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ite par un oncogène, OIS) et constitue un processus s’opposant à la 

d’identifier p53 et pRb comme acteurs majeurs de la  sénescence. Toutefois, l’étude de l’OIS dans les 

mélanocytes ou les cellules épithéliales a révélé de nouveaux mécanismes, n’impliquant pas 

obligatoirement ces deux voies canoniques. L’objectif de ma thèse est de caractériser de nouveaux 

régulateurs de l’OIS dans les cellules épithéliales

Dans une première partie, je me suis intéressée aux effets de l’activité portée par les lysyl 

oxydases (LOX), famille d’enzyme connue pour favoriser le processus métastatique, sur 

l’échappement à l’OIS. L’inhibition de LOX et LOXL2 stabilise l’OIS dans les cellules épithéliales 

mammaires humaines et dans un modèle murin d’adénocarcinomes du pancréas. Ce travail a permis 

de montrer que l’activité Lox est impliquée dans l’initiation tumorale.

plusieurs gènes dont l’inhibition stable d’expression permet un échappement à l’OIS dans les cellules 

épithéliales mammaire humaines. Parmi eux, j’ai caractérisé l’implication de deu

ITPR2 et MCU, dans l’échappement à la sénescence. ITPR2, qui permet la sortie de calcium du 

réticulum endoplasmique, et MCU, qui permet l’entrée de calcium dans la matrice de la 

mitochondrie, s’avèrent être deux acteurs nécessaires à la signalisation calcique lors de l’OIS. De 

mitochondrial, et à la génération d’espèces réactives de l’oxygène. Ce travail montre que les 





1.1.6 Foyers d’Hétérochromatine Associés à la Sénescence (SAHF)

1.1.7 Résistance à l’apoptose

1.1.8 Altération de l’expression g

Sénescence Induite par Invalidation d’Oncogène (OIIS)

Les dommages à l’ADN et p53



: L’OIS dans les cellules épithéliales
2.1 Rôle controversé de p53 dans l‘OIS

2.4 L’OIS dans les cellules épithéliales

: Rôle de l’activité lysyl oxydase dans l’échappement à l’OIS

Rôles émergents de Lox dans l’initiation tumorale

: Caractérisation du rôle de canaux calciques dans l’OIS



Identification d’ABC pendant l’OIS ?

3.3 Identification du canal potassique KCNA1 comme régulateur de l’OIS

4 L’échange de calcium entre RE et mitochondrie est un processus pro

2 au carrefour de l’apoptose et de la sénescence

L’OIS dans les cellules épithéliales est

: au cœur de nombreux processus fondamentaux cellulaires



CDK régulent l’activation de la protéine Rb

Figure 3 : Voie de signalisation d’une réponse aux dommages à l’A

Figure 6 : Représentation schématique d’une courbe de croissance de cellules épithéliales

Figure 9 : L’expression de LOX et LOXL2 augmente dans les parties tumorales des souris KIA.

: L’expression de LOX, LOXL1 et LOXL2 augmente dans les PDAC humains.

Figure 11 : L’Inhibition de la voie PI3K stabilise la sénescence induite par MEK.

Figure 14 : Voie de l’IP

Figure 18 : Mécanisme(s) par lesquels l’activité Lox pourrait déstabiliser la sénescence induite par un 

: Hypothèse de travail concernant le mécanisme par lequel ABCC3 régule l’OIS
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indéfiniment (à l’inverse des cellules tumorales 

ent utilisées à l’époque) mais qu’

L’utilisation de modèle

cellules sénescentes s’accumulent dans l’organisme

sont soit des acteurs de l’établissement de la sénescence 

L’i

individuellement, n’est pas suffisant pour 

d’en combiner plusieurs

l’activité 

L’élément majeur, indispensable mais non suffisant à l’identification de la sénescence

, est l’arrêt de prolifération. 

phase S (synthèse de l’ADN), la phase G1, la phase G2, et enfin la phase M (mitose). 



CDK régulent l’activation de la protéine Rb

orylent la protéine Rb, l’empêchant de se lier à E2F. Suite à cette étape 

dont l’expression augmente
’induction de p21 inhibe l’activité kinase de la CDK2. Rb se retrouve dan

état d’hypophosphorylation



Une cinquième phase, la phase G0, correspond à un état de quiescence. La transition d’une

Rb, permettent l’activation du facteur de transcription 

e l’activ

’implication de p27 dans l’arrêt du cycle dans un 

contexte de sénescence n’a été que très peu étudiée

L’arrêt dans le cycle cellulaire 

les cellules en différentiation terminale. L’observation de l’arrêt de prolifération



L’activité SA



différente. Par exemple l’activation de l’oncogène R

. L’activation des oncogènes R

L’équipe de Campisi a identifié en 1995 une enzyme, la galactosidase, dont l’activité peut 

de l’activité enzymatique à

et donc de l’enzyme pendant la ’activité de la 

, n’est pas nécessaire à la mise en place du phénotype 

l’heure actuelle ’activité SA

à l’identification de 



que soit l’origine 

de l’expression de gènes impliqués

dans l’inflammation

(Campisi and d’Adda di Fagagna, 2007)

SASP, composé de protéases, de cytokines, et d’autres facteurs sécrétés encore non identifiés, 

alors que la sénescence n’est pas un simple arrêt de prolifération

acteurs de transcription C/EPB  et NF B 

es cellules sénescentes sont marquées par un profond remaniement de l’expression des

l’expression de ce régulateur du cycle dans des modèles de vieillissement ou des modèles de 

. L’utilisation de souris knock

l’expression

t l’émergence de tumeurs 



dans le chapitre suivant que son implication n’est 

d’H

de l’ADN de cellules normales fait apparaître une distribution diffuse et 

homogène de l’ADN dans le noyau. Dans le cas 

Foyers d’hétérochromatine Associées à la 

s distinctes d’hétérochromatine

typiques de l’hétérochromatine 

) ou le variant d’histone macroH2A. 

d’une activation 

, et les foyers d’hétérochromatine semble

de la sénescence participait à l’arrêt du c

une fois les SAHF formés, la présence de dommages à l’ADN et des inhibiteurs du cycle ne sont plus 

après l’inactivation de po du cycle et l’échappement à la 

l’analyse d’échantillons tumoraux a 

en protégeant l’ADN et 

dommages à l’ADN

que l’importance des 

pour l’établissement de 

on d’une part la fonction des SAHF dans 

d’autre part l’importance des SAHF dans l’arrêt du cycle.



Résistance à l’apoptose

L’apoptose est qui permet d’éliminer rapidement les cellu

résistantes à l’apoptose

résistance à l’apoptose de fibroblastes sénescents qu’

Les mécanismes selon lesquels la sénescence rend les cellules résistantes à l’apoptose ne 

le type cellulaire. Certains suggèrent que toutes les cellules sont capables d’activer ces deux voies, et 

/ou l’intensité du signal de stress pourrait être la cause d’une réponse différente

Altération de l’expression génique

e le profil d’e

’expression de nombreux régulate

Outre l’induction des CKI

, l’expression de gènes codant pour de nombreuses protéines qui favorisent la 

Fos…) est réprimé 

gènes dont l’expression change

Le remaniement de l’expression génique se traduit également par un profond changeme

l’expression de microARNs 

n du cycle cellulaire, l’expression d’IL 6 et d’IL 8 ou la formation de l’hétérochromatine



Dommages à l’ADN



L’altération de l’expression 

s des changements d’expression dépendent du type cellulaire et du stress. a sénescence n’est

D’autres marqueurs de sénescence ont été identifiés l’induction de 

L’a

d’expression de 

Les cellules sénescentes sont aussi caractérisées par une augmentation de l’activité 

s’accumuler avec l’âge s’avèrent être utiles pour détecter les tissus sénescents dans lesquels il est 

s techniquement difficile de détecter l’activité SA

éduction de l’expression de la l

’activation aberrante des kinases ERK 1 et 2 induite par l’activation 

L’établissement de la sénescence est un processus qui peut être séparé en plusieurs étapes

évènements déclencheurs, initiation d’une réponse de sénescence, entrée en sénescence, et enfin 

mise en place progressive d’un phénotype sénescent, révélant que la sénescence n’est 

n’apparaissent 



composés d’une répétition

les extrémités des chromosomes d’une potentielle dégradation.

l’ à l’apoptose

primaires humaines permet d’allonger les télomères, d’augmenter la durée de vie des cellules, et 

donc d’éviter la sénescence réplicative

. L’expression de la hTERT est devenue par la suite une méthode 

dommages à l’ADN, notamment les cassures double

d’entrée en sénescence ne soit pas identifié, dès qu’un télomère dans une cellule 

ou qu’un télomère est dysfonctionnel, aux dommages à l’ADN 

éponse aux dommages à l’ADN

permettant de réparer les cassures d’ADN avant que la cellule ne se divise. Or, dans le cas de la 

t que les cassures d’ADN 

(d’Adda di Fagagna 



L’équipe de d’Adda di Fagagna a récemment montré que lors de la 

ence réplicative la voie des dommages à l’ADN reste activée car 

Ce mécanisme permettrait d’éviter q

les chromosomes ne fusionnent entre eux et d’assurer ainsi leur l’intégrité 

la sénescence réplicative, d’autres causes peuve

apparaît avant que le raccourcissement des télomères n’ait lieu

montré que l’expression ectopique d’une version mutée de Ras

augmentation de l’activité 

Il s’agit de la sénescence in

a surexpression ou l’expression de ve

d’autres oncogènes de la voie MAPK (MAP kinase), tels que Raf permet également d’induire 

ée à d’au

d’ L’OIS peut 

d’un gène suppresseur de tumeur qui va engendrer l’activation 

d’un oncogène. Par exemple, la perte de PTEN (

La perte d’autres suppresseurs de tumeurs, tels

de l’OIS.

L’expression de la télomérase dans ces cellules ne permet pas d’échapper à l’OIS 

Néanmoins, les causes moléculaires de l’OIS ne semblent pas être

de l’ADN causée par l’oncogène est à la 

d’un stress réplicatif, d’une réponse aux dommages à l’ADN

’inhibition de la réponse aux dommages à l’ADN empêche les fibroblastes d’entrer en sénescence 

De manière intéressante, l’activation d’un 



télomères dans les cellules qui n’ont pas d’activité télomérase L’activation de 

’espèces réactives de l’oxygène

dans la cellule. Ces derniers causent alors des dommages à l’ADN dits «

groupes ont indépendamment montré que l’activation de différents 

L’équipe de l’induction de K

l’activité 

ont pu démontrer que l’OIS reta

. Enfin, l’équipe de Pandolfi a utilisé

impliquant d’autres oncogènes et d’autres tissus, soulignant l’importance de l’OIS 

la relevance de l’OIS 

sur la conséquence de l’expression de Ras divergent l’activation de K

. Il a été proposé que des faibles niveaux d’activation de Ras 

airement qu’outre les niveaux de 

Ras, les boucles de régulation mises en jeu sont importantes dans l’établissement de la sénescence 

Induite par Invalidation d’Oncogène 

d’oncogène (

inactivation d’un oncogène, les cellules tumorales peuvent s’arrêter de proliférer, entrer en apoptose 

’inactivation de MYC, ou de K



désormais d’identifier les mécanismes pour réactiver ces systèmes de sau

D’autres facteurs sont également conn

par l’intermédiaire d

L’exposition des cellu telles que l’H

et l’OIS 

l’e

des dommages à l’ADN

D’autres études relient les ROS à l’activation –

La génération de ROS a également été impliquée dans l’oxydation du pool de nucléotides

icatif des cellules est également influencé par les niveaux d’oxygène dans 

preuve que le stress oxydatif joue un rôle dans l’établissement de 

culture de fibroblastes avec un taux d’oxygène physiologiq d’

es conditions de culture classiques. Les fort taux d’O

humaines, induisent des cassures dans l’

réponse de dommages à l’ADN

Bien qu’il soit désormais 



D’autres sources de stress, 

est à la source d’un arrêt d

entation des radicaux d’oxygène

au travers l’activation de

ndommager l’ADN, activer 

qu’une réduction du 

sénescence dépendante des dommages à l’ADN

l’absence de composants et/ou de cellules de la matrice extracellulaire engendre un stress associé à 



: Voie de signalisation d’une réponse aux dommages à l’ADN

phosphorylation et l’activation d’ATM. Cela permet la phosphorylation de H2AX qui entraine le recrutement de 
médiateurs, et permet ainsi d’amplifier le signal. L’activation d’ATM et ATR permet la phosphorylation des 

1 et Chk2, et de l’effecteur p53.



dans l’arrêt du cycle transitoire à l’ADN

s’i ces 

d’apoptose

ne réponse de dommages à l’ADN

des cassures de l’ADN

l’arrêt du cycle cellulaire

dans l’arrêt du cycle cellulaire

L’importance des DDR dans la sénescence a été révélée expérimentalement par l’inhibition 

ou de différentes protéines des voies ATM/ATR. L’absence d’un de ces acteurs 

l’arrêt de prolifération 

997; d’Adda di Fagagna 

une voie de signalisation qui parait importante dans l’établissement 

de l’arrêt du cycle cellulaire, certaines études montrent que l’OIS peut être indu

l’



d’interagir avec et de lever l’inhibition de p53 

es souris qui n’expriment pas 

’importance de cette voi

l’humain est loin d’être aussi claire 

Dans des MEFs, l’activation de R

, l’inactivation seule de p16 n’es

ar sa spécificité d’interaction avec les complexes cycline

L’expression de p16

, n’est pas rég



Différents stress comme le stress oncogénique ou l’attrition des télomères peut induire une réponse de 
dommages à l’ADN via la voie ATM
l’ubiquitine ligase HDM2, empêchant ainsi sa dégradation. HDM2
aussi directement se lier à p53 et inhiber sa fonction transcriptionnelle. La stabilisation et l’accumulation de 

3 permet l’activation de gènes cibles comme p21Cip1.

L’activation d’un oncogène fait intervenir la voie p16



. A l’inverse, 

Après l’entrée en sénescence, l’expression de p21

, mais l’arrêt de prolifér

drastiquement. L’inactivation d’une de ces deux protéines dans des MEFs sénescents permet la 

seulement à l’induction de la sénescenc

par l’expression de p16 , que l’arrêt de prolifération devient irréversible et n’est plus abrogé par 

l’

té que l’inactivation de p53 est suffisante pour rendre la sénescence 

Et l’inactivation de p53 et Rb dans 

. De même, l’inactivation de la sécrétion de 

L’inactivation de certains permet également de réverser en partie l’OIS induite par Raf dans des 

Les mécanismes permettant d’expliquer l’arrêt de prolifération irréversible, ou non, des 

mécanisme s’opposant essentiellement au développement tumoral semble déterminante dans 

l’évolution de la lésion bénigne. 



de la sénescence est l’arrêt de 

considéré comme étant l’élément dans l’implication de la sénescence dans les 

. Toutefois, l’étude du SASP a révélé son impl

autres pathologies liées à l’âge

développement de pathologies liées à l’âge et à la mort 

énoncé très tôt l’hypothèse selon laquelle la sénescence cellulaire pouvait être reliée au 

accumulation de cellules sénescentes avec l’âge

ou l’hypertension pulmonaire 

où l’activité du suppresseur de tumeur p53 est accrue, les souris

A l’inverse, l’

à l’âge

e nombreuses maladies liées à l’âge

être à l’origine 



Le cancer, comme les pathologies dégénératives, est une maladie liée à l’âge, où les fonctions 

L’accumulation de cellules sénescentes dans les 

’invasion, la migration, et la prolifération des cellules pré

inactivation d’acteurs clé

soulignent l’importance du stroma tumoral, et des fibroblastes sénescents dans la 

L’utilisation de

l’implication directe du SASP et de l’inflammation sur les processus de 

croissance et d’invasion cellulaire 

vieillissants. Cette accumulation avec l’âge des cellules sénescentes peut être due à une 

Cette sénescence chronique s’oppose à la 

d’ailleurs



et limitent l’apparition de 

de l’activité 

l’apparition d’un SASP 



principalement considérée comme une réponse s’y 

de nombreux stress favorisant l’

dommages à l’ADN l’activation 

l’inhibition de l’activité télomérase

tumorales limite leur croissance, et induit l’

res dysfonctionnels limitent l’initiation et la progression tumorale 

la réponse exacte d’un dysfonctionnement des télomères sur la pr

d’induire à la fois l’apoptose et la sénescence

de l’apoptose induite 

d’apoptose. La suppression tumorale s’avère dépendante de l’induction 

sur l’OIS utilisa

de ces études et sur le rôle physiologique de l’OIS 

les premières preuves que l’OIS peut avoir un rôle anti



L’activation oncogénique ’absence de 

ainsi le rôle fonctionnel de l’OIS 

D’autres études sont venues compléter ces informations 

. Cela suggère que l’inactivation de la sénescence par des mutations 

es effets de l’OIS favorisant ainsi le développement tumoral. 

. Ces observations soulignent qu’il est nécessaire d’inactiver les voies qui régulent la 

l’OIS.

L’accumulation de cellules sénescentes dans les lésions bénignes n’a pas seulement été 

démontrée dans les modèles murins. En effet, l’équipe de Daniel Peeper a montré que les naevi 

l’analyse de PIN humains a révélé la présence de cellules sénescentes

exemple, il a été montré que le récepteur à l’IL 8 et GRO , CXCR2, est surexprimé dans d

atténue l’OIS de cellules d’adénocarcinomes du poumon, soulignant le rôle du SASP dans la 

activé ou inactivé ont évalué l’effet de la réactivation de p53 dans

. L’absence de p53 a permis le développement de lymphomes, 



l’apoptose et 

L’équipe de Scott Lowe a montré que l’induction de la sénescence 

, conduisant à l’élimination des ce

système immunitaire, afin d’éliminer les tumeurs lors des thérapies pro

En effet, l’élimination de cellules pré



ou lors de l’OIS, permettant l’arrêt de prolifération de certaines cellules, et la sécrétion d’un SASP ayant des 

unitaire permettant l’élimin

semble pas cibler des cellules spécifiques, et n’est pas associée à une élimination par le système immunitaire, 

chronique, induire l’angiogénèse, ou l’EMT. Cette sénescence chronique contribue à une perte de régénération 



radiation qui causent des dommages à l’ADN dans les cellules qui se divisent, et donc principalement 

ent accompagnée d’une induction de sénescence

l’une de ces deux voies est inactivée

D’autres app

d’induire de la sénescence dans les tumeurs Une autre manière d’induire de la 

sénescence dans les tumeurs serait d’exploiter l’addiction aux oncogènes dont font preuve la plupart 

nduite par invalidation d’un oncogène L’inhibition 

approche est d’élaborer des inhibiteurs exploitables en clinique e s’assurer que le système 

d’éliminer des cellules nouvellement sénescentes et d’éviter leur 



L’OIS

récédent, j’ai décrit les caractéristiques générales de la sénescence

ce soit pour l’étude de la sénescence réplicative ou celle de l’OIS, le

précédemment, l’OIS constitue une barrière importante au développement tumoral, y compris 

sur l’

l’OIS

sé de p53 dans l‘OIS

L’implication de p53 via la réponse aux dommages à l’ADN a été clairement 

démontrée dans l’établissement et le maintien de la sénescence dans les fibroblastes humains.

, seule ou associée à l’inactivation de la 

Toutefois, l’activation de p53 par la nutlin

en quiescence, via l’inhibition de mTOR (

de l’H . A l’inverse, l’activation de la voie mTOR, utilisant un shRNA 

ciblant l’expression de son régulateur négatif TSC2, empêche p53 d’induire la conversion 

l’implication de la voie mTOR dans l’établissement de la sénescence, et révèlent des nouveaux 

De plus, l’étude de l’OIS dans des modèles épithéliaux a révélé que p53 n’est pas 
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Rôle de l’activité lysyl oxydase dans l’échappement à l’OIS

Dans cette première partie, je me suis intéressée à l’effet de l’activité lysyl oxydase sur la 

stabilité de l’OIS.

–
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’expression de LOX et LOXL2 conditions d’hypoxie

L’hypoxie est un phénomène caractérisé par une réduction sévère 

d’exposition ’
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L’augmentation d’expression des LOXs notamment en réponse à l’hypoxie augmente le remodelage de l’ECM et 
sa réticulation, permettant d’augmenter la prolifération, l’invasion et la migration des cellules tumorales
régulant des processus comme l’EMT et l’angiogénèse. 
s’accumulent aux futures sites de
favorisant l’adhésion des BMDCs.
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Lysyl oxidase activity regulates oncogenic stress
response and tumorigenesis

C Wiel1,2,3,4, A Augert1,2,3,4, DF Vincent1,2,3,4, D Gitenay1,2,3,4, D Vindrieux1,2,3,4, B Le Calvé1,2,3,4, V Arfi1,2,3,4, H Lallet-Daher1,2,3,4,
C Reynaud4,5, I Treilleux3, L Bartholin1,2,3,4, E Lelievre6,7 and D Bernard*,1,2,3,4,7

Cellular senescence, a stable proliferation arrest, is induced in response to various stresses. Oncogenic stress-induced
senescence (OIS) results in blocked proliferation and constitutes a fail-safe program counteracting tumorigenesis. The events
that enable a tumor in a benign senescent state to escape from OIS and become malignant are largely unknown. We show that
lysyl oxidase activity contributes to the decision to maintain senescence. Indeed, in human epithelial cell the constitutive
expression of the LOX or LOXL2 protein favored OIS escape, whereas inhibition of lysyl oxidase activity was found to stabilize
OIS. The relevance of these in vitro observations is supported by in vivo findings: in a transgenic mouse model of aggressive
pancreatic ductal adenocarcinoma (PDAC), increasing lysyl oxidase activity accelerates senescence escape, whereas inhibition
of lysyl oxidase activity was found to stabilize senescence, delay tumorigenesis, and increase survival. Mechanistically, we show
that lysyl oxidase activity favors the escape of senescence by regulating the focal-adhesion kinase. Altogether, our results
demonstrate that lysyl oxidase activity participates in primary tumor growth by directly impacting the senescence stability.
Cell Death and Disease (2013) 4, e855; doi:10.1038/cddis.2013.382; published online 10 October 2013
Subject Category: Cancer

Oncogene-induced senescence (OIS) drives cells into a
stable cell cycle arrest, causing them to acquire specific
markers (morphology, senescence-associated b-galactosi-
dase activity (SA-b-Gal), for example) in response to aberrant
oncogenic signals.1 In responsive cells, the stress generated
by oncogene activation counterbalances the proliferation-
stimulating potential of this activation by triggering senes-
cence. Various benign tumors (melanoma nevi, prostatic
intraepithelial neoplasias, lung adenomas) caused by onco-
gene activation accumulate senescent cells. The tumors
remain in a benign state as long as senescence is sustained.
Conversion to malignancy of senescing benign lesions thus
involves escape from senescence.2–4

The p16-Rb and p53 pathways are key pathways in the
regulation of OIS and senescence in general,1,5–8 but
mounting evidence shows that senescence can occur without
any involvement of either of these pathways. To date, little is
known about these mechanisms.9–15 Most of the data
demonstrating a central role of p53, its upstream activators,
(DNA damage, p14ARF) and the p16-Rb pathway have been
obtained with fibroblasts. Similar data generated in human
epithelial cells (HECs) or other lineages are quite rare, and
suggest amore complex picture of the genetic events involved
in escape from senescence.15 Among primary HECs, primary
human mammary epithelial cells probably constitute the

best-characterized cell model. Post-stasis human mammary
epithelial cells are unable to express p16INK4a,16 but they can
still enter senescence, in a p53-independent manner in
response to oncogenic stress.14 We have thus chosen this
model to investigate alternative pathways involved in escape
from OIS.
Lysyl oxidase activity (LOX), exerted by the LOX, LOXL1,

LOXL2, LOXL3, and LOXL4 proteins,17,18 regulates cell
behavior by oxidizing lysine residues of their substrates and
H2O2 production. LOX-family members are reported to exert
both intracellular and extracellular effects, and to share or
display specific activities.19–23 For example, LOX, LOXL1,
and LOXL2 share the ability to promote migration, invasion,
and metastasis and to regulate extracellular matrix organiza-
tion.20,24–30 How LOX activity affects cancer cell growth
is still a matter of debate, as in some cases it is reported to
have no effect24,25 and in other cases to favor cancer cell
growth19,27,28 in vitro or in vivo. Although both LOXL2 and
LOXL3 seem to exert some specific effects on cancer by
targeting the embryonic transcription factor Snail,22 some of
the effects shared by LOXL2 and LOX are exerted via
activation of the focal-adhesion kinase (FAK).19,24,27,31–33

In the context of neu-induced breast tumorigenesis,
importantly, LOX activity appears to favor tumorigenesis by
regulating FAK.31 The oncogenic potential of neu, a tyrosine
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Keywords: senescence; lysyl oxidase; oncogenic stress; FAK
Abbreviations: 4-OHT, 4-hydroxytamoxifen; BAPN, b-aminopropionitrile; HEC, human epithelial cells; HEC-TM, HEC–hTert–MEK:ER; HEC-TR, HEC–hTert–
RAF:ER; FAK, focal-adhesion kinase; LOX, lysyl oxidase; LOXL -1 -2 -3 -4, LOX-Like (-1 -2 -3 -4); OIS, oncogene-induced senescence; PDAC, pancreatic ductal
adenocarcinoma; SA-b-Gal, senescence-associated b-galactosidase; WT, wild-type mice; KIA, Pdx1-Cre, LSL-KrasG12D/þ , INK4a/Arflox/lox mice

Citation: Cell Death and Disease (2013) 4, e855; doi:10.1038/cddis.2013.382
& 2013 Macmillan Publishers Limited All rights reserved 2041-4889/13

www.nature.com/cddis



kinase receptor, can be limited by activation of the OIS
fail-safe program.34 We thus hypothesized that LOX activity
might affect oncogene-induced tumorigenesis by impacting
the OIS fail-safe program triggered by oncogenic activation.
We show that LOX activity is indeed a key regulator of OIS,
thereby affecting tumorigenesis.

Results

An unstable OIS model based on HECs. To study OIS
in HECs, we used post-stasis mammary HECs, which do
not express p16INK4a.16 We reasoned that this extinction of
p16INK4a would favor senescence instability, as demon-
strated by other studies.35,36 The cells were next immorta-
lized by forced hTert expression (sustaining telomere
integrity and thus avoiding replicative senescence16) and
stably infected to express an inducible oncogene: MEK:ER
(HEC-TM cells) or, in some experiments, RAF:ER (HEC-TR
cells). In HEC-TM cells, where MEK was activated by a 3-day
treatment with 4-hydroxytamoxifen (4-OHT) (Figure 1a), as
indicated by increased phosphorylation of its substrate ERK
(Figure 1b), we first checked that OIS was induced on d0.
OIS induction by 4-OHT was demonstrated by loss of the two
proliferation markers examined (cyclin A, a cyclin accumu-
lated in the S to early M phases and PhosphoH3Ser10, a
marker of late mitosis) (Figure 1b), growth arrest (Figure 1c),
the appearance of the SA-b-Gal marker (Figure 1d) and an
increase of the senescence markers IL85 and Sprouty237

(Figure 1e). As hypothesized, HEC-TM cells monitored after
entry into senescence proved able to resume growth
(Figure 1c) and to lose SA-b-Gal activity (Figure 1d) and
other senescence markers (Figure 1e). This model is thus a
suitable model for uncovering new mechanisms accelerating
or inhibiting escape from OIS in HECs.

LOX activity regulates escape from OIS in HECs.
To investigate the possible role of LOX activity in regulating
senescence, we first used RT–qPCR to measure levels of
transcripts corresponding to Lox-family proteins in HECs.
LOX, LOXL1, and LOXL2 mRNAs were detected in these
cells but LOXL3 and LOXL4 transcripts were not
(Supplementary Figure 1). Cells were then infected with
LOX- or LOXL2-encoding vectors, two main LOX-family
members expressed in HEC, and their expression was
checked by immunoblotting (Figure 2a). Cells constitutively
expressing LOX, LOXL2, or neither of these were treated with
4-OHT to trigger senescence (d0), released from oncogenic
stress for 3 days (d3), and then examined for escape from
senescence (Figure 1a). On d3, although the initial growth
arrest (d0) was similar in control, LOX-expressing, and
LOXL2-expressing cells (Figure 2b), the LOX- and LOXL2-
expressing cells displayed escape from OIS in contrast to
control cells, that is, they were growing (Figure 2b), fewer of
them were SA-b-Gal-positive (Figure 2c), and they displayed
a decrease of senescence markers (Figure 2d). Thus, LOX
and LOXL2 promote escape from OIS and this effect is not
due to a simple growth advantage, as their constitutive
expression does not affect cell growth in the absence of
oncogenic stress induction (Figure 2e).

Secreted LOX favors escape from OIS in HECs. As LOX
proteins are secreted, their production by various cells of the
tumor microenvironment (such as fibroblasts or endothelial
cells) might contribute, along with synthesis by the epithelial
cells, to affecting the response to oncogenic stress. We thus
examined whether extracellular LOX might impact OIS.
We first measured LOX protein levels in the supernatants
of constitutively expressing cells. As expected, LOX and
LOXL2 were found in the supernatants (Figure 3a), LOX in its
30-kD mature form lacking the pro-domain and LOXL2
displaying the same size as in the lysate, as this protein
contains no pro-domain.17,18 Accordingly, the LOX and
LOXL2 supernatants displayed increased LOX activity
(Figure 3b). The results of colony assays (Figure 3c) and
SA-b-Gal staining (Figure 3d) showed that adding LOX or
LOXL2 supernatant to HEC-TM cells is sufficient to trigger
escape from senescence. Importantly, LOX catalytic activity
was found to be responsible for LOX-triggered escape from
senescence: this escape was completely blocked upon
addition of 3-aminopropionitrile (BAPN), an inhibitor of the
catalytic activity of all the LOX proteins38–40 (Figures 3c and
d), and a catalytically inactive LOX form proved unable to
induce senescence reversal (Supplementary Figure 2).

Inhibiting LOX catalytic activity stabilizes OIS in HECs.
Interestingly, HEC-TM cells displayed spontaneous escape
from senescence after oncogenic stress and OIS induction
(Figures 1 and 4a–b). As increasing LOX activity favors
senescence escape, we next investigated whether this
spontaneous escape might be inhibited by inhibiting any
endogenous LOX activity due to LOX, LOXL1, and/or LOXL2
(Supplementary Figure 1). During oncogenic stress, LOX
activity inhibition by BAPN treatment did not significantly
affect entry into OIS (Figures 4b–d), but it did, strikingly,
completely block spontaneous escape from OIS, as shown
by (i) the inability of treated cells to grow, in contrast to
control cells (Figure 4b), (ii) their ability to maintain SA-b-Gal
activity (Figure 4c) and other senescence markers
(Figure 4d) under conditions where untreated cells lost these
markers. These effects were not due to direct inhibition of cell
growth by LOX, as BAPN treatment alone did not modify
HEC-TM cell growth (Figure 4e). This set of data was
obtained by inhibiting LOX activity during oncogenic stress
induction. Interestingly, inhibiting LOX activity when the cells
were already senescent (d0) also stabilized senescence
(Supplementary Figure 3), supporting the idea that LOX
activity modifies escape from senescence but not entry into
senescence.

LOX activity regulates OIS stability in vivo. To address
the relevance of these interesting in vitro observations on
HECs, we sought an appropriate mouse model that would be
relevant to human cancer biology. We decided to focus on
pancreatic ductal adenocarcinoma (PDAC), because (i) p16
is generally lost in human PDAC,41 and (ii) we observed LOX
and LOXL2 induction (Supplementary Figure 4a) as well as
some senescence (Supplementary Figure 4b) in a mouse
model developing aggressive PDAC at the frequency of
100% by the age of 6–7 weeks as a result of pancreatic
expression of an oncogenic Ras in a p16-null background
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(Pdx1-Cre, LSL-KrasG12D/þ , INK4a/Arflox/lox42,43). Wild-type
(WT) and Pdx1-Cre, LSL-KrasG12D/þ , INK4a/Arflox/lox (KIA)
mice were killed 45 days after birth. The pancreases of KIA
and WT animals were dissected and the normal zone was
separated from the tumoral zone. In the KIA mice, the normal
part (confirmed by hematoxylin-phloxine-saffron (HPS) stain-
ing) showed senescence (as indicated by the presence of
SA-b-Gal activity) and tested negative for the proliferation
marker Ki67 (Supplementary Figure 4b). In contrast, the
tumoral part (confirmed by HPS staining) no longer displayed
any SA-b-Gal activity and was Ki67-positive (Supplementary

Figure 4b). The pancreases of WT animals displayed no
SA-b-Gal activity and no Ki67 staining (Supplementary
Figure 4b). KIA mice thus constitute an attractive model for
testing OIS stability, and more specifically, the ability of LOX
activity to regulate OIS in vivo.
To examine whether increased LOX activity might accel-

erate senescence, we first injected concentrated LOX protein
supernatants (Figure 3) in mice. The LOX activity increase
was observed in pancreatic extract for at least 4 h after
intraperitoneal injection (Supplementary Figure 5). We then
injected LOX protein supernatants into KIA mice, every day
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from days 23 to 38 after birth, and confirmed the LOX activity
increase on the basis of better collagen fiber organization in
the pancreatic tumor microenvironment 39 days after birth
(Figure 5a). The SA-b-Gal (Figure 5b), Dec1 (Figure 5c) and
Wnt16B (Figure 5d) senescence markers were all found to be
lower and the Ki67 proliferation marker higher (Figure 5e) in
mice injected with LOX supernatants than in mice injected
with control supernatants. Hence, in agreement with the
in vitro results, LOX activity can also accelerate escape from
senescence in vivo in an aggressive model of PDAC.
We next examined whether LOX activity inhibition by BAPN

might prevent the spontaneous escape from senescence
observed 45 days after birth. The pancreases of BAPN-
treated WT animals displayed no SA-b-Gal activity and no
Ki67 staining (Supplementary Figure 4b), in agreement with

the in vitro observation that BAPN cannot induce senescence
in the absence of oncogenic stress (Figure 4e). BAPN
injection into KIA mice resulted in the inhibition of pancreatic
LOX catalytic activity, as measured by collagen fiber
organization (Figure 6a). The pancreases of untreated mice
were found to be SA-b-Gal-negative, whereas those of the
BAPN-treated mice were SA-b-Gal-positive (Figure 6b) and
displayed increased levels of the Dec1 and Wnt16B senes-
cence markers (Figures 6c and d) and a decreased level of
the Ki67 proliferation marker (Figure 6e). Importantly,
LOX-inhibition-induced stabilization of senescence led to a
significant increase in mouse survival (Figure 6f). Altogether,
these results tally with our in vitro results and strongly support
an involvement of LOX in regulating senescence stability,
in vivo tumorigenesis, and survival.
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LOX activity impacts OIS by modulating FAK activity.
LOX activity is reported in various contexts to impact FAK
activity.19,24,27,31–33 We thus investigated in vitro and in vivo
whether FAK might have a role in regulating senescence. In
vitro, the level of P-FAK (FAKY397) was found to decrease
during OIS (Figure 7a), and this decrease was sustained by
LOX activity inhibition (Figure 7b). In vivo, the level of P-FAK
was found to increase in the pancreases of LOX-injected KIA
mice (Figure 7c) and to decrease in those of KIA mice when
LOX activity was inhibited by BAPN treatment (Figure 7d).

That FAK signaling affects OIS stability is further supported
by the observation that sub-cytostatic doses of two FAK
inhibitors (FAK Inhibitor 14 and PF 573228) inhibited growth
resumption (Figure 8a) and sustained senescence markers
(Figures 8b and c). To determine whether FAK activation
might allow cells to escape from 4-OHT/BAPN-induced
irreversible senescence, we used HEC-TR cells expressing
a constitutively active form of FAK (Figure 8d). After 4-OHT/
BAPN treatment, the ability of these cells to form colonies
(Figure 8e) and their decreased levels of senescencemarkers
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(Figures 8f and g) showed that they could escape from
treatment-induced irreversible senescence even when LOX
activity was inhibited. These data constitute compelling
evidence that LOX activity influences OIS by regulating FAK
signaling.

Discussion

Little is known about pathways, other than the p16-Rb and the
p53 pathways, that might participate in controlling OIS. Here
we show that LOX activity has a role in regulating escape from
OIS, as this escape is triggered when LOX activity is

increased by constitutive LOX or LOXL2 expression or by
treating cells with secreted LOX or LOXL2.
Interestingly, HEC-TM cells show spontaneous escape

from OIS. This instability of senescence might be due to loss
of p16INK4a resulting from methylation of its promoter,16 as a
decreased p16 level is reported to possibly favor escape from
senescence.35,36 This raises the question of whether the
phenomenonwe observed is really senescence.We think it is,
because (i) the level of SA-b-Gal senescence marker
increases, (ii) the levels of other independent senescence
markers increase, and (iii) proliferation is blocked as long as
the oncogenic stress is sustained. Interestingly, blocking LOX
activity in this situation is sufficient to stabilize the growth
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arrest and the senescence markers and thus to maintain
the senescent phenotype. Importantly, raising or lowering the
LOX activity does not affect the proliferation of HEC cells.
The growth-promoting effect of LOX activity is observed only
in the context of OIS. In our in vivo model we have also
observed a transient senescent phenotype, possibly due to
the lack of p16INK4a expression, and again this phenotype is
regulated by LOX activity.
LOX and LOXL2 are reported to be expressed both by

epithelial cells and by cells of the tumor microenviron-
ment.20,31,44 This means that these proteins, although
expressed by different cells of different lineages, might impact
epithelial cell behavior. To recapitulate the production of LOX
and LOXL2 by tumor cells as well as cells of the tumor
microenvironment, we have manipulated extracellular LOX
and LOXL2 and described their impact on the epithelial cells
response to the oncogenic stress.
Like other groups in the context of metastasis, primary

tumor growth, or tumorigenesis, we observe an influence
of FAK on biological responses to LOX activity.19,24,27,31–33

We might speculate that the PI3K pathway is a downstream
effector of the action of FAK on senescence, as it is known
to be regulated by FAK45 and as it has recently been reported
to inhibit senescence induction by activated RAS or RAF
in mouse models of melanoma or pancreatic cancer.46,47

How LOX activity activates FAK remains unclear. Some
suggest that activation might be due to ECM stiffening, while
others propose that it might be due to the hydrogen peroxide
released by intrinsic LOX activity.19,24,27,31–33

Altogether, our results support the view that the LOX
activity, in addition to the p16INK4a pathway, regulatesOIS and
might thus affect tumorigenesis.

Materials and Methods
Cell culture. Mammary HECs (Lonza, Barcelona, Spain) were cultured in
MEBM (Promocell, Heidelberg, Germany) and penicillin/streptomycin (Life
Technologies, Saint Aubin, France). Virus-producing GP293 cells (Clontech,
Saint-Germain-en-Laye, France) were cultured in DMEM (Life Technologies)
supplemented with 10% FBS (Thermo Fisher Scientific, Waltham, MA, USA) and
penicillin/streptomycin. Infected cells were selected, as appropriate, with neomycin
(100mg/ml), puromycin (500 ng/ml), or both.

Reagents and plasmids. Four-hydroxytamoxifen (4-OHT) (Sigma, Lyon,
France) was used daily for 3 days at 250 nM final concentration. 3-
Aminopropionitrile (fumarate salt) (A3134, Sigma) was used daily at 350mM final
concentration for in vitro analysis. FAK inhibitor 14 (3414, Tocris Bioscience,
Bristol, UK) and PF 573228 (3239, Tocris Bioscience) were used daily at the
following respective final concentrations: 250 nM and 500 nM.

The following plasmids were used: pWZL-Neo-Myr-Flag-FAK (Addgene plasmid
20610, Cambridge, MA, USA),48 pBabe-hygro-hTert (Addgene plasmid 1773),49

pBAbe-puro-Raf:ER,50 pNLP-Neo-Mek:ER.3 For LOX and LOXL2 cloning, the
C-terminally FLAG-tagged mouse LOX and LOXL2 cassettes were amplified by
PCR with PFU (Agilent Technologies, Les Ulis, France)44 and introduced into the
pLPCX vector (Clontech) between the NotI and ClaI sites. Catalytically inactive LOX
was created by PCR site-directed mutagenesis to introduce the inactive mutations
K314A and Y349F, as previously described51 and cloned into pLPCX vector as
indicated above.

Transfection and infection. GP293 cells were transfected with PEI
reagent according to the manufacturer’s recommendations (Euromedex,
Souffelweyersheim, France). Two days after transfection, target HECs were
infected with viral supernatant mixed with fresh medium (1/2) and polybrene (final
concentration: 8mg/ml).

Antibodies. The antibodies used were: anti-phosphoERK (9101, Cell Signaling,
Danvers, MA, USA), anti-phosphoFAKTyr397 (3283, Cell Signaling, 44624G,
Life Technologies), anti-FAK (3285, Cell Signaling), anti-flag (200472, Agilent
Technologies), anti-phosphohistone3Ser10 (ab14955, Abcam, Paris, France),
anti-cyclinA (H432, sc-751, Santa Cruz Biotechnology, Heidelberg, Germany),
anti-Ki67 (clone Tec-3, M7249, DAKO, Les Ulis, France), and anti-tubulin (T6199,
Sigma), WNT16B (LS-A9630, MBL, Nanterre, France).

Cell growth assays. Fifteen thousand cells were seeded into six-well plates
and treated or not with the indicated compound(s). At the end of the experiments,
cells were fixed with 4% PFA for 15min, washed with water, and stained with a
crystal violet solution (Sigma).

LOX activity assays. Activity assays for detection of BAPN-inhibitable LOX
enzyme activity were performed with the Amplex Red Monoamine Oxidase Assay
Kit (A12214, Molecular Probes, Life Technologies, Saint Aubin, France). Briefly,
conditioned cell medium was concentrated with Amicon 10-kDa cutoff filters
(Millipore, Darmstadt, Germany). Aliquots were added to the final reaction mix
containing 100mM Amplex Red, 0.5 U/ml horseradish peroxidase, 2 mM
benzylamine substrate and incubated for 1 h. The fluorescent product was
excited at 560 nm and the emission was read at 590 nm. Parallel assays were
prepared with 500mM BAPN to completely inhibit the activity of LOX, and the
difference in emission intensity was recorded. Assays were run in quintuplicate
and specific activity is reported as a mean of all assays.

RT-qPCR. Cells were lysed in TriReagent (Sigma) and total RNAs were
isolated via an acidphenol extraction procedure using Phase Lock gel tubes (50).
RNA (2 mg) was reverse-transcribed with the First-Strand cDNA Synthesis Kit
(GE Healthcare, Velizy-Villacoublay, France) according to the manufacturer’s
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directions. Q-PCR experiments were carried out in a Light Cycler 2.0 instrument, in
Light Cycler Taqman Master Mix (Roche, Meylan, France) and with the Universal
Probe Library (Roche Diagnostics, Meylan, France). The following primers were
used: IL-8 50-AGACAGCAGAGCACACAAGC-30 and 50-ATGGTTCCTTCC
GGTGGT-30, SPROUTY2 50-TTTGCACATCGCAGAAAGAA-30 and 50-TCA
GGTCTTGGAAGTGTGGTC-30, LOX 50-GGATACGGCACTGGCTACTT-30 and
50-GACGCCTGGATGTAGTAGGG-30, LOXL1 50-GCATGCACCTCTCATACCC-30

and 50-CAGTCGATGTCCGCATTGTA-30, LOXL2 50-TGACCTGCTGAACCT
CAATG-30 and 50-TGGCACACTCGTAATTCTTCTG-30. The actin gene was used
as a normalizer, with the 50-ATTGGCAATGAGCGGTTC-30 and 50-GGATGCCAC
AGGACTCCAT-30 primers.

Mouse engineering and treatment. By crossing Pdx1-Cre;Ink4a/Arflox/lox

(no phenotype) with LSL-KrasG12D/þ ; Ink4a/Arflox/lox (no phenotype) individuals,
we ‘routinely’ generate Pdx1-Cre;LSL-KrasG12D/þ ; Ink4a/Arflox/lox animals (repre-
senting 25% of the total progeny according to the expected Mendelian inheritance)
developing macroscopic pancreatic cancer at the frequency of 100% by the age of
6–7 weeks. Mice were treated by intraperitoneal injection of BAPN (100mg/kg,
dissolved in saline) or vehicle three times a week (half) or every day (half).
Conditioned cell media from ctrl, LOX-expressing, or LOXL2-expressing cells were
concentrated as described, and 100ml of either ctrl supernatant or of a mix of 50ml
LOX supernatant and 50ml LOXL2 supernatant was injected intraperitoneally
every day for the indicated time. The experiments were performed in accordance
with the animal care guidelines of the European Union and French laws and were
validated by the local Animal Ethic Evaluation Committee (CECCAPP).

SA-ß-Gal analysis. Senescence-associated b-galactosidase activity was
assayed in HECs and on pancreatic sections fixed and stained with the
Senescence Beta-galactosidase Kit (Cell Signaling) as recommended by the
manufacturer.

Histology and sirius red staining. Pancreatic sections (4–5mm) were
stained with HPS. For immunohistochemical analysis, paraffin-embedded murine
pancreatic tumor tissues were used. Slides were serially sectioned at 4-mm
thickness. After deparaffinization and rehydration, the slides were incubated in 5%
hydrogen peroxide in sterile water to block endogenous peroxidases. For heat-
induced antigen retrieval, tissue sections were boiled in 10mmol/l citrate buffer
pH6 in a microwave oven for 20min. The slides were then incubated at room
temperature for 1 hour with the primary antibody diluted in ‘low-background’
antibody diluent (DAKO Real). After rinsing in PBS, the slides were incubated with
a biotinylated secondary antibody bound to a streptavidin peroxidase conjugate
(Dako E0468) for 1 hour at room temperature. Bound antibody was revealed and
sections were finally counterstained with hematoxylin.
Paraffin-treated sections of pancreas were stained for 1 hour in 0.1% picrosirius

red solution (Direct Red 80, 365548, Sigma) in picric acid solution (P6744, Sigma),
washed twice with acidified water, and then mounted in Eukitt quick-hardening
mounting medium (03989, Sigma). Samples were analyzed upon polarized light
microscopy.

Statistical analysis. The values are presented as mean±S.D. unless
stated otherwise. Statistical analysis were performed using the Student’s t-test
(*Po0.05, **o0.01, ***o0.001). The number of independent replicates for each
experiment was indicated in the figure legends. Survival of the mice was analyzed
using a Kaplan–Meier method. P-values were calculated using a log-rank test.
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and M Ferrand for technical assistance. This work was carried out with the support
of the ‘RTRS Fondation Synergie Lyon Cancer’, the ‘Association pour la Recherche
sur le Cancer’, the ‘Fondation de France’, and the ‘Institut National du Cancer’.

1. Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. Oncogenic ras provokes
premature cell senescence associated with accumulation of p53 and p16INK4a. Cell 1997;
88: 593–602.

2. Chen Z, Trotman LC, Shaffer D, Lin HK, Dotan ZA, Niki M et al. Crucial role of p53-
dependent cellular senescence in suppression of Pten-deficient tumorigenesis. Nature
2005; 436: 725–730.

3. Collado M, Gil J, Efeyan A, Guerra C, Schuhmacher AJ, Barradas M et al. Tumour biology:
Senescence in premalignant tumours. Nature 2005; 436: 642.

4. Michaloglou C, Vredeveld LC, Soengas MS, Denoyelle C, Kuilman T, van der Horst CM
et al. BRAFE600-associated senescence-like cell cycle arrest of human naevi. Nature
2005; 436: 720–724.

5. Acosta JC, O’Loghlen A, Banito A, Guijarro MV, Augert A, Raguz S et al. Chemokine
Signaling via the CXCR2 Receptor Reinforces Senescence. Cell 2008; 133: 1006–1018.

6. Kuilman T, Michaloglou C, Vredeveld LCW, Douma S, van Doorn R, Desmet CJ et al.
Oncogene-induced senescence relayed by an interleukin-dependent inflammatory
network. Cell 2008; 133: 1019–1031.

A
nt

i-f
la

g

+4-OHT

+4-OHT
+FAK14

+4-OHT
+PF573228

d0 d4

0

10

20

30

40

50

60

4-OHT
FAK14

PF573228

+ + + + + +
+

+
-
- -

-+
+

-
- -

-

d0

d4

d0

ctrl

FAK

4-OHT+BAPN

4-OHT+BAPN

ctrl

FAK

0

2

4

6

8

10

12

14

0

2

4

6

8

10

12

S
P

R
O

U
T

Y
2

m
R

N
A

 r
el

at
iv

e 
ex

pr
es

si
on

4-OHT 4-OHT+FAK14

d0

4-OHT 4-OHT+FAK14

0

1

2

3

4

5

6
ctrl FAK

0

10

20

30

40

50

4-OHT+BAPN

d4d4

ctrl FAK

R
el

at
iv

e 
IL

8
m

R
N

A
 e

xp
re

ss
io

n
R

el
at

iv
e 

IL
8

m
R

N
A

 e
xp

re
ss

io
n

**
**

***
***

*****

S
A

-β
-G

al
 p

os
iti

ve
ce

lls
(%

)

d4 d0 d4 d0 d4

d4

d0 d4

S
A

-β
-G

al
 p

os
iti

ve
 c

el
ls

 (
%

)

Figure 8 FAK activity participates in senescence modulation by LOX activity.
(a) HEC-TM cells were treated with 4-OHT, with or without FAK inhibitors, for 3 days
and then cultured for an additional 4 days with or without the indicated FAK
inhibitors (d4), fixed, and crystal violet-stained. (b) Cells were fixed and their SA-b-
Gal activity assayed on d0 and d4. (c) RNA was prepared and RT-qPCR was
performed against senescence markers. (d) HEC-TR cells were infected with a
FAK-encoding or an empty control retroviral vector and neomycin-selected.
Immunofluorescence against the Flag tag was performed. (e) Selected cells were
treated with 4-OHTþBAPN for 3 days (d0) and with BAPN for 4 additional days
(d4). Cells were next fixed, crystal violet-stained, and (f) assayed for SA-b-Gal
activity, or (g) RNAs were prepared and RT-qPCR performed on a senescence
marker
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Supplementary Figure Legends

Supplementary Figure 1 Lox expression in HEC-TM cells. HEC-TM RNAs were prepared 

and transcript-level expression of the various LOX genes was analyzed by RTqPCR. 

Supplementary Figure 2 A catalytically inactive mutant of Lox loses its ability to induce 

escape from OIS. Supernatants of empty ctrl, Lox, and Lox Y349F-K314A HEC-TM cells 

were concentrated and analyzed (a) by immunoblotting with an anti-flag antibody, (b) by 

measuring the LOX activity. (c) HEC-TM cells were treated for 3 days with 4-OHT together 

with the indicated supernatant, PFA fixed, and crystal violet stained to measure cell growth on 

d0 and d5. Experiments were performed at least 3 times. 

Supplementary Figure 3 LOX activity inhibition blocks escape from OIS. (a) Schematic 

representation of the protocol of treatment with 4-OHT with or without BAPN. (b) HEC-TM 

cells were treated as indicated. Cells were fixed and crystal violet stained or (c) their SA- -

Gal activity was assayed. 

Supplementary Figure 4 A transgenic mouse model of Kras-induced PDAC displays some 

senescence. Pdx1-Cre; LSL-KrasG12D/+; INK4a/Arflox/lox (KIA) and control Pdx1-Cre; 

INK4a/Arflox/lox (WT) mice were used. (a) Pancreatic RNA was prepared and expression of 

the various Lox proteins was analyzed by RTqPCR using the following primers; Lox Fwd 5’-

CAGGCTGCACAATTTCACC-3’, Rev 5’-CAAACACCAGGTACGGCTTT-3’; LoxL1 Fwd 5’-

TATGCCTGCACCTCTCACAC-3’, Rev 5’-TGTCCGCATTGTATGTGTCAT-3’; LoxL2 Fwd 5’-

GGCGCTTCCAGACAGAGT-3’, Rev 5’-CTCCATCCTTGTCCTGTGCT-3’, LoxL3 Fwd 5’-

GTGGACCCATAGTGCCAAAT-3’, Rev 5’-CAGCTCAGATTGTCCAACCA-3’, LoxL4 Fwd 5’-



GGCGTTGCCTGTATGAACA-3’, Rev 5’- CCAAGTACGCCGTCTCTTGTA-3’. (b) Mice were 

sacrificed 45 days after birth and macrodissected. Normal and tumoral zones in the KIA mice 

were extracted. Pancreas samples (WT, WT+BAPN, KIA normal, KIA tumoral) were fixed 

and their normal/tumoral status was histologically determined by HPS staining. An SA- -Gal

activity assay was used to detect senescence, Ki67 staining to determine the proliferative 

status, and Sirius staining to visualize collagen organization (scale bar: 200 m). 

Supplementary Figure 5 LOX supernatants were injected by IP into 3 mice per experimental 

point. At the indicated times, mice were euthanized and their pancreases were extracted and 

frozen. The pancreases were next ground with a cryogenic mill (Cryotec) and powders were 

homogenized in RIPA buffer. LOX activity assays were performed with 10 g protein per 

sample in duplicate. 
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Alors que les études de l’activité lysyl oxydase ne concernaient que des modèles d’invasion et 

, renforcent l’idée nouvelle que l’activité Lox 

peut promouvoir l’initiati

peuvent promouvoir l’instabilité de la sénescence favorisant ainsi le développement tumoral

Nous n’avons pas détecté de variations de l’expression des LOXs mais plutôt une augmentation 

soumis à un stress oncogénique. Il serait donc intéressant d’étudier 

l’impact de cette activité sur l’établissement de la sénescence et plus spécifiquement sur 

l’échappement à l’OIS observé 6 jours après son induction. Par ailleurs, l’inhibition de l’activité Lox 

par le BAPN dès l’activation du stress oncogénique ne semble renforcer que légèrement l’entrée en 

’inhibition de l’activité Lox une fois une fois la 

suggérant que l’activité Lox modifie l’échappement à la sénescence et non son induction

Bien que les premières données  investiguant les niveaux d’expression de LOX 

baisse du taux d’ARNm dans les cancers

augmentation de l’exp

l’ARNm de LOX et de LOXL2, en comparaison

. Nous retrouvons cette augmentation d’expression au niveau protéique dans les 

. De manière très intéressante, l’analyse de 



: L’expression de LOX et LOXL2 augmente dans les parties tumorales des souris KIA. 



Ces informations soulignent l’importance que peut avoir l’activité Lox dans la progression tumorale

l’échappement à la sénescence. L’augmentation de l’ex

fait que les PDAC sont l’un des 

composants de l’ECM l’

d’autant plus important que sa composition évolue avec la progression tumorale 

d’oxygène dans les tissus tumoraux 

leur surexpression est directement liée à la présence d’hypoxie.

également montré que l’inhibition de la voie PI3K

stabiliser l’OIS dans les cellules épithéliales mammaires humaines 



: L’expression de LOX, LOXL1 et LOXL2 augmente dans les PDAC humains. 

l’
transcrits et une PCR quantitative a permis de déterminer les taux d’expression relatifs de LOX, LOXL1, LOXL2, 
LOXL3 et LOXL4. LOXL3 n’a p

(b) Moyennes d’induction de LOX, LOXL1, LOXL2 et LOXL4 sont représentées ± SEM. Les P



: L’I

AKT afin de vérifier l’efficacité de l’inhibiteur. 

OHT avec ou sans  l’inhibiteur de PI3K pendant 3 jours (d0) 
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Lysyl oxidase activity, exhibited by five lox members, has been extensively associated with tumor progression and 
metastasis. Notably, it is well documented that lox factors, mainly LOX and LOXL2 proteins, are implicated in 
invasion, cell migration, and angiogenesis in response to tumor-associated hypoxia. In the clinic, their expression 
correlates with bad prognosis for cancer progression and patient survival. Recently, lox factors have been observed to 
promote senescence escape, a critical event in tumorigenesis. In two mouse cancer susceptibility models for breast and 
pancreatic cancer, LOX and/or LOXL2 were found to promote tumorigenesis in cooperation with an oncogenic signal. 
Mechanistically, lox factors might mediate their effects via several mechanisms; from reorganizing the extracellular 
matrix and tumor microenvironment, promoting activation of specific pathways such as FAK and Akt pathways, to 
regulating gene expression by modifying the histone tails on specific target genes such as E-cadherin. This modification 
impacts the epithelial-mesenchymal transition, a process involved in senescence escape, tumor initiation and 
progression. The recent literature highlights an important role of lox factors in cancer, and an antibody directed 
against LOXL2 is already undergoing clinical trials. A better understanding of the biology of these factors will help the 
design and application of new lox-derived therapeutic tools. 
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Introduction  

Aspects of the tumor microenvironment, such as the 
extracellular matrix (ECM) composition and stiffness, are 
known to influence tumor progression, yet the ECM can 
be considerably altered during tumor progression [1].
Lysyl oxidase (lox) activity is a major regulator of ECM 
stiffness and its enzymatic activity mediates crosslinking 
of matrix components such as collagen and elastin [2].
The Lox family is composed of 5 members: LOX, 
LOXL1, LOXL2, LOXL3 and LOXL4, with the five 
members sharing a strongly conserved C-terminal part, 

containing the catalytic domain. In contrast, the 
N-terminal domain is more divergent, suggesting both 
redundant and different biological functions of these 
proteins. LOX and LOXL1 are secreted as pro-enzymes, 
so require cleavage to become fully active, whilst the 
other members are secreted as active enzymes. Once 
secreted, they modify ECM structure and stiffness by 
crosslinking their substrates. In recent years, several 
studies have been published reporting an intracellular role 
for LOX and LOXL2 [3–8].

LOX protein was first described, more than 30 years 



ago, as a tumor suppressive gene. Indeed, it was first 
named the ras recision gene (rrg) because of its ability to 
counteract RAS-induced transformation. It has since been 
demonstrated that the propeptide, possessing no 
enzymatic activity, is responsible for this anti-tumoral 
property [9,10], due to its pro-apoptotic effect [11]. It is less 
clear if other LOX members share those, or other, 
anti-tumoral properties.  In the last ten years, some lox 
family members, including LOX, have emerged as 
pro-tumoral factors. This review will highlight recent 
major findings concerning a pro-tumoral activity of lox 
family members.  

Role of lox factors on tumor progression 

Local tumor hypoxia occurs in most human tumors [12].
Hypoxia results in an adaptive tumor response in an 
attempt to overcome the immediate local lack of oxygen 
and longer term lack of nutrients. This response is mainly 
induced by the Hypoxia Inducible Factor alpha (HIF) 
transcription program that provokes changes in tumor 
metabolism and angiogenesis, as well as an increase in 
tumor cell migration, invasion and metastasis  [13–15]. A 
major breakthrough in lox cancer biology came from the 
initial discovery that the LOX protein is directly 
up-regulated by HIF transcription factors [16]. Besides 
LOX protein, at least LOXL2 and LOXL4 are also 
up-regulated during hypoxia, in various biological 
conditions and sample types [16–18].

Prior to the discovery of a link between hypoxia and 
lox factors, the Hendrix laboratory had observed that 
LOX is up-regulated in invasive breast cancer cells [19].
The same laboratory then extended their initial 
observations by finding highest LOXL1, LOXL2, 
LOXL3 and LOXL4 levels in breast cancer cells with 
strong invasive properties. Functionally, constitutive 
LOX expression results in increased invasive properties, 
which was reversed by inhibiting lox activity [20]. The 
increased invasive phenotype induced by LOX was then 
correlated to hypoxia, hypoxia being a well-known 
promoter of cell invasion and metastasis [16]. Since then,  
LOX and LOXL2 have been experimentally shown to 
promote cell invasion and metastasis in various contexts, 
including, but not limited to, breast cancers [21,22], gastric 
cancers [23] and colorectal cancers [24].

Mechanistically, it was demonstrated by Erler and 
colleagues that LOX secreted by hypoxic cells plays an 
important function in the formation of pre-metastatic 
niches. Those niches, composed of proteins and of Bone 
Marrow-Derived Cells (BMDCs), constitute the perfect 
environment in which disseminated cells can proliferate 
and form metastases. Secreted LOX proteins accumulate 
at distant sites, modify the ECM, and can attract and 
recruit BMDCs, notably myeloid  CD11+b cells [25].

Similarly to LOX in breast cancer models, LOXL2, 
induced by HIF1alpha, is also able to alter the ECM in 
lungs, even before the recruitment of BMDCs [26].

Promotion of cancer cell dissemination by lox factors 
might rely on their ability to promote tumor angiogenesis. 
Tumor angiogenesis is mainly driven by hypoxic 
conditions, which boosts the expression of lox factors, 
and is required to solve oxygen and nutrient shortage in 
the hypoxic tumor. This complex mechanism involves 
proliferation and migration of endothelial cells and 
remodeling of the basal membrane of blood vessels [27]

and is coordinated by LOX and LOXL2. This has been 
reported in various models including using a zebrafish 
model during capillary formation [28] and in various 
tumor xenograft models in mice [29,30]. LOX and LOXL2 
might impact angiogenesis by regulating endothelial cell 
proliferation and migration by collagen assembly and 
scaffolding [28] and by impacting the production of VEGF 
[30].

The relevance of these functional in vitro and in vivo
experiments in the clinic are strongly supported by 
numerous independent studies showing a strong link 
between increased LOX expression/activity with a 
decrease in both overall and metastasis-free survival 
[16,20,24,31,32]. Similar observations have been made for 
LOXL2 [4,22,33–36].

Together, the abundant data produced so far 
demonstrate an important role of at least LOX and 
LOXL2 in promoting metastasis formation, with 
subsequent poor prognosis for cancer evolution and 
patient survival. This also suggests strong redundancy of 
at least LOX and LOXL2 proteins in cancer progression. 

Role of lox members in tumor initiation 

During malignant transformation, ECM composition 
and structure change significantly, due to abnormal 
secretion of ECM components by stromal cells and 
cancer cells, leading to dysfunctional organization. The 
behavior of normal cells, and  evolution of the 
carcinoma, are affected by these alterations [37]. It is 
known that increased collagen deposition and enhanced 
matrix cross-linking stiffen the ECM. The stiffened 
matrix might promote transformation by activating 
growth factor pathways or by perturbing tissue integrity 
[38]. However, the impact of LOX and LOXL proteins on 
primary tumor growth is contentious, with some reports 
showing no impact on growth [16,19–21], whilst more recent 
studies suggested otherwise [39,40]. For example, recent 
observations demonstrate that lox factors increase the 
proliferation of colorectal cancer cells in vitro and in vivo
[24,31,39]. Besides the ability of lox factors to promote 
primary tumor growth, a new concept has emerged: the 



involvement of lox factors in cooperating with an 
oncogenic signal to promote tumor initiation and 
formation. 

Tumor initiation and formation require an oncogenic 
signal in conjunction with the disabling of intrinsic 
safeguard mechanisms. Safeguard mechanisms are 
activated by oncogenic signals and normally result in 
proliferation arrest and/or cell death. Senescence is 
activated by the oncogenic signals occurring during 
tumor initiation and its activation results in proliferation 
arrest and elimination of these defective cells by the 
immune system [41–44]. Our recent work shows that lox 
factors, at least LOX and LOXL2, promote 
oncogene-induced senescence (OIS) escape in a model of 
human epithelial cells, suggesting that lox factors 
cooperate with an oncogenic signal to promote 
tumorigenesis [45]. In a genetic mouse model of 
aggressive pancreatic ductal adenocarcinoma (PDAC), 
we showed that increasing LOX and LOXL2 proteins 
promote senescence escape, whereas decreasing lox 
activity stabilizes senescence, delays tumorigenesis and 
increases mice survival [45]. Previously, the Weaver 
laboratory observed that the LOX protein cooperates with 
the Erbb2 oncogene to induce breast tumorigenesis [46],
supporting the view that lox factors are able to cooperate 
with oncogenic signals to promote senescence escape and 
tumorigenesis. 

Together the recent data summarized in this paragraph 
emphasizes a role of lox factors in the tumorigenesis 
process, together with its well-known role in tumor 
progression. 

Molecular mechanisms regulated by lox factors and 
impacting tumor initiation and progression 

The well-described role of lox factors in ECM 
reorganization has now been described to impact the 
activity of other cellular pathways. ECM stiffness and, in 
particular, collagen organization has been shown to 
increase the Src/FAK pathway, possibly through an 
integrin-dependent manner [16,24,45–47]. Byproducts of lox 
activity, ie H2O2, might also participate in FAK 
activation [16,23]. Further studies report an involvement of 
the PI3K/Akt pathway, possibly in a FAK-dependent 
manner, in lox factor-mediated promotion of tumor 
initiation and progression [39,46]. Our unpublished results 
also suggest that FAK activation by LOX or LOXL2 
activates the PI3K /Akt pathway, which can be involved 
in OIS bypass [48,49]. In addition, the PI3K/Akt pathway is 
known to promote tumor progression [50,51].

The epithelial-mesenchymal transition (EMT), a 
process converting epithelial cells into mesenchymal 
ones, promotes migration and metastasis [52,53] and 

promotes senescence escape [54]. Importantly, EMT has 
been linked to PI3K/Akt pathway activation [55]

suggesting a link between lox factors, PI3K/Akt pathway 
and EMT. However, whilst EMT has been shown to be 
induced by lox factors [4,6,17,40,56], it has not been linked, 
so far, to the PI3K/Akt pathway. Barry-Hamilton and 
colleagues reported an activity-dependent effect of 
LOXL2 on EMT, as extracellular LOXL2 from 
conditioned media induces an EMT in MCF-7 cells 
whereas a catalytically-inactive LOXL2 mutant did not. 
The involvement of the PI3K/Akt pathway in EMT in 
this study was not investigated [40].

Surprisingly, the intra-cellular lox factors were 
reported to have most effect on EMT. Notably, several 
studies have implicated intra-cellular LOXL2 in 
promoting EMT. It was first shown that LOXL2 was able 
to interact and stabilize Snail, an embryonic transcription 
factor activated during EMT. The interaction between 
Snail and LOXL2 cooperates to repress E-cadherin 
expression as well as other genes, whose loss is necessary 
to fully engage an EMT [4,6]. Cano and colleagues 
subsequently showed that a catalytically inactive LOXL2 
mutant was still able to cooperate with Snail to repress  
E-cadherin expression, and to activate the FAK/Src 
pathway, both leading to EMT induction [56]. These 
provocative results challenged the compelling evidence 
describing lox factors acting through its activity to exert 
their pro-tumoral activities (see for example [16,24,45–47]). 

Emphasizing a role of lox factors as putative 
transcriptional regulators, earlier studies demonstrated an 
interaction with, and oxidation of, some histones by lox 
factors [57,58]. Herranz and colleagues have confirmed that 
LOXL2 can be located in the nucleus, where it acts as a 
repressor of E-cadherin expression, although in this case, 
the repression of E-cadherin was lox activity-dependent. 
Indeed, they demonstrate that LOXL2 catalytic activity is 
involved in H3K4 deamination [5]. To date, the numerous 
available data have led to the conclusion that lox factors 
mediate pro-tumoral effects through their enzymatic 
activities. Still, compelling evidence points towards 
enzyme-independent effects of lox factors on cancer; 
LOX might mediate an anti-tumoral action through its 
pro-domain [9,10], whereas the activity-independent 
activity of LOXL2 retains pro-tumoral action, possibly 
through the 4 scavenger domains of its N-terminus 
[4,6,56,59].

 Knowledge of the role and mechanism of action of 
lox factors in cancer is increasing, however we still need 
to characterize them further, particularly the redundancy 
and specificity between lox factors, as well as the 
contribution of the catalytic dependent and independent 
effects of lox proteins. This is particularly important as a 



clinical tool; an mAb directed against LOXL2, is 
currently undergoing clinical trials for aggressive colon 
and pancreatic cancers and it could be envisioned that 
other family members could be targeted for various other 
forms of cancer. 
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calcium accumulation leads to a subsequent decrease in mitochondrial membrane potential,
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transport is not restricted to OIS, but is also involved in replicative senescence. Our results

show a functional role of calcium release by the ITPR2 channel and its subsequent

accumulation in the mitochondria.

DOI: 10.1038/ncomms4792
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Lyon, France. 3 Centre Léon Bérard, F-69000 Lyon, France. 4 Université de Lyon, F-69000 Lyon, France. 5 Inserm U1003, Equipe labellisée par la Ligue
Nationale contre le cancer, Laboratory of Excellence, Ion Channels Science and Therapeutics, Université Lille I Sciences et Technologies, F-59655 Villeneuve
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S
enescence is characterized by a stable proliferation arrest
accompanied by the acquisition of several specific features.
It is activated by numerous cellular stresses, such as

replicative exhaustion, oncogenic signals or oxidative stress1. It
is now accepted that senescence induction acts as a protective
mechanism against oncogenic events, tumour initiation and
progression2–5. Besides the cancer-regulated role of senescence, it
is also known to be involved in an increasing number of other
processes, such as wound healing and various aging-related
diseases6,7. Most of the pathways known to regulate senescence
and, in particular, senescence escape, point to a central role of the
p53 as well as the p16–retinoblastoma pathways8. Nevertheless,
emerging evidences support the existence of other mechanisms
regulating senescence escape, although, to date, little is known
about these mechanisms9–15. Most of the data demonstrating a
central role of the p53 and its upstream activators (DNA damage,
p14ARF) and p16INK4A–retinoblastoma pathways were performed
in fibroblasts. Similar data generated in human epithelial cells or
in other lineages are rather rare, and display a more complex
picture of the genetic events involved in senescence escape15. For
example, human mammary epithelial cells (HECS), which are
known to not express p16INK4A (ref. 16), enter senescence in
response to oncogenic stress in a DNA damage/p53-independent
manner14,15.

Here, we identify inositol 1,4,5-trisphosphate receptor, type 2
(ITPR2) and mitochondrial calcium uniporter (MCU) as two new
actors of senescence, whose knockdown results in senescence
escape. Their identification sheds light on the role of calcium
movement, and in particular, mitochondrial calcium accumula-
tion in senescence induction.

Results
Identification of calcium channels as senescence modulators.
To isolate new senescence regulators, we have performed a loss-
of-function genetic screen covering the entire genome to isolate
specific small-hairpin RNAs (shRNAs) allowing oncogene-
induced senescence (OIS) escape in immortalized HECs. We used
post-stasis HECs, which do not express p16INK4A (ref. 16),
immortalized by stable expression of hTert (HEC–telomerase
reverse transcriptase (Tert)). Cells were infected to stably express
MAPK/ERK kinase (MEK):endoplasmic reticulum (ER), a 4-
hydroxytamoxifen (4OHT) inducible MEK oncogene, to induce
oncogenic stress (HEC–TM). HEC–TM cells were treated with
4OHT at doses not affecting HEC-Tert cell growth. HEC–TM
were infected with an shRNA library covering the whole genome
and treated every 2 days with 4OHT to induce senescence. Cells
having escaped senescence were amplified and their shRNA
identified. We have identified multiple potential shRNA-targeted
genes. Details of the screening strategy, methods and results were
previously described in Lallet-Daher et al.17 We were particularly
interested in focusing our work on the ITPR2 calcium channel.
This channel is a member of the inosotol 1,4,5-triphosphate (IP3)
receptor (ITPR) family, composed of two other members: ITPR1
and ITPR3, the most ubiquitously expressed family of calcium-
released channel of the ER. A search in the Oncomine database, a
cancer microarray database allowing differential expression
analyses between the most major types of cancer and normal
tissues, showed a general decrease of ITPR2 mRNA in numerous
cancer types (Supplementary Table 1) although an increase in
ITPR2 mRNA was also observed in other cancer types
(Supplementary Table 1). Interestingly, in the majority of cases,
this increase was detected in benign tumours such as oncocytoma
(Supplementary Fig. 1a) and prostatic intraepithelial neoplasia
(Supplementary Fig. 1b), benign tissues being known to
accumulate senescent cells3. Finally, ITPR2 levels were found to

be significantly lower in primary breast tumours in a cohort of
patients displaying metastasis versus the metastasis-free group
(Supplementary Fig. 1c). Together, these observations prompted
us to study the role of ITPR2 in oncogene-induced senescence
escape, a key step required for tumour initiation and progression.

ITPR2 knockdown promotes OIS escape. To validate the role of
ITPR2 in OIS, we generated two different ITPR2-targeting
shRNAs. As expected, these shRNA strongly decreased ITPR2
mRNA levels (Fig. 1a) without impacting ITPR1 and
ITPR3 mRNA levels (Supplementary Fig. 2a). Functionally,
ITPR2 depletion by these two shRNAs overcame the growth
arrest induced by oncogenic stress (þ 4OHT), as measured by the
ability of the cells to maintain their growth (Fig. 1b,c). Knock-
down also resulted in a decrease of two independent senescence
markers; senescence-associated beta-galactosidase (SA-b-Gal)
activity (Fig. 1d) and interleukin 8 expression (Fig. 1e), further
confirming a role of ITPR2 in OIS escape. By performing
quantitative reverse transcriptase-PCR (qRT–PCR), we found
that ITPR1, 2 and 3 were all expressed in HEC–TM cells
(Supplementary Fig. 2b). Interestingly, ITPR1 (Supplementary
Fig. 2c) and ITPR3 knockdown (Supplementary Fig. 2d), also
promoted OIS escape (Supplementary Fig. 2e). Of note, expres-
sion of ITPR1, 2 and 3 were only slightly altered during senes-
cence, suggesting their role during senescence might be owing to
alterations of their activities rather than alteration of their
expression (Supplementary Fig. 2f).

IP3-induced ITPR activation induces premature senescence.
We next wanted to know whether a gain-of-function of ITPR
activity affected senescence. To this end, the ITPR ligand, IP3
(membrane-permeant), was used to activate ITPR. Interestingly,
ITPR activation blocked cell growth (Fig. 2a,b), induced SA-b-Gal
activity (Fig. 2c) and the interleukin 8 senescence marker
expression (Fig. 2d). Together, the data show that ITPR loss-of-
function promotes OIS escape, whereas ITPR activation by IP3
induces a premature senescence.

Oncogene stress provokes mitochondrial calcium relocation.
As ITPR2 and the other members of ITPR family are calcium
channels involved in regulating the exit of calcium from the ER18,
we examined calcium changes during OIS using the Oregon
Green calcium probe. We tracked calcium in live proliferating
cells (� 4OHT) and in cells in OIS (þ 4OHT). We observed a
strong change in calcium localization and pattern as it
accumulated in dots in the cytoplasm of senescent cells
(Fig. 3a,b). Interestingly, a change in calcium pattern was not
found in ITPR2-knockdown cells (Fig. 3a,b). We conclude that
senescent cells, at least in response to oncogenic stress, display an
altered calcium homoeostasis and this phenomena involves the
ITPR2 channel.

Oncogene stress lead to mitochondrial calcium accumulation.
We next wanted to determine the altered localization of calcium
in senescent cells. We hypothesized that the mitochondria would
be involved in this redistribution, since calcium release by the ER
can be transferred to mitochondria19, and also because the
MCU20,21, a key component in mitochondrial calcium uptake,
was identified in the genetic screen17. To examine the localization
of calcium dots in senescent cells, we used an red fluorescent
protein (RFP)-tagged mitochondrial protein which showed that
the calcium dots co-localize with the mitochondria during
OIS (Fig. 4a, yellow dots). To further confirm mitochondrial
calcium accumulation in senescent cells, we introduced a
genetically encoded, mitochondrially targeted calcium indicator
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‘mito-GCaMP2’ (ref. 22). The specificity of this mitochondrial
calcium reporter was demonstrated as its fluorescence increased
following IP3 treatment, which was inhibited when the cells were
pre-treated with an inhibitor of MCU (Ru360) (Fig. 4b).

Importantly, we observed a fluorescence increase in senescent
cells, absent in ITPR2-knockdown cells (Fig. 4c). Inversely, ITPR
activation by IP3 treatment, which induced senescence (Fig. 2),
also resulted in mitochondrial calcium accumulation (Fig. 4d).
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Figure 1 | ITPR2 knockdown promotes escape from OIS. HEC–TM cells were infected with a control empty vector (pRS) or with two independent

ITPR2-targeting shRNA (shITRP2_2 and 3) retroviral vectors and then the selected puromycin. (a) RNAs were extracted, retro-transcribed and ITPR2

mRNA levels analyzed by quantitative PCR. ITPR2 mRNA expression was normalized to b-actin mRNA expression. (b) Cells were treated daily with 4OHT

for 3 days to induce senescence. Six days after the 4OHT treatment, cells were counted and the number of population doublings was calculated. (c) After

seeding, cells were treated daily with 4OHT for 3 days. After 10 days, cells were paraformaldehyde fixed and crystal violet stained to monitor cell

growth. (d) Cells were seeded and 4OHT treated. Six days later, cells were fixed and SA-b-Gal activity was assayed (mean±s.d. are shown). (e) Cells were

seeded and 4OHT treated. RNAs were extracted and expression of the IL8 senescence marker analyzed by RT–qPCR. IL8 mRNAs were normalized

against b-actin levels. Images shown are representative of experiments performed at least three times. Graphs are presented with s.e.m. as errors bars,

except for panel (d), and the student t-test was used to determine the P-value. **Po0.01; ***Po0.001.
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Overall, this demonstrates that senescent cells accumulate
calcium in mitochondria, with calcium accumulation and OIS
being abolished in ITPR2-knockdown cells.

Mitochondrial calcium accumulation mediates OIS. To func-
tionally demonstrate that calcium entry is a key event in ITPR-
mediating OIS, we performed knockdown against MCU. As
expected, MCU-knockdown cells (Fig. 5a) displayed a strong
decrease in mitochondrial calcium accumulation following
oncogenic stress induction (Fig. 5b). This decreased mitochon-
drial calcium level allowed cells to escape OIS, as measured by
their ability to proliferate (Fig. 5c,d) and the absence of senes-
cence markers (Fig. 5e,f). In addition, knockdown of MICU1
(Supplementary Fig. 3a), an interactor and modulator of
MCU23,24, potentiated low oncogenic stress to induce OIS
(Supplementary Fig. 3b,c) with concomitant mitochondrial
calcium accumulation (Supplementary Fig. 3d).

Our results support the findings that, during OIS, calcium
released from the ER through ITPR channels accumulates in the
mitochondria, resulting in senescence. An ER/mitochondria
liaison can facilitate calcium exchange between both organelles19.
We then examined ER/mitochondria contact sites by co-labelling
both organelles and counting co-localized signals to examine
whether there was any change during OIS. No changes in the
number of contact sites were observed during OIS or in ITPR2-
knockdown cells (Supplementary Fig. 4).

Mitochondrial calcium leads to mitochondrial potential drop.
The next question we wanted to address was how mitochondrial
calcium overload leads to OIS. Abnormal levels of calcium in the
mitochondria are known to result in a decrease of the mito-
chondrial potential (Dc(m))25,26. We observed a drop in the
Dc(m) during OIS, as assayed by the fluorescence intensity drop
of the Rhodamine 123 (Supplementary Fig. 5) and by the
ratiometric change of JC-1 fluorescence (Fig. 6a,b). Oncogenic
stress-induced mitochondrial depolarization was not observed in
ITPR2- or MCU-knockdown cells (Fig. 6a,b and Supplementary
Fig. 5), suggesting that mitochondrial calcium overload during
OIS triggers the Dc(m) drop. This was largely supported by the
observation that, following oncogenic stress induction,
mitochondrial calcium accumulation occurred before the
Dc(m) drop (Supplementary Fig. 6). While our results suggest
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that mitochondrial calcium accumulation is the initiating event
and that it precedes depolarization, it is also probable that
depolarization further amplifies mitochondrial calcium
accumulation as previously described27. To assess the role
of Dc(m) drop during senescence, we treated cells with the
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)
uncoupler to force mitochondrial depolarization (Fig. 7a).
Mitochondrial depolarization was found to block cell growth
(Fig. 7b,c) and to induce senescence markers (Fig. 7d,e)
supporting a key role of a Dc(m) drop in OIS. In all the above
experiments, we verified that immortalized HEC, not expressing
the MEK:ER oncogene, did not display any alterations in
senescence, mitochondrial calcium levels and Dc(m) in
response to 4OHT treatment (Supplementary Fig. 7).

Mitochondrial potential drop leads to ROS production. Mito-
chondrial calcium accumulation and mitochondrial depolariza-
tion are known to generate ROS, which are OIS mediators28,29.
First we analyzed whether senescence was induced by oncogenic
stress through ITPR2 involved ROS production. We observed an
ROS increase in response to oncogenic stress in an ITPR2-
dependent manner (Fig. 8a). Accordingly, we also observed a rise
in ROS production during IP3- or FCCP-induced premature

senescence (Supplementary Fig. 8). Further supporting a role of
ROS in mediating oncogenic stress/mitochondrial calcium
accumulation-induced senescence, treatment with the anti-
oxidant GSH resulted in OIS escape (Fig. 8b).

Mitochondrial calcium participates in replicative senescence.
The above results were generated in the context of OIS, we next
wanted to assess whether similar redistribution of calcium occurs
during replicative senescence, a senescence induced by short
telomeres and a DNA damage-like response, and not based on
oncogenic stress. To this end, we used WI38 human fibroblasts30

(Supplementary Fig. 8a,b). In accordance with OIS, replicative
senescent fibroblasts were also found to display mitochondrial
calcium accumulation (Supplementary Fig. 9c,d) and a Dc(m)
drop (Supplementary Fig. 9e,f). Importantly, MCU and
ITPR2 knockdown inhibited these alterations during replicative
senescence (Supplementary Fig. 9g) and delayed senescence
(Supplementary Fig. 9h,i). Together, these data support a major
role of calcium signalling and mitochondrial activity alterations
during replicative senescence, suggesting that calcium
displacement and ensuing consequences are general markers
and actors of senescence.
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Discussion
Using a loss-of-function genetic screen, we identified ITPR2 and
MCU, two calcium channels whose depletion allowed OIS bypass.
This identification has revealed a major role of calcium move-
ment and mitochondrial calcium accumulation in the regulation

of OIS. Importantly, the participation of these channels and
mitochondrial calcium accumulation was also observed during
replicative senescence. Overall, our results unveil a novel
signalling pathway involving increased mitochondrial calcium
uptake inducing OIS.
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Figure 5 | MCU knockdown blocks mitochondrial calcium accumulation and induces OIS escape. HEC–TM cells were infected with a control empty

vector (pRS) or independent MCU-targeting shRNA retroviral vectors and then puromycin selected. (a) RNA were prepared and retro-transcribed.

Quantitative PCR against MCU was performed and the results were normalized to b-actin mRNA levels. (b) Cells transduced with a mitochondrial calcium

genetic reporter were seeded at the same density, treated with 4OHT for 3 days. Four days later, fluorescence intensities were recorded and results

displayed (n45 fields for nontreated cells, n410 fields for treated cells). (c) After seeding the same amount of cells, they were treated daily with 4OHT for

3 days to induce senescence. Six days after the 4OHT treatment, cells were counted and the number of population doublings was calculated. (d) Empty

pRS or shRNA-MCU expressing cells were seeded at the same density, treated for 3 days with 4OHT. Ten days later, cells were paraformaldehyde fixed

and crystal violet stained to monitor cell growth. (e) Cells were seeded, and treated for the next 3 days with 4OHT. Six days later, cells were fixed

and an SA-b-Gal assay performed. SA-b-Gal-positive cells were counted and representative photographs are shown (Mean±s.d.) (f) The day after

seeding, cells were 4OHT treated for 3 days. Two days later, RNAs were prepared, retro-transcribed and analyzed by quantitative PCR against IL8 and

normalized to b-actin levels. Scale bar, 50mM. Graphs are presented with s.e.m. as errors bars, except for panel (e), and the student t-test was used

to determine the P-value. *Po0.05; **Po0.01; ***Po0.001.
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In this study, we mainly investigated the role of mitochondrial
calcium accumulation on senescence, following its release from
the ER through ITPR2. The rationale for studying this was—
calcium release by the ER can be transferred to the mitochon-
dria19 where calcium might exert deleterious effects (that is,
apoptosis)25,26— and an shRNA directed against MCU,
a transporter allowing mitochondrial calcium entry, was
isolated during the genetic screen as potentially allowing OIS
escape. The data accumulated confirm a prosenescent role
of mitochondrial calcium accumulation. Indeed, the calcium
accumulated in senescent cells (OIS, replicative senescence,
induced by IP3) and its decrease by MCU knockdown results
in senescence escape.

ITPR channels are known regulators of other responses such as
ER stress, autophagy and apoptosis31–37. The effect of ITPR2 on
senescence did not appear to be linked to its role in ER stress
(Supplementary Fig. 10a) or apoptosis (Supplementary Fig. 10b),
as both of these remained unchanged during OIS. Autophagy, as
described by others38, is modified during OIS, and this is partly
reverted in ITPR2-knockdown cells (Supplementary Fig. 10c).
Further studies will be required to determine a link between
ITPR2, calcium and autophagy during senescence.

The mitochondrial calcium accumulation observed during OIS
or replicative senescence resulted in a decrease of the Dc(m) and
subsequent ROS production. Interestingly, decrease of the Dc(m)
is observed in senescent cells, in aging and in response to
oncogenic stress39–42. Nevertheless, the mechanisms responsible
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for the deregulation of mitochondrial activity in stress-induced
senescent cells are not known. Our data support the view that
accumulation of mitochondrial calcium is responsible for the
Dc(m) drop induced during replicative or oncogene-induced
senescence. In addition, we observe that decreased Dc(m)
leads to ROS production that according to our results, has an
impact on senescence. It is also possible that other processes
affected by mitochondrial activity alterations, such as decreased
ATP production during senescence, participate in senescence
regulation30,41,43–45. We have recently reported that the
decreased ATP levels during OIS in the same model correlated
with decreased glucose entry and metabolism46. In light of our
results, we speculate that the mitochondrial alterations we
observed also contribute to decrease ATP levels.

In conclusion, our results outline a new pathway, controlled by
ITPR2, but also by other ITPR and MCU calcium channels
causing mitochondrial calcium accumulation, which decreases
mitochondrial activity, and induces ROS accumulation and
senescence. Our results offer new perspectives for understanding
and developing new tools to manipulate senescence and its
related disorders.

Methods
Cell culture. HECs (Lonza) were cultured in mammary epithelial cell growth
medium (Promocell) supplemented with penicillin/streptomycin 100Uml� 1

(Life Technologies). Virus-packaging GP293 cells (Clontech) and human fibro-
blasts WI38 cells (ATCC) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Life Technologies) supplemented with 10% foetal bovine serum
(Life Technologies) and penicillin/streptomycin 100Uml� 1 (Life Technologies).
The cells were maintained at 37 �C under a 5% CO2 atmosphere.

Vectors and gene transfer. Retrovirus pRetroSuperpuro (pRS) encoding shRNAs
directed against ITPR2 and MCU were constructed by subcloning oligonucleotides
targeting the following sequences: sh2 ITPR2 50-GAGAAATGTTAGAGAAGAA-30 ,
sh3 ITPR2 50-CAGAAAACTACTAGAGAAA-30 , sh1 MCU 50-CGGCTTACCT
GGTGGGAAT-30 , sh2 MCU 50-AGGCAGAAATGGACCTTAA-30, sh3 MCU
50- GTTTTGACCTAGAGAAATA as described in Brummelkamp et al.47

Mitochondrial calcium fluorescent genetic reporter ‘mito-GCaMP2’ was extracted
by digestion with StuI-HindIII from pCDN3.1 vector22 and cloned EcoRV-HindIII
into pLNCX2 retroviral vector (Clontech). The plasmid pNLCDMEK1 (DN3,
S218E, S222D):ER was used to transfer the MEK oncogene. PEI reagent
(Euromedex) was used according to the manufacturer’s recommendations to
transfect GP293 cells with the indicated vector. Two days after transfection, the
virus-containing supernatant was mixed with fresh medium (1/2) and
hexadimethrine bromide at 8 mgml� 1 (Sigma) and used to infect target cells.
Infected HECs were selected with G418 (Life Technologies) at 100mgml� 1 and/or
puromycin (InvivoGen) at 500 ngml� 1. Knockdown of ITPR1 or ITPR3 was
performed using Mission Lentiviral Transduction particles targeting ITPR1
(NM_002222) or ITPR3 (NM_002224) (or Green Fluroscent Protein as control)
purchased from Sigma-Aldrich (clone ID TRCN0000061244 and
TRCN0000061326).

Chemicals. 4OHT (Sigma) was used daily for 3 days at 250 nM. FCCP (sc-203578,
Santa Cruz) was used daily at 300 nM, 236-Tri-O-Butyryl-myo-Inositol-145-Tri-
sphosphate-Hexakis(acetoxymethyl) Ester, IP3-AM (Sichem) was used at a final
concentration of 5 mM. 10mM Ru360 (Sigma) was used to inhibit MCU. Reduced
glutathione (GSH) (Sigma) was used at a concentration of 0.05mM.

ROS quantification. Cellular ROS contents were measured by incubating cells
with 3 mM H2DCF-DA probe for 30min. The cells were washed in phosphate-
buffered saline (PBS) (1� ) buffer, trypsinised, washed again and resuspended in
500ml PBS. ROS levels were analyzed by Fluorescence Activated Cell Sorting on a
FACSCalibur flow cytometer, with 10,000 events recorded. The final data were
analyzed using the Flow Jo 7.5.5 software.

SA-b-Gal analysis and growth assays. Cells were seeded into six-well plates.
Briefly, for growth assays, cells were washed in PBS, fixed for 15min in 3%
formaldehyde and then coloured with a crystal violet solution. For SA-b-gal assay,
cells were washed twice in PBS, fixed for 5min (room temperature) in 2%for-
maldehyde/0.2% glutaraldehyde, washed twice in PBS, and incubated overnight at
37 �C (no CO2) with a fresh SA-b-Gal stain solution as previously described in
Augert et al.30

Immunoblotting. Protein extracts were resolved by SDS-polyacrylamide gel
electrophoresis and transferred to 0.45 mm nitrocellulose membrane (BioRad).
Membranes were blocked in PBS containing 5% nonfat milk, 0.05% Tween 20.
They were then probed overnight at 4 �C with the appropriate antibodies and
dilutions. The secondary antibodies were either a peroxidase-conjugated donkey
antirabbit immunoglobulin G or a peroxidase-conjugated goat antimouse immu-
noglobulin G (Jackson ImmunoResearch Laboratories, 1:5,000). Peroxidase activity
was revealed using an enhanced chemiluminescence kit (GE healthcare). The
primary antibodies used were: anti-phosphoERK (1:1,000, 9101, Cell Signalling),
anti-phospho-histone3Ser10 (1:1,000, ab14955, Abcam), anti-active caspase 3
(1:250, ab 32042, Abcam), anti-LC3 (1:7,500, PM036, MBL) and anti-tubulin
(1:5,000, T6199, Sigma).

Reverse transcription and real-time quantitative PCR. Total RNA were
extracted based on a phenol-chloroform protocol, using TriReagent (Sigma-
Aldrich) and PhaseLockGel tubes (Eppendorf). 2 mg of total RNA was retro-tran-
scribed into complementary DNA (cDNA) using The First-Strand cDNA Synthesis
Kit (GE Healthcare, Chalfont St Giles, UK) according to the manufacturer’s
instructions. A 1:60 dilution of this RT reaction mixture was used as the cDNA
template for qPCR. TaqMan qPCR was carried out on a LightCycler 2.0 System
(Roche Applied Science). The final qPCR mixture was composed of the LightCycler
TaqMan mix (dilution 1:5) (Roche), 200 nM of primers, the Universal Probe
Library probe (100 nM) for the gene of interest (TaqMan Gene Expression Assays
(primers/probe), Life Technologies) added up with 1.67 ml of cDNA template. All
reactions were performed in triplicate. The relative amount of mRNA was calcu-
lated by the comparative Cp method following normalization against b-actin. The
primers and probes used are listed in the Supplementary Table 2.

Confocal microscopy. Samples were analyzed with a Zeiss LSM 780 NLO confocal
microscope using a � 63 oil or a � 40 oil objective. During imaging, live cells were
maintained at 37 �C in the microscope’s environmental chamber. Image acquisition
was carried out with the same gain, amplification, and exposure time between each
experimental condition and the corresponding control. Images were captured using
the Zen software and were then processed (cropping, addition of scale bars) using
NIH ImageJ. Fluorescence intensity was measured with the ImageJ software. In
each 8 bit image, fluorescence intensity above an automatic threshold was mea-
sured and if necessary, the corresponding area was also recorded.

Calcium imaging and mitochondrial labelling. Cells were plated in glass-bottom
dishes (ThermoScientific-Nunc). Cells were transduced with a modified baculo-
virus coding a mitochondrial protein fused to a RFP according to the manu-
facturer’s recommendations (CellLight Mitochondria-RFP, BacMam 2.0, C10505,
Life Technologies). Sixteen hours post-transduction, Oregon Green488 dye
(O-6147, Molecular Probes) was used to visualize any change in calcium locali-
zation in the cytoplasmic compartment. Cells were washed three times with 1ml
of HBSS without calcium (Life Technologies), treated with Oregon Green488 dye
at 2 nM for 30min at 37 �C and washed twice with HBSS without calcium. Live
cells were analyzed using confocal microscopy (Ex 561 nm/Em535–690m).

Alternatively, cells were transduced with a genetically encoded mitochondrially
targeted calcium indicator. Following selection with G418, cells were seeded in
glass-bottom dishes and treated with 4OHT, IP3-AM or FCCP as indicated.
Fluorescence (Ex 488 nm/Em 500–570 nm) was investigated in live cells using Zeiss
LSM 780 confocal microscope. Fluorescence intensity was quantified (ImageJ).
Results were calculated by dividing the mean pixel intensity by the area of the
measured spot. In short-term analysis, fluorescence was recorded every 1.5 s using a
Zeiss LSM 780 confocal microscope. The duration of the change in mitochondrial
calcium change at a region-of-interest (ROI) was calculated as the average of
each ROI. Permeant-IP3 was injected after 1min of measurement at a final
concentration of 5 mM. Results are shown as (F1-F0)/F0, where F0 is the mean
of the intensities from 10 s to 50 s.

Mitochondrial membrane potential. Cells were plated in glass-bottom dishes
(ThermoScientific-Nunc). To measure Dc(m), cells were washed three times with
1ml of HBSS without calcium, incubated with 10 mM Rhodamine 123 (R-302, Life
Technologies) for 30min, and washed again extensively before analysis by confocal
microscopy (Ex 514 nm/Em520–660 nm).

Alternatively, a ratiometric JC-1 probe (M34152, Life technologies) was used to
discriminate energized and de-energized mitochondria. Fluorescence emission shift
from green (530 nm) to red (590 nm) occurs when the dye is concentrated. As red
fluorescent aggregates in areas with high potential membrane, mitochondrial
depolarization is indicated by decreased red/green fluorescence intensity ratio. Cells
were washed, incubated 10min at 37 �C with 2 mM JC-1, washed extensively and
fluorescence emission was recorded using an LSM 780 Zeiss confocal microscope
(Ex 488 nm/Em 500–560 nm/590–650 nm).

ER-mito contact sites. A Z-stack of optical sections was captured using a Zeiss
LSM 780 confocal microscope with an Apochromat 63� /1.40 oil objective
(0.720 mM slice thickness, 30 Z sections collected at 0.360 mM intervals). Nuclei
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were labelled with Hoechst, ER were labelled with anti-calnexin (C5C9, 2679, Cell
Signalling), and MitoProfile Total OXPHOS Human Antibody Cocktail (ab110411,
Abcam) was used to label mitochondria. Colocalisation between ER and mito-
chondria was quantified using Manders’ overlap coefficient.

Statistics. Graphs are presented with s.e.m. as errors bars, unless stated otherwise,
and the student t-test was used to determine the P-value. *Po0.05; **Po0.01;
***Po0.001 unless specified otherwise in the figure legends.
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Supplementary Figure 1 ITPR2 increases in benign tumors and decreases 
in aggressive ones (a-b) According to the Oncomine database, expression of 
ITPR2 increases in renal oncocytoma (a) and prostatic intraepithelial neoplasia 
(b) that are benign tumors. (c) RNA from human primary breast cancer samples 
were analysed for ITPR2 mRNA expression by RTqPCR and normalised 
against actin mRNA. Metastasis status was 3 years after surgery. 
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Supplementary Figure 2 Role of ITPR1 and ITPR3 during OIS. (a) RNA from ctrl, shITPR2_2 
and ITPR2_3 cells were extracted, and mRNA levels of ITPR1 and ITPR3 were assessed by qRT-
PCR. (b) Levels of ITPR1, ITPR2 and ITPR3 in HECs cells were evaluated by qRT-PCR. (c) and 
(d) ITPR1 and ITPR3 mRNA levels were assessed in shITPR1 and shITPR3 cells, respectively. (e) 
The day after seeding, cells were treated with 4OHT. Ten days after treatment, HEC-TM cells were 
fixed, stained with crystal violet, or assessed for their SA-b-gal activity. Data are representative of 3 
experiments. (f) HEC-TM cells were treated with 4OHT or not. After treatment, RNA was extracted, 
and  expression of ITPR1, ITPR2 and ITPR3 was investigated by qRT-PCR. Experiments were 
performed twice. S.e.m are shown as errors bars, p values were determined using student t test. 
***p< 0.001 



Supplementary Figure 3 MICU1 knockdown potentiates OIS. (a) pRetroSuperpuro (pRS) encoding 
shRNAs directed against MICU1 were constructed by subcloning oligonucleotides targeting the 
following sequences: sh1 - GAGCTGATCTGAAGGGAAA- -GAATGGAGATGGAGAAGTA 

-TM cells were infected by the indicated retroviral vectors and puromycin selected. RNA 
were prepared, and retro-transcription quantitative PCR were performed using the following primers 

-tgatgtggacactgcattgag- -cctgctgcatggtcacttt-
probe #19 (Roche). (b-d) Cells were treated or not with a single dose of 4-OHT. Six days later, cells 
were fixed and crystal violet stained. Representative images are displayed. (c) or RNA were prepared 
and level of IL8 mRNA determined by retro-transcription quantitative PCR. (d) Mitochondrial calcium 
reporter fluorescence intensity was recorded and quantified for each condition (n>10 fields). Mean 
(±s.e.m) of two experiments are shown. p values were determined using student t test.*p< 0.05; 
**p<0.01; ***p< 0.001. 



Supplementary Figure 4 Senescence or knock-down of ITPR2 does not impair ER-mitochondria 
contacts. Ctrl or shITPR2 cells were seeded on glass dishes, treated or not with 4OHT and fixed with 
methanol. Immunofluorescence was performed to label mitochondria and ER. MitoProfile® Total 
OXPHOS Human Antibody Cocktail (Abcam) and anti-calnexin (C5C9, 2679, Cell Signaling) were 
used. A Z-stack of optical sections was captured using a Zeiss LSM 780 confocal microscope. To 
analyze colocalization of ER and mitochondria, the Manders' overlap coefficient (varying between 0 
and 1, with 0 for no overlap, and +1 for perfect overlap) was calculated. Mean ± s.d. NS: not significant 



Supplementary Figure 5 Knockdown of ITPR2 and MCU sustain (m). Cells were seeded at the 
same density, treated by 4OHT for 3 days and living cells were next incubated with a (m) marker 
(Rhodamine 123). Cell fluorescence was analysed by confocal microscopy (Ex 514 nm/Em520-660 
nm).  Scale bar: 25 M



Supplementary Figure 6 Mitochondrial calcium accumulation occurs before (m). (a) HEC-TM 
cells, transduced with or without the mitonchondrial calcium indicator, were seeded and treated with 
4OHT daily for 48h. Fluorescence emitted in live cells by the calcium indicator (upperpanel ), or by the 
JC-1 dye (lower panel) was analysed  by confocal microscopy at 48h (end of treatment) or 72h. (b) 
Fluorescence was quantified, in each condition (n>10 fields), and displayed. Representative 
quantification and images are shown. Experiments were performed twice. Scale bar: 50 M



Supplementary Figure 7 4OHT treatment in immortalized HEC (without MEK:ER) does not impact 
proliferation, mitochondrial calcium   (a) HEC-Tert cells were seeded, treated for 3 days with 4OHT 
or not, and  fixed. Cells were stained with crystal violet (upper panel) or assessed for their SA-beta-gal activity 
(lower panel). (b) HEC-Tert cells were transduced with the mitochondrial calcium indicator, selected, and seeded
in glass-bottom dishes. After 4OHT treatment, fluorescence was investigated by confocal microscopy, and then 
quantified. (c) HEC-Tert cells were seeded in glass-bottom dishes, treated with 4OHT, and incubated for 10 min 
with the JC-1 dye. Fluorescence was recorded using a LSM 780 confocal microscope, and ratio of fluorescence 
intensity (emission 590-650 nm / emission 500-560 nm) was calculated. n=10 fields for each condition. Scale bar: 
50 M



Supplementary Figure 8 Premature senescence induced by IP3 or FCCP results in ROS 
production. After daily treatment with IP3 pr FCCP, cells were incubated 30 min with the H2DCF-DA 
probe, trypsinized, washed with PBS and ROS levels in 10,000 events were assessed  by flow 
cytometry using a FACSCalibur. Data were analysed with Flow Jo software. Experiments were 
performed twice. 



Supplementary Figure 9 Knock-down of ITPR2 and MCU delays replicative senescence by preventing 
calcium relocalization and mitochondrial depolazization. Young (<p23) and old (>p26) Wi38 cells were used. 
(a) cells were seeded at the same density, fixed 2 weeks later and crystal violet stained. (b) SA- -gal activity was 
checked. (c) Cells were transduced with a RFP-coupled mitochondrial protein and incubated with oregeon green 
to visualise calcium. Fluorescence was recorded using a LSM 780 confocal microscope in live cells. Scale bar: 
25 M. (d) Cells were transduced with the mitochondrial calcium indicator mito-GCaMP2, and fluorescence in 
young and old cells was analysed with a confocal microscope. (e) Mitochondrial membrane potential was 
assessed with Rhodamine 123 or (f) with the JC-1 probe.  N=5 fields (young cells), n=15 fields (old cells). (g)  to 
(i) young Wi38 cells were transduced with an shRNA targeting MCU or ITPR2, or with an empty vector (ctrl), and 
were split every week. (g) Cells were incubated with Oregon Green or Rhodamine 123, and analysed by confocal 
microscopy. (h) SA- -gal activity was assessed, and (i) proliferation was assayed by a crystal violet staining. 
Scale bar: 50 M. .*p< 0.05; **p<0.01; ***p< 0.001



Supplementary Figure 10 Apoptosis, autophagy and ER stress during OIS. (a) HMEC-TM cells were treated 
or not with 4OHT or tunicamycine, as a positive control to induce an ER stress. Protein extracts were prepared 
and immunoblot performed using antibodies directed against the indicated ER stress markers. (b) HMEC-TM cells 
were treated or not with 4OHT or gemcitabine, as a positive control to induce apoptosis. Protein extracts were 
prepared and immunoblot performed using an antibody directed against the active cleaved caspase-3. (c) HMEC-
TM cells were treated or not with 4OHT. Protein extracts were prepared and immunoblot performed using an 
antibody directed against LC3. LC3 form II appeared when autophagy is induced. 



Supplementary Table 1 ITPR2 expression decreases in various cancers 

Cancer number of analyses with altered ITPR2 
expression

Decrease (D) or 
Increase (I) in cancer

Bladder 1 D 
Brain and CNS 4 I

Cervical 3 D 
Esophageal 3 D

Head and Neck 3 D 
Kidney 3+2 D+I

Melanoma 2 D 
Other 3 D

Ovarian 1 D 
Pancreatic 1 D
Prostate 4 I 
Sarcoma 1 D

Supplementary Table 1 The Oncomine database was interrogated for expression of ITPR2 in cancer with the 
following threshold: p-value <0.001, fold change >2, gene rank of 10%.



Supplementary Table 2 List of primers used for quantitative PCR 

Gene Name NCBI reference 
sequence Primers UPL

probe 

ACTB NM_001101.3 -attggcaatgagcggttc-
-cgtggatgccacaggact- 11

ITPR1 NM_002222.5 Right 5'-tgcaaatcctgctcctctgt-3' 
Left 5'-tacccagcggctgctaac-3' 17

ITPR2 NM_002223.2 -aaagcctcagtggaatcctgt-
-atggcaattccacgattttt- 41

ITPR3 NM_002224.3 -ggagcaagatcgtccatca-3' 
-ctgctgtagccagtgcagac-3' 1

MCU NM_138357.1 
-ctggctcccctggaaaag-

-ccaccccatagcaccaaa- 35

MICU1 NM_006077.3 -tgatgtggacactgcattgag-
- cctgctgcatggtcacttt- 19

IL8 NM_000584.3 
-agacagcagagcacacaagc-

-atggttccttccggtggt- 72

Supplementary Table 2 List of primers, their sequences and UPL probes used for quantitative PCR.
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Tumor and Stem Cell Biology

Potassium Channel KCNA1 Modulates Oncogene-Induced
Senescence and Transformation

H�el�ene Lallet-Daher1,2,3,4, Clotilde Wiel1,2,3,4, Delphine Gitenay1,2,3,4, Naveenan Navaratnam5,
Arnaud Augert1,2,3,4, Benjamin Le Calv�e1,2,3,4, St�ephanie Verbeke6, David Carling5, S�ebastien Aubert7,8,
David Vindrieux1,2,3,4, and David Bernard1,2,3,4

Abstract
Oncogene-induced senescence (OIS) constitutes a failsafe program that restricts tumor development.

However, the mechanisms that link oncogenesis to senescence are not completely understood. We carried out
a loss-of-function genetic screen that identified the potassium channel KCNA1 as a determinant of OIS escape
that can license tumor growth. Oncogenic stress triggers an increase in KCNA1 expression and its relocation from
the cytoplasm to themembrane.Mechanistically, this relocation is due to a loss of protein kinase A (PKA)-induced
phosphorylation at residue S446 of KCNA1. Accordingly, sustaining PKA activity or expressing a KCNA1
phosphomimetic mutant maintained KCNA1 in the cytoplasm and caused escape from OIS. KCNA1 relocation
to the membrane induced a change in membrane potential that invariably resulted in cellular senescence.
Restoring KCNA1 expression in transformation-competent cells triggered variation in membrane potential and
blocked RAS-induced transformation, and PKA activation suppressed both effects. Furthermore, KCNA1
expression was reduced in human cancers, and this decrease correlated with an increase in breast cancer
aggressiveness. Taken together, our results identify a novel pathway that restricts oncogenesis through a
potassium channel-dependent senescence pathway. Cancer Res; 73(16); 5253–65. �2013 AACR.

Introduction
Cellular senescence is induced by various cellular stresses

such as telomere shortening or oncogenic stress and it results
in a stable form of cell-cycle arrest and the appearance of new
cellular features such as in morphology or senescence-associ-
ated b-galactosidase activity (SA-b-Gal). Senescence by its
antigrowth signal is considered as a barrier against tumor
development (1–4).
The concept of oncogene-induced senescence (OIS) as a

tumor-suppressive mechanism emerged in the late 90s, with
the observation that activated oncogenes cause senescence of
normal cells in culture (5). After years of debate about the
relevance of this observation, a set of in vivo studies revealed
the presence of senescence in premalignant tumors and

its absence in malignant tumors (4). In addition to confirma-
tion of the relevance of oncogene-induced senescence, molec-
ular insights into its regulation have emerged. Key cell-cycle
regulators such as those directly regulating the p16-pRb and
p53 pathways are reported to affect oncogene-induced senes-
cence (6). Recently, some unexpected mechanisms impacting
these pathways have been shown to regulate senescence, for
example, regulation by DNA damage, by secreted factors such
as cytokines, and by autophagy (7–10).

Most of these pathways involved a central role of the p53 as
well as of the p16–Rb pathways in human cells (11), but the
experimental evidence were mainly obtained using only
human fibroblasts. Emerging evidences support the existence
of other mechanisms regulating senescence escape. To date,
little is known about these mechanisms (12–18). Similar data
generated in human epithelial cells or in other lineages are
rather rare and seem to display a more complex picture of the
genetic events involved in senescence escape (18). As an
example, poststasis human mammary epithelial cells (HMEC),
which are not expressing the p16INK4A (19), enter in senes-
cence in response to an oncogenic stress in a DNA damage-
p53–independent pathway (17, 18).

In this study, we have carried out a functional loss-of-func-
tion short hairpin RNA (shRNA) genetic screen to identify
senescence regulators displaying tumor-suppressive activity
involved in OIS-escape in human epithelial cells. By thismeans,
we have identified the importance of a potassium channel
KCNA1 as a regulator of OIS. In particular, we observed a fine
regulation of the localization of this channel to the cell mem-
brane controlled by the protein kinase A (PKA). In addition, we
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provide evidence that change in KCNA1 localization impacts
on membrane potential, cellular senescence, and transforma-
tion processes.

Materials and Methods
Cell culture

HMECs (Lonza) were cultured in mammary epithelial cell
growth medium (Promocell) and penicillin/streptomycin
100 U/mL (Invitrogen). Virus-packaging GP293 cells (Clon-
tech), PlatE (20) cells, and NIH3T3 cells (American Type
Culture Collection) were cultured in Dulbecco's Modified
Eagle Medium (DMEM; Invitrogen) supplemented with
10% FBS (Hyclone Perbio) and gentamycin (Invitrogen) at
80 mg/mL.

Genetic screening
One hundred thousand HMEC-TM cells were seeded into 10

cm dishes. The following day, each dish was infected with a
pool of the short hairpin RNA (shRNA) library (10,000 shRNAs
per pool and in 7 pools; Decode RNAi viral screening pools,
Thermo Scientific) and treated every 2 days with 400 nmol/L 4-
OHT, a concentration that did not impact HMEC-T prolifer-
ation (data not shown). Thirty days later, gDNA was prepared
from 2 pools out of 7 with clones that escaped senescence. PCR
was used to amplify shRNA-coding DNA according to the
manufacturer's recommendations for the two conditions. They
were next cloned into the pGEMTeasy vector (Promega). One
hundred clones were sequenced and shRNA in each clone were
identified.

Vectors
KCNA1–shRNA-encoding retroviral vectors were used

to knock down KCNA1 (SourceBioScience LifeSciences,
NKI_p3205F1410Q, NKI_p3205J1710Q). KCNA1 cDNA [Open
Biosystems (MHS1010-98052646)] was excised by EcoRI and
cloned into the pLPCX (Clontech) retroviral vector. The plas-
mids pNLCDMEK1 (DN3, S218E, S222D):ER, pBabe-puro-
BRAF:ER (21) and pBabe-puro-H-RASV12 (5) were used when
indicated. PRKACB and PRKACG obtained from Addgene
(Plasmid 20596 and 20597) have been described previously
(22). The retroviral vectors pMSCV-IRES-GFP expressing
PRKAR2A or R1A were described previously (23).

Immunoblotting and immunofluorescence
Immunoblot analyses were conducted as described pre-

viously (24). For immunofluorescence, cells were fixed either
with 4% paraformaldehyde (PFA) to detect protein at the
membrane or with methanol at �20�C for 10 minutes to
detect protein at all locations. Immunofluoresence staining
was conducted as described previously (24). Stainings were
superimposed using ImageJ software. Primary antibodies
used were: anti-KCNA1 (75-105, external; NeuroMab) used
throughout the study, anti-KCNA1 (75-007, internal; Neuro-
Mab) used when mentioned, anti-phosphoERK (9101; Cell
Signaling Technology), anti-flag (200472; Stratagene), anti-
phospho-histone3Ser10 (ab14955; Abcam), anti-cyclinA (sc-
751; Santa Cruz Biotechnology), anti-RAS (610001, BD), and
anti-tubulin (T6199, Sigma).

SA-b-Gal analysis, colony-formation assays, and soft
agar experiments

Cells were seeded into 6-well plates (at 5 � 104 cells/well).
One day later, the various treatments began. Six to 10 days after
the initial treatment, the cells were fixed with 4% PFA and
processed as described previously (25).

Stastistical analysis
Graphs are presented with SD as errors bars, and Student t

test was used to determine the P value. �, P < 0.05; ��, P < 0.01;
and ��� , P < 0.001, unless specified otherwise in the figure
legends.

See the Supplementary Materials and Methods for details.

Results
KCNA1 downregulation induces an OIS escape

To study OIS in human epithelial cells, we used poststasis
(which does not express p16INK4a; ref. 19) HMECs. Early
passage cells (<3 passages) were immortalized by retroviral
transduction of hTert and of 4-hydroxy tamoxifen (4-OHT)
inducible oncogene MEK:ER (HMEC-TM cells) and subse-
quently used for the different experiments for no more than
10 passages. To identify new senescence regulators, we carried
out a loss-of-function genetic screen. The library was com-
posed of seven pools of shRNA, each pool containing 10,000
shRNA Our strategy was to infect HMEC-TM cells with an
shRNA library, treat them with 4-OHT every 2 days for 30 days
to activate MEK to completely block cell growth, as seen with
control GFP-expressing cells. shRNA in cells that escaped
senescence were identified (Fig. 1A; Supplementary Fig.
S1A). Among the genes that are targeted by shRNA, KCNA1,
a potassium channel, was particularly selected because its
shRNA were isolated in several clones (Supplementary Fig
S1B), and its expression was shown to be decreased in breast
cancer (26) and nothingmuch was reported about its potential
function in cancer.

To validate a role of KCNA1, HMEC-TMwere treated with 4-
OHT for 3 days, and this resulted in phosphorylation of ERK
(the MEK substrate), downregulation of the late mitosis mark-
er P-S10-H3 (Supplementary Fig. S1C), decreased cell growth
(Supplementary Fig. S1D and 1E), the appearance of SA-b-Gal
activity (Supplementary Fig. S1F), and increased levels of a
known set of senescence markers including interleukin (IL)-8
(27), Sprouty2 (28), Dec1, and DcR (Supplementary Fig. S1G;
(ref. 29). Nevertheless 10 days after oncogenic stress induction
by the 4-OHT treatment, the cells were able to regrow (data
not shown), suggesting that, in these experimental settings,
the senescent phenotype is not stable; this may be due to p16
inactivation and/or immortalization by the hTert. Therefore,
we used these cells as a model presenting the OIS hallmarks
and also used nonimmortalized HMEC that are known to
display an irreversible senescence upon oncogenic stress in-
duction to confirm a role of KCNA1 in OIS escape (17). Two
independent KCNA1-targeting shRNAs were created and con-
firmed by quantitative reverse transcription (qRT)-PCR and
immunofluorescence their ability to downregulate KCNA1
(Fig. 1B and C). KCNA1 knockdown with these new shRNAs
enabled cells to escape MEK-induced growth arrest according
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to the maintenance of cyclin A (accumulated in S, G2, and early
M phases), of P-S10-H3 (accumulated in late M phase; Fig. 1D),
the ability to proliferate and form colonies (Fig. 1E and F), and

to escapeMEK-induced expression of the SA-b-Gal senescence
marker (Fig. 1G) or MEK-induced IL-8 expression (Fig. 1H). It
also favored an escape from RAF-induced OIS hallmarks

Figure 1. KCNA1downregulation promotes escape fromOIS hallmarks. A, designof the loss-of-function shRNAgenetic screen inHMEC-TMcells. B, HMEC-TM
cells were infected with a control or with two independent KCNA1-targeting shRNA vectors. After selection, RNAs were prepared and KCNA1 expression was
measured by qRT-PCR. Relative KCNA1 mRNA expression was normalized to actin mRNA expression. The experiments shown are representative of three
repeats. C, cells were treated with 4-OHT for 3 days, fixed by methanol, and knockdown of KCNA1 protein checked by immunofluorescence. The experiments
shown are representative of two repeats. D, infected and selectedHMEC-TMcells were seeded and treated 3 timeswith 4-OHT (400 nmol/L). Six to 10days after
the first 4-OHT treatment, the following assays were conducted. Cell extracts were prepared and analyzed by immunoblotting with antibodies detecting 2
proliferation markers, cyclin A and P-S10-H3. Tubulin was monitored to check the protein loading. The experiments shown are representative of two
repeats. E, cells were PFA-fixed and cell growth was monitored with crystal violet staining. The experiments shown are representative of four repeats. F, 8 days
after 4-OHT treatment, the cellswere counted andnumber of populationdoublings calculated. The experiments shownare representative of two repeats.G, after
fixation, SA-b-Gal activity assays were conducted. The experiments shown are representative of two repeats. H, RNA were prepared and IL-8 expression
analyzed by qRT-PCR. Expression of IL-8 mRNA was normalized against actin mRNA. �, P < 0.05; ��, P < 0.01 and ���, P < 0.001.
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(Supplementary Fig. S2A and B). The ability of KCNA1 knock-
down to escape OIS in nonimmortalized HMEC-MEK:ER
(HMEC-M) was confirmed by checking cell proliferation (Sup-
plementary Fig. S3A), SA-b-Gal staining (Supplementary Fig.
S3B), and IL-8 expression (Supplementary Fig. S3C).

KCNA1 is relocated to the membrane by the oncogenic
stress

To verify KCNA1 expression is regulated by oncogenic stress,
KCNA1 expression levels were monitored. Both KCNA1 tran-
scripts (Fig. 2A) and KCNA1 protein (Fig. 2B and C and
Supplementary Fig. S3D) were found to increase in response
to oncogenic stress in immortalized and nonimmortalized
HMEC. KCNA1 being a potassium channel involved in potas-
sium efflux from the cell, we next investigated its subcellular
localization by confocal microscopy during OIS. Interestingly,
KCNA1was found to localize at the cellmembrane (Fig. 2C). To
confirm its localization at the membrane during OIS, further
immunofluorescence studies were conducted using antibodies
recognizing the extracellular and intracellular part of KCNA1
on nonpermeabilized cells. Only the antibody that recognizes
the extracellular KCNA1 labeled the cells, confirming the

membrane localization of KCNA1 (Fig. 2D and Supplementary
Fig. S3D). Both antibodies labeled the cells in a similar fashion
in permeabilized cells confirming the specificity of the anti-
bodies for KCNA1. Importantly, we also observed higher apical
membrane KCNA1 levels in human prostatic–intraepithelial
neoplasias, known to display OIS (7, 30), than in the adjacent
normal tissue (Fig. 2E). This is consistent with our in vitro
observations. Taken together, these results show that KCNA1
expression and localization are regulated by oncogenic stress
and are involved in OIS. Interestingly, HMEC in replicative
senescence also displayed an increased and membrane-local-
ized KCNA1 (Supplementary Fig. S3E and 3F), suggesting it
might have a role in senescence beyond oncogenic–stress-
induced senescence.

Having shown that KCNA1 downregulation favors escape
from oncogene-induced senescence, we next examined the
effect of its constitutive expression. Surprisingly, constitutive
expression of KCNA1 (Supplementary Fig. S4A and 4B) did not
significantly reduce cell growth (Supplementary Fig. S4C) or
induce the appearance of the SA-b-Gal senescence marker
(Supplementary Fig. S4D). In addition, ectopically expressed
KCNA1 failed to locate at the membrane according to the

Figure 2. KCNA1 expression is
upregulated and membrane-
localized by the oncogenic stress.
A, after 3 days of treatment with
4-OHT (400 nmol/L), RNAs were
prepared and analyzed for KCNA1
expression by qRT-PCR.
Expression of KCNA1 mRNA was
normalized against actin mRNA.
The experiments shown are
representative of three repeats.
B, after 4-OHT treatment, cell
extracts were prepared and
analyzed by immunoblotting with
antibodies recognizing KCNA1 or
tubulin to check loading. C, after 4-
OHT treatment, HMEC-TM cells
were fixed with methanol and
KCNA1 was detected by
immunofluorescence. Nuclei are
counterstained by Hoechst. Cells
were analyzed by confocal
microscopy. The experiments
shown are representative of three
repeats. D, after 4-OHT treatment,
HMEC-TM cells were fixed with
methanol or PFA and total or
membrane-bound KCNA1 were
respectively detected by
immunofluorescence using an
antibody directed against the
extracellular or the intracellular
part of KCNA1 as indicated.
The experiments shown are
representative of three repeats.
E, KCNA1 expression was
analyzed in normal human
prostatic gland and prostatic
intraepithelial neoplasia.
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absence of labeling by immunofluorescence using the antibody
recognizing the extracellular part of KCNA1 (Supplementary
Fig. S4E, green panel). However, inducing the oncogenic stress
allowed the overexpressedKCNA1 to relocate at themembrane
(Supplementary Fig. S4E, red panel). To further confirm that a
mechanism specifically related to oncogenic stress must be
involved in triggering KCNA1 relocation to the membrane, we
biotinylated the extracellular part of membrane-bound pro-
teins of live cells with orwithout the induction of the oncogenic
stress. Biotinylated KCNA1 was only observed in cells where
oncogenic stress was induced. As expected, KCNA1 was bio-
tinylated and, thus, membrane located upon oncogenic stress
(Supplementary Fig. S4F). Accordingly, a low level of oncogenic
stress, induced with a low dose of 4-OHT, was sufficient to
trigger senescence hallmarks in cells ectopically expressing
KCNA1 (Supplementary Fig. S4G–S4J). The same treatment
when applied to control cells caused a growth slowdownbut no
senescence (Supplementary Fig. S4G–S4J). In addition, we
observed the translocation of KCNA1 to occur as early as 8
hours after oncogenic stress induction (Supplementary Fig.
S4K). Our data show that oncogenic stress induces KCNA1
relocation to the membrane, participating in oncogene-
induced senescence. This translocation of KCNA1 to the
membrane, probably, is an early event.

Phosphorylation of KCNA1 at Ser446 by PKA is involved
on its cytoplasmic retention
We, next, wanted to discover themechanism controlling the

KCNA1 membrane relocation upon oncogenic stress. Electro-
physiologic studies have shown that the function of KCNA1 is
regulated by its phosphorylation at Ser446 by the protein
kinase PKA (31). As phosphorylation is well known to affect
subcellular localization, we examined whether phosphoryla-
tion by PKAmight influence KCNA1 relocation. To this end, we
used a pharmacologic inhibitor (H-89) and a PKA activator
cocktail (forskolin þ IBMx, F/I). Inhibition of PKA by H-89
resulted in endogenous KCNA1 relocation to the membrane
even in the absence of oncogenic stress (Fig. 3A), whereas
activation of PKA by F/I inhibited KCNA1 relocation in
response to oncogenic stress (Fig. 3A). Ectopically expressed
active PKA subunits (Supplementary Fig. S5A and 5B) also
blocked endogenous KCNA1 membrane localization upon
oncogenic stress (Supplementary Fig. S5C), whereas PKA
inhibition by constitutively expressing PKA regulatory subu-
nits resulted in KCNA1 increased expression and membrane
localization (Supplementary Fig. S5D). Inhibition of PKA by H-
89 also resulted in membrane localization of ectopically
expressed KCNA1 (Fig. 3B), whereas PKA activation by F/I
blocked ectopically expressed KCNA1 relocalization upon
oncogenic stress, according to the result ofmembrane proteins
biotinylation experiments (Fig. 3C).
In vitro, we found the purified KCNA1 protein to be phos-

phorylated by recombinant PKA, and this phosphorylationwas
abolished by the Ser446Ala mutation (Fig. 3D). In addition, by
using a phosphoS/TPKA substrate-specific antibody on immu-
noprecipitated KCAN1, we observed a loss of KCNA1 phos-
phorylation after oncogenic stress induction (Fig. 3E). Accord-
ingly, the KCNA1 S446A-mutant expressed in cells could

localize to the membrane in the absence of oncogenic stress,
in contrast to wild-type (WT) KCNA1 (Fig. 3F and G) present at
a similar level (Supplementary Fig. S5E). Conversely, a phos-
phorylation-mimetic KCNA1-mutant (S446E) failed to relocate
to the membrane in response to oncogenic stress, unlike WT
KCNA1 (Fig. 3H and I), both proteins being expressed at similar
levels (Supplementary Fig. S5F). In summary, KCNA1 reloca-
tion to the membrane is repressed by PKA phosphorylation at
Ser-446, and this repression might be lost upon oncogenic
stress.

Sustaining PKA activity and retaining KCNA1 in the
cytoplasm allow OIS bypass

The effect of PKA-mediated phosphorylation on KCNA1
relocation in response to oncogenic stress suggests that PKA
activity must be regulated by oncogenic stress. Accordingly,
we found oncogenic stress to cause a strong decrease in PKA
activity, as estimated by measuring total phosphorylation
of PKA substrates. This decrease was countered by F/I PKA
activator treatment or by expressing PKA catalytic subunits
(Fig. 4A and Supplementary Fig. S6A) and mimicked by H-
89 PKA inhibitor treatment (Fig. 4A). Functionally,maintaining
PKA activity by ectopically expressing constitutively active
PKA subunits or by treating cells with F/I resulted in escape
from senescence in immortalized (Fig. 4B–E and Supplemen-
tary Fig. S6B) or nonimmortalized HMEC (Supplementary Fig.
S7). H-89 PKA inhibitor treatment, which induced KCNA1
plasma membrane localization (Fig. 3A and B), induced a
premature senescence (Fig. S6C and D).

We next took advantage of the KCNA1 S446E phosphomi-
metic mutant, which failedmembrane localization upon onco-
genic stress, and hypothesized that this mutant may act as a
dominant negative form as this channel forms an homotetra-
mer to allow potassium exit. If so, we expected this mutant to
induce an OIS bypass as KCNA1 knockdown did. Indeed,
ectopic expression of KCNA1 S446E allowed the cells to escape
the growth arrest (Fig. 5A and B, for immortalized HMECs, and
Supplementary Fig. S3A, for nonimmortalized HMECs), the
appearance of the SA-b-Gal senescence marker (Fig. 5C, for
immortalized HMECs, and Supplementary Fig. S3B, for non-
immortalized HMECs), and the increase of IL-8 mRNA expres-
sion (Fig. 5D, for immortalized HMECs, and Supplementary
Fig. S3C, for nonimmortalized HMECs) induced by the onco-
genic stress. Further confirming a dominant negative role of
KCNA1 S446E mutant, we observed its expression inhibited
endogenous (Supplementary Fig. S3D) or constitutively
expressed WT KCNA1 (Fig. 5E) to relocate at the membrane
upon oncogenic stress induction.

These results support the view that, by inhibiting PKA-
induced KCNA1 S446 phosphorylation, oncogenic stress trig-
gers relocation of KCNA1 to the membrane, a mechanism
participating in senescence induction.

PKA–KCNA1-membrane potential pathway impacts OIS
As KCNA1 is a channel regulating potassium efflux through

the plasma membrane (32) and, as it has relocated to the
membrane in response to oncogenic stress, we next investi-
gated whether directly adding potassium to the media might
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Figure 3. PKA phosphorylates S446 of KCNA1 and has an impact on KCNA1 localization. A, HMEC-TM cells were seeded and left untreated or treated with H-
89 PKA inhibitor, with or without 4-OHT, or with the F/I PKA activator, with or without 4-OHT. After 3 daily treatments, the cells were fixed with PFA and
subjected to KCNA1 immunofluorescence staining. The experiments shown are representative of two repeats. B and C, HMEC-TM cells expressing
KCNA1 were treated with the indicated compounds, and membrane-bound proteins were biotinylated and purified by avidin beads. An immunoblot against
total (input) and bound (beads) KCNA1 was next conducted. The experiments shown are representative of two repeats. D, HEK 293T cells were transfected
with His-tagged WT- or S446A-mutant KCNA1. The WT and mutant KCNA1 proteins were affinity purified. Eluted KCNA1 protein was phosphorylated
alone orwith PKA and separatedbySDS–PAGE.WTandS446A-mutant KCNA1phosphorylation byPKA (phosphoimage) and the protein levels (immunoblot)
are shown. The experiments shown are representative of two repeats. E, HMEC-TMconstitutively expressingKCNA1were left untreated orwere treated three
times by 4-OHT at 400 nmol/L. KCNA1 was then immunoprecipitated and an immunoblot was conducted against KCNA1 and against the phosphoS/T PKA
substrates. F, HMEC-TM cells were infected with a vector encoding WT or S446A KCNA1, puromycin selected, and seeded. Immunfluorescence
analysis against total or membrane KCNA1 were conducted. The experiments shown are representative of three repeats. G, HMEC-TM cells expressing the
indicatedKCNA1 proteinswere biotinylated and themembrane-bound proteins purified. Total (input) andmembrane bound (beads) KCNA1were analyzed by
immunoblot. The experiments shown are representative of two repeats. H, HMEC-TM cells were infected with a vector encoding WT or S446E KCNA1,
puromycin selected, seeded, and treated with 4-OHT. Membrane-located KCNA1 was visualized by immunofluorescence. The experiments shown are
representative of three repeats. I, HMEC-TM cells expressing WT or S446E mutant were treated with or without 4-OHT. Membrane-bound proteins were
purified by avidin beads after biotinylation of proteins located at the membrane. Total and membrane-located KCNA1 were then analyzed by immunoblot.
The experiments shown are representative of two repeats.
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impact senescence. Interestingly, this treatment massively
induced cellular senescence hallmarks as it resulted in a
growth arrest (Fig. 6A and B) and the appearance of SA-
b-Gal–positive cells (Fig. 6C) or increased IL-8 mRNA expres-
sion (Fig. 6D). Further suggesting a role of the extracellular
potassium, an inhibitor of the sodium/potassium ATPase
pump known to block potassium entry blocked cell growth
(Fig. 6E and F), increased the proportion of SA-b-Gal–positive
cells (Fig. 6G), and increased IL-8 mRNA expression (Fig. 6H).
Interestingly, the oncogenic stress was found to cause a

variation in membrane potential (DV(m); Fig. 6I). This onco-
genic–stress-induced variation was largely suppressed in
KCNA1-knockdown cells, indicating that KCNA1 mediates it
(Fig. 6I). Accordingly, the F/I PKA activator cocktail, which

inhibits KCNA1 relocation to the membrane, suppressed
the oncogenic–stress-induced membrane potential change,
whereas the PKA inhibitor H-89, which induces KCNA1 mem-
brane relocation in the absence of oncogenic stress, induced a
membrane potential change (Fig. 6J). The phosphomimetic
KCNA1 S446E mutant, in which membrane location by the
oncogenic stress was prevented, did not display oncogenic–
stress-induced membrane potential change (Fig. 6K). Accord-
ingly, directly adding potassium (Fig. 6L) or blocking the
sodium/potassium ATPase pump (Fig. 6M) provoked mem-
brane potential changes. Together, these results support the
view that KCNA1 membrane localization upon oncogenic
stress results in membrane potential changes. These changes
can be prevented by KCNA1 knockdown, by its retention to the

Figure 4. PKA phosphorylation of
KCNA1S446 impactOIS hallmarks
escape. A, HMEC-TM cells were
treated for 3 days with 4-OHT,
4-OHT þ forskolin/IBMx, or H89.
Cell extracts were prepared and
analyzed by immunoblotting with
antibodies directed against P-Ser/
Thr PKA substrates and against
tubulin for normalization. The
experiments shown are
representative of two repeats.
B, HMEC-TR (RAF:ER) cells were
infected with vectors driving
expression of the PRKACB or
PRKACG PKA catalytic subunit,
selected, and seeded. The next
day, the cells were left untreated or
were treated 3 times and daily with
4-OHT. Eight days after the first
treatment, cells were PFA-fixed.
Colony assays were conducted
by crystal violet staining. C, 7 days
after 4-OHT treatment, cells were
counted and the number of
population doublings calculated.
The experiment is representative of
two independent repeats. D, the
SA-b-Gal assay was conducted.
The experiments shown are
representative of three repeats.
E, RNA were prepared and IL-8
expression analyzed by qRT-PCR.
Expression of IL-8 mRNA was
normalized against actin mRNA.
��, P < 0.01 and ���, P < 0.001.
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cytoplasm through PKA activation, and by adding the phos-
phomimetic KCNA1 mutant. Conversely, these changes are
mimicked by adding potassium or blocking potassium entry by
the sodium/potassium ATPase pump inhibitor.

PKA–KCNA1 pathway impacts oncogene-induced
transformation

Our results, thus far, show that the PKA–KCNA1 pathway
regulates oncogenic-stress-induced senescence through a

membrane potential change. We, next, investigated whether
this pathway might regulate the transformation process. For
this we used NIH3T3 cells, spontaneously immortalized cells
derived from mouse embryonic fibroblasts. These cells can be
transformed by oncogenic RAS (33). When expressed alone in
NIH3T3 cells, KCNA1 failed to localize to the membrane, but
when coexpressed with oncogenic RAS, it was found at the
membrane (Fig. 7A and B). The ability of oncogenic RAS to
promote KCNA1 relocation to the membrane was inhibited by

Figure 5. KCNA1 phosphomimetic mutant allows to bypass OIS hallmarks. A–D, HMEC-TM cells were infected with an empty or S446E KCNA1 vector,
puromycin selected, seeded, and treated with or without 4-OHT for 3 days. A, 4 days later, cells were PFA-fixed and crystal violet-stained. The
experiment is representative of three repeats. B, 4 days later, cells were counted and the number of population doublings calculated. The experiment is
representative of two independent repeats. C, 4 days later, cells were analyzed for an SA-b-Gal activity test. The experiments shown are representative
of two repeats. D, RNA were prepared and IL-8 expression analyzed by qRT-PCR. Expression of IL-8 mRNA was normalized against actin mRNA. E,
HMEC-TM were infected with KCNA1 WT or with KCNA1 WT þ S446E mutant. After 4-OHT treatment, HMEC-TM cells were fixed with methanol or
PFA and total- or membrane-bound KCNA1 were respectively detected by immunofluorescence. The experiments shown are representative of two repeats.
�, P < 0.05 and ���, P < 0.001.
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constitutive PKA subunit expression (Fig. 7A and B) or PKA
induction by F/I (Supplementary Fig. S8A) as on human
epithelial cells. As expected, RAS-induced relocation of KCNA1
to the membrane resulted in membrane potential alteration

(Fig. 7C), while its sequestration in the cytoplasm caused by
F/I-triggered PKA inductionmaintained themembrane poten-
tial (Fig. 7C). Importantly, RAS-induced transformation was
blocked when KCNA1 and oncogenic RAS were coexpressed,

Figure 6. The PKA–KCNA1 pathway affects themembrane potential (Vm). A–D,HMEC-TMcells were incubated for 3 days in normalmedium ([K]þ extracellular
5mmol/L) or in amediumcontaining 50mmol/LKCl. A, cellswere fixed andcrystal violet-stained tomeasure cell growth.B, cellswere counted and thenumber
of population doublings calculated. C, cells were fixed and assayed for their SA-b-Gal activity. D, RNA were prepared and the level of IL-8 mRNA
analyzed by qRT-PCR. The experiments shown are representative of at least two repeats. E–H,HMEC-TMcells were incubated twice or not at all with ouabain
(50 nmol/L), an inhibitor of the Naþ/Kþ ATPase pump. E, cell growth was measured with crystal violet-staining. F, cells were counted and the number of
population doublings calculated. G, cells were fixed and assayed for their SA-b-Gal activity. H, RNA were prepared and the level of IL-8 mRNA analyzed by
qRT-PCR. The experiments shown are representative of at least two repeats. I, HMEC-TM cells infected with control or KCNA1–shRNA-encoding vector,
selected, and treated with or without 4-OHT for 3 days. They were, next, incubated with DiBAC4 dye to measure their membrane potential [DV(m)] by
cytometry. The experiments shown are representative of three repeats. J, HMEC-TM cells were treated for 3 days with 4-OHT, with or without the F/I PKA
activator or the PKA inhibitor H89. Variation ofmembrane potential [DV(m)] of these cells were determinedwith DiBAC4 by cytometry. The experiments shown
are representative of two repeats. K, HMEC-TM cells infected with control or S446E KCNA1 vectors were selected and treated with or without 4-OHT for 3
days. They were next incubated with DiBAC4 dye to measure their membrane potential [DV(m)]. The experiments shown are representative of two repeats. L,
HMEC-TM cells were incubated for 3 days in a medium with or without 50 mmol/L KCl. The membrane potential was determined by flow cytometry as
described earlier. The experiments shown are representative of two repeats. M, HMEC-TM cells were incubated twice or not at all with ouabain (50 nmol/L).
The membrane potential was determined by flow cytometry as described earlier. The experiments shown are representative of two repeats. ��, P < 0.01 and
���, P < 0.001.
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Figure 7. The KCNA1 pathway regulates RAS-induced transformation and predicts the risk of developing breast metastases. A, NIH3T3 cells were
infected with indicated vectors and selected. Total or membrane-associated KCNA1 was detected by immunofluorescence. The experiments shown are
representative of two repeats. B, cell extractswere prepared andanalyzedby immunoblot using an antibodydirectedagainst RAS.C,NIH3T3cells expressing
the indicated proteins were untreated or treated with F/I for 3 days. The membrane potential was measured with DiBAC4. The experiments shown
are representative of two repeats. D, NIH3T3 cells expressing indicated proteins were seeded at the same density. Five days later, representative images
were taken and presented. The experiments shown are representative of two repeats. E, 25,000 NIH3T3 cells were seeded in agar. Eleven days later,
representative images were taken and presented. The experiments shown are representative of three repeats. F, summary of the KCNA1 mRNA expression
found in various cancers as compared with normal counterparts using the oncomine database. G–I, RNA from human primary breast cancer samples were
analyzed for KCNA1 mRNA expression by qRT-PCR and normalized against actin mRNA. PCRs were conducted in triplicates. G, relative KCNA1 mRNA
expression in samples coming from patient displaying or not a metastasis in 3 years was represented. Means � SEM are represented. P values were
determined using the Mann–Whitney U test. H–I, cancer samples were, next, split in 2 groups (high and low KCNA1 levels) and Kaplan–Meier analyses of the
probability to live without metastases (H) and to survive (I) were conducted. P values were calculated using a log-rank test.
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and restored by expression of constitutively active PKA
catalytic subunits (Fig. 7D and E) and by F/I treatment
(Supplementary Fig. S8B). Interestingly, the phosphomi-
metic S446E KCNA1 mutant was unable to localize at the
membrane (Supplementary Fig. S8D), to induce a membrane
potential change (Supplementary Fig. S8C), and to block
transformation (Supplementary Fig. S8D) upon RAS expres-
sion. This confirms the inhibitory function of PKA-mediated
S446 phosphorylation.
A search in the Oncomine database, a cancer microarray

database allowing to conduct differential expression analyses
comparing most major types of cancer with respective normal
tissues, showed that some cancers were found to display an
unusually low KCNA1 mRNA level (Fig. 7F). For example, six
analyses showed a lower KCNA1 transcript level in breast
cancer samples than in normal counterparts (Fig. 7F), and
this finding was confirmed at protein level in an independent
study (26). We, next, analyzed KCNA1 mRNA expression levels
of nontreated breast primary tumors of 41 patients. Twenty
displayedmetastasis anddied before 36months and 21 showed
no metastasis and survived beyond 36 months. Interestingly,
KCNA1 mRNA expression was found to be significantly higher
in the group displaying no metastasis (Fig. 7G). In order to
examine whether low levels of KCNA1 might correlate with an
increased risk of developing metastasis and of dying, we
conducted a Kaplan–Meier analysis. Tumors displaying higher
KCNA1 expression than themedian value (� 0.00137; including
this tumor) was included in the group "high", whereas tumors
expressing lower levels than the median value (<0.00137) were
included in the group "low". Interestingly, low levels of KCNA1
were associated with an increased risk of developing metas-
tasis and of dying (Fig. 7H and I). Among these 41 primary
tumors, 34 were fully characterized for HER-2, ER, and PR
expression. We cannot observe any correlation between
KCNA1 mRNA levels and luminal A or triple-negative breast
cancer subgroups (Supplementary Fig. S9A). The number of
samples for luminal B or HER-2þ subtypes was too low to draw
any conclusion; nevertheless, our results might suggest that
KCNA1 mRNA levels are lower in Her-2þ breast tumors
(Supplementary Fig. S9A). As expected, triple-negative sub-
groups displayed higher risk of metastasis and of dying than
the luminal A group (Supplementary Fig. S9B and 9C), showing
that KCNA1 was an independent variable for metastasis and
survival. Taken together, these data support a functional role of
KCNA1 in cancer.

Discussion
Our results show that a downregulation of KCNA1, a voltage-

gated delayed potassium channel that is phylogenetically
related to the Drosophila Shaker channel, leads to an OIS
escape. Interestingly, KCNA1 localization is tightly regulated
during OIS by PKA activity. Indeed, we show that an inhibition
of PKA activity results in a loss of S446 KCNA1 phosphorylation
and a subsequent localization of KCNA1 to themembrane. The
KCNA1–PKA pathway regulates the membrane potential and
directly impacting the membrane potential induces senes-
cence in nontransformed cells. Interestingly, restoring KCNA1
at the membrane inhibits oncogene-induced cellular transfor-

mation in NIHT3T3 cells. In those cells, KCNA1 blocks onco-
gene-induced transformation without inducing cellular senes-
cence, suggesting a more general tumor-suppressive function
of KCNA1.

These data strongly support that the function of KCNA1 as a
regulator of the extracellular concentration of potassium is
required for its antioncogenic effects. However, to definitively
prove it, it would be interesting to generate a KCNA1 point
mutant able to translocate to the plasma membrane in
response to the oncogenic stress, but unable to open and to
allow potassium exit.

Evidence for the tumor-suppressive activity for KCNA1 is
also provided by the decreased expression of KCNA1 observed
in breast cancers (26) and also our observation that low level of
KCNA1 correlates with increase aggressiveness of primary
breast tumors. Furthermore, the KCNA1 gene is known to be
repressed by the polycomb repressive complexes and by DNA
methyl transferases (34, 35), two systems that are involved in
the repression of tumor-suppressive genes (36, 37), and this
supports a possible tumor-suppressive role for KCNA1.

We observed that oncogenic stress as well as a direct PKA
inhibition results in an increased KCNA1 expression. Interest-
ingly, cAMP and PKA activity has been associated with KCNA1
mRNA destabilization (38). However, we show that the mem-
brane localization of KCNA1 is not due to its increase in RNAor
protein expression, because overexpression of KCNA1 by
ectopic expression does not result in increased membrane
localization. The membrane localization occurs only after the
induction of oncogenic stress, by PKA inhibition or by expres-
sing a mutated the S446A, a nonphosphorylable amino acid.
We then end upwith amodel where PKA controls the level and
the localization of KCNA1. Regulation of the tumor-suppres-
sive function of KCNA1 in this study by the PKA, which is
considered to be a possible target for cancer therapy due to its
involvement in tumor initiation and progression in numerous
cancers (39), suggests that targeting PKA in cancer may
activate the KCNA1 tumor-suppressive pathway.

Our data also indicate that in nontransformed cells, the
oncogenic stress results in an inhibition of the PKA activity. It
has been reported that OIS induces feedback loops aiming to
switch off the oncogenic signal (28). As PKA activity positively
regulates the Raf–MEK pathway (40, 41), we speculate that the
decrease in the PKA activity during OIS that we observed can
be due to activation of such loops.

The use of KCNA1 S446E phosphomimetic mutant seems to
behave as a dominant negative form as it favors OIS escape and
inhibits membrane potential changes during the oncogenic
stress. KCNA1 exerts its potassium channel function under an
homotetramer form, and our results support the view that, in
the tetramer, the phosphorylated form is dominant over the
nonphosphorylated one.

Interestingly, the OIS in the HMECs, the cellular model we
used, does not involve p16 as it is not expressed because of its
hypermethylation (19), and does not required p53 as previously
shown (17) and confirmed by us (data not shown). A major
future challenge will, thus, be to find out how the exit of
potassium and membrane potential changes regulate senes-
cence outcome.
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Thus, overall, our data support the view that the PKA-
controlled KCNA1 membrane localization switch regulates
the response to oncogenic stress. When functional, this path-
way should contribute to sensing the aberrant oncogenic signal
by responding to senescence induction and blocking of trans-
formation. When the pathway is nonfunctional, this could
favor disabling of the senescence program and increase the
oncogene-induced transformation.
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Glucose metabolism and hexosamine pathway
regulate oncogene-induced senescence

D Gitenay1,2,3,4, C Wiel1,2,3,4, H Lallet-Daher1,2,3,4, D Vindrieux1,2,3,4, S Aubert5,6, L Payen1,2,3,4,7, H Simonnet1,2,3,4 and D Bernard*,1,2,3,4

Oncogenic stress-induced senescence (OIS) prevents the ability of oncogenic signals to induce tumorigenesis. It is now largely
admitted that the mitogenic effect of oncogenes requires metabolic adaptations to respond to new energetic and bio constituent
needs. Yet, whether glucose metabolism affects OIS response is largely unknown. This is largely because of the fact that most of
the OIS cellular models are cultivated in glucose excess. In this study, we used human epithelial cells, cultivated without glucose
excess, to study alteration and functional role of glucose metabolism during OIS. We report a slowdown of glucose uptake and
metabolism during OIS. Increasing glucose metabolism by expressing hexokinase2 (HK2), which converts glucose to glucose-6-
phosphate (G6P), favors escape from OIS. Inversely, expressing a G6P, pharmacological inhibition of HK2, or adding
nonmetabolizable glucose induced a premature senescence. Manipulations of various metabolites covering G6P downstream
pathways (hexosamine, glycolysis, and pentose phosphate pathways) suggest an unexpected role of the hexosamine pathway in
controlling OIS. Altogether, our results show that decreased glucose metabolism occurs during and participates to OIS.
Cell Death and Disease (2014) 5, e1089; doi:10.1038/cddis.2014.63; published online 27 February 2014
Subject Category: Cancer

Otto Warburg was the first to describe a metabolic switch
occurring in cancer tissues. In the presence of oxygen,
instead of producing adenosine triphosphate (ATP) through
oxidative phosphorylation, cancer cells exhibit high rates of
glycolysis. Cancer cells divide rapidly and need favorable
energy production rates. In these cells, glucose is rendered
more bioavailable and metabolizable through upregulation of
glucose transporters and metabolic enzymes. Tumor imaging
exploits this fact to detect the presence of tumors throughout
the body: cancer cells are labeled with the glucose analog
18fluorine-fluorodeoxyglucose. Mechanistically, oncogenes
products such as MYC, NF-kB, AKT, HIF, and E2F, and the
tumor-suppressor genes products such as p53 and PTEN,
which are respectively activated or inhibited in cancer, can act
on either glucose transporters, glycolytic enzymes, or both,
and this suggests that in cancer cells, the regulation of growth
is coupled with that of metabolism.1–8

Mounting evidence suggesting that increased glycolysis
plays a role in maintaining the malignant behavior of tumor
cells has raised interest in targeting the metabolism of cancer
cells in cancer therapy,9–11 but the importance of glucose
metabolism alterations early in tumorigenesis is poorly known.
Failsafe programs can protect cells from transformation, and
escape from them is necessary to allow early tumorigenesis.
Senescence, because it involves stable cell cycle arrest and
activates immune surveillance,12 constitutes such a program.
Various studies have demonstrated that activation of

oncogenes such as RAS, RAF, MEK, and others induces
senescence in vitro. More recently, work on in vivomodels has
shown that premalignant lesions exhibit high senescence
levels, whereas senescence is absent frommalignant tumors,
thus confirming a tumor-suppressor role for oncogene-
induced senescence (OIS).13

Little is known about the features of glucose metabolism in
cells undergoing OIS. It is also not known whether the features
described in malignant tumors are acquired early or late in
tumorigenesis. As far as we know, most of the papers studies
senescence response in a context of glucose excess (25mM).
Nevertheless, it is difficult to get a precise idea of glucose
concentrations used as in most of the papers they are not
mentioned, although they influence cell growth and sene-
scence.14,15

Alterations in enzyme activities, especially in glycolytic and
in tricarboxylic acid pathways, have been reported to
modulate senescence response. Indeed, increased glycolytic
enzyme activities favor senescence escape in mouse
embryonic fiblroblasts.5 Decreased tricarboxylic acid malic
enzymes seem to participate in p53-induced senescence,16

whereas the use of pyruvate dehydrogenase to fuel tricar-
boxylic acid cycle promotes senescence,17 provoking a
debate on the role of tricarboxylic acid cycle on senescence.
Here, we used human epithelial cells cultivated at 8mM
glucose, rather close to its physiological level, to examine the
role, if any, of glucose metabolism during OIS. Surprisingly,
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we found that glucose uptake and metabolization is
altered after oncogenic stress and this alteration participates
in senescence.

Results

OIS impairs glucose metabolism. To study glucose
metabolism during OIS, we focused on human epithelial cells
cultivated without glucose excess. We first immortalized
human epithelial cells by expressing hTert to overcome
replicative senescence.18 Next, cells were infected with a
retroviral vector coding a fusion protein (MEK/ER or RAF/ER)
between a constitutively activated form of MEK1 or delta-
BRAF and the hormone-binding domain of the human
estrogen receptor (hbER).19,20 In response to 4-hydroxyta-
moxifen (4-OHT) and, as expected, MEK/ER-expressing cells
showed phosphorylation of the MEK substrate ERK. The
MEK induction resulted in a strong decrease of the Phospho-
S10-Histone3 mitotic marker (Figure 1a). Accordingly, MEK
activation blocked cell growth (Figure 1b), induced the
appearance of senescence-associated b-galactosidase activ-
ity (SA-b-Gal) (Figure 1c), and increased expression of a set
of senescence markers: Sprouty homolog 2 (SPRY2),21 the
interleukin-8 (IL-8),22 and the Deleted In Esophageal Cancer
1 (DEC1)23 (Figure 1d). Similar results were obtained using
the RAF/ER-expressing cells, RAF being the upstream kinase
of MEK (Supplementary Figure 1), showing that RAF or MEK
are equivalent systems to induce OIS.
To see whether glucose metabolism was altered during

OIS, we first compared glucose consumption by MEK/ER-
activated and -inactivated human epithelial cells. Uptake of
extracellular glucose measurement revealed markedly
decreased glucose consumption by senescent cells
(Figure 1e). In agreement with decreased glucose consump-
tion, senescent cells displayed a decreased lactate production
(Figure 1f) as well as lower ATP levels (Figure 1g). Adding
4-OHT on immortalized cells (without MEK/ER) did not induce
any senescence and glucose metabolism changes excluding
a MEK-independent effect of the 4-OHT (Supplementary
Figure 2). Altogether, these results show a decrease in
glucose metabolism during OIS in human epithelial cells.

Inhibition of the first step of glucose metabolism results
in premature senescence. Glucose metabolism is thus
regulated during OIS. We next wanted to examine whether
cellular glucose metabolization shortage is involved in
oncogenic stress-mediated senescence. We then blocked
glucose-6-phosphate (G6P) accumulation to see if this would
have an impact on senescence of human epithelial cells. This
was done by constitutively expressing glucose-6-phospha-
tase (G6PC3) that catalyzes the conversion of G6P into
glucose (Figures 2a and b). As expected, G6PC3 constitutive
expression correlated with the decrease of glucose con-
sumption (Figure 2c), lactate production (Figure 2d), and
ATP level (Figure 2e). Interestingly, this glucose metabolism
drop induced by constitutive G6PC3 expression blocked cell
growth (Figure 2f), decreased levels of proliferation markers
(Figure 2g), and induced both SA-b-Gal activity (Figure 2h)
and the expression of various senescence markers
(Figure 2i). Pharmacological inhibition of hexokinases with

Lonidamine24,25 (Supplementary Figure 3) or the use of
2-deoxy-D-glucose (2DG), a non-metabolizable form of
glucose (Supplementary Figure 4), also blocked glucose
metabolism and induced a premature senescence. Blocking
glucose metabolism in human epithelial cells thus results in
premature senescence supporting its functional role in OIS.

Hexokinase expression sustains glucose metabolism
and favors OIS escape. We next wanted to examine
whether increasing glucose metabolism might promote
escape of human epithelial cells from OIS by sustaining
glucose metabolism. Hexokinases play a major role in this
metabolism, catalyzing its first step (conversion of glucose
to G6P; Figure 2a) and thus determining both the
glucose content of the cell and the level of glucose
metabolization.11,26 We therefore investigated OIS escape
and glucose metabolism in human epithelial cells constitu-
tively expressing hexokinase 2 (HK2), the main hexokinase
involved in increasing glycolysis in cancer cells.6,11 After
retroviral transduction of HK2, we checked its constitutive
expression by immunofluorescence (Figure 3a). As
expected, constitutive HK2 expression sustained glucose
consumption (Figure 3b), lactate production (Figure 3c), and
ATP production (Figure 3d) during oncogenic stress. The
sustained glucose metabolism induced by HK2 expression
favors escape from OIS, as measured by the ability to
grow (Figure 3e), to maintain proliferation markers expres-
sion (Figure 3f), and by the absence of SA-b-Gal activity
(Figure 3g) and various senescence markers (as determined
by RT-qPCR, Figure 3h). Altogether, these results support
the view that sustaining glucose metabolism by expressing
HK2 allows escape from OIS.

Hexosamine pathway is a major pathway controlling
OIS. In order to confirm the above described results, we next
investigated the ability of glucose metabolites to allow an OIS
bypass. We first began by treating the cells with G6P, the
upstream glucose metabolite (Figure 4a). Interestingly, daily
treatment with G6P permits the cells to escape oncogenic
stress-induced growth arrest (Figure 4b) as well as the
appearance of SA-b-Gal marker (Figure 4d). Thus, genetic
(HK2 and G6PC ectopic expression), pharmacological (HK
inhibition or 2DG), as well as metabolite manipulation
through G6P all support the view that sustaining glucose
metabolization favors OIS escape.
The upstream glucose metabolite, the G6P, fuels three

main pathways: the glycolytic pathway, the hexosamine
pathway, and the pentose phosphate pathway (PPP)
(Figure 4a). These pathways participate in producing basic
cell components, energy, and in controlling the cell redox
state. We then decided to investigate these three pathways. A
decreased glycolytic pathway has already been proposed to
participate in senescence5 and is thus an obvious candidate
pathway. As expected, blocking the glycolysis by the
bromopyruvate, a GAPDH inhibitor, induced premature
senescence and resulted in strong activation of the energy
sensor AMPK (Supplementary Figure 5). Nevertheless,
pyruvate glycolysis metabolite was unable to induce an OIS
escape (Figures 4c and d) and AMPK was found only slightly
activated during OIS (Supplementary Figure 5), suggesting
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that the glycolysis, even if directly inhibited can induce a
premature senescence, was not directly involved in the OIS
we observed.
We next investigated a putative role of the PPP in OIS. The

knockdown of the G6P dehydrogenase (G6PDH), the rate-
limiting enzyme of the PPP, did not modify cell growth
(Supplementary Figure 5) and the NADPH PPP metabolite
was unable to induce an OIS escape (Figures 4c and d),
suggesting that PPP was not involved in OIS in our model.
In conclusion, we investigated the potential role of the

hexosamine pathway in OIS. Inhibition by azaserine of the
glutamine fructose-6-phosphate amidotransferase (GFAT),
the first enzyme of the hexosamine pathway, induced a
premature senescence (Supplementary Figure 5). Impor-
tantly, N-acetylGlucosamine (NAcGluc) was found to allow
cells to bypass growth arrest and SA-b-Gal senescence
marker appearance (Figures 4c and d) without modifying

glucose consumption or lactate production (Supplementary
Figure 6). In addition and as during OIS, and by contrast to the
effect of the glycolysis pathway inhibition, inhibition of the
hexosamine pathway only slightly activated AMPK
(Supplementary Figure 5). Together, these results point out
the importance of the hexosamine pathway in the OIS
response.

Discussion

The interest in glucose metabolism in cancer research
field has recently raised and it is now largely recognized
that metabolic alterations are part of the oncogenic pro-
gram.1–8,16,17 Oncogenic signal, in normal cells, provokes
senescence in order to avoid tumorigenesis;13 the role of
glucose metabolism in this process is rather unknown.
Although it has been reported that glucose levels affect

Figure 1 Glucose metabolism decreases during oncogenic stress-induced senescence. Immortalized human epithelial cells expressing the inducible MEK/ER oncogene
were treated or not with 4-OHT. (a) Cell extracts were prepared after 0, 3, or 4 days of 4-OHT treatment and analyzed by immunoblotting with the indicated antibodies. (b) Cells
were seeded at the same density and treated or not for 3 days with 4-OHT. After 5 days, they were PFA fixed and crystal violet stained. (c) After 3 days with or without 4-OHT
treatment, cells were fixed and stained for detection of SA-b-Gal activity. Percentages of stained cells were calculated and representative pictures are shown. (d) After 3 days
with or without 4-OHT treatment, RNA was prepared and the expression of the indicated senescence markers was analyzed by RT-qPCR and normalized with respect to actin
expression. (e and f) Cells were treated or not for 2 days with 4-OHT, counted, seeded back, and subjected or not to 4-OHT treatment. After 24 h, glucose uptake (e) and
lactate production (f) were determined. (g) Cells were treated with or without 4-OHT for 3 days. ATP concentration was determined and normalized with respect to the protein
content
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senescence, most of the experiments performed to decipher
the events involved in OIS are performed with excess glucose
(generally 25mM). The major problem is that most of the
cellular model used (IMR-90, WI38, MEF cells, and so on) are
adapted to grow with this high level of glucose, and
decreasing this level can affect cell growth.14 Here, we take
advantage of primary human epithelial cells that grow at 8mM
glucose, nearly the normal level of glucose, to investigate the

function of glucose metabolism during OIS. Our results show
that glucose metabolism is impaired during OIS, in part due to
a decreased glucose uptake. This decrease in glucose uptake
did not seem to be due to a decrease in Glut1 or Glut3
expression, the expressed Glut in our cells (Supplementary
Figure 7). Further work looking at glucose transporter activity
and glucose metabolism enzyme activity will be necessary
to understand the molecular mechanisms inducing these

Figure 2 Glucose-6-phosphatase blocks glucose metabolism and causes premature senescence. (a) Schematic representation of actors involved in the first glucose
metabolism step. (b–i) Immortalized human epithelial cells were infected with a control or G6PC3-encoding vector and puromycin selected. (b) RNAs were extracted and
analyzed by RT-qPCR to check for constitutive G6PC3 expression. (c–e) Equal numbers of cells were seeded and glucose uptake (c) or lactate production (d) was analyzed
after 24 h. (e) ATP concentrations were determined and normalized with respect to protein content. (f) Cells were seeded at the same density. At 6 days after seeding, they
were fixed with PFA and stained with crystal violet. (g) Cell lysates were prepared and protein expression analyzed by immunoblotting with the indicated antibodies. (h) Cells
were PFA fixed and tested for SA-b-Gal activity. (i) RNAs were extracted and analyzed by RT-qPCR for expression of the indicated senescence markers
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glucose metabolism changes during OIS. Restoring glucose
metabolism by constitutively expressing the HK2 and by
treating the cells with G6P allows to bypass OIS, whereas
inhibiting glucose metabolization by blocking the HK activity,
by constitutively expressing the glucose-6-phsphatase, or by
treating cells with 2DG induces a premature senescence. At
first sight, a recent paper from Dorr et al.,27 showing that
human and mouse fibroblasts upon RAS-induced senes-
cence display increased glucose consumption and lactate
production, might appear opposite to our results. Never-
theless, we indeed observed that MEF cells (in classical
culture condition, and hence in 25mM glucose) upon

constitutive RAS expression enter senescence with increased
glucose consumption and lactate production (Supplementary
Figure 8). This apparently opposite results might be because
of the high glucose concentration used in MEF and/or intrinsic
differences between fibroblasts and epithelial cells and/or
intrinsic differences between RAS and RAF/MEK. Indeed,
RAS activates the RAF/MEK pathway and also activates the
PI3K pathway that can activate glucose transport and
metabolism,28 eventually explaining the differences between
glucose metabolism observed in these different models of
OIS. Interestingly, the PI3K pathway has been reported in
some models to inhibit RAS/RAF/MEK pathway-induced

Figure 3 HK2 expression restores glucose metabolism and allows escape from OIS. (a–h) Immortalized human epithelial cells expressing the inducible RAF/ER
oncogene were infected with a control or HK2-encoding retroviral vector and neomycin selected. (a) Immunofluorescence against the Flag tag was performed. Nuclei were
counterstained with Hoechst. (b–d) Cells were treated or not for 2 days with 4-OHT, counted, and seeded back with or without 4-OHT. After 24 h, glucose uptake (b) and
lactate production (c) were determined. (d) Cells were treated with or without 4-OHT for 3 days as indicated. ATP concentrations were determined and normalized with respect
to the protein content. (e) Cells were seeded and treated or not for 3 days with 4-OHT. After 5 days, they were PFA fixed and crystal violet stained. (f) Cells were seeded and
treated or not for 3 days with 4-OHT. After 2 days, cell extracts were prepared and analyzed by immunoblotting with the indicated antibodies. (g) Cells were PFA fixed and
stained for SA-b-Gal detection. Percentages of stained cells were calculated and representative photographs are displayed. (h) RNAs corresponding to the indicated genes
were prepared and analyzed by RT-qPCR. Expression levels were normalized with respect to actin expression
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senescence,29,30 suggesting, with our results, that the anti-
OIS effect of the PI3K pathway might, in part, be mediated by
its ability to increase glucose uptake and metabolism.
Examining the pathways downstream of G6P involved in

OIS surprisingly suggest that the hexosamine pathway is a

key pathway in the response to oncogenic stress. This
pathway controls the N- and O-glycosylation of the proteins
and is involved in numerous biological processes such as ER
stress, gene expression, signaling, and trafficking, and thus
perturbation in that pathway may have pathophysiological

Figure 4 The hexosamine pathway favors OIS escape. (a) Schematic representation of key pathways and metabolites involved in glucose metabolism. (b) Human
epithelial cells expressing MEK/ER were seeded at the same density and treated or not for 3 days with 4-OHT, and every 2 days by G6P at 5 mM. After 5 days, they were PFA
fixed and crystal violet stained. (c) Human epithelial cells expressing MEK/ER were seeded at the same density and treated every day as indicated with or without NAcGluc at
40mM, pyruvate at 5mM, and NADPH at 100mM, and with 4-OHT for the first 3 days. (d) After treatment as indicated in (b) and (c), cells were PFA fixed and stained for SA-b-
Gal detection. Percentages of stained cells were calculated and representative photographs are displayed
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consequences.31–34 This does not exclude that for other
inducers of senescence other pathways might be involved.
For example, ectopic expression of some glycolytic enzymes
has been shown to enable MEFs to bypass senescence by
enhancing the glycolytic flux, whereas inhibition of these
enzymes results in senescence induction.5

Enhancement of glucose metabolism, extensively studied
in malignant cells, has been shown to participate in malignant
behavior.2 HK2, the most upstream glucose-metabolizing
kinase, seems to play an important role in malignant cell
growth, as the oncogenic transcription factors Myc and HIF
can increase HK2 transcription, and as HK2 expression
seems necessary to elicit a malignant cell phenotype.6,11,35,36

The increased glucose uptake and metabolism observed in
malignant cells might thus be, at least in part, acquired during
evasion to the oncogenic stress-induced senescence. It might
not be surprising taking into account the fact that OIS escape
is often considered as a step participating in the malignant
conversion of benign tumor.13,37 Supporting this assumption,
HK2 expression is significantly increased in 32% (15.9-fold,
P¼ 0.00018) of the malignant melanomas tested as com-
pared with melanocytic nevi, their benign, senescent counter-
parts (Supplementary Figure 9).38 In addition and in
agreement with our results, a recent paper showed that HK2
is required for tumor initiation induced by KRas or ErbB2.39

Altogether, our results support the view that the level of
glucose metabolization and the hexosamine pathway are key
determinants of the OIS response in human cells. This study
naturally opens new avenues of research into relationships
between OIS and glucose metabolism.

Materials and Methods
Cell culture. Human mammary epithelial cells (Lonza, Barcelona, Spain) were
cultured in mammary epithelial cell growth medium containing 8mM glucose
(Promocell, Heidelberg, Germany) and 100U/ml penicillin/streptomycin (Life
Technologies, Saint Aubin, France). Virus-packaging GP293 cells (Clontech, Saint-
Germain-en-Laye, France) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Life Technologies) with 10% FBS (Life Technologies) and penicillin/
streptomycin. The cells were maintained at 371C under a 5% CO2 atmosphere.

Retroviral infection. GP293 cells were transfected with PEI reagent
(Euromedex, Souffelweyersheim, France) according to the manufacturer’s
recommendations. At 2 days after transfection, the viral supernatant was mixed
with fresh medium (1/2) and polybrene at 8 mg/ml (Sigma, Lyon, France) to infect
target cells. Human epithelial cells were selected with G418 (Life Technologies) at
100mg/ml or/and puromycin (InvivoGen, Toulouse, France) at 500 ng/ml.

Plasmids and reagents. The plasmids were pNLCDMEK1 (DN3, S218E,
S222D)/ER (Neo R) and pBabe-puro-BRAF/ER.20 pWZL Neo Myr Flag HK2 was
obtained from Addgene (Cambridge, MA, USA) (Plasmid 20501).40 Human G6PC3
cDNA (Human MGC Verified FL cDNA, Clone ID 3050476; Thermo Scientific, Waltham,
MA, USA) was excised with EcoRI–XhoI and inserted into the pLPC-puro vector.
The 4-OHT (H7904, Sigma) was used daily for 3 days at 500 nM. The hexokinase

inhibitor Lonidamine (L4900, Sigma) was used daily at 25 mM. G6P (G7772, Sigma)
was used every other day at 5 mM, NADPH (N5130, Sigma) was used daily at
100mM, sodium pyruvate (11360039, Life Technologies) was used at 5 mM daily,
and NAcGluc (A3286, Sigma) was used daily at 40mM.

Immunoblotting and immunofluorescence. Immunoblot and immuno-
fluorescence analyses were performed as described in Bernard et al.41 The
primary antibodies used were: anti-phospho-ERK (9101, Cell Signaling, Danvers,
MA, USA), anti-Flag (200472, Stratagene, Agilent Technologies, Les Ulis, France),
anti-phospho-histone3Ser10 (ab14955, Abcam, Paris, France), anti-cyclin A
(H432, sc-751, Santa Cruz Technology, Heidelberg, Germany), and anti-tubulin

(T6199, Sigma). Quantification of immunoblots signals were performed using
ImageJ software (National Institute of Health, Bethesda, MD, USA) and
normalized to normalizator signal (tubulin or actin).

Reverse transcription and real-time quantitative PCR. TriReagent
(Sigma-Aldrich) and PhaseLockGel tubes (Eppendorf, Hamburg, Germany) were
used for total RNA preparation. The First-Strand cDNA Synthesis Kit
(GE Healthcare, Chalfont St. Giles, UK) was used to synthesize cDNA from 2mg
total RNA. The RT reaction mixture was diluted 1/60 and used as cDNA template
for quantitative PCR. TaqMan quantitative PCR was carried out on a LightCycler 2.0
System (Roche Applied Science, Meylan, France). The PCR mixture contained
1.33ml LightCycler TaqMan mix (Roche Applied Science), 0.201ml of a pre-mix of
primers and the UPL probe, and 1.67ml cDNA template in a 6.67-ml reaction
volume. The relative amount of mRNA was calculated by the comparative Cp
method after normalization against b-actin. The primers used were: actin (UPL
probe #11) forward 50-ATTGGCAATGAGCGGTTC-30 and reverse 50-GGATGCC
ACAGGACTCCAT-30, IL8 (UPL probe #72) forward 50-ATGGTTCCTT
CCGGTGGT-30 and reverse 50-AGACAGCAGAGCACACAAGC-30, Sprouty2
(UPL probe #40) forward 50- TCAGGTCTTGGAAGTGTGGTC-30 and reverse
50-TTTGCACATCGCAGAAAGAA-30, DEC-1 (UPL probe #84) forward 50-TTTCT
CCCTGACAGCTCACC-30 and reverse 50-TGAAAGCACTAACAAACCTAATT
GA-30, and G6PC3 (UPL probe #19) forward 50-TGGCTCAACCTCATCTTCAA
and reverse 50-AGAAGAGGGGAACTGGTGAAC-30.

SA-b-Gal analysis. At 6–10 days after initial treatment, the cells were fixed
with 4% PFA and processed as described in Augert et al.42

ATP-level measurement. Human epithelial cells were seeded into 10-cm
dishes at 2.105 cells/dish and treated with 500 nM 4-OHT daily for 3 days. ATP
levels were measured 1 day after the third 4-OHT treatment for human epithelial
cells. The cells were washed with iced-cold 1� PBS and extracted in an ATP-
releasing buffer containing 100 nM potassium phosphate buffer at pH 7.8, 2 mM
EDTA, 1 mM dithiothreitol, and 1% Triton X-100.43 Then, 2 ml of lysate was used
for protein determination by the Bio-Rad protein assay (Bio-Rad Laboratories,
Hercules, CA, USA). This involves adding an acidic dye to the protein-containing
lysate and measuring the absorbance at 595 nm with a spectrophotometer.
Comparison with a standard curve of bovine serum albumin (BSA, Sigma)
provides a relative measurement of protein concentration. Samples were diluted in
order to assess the ATP content per 10mg protein in each condition. ATP was
determined according to the manufacturer’s instructions (ATP determination kit,
Life Technologies). ATP levels were first expressed in nM ATP per 10 mg protein
and then normalized with respect to the level in control samples.

Glucose and lactate assays. After senescence induction by 2 days of
500 nM 4-OHT treatment, 9.104 cells were seeded into six-well plates and treated
or not with 4-OHT. After 24 h, the supernatants were collected and filtered and
then glucose and acid lactic were assayed. Assays for glucose and lactic acid
were performed with an automated analyzer, Architect C16000 (Abbott
Laboratories, Abbott Park, IL, USA).

Lactic acid was quantified on the basis of its lactate oxidase-catalyzed conversion
to pyruvate and hydrogen peroxide (H2O2), followed by peroxidase-catalyzed
conversion of the chromogen precursor ABTS (2,20-azino-di-(3-ethylbenzthiazoline
sulfonate)) to its chromogen in the presence of H2O2. The chromogen was
quantified spectrophotometrically at 548 nm, and its appearance was strictly
proportional to the lactic acid concentration. This assay is linear between 0.020 and
13.32mmol/l. Manual dilution was performed before quantification in the case of the
highest concentrations. Lactate production was calculated as the lactate
concentration measured in the cell supernatants minus the lactate concentration
measured in the cell medium.

Glucose was quantified enzymatically by coupling of the actions of hexokinase
(HK) and G6P dehydrogenase. In the presence of ATP and Mg2þ , glucose is
phosphorylated to G6P by hexokinase, and ADP is produced. The G6P is converted
to 6-phosphogluconate by G6P dehydrogenase. This reaction requires conversion
nicotinamide adenine dinucleotide from its oxidized form (NADþ ) to its reduced
form (NADH). The glucose concentration is directly proportional to the generated
NADH concentration that is spectrophotometrically measured at 340 nm. This assay
is linear between 0.28 and 44.40mmol/l. Samples containing higher concentrations
were diluted manually before quantification. Glucose uptake was calculated as the
glucose concentration of the medium minus the glucose concentration measured in
the cell supernatant.
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Statistical analysis. The values are presented as mean±S.D. unless
stated otherwise. Statistical analyses were performed using Student’s-t-test (mean
*Po0.05, mean **Po0.01, mean ***Po0.001). Each experience was at least
replicated.
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Supplementary Figure 1 Model of RAF:ER induced senescence. (a)
Immortalized human mammary epithelial cells expressing the inducible 
MEK:ER or RAF:ER oncogene were treated or not with 4-OHT for 3 days. 
On day 4 cell extracts were prepared and expression of the indicated 
proteins were analyzed by immunoblotting. (b) RAF:ER-expressing cells 
were treated or not with 4-OHT for 3 days. After 3 additional days, the cells 
were PFA-fixed and crystal-violet-stained. (c) RAF:ER cells were treated for 
3 days with 4-OHT. The next day, RNAs were prepared, reverse-transcribed, 
and those corresponding to the indicated genes were quantified. Expression 
was normalized with respect to actin expression.
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Supplementary Figure 2 4-OHT treatment does not impact 
senescence and metabolism. (a-c) HMECs hTERT without 
MEK:ER were seeded at the same density and treated with 4-OHT 
for 3 days. (a) Proliferation was assessed by crystal violet staining. 
(b) 4-OHT treatment did not induce any SA- -gal activity. (c)
Glucose uptake and (d) lactate production remained unchanged 
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Supplementary Figure 3

*** *** ***

Supplementary Figure 3 Hexokinase inhibition by Lonidamine induces premature 
senescence. (a-c) Cells treated twice with Lonidamine or not treated were seeded at the 
same density. After 24 h, glucose uptake (a), lactate production (b) and  the ATP 
concentration (c) were determined. (d) Immortalized cells were seeded and treated or 
not with Lonidamine for 3 days. Four days later, the cells were fixed and stained with 
crystal violet. (e) Cells were treated once with or without Lonidamine. The next day, cell 
extracts were prepared and analyzed by immunoblotting with antibodies targeting the 
indicated proteins. (f) Cells were treated or not with Lonidamine for 3 days. Two days
later, an SA- -Gal assay was performed. (g) Cells were grown with or without 
Lonidamine for 1 day. The following day, RNAs were prepared and expression of the 
indicated genes was measured by RTqPCR. 
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Supplementary Figure 4 Glycolysis inhibition favors senescence. 
Cells were seeded at the same density and treated with the glycolytic 
inhibitor 2-deoxy-D-glucose (2-DG) 1 mM for 4 days. (a) Proliferation 
was assessed by crystal violet staining. (b) SA- -gal activity was 
analyzed after 2-DG treatment or not. (c) Treated or non-treated cells 
were seeded at the same density and glucose uptake and lactate 
production were determined after 24h.
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Supplementary Figure 5 Glycolysis and hexosamine pathway inhibition favors premature 
senescence. (a) Cells were seeded at the same density and treated with the GAPDH inhibitor 
bromopyruvate (20 M) for 4 days. Proliferation was assessed by crystal violet staining and 
senescence by SA- -gal activity. (b) Cells were infected with 2 shRNA targeting G6PDH enzyme, 
selected and RNA prepared. RTqPCR was next performed to analyze G6PDH knockdown. (c)
Proliferation was analyzed by crystal violet staining. (d) Cells were seeded and treated for 3 days with 
25 M Azaserine, a Glutamine fructose-6-phosphate amidotransferase (GFAT) inhibitor. Cells were 
fixed and crytal violet stained (upper panel) or assayed for their SA- -gal activity. (e) Cell extracts were 
prepared and analyzed for the expression of the indicated proteins (anti-AMPK, 2532 Cell Signaling; 
anti-p-AMPK(Thr172), 2535 Cell Signaling).
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Supplementary Figure 6 N-Acetyl Glucosamine treatment does not modify 
glucose consumption and lactate production. Treated or non-treated cells 
as indicated were seeded as for senescence experiments and seeded at 
the same density the day prior (a) glucose uptake and (b) lactate 
production measurement. 
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Supplementary Figure 7 Decrease in glucose uptake during OIS 
is not due to GLUT1/GLUT3 expression donwnregulation. RNA 
was extracted from treated or non-treated cells with 4-OHT and 
reverse-transcribed. GLUT1 and GLUT3 expression was assayed 
by quantitative PCR and normalized with respect to actin 
expression. 



- +RASV12

R
el

at
iv

e 
AT

P 
co

nc
en

tra
tio

n

R
el

at
iv

e 
G

lu
co

se
 u

pt
ak

e

R
el

at
iv

e 
La

ct
at

e 
pr

od
uc

tio
n

0

0.5

1

1.5

2

2.5

0

0.5

1

1.5

2

2.5

3

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

- +RASV12 - +RASV12 - +RASV12

- +RASV12

ba

dc e

Supplementary Figure 8 OIS does not slow down glucose metabolism in mouse 
embryonic fibroblasts. MEFs were infected with a control or an RASV12 retroviral 
vector and puromycin selected. After selection, the various assays were performed. 
(a) Cells were seeded at the same density. After 5 days, they were fixed and 
crystal-violet-stained. (b) Three days after seeding, an SA- -Gal assay was 
performed. (c-e) The day after cell seeding, glucose uptake (c), lactate production 
(d), and the ATP concentration (e) were assayed. 
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PLA2R1 Mediates Tumor Suppression by Activating JAK2
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Abstract
Little is known about the physiological role of the phospholipase A2 receptor (PLA2R1). PLA2R1 has been

described as regulating the replicative senescence, a telomerase-dependent proliferation arrest. The
downstream PLA2R1 signaling and its role in cancer are currently unknown. Senescence induction in
response to activated oncogenes is a failsafe program of tumor suppression that must be bypassed for
tumorigenesis. We now present evidence that PLA2R1 functions in vitro as a tumor suppressor, the depletion
of which is sufficient to escape oncogene-induced senescence (OIS), thereby facilitating oncogenic cell
transformation. Furthermore, mice that are genetically deficient in PLA2R1 display increased sensitivity to
RAS-induced tumorigenesis by facilitating OIS escape, highlighting its physiological role as a tumor
suppressor. Unexpectedly, PLA2R1 activated JAK2 and its effector signaling, with PLA2R1-mediated inhi-
bition of cell transformation largely reverted in JAK2-depleted cells. This finding was unexpected as the JAK2
pathway has been associated mainly with protumoral functions and several inhibitors are currently in clinical
trials. Taken together, our findings uncover an unanticipated tumor suppressive role for PLA2R1 that is
mediated by targeting downstream JAK2 effector signaling. Cancer Res; 73(20); 6334–45. �2013 AACR.

Introduction
During tumorigenesis, dysregulation of oncogenes and

tumor suppressor genes interferes with normal cell homeo-
stasis, causing aberrant cell growth (1, 2). Cellular senescence is
a crucial barrier against aberrant cell growth, acting as a
tumor-suppressive mechanism by inhibiting cell immortaliza-
tion (3, 4), preventing tumoral progression (5–7), and contrib-
uting to the antitumor response of clinical drugs (8, 9).

The identification and characterization of tumor suppressor
genes controlling failsafe mechanisms including senescence
may reveal new insights into normal cell homeostasis and
related defects in tumors. A better understanding of the basic

processes involved in tumor development may lead to the
discovery of novel biomarkers and new clinically relevant
targets and pathways. By conducting loss-of-function genetic
screening, we have previously shown that cellular knockdown
of the phospholipase A2 receptor (PLA2R1) extends the popu-
lation-doubling capacity of normal human fibroblasts and
thus delays replicative senescence (10). PLA2R1 is a trans-
membrane receptor of approximately 180 to 200 kDa posses-
sing a large extracellular domain composed of a cysteine-rich
domain (Cys-R), a fibronectin-like type II domain (FN-II), and 8
C-type lectin-like domains (CTLD). It contains a single-pass
transmembrane domain and a short intracellular cytoplasmic
tail. It belongs to the mannose receptor family and binds
several secreted phospholipases A2 (sPLA2s), different types
of collagens, and carbohydrates. Some secreted phospholipase
A2 has also been shown to induce a premature senescence in
normal human fibroblasts (11). Nevertheless, the physiological
consequences of these ligands and their binding to receptors
remain unclear. Overall, the functions of PLA2R1 are, to date,
still unclear and unknown in the context of tumorigenesis
(12, 13). Given the ability of PLA2R1 to regulate the occurrence
of replicative senescence in normal human fibroblasts (10)
and the intimate relationship between senescence and cancer,
we have investigated its potential role in tumorigenesis.

Materials and Methods
Cell culture

Cell lines were cultured in DMEM (Invitrogen) for
MDAMB-231 (ATCC), MDAMB-436 (ATCC), Cama-1 (ATCC),
MDA-MB-453 (ATCC), Hs-578T (ATCC), WI38 (ATCC), and
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JAK2- or wild-type (WT)-derived NIH3T3 (14). Virus pro-
ducing GP293 cells (Clontech) were cultured in DMEM. All
medium were supplemented with 10% FBS (Lonza) and 1%
penicillin/streptomycin (Invitrogen). Human mammary epi-
thelial cells (HMEC; Clonetics) were cultured in Mammary
Epithelial Cell Growth Medium (Promocell) in the presence
of 1% penicillin/streptomycin. Normal human keratinocytes
(Lonza) were cultured in Keratinocyte Growth Medium 2
(Promocell) in the presence of 1% penicillin/streptomycin.
Upon receipt, cells were thawed, amplified, and aliquots
frozen. Experiments were conducted from these aliquots
within a 4 months period without further authentication of
the cell lines. The cells were maintained at 37�C under a 5%
CO2 atmosphere.

Immunohistochemistry
Paraffin-embedded murine tissues were used. Slides were

serially sectioned at 4-mm thickness. After deparaffinization
and rehydration, the slides were incubated in 5% hydrogen
peroxide in sterile water to block endogenous peroxidases. For
heat-induced antigen retrieval, tissue sectionswere boiled in 10
mmol/L citrate buffer pH 6 in amicrowave oven for 20minutes.
The slides were then incubated at 4�C overnight with the
primary antibodydiluted in "low-background" antibodydiluent
(DAKO Real). After rinsing in PBS, the slides were incubated
with a biotinylated secondary antibody bound to a streptavidin
peroxidase conjugate (Dako E0468) for 1 hour at room tem-
perature. Bound antibody was revealed and sections were
finally counterstained with hematoxylin. The antibodies used
are: anti-p16 (sc-1207; Santa Cruz Biotechnology), anti-Ki67
(clone Tec-3, M7249; DAKO), anti-phospho-JAK2 (Tyr 1007; sc-
101717; Santa Cruz Biotechnology), anti-DEC1 (XS2130; Novus
Biological), anti-DcR2 (ADI-AAP-371-E; Enzo Life Sciences).
Immunohistochemistry (IHC) were conducted in parallel with
the different samples for a given Ab to achieve comparable
staining allowing quantification. Counts weremade on the IHC
staining conducted fromsamples obtained from2 independent
mice. At least 1,000 cells taken from 6 to 10 independent fields
for p16 or Ki67 staining, or on 15 to 45 independent fields
(magnification, �40) for P-JAK2 were analyzed.

Immunofluorescence
Cell were fixed with methanol, incubated with the various

primary antibodies and with secondary antibodies coupled to
fluorescent dyes (Invitrogen). Nuclei were stained with Hoechst
(Sigma). The primary antibodies used were: anti-phospho-Jak2
(Tyr1007/1008; 3771; Cell Signaling) and anti-PLA2R1 (15).
Fluorescence was analyzed by normal or confocal microscopy.

Ligation proximity assay
The first steps (fixation and primary antibodies) were con-

ducted as for the immunofluorescence experiments. For the
following next steps, we followed the manufacturer's recom-
mendations (Duolink In Situ; Olink Bioscience).

Transfection and infection
Virus producing GP293 cells were transfected by means of

PEI reagent according to the manufacturer's recommenda-

tions (Euromedex). Cells were transfected with the VSVg (1 of
6) and the retroviral vector of interest (5 of 6). Two days after
transfection, the viral supernatant mixed with fresh medium
(1 of 2) and polybrene (final concentration: 8 mg/mL) was
used to infect target cells. Cells were infected for a period of
12 to 24 hours depending on the cell type. Importantly, the
infection protocols were designed so that practically all cells
were infected, as judged by the GFP positive cells. One day
postinfection, cells were selected with puromycin at the final
concentration of 0.5 to 1 mg/mL depending on the cell type
and/or with geneticin at the final concentration of 100 mg/mL.

Transformation assays
To measure anchorage-independent growth, cells were

detached with trypsin and resuspended in growth medium.
Base agar was prepared with 0.75% low-melting agarose
(Lonza) in growth medium. The top agar contained the sus-
pension of cells in 0.45% low-melting agarose (1.5–3.0 � 104

cells/well in 6-well plates, depending on the cell type). Plates
were incubated for 2 to 3 weeks at 37�C and colonies were
counted under a bright light microscope. Themean surface for
MDA-MB-436 was quantified with Image J software.

Immunoblot
Cell lysates were prepared in ice-cold Giordano buffer (50

mmol/L Tris-HCl, pH 7.4, 250mmol/L NaCl, 0.2% Triton X-100,
5 mmol/L EDTA) supplemented with protease and phospha-
tase inhibitors (Roche). Lysateswere clarified by centrifugation
at 14,000 rpm for 30 minutes at 4�C. Protein concentrations
were measured by means of the Bradford protein assay (Bio-
Rad #500-0006). Cell extracts were resolved by SDS-PAGE
under nonreducing conditions for PLA2R1 detection or reduc-
ing conditions for detection of other proteins and transferred
onto nitrocellulose membranes. For detection, the following
primary antibodies were used: anti-PLA2R1 (HPA012657;
Atlas), antitubulin (T6199; Sigma), anti-Ras (sc-520; Santa Cruz
Biotechnology), anti-phosphoERK (9101; Cell Signaling), anti-
myc tag (sc-789; Santa Cruz Biotechnology), anti-H3-pSer10
(ab14955; Abcam), anti-phospho-STAT3 Tyr 705 (9145; Cell
Signaling), and anti-STAT3 (sc-483; Santa Cruz Biotechnology).
After overnight incubation at 4�C with primary antibodies,
blots were washed with PBS containing 0.05% Tween, incu-
bated with a peroxidase-coupled secondary antibody, and
washed again in PBS containing 0.05% Tween. Antigen–anti-
body complexes were detected by ECL (Amersham).

Colony formation assays
Colony formation assays were carried out in 12-well plates.

Five to ten days after seeding, the cells were washed with PBS,
fixed with 4% paraformaldehyde, and stained with 0.05%
crystal violet (Sigma-Aldrich).

EdU staining
Infected and selected HMEC were treated with 4OHT. Two

weeks later, EdU staining was conducted with EdU Alexa Fluor
kit (Invitrogen) according to themanufacturer's recommenda-
tions. A total of 10,000 cells were analyzed by flow cytometry
and the number of EdU positive cells determined.
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RNA extraction, retro-transcription, and PCR
RNA extractions were conducted using a phenol–chloro-

formmethod using TriReagent (Sigma-Aldrich). PhaseLockGel
tubes (Eppendorf) were used for phase separation. The syn-
thesis of cDNAwas conducted from 3 mg of total RNA using the
First-Strand cDNA Synthesis Kit (GE Healthcare). The RT
reaction was diluted 1 of 60 and used as cDNA template for
quantitative PCR (qPCR) analysis. TaqMan qPCR analysis was
carried out on a LightCycler 2.0 System (Roche Applied Sci-
ence). PCRmixtures were made up of the LightCycler TaqMan
mix, 200 nmol/L primers and 1.67 mL of cDNA template.
Housekeeping gene ACTB was used for normalization. Real-
time PCR intron-spanning assays were designed using the
ProbeFinder software (Roche Applied Science).

Vectors
Human PLA2R1 (GenBank NM 007366) was amplified by

PCR from the PLA2R1-encoding pSupF vector and ligated into
the pGEMTeasy vector (Promega), sequenced and subsequent-
ly subcloned in the pLPCX retroviral vector (Clontech) using
XhoI/NotI restriction sites. The primers used for the PCR were:
Fwd: 50-TACTCGAGCCACCATGCTGCTGTCGCCGTCGCTG-
30 and Rev WT: 50-TAGCGGCCGCTTATTGGTCACTCTTCT-
CAAGATC-30. For the PLA2R1 mutant, the same Fwd primer
was used and the RevMUT sequence was: 50-TAGCGGCCGCT-
TATCTCCTGAAGAAGCCACCGTTATG-30. pMX-IRES-EGFP
ctrl or containing SOCS3myc was provided by Akihiko Yoshi-
mura (16). The plasmids pLNCX2Neo/H-Ras(G12V)-ER (17)
and pBabe-puro-H-RASV12 (18) were used as indicated in the
various experiments. Retroviral expressing short hairpin RNA
(shRNA) targeting JAK2 were ordered from Source Bioscience
Lifesciences (NKI_p3205L241Q). The retroviral vectors expres-
sing shRNAs targeting PLA2R1 were described in ref. 10.

In vivo skin carcinogenesis
PLA2R1 knockout mice were described and genotyped as

in ref. 19. Six-week-old PLA2R1 knockout or WT littermate
C57BL/6 mice were treated with a single application of
25 mg DMBA (Sigma-Aldrich) in 200 mL acetone, followed
by applications twice a week of 200 mL of TPA (Sigma-
Aldrich) of a 10�4M solution in acetone. Mice were shaved
every 2 to 3 weeks to allow better exposure to TPA. The
experiments were conducted in accordance with the animal
care guidelines of the European Union and French laws and
were validated by the local Animal Ethic Evaluation Com-
mittee (CECCAPP).

Promoter activity
Two hundred thousand GP293 cells were plated in 12 well

plate, coated with poly-lysine. HO-1 promoter luciferase vector
plasmid (20) was transfected with ctrl or with PLA2R1 encod-
ing vector in GP293 using PEI reagent according to the
manufacturer's recommendations (Euromedex). Forty-eight
hours after transfection, cells were scraped on ice with 100 mL
of cold PBS and the luminescence was measured and normal-
ized to the one of actin promoter according to the manufac-
turer's recommendations (MISSION LightSwitch Luciferase
Assay Reagent; Sigma).

SA-b-Gal analysis
SA-b-Gal analyses were conducted as in ref. 21. At least 5

differentfieldswere counted for each condition representing at
least 500 events.

Statistical analysis
The values are presented as mean � SEM. The statistical

analysis was conducted using the Student t test (�, P < 0.05;
�� , P < 0.01; ���, P < 0.005). The number of independent repli-
cates for each experiment was indicated in the figure legends.

Results
PLA2R1 decrease favors oncogene-induced senescence
escape

Senescence is activated in normal cells in response to
telomere shortening (replicative senescence) and to onco-
genic signals (oncogene-induced senescence). By blocking
cell growth, senescence prevents outgrowth of abnormal
cells. We examined the effect of PLA2R1 depletion on onco-
gene-induced senescence (OIS), a key step in tumoral pro-
gression (5, 6). According to the Oncomine database (Com-
pendia Bioscience), a database that allowed us to examine
the variation of PLA2R1 expression in several cancers versus
normal tissues, PLA2R1 mRNA levels were found to be
generally decreased in cancer and especially in breast cancer,
we then choose to investigate a putative role of PLA2R1 on
OIS using human mammary epithelial cells (Supplementary
Table). Young HMECs were infected with a retroviral vector
encoding an inducible (ER-coupled) form of a constitutively
active RAS gene (H-RASG12V) together with a control shRNA
or an shRNA targeting PLA2R1 retroviral vectors. Cells were
next selected to stably express the 2 transgenes (RASG12V:ER
þ control or RASG12V:ER þ PLA2R1 shRNA). As expected,
shRNA directed against PLA2R1 was able to decrease PLA2R1
messengers as well as endogenous or exogenous PLA2R1
proteins (Supplementary Fig. S1A–S1C). We next checked
that control or shRNA-PLA2R1 expressing cells displayed
similar RAS activation after 4-OHT treatment according to
its stabilization and to ERK phosphorylation, a substrate of
MEK, a downstream RAS effecter (Fig. 1A). As expected, the
oncogenic stress induced by RAS resulted in a major decrease
of the mitotic marker H3-pSer10 (Fig. 1A), blocked cell
growth (Fig. 1B), decreased EdU, an analogs of the T,
DNA-incorporation (Fig. 1C), increased the average cell size,
a mark of senescent cells (Fig. 1D) and resulted in an increase
in SA-b-Gal activity (Fig. 1E). In contrast, resistant clones
emerged in the PLA2R1 knockdown cells (Fig. 1B). As
expected, these cells maintained H3-pSer10 expression (Fig.
1A), displayed higher EdU incorporation (Fig. 1C), were
smaller in size (Fig. 1D) and displayed lower levels SA-b-Gal
activity (Fig. 1E) than control senescing cells. Knockdown of
PLA2R1 with a second shRNA (PLA2R1-2) also favored OIS
escape (Supplementary Fig. S1D), suggesting that these
effects were not due to off targets effects. These data support
the view that PLA2R1 expression decreased improves the
ability of HMEC to overcome oncogenic-stress–induced
senescence.
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Ectopic PLA2R1 expression inhibits cancer cell
transformation
Cellular transformation requires alterations of failsafe pro-

grams such as senescence (2).We therefore wanted to examine
whether altering PLA2R1 expression in cancer cells might
impact their ability to form clones in soft agar, a hallmark of
transformed cells. To this end, the indicated cancer cells were
infected with a control or a PLA2R1-encoding vector and

selected to stably express PLA2R1. As expected, PLA2R1 was
constitutively expressed in these cells according to immuno-
blot analyses (Fig. 2A and B). PLA2R1 constitutive expression
was found to block the growth in soft agar (Fig. 2C and D),
supporting a tumor suppressive role of PLA2R1 in cancer cells.

Next, cancer cells were transduced with retroviral vectors
expressing a control or an shRNA directed against PLA2R1 and
selected to stably inhibit PLA2R1 expression, as validated by

Figure 1. PLA2R1 regulates oncogene-induced senescence. HMEC were coinfected with H-RASG12VER encoding retroviral vector (neomycin resistance)
with retroviral vectors expressing a control or PLA2R1-targeting shRNA (shPLA2R1; puromycin resistance). They were next selected for a week with
puromycin and geneticin. The cells were then counted and plated for the different experiments. Treatment with 4-hydroxytamoxifen (4OHT) was
conducted at 100 nmol/L for 48 hours. A, Western blot analysis was conducted at the indicated times after 4OHT treatment with antibodies targeting
the indicated proteins. Tubulin was used as loading control. The experiments shown are representative of 3 repeats. B, the colony formation
assay was assessed with crystal violet 15 days after 4OHT treatment. The experiments shown are representative of 2 repeats. C, EdU staining was
conducted 2 weeks after 4OHT treatment. The relative number of EdU-positive cells was measured by flow cytometry. The experiments shown
are representative of 2 repeats. D, Ten days after the 4OHT treatment, relative cell size was measured by flow cytometry gating the FSC (forward
scattered light) parameter. The experiments shown are representative of 2 repeats. E, SA-b-Gal analysis was conducted 15 days after 4OHT
treatment. Representative pictures are shown (scale bar, 50 mm). SA-b-Gal-positive cells were quantified as indicated in Materials and Methods. The
experiments shown are representative of 2 repeats. �, P < 0.05; ���, P < 0.005.
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quantitative reverse transcription (qRT)-PCR (Fig. 2E and
Supplementary Fig. S2A). PLA2R1 knockdown was found to
increase the transformed phenotype of the MDA-MB-436 cells
asmeasured by the increase size of the soft agar clones (Fig. 2F)
and of the slightly transformed Hs-578T cells as measured by
the increased ability of these cells to form soft agar clones
(Supplementary Fig. S2B). Overall, these results show that the
decrease of PLA2R1 expression favors transformation whereas
its constitutive expression blocks cancer cell transformation.

PLA2R1 knockout mice display increased sensitivity to
RAS-induced carcinogenesis

The above results support the view that PLA2R1 loss might
favor senescence escape and transformation. To confirm a
tumor suppressive role of PLA2R1, we investigated the in vivo
cooperation between RAS and PLA2R1 loss using a RAS-
dependent skin carcinogenesis protocol. Before doing these
experiments targeting the keratinocytes in vivo, we wanted to
see whether the knockdown of PLA2R1 also favors OIS escape

in human normal keratinocytes. As previously described for
the HMEC, we stably coexpressed RASG12V:ER and, control
or PLA2R1 shRNA in the keratinocytes. As expected, we observ-
ed PLA2R1 mRNA decreased in the knockdown cells (Sup-
plementary Fig. 3A). We found that activation of RAS by
adding 4-OHT (Supplementary Fig. S3A) resulted, as expected,
in a growth arrest (Supplementary Fig. S3B and S3C) and
in accumulation of SA-b-Gal positive cells (Supplementary
Fig. S3D). By contrast, the PLA2R1 knockdown favors the
emergence of OIS resistant cells as judged by their growth
and their decreased SA-b-Gal activity (Supplementary Fig.
S3B–S3D).

RAS-dependent skin carcinogenesis protocol, 7,12-dimethyl-
benz(a)anthracene (DMBA) as an initiator and 12-O-tetrade-
canoylphorbol 13-acetate (TPA) as a promoter (22, 23), was
used to induce papillomas in WT and PLA2R1 knockout
littermate mice (19). As expected, 6 weeks of treatment (before
the appearance of the papillomas) triggered an increase
expression of senescence markers such as p16, DEC1, or DcR2

Figure 2. PLA2R1 impacts cancer
cell transformation. A and B, the
indicated cancer cell lines were
infected with a control or a
PLA2R1-encoding retroviral vector
and puromycin selected. Protein
extracts were prepared and
PLA2R1 expression verified by
Western blot. Tubulin was used as
a loading control. The experiments
shown are representative of 3
repeats. C and D, the indicated
cancer cells were seeded in soft
agar and grown for 2 weeks. The
number of clones was counted.
The experiments shown are
representative of 3 repeats. E,
MDA-MB-436 cancer cells were
infected with retroviral vectors
expressing a control or an shRNA
directed against PLA2R1 and
puromycin selected. After
selection, RNAswerepreparedand
an qRT-PCR conducted against
PLA2R1 and normalized to actin
levels. The experiments shown are
representative of 3 repeats. F,
MDA-MB-436 cells were seeded in
soft agar and images were taken
3weeks after seeding.Mean size of
the clones were calculated using
image J software. The experiments
shown are representative of
2 repeats. �,P <0.05; ���,P <0.005.
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(Supplementary Fig. S4A) in the hyperplasic epidermis. The
proliferation marker Ki67 showed that the basal epidermis
displayed increase proliferation (Supplementary Fig. S4B).
Interestingly, papillomas (observed after 10weeks of treatment

in WT mice) had decreased SA-b-Gal activity (Supplementary
Fig. S4C) and displayed a strong decrease in nuclear p16 when
compared to adjacent treated skin (Fig. 3A). Of note, the p16
staining was mainly nuclear in the adjacent skin between 6

Figure 3. PLA2R1knockoutmice display increased susceptibility to skin carcinogenesis. A, six-weeks-oldmicewere treated once by the carcinogenDMBAand
then daily, twice a week, by the promoter TPA. Tenweeks after beginning the treatment, micewere sacrificed; skins containing papilloma and adjacent tissues,
from2 independentmicepercondition,were thenfixedandparaffin-embedded.Tissuesslideswerehematoxylinstained (bluenuclei) andstainedby IHCagainst
the p16 senescentmarker (brown). p16 nuclear cell countswere conducted on at least 1,000 cells in between6 and 10 independent fields in tissues from 2mice
per condition. Representative pictures are shown (arrows indicate staining scored as positive). B,mice and skin were processed as described in A, but IHCwas
conductedagainst Ki67proliferationmarker. At least 1,000 cells were counted representing at least 6 independent fields of tissues from2 independentmice per
conditions. Representative pictures are shown (arrows indicate staining scored as positive). C, at the indicated time points after the beginning of the treatment,
macroscopicanalysis on theskinmicewere conducted to calculate thepercentageofmicedisplaying at least 1 papilloma (WT,n¼8; knockout,n¼13). D, in the
papilloma-positive mice at day 70 posttreatment, the number of papilloma per mice was counted (WT, n ¼ 2; knockout, n ¼ 8; ���, P < 0.005).
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and 10 weeks of treatment (Supplementary Figs. S3A vs. 3A,
top). These first observations support the idea that papillomas
appear when the senescence response is counteracted; car-
cinoma might require a complete switch off of all the senes-
cence markers and additional mutations (Supplementary
Fig. S4D). As expected (22, 23) both WT- or PLA2R1 knock-
out–derived papilloma displayed mutations in the 61st
codon of H-ras in contrast to nontreated skin (Supplementary
Fig. S5).

Importantly, PLA2R1 knockout mice displayed a decreased
p16 nuclear staining in adjacent skin aswell as in the papilloma
when compared to WT mice (Fig. 3A). Accordingly, the per-
centage of Ki67 positive cells was higher in the adjacent skin as
well as in the papillomas, of PLA2R1 knockout mice when
compared to theWTcounterpart (Fig. 3B). Thefirst papillomas
occurred earlier on PLA2R1 knockout mice than on WT
mice from the same littermates (50 vs. 70 days; Fig. 3C). Seventy
days after the beginning of the treatment, PLA2R1 knockout
mice skin displayed on average 3 times more papillomas than
WT mice (Fig. 3D). Our in vivo data confirms our in vitro
observations and show that loss of PLA2R1 favors OIS escape
and transformation.

PLA2R1 activates JAK2 signaling
To gain insight into signaling pathways mediating PLA2R1

cellular effects, we assayed the ability of chemical inhibitors
of some major signaling pathways to inhibit PLA2R1 effects.
We observed that constitutive expression of PLA2R1-induced
rapid cell death in some cancer cells such as the MDA-MB-
453 (unpublished data and Supplementary Fig. S6). We took
advantage of this strong apoptotic response to screen for
pathway inhibition and reversion of PLA2R1-induced cell
death. Among the inhibitors tested, only the JAK2 Z3 inhib-
itor was able to block PLA2R1-induced cell death (Supple-
mentary Fig. S6). Accordingly, we observed that cancer cells
as well as normal cells expressing PLA2R1 displayed an
activated JAK2 as confirmed by the appearance of its phos-
phorylated form (Fig. 4A and Supplementary Figs. S7A and
S7B). Activation of JAK2 by PLA2R1 was further supported by
subsequent phosphorylation of STAT3, a JAK2 kinase target
(Fig. 4B), activation of a JAK-STAT reporter (Fig. 4C; ref. 20),
by the transcriptional activation of several JAK2 signaling
targets (Fig. 4D; ref. 24), and by the transcriptional decrease
of JAK2 signaling targets in PLA2R1-knockdown cells (Fig.
S7C). In agreement with these in vitro results, DMBA/TPA-
treated adjacent skin and papilloma samples from PLA2R1
knockout mice displayed a decrease in JAK2 activation,
which correlates to accelerated senescence escape and pap-
illomas formation (Fig. 4E). These results show the ability of
PLA2R1 to activate JAK2 and its signaling.

To investigate whether or not PLA2R1 might mediate JAK2
activation through its cytoplasmic tail, we generated a PLA2R1
mutant depleted in its cytoplasmic tail (PLA2R1DCyT). Cells
were infected with control-, PLA2R1- or PLA2R1DCyT-encod-
ing retroviral vectors and selected. PLA2R1WT andDCyTwere
found to be expressed at similar levels, DCyT displaying a
small shift corresponding to the loss of the short CyT (Fig. 5A).
WT and DCyT PLA2R1 forms were both able to induce JAK2

phosphorylation (Fig. 5B) and to activate the JAK2–STAT
reporter (Fig. 5C). Finally, they both inhibited the ability of
MDA-MB-231 cancer cells to form soft agar clones (Fig. 5D).
Together these data indicate that PLA2R1 does not activate
JAK2 through its cytoplasmic tail. Nevertheless, they seemed
to belong to the same complex as PLA2R1 and P-JAK2 colo-
calized (Fig. 5E) and were positive to the ligation proximity
assay (Fig. 5F). These data support the view that PLA2R1
activates JAK2 indirectly through binding to another mem-
brane protein that remains to identify.

JAK2 mediates PLA2R1 tumor suppressive effect
We next wanted to assess whether the activation of JAK2

participates in PLA2R1 tumor suppressive effects, which may
seem at the first sight unexpected given the described onco-
genic functions of JAK2 (25, 26). To this end, we compared
the ability of PLA2R1 to block cell transformation depending
on JAK2 level. Interestingly, JAK2 knockdown (Fig. 6A and
Supplementary Fig. S8A) rendered cancer cells resistant to
PLA2R1-mediated transformation inhibition (Fig. 6B). To con-
firm these data, JAK2 knockout- and WT-derived NIH3T3
were transformed by an oncogenic Ras and the ability of
constitutive PLA2R1 expression to inhibit transformation was
assessed (Fig. 6C). As expected, constitutive PLA2R1 expres-
sion decreased the ability of WT NIH3T3 to form colonies in
soft agar (Fig. 6D). By contrast, its expression in JAK2 knockout
NIH3T3 did not reduce the number of colonies (Fig. 6D).
Finally, blocking the JAK–STAT pathway by constitutively
expressing SOCS3 (27) reverted transformation inhibition
induced by PLA2R1 in cancer cells (Supplementary Fig. S8B
and S8C). Taken together, these results show the involvement
of JAK2 kinase in mediating the tumor suppressive function of
PLA2R1.

Discussion
Our results show that a downregulation of PLA2R1 favors

an escape from oncogenic-stress induced senescence in
human epithelial cells in vitro or in mice epidermis in vivo.
In addition, the knockdown of PLA2R1 increases the trans-
formation potential of cancer cells whereas its ectopic
expression inhibits cancer cells transformation. Together
these data support a tumor suppressive role of PLA2R1.
Further supporting a tumor suppressive role of PLA2R1, is
the fact that PLA2R1 mRNA levels generally decrease in
cancers where its expression is significantly altered (Supple-
mentary Table). This bioinformatic analysis corroborates the
functional data we have obtained in this study and supports
a tumor suppressive role of PLA2R1.

Our data identifies JAK2 as a downstream effecter of
PLA2R1 tumor suppressive function. Even if our results
constitute the first functional link between PLA2R1 and JAK2,
PLA2R1 knockout mice and JAK2 knockout mice present a
least one common phenotype. Indeed, PLAR1 knockout mice
have been described to be less sensitive to LPS treatment
(19). LPS treatment is known to activate JAK2 and JAK2
knockout mice, as PLA2R1 knockout mice are also resistant
to LPS-induced endotoxic shock (28, 29). This observation
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is in agreement with our observation that PLA2R1 and JAK2
might be actors of the same pathway. In addition, our results
suggest that PLA2R1 might belong to a complex containing

JAK2 and that PLA2R1 does not require its cytoplasmic
tail to activate JAK2. Interestingly, mannose receptor, C type
2 (MRC2), which belongs to the same family of receptors

Figure 4. PLA2R1 activates JAK2. A, Cama-1 cancer cells were transfected with a control or a PLA2R1 encoding vector. Two days later, immunofluorecences
against PLA2R1 and phospho-JAK2 were conducted. Nuclei were stained by Hoechst dye. Representative pictures are displayed (scale bar, 50 mm). The
experiments shown are representative of at least 3 repeats. B, the MDA-MB-231 were infected with a control or a PLA2R1 encoding vector and puromycin
selected. Cell extracts were prepared and analyzed by immunoblot for STAT3 phosphorylation and total STAT3. ACTB was used as loading control. The
experiments shown are representative of 2 repeats. C, 293 cells were cotranfected with a control or a PLA2R1 encoding vector and a JAK2-promoter activity
reporter. Two days later, luciferase activities were measured and normalized to luciferase activity for the actin promoter. The experiments shown are
representative of 3 repeats. D, cancer cells were infectedwith a control or a PLA2R1-encoding retroviral vector and puromycin selected. RNAswere prepared
3 or 4 days later, retro-transcribed, and qPCR was conducted against the indicated genes and normalized against the mRNA expression of ACTB. The
experiments shown are representative of 2 repeats. E, IHC against phospho-JAK2were conducted on skin samples fromWT or PLA2R1 knockout mice after
10 weeks of treatment. Fifteen to 45 independent fields (magnification,�40) from 2 independent mice per condition were analyzed and classified as strongly
positive (þþ), positive (þ), or negative (�). Representative fields and how they were scored are also shown. ���, P < 0.005.
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as PLA2R1, because they share similar domains and orga-
nization (30), was found to act as a coreceptor by trimer-
izing with urokinase receptor and pro-urokinase (31). It is

tempting to speculate that PLA2R1 acts as a coreceptor
and binds a nonidentified receptor, resulting in the activation
of JAK2.

Figure 5. PLA2R1 cytoplasmic tail is not involved in JAK2 activation. A, MDA-MB-231 cells were infected with a control, WT PLA2R1, or mutant
PLA2R1DCyT encoding retroviral vector and puromycin selected. Cell extracts were prepared and analyzed by immunoblot for PLA2R1 expression.
Tubulin was used as a loading control. The experiments shown are representative of 2 repeats. B, 293 cells were transfected with a control, a WT
PLA2R1, or a mutant PLA2R1DCyT encoding vector. Two days later, immunofluorecences against PLA2R1 and phospho-JAK2 were conducted.
Nuclei were stained by Hoechst dye. Representative pictures are shown (scale bar, 50 mm). The experiments shown are representative of 2 repeats.
C, 293 cells were cotransfected with a control, a WT PLA2R1, or a mutant PLA2R1DCyT encoding vector and a JAK2-promoter activity reporter.
Two days later, luciferase activities were measured and normalized to luciferase activity for the actin promoter. The experiments shown are
representative of 3 repeats. D, MDA-MB-231 cells were infected with a control, a WT PLA2R1, or a mutant PLA2R1DCyT encoding retroviral vector and
puromycin selected. Cells were next seeded in soft agar, grown for 2 weeks and the number of clones counted. The experiments shown are
representative of 3 repeats. E, 293 cells were transfected with a PLA2R1 encoding vector. Two days later immunofluorecence against PLA2R1 and
P-JAK2 conducted. Staining was analyzed using confocal microscopy and fluorescence intensity analyzed using Image J software (scale bar, 10 mm).
The experiments shown are representative of 3 repeats. F, cells were transfected by a control or a PLA2R1 encoding vector, treated or not with the
Z3 JAK2 inhibitor to check staining specificity, and 2 days later ligation proximity assays were conducted using Ab directed against PLA2R1 and
against phospho-JAK2. Red dots show positivity between these 2 proteins (scale bar, 50 mm). The experiments shown are representative of 2 repeats.
��, P < 0.01; ���, P < 0.005.
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JAK2 is activated by numerous ligands, most of them
associated to inflammatory and immune responses (32, 33)
and is thought, in some cancer types, to be a good target to
inhibit (34, 35). Nevertheless, our results point out that JAK2
activation by PLA2R1 contributes to PLA2R1-mediating
growth defects. The fact that JAK2 might inhibit tumor
initiation is not that surprising taking into account for
example its activation by interferon, a well known antitu-
mor factor with prosenescence activity (36–40) or its acti-
vation by other known regulator of senescence such as IL6
(41, 42). In addition, some components of the JAK signaling,
such as JAK1, STAT1, STAT3, and STAT5A, are induced and
involved during the senescence program (43–46). JAK2
signaling might thus exert a dual role on cell growth and
cancer.

In conclusion, these exciting new findings on the role of
PLA2R1 and its link to JAK2 signaling in the regulation of tumor
initiation open prospects for new avenues of research in cancer
biology.
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Supplementary Table Legends  

Table. PLA2R1 expression decreases in various cancer types. The Oncomine database was 

interrogated for PLA2R1 expression in cancer with the following threshold; p-value <0.01, 

fold change >1.5, gene rank all.

Supplementary Figure Legends 

Figure S1. The knockdown of PLA2R1 favors OIS escape. A, RNA from HMEC expressing 

two different shRNA sequences targeting PLA2R1 or a control were prepared. RT-qPCR 

were performed against PLA2R1 and normalized to actin levels. The experiments shown are 

representative of two repeats. B, 293 cells were co-transfected with control or a PLA2R1 

encoding vector together with a control or independent shRNA sequence targeting PLA2R1. 

Two days later, cell extracts were prepared and analyzed by immunoblot for expression of 

PLA2R1. ACTB was used as a loading control. The experiments shown are representative of 

three repeats. C, Protein extracts from HMEC expressing two different shRNA sequences 

targeting PLA2R1 or a control were prepared. PLA2R1 expression was checked by 

immunoblot and ACTB was used as a loading control. The experiments shown are 

representative of two repeats. D, The same number of HMEC co-expressing H-RASG12VER 

and control, shPLA2R1, or shPLAR1-2 were treated with 4OHT. Fifteen days later cells were 

fixed and crystal violet stained. The experiments shown are representative of two repeats. 

Figure S2. The knockdown of PLA2R1 favors transformation. Hs-578T cells were infected 

with retroviral vectors expressing a control or shRNA directed against PLA2R1 and 

puromycin selected. A, After selection, RNAs were prepared, retro-transcribed and a qPCR 
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was performed against PLA2R1 and normalized to actin levels. The experiments shown are 

representative of three repeats. The experiments shown are representative of three repeats. B, 

Hs-578T cells were seeded in soft agar and images were taken 3 weeks after. The number of 

clones were counted. The experiments shown are representative of three repeats. 

Figure S3. The knockdown of PLA2R1 favors OIS escape in human normal keratinocytes. 

Keratinocytes were co-infected with H-RASG12VER encoding retroviral vector (neomycin 

resistance) with retroviral vectors expressing a ctrl or 2 independent PLA2R1-targeting 

shRNA (shPLA2R1) (puromycin resistance). They were next selected for a week with 

puromycin and geneticin. The cells were then counted and plated for the different 

experiments. Treatment with 4-hydroxytamoxifen (4OHT) was performed at 100nM for 48 h. 

A, RNA from keratinocytes expressing two different shRNA sequences targeting PLA2R1 or 

a control were prepared. RT-qPCR were performed against PLA2R1 and normalized to actin 

levels. The experiments shown are representative of two repeats. B, Western blot analysis was 

performed at the indicated times after 4OHT treatment with antibodies targeting the indicated 

proteins. Tubulin or ACTB was used as loading control. The experiments shown are 

representative of two repeats. C, The colony formation assay was assessed with crystal violet 

10 days after 4OHT treatment. The experiments shown are representative of two repeats. D, 

SA-�-Gal analysis was performed 7 days after 4OHT treatment. SA-β-Gal-positive cells were 

quantified as indicated in the methods section. The experiments shown are representative of 

two repeats.  

Figure S4. DMBA/TPA treatment induces senescence and its escape correlates with 

papillomas formation. A, After six weeks of treatment, WT mice were sacrificed and the 

expression of p16, DEC1 and DcR2 senescence markers was analyzed by IHC. 



3

Representative pictures are shown. B, Expression of proliferation marker Ki67 was analyzed 

by IHC. C, Skin samples from DMBA/TPA treated mice containing or not papillomas were 

extracted, fixed and assessed for the presence of the senescence associated-β-galactosidase 

activity. D, Schematic representation of the senescence response in function of the alterations 

we have observed in the mice skin during the DMBA-TPA treatment.  

Figure S5. Validation of H-Ras mutation in papilloma. A, Primers used to distinguish 

between WT H-Ras and H-Ras mutated in the 61st codon are displayed. B, WT or PLA2R1 -/- 

mice were euthanized. Non-treated or papilloma samples were extracted and frozen. gDNA 

were prepared using QIAamp DNA kit (Qiagen) according to manufacturer’s 

recommendations. PCR was performed using the indicated primers using GoTaq Flexi kit 

(Promega) according to manufacturer’s recommendations. 

Figure S6. JAK2 is involved in PLA2R1-mediated cell growth regulation. A, The table 

contains the list of chemical used, their targets, concentrations and their effect on the 

inhibition of PLA2R1-induced MDA-MB-453 cancer cell death. B, MDA-MB-453 cancer 

cells were infected with a control or PLA2R1-encoding retroviral vectors and puromycin 

selected. At day 3 post infection, cells were treated with a JAK2 inhibitor at 50 μM. Pictures 

were taken 2 days later. The experiments shown are representative of three repeats. 

Figure S7. PLA2R1 regulates JAK2 activity. A, WI38 cells were infected with a ctrl or a 

PLA2R1-encoding vector and puromycin selected. After fixation, immunofluorescence 

against PLA2R1 and phospho-JAK2 was performed and nuclei were stained by Hoechst 

(scale bar represents 50�m). The experiments shown are representative of two repeats. B, 293 

cells were transfected with a ctrl or a PLA2R1-encoding vector. Two days post transfection, 
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cells were fixed and processed for immunofluorescence (scale bar represents 50�m). The 

experiments shown are representative of two repeats. C, MDA-MB-436 cells were infected 

with a ctrl or 2 independent shRNA encoding retroviral vectors targeting PLA2R1 and 

puromycin selected. RNA were extracted, retro-transcribed and qPCR performed against the 

indicated genes. The mRNA expressions were normalized to ACTB. The experiments shown 

are representative of two repeats.

Figure S8. JAK2 mediates PLA2R1 tumor suppressive effects. A, Cancer cells were infected 

with a ctrl or a shRNA against JAK2 encoding retroviral vectors and selected. RNA were 

extracted, retro-transcriptions were performed, and qPCR were performed on JAK2 and actin 

for normalization. The experiments shown are representative of two repeats. B, MDA-MB-

231 cancer cells were infected with or without a PLA2R1-encoding retroviral vector, and with 

or without a SOCS3 encoding vector. Cell extracts were prepared and analyzed by 

immunoblot against PLA2R1, myc tag for SOCS3 and tubulin as a protein loading control. 

The experiments shown are representative of two repeats. C, Thirty thousand cells were 

seeded in agar and grown for 3 weeks. The number of colonies was counted for each indicated 

condition and representative photographs are shown. The experiments shown are 

representative of three repeats.
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