 
and involves an unidentified 1-containing integrin receptor 
(Elefteriou et al., 1999). TNX has also been shown to regulate 
cell adhesion/deadhesion (Fujie et al., 2009) and thus to inhibit 
cell spreading in vitro (Elefteriou et al., 1999). In orthotopic ex-
periments conducted on wild-type and TNX-deficient mice, TNX 
was found to restrain tumor cell invasion and metastasis forma-
tion in vivo (Matsumoto et al., 2001). The mechanisms by which 
TNX exerts these biological activities are not well understood.

To gain further insights into the molecular and cellular mech-
anisms through which TNX regulates cell invasion and migration, 
we focused on epithelial cell plasticity. Indeed, several ECM mole-
cules have been shown to induce the epithelial-to-mesenchymal 
transition (EMT), a cell process allowing conversion of polarized, 
adherent epithelial cells into motile, mesenchymal-like cells 
(Thiery et al., 2009). For instance, type I collagen induces EMT by 
regulating diverse signaling cues (Koenig et al., 2006; Shintani 
et al., 2006, 2008a) and notably the TGF-  pathway (Shintani 
et al., 2008b; DeMaio et al., 2012).

TGF-  family members (TGF- 1, 2, and 3) are synthe-
sized as proproteins and form disulfide-linked homodimers that 
are proteolytically processed before secretion. Upon cleavage, 
the prodomain, called the latency-associated peptide (LAP),  
remains noncovalently bound to the mature (bioactive) TGF-  
moiety, maintaining it in a latent state by inhibiting its exposure 
to cell surface receptors (Moustakas and Heldin, 2009; Wu and 
Hill, 2009). Latent TGF-  can be found as a soluble entity, 
called the small latent complex (SLC; Miyazono et al., 1991), 
but it is also secreted as a large latent complex in which the SLC 
is covalently bound to a latent TGF- –binding protein (Miyazono 
et al., 1991). In some physiological or pathological contexts, 
mature TGF-  is released from the latent complex, a process 
called latent TGF-  activation. The mechanisms described for 
latent TGF-  activation (ten Dijke and Arthur, 2007) include 
proteolytic cleavage of the LAP and release of TGF-  (Mu et al., 
2002) and/or a conformational change in the LAP, allowing ex-
posure of the TGF-  entity. Depending on the cell context, the 
latter mechanism might involve either various cell surface re-
ceptors, such as RGD-dependent integrins (Wipff and Hinz, 
2008), or the ECM protein thrombospondin 1 (TSP-1; Schultz-
Cherry and Murphy-Ullrich, 1993). Once activated, mature 
TGF-  initiates a signal via the type I (T RI) and the type II 
(T RII) transmembrane serine/threonine kinase TGF-  recep-
tors. T RII propagates signals by phosphorylating the T RI re-
ceptor. Activated T RI phosphorylates and activates Smad2 and 
Smad3 proteins, which then interact with Smad4. This complex 
then translocates into the nucleus and binds to the chromatin to 
regulate TGF- –responsive genes (Massagué, 2012). As an al-
ternative to this canonical signaling pathway, TGF-  receptors 
can propagate signals via other intracellular routes (MAPK, 
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Figure 2. The FNIII repeats of TNX molecule inhibit the EMT induced by the FBG domain in mammary epithelial cells. (A) Phase-contrast images of NMuMG 
cells cultured for 48 h either in the presence of soluble recombinant human TGF- 1 (2 ng/ml) or after seeding onto noncoated dishes or dishes coated  
(111 pmol/cm2) with the TNX E F fragment, the FBG domain, or both recombinant proteins. Bars, 30 μm. (B) F-actin direct fluorescence and E-cadherin 
indirect immunofluorescence were performed in NMuMG cells cultured as described in A. Bars, 15 μm.
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Altogether, these results indicate that, in mammary epithelial 
cells, the FBG domain of TNX activates the TGF- –Smad sig-
naling pathway to elicit EMT.

The FBG domain of TNX regulates the 
bioavailability of mature TGF-
The induction of TGF-  signaling by the FBG domain did not 
require protein synthesis because the presence of the translation 
inhibitor cycloheximide did not impair Smad2 phosphorylation 
triggered by the FBG domain or mature TGF- 1 (Fig. 4 A). To 
test the hypothesis that the FBG domain might exert its effects 
by increasing the bioavailability of mature TGF-  to cell surface 
receptors, we analyzed the effects of the FBG domain on the 
TGF-  signaling pathway in the presence of a neutralizing anti–
TGF- 1/2/3 antibody directed against the active TGF-  entity. 
In mammary epithelial cells, the blocking antibody significantly 
compromised Smad2 phosphorylation (Fig. 4 B) and subsequent 
reporter gene activity (Fig. 4 C) induced by either soluble mature 
TGF- 1 or the coated FBG domain, as compared with control 
IgG. This anti-pan–TGF-  antibody also fully abolished the EMT 
response (E-cadherin internalization and actin stress fiber forma-
tion) that was induced by mature TGF- 1 and the FBG domain in 
NMuMG cells (Fig. 4 D). Altogether, these results suggest that 
the TNX FBG domain induces Smad signaling by increasing the 
bioavailability of mature TGF- .

The FBG domain of TNX interacts 
physically with the SLC
As the recombinant FBG domain was produced in mammalian 
cells and secreted into the conditioned medium, we tested whether 
endogenously synthesized TGF-  might have copurified along 
with this TNX domain, using an immunoassay detecting mature 
TGF- 1. As shown in Fig. 5 A, FBG-enriched fractions displayed 
a weak, but nonnegligible, signal for mature TGF- 1. When these 
fractions were subjected to physicochemical conditions known to 
activate latent TGF- , i.e., heat denaturation and acid treatment 
(Brown et al., 1990), the signal was much higher (Fig. 5 A). Inter-
estingly, mature TGF- 1 reactivity was also associated with the 
intact TNX molecule, whereas almost no signal was detected in 
fractions containing the recombinant TNX lacking the FBG do-
main (TNX E F; Fig. 5 A). These results suggest that the puri-
fied recombinant proteins comprising, or consisting solely of, the 
FBG domain contain latent TGF-  molecules that can be acti-
vated under certain physical conditions. Immunoblotting per-
formed on the purified full-length TNX and FBG proteins 
confirmed the presence of both the mature TGF- 1 and the 
LAP( 1) entities (Fig. 5 B). Conversely, almost no signal was 
detected for LAP and the mature TGF- 1 on purified TNX E F 
protein (Fig. 5 B). This experiment confirmed that the FBG do-
main of TNX could associate with the SLC not only as a soluble 
entity but also when comprised in the intact TNX. Moreover, the 
coated or soluble full-length TNX, but not the TNX E F frag-
ment, also stimulated mature TGF-  bioavailability, as shown 
by the induction of Smad2 phosphorylation in NMuMG cells 
(Figs. 5 C and S3 D). This result suggests that the weak alteration 
of epithelial cell morphology induced by the native TNX also re-
lies on TGF- –Smad signaling.

inducers, was seen in the presence of the full-length TNX (Fig. S1, 
B and C). In contrast, NMuMG cells remained fully epithelial 
when seeded onto the TNX E F protein, as judged by the over-
all analyses of the markers (Figs. 1 C and S1, B and C).

As full-length TNX caused a milder EMT response com-
pared with the FBG domain, recombinant proteins being used in 
an immobilized (Fig. 1, B and C) or a soluble form (Fig. S2 A), 
we then determined whether the FNIII repeat–containing region 
(TNX E F fragment) could negatively regulate the activity in-
duced by the FBG domain comprised in the native TNX mole-
cule. Compared with the FBG domain alone, the scattering of 
NMuMG cells was fully abolished when dishes were coated with 
equimolar quantities of both TNX E F and FBG proteins, as 
observed by phase-contrast microscopy (Fig. 2 A). Analyses of 
epithelial and mesenchymal markers clearly indicated that the 
TNX E F fragment inhibited the FBG-induced EMT (Figs. 2 B 
and S2 B). Altogether, these experiments show that the FBG do-
main of TNX is able to cause an EMT when acting as a separate 
entity but that the FNIII repeats exert an inhibitory activity over 
the FBG domain when contained in the intact TNX.

The FBG domain activates the TGF- –Smad 
signaling pathway
Because the FBG domain triggered an EMT response almost as 
potent as TGF-  in NMuMG cells, we investigated whether this 
TNX domain stimulated the TGF-  signaling pathway. SB431542, 
a T RI kinase inhibitor (Inman et al., 2002), completely abol-
ished the EMT response induced by recombinant human TGF- 1 
or the coated FBG domain in NMuMG cells, as judged by the ep-
ithelial morphology and the F-actin staining at the vicinity of cell 
junctions (Fig. 3 A). The FBG domain thus causes EMT by stim-
ulating the TGF-  signaling pathway. Moreover, immobilized 
FBG domain or recombinant TGF- 1 led to a marked increase of 
the transcriptional activity of an artificial TGF- –responsive el-
ement (TRE) reporter construct (TRE-Luc [luciferase]) in stably 
transfected human mammary epithelial (MCF10A) cells (Fig. 3 B). 
These transcriptional responses were sensitive to SB431542 
(Fig. 3 B). These results confirm that the TGF-  signaling path-
way is stimulated upon cell exposure to the FBG domain.

To confirm whether the FBG domain activated the canoni-
cal Smad pathway, we monitored the phosphorylation status of 
Smad2 in NMuMG cells over time (Fig. 3 C). NMuMG cells 
seeded onto the coated FBG domain displayed phosphorylation 
of the two C-terminal serine residues of Smad2, whereas cells 
seeded onto noncoated dishes showed no phosphorylated Smad2. 
Interestingly, this experiment showed strong phosphorylation of 
Smad2 as early as 1 h after seeding, at which time cells were 
starting to adhere to the coated FBG domain, and the phospho-
Smad2 signal remained high, although gradually decreasing after 
3 h (Fig. 3 C). As expected, the SB431542 inhibitor fully abol-
ished the FBG-induced Smad2 phosphorylation (Fig. 3 D). Like-
wise, adenovirus-mediated overexpression of Smad7, a natural 
inhibitor of Smad signaling (Nakao et al., 1997), impaired both 
TGF- 1– and FBG-induced phosphorylation of Smad2 (Fig. S3 A) 
and prevented the FBG domain from inducing EMT in NMuMG 
cells, as observed by phase-contrast microscopy (Fig. S3 B) and 
the impaired decrease of E-cadherin gene expression (Fig. S3 C). 

 on M
ay 14, 2014

jcb.rupress.org
D

ow
nloaded from

 

Published May 12, 2014



JCB • VOLUME 205 • NUMBER 3 • 2014 414

Figure 3. The FBG domain of TNX stimulates the TGF- –Smad signaling pathway. (A) Phase-contrast microscopy (top) and F-actin direct fluorescence 
(bottom) applied to NMuMG cells cultured for 36 h on noncoated or 222 pmol/cm2 FBG-coated dishes, or stimulated with 5 ng/ml of soluble TGF- 1, in 
the presence of 10 μM SB431542 or vehicle (DMSO). Bars, 30 μm. (B) Firefly luciferase activity in MCF10A-TRE-Luc cells cultured for 16 h as described 
in A. *, P < 0.05 versus control condition. Error bars are means ± SD. (C) Immunoblot analyses showing levels of phosphorylated Smad2 (P-Smad2) and 
total Smad2/3 in NMuMG cells cultured in noncoated ( ) or 222 pmol/cm2 FBG-coated (+) dishes or stimulated with 5 ng/ml of mature TGF- 1 for 
the indicated time. Ratio of phospho-Smad2 to total Smad2/3 levels is indicated below. (D) Phospho-Smad2 levels in NMuMG cells cultured for 3 h as 
described in A.
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Figure 4. The FBG domain of TNX activates latent TGF-  in vitro. (A) Immunoblots showing phospho-Smad2 (P-Smad2) levels in NMuMG cells incubated 
for 3 h on either noncoated ( ) or 222 pmol/cm2 FBG-coated (+) dishes or stimulated for 3 h with 5 ng/ml of soluble human TGF- 1 in the presence of 
10 μg/ml cycloheximide or the corresponding vehicle (DMSO). (B) Immunoblots showing levels of phospho-Smad2 in NMuMG cells incubated for 3 h on 
either noncoated ( ) or 222 pmol/cm2 FBG-coated (+) dishes or stimulated for 3 h with 5 ng/ml TGF- 1 in the presence of a control IgG or 10 μg/ml anti-
pan–TGF-  antibody. (C) Firefly luciferase activity in MCF10A-TRE-Luc cells cultured for 16 h under the same conditions as described in B. *, P < 0.05 versus 
control IgG. Error bars are means ± SD. (D) F-actin direct fluorescence (top) and indirect immunofluorescence staining of E-cadherin (bottom) performed in 
NMuMG cells cultured for 36 h under the same conditions as described in B. Bars, 15 μm.
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Figure 5. The FBG domain of TNX interacts physically with the SLC in vitro and in vivo. (A) Quantitative (ELISA) analysis of mature human TGF- 1 associ-
ated with equimolar concentrations (111 nM) of purified recombinant FBG domain, full-length TNX, or TNX E F fragment, subjected (+) or not subjected 
( ) to conditions activating latent TGF-  (heat and acid treatments). (B) Levels of mature human TGF- 1 and of its LAP( 1) propeptide associated with 
equimolar concentrations (111 nM) of purified recombinant FBG domain, full-length TNX, or TNX E F protein were determined by immunoblotting. The 
monoclonal anti-TNX antibody recognizes the 10th FNIII domain. (C) Levels of phospho-Smad2 (P-Smad2) in NMuMG cells cultured for 3 h on noncoated 
dishes (N-C) or dishes coated with the different recombinant TNX variants (111 pmol/cm2) or stimulated with 5 ng/ml of soluble TGF- 1. Ratio of phos-
pho-Smad2 to total Smad2/3 levels is indicated below. (D) Coimmunoprecipitation of the mature TGF- 1 entity and of its LAP( 1) propeptide with the 
purified recombinant FBG domain. Immunoprecipitations were performed with anti-FBG ( -FBG), anti-–human TGF- 1 ( -TGF- 1), or anti–human LAP( 1) 
antibodies or with control IgG. (E) Quantitative detection (ELISA) of mature TGF- 1 associated with the FBG domain of bovine TNX immunoprecipitated 
from FBS with either anti-FBG domain ( -FBG) antibody or control IgG. Samples were subjected (+) or not subjected ( ) to activating conditions before the 
ELISA. An FBS fraction corresponding to 2.5% of the total volume used for the immunoprecipitation was also subjected to ELISA. *, P < 0.05. Error bars 
are means ± SD. IP, immunoprecipitation.
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FBG domain, as compared with cells cultured in noncoated 
dishes (Fig. 6 C).

To obtain a recombinant protein devoid of TGF- , we even-
tually produced the FBG domain of TNX in a prokaryotic system 
and determined whether it could activate exogenous latent TGF-  
when presented to cells in a soluble form. Although the bacteria-
produced FBG domain did not contain any LAP or TGF- 1 
(FBG*; Fig. 6 D), it induced the phosphorylation of Smad2 in 
NMuMG cells (Fig. 6 E) and stimulated the transcriptional acti-
vation of the TGF- –responsive promoter in MCF10A-TRE-Luc 
cells (Fig. 6 F), as potently as the soluble FBG domain produced 
in mammalian cells. The bacterially expressed FBG domain in-
duced an EMT as observed by the delocalization of E-cadherin 
from adherens junctions and the partial reorganization of the actin 
filaments (Fig. 6 G). These experiments conclusively prove that 
the FBG domain devoid of TGF-  is able to interact with the pool 
of latent TGF-  secreted by the cells and leads to its activation.

FBG-induced activation of latent TGF-  is a 
protease-independent process
Proteolytic cleavage of the LAP prodomain is one of the mecha-
nisms allowing latent TGF-  activation (Wipff and Hinz, 2008). 
We tested the ability of different broad-spectrum protease in-
hibitors to block latent TGF-  activation in the presence of the 
FBG domain to examine whether one or more proteolytic events 
were required for this process. Inhibitors of serine (leupeptin 
and aprotinin), cysteine (leupeptin and E-64), and aspartyl (pep-
statin A) proteases and a matrix metalloproteinase (MMP) in-
hibitor (GM6001) all failed to prevent Smad2 phosphorylation 
in the presence of the FBG domain (Fig. 7 A). Hence, the FBG-
mediated activation of latent TGF-  does not involve the activ-
ity of any of these proteases. Using a reporter assay (Fig. 7 B), 
we found that TGF-  activation by the FBG domain did not re-
sult in the production of a diffusible mature polypeptide, as the 
medium conditioned by donor NMuMG cells seeded onto the 
FBG domain failed to induce any luciferase activity in the re-
cipient MCF10A-TRE-Luc reporter cells (Fig. 7 C). In contrast, 
the medium conditioned by TGF- 1–treated donor cells did in-
duce luciferase activity in the recipient cells (Fig. 7 C). As ex-
pected, donor cells exposed to FBG domain or mature TGF- 1 
displayed a high level of Smad2 phosphorylation (Fig. 7 C). 
These results suggest that TGF-  activation requires intimate 
contact of the FBG domain with cells. This conclusion was sup-
ported by similar results obtained in co-culture experiments in 
which soluble molecules were allowed to diffuse from donor 
cells cultured in coated inserts to reporter cells (Fig. 7, D and E). 
Altogether, these data indicate that FBG-mediated activation of 
latent TGF-  is a protease-independent process occurring in the 
cell vicinity and most likely involving a conformational change 
in the LAP prodomain to cause local exposure of the mature 
TGF-  entity.

FBG-induced activation of latent TGF-  
does not involve TSP-1 activity
The matricellular protein TSP-1 has been well documented to bind 
and activate latent TGF-  by triggering a conformational change 
in the latent complex (Schultz-Cherry and Murphy-Ullrich, 1993; 

Coimmunoprecipitation experiments using a monoclonal 
antibody directed against the FBG domain confirmed a physical 
interaction between this purified TNX domain and the latent 
TGF- 1 complex in vitro, as we detected both TGF- 1 and 
LAP( 1) (Fig. 5 D). In immunoprecipitates obtained with anti-
body raised against mature TGF- 1 or the LAP propeptide, the 
FBG domain was weakly detected, indicating that the mature cy-
tokine moiety is partially masked within the SLC–FBG complex 
(Fig. 5 D). To ascertain the biological relevance of this observa-
tion, we sought to detect TGF- 1 interaction with the endogenous 
FBG domain. As multiple TNX fragments are found in serum 
(Schalkwijk et al., 2001; Egging et al., 2007b), we immunopre-
cipitated TNX molecules comprising the C-terminal FBG domain 
from FBS with the anti-FBG antibody and used an ELISA to de-
tect mature TGF- 1 associated with the precipitates (Fig. 5 E). 
Compared with IgG-treated control samples, immunoprecipitated 
fractions containing the FBG domain showed a significantly 
higher signal for mature TGF- 1 under both basal (threefold) and 
activated (1.7-fold) conditions. These results indicate that the 
FBG domain present in serum in vivo associates physically with 
the SLC.

FBG domain devoid of TGF- 1 retains  
the ability to activate cell-secreted  
latent TGF- 1
To obtain an FBG fraction devoid of TGF- , the recombinant 
FBG protein was further purified by affinity chromatography per-
formed under alkaline conditions (pH 11), a procedure described 
to dissociate the TSP-1–TGF-  complex (Murphy-Ullrich et al., 
1992; Schultz-Cherry and Murphy-Ullrich, 1993). In contrast to 
the untreated FBG domain (input condition), the FBG protein pu-
rified under alkaline conditions (bound fractions) displayed no 
signal for mature TGF- 1 in immunoassays or on immunoblots 
(Fig. 6 A). TGF- 1 dissociation from the FBG domain at pH 11.0 
was confirmed by the presence of mature TGF- 1 in the unbound 
(Fig. 6 A) and wash (not depicted) fractions. These data suggest 
that the FBG domain and TGF- 1 can form a complex held to-
gether by noncovalent interactions that are disrupted at pH 11. 
The FBG domain, once stripped of associated TGF- 1 activity, 
maintained the ability to form complexes with cell-secreted 
TGF-  and to induce its activation, as a clear Smad2 phosphory-
lation was seen in NMuMG cells seeded onto dishes coated with 
stripped FBG domain (i.e., the bound fraction), in contrast to the 
cells seeded onto noncoated dishes (Fig. 6 B). This phospho-
Smad2 signal was almost as intense as those observed in positive 
controls, i.e., on dishes coated with the unstripped FBG domain 
(input) or with unbound and wash fractions obtained after alka-
line treatment (Fig. 6 B). Even though alkaline conditions are 
known to cause cysteine disulfhydryl bond reduction (Hogg, 
2003), the FBG-mediated latent TGF-  activation was specific, 
as alkaline-treated BSA did not show an enhancement of the 
Smad signaling compared with the untreated BSA (Fig. 6 B). The 
ability of the FBG domain devoid of TGF-  to activate latent 
TGF-  and promote subsequent intracellular Smad signaling was 
confirmed in NMuMG transiently transfected with the (CAGA)9-
Luc reporter construct (Dennler et al., 1998), in which gene tran-
scription was stimulated ninefold in the presence of the stripped 
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Figure 6. The FBG domain of TNX devoid of TGF-  activity retains the ability to activate cell-secreted latent TGF- 1. (A) The FBG domain was stripped of 
TGF- 1–associated activity under alkaline conditions. (top) ELISA quantitation of total active human TGF- 1 was performed with 2.5 μg protein from un-
treated FBG domain (input fraction) or from unbound and bound fractions of purified FBG domain under alkaline conditions. (bottom) Immunoblot analyses 
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not required for this activation. Collectively, our results indicate 
that the FBG-mediated activation of latent TGF-  requires a 
cell adhesion receptor other than an RGD-dependent integrin 
and does not involve actin-mediated cell traction.

The integrin 11 1, a new cell surface 
receptor for TNX, is required for activation 
of latent TGF-  by the FBG domain
It has been previously shown that the FBG domain is the main 
cell adhesion site on TNX. A 1 chain–containing integrin 
emerged as a possible receptor of TNX, but the associated  

 chain remained unidentified (Elefteriou et al., 1999). To iden-
tify the integrin receptor potentially involved in FBG-mediated 
activation of latent TGF- , we performed cell adhesion assays 
coupled to RNA interference–based screening of a subset of  

 chains known to associate with the 1 subunit. We found that 
integrin 11 1 was a cell surface receptor for the FBG domain 
of TNX. Indeed, knockdown of ITGA11 gene, encoding the in-
tegrin subunit 11, with two independent shRNA, resulted in a 
markedly impaired adhesion of HT-1080 cells to the FBG do-
main as compared with a scrambled shRNA control (Fig. 9 C). 
This integrin receptor specifically binds to the FBG domain in 
the intact TNX molecule, as the two shRNA also markedly de-
creased HT-1080 cell adhesion to the full-length molecule but 
not to the TNX E F fragment (FNIII repeats; Fig. 9 C). To 
monitor a direct interaction between the 11 integrin subunit 
and the FBG domain, we performed a solid-phase assay using 
the inserted (I) domain of the 11 chain fused to the GST. The 
I domain is closely related to the von Willebrand factor A do-
main, which mediates binding to native collagens. As expected, 
the recombinant GST– 11-I protein interacted with triple-helical, 
but not denatured, type I collagen (Fig. 9 D; Zhang et al., 2003). 
GST– 11-I also specifically associated to the FBG domain 
and to the full-length TNX. On the contrary, a very weak inter-
action was shown with the TNX E F protein (FNIII repeats). 
Altogether, these experiments demonstrate that the I domain 
of 11 chain directly associates with the FBG domain, confirm-
ing that the 11 1 integrin is a receptor for the C-terminal do-
main of TNX.

Down-regulation of ITGA11 expression in HT-1080 cells 
caused a marked decrease in phosphorylated Smad2 in the pres-
ence of the FBG domain, when compared with the scramble con-
trol (Fig. 9 E). Furthermore, knockdown of ITGA11 expression in 
an HT-1080 cell–based Smad reporter construct ((CAGA)9-Luc) 

Schultz-Cherry et al., 1994). As the TNX FBG domain might 
interact with TSP-1 in a specific matrix microenvironment, we 
tested whether TSP-1 was involved in FBG-mediated latent TGF-  
activation. Using phospho-Smad2 as a marker for TGF-  acti-
vation, we first confirmed that purified TSP-1 could trigger acti-
vation of latent TGF-  (Fig. 8, A and C), a process inhibited by 
TSP-1–neutralizing antibody (Fig. 8 A; Schultz-Cherry and 
Murphy-Ullrich, 1993) and by competing LSKL peptide (Fig. 8 C; 
Ribeiro et al., 1999). The scrambled peptide SLLK (Fig. 8 C) did 
not affect TSP-1–induced activation of latent TGF- . In contrast, 
neither the anti–TSP-1 antibody (Fig. 8 B) nor the LSKL pep-
tide (Fig. 8 D) had any effect on the level of phosphorylated 
Smad2 induced by the FBG domain as compared with the IgG or 
scrambled peptide control. These results indicate that the FBG 
domain does not require TSP-1 to activate latent TGF- .

FBG-induced activation of latent TGF-  
requires a cell adhesion receptor but not 
the action of RGD-dependent integrins
FBG-induced activation of latent TGF-  must either involve an 
intrinsic activity of this domain or require a cell surface adhesion 
receptor. To discriminate between these hypotheses, we moni-
tored the TGF- –Smad signaling activity in the TGF-  reporter 
Burkitt’s lymphoma (BL41-(CAGA)9-Luc) cell line (Rogier et al., 
2005), which did not adhere to the coated FBG domain (Fig. 9 A). 
Although this cell line did respond to mature TGF- 1, it dis-
played no luciferase activity when incubated in the presence of 
coated FBG domain (Fig. 9 B), suggesting that cell adhesion to 
the FBG domain must play a crucial role in its mediated activa-
tion of latent TGF- .

A subset of integrins ( v 3, v 5, v 6, and v 8) has 
been reported to activate latent TGF- , through interaction with 
an Arg-Gly-Asp (RGD) sequence present at the N termini of the 
LAP( 1) and LAP( 3) prodomains (Wipff and Hinz, 2008). 
Using two different sets of RGD-containing competitor pep-
tides, we demonstrated that the RGD sequence contained in the 
LAP and the associated RGD-dependent integrins are not re-
quired for activation of latent TGF-  by the FBG domain of 
TNX (Fig. S4, A–D). These observations were confirmed by the 
ability of the FBG domain to activate exogenous latent TGF- 2, 
an isoform lacking the RGD sequence (Fig. S4 E). Moreover, 
cytochalasin B–induced F-actin depolymerization did not in-
hibit TGF-  activation by the FBG domain (Fig. S4, F and G). 
Thus, cell traction, mediated by an intact cytoskeleton coupled 
to certain RGD-dependent integrins (Wipff and Hinz, 2008), is 

of TGF- 1 and the FBG domain were performed in parallel on the same fractions (2.5 μg protein). (B) Western blot analysis of phospho-Smad2 (P-Smad2) 
in NMuMG cells cultured for 3 h with the different fractions (50 μg/ml) containing the FBG domain stripped of TGF- 1–associated activity (bound fraction) 
or unbound (flow through) and wash fractions as described in A. As a control, untreated or alkaline-treated BSA was used instead of FBG domain. Ratio of 
phospho-Smad2 to actin levels is indicated below. (C) Firefly luciferase activity in NMuMG cells transiently transfected with the Smad-responsive (CAGA)9-
Luc reporter construct. The cells were incubated for 24 h with either recombinant TGF- 1 (5 ng/ml) or the different fractions (50 μg/ml) containing the FBG 
domain subjected or not subjected to alkaline treatment described in A. N-C, noncoated. (D, top) SDS-PAGE analysis of purified FBG domain produced 
in mammalian cells (FBG) and in E. coli (FBG*). MM, molecular mass markers. (bottom) Immunoblot analysis of the levels of mature human TGF- 1 and of 
its LAP( 1) propeptide associated with purified FBG domain (111 nM each). (E) Immunoblot analysis of phospho-Smad2 in NMuMG cells cultured for 3 h 
with 5 ng/ml TGF- 1, soluble purified FBG domain (111 nM) produced in mammalian cells (FBG) or in E. coli (FBG*), or the corresponding vehicle (PBS). 
Ratio of phospho-Smad2 to total Smad2/3 levels is indicated below. (F) Firefly luciferase activity of MCF10A-TRE-Luc cells incubated for 24 h as described 
in E. (G) F-actin direct fluorescence (top) and indirect immunofluorescence staining of E-cadherin (bottom) performed in NMuMG cells cultured for 48 h 
with soluble FBG domains produced in eukaryotic (FBG) or prokaryotic (FBG*) system (111 nM). Bars, 15 μm. *, P < 0.05 versus control condition. Error 
bars are means ± SD. WB, Western blot.
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Figure 7. Mature TGF-  activated by the FBG domain of TNX is not diffusible, and its activation does not require any proteolytic event. (A) Phosphorylated 
Smad2 (P-Smad2) level in NMuMG cells seeded onto 222 pmol/cm2 FBG-coated (+) or uncoated ( ) dishes and cultured for 3 h in the absence (vehicle) 
or presence of the indicated protease inhibitor (10 μM) or recombinant TGF- 1 (5 ng/ml). #, nonspecific band. (B) Culture of recipient MCF10A-TRE-Luc 
reporter cells with conditioned medium (CM) from donor NMuMG cells seeded onto a noncoated (N-C) or a 222 pmol/cm2 FBG-coated dish or treated with 
5 ng/ml of mature TGF- 1 for 1–6 h. (C) Firefly luciferase activity of MCF10A-TRE-Luc cells cultured for 24 h with NMuMG cell–conditioned medium (top) 
and phospho-Smad2 levels in the donor NMuMG cells (bottom). White lines indicate that intervening lanes have been spliced out. (D) Co-culture assay of 
recipient MCF10A-TRE-Luc reporter cells (bottom well) with donor NMuMG cells (top well) seeded onto a porous membrane (pore size of 0.4 μm) coated 
or not coated with 222 pmol/cm2 of recombinant FBG domain or treated with 5 ng/ml of mature TGF- 1. (E) Firefly luciferase activity of MCF10A-TRE-
Luc cells co-cultured for 24 h with or without NMuMG cells in the presence or absence of FBG domain or TGF- 1 as described in D. *, P < 0.05 versus 
uncoated condition. Error bars are means ± SD.
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Consequently, extracellular regulation of latent TGF-  activation 
is crucial for tissue homeostasis. TSP-1 is the only matrix mole-
cule described so far to bind and activate latent TGF-  in vitro 
(Schultz-Cherry and Murphy-Ullrich, 1993; Schultz-Cherry et al., 
1994) and in vivo (Crawford et al., 1998). Here, we find that the 
C-terminal FBG domain of TNX interacts with the TGF-  SLC 
in vitro and in vivo and that this molecular association promotes 
the presentation of mature TGF-  to cells to induce specific re-
sponses such as EMT. We also provide evidence that FBG-
mediated TGF-  activation occurs independently of TSP-1, and 
to our knowledge, the FBG domain of TNX is the second exam-
ple of a matrix protein that is able to activate latent TGF- .

Although the full-length TNX molecule does interact with 
the SLC and activate latent TGF-  (Fig. 5, A–C), it induces a 
mild EMT response, in contrast to the FBG domain alone, which 
causes a full EMT in mammary epithelial cells (Fig. 1, B and C). 
This result was explained by the fact that the FNIII-containing 
TNX region, when used as a separate protein, acted negatively on 
the soluble FBG domain in inducing EMT (Fig. 2). Unexpect-
edly, the FNIII repeat–containing region does not prevent the 
FBG domain in the intact TNX molecule from activating latent 
TGF-  and inducing Smad signaling (Fig. 5 C). Our results sug-
gest that the FNIII repeat–comprising region and the FBG do-
main regulate EMT through distinct signaling pathways in the 
intact molecule. The cell surface receptor and the molecular 
mechanisms by which the central region of the TNX inhibits 
EMT have not yet been identified and are under investigation in 

was found to compromise FBG-induced transcriptional activa-
tion (Fig. 9 F). These results were confirmed in MCF10A-TRE-
Luc cells showing a loss of adhesion to the FBG domain in the 
presence of ITGA11 shRNA (Fig. S5 A) and subsequent impair-
ment of FBG-induced luciferase activity (Fig. S5 B) and Smad2 
phosphorylation (Fig. S5 C). Conversely, overexpression of 11 
integrin subunit enhanced the phosphorylation of Smad2 trig-
gered by the FBG domain (Fig. 10 A). Moreover, transient ex-
pression of both 11 and 1 integrin chains in BL41-(CAGA)9-Luc 
cells induced a significant transcriptional activation of the TGF- –
responsive promoter in the presence of the FBG domain but not 
in response to recombinant TGF- 1 (Fig. 10 B). Our data indi-
cate that the 11 1 integrin is crucial for activation of latent 
TGF-  by the FBG domain of TNX. Furthermore, the formation 
of actin stress fibers in MCF10A cells seeded onto the FBG do-
main was almost entirely abolished in the presence of ITGA11 
shRNA (Fig. 10 C), indicating that the knockdown of 11 integ-
rin subunit impaired the EMT induced by coated FBG domain. In 
conclusion, 11 1 integrin–mediated cell adhesion to the FBG 
domain is a prerequisite to activation of latent TGF-  and subse-
quent Smad signaling and gene responses leading to EMT.

Discussion
Secreted TGF-  isoforms are mainly sequestered in the ECM 
(Taipale et al., 1994, 1996; Nunes et al., 1997) and constitute a 
reservoir of signaling molecules that are activated when required. 

Figure 8. TSP-1 is not required for FBG-mediated activation of latent TGF- . (A) Immunoblots showing phospho-Smad2 (P-Smad2) levels in NMuMG  
cells cultured for 3 h with (+) or without ( ) soluble purified TSP-1 (11 nM) in the presence of neutralizing anti–TSP-1 antibody ( -TSP1) or normal serum IgG 
(10 μg/ml). (B) Levels of phosphorylated Smad2 in NMuMG cells cultured for 3 h on noncoated (N-C) or 222 pmol/cm2 FBG-coated dishes or treated with 
5 ng/ml of mature TGF- 1 in the presence of neutralizing anti–TSP-1 antibody as described in A. (C) Levels of phospho-Smad2 in NMuMG cells cultured 
for 3 h with (+) or without ( ) 11 nM of soluble purified TSP-1 in the presence of a competing (LSKL) or control (SLLK) peptide (10 μM). (D) Phospho-Smad2 
levels in NMuMG cells cultured for 3 h on noncoated ( ) or FBG-coated (+) dishes, in the absence ( ) or presence of competing or control peptide as 
described in C.
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Figure 9. Activation of latent TGF-  by the FBG domain requires cell adhesion and the 11 1 integrin. (A) Adhesion of NMuMG and BL41-(CAGA)9-Luc 
cells to an increasing quantity of recombinant FBG domain. (B) Luciferase activity of BL41-(CAGA)9-Luc reporter cells cultured for 24 h on coated FBG 
domain or treated with 5 ng/ml TGF- 1. (C) Adhesion analysis of HT-1080 fibrosarcoma cells transiently expressing a scrambled shRNA or one of two 
shRNAs (#1 and #2) targeting different sequences of the ITGA11 mRNA and cultured for 30 min onto coated recombinant FBG domain or other TNX frag-
ments (111 pmol/cm2). Results represent the percentage of cell adhesion relative to the scramble shRNA condition for each recombinant protein analyzed. 
(D) Solid-phase assay of the interaction between the inserted domain of 11 integrin chain in fusion with GST (1 μM) and 5 μg/ml of native or denatured 
(Denat.) type I collagen or the different TNX derivatives (111 nM). FL, full length. (E) Immunoblotting analysis of phospho-Smad2 and the 11 integrin chain 
in HT-1080 cells transiently transfected as in C and seeded for 3 h onto uncoated ( ) or 222 pmol/cm2 FBG-coated (+) dishes. (F) Firefly luciferase activity 
of HT-1080 cells transiently cotransfected with the Smad-responsive (CAGA)9-Luc reporter construct and a scrambled or an ITGA11-targeting shRNA and 
cultured for 24 h in noncoated (N-C) or 222 pmol/cm2 FBG-coated wells. *, P < 0.05 versus control condition. Error bars are means ± SD.
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are suggested to arise through tissue matrix clearance. For ex-
ample, the TNX molecule present in human arteries has recently 
been identified in vitro as a potential substrate of MMP-3, -9, 
and -14 (Stegemann et al., 2013). Interestingly, a 75-kD C-terminal 
fragment of TNX is the predominant form detected in human 
serum (Egging et al., 2007b) and among the MMP substrates 
identified in human arteries in vitro (Stegemann et al., 2013). 
These studies, however, have not demonstrated the integrity of 

our laboratory. More importantly, our results indicate that the 
FBG domain has to be separated from the region containing the 
FNIII repeats to exert a biological response, such as a full EMT.

Several lines of evidence suggest that TNX C-terminal 
fragments comprising the FBG domain exist in vivo. Serum 
TNX forms of different molecular weights have been found in 
human and mouse (Schalkwijk et al., 2001; Matsumoto et al., 
2006; Egging et al., 2007b). These proteolysis-derived forms 

Figure 10. 11 1 integrin is required for the 
induction of EMT by the FBG domain of TNX. 
(A) Immunoblot analysis of phospho-Smad2  
(P-Smad2), total Smad2/3, and the 11 integ-
rin chain in HT-1080 cells transiently express-
ing, or not expressing (MOCK), 11 integrin 
subunit and seeded for 3 h onto uncoated 
( ) or 222 pmol/cm2 FBG-coated (+) dishes. 
(B) Luciferase activity of BL41-(CAGA)9-Luc 
reporter cells transiently cotransfected or not 
transfected (MOCK) with plasmids encoding 

11 or 1 integrin chain and cultured for  
24 h on coated FBG domain (222 pmol/cm2) 
or treated with 2 ng/ml TGF- . Significant 
(*, P < 0.05) or nonsignificant (ns) difference 
versus the mock counterpart is indicated for 
each condition. Error bars are means + SD. 
N-C, not coated. (C) Direct fluorescence actin  
staining in MCF10A cells transiently transfected 
with a scrambled or an ITGA11-targeting 
shRNA and incubated for 48 h on either a 
noncoated or 222 pmol/cm2 FBG-coated 
coverslips. Bars, 10 μm. (D) Model of TGF-  
activation by the FBG domain of TNX.
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mice in physiological (wound healing) or pathological (fibrosis 
or tumor progression) conditions requiring activation of latent 
TGF-  will provide a functional link between the TNX– 11 1 
axis and the regulation of mature TGF-  bioavailability.

On the basis of the present observations, we propose the 
following model (Fig. 10 D): Under physiological or pathological 
conditions ultimately inducing ECM remodeling, we speculate 
that proteases cleave the TNX molecule to release a fragment 
comprising at least the FBG domain. In this fragment, the FBG 
domain might already be associated with SLC or might interact 
with free cell-secreted SLC. Upon recruitment to the cell surface 
and subsequent interaction with the 11 1 integrin, the FBG do-
main would trigger a conformational change in the SLC, allow-
ing the presentation of mature TGF-  to the T RII–I receptor 
complex and subsequent intracellular signaling liable to induce 
an EMT response. The next challenge will be to unravel the pre-
cise molecular mechanisms by which the FBG– 11 1 integrin 
complex activates latent TGF- .

Materials and methods
Cell culture, adenoviruses, and reagents
Normal murine (NMuMG) and human (MCF10A) mammary gland epithe-
lial cells and the human fibrosarcoma (HT-1080) cell line were obtained 
from the ATCC and maintained as recommended by the ATCC. MCF10A 
cells expressing firefly luciferase under the control of a TRE were donated 
by I. Mikaelian (Centre de Recherche en Cancérologie de Lyon, Lyon, 
France). The Burkitt’s lymphoma cell line BL41 expressing the firefly lucifer-
ase under the control of nine Smad-binding elements ((CAGA)9) was a gift 
from M.-F. Bourgeade (Institut National de la Santé et de la Recherche 
Médicale Unité 785, Villejuif, France) and was used as previously de-
scribed (Rogier et al., 2005). Adenoviruses expressing the control protein 
-galactosidase (Ad-LacZ) or N-terminally FLAG-tagged Smad7 were donated 

by A. Moustakas (Ludwig Institute for Cancer Research, Uppsala, Sweden) 
and amplified and titrated as previously described (Piek et al., 1999).

Recombinant mature human TGF- 1 was obtained from PeproTech 
and dissolved in 0.1% (wt/vol) BSA in 4 mM HCl buffer. SB431542, a 
small molecular weight inhibitor of the TGF-  (T RI), Activin (ALK-4), and 
Nodal (ALK-7) type I receptors (Inman et al., 2002), was purchased from 
Sigma-Aldrich. The protein synthesis inhibitor cycloheximide and the prote-
ase inhibitors (leupeptin, aprotinin, and pepstatin) were purchased from 
Sigma-Aldrich. The compounds E64 and GM6001 were obtained from 
EMD Millipore. For neutralization experiments, mouse monoclonal anti–
TGF- 1/ 2/ 3 (1D11) antibody was purchased from R&D Systems. The 
mouse monoclonal anti–TSP-1 (mAB133) antibody and competing (LSKL) 
and control (LLSK) peptides were obtained from J.E. Murphy-Ullrich (Univer-
sity of Alabama, Tuscaloosa, AL). Purified human platelet thrombospondin 
was purchased from Athens Research & Technology, Inc. The RGD peptides 
GRGDNP and cyclo(RGDFV) and the control peptide GRADSP were ob-
tained from Enzo Life Sciences. The RGD peptides GRGDTP and GRGDS, 
the control peptide SDGRG, and cytochalasin B were obtained from 
Sigma-Aldrich.

Recombinant protein purification and adsorption
Recombinant full-length TNX (from Gly23 to Gly4,135 residues according to 
the GenBank reference NM_174703) and its variants, the TNX E F frag-
ment (consisting of FNIII modules only, from Gly745 to Thr3,910 residues) and 
the FBG domain (C-terminal FBG domain, from Gly3,911 to Gly4,135 resi-
dues), were produced in stably transfected HEK-293 cells using the pSec-
Tag2/hygromycin expression vector (Invitrogen) and purified as described 
previously (Lethias et al., 2001, 2006). In brief, recombinant proteins were 
purified from the conditioned medium by means of two chromatographic 
steps. The first chromatography was performed on heparin-Sepharose  
(GE Healthcare) for full-length TNX and TNX E F or on a nickel-chelating 
column (Ni–nitrilotriacetic acid agarose; QIAGEN) for the FBG domain. 
Eluted proteins were dialyzed against 50 mM Tris, pH 8.0. A second chro-
matography was performed on a Q-Sepharose column (GE Healthcare), 
and elution was performed with a linear gradient of NaCl in 50 mM Tris, 
pH 8.0. After dialysis against PBS, fractions enriched in recombinant proteins 

the FBG domain in these TNX fragments. TNC, the most studied 
member of the tenascin family, is cleaved in vitro by meprin- , 
releasing a 40–55-kD fragment containing the FBG domain 
along with two to three FNIII repeats (Ambort et al., 2010). 
Meprin- –mediated release of the C-terminal fragment fully 
abolishes the adhesion-modulating property of TNC (Ambort 
et al., 2010). Whether MMPs or meprins cleave the TNX mole-
cule to release a fragment comprising the FBG domain is under 
investigation in our laboratory.

FBG-dependent activation of latent TGF-  appears to in-
volve a conformational change in the LAP–TGF-  complex, al-
lowing local exposure of the mature entity to cells. This conclusion 
rests first on our observation that broad spectrum protease inhibi-
tors fail to impair FBG-mediated TGF-  activation, indicating 
that this process does not require a proteolytic event. Second, we 
show in two independent assays that the unmasked mature TGF-  
in the SLC–FBG complex is not diffusible, suggesting that acti-
vation of latent TGF-  occurs in the cell vicinity. Accordingly, 
cell adhesion to the FBG domain is required for activation of la-
tent TGF- . Although some RGD-dependent integrins have been 
shown to mediate a conformational change in the latent complex, 
causing bioactive TGF-  to be exposed to cells (Munger et al., 
1999; Asano et al., 2005, 2006; Wipff et al., 2007), we found that 
FBG-mediated TGF-  activation does not require those integrins. 
Using an RNA interference–based functional screen for the inte-
grin -chain, we here identify 11 1 integrin as a cell receptor 
for the FBG domain. The 11 1 integrin was previously shown 
to specifically interact with several collagens, such as type I and 
IV collagens (Velling et al., 1999; Tiger et al., 2001), by binding 
to a GFOGER motif (Zhang et al., 2003). Though the FBG do-
main does not contain this motif, we show that the 11 integrin 
chain interacts directly with the recombinant FBG domain both 
as a separate entity or comprised in the full-length TNX mole-
cule. More importantly, we show that cell adhesion to the FBG 
domain through 11 1 integrin is a prerequisite to subsequent 
activation of latent TGF- .

Although a link between TNX, 11 1 integrin receptor, 
and latent TGF-  activation has not yet been reported in vivo, we 
cannot exclude that such physical and functional interactions 
occur. Indeed, the TGF-  pathway has been recently shown to be 
abnormal in patients suffering from congenital adrenal hyper-
plasia associated with TNX deficiency (Morissette et al., 2014). 
Moreover, deficiency or haploinsufficiency of TNX both in pa-
tients and mice is correlated with a decreased content of collagen 
and elastic fibers in connective tissues, thus compromising their 
biomechanical properties (Mao et al., 2002; Zweers et al., 2004). 
As TGF-  is a potent actor in matrix protein synthesis and ECM 
remodeling (Verrecchia and Mauviel, 2002), it will be of interest 
to determine whether a local impairment of latent TGF-  activa-
tion in TNX-deficient conditions would account for the observed 
decrease of ECM molecules. Moreover, 11-deficient mice dis-
played a defect in incisor tooth eruption as a result of a defective 
matrix organization of the periodontal ligament (Popova et al., 
2007). Authors observed a decreased expression of many matrix 
protein–encoding genes in mutant periodontal ligaments (Popova 
et al., 2007), but a putative defect of TGF-  activation has not 
been addressed. A deeper analysis of TNX- and 11-deficient 
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HindIII and EcoRI sites. The integrity of the cloned sequences was checked 
by direct sequencing.

The retroviral vectors encoding human integrins 8 (pBABE-Puro- 8) 
and 6 (pBABE-Puro- 6) were gifts from S. Nishimura (University of Califor-
nia, San Francisco, San Francisco, CA; Mu et al., 2002) and D. Sheppard 
(University of California, San Francisco, San Francisco, CA; plasmid #13596; 
Addgene), respectively. NMuMG cells were infected with murine retroviral 
particles containing a wild-type (pBABE-Puro) or an integrin-expressing vector 
and further cultured in the presence of puromycin (PAA Laboratories) to obtain 
stable cell lines. The mammalian expression vectors encoding the human latent 
TGF- 1 (pcDNA3-LAP- 1), TGF- 2 (pcDNAI-LAP- 2), and TGF- 3 (pcDNAI-
LAP- 3) isoforms were a gift from A. Moustakas.

Quantitative analysis of TGF- 1 and cell reporter assays
For cell reporter assays, 105 MCF10A-TRE-Luc or 106 BL41-(CAGA)9-Luc 
cells were seeded into 24-well plates (coated or not coated with recombi-
nant FBG domain) or stimulated or not stimulated with recombinant mature 
TGF- 1 for 16–24 h. Alternatively, HT-1080 or NMuMG cells were co-
transfected with the pGL3-basic reporter plasmid (Promega) encoding fire-
fly luciferase under the control of TGF- –responsive elements ((CAGA)9-Luc; 
Dennler et al., 1998) together with the phRLCMV vector (Promega) encod-
ing Renilla luciferase under the control of the cytomegalovirus ubiquitous 
promoter to determine the transfection efficiency and to normalize firefly lu-
ciferase values. Medium conditioned by NMuMG cells cultured for the in-
dicated time in 6-well plates (4 × 105 cells/well) containing immobilized 
FBG domain or soluble recombinant mature TGF- 1 was collected, clari-
fied, transferred to serum-starved recipient MCF10A-TRE-Luc cells (500 μl), 
and incubated for 24 h. In co-culture experiments, 5 × 104 NMuMG cells 
were seeded into an insert of a Transwell support (pore size of 0.4 μm; 
Corning) containing or not containing the immobilized FBG domain. The 
lower part of the well contained 105 MCF10A-TRE-Luc recipient cells. Re-
combinant mature TGF- 1 was added in the insert, and recipient cells 
were cultured for 24 h. Total protein was extracted in Passive Lysis Buffer 
(Promega) as recommended by the manufacturer. Luciferase activity in 
MCF10A-TRE-Luc and BL41-(CAGA)9-Luc cells was measured with the Lucif-
erase Assay System (Promega), whereas the transcriptional responses in 
HT-1080 cells were determined with the Dual-Luciferase Reporter Assay 
System (Promega) using a luminometer (TD-20/20; Turner BioSystems) as 
described previously (Pommier et al., 2012). If not stated otherwise, all re-
sults were corrected for luciferase production in cells grown in noncoated 
dishes and/or in the presence of the vehicle (conditions arbitrarily set at 1) 
and are presented as means ± SD of one representative experiment per-
formed in triplicate.

Levels of mature human and bovine TGF- 1 were estimated with the 
human TGF- 1 ELISA kit (Quantikine; R&D Systems) in accordance with the 
manufacturer’s instructions. Determination of the latent TGF-  fraction was 
performed by subjecting samples to heat denaturation at 60°C for 10 min 
followed by acid treatment in 1 N HCl for 10 min at room temperature. 
Samples were then neutralized with an equal volume of 1.2 N NaOH–0.5 M 
Hepes as recommended in the manufacturer’s protocol before performing 
the immunoassay.

Coimmunoprecipitation and immunoblotting
Total protein was extracted from stimulated and/or transfected cells using 
radioimmunoprecipitation assay buffer (150 mM NaCl, 1% [vol/vol] Non-
idet P-40, 0.5% [vol/vol] sodium deoxycholate, 0.1 [wt/vol] SDS, and  
50 mM Tris-HCl, pH 7.5) containing protease and phosphatase inhibitor 
cocktail tablets (Roche), subjected to SDS-PAGE, and analyzed by Western 
blotting. Rabbit monoclonal antiphospho-Smad2 (Ser465/467; 138D4) 
and polyclonal anti-Smad2/3 antibodies were purchased from Cell Sig-
naling Technology, rat monoclonal anti– -tubulin antibody (YL1/2) was 
obtained from Abcam, goat polyclonal anti–human LAP (TGF- 1) and 
anti– 11 integrin antibodies were obtained from R&D Systems, rat mono-
clonal anti–mouse, –human, and –pig TGF- 1 antibodies were obtained 
from BD, and mouse monoclonal anti– -actin (AC15) and anti– -tubulin 
(GTU-88) antibodies were obtained from Sigma-Aldrich. Mouse monoclo-
nal anti-FBG (TNX; clone 12B12) antibody was produced in house against 
the purified recombinant FBG domain of TNX. The mouse monoclonal anti-
body (clone 8F2) recognizing the 10th FNIII domain of TNX was previ-
ously described (Lethias et al., 2001). Secondary anti–mouse IgG and 
anti–rabbit IgG antibodies coupled to HRP were purchased from Bio-Rad 
Laboratories, anti–rat IgG-HRP was purchased from Jackson ImmunoRe-
search Laboratories, Inc., and anti–goat IgG-HRP was obtained from Dako. 
The electrochemiluminescence detection system (ECL Plus) was purchased 
from GE Healthcare. For coimmunoprecipitation analyses, 2.5 μg purified 
recombinant FBG domain or 2 ml FBS was precleared by incubation with 

were stored at 80°C. For preparations of “stripped” FBG domain (free of 
TGF-  activity), a further nickel-affinity chromatography step was performed 
in 50 mM Tris at pH 11.0. The stripped FBG domain was eluted with 300 mM 
NaCl, 50 mM NaH2PO4, and 200 mM imidazole, pH 11.0, and then dia-
lyzed against PBS. The FBG domain (from Gly3,911 to Gly4,135 residues) 
containing a C-terminal hexahistidine tag was also produced in Esche-
richia coli strain BL21(DE3) using the pT7-7 vector (United States Biochemi-
cal Corp.) as described previously (Elefteriou et al., 1999). The FBG 
domain, produced in an insoluble form, was extracted from inclusion bod-
ies using 8 M urea in 100 mM N-cyclohexyl-3-aminopropanesulfonic acid, 
pH 11.0, buffer before purification on a Ni–nitrilotriacetic acid agarose 
column. Elution was performed with the same purification buffer containing 
100 mM imidazole, pH 8.0. The purified FBG domain was renaturated  
by dialysis against 100 mM N-cyclohexyl-3-aminopropanesulfonic acid, 
pH 11.0 buffer (without urea).

The purity of the recombinant proteins was assessed by SDS-PAGE 
with Coomassie blue staining (Bio-Rad Laboratories), and protein concen-
trations were determined with the bicinchoninic acid assay kit (QuantiPro; 
Sigma-Aldrich). The lower molecular mass of the bacterially produced FBG 
domain, compared with the FBG domain produced in HEK-293 cells, is a 
result of the absence of glycosylation in the prokaryotic system used.

Recombinant TNX fragments were diluted in PBS and allowed to im-
mobilize on (adsorb onto) cell culture coverslips or dishes or wells over-
night at 4°C. When the different TNX derivatives were used within the 
same experiment, the quantity of coating recombinant protein was 111 
pmol/cm2, whereas in the experiments in which the FBG domain was used in-
dependently, the quantity of coating recombinant protein was 222 pmol/cm2 
(corresponding to 10 μg/cm2), unless specified otherwise in the figure leg-
ends. Nonspecific interaction sites were saturated with 1% (wt/vol) BSA for 
1 h at 37°C. Cells were seeded onto immobilized recombinant TNX frag-
ments after three washes of the substrates with sterile PBS. In this study, the 
noncoated condition means that the cell culture support was incubated in 
the presence of vehicle (PBS) instead of recombinant protein.

The cDNA encoding the inserted (I) domain of 11 integrin chain 
(from Gln160 to Asn358 residues according to the GenBank reference NM_
001004439) was generated by PCR using the PrimeSTAR HS DNA  
Polymerase (Takara Bio Inc.) and the following forward, 5 -CGCG-
GATCCCAGACCTACATGGACATCGTC-3 , and reverse, 5 -CCCAAGCTTT-
CAGTTCTTGTTGGTGCCTTC-3 , oligonucleotides. Inserts were cloned into 
a derivative of the pGEX-KT vector (GE Healthcare) between the BamHI 
and HindIII sites to generate recombinant GST fusion protein of 11-I. 
DNA sequence was checked by sequencing the whole insert. Competent 
E. coli BL21(DE3) cells were transformed with the pGEX-KT-WT or pGEX-KT-
11-I plasmids for protein production. Clones were grown in 500 ml lysog-

eny broth medium (Sigma-Aldrich) containing 100 μg/ml ampicillin 
(Sigma-Aldrich) at 37°C until the absorbance at 600 nm of the suspension 
reached 0.7–0.8, and protein expression was induced with 0.4 mM iso-
propyl-1-thio- -D-galactopyranoside and allowed to grow for an additional 
3 h before harvesting by centrifugation. Pelleted cells were resuspended 
in PBS, pH 7.4, buffer and then lysed by sonication followed by the addition 
of Triton X-100 to a final concentration of 2%. After incubation for 30 min 
on ice, suspensions were centrifuged. Soluble proteins were purified on 
glutathione–Sepharose columns (GE Healthcare). After extensive washes 
of the columns with PBS, fusion proteins were eluted using 30 mM glutathi-
one. Purified recombinant GST fusion proteins were dialyzed against PBS 
before solid-phase assays.

Cell transduction and plasmids
Cells were either transiently transfected with plasmids by means of Lipo-
fectamine 2000 (Invitrogen; MNuMG and HT-1080 cells) or microporated 
(MCF10A and BL41-(CAGA)9-Luc cells) with the Neon Transfection System 
(Invitrogen) and an MP-100 microporator (Invitrogen), according to the man-
ufacturer’s instructions. shRNAs targeting expression of the human ITGA11 
gene (NM_001004439) were obtained by cloning the corresponding 
sequence ( 11#1, 5 -CCGGGCCATCCAAGATCAACATCTTCTCGAGAA-
GATGTTGATCTTGGATGGCTTTTTG-3 ; or 11#2, 5 -CCGGGCTGGAGA-
GATACGATGGTATCTCGAGATACCATCGTATCTCTCCAGCTTTTTG-3 ) 
into the pLKO.1 TRC cloning vector (plasmid #10878; Addgene) between 
the EcoRI and AgeI sites. The pLKO.1 scramble shRNA vector (plasmid 
#1864; Addgene) was used as a control. The cDNA encoding the open 
reading frame of the human ITGA11 gene was amplified from human der-
mal fibroblast mRNA by RT-PCR using the PrimeSTAR HS DNA Polymerase 
and the following forward, 5 -AAAAAGCTTCGGGCCATGGACCTGCCC-3 , 
and reverse, 5 -TTTGAATTCTCACTCCAGCACTTTGGGGG-3 , oligo-
nucleotides and cloned into the pcDNA3 vector (Invitrogen) between the 
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ambient temperature with RGD or control peptides before seeding onto  
10 μg/cm2 of recombinant FNIII domains 9 and 10 of TNX (Elefteriou  
et al., 1999).

Solid-phase assays
In vitro protein interaction analysis was assessed as previously described 
(Lethias et al., 2006). 96-well plates (MaxiSorp) were coated with 5 μg/ml 
BSA, 5 μg/ml type I collagen, or the different recombinant TNX fragments 
(111 nM) diluted in water. Acid-soluble collagen, mainly consisting of type I 
collagen, was extracted from tail tendons of young rats using standard 
procedures. In brief, dilacerated tendons were incubated for 48 h in 0.5 M 
acetic acid in 0.2 M NaCl. Acid-soluble extract was centrifuged at 20,000 g 
for 20 min. The supernatant was dialyzed against 0.5 M acetic acid in 
0.9 M NaCl and centrifuged at 20,000 g for 20 min. The dried pellet was 
dissolved in 1 mM HCl, and collagen concentration was determined with 
the QuantiPro bicinchoninic acid assay kit (Margaron et al., 2010). In 
some assays, collagen was denaturated by heating the solution for 30 min 
at 95°C before being added to the wells. Wells were then saturated with 
T-PBS-BSA (0.1% Tween and 1% BSA in PBS) for 2 h and incubated for a 
further 2 h with purified recombinant GST or GST– 11-I (1 μM) diluted in 
T-PBS-BSA in the presence of 2 mM MgCl2. Wells were rinsed with T-PBS 
(0.1% Tween in PBS), incubated for 1 h with an anti-GST antibody diluted 
1:500 in T-PBS-BSA. Bound antibodies were further revealed with anti–rab-
bit IgG antibody conjugated to peroxidase (Dako) for 30 min. After a final 
series of washes, bound peroxidase was detected with H2O2 and 2,2’-
azinobis(3-ethylbenthiazoline-6-sulfonic acid), and the absorbance was 
read at 405 nm. Each data point represents the mean of triplicate determi-
nations for GST– 11-I, corrected for GST alone values, and interaction 
data are presented as bar plots of mean values ± SD. BSA was used as a 
negative control.

Quantitative real-time RT-PCR
Total RNA was extracted from NMuMG cells with the RNeasy kit (QIA-
GEN) and digested with DNase I (RQ1 RNase-free DNase; Promega) to 
remove any contaminating genomic DNA. Reverse transcription was 
performed with 1 μg RNA and 12.5 ng/μl anchored oligo-dT23 primer 
(5 -dT23VVV-3 , in which V represents an A, C, or G nucleotide) in the pres-
ence of 200 U of a reverse transcriptase kit (SuperScript II; Invitrogen). 
Quantitative real-time PCR reactions were performed from a dilution (1:10) 
of cDNA solution in a PCR detection system (iCycler iQ; Bio-Rad Laborato-
ries) and with specific primers designed according to sequences available 
in databanks or published by other authors (Table 1). Gene expression levels 

protein G–Sepharose (GE Healthcare) at 4°C for 1 h. The precleared sam-
ples were incubated overnight at 4°C with either anti-FBG (12B12) anti-
body, anti–TGF- 1 antibody, anti-LAP( 1) antibody, or species-specific 
control IgG (Dako), and the immunocomplexes were precipitated with pro-
tein G–Sepharose, washed four times with lysis buffer (300 mM NaCl, 
10% [vol/vol] glycerol, 2% [vol/vol] Triton X-100, and 20 mM Tris-HCl, 
pH 7.4), dissolved in Laemmli SDS-PAGE loading buffer, and analyzed by 
immunoblotting. Relative protein levels were quantified by using the densi-
tometric software of ImageJ (National Institutes of Health). Ratios of band 
intensities of the tested proteins over the control protein were calculated.

Direct fluorescence and indirect immunofluorescence microscopy
Cells were treated as indicated in the figure legends, fixed with 4% (vol/
vol) paraformaldehyde for 20 min at ambient temperature, and permeabi-
lized using 0.5% (vol/vol) Triton X-100 in PBS. For direct fluorescence 
analysis, fixed cells were stained with tetramethylrhodamine isothiocya-
nate–labeled phalloidin (Sigma-Aldrich). Indirect immunofluorescence ex-
periments were performed using mouse monoclonal anti–E-cadherin (clone 
13; BD) and Alexa Fluor 488–conjugated anti–mouse IgG (Life Technolo-
gies). Observations were conducted at ambient temperature with an oil im-
mersion objective (Plan Neofluar 40×, 1.3 NA oil Ph3; Carl Zeiss) mounted 
on an microscope (Axioplan 2 Imaging; Carl Zeiss) equipped with a digi-
tal camera (CoolSNAP fx; Photometrics) and Metavue (Molecular Devices) 
imaging software or with an oil immersion objective (Plan Apochromat 
40×/1.3 NA oil differential interference contrast M27; Carl Zeiss) mounted 
on an inverted confocal microscope (LSM 780; Carl Zeiss) equipped with 
ZEN (Carl Zeiss) imaging software. Image memory content was reduced, 
and brightness contrast was adjusted with Photoshop CS5 (Adobe).

Cell adhesion assays
Cell adhesion to the recombinant FBG domain or TNX variants was as-
sessed as previously described (Elefteriou et al., 1999). In brief, 96-well 
plates (MaxiSorp; Thermo Fisher Scientific) were coated overnight at 4°C with 
recombinant FBG domain or TNX derivatives. Dose–response curves were ob-
tained by coating with dilution series of protein solutions. The wells were 
then saturated with 1% BSA. Cells suspended in serum-free medium were 
added to the wells (30,000 cells per well) and incubated for 1 h at 37°C 
unless specified otherwise in the figure legends. Nonadherent cells 
were removed, and adherent cells were fixed (10% [vol/vol] glutaralde-
hyde) using of the buoyancy method (Goodwin and Pauli, 1995). Cells 
were stained with crystal violet, and the absorbance was read at 570 nm. 
For inhibition experiments, NMuMG cells were incubated for 10 min at 

Table 1. Oligonucleotide primers used for quantitative real-time RT-PCR

Gene Primer sequence (strand) Product size Temperature PCR cycles Reference or accession no.

bp °C
E-cadherin (Cdh1) 5 -CTGCGCTGGATAGTGTGTGT-3  (+) 187 58 40 NM_009864

5 -TGGCATGCACCTAAGAATCA-3  ( )
Keratin-19 (Krt19) 5 -GATCAGCGGTTTTGAAGCCC-3  (+) 195 58 40 NM_008471

5 -GTCTCGCTGGTAGCTCAGAT-3  ( )
Mucin-1 (Muc1) 5 -AGACCCCAGCTCCAACTACT-3  (+) 178 58 40 NM_013605

5 -TGACTTCACGTCAGAGGCAC-3  ( )
N-cadherin (Cdh2) 5 -GAGAGGCCTATCCATGCTGA-3  (+) 204 58 40 NM_007664

5 -CGCTACTGGAGGAGTTGAGG-3  ( )
Vimentin (Vim) 5 -GTGCGCCAGCAGTATGAAAG-3  (+) 110 58 40 NM_011701

5 -GCATCGTTGTTCCGGTTGG-3  ( )
Fibronectin (Fn1) 5 -CCCAGACTTATGGTGGCAATTC-3  (+) 200 58 40 NM_010233

5 -AATTTCCGCCTCGAGTCTGA-3  ( )
Hmga2 5 -AGCAAAAACAAGAGCCCCTCTA-3  (+) 100 58 40 Thuault et al., 2006

5 -ACGACTTGTTGTGGCCATTTC-3  ( )
Snail1 (Snai1) 5 -CCACTGCAACCGTGCTTTT-3  (+) 66 58 40 Thuault et al., 2008

5 -CACATCCGAGTGGGTTTGG-3  ( )
Zeb1 5 -ACAAGACACCGCCGTCATTT-3  (+) 120 58 40 Thuault et al., 2008

5 -GCAGGTGAGCAACTGGGAAA-3  ( )
Gapdh 5 -TGTGTCCGTCGTGGATCTGA-3  (+) 76 58 40 Valcourt et al., 2007

5 -CCTGCTTCACCACCTTCTTGA-3  ( )

Accession numbers were obtained from GenBank.
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Figure S1. Recombinant TNX fragments differentially regulate EMT in mammary epithelial cells. (A) SDS-PAGE analysis of the purified recombinant pro-
teins used in this study. Purified full-length TNX, the TNX E F fragment, and the FBG domain were loaded on 8% acrylamide gels under reducing condi-
tions. MM, molecular mass markers. (B) Quantitative real-time RT-PCR analysis of known EMT markers and regulators in NMuMG cells cultured for 48 h 
onto noncoated dishes (N-C) or dishes coated with one of the following (111 pmol/cm2) recombinant proteins: full-length TNX, a TNX derivative consisting 
of only the FNIII modules (TNX E F), or the FBG domain. As a control, NMuMG cells were stimulated for 48 h with 2 ng/ml of recombinant human TGF-
1. Error bars are means ± SD. *, P < 0.05 versus noncoated condition. (C) Immunoblots showing levels of E-cadherin and N-cadherin in NMuMG cells in-

cubated for 48 h as described in B. Ratios of E-cadherin or N-cadherin to actin levels after densitometric analyses of the corresponding signals are indicated 
below each lane.
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Figure S2. The FNIII repeat–containing region of TNX molecule inhibits the EMT induced by FBG domain in mammary epithelial cells. (A) F-actin direct fluo-
rescence and E-cadherin indirect immunofluorescence performed in NMuMG cells cultured for 48 h in the presence of soluble recombinant TNX fragments 
(111 nM), the corresponding vehicle (PBS), or the recombinant human TGF- 1 (2 ng/ml). Bars, 15 μm. (B) Quantitative real-time RT-PCR analysis of known 
EMT markers and regulators in NMuMG cells cultured for 48 h in noncoated dishes (N-C) or dishes coated (111 pmol/cm2) with the recombinant TNX E F 
fragment alone, the FBG domain alone, or both recombinant proteins (111 pmol/cm2 each). As a control, NMuMG cells were stimulated for 48 h with 2 
ng/ml of recombinant human TGF- 1. Error bars are means ± SD. *, P < 0.05 versus noncoated condition.
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Figure S3. The FBG domain of TNX employs the T RI–Smad signaling pathway to trigger an EMT in mouse mammary epithelial cells. (A) Immunoblot 
analyses showing levels of phospho-Smad2 (P-Smad2) and Flag-tagged Smad7 (F-Smad7) in NMuMG cells infected for 24 h with an adenovirus (multiplic-
ity of infection 100) encoding either -galactosidase (Ad-LacZ) or Smad7 (Ad-Smad7) and either seeded onto noncoated (N-C) dishes or dishes containing 
immobilized recombinant FBG domain (222 pmol/cm2) and incubated for another 24 h or treated with 5 ng/ml of soluble TGF- 1 for the same time period. 
(B) Phase-contrast images of NMuMG cells infected for 24 h with LacZ- or Smad7-encoding adenovirus and either seeded onto noncoated or 222 pmol/
cm2 FBG-coated dishes and incubated for 36 h or treated with 5 ng/ml of soluble TGF- 1 for the same time period. Bars, 30 μm. (C) Quantitative real-time 
RT-PCR analysis of E-cadherin gene expression in NMuMG cells infected with LacZ- or Smad7-encoding adenovirus, seeded 24 h later onto noncoated or 
222 pmol/cm2 FBG-coated dishes, and cultured for another 24 h before isolation of total RNA. Error bars are means ± SD. *, P < 0.05 versus noncoated 
condition. (D) Immunoblot analyses showing levels of phospho-Smad2 (P-Smad2) and total-Smad2/3 proteins in NMuMG cells cultured for 3 h in the pres-
ence of soluble recombinant TNX fragments (111 nM), the corresponding vehicle (PBS), or the recombinant human TGF- 1 (2 ng/ml).
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Figure S4. FBG-mediated activation of latent TGF-  does not require either RGD-dependent integrins or an intact cytoskeleton. (A) Level of phosphorylated 
Smad2 (P-Smad2) protein in NMuMG cells seeded (+) or not seeded ( ) onto immobilized recombinant FBG domain (222 pmol/cm2) and cultured for 3 
h in the presence of control peptide (GRADSP) or linear (GRGDNP) or cyclic (Cyclo(RGDFV)) RGD peptide (100 μM). (B) Level of phospho-Smad2 in 
NMuMG cells stably infected with lentiviral particles containing either wild-type (WT) pBABE vector or a vector encoding the integrin 6 or integrin 8 
chain and cultured for 3 h in the presence of control peptide (GRADSP) or linear (GRGDNP) or cyclic (Cyclo(RGDFV)) RGD peptide (100 μM). (C) Level of 
phosphorylated Smad2 in NMuMG cells seeded (+) or not seeded ( ) onto immobilized recombinant FBG domain (222 pmol/cm2) and cultured for 3 h 
in the absence ( ) or presence of control (SDGRG) or linear (GRGDTP and GRGDS) RGD peptide (100 μM). (D) Adhesion assay of NMuMG cells seeded 
onto 10 μg/cm2 of recombinant fibronectin type III domains 9 and 10 of TNX harboring an RGD sequence, in the presence of increasing concentrations 
of control (SDGRG) or linear RGD (GRGDTP and GRGDS) peptides. Results are expressed as the percentage of cell adhesion relative to the condition with-
out peptide, and each point represents the mean of triplicate determinations with bars corresponding to standard error. (E) Level of phosphorylated Smad2 
in HT-1080 cells transfected with the wild-type vector ( ) or a vector expressing LAP( 1), LAP( 2), or LAP( 3) and cultured (+) or not cultured ( ) with 25 
μg/ml of soluble FBG domain for 3 h. (F) Direct F-actin fluorescence staining of NMuMG cells cultured for 30 min in the presence of cytochalasin B (at the 
indicated concentration) or vehicle (DMSO; control). Bars, 10 μm. (G) Level of phospho-Smad2 in NMuMG cells cultured for 3 h in a noncoated dish (N-C) 
or a dish containing immobilized recombinant FBG domain (222 pmol/cm2) or stimulated with 5 ng/ml of soluble recombinant TGF- 1 in the presence of 
1 μM cytochalasin B (Cyto. B) or vehicle (DMSO).
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Figure S5. Down-regulation of ITGA11 expression impairs FBG-mediated activation of latent TGF-  in mammary epithelial cells. (A) Adhesion analysis of 
MCF10A-TRE-Luc cells transiently expressing a scrambled shRNA or an shRNA targeting ITGA11 mRNA ( 11 #1) and cultured for 30 min after seeding 
onto wells coated with 222 pmol/cm2 of recombinant FBG domain. Results represent percentage of cell adhesion relative to the scramble shRNA condition. 
(B) Firefly luciferase activity of MCF10A-TRE-Luc cells transiently transfected with a scrambled or ITGA11-targeting shRNA ( 11 #1 or #2) and cultured for 
16 h after seeding or not (N-C) onto coated recombinant FBG domain (222 pmol/cm2). (C) Immunoblotting of phospho-Smad2 from MCF10A-TRE-Luc cells 
treated for 3 h as in B. Ratios of phospho-Smad2 (P-Smad2) to actin levels after densitometric analyses of the corresponding signals are indicated below. 
Error bars are means ± SD.
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trimérique de TIF1β menant à une stœchiométrie de 1:3 

que 51 d’entre elles interagissaient de façon directe avec TIF1β 

β dont l’expression est ubiquitaire dans de nombreux organes,

TIF1β permet 

grâce à l’association

. TIF1β permet le recrutement, au 

» menant ainsi à l’inhibition de la transcription des promoteurs cibles

β

entraînant la méthylation de la lysine 9 de l’histone H3, 



évidence la capacité du complexe KRAB/TIF1β à inhiber la transcription de régions 

ique de l’ADN la méthylation de la lysine 9 de l’histone H3 

. De plus, TIF1β peut 

. Enfin, TIF1β a été impliqué

 Réparation de l’ADN, voies p53 et E2F

 

l’activation des kinases ATM et Chk2 

concernant le point de contrôle des dommages à l’ADN)

phosphorylation de TIF1β, respectivement, sur les sérines 824 et 473 spécifiquement au 

ure. TIF1β phosphorylé

la décondensation de la région d’ADN altérée

Ainsi, la phosphorylation de TIF1β semble inhiber son rôle dans l de l’ADN. 

ispensable à l’activité des différents systèmes de réparation

l’expression d’un mutant non phosphorylable (S824A) de TIF1β inhibe la réparation des 

nucléosome ADN

TIF1βTIF1β

TIF1ββTIF1ββ

CASSURE

ATM

PP4PP4

Chk2

TIF1β dans la réparation des dommages à l’ADN
P



hosphorylation de TIF1β et la recondensation de l’ADN.

intéressante, l’inhibition de l’expression de TIF1β ou de PP4 par interférence à l’ARN, 

ainsi que l’expression d’un mutant mimant la phosphorylation (S824D) entraîne une 

 

st un acteur clé de la réponse aux dommages à l’ADN, en initiant l’arrêt 

du cycle cellulaire et l’apoptose. Son expression est régulée par l’

traductionnelle augmentant ses capacités de liaison à l’ADN, et en induisant sa 

ubiquitination. TIF1β coopère avec MDM2 

l’ADN : TIF1β interagit avec MDM2 » et inhibe l’acétylation 

de p53 en recrutant des protéines HDAC. De plus, TIF1β permet l’ubiquitination de p53 et 

ainsi sa dégradation par le protéasome, réduisant alors l’apoptose induite par p53

réponse à des dommages à l’ADN

évidence que TIF1β limitait la transcription du CKI p21 par p53, en réponse à différents 

que les irradiations γ 

égulation de p53 et E2F par TIF1β

MDM2

TIF1β

Ac

HDAC

p53
Ub

Ub
Ub

MDM2

TIF1β

TIF1β
E2F

Ac

Ac

HDAC

E2F
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p14ARF



’inhiber l’ubiquitination de p53 médiée par 

MDM2, limite également l’interaction MDM2/TIF1β

évidence dans des lignées cellulaires mammaires humaines que TIF1β inhibe la 

 Inhibition de l’activité d’E2F

t l’activité est indispensable à la poursuite du cycle 

E2F est également impliqué dans la réparation des dommages à l’ADN en 

induisant l’apoptose, 

l’initiation de la transcription des gènes pro

. TIF1β régule la 

réponse aux dommages à l’ADN en inhibant E2F : il

» et promeut l’interaction d’E2F avec les protéines HDAC 

capacités de liaison à l’ADN . TIF1γ inhibe alors l’activité 

nscriptionnelle d’E2F, limitant ses fonctions pro

permettre à la cellule de réparer les dommages à l’ADN

 

TIF1β, à l’instar de TIF1α et TIF1γ

inactivation homozygote de TIF1β, spécifiquement dans les cellules du foie grâce à une 

stratégie Cre/Lox, développent des tumeurs hépatiques à l’âge de 14 mois, sans autre 

tumoral. TIF1β est

l’expression de TIF1β est augmentée dans les cancers du poumon non à petites cellules, 

les cancers gastriques, les cancers de la thyroïde ou les cancers du col de l’utérus, dans 



lesquels la surexpression de TIF1β est à un faible taux de survie ainsi qu’à un 

. Il a été mis en évidence qu’un traitement 

TGFβ induisait l’expression génique et protéique de TIF1β, et que ce dernier était 

médiée par le TGFβ dans les lignées 

cellulaires humaines issues de tumeurs bronchiques. Ainsi, en médiant l’EMT induite par 

le TGFβ, TIF1β favorise les propriétés invasives des cellules tumorales, et promeut la 

. De façon intéressante, TIF1β exerce donc, sur 

l’EMT, des fonctions opposées à celles de TIF1γ qui inhibe l’EMT médiée par le TGFβ. 

Enfin, TIF1β exerce des fonctions inhibitrices sur le suppres

ainsi l’efficacité de traitements cytostatiques induisant l’activité de p53 tels que les 

irradiations γ ou l’actinomycine D 

le rôle de TIF1β l’inhibition d

TIF1β semble donc agir, majoritairement, en tant qu’oncogène dans de nombreuses 

d’HCC chez les souris délétées pour TIF1β est à ce jour la seule étude attribuant des 

ns oncosuppressives à TIF1β 

également en évidence que la délétion combinée de TIF1α et TIF1β, ralentit la 

progression tumorale médiée par la délétion de TIF1α seule. Ainsi, la présence de TIF1β 

semble nécessaire au développement d’HCC induits par la perte de TIF1α, lui procurant, 

démontrent également dans cette étude la formation d’un complexe protéique composé 

de TIF1α/β et γ. Ainsi, le développement d’HCC observé suite à la perte de TIF1β pourrait 

s’expliquer par une diminution de l’activité de ce complexe dont l’effet suppresseur de 

tumeur serait médié par TIF1α et TIF1γ. 



 TIF1δ

Enfin, TIF1δ est le dernier membre de la famille TIF1

Contrairement aux autres membres de la famille TIF1 dont l’expression est ubiquitaire 

dans différents organes, l’expression de TIF1δ chez la souris adulte

finale de la spermatogenèse). Néanmoins, tout comme TIF1α et TIF1β, TIF1δ possède une 

TIF1δ interagit de façon directe avec les protéines HP1, très certainement afin de moduler 
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Identification des fonctions oncosuppressives de TIF1γ (Transcriptional Intermediary Factor 1γ) 

TIF1γ est une protéine nucléaire de 1127 acides aminés possédant deux activités : une activité d’E3-ubiquitine 
ligase et des fonctions de régulateur transcriptionnel. TIF1γ exerce majoritairement ses fonctions dans les 
processus de développement embryonnaire et de différenciation cellulaire, notamment via son implication 
dans la voie de signalisation du TGFβ. Le rôle anti-tumoral de TIF1γ a été mis en évidence dans plusieurs 
modèles murins et son expression est diminuée dans de nombreuses tumeurs humaines de diverses origines 
tissulaires. Néanmoins, les mécanismes moléculaires et cellulaires par lesquels TIF1γ exerce ses fonctions 
oncosuppressives sont méconnus. Dans ces travaux, nous avons pu mettre en évidence le rôle inhibiteur de 
TIF1γ sur la transition épithélio-mésenchymateuse (EMT, Epithelial-to- Mesenchymal Transition) médiée par 
le TGFβ in vivo, permettant ainsi de limiter les propriétés agressives des cellules tumorales. De plus, nous 
avons décrit l’implication de TIF1γ dans la progression de la mitose et le point de contrôle du fuseau 
mitotique : les cellules n’exprimant plus TIF1γ présentent de nombreuses anomalies nucléaires ainsi qu’une 
forte aneuploïdie associée à une résistance aux agents ciblant les microtubules, molécules classiquement 
utilisées en chimiothérapie. De plus, nous avons pu corréler la faible expression de TIF1γ à une augmentation 
de l’instabilité chromosomique dans différentes tumeurs humaines. Ainsi, nos travaux ont permis de mettre en 
évidence le phénotype cellulaire induit par la perte de TIF1γ dans les cellules tumorales : instabilité 
chromosomique, résistance aux traitements chimiothérapeutiques et acquisition de propriétés invasives. 
 
Mots clés : TIF1γ ; TRIM33 ; TGFβ ; EMT ; mitose ; point de contrôle du fuseau mitotique ; instabilité 
chromosomique. 

 
Identification of TIF1γ oncosuppressive functions (Transcriptional Intermediary Factor 1γ) 

TIF1γ / TRIM33 (Transcriptional Intermediary Factor 1γ / TRIpartite Motif-containing 33) is a 1,127 amino 
acids nuclear protein with two biochemical activities: an E3-ubiquitin ligase activity and transcriptional 
regulatory functions. TIF1γ is ubiquitously expressed in many organisms and exerts its functions mainly in the 
processes of embryonic development and cell differentiation, particularly through its involvement in the TGFβ 
signaling pathway. The oncosuppressive functions of TIF1γ have been demonstrated in several mouse models 
and its expression is reduced in many human tumors of various tissue origins. Nevertheless, the molecular and 
cellular mechanisms driving TIF1γ anti-tumoral activities are unknown. In this work, we highlight its 
inhibitory role on TGFβ-mediated EMT (Epithelial-to-Mesenchymal Transition) in vivo, thus limiting the 
aggressive properties of tumor cells. In addition, we describe TIF1γ involvement in mitotic progression and 
the Spindle Assembly Checkpoint (SAC): TIF1γ deleted cells display many nuclear abnormalities, aneuploidy 
and resistance to spindle microtubule-disrupting agents, which are drugs classically used in chemotherapeutic 
treatments. Finally, we correlated the low expression level of TIF1γ to an increased rate of chromosomal 
instability in different human tumors. Thus, our work has highlighted the tumor suppressor role of TIF1γ: its 
deletion in tumor cells induce chromosomal instability, resistance to chemotherapeutic treatments and 
acquisition of invasive properties. 
 
Keywords: TIF1γ; TRIM33; TGFβ; EMT; mitosis; Spindle Assembly Checkpoint; chromosomal instability. 

 


