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RESUMES 

MUC/EGFR/IL17 et l’autophagie sont associés à la résistance à la chimiothérapie 

ou aux thérapies ciblées dans les cancers du sein triple négatif. 

 

Résumé : 

Le cancer du sein triple négatif (TN) est un cancer présentant des résistances 

aux agents de chimiothérapie. Malgré la forte expression de l’EGFR, il est aussi 

résistant aux agents anti-EGFR. Ces mécanismes de résistance ne sont pas connus.  

MUC1 est une protéine transmembranaire largement glycosylée. Sa fonction 

extracellulaire est impliquée dans la régulation des récepteurs membranaires, dont 

l’EGFR. Comme les autres glycoprotéines membranaires, son unité extracellulaire 

(MUC1-N) peut moduler la réponse cellulaire immune par hypersialylation. Son unité 

intracellulaire (MUC1-C) possède des sites de phosphorylation impliqués dans 

plusieurs voies de signalisation telles que PI3K/AKT/mTOR ou RAS/RAF/MEK/ERK. 

Ces dernières régulent l’autophagie qui est un mécanisme de survie cellulaire associé 

à la résistance aux agents de chimiothérapie. 

Nous avons démontré que les TN présentaient des modifications quantitatives 

et qualitatives de l’expression de MUC1, altérant probablement les régulations des 

voies associées à MUC1/EGFR dont l’autophagie. L’activation de l’autophagie 

explique la résistance aux traitements des agents de chimiothérapie. L’IL17 est un 

facteur pro-inflammatoire secrété par du microenvironnement tumoral et associé 

également à la résistance des agents de chimiothérapie des TN, par activation de la 

voie MEK/ERK, suggérant son implication à activer l’autophagie. 

En conclusion, nos travaux permettent d’émettre l’hypothèse que l’inhibition de 

l’autophagie et/ou MUC1 et/ou IL17 pourrait augmenter la sensibilité aux traitements 

de chimiothérapie ou des thérapies ciblées dirigées contre les TN.   

 

 

Mots clés : MUC1, EGFR, IL17, autophagie, triple-négatif, sein, cancer 
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MUC1/EGFR/IL17 and autophagy are associated in resistance of chemotherapy 

or targeted therapy in triple negative breast cancer. 

 

Resume 

Triple negative breast cancer (TN) is often associated to chemioresistance. 

Despite an EGRF over-expression, TN is also resistant to anti-EGFR drugs. These 

resistance mechanisms are not known yet.  

MUC1 is a transmembrane broadly glycosylated protein. Its extracellular unit 

(MUC-N) is involved to membrane receptor regulations, as EGFR. As other membrane 

glycoproteins, MUC1 could modulate, by over-sialylation, the immune cellular 

response. Its intracellular unit (MUC-C) presents phosphorylation sites involved in 

numerous signal pathways such as PI3K/AKT/mTOR or RAS/RAF/MEK/ERK. Both 

pathways regulate autophagy which is a survival cellular mechanism associated to 

resistance of chemotherapy drugs.  

We showed that TN presents quantitative and qualitative MUC1 alterations, 

likely associated with dys-regulation of autophagy/MUC1/EGFR pathways. The 

activation of autophagy explains the chemotherapy resistance. IL17 is a pro-

inflammatory interleukin secreted by the tumor microenvironment. In TN, IL17 is also 

associated to chemiorestistance throughout the MEK/ERK pathways, suggesting its 

involving activating autophagy. 

In conclusion, our work allows us to hypothesize that inhibition of autophagy 

and/or MUC1 and/or IL17 could be increasing the sensibility to chemotherapy or 

targeted therapies against TN.  

 

 

Key words : MUC1, EGFR, IL17, autophagy, triple-negative, breast, cancer 
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CORPS DU TEXTE 

1) INTRODUCTION 

Ce travail a été initié à la suite d’un programme de recherche de l’Institut de 

cancérologie Jean Godinot sur les cancers du sein triple négatifs (TN) qui a débuté, il 

y a 8 ans, lors d’une réunion de travail composée de pathologistes, d’oncologues et 

de chercheurs immunologistes. En effet, pour l’oncologue ces tumeurs TN incitent un 

sentiment d’impuissance, car elles répondent peu aux traitements de chimiothérapie 

classique. Leur pronostic est donc très péjoratif.  

Pour l’immunologiste, une des voies possibles de cet échappement se trouve 

dans le stroma et le microenvironnement tumoral. Les signaux effecteurs entre les 

cellules immunes et les cellules tumorales pourraient, en partie expliquer la résistance 

aux traitements. Par exemple, les interleukines comme IL6 et IL8 influencent cette 

relation entre les cellules immunes et les cellules tumorales. Il est aussi admis que les 

lymphocytes associés aux tumeurs du sein TN sont l’un des facteurs pronostics 

favorables à la réponse aux traitements de chimiothérapie. De plus, parmi ce groupe 

de lymphocytes, on décrit une sous-population de lymphocytes T intra-tumoraux 

(Th17) secrétant de l’interleukine 17 A.(37) Notre équipe de recherche en immunologie 

a principalement étudié IL17 et ses variantes. (voir annexes) 

En dehors du diagnostic, pour le pathologiste les voies d’étude sont 

nombreuses. Nous nous sommes spécialement intéressés à MUC1, une mucine 

transmembranaire MUC1 que nous avons démontrés dans les tumeurs urologiques 

de la prostate et de la vessie. (21-22) L’étude de la littérature concernant MUC1, nous 

a d’emblée intriguée par la possibilité de MUC1 de se lier aux récepteurs de croissance 

tels que l’EGFR. En effet, l’EGFR est largement exprimé par les cancers du sein TN, 

contrairement aux autres types de cancers du sein. Par ailleurs, l’un des cofacteurs 

principaux de l’EGFR est la PI3K de classe 1, une kinase assez complexe qui active  

la voie AKT/mTOR. Nous avons étudié l’expression de la sous-unité p110� de PI3K, 

car elle intervient comme régulateur « fin » de l’action de PI3K de classe 1, mais aussi 

comme un facteur influençant de l’autophagie. 

L’autophagie est le mécanisme cellulaire de survie de la cellule lors d’une 

agression telle que l’hypoxie, la privation glucidique, les radiations ionisantes, mais 

surtout les agents de chimiothérapies. Elle intervient certainement dans les 

résistances aux traitements des cancers du sein TN. De plus, sa régulation est 
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associée à mTOR, l’un de ses inhibiteurs principaux (voie PI3K/AKT/mTOR) et ERG 

(voie RAS/RAF/MEK/ERK) ou l’hypoglycémie (voie AMPK, p53), comme activateurs. 

MUC1 est aussi intimement lié à la voie d’EGFR et peut d’ailleurs être 

phosphorylé par plusieurs kinases dont EGFR lui-même et PI3K. Son rôle sur 

l’autophagie pourrait se faire indirectement par ses régulations sur EGFR, sur PI3K 

(voie de mTOR), sur GRB2 (voie RAS/RAFMEK/ERK) ou encore sur la glycolyse 

(AMPK). 

Concomitamment à ce travail, nos équipes d’immunologistes ont récemment 

démontré que l’IL17A intervient aussi dans la résistance de la chimiothérapie des 

cancers TN par activation de la voie d’ERK1/2, cette même voie activatrice de 

l’autophagie. 

La question était donc posée : « Existe-t-il une relation entre MUC1-EGFR-

IL17 et l’autophagie dans les cancers du sein triple négatif ? Et dans ce cas, quel 

en est le rôle dans la chimiorésistance induite par ces tumeurs ? »  
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2) THÉORIE 

a) Le cancer du sein. 

Le cancer du sein est la première cause de mortalité par cancer dans nos pays 

occidentaux. Le traitement actuel se base sur une classification génétique et 

moléculaire proposée par Perou et al. (75-76). Schématiquement, cinq sous-types sont 

décrits (figure 1) :  

- le luminal A (LUM) exprimant les récepteurs aux œstrogènes (RO+) et à la 

progestérone (RP+), mais pas le récepteur de facteur de croissance 

épidermique 2 (HER2 -) et présentant un indice de prolifération faible (Ki67 

< 14 %),  

- le luminal B exprimant RO+ et RP+, mais pas HER2- et présentant un indice 

de prolifération élevé (Ki67>14),  

- le luminal C caractérisé par RO+RP+/-HER2+,  

- Les HER2 surexprimés qui montrent une amplification génétique du 

gène HER2 associée à la surexpression de sa protéine et l’absence de 

récepteurs hormonaux : RO- RP- HER2+ 

- TN qui sont négatifs pour tous ces récepteurs : RO-RP-HER- 

 

Figure 1 : Classification moléculaire des cancers du sein selon Pérou C. et al. (Voir texte) 
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En général, le traitement des cancers du sein repose sur l’administration d’anti-

estrogènes et/ou d’anti-HER2 selon l’expression de ces récepteurs par les cellules 

tumorales.  A cela s’ajoute une chimiothérapie classique si la tumeur présente un 

indice élevé de prolifération (Ki67). 

Les patientes souffrant un cancer TN, sont plus difficiles à traiter par ces cibles 

thérapeutiques classiques. En effet, ce type de cancer n’exprime ni les récepteurs 

hormonaux, ni HER2. De plus, ce groupe de tumeurs est très hétérogène d’un point 

de vue moléculaire et de comportement clinique. La conséquence est que ces tumeurs 

ont souvent une évolution et un pronostic variables.  

Bien que de nombreuses sous-classes ont été décrites, les TN sont divisés 

actuellement en deux sous-groupes : l’un dit « basal-like » qui est le plus fréquent - 

secrétant l’EGFR et les cytokératines basales (CK5/6 et CK14) - et les non-basal-likes 

n’exprimant pas ces marqueurs. (annexes) En pratique, la distinction entre basal-likes 

et non basal-likes semble cependant purement académique.  

Rappelons que la majorité des TN, contrairement aux LUM (ce type de cancer 

nous servira de groupe témoin), exprime fortement EGFR. Curieusement les 

traitements anti-EGFR (cetuximab, erlutibine…), pour une raison encore inconnue, 

sont rarement très efficaces contre les TN.  

Concernant MUC1, celui-ci est décrit comme fortement secrété dans les 

cancers du sein, est peu secrétéé voir absent dans les TN, expliquant partiellement 

les limites des quelques essais thérapeutiques cliniques d’immunothérapie anti-MUC1 

sur ces tumeurs.  

Les chapitres suivants résument la description moléculaire de MUC1 et ses 

fonctions cellulaires les plus importantes. 

 

b) Structure et fonctions de MUC1 

Les mucines ont d’abord été décrites comme des glycoprotéines de lubrification 

et de protections mécanique et antimicrobienne de l’épithélium de revêtement comme 

celui des bronches ou du tube digestif. Par la suite, on s’est rendu compte qu’elles 

étaient secrétées ubiquitairement dans quasi tous les organes glandulaires. 
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Les travaux de ces dernières décennies ont montré que leur rôle ne s’arrêtait 

pas en une simple fonction mécanique, mais qu’elles intervenaient comme messager 

intermédiaire entre le milieu extracellulaire - par modifications de sa structure 

glycosylée externe -   et le milieu intracellulaire - par phosphorylation de ses domaines 

intracytoplasmiques. (74) 

 MUC1 est fortement altérée dans les cancers, surtout dans ses domaines 

glycosylés. La plupart des antigènes de glycosylation anormale de MUC1 sont 

d’ailleurs des antigènes associés aux tumeurs (« tumor-associated antigens » ou 

TAA), non exprimés par les cellules normales. Les TAA sont donc de sérieux candidats 

à la thérapie ciblée.  

« The Human Genome Nomenclature Committee » décrit actuellement une 

famille de 18 gènes dont 11 codent pour des protéines membranaires. La plus étudiée  

des mucines transmembranaires est MUC1. (46) (figure 2) 

 

 

Figure 2 : Classification des mucines. 
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i) Structure de la molécule MUC1 

Le gène de MUC1 contient 8 exons et occupe 4,4 kbp sur le locus 1q21. Sept 

variants ARNm de MUC1 sont transcrits en un seul polypeptide, et un certain nombre 

ARNm subissent un épissage, ou même une protéolyse ultérieure de la portion 

extracellulaire. La partie intracellulaire de la molécule est relativement constante chez 

les mammifères, soulignant son caractère fonctionnel important dans la phylogenèse. 

(2, 6, 67)  

Le polypeptide de MUC1 est ensuite clivé au niveau du SEA module (domaine 

du Sperm Enterokynase and Agrine) en deux sous unités, une partie extracellulaire 

amino-terminale, dite sous-unité α (synonymes : MUC1, MUC1-N, MUC1-VNTR) et 

une partie transmembranaire carboxy-terminale dite β (synonymes : MUC1-C, MUC1-

CT). L’ensemble formant un complexe protéique hétérodimère lié par une liaison non 

covalente. (51,52 ,88) (figure 3) 

 

Figure 3 : Structure de l’hétérodimère de MUC1. (voir texte) 

 

Plusieurs transcrits de la forme classique de MUC1 sont décrits avec de 

grandes variations de l’unité MUC1-N. En effet, MUC1-N (extracellulaire) est 

composée par un volumineux domaine de 25 à 125 séquences répétitives, dite tandem 

(domaine VNTR) formées d’une succession de 20 acides aminés riches en sérine et 

thréonine (séquence PDTRPAPGSTAPPAHGVTSA). La sérine et la thréonine sont 
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des sites connus pour des liaisons O-glycosidiques qui seront, par conséquent, 

abondantes sur la partie extracellulaire de MUC1. (16, 94) 

Dans le tissu normal, MUCI-N est fortement glycosylée et représente 50 à 90 % 

de la masse moléculaire. Cette partie glycosylée est fortement altérée dans le cancer 

et exprime de nombreux antigènes tumoraux (TAA). 

 Récemment, un nouveau transcrit de MUC1, pour lequel nous avons 

modestement collaboré, MUC1-ARF a été décrit. (figure 4) Celui-ci consiste en une 

molécule non clivée contenant 175 aa en C-terminal, environ une quinzaine de 

séquences VNTR (300aa), 49 aa en N-terminal. Cette molécule ne possède pas le 

domaine SEA. Par contre, MUC1-ARF possède de nombreux domaines SH3 pouvant 

s’associer à de nombreuses protéines comme l’EGFR (docking site). MUC1-ARF est 

observée dans le cytoplasme et le noyau des cellules normales et tumorales, mais, 

contrairement à la molécule dimère de MUC1, elle n’est pas retrouvée au niveau 

membranaire. Son transfert nucléaire est favorisé par des cytokines du milieu 

extracellulaire (IL6 et IL8), soulignant l’influence des interleukines secrétées par le 

milieu sur le métabolisme de MUC1. Les fonctions de MUC1-ARF restent encore à 

découvrir. (12) (annexes). 

 

 

 

Figure 4 : Structure de MUC1-ARF.  Cette molécule est non clivée, ne contient pas de sous-unité bêta et 

possède moins de VNTR que le MUC1 transmembranaire. On la retrouve dans le cytoplasme et le noyau des 

cellules. Il n’y a pas d’expression membranaire. (voir annexe 2) 
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L’unité MUC1-C (intracellulaire) contient un domaine extracellulaire de 58 

acides aminés, un domaine hydrophobe transmembranaire de 28 aa et un domaine 

intracytoplasmique de 72aa ou C-Terminal dénommé MUC1-CT. (61) 

MUC1-C est connue pour former un complexe à la surface des cellules, avec la 

famille des ErbB (récepteurs des facteurs de croissance épithéliaux) par liens non 

covalents avec son domaine EGF-like.(48-49)  

MUC1-CT est un polypeptide intéressant, composé de 72 aa présentant 6 à 7 

sites de tyrosine, capables d’être phosphorylés et donc d’initier de nombreuses voies 

métaboliques. Cependant comme MUC1 est dépourvu d’activité enzymatique, MUC1 

ne peut pas être considéré comme une tyrosine kinase. (92,106) Le contrôle de ces 

phosphorylations serait réalisé par épissure de l’ARNm.(100)  

De plus, la partie intracytoplasmique de MUC1-C est capable de se détacher et 

de se dimériser dans le cytoplasme. Ce dimère libre est un stabilisateur de plusieurs 

récepteurs ou messagers intracellulaires en bloquant leur dégradation par le 

protéosome. Il permet également leurs transferts vers le noyau. (98-99) 

 

ii) MUC1-N et la glycosylation  

La glycosylation est un mécanisme fréquent post-transcriptionnel intervenant 

sur les glycoprotéines ou les glycolipides. C’est un phénomène non statique, contrôlé 

enzymatiquement par la cellule. Le changement de la composition glucidique impacte 

la fonction de la protéine. La glycosylation est probablement plus fréquente que la 

phosphorylation. Elle est également fortement altérée dans la cellule cancéreuse. (68) 

MUC1 étant largement glycosylée surtout sur son domaine extracellulaire (MUC1-N), 

nous résumerons ci-dessous les mécanismes principaux de la glycosylation associée 

à MUC1.  

Deux voies principales de la glycosylation des protéines sont connues 

(figure 5): celle retrouvée sur MUC1-N est la O-glycosylation dans laquelle le premier 

sucre ajouté par les glycosyltransférases, se réalise sur des résidus OH d’une sérine 

ou d’une thréonine. La seconde est la N-glycosylation dans laquelle un polysaccharide 

entier est transféré sur le groupe NH2 d’un résidu d’asparagine. Les altérations de ces 

glycoprotéines sont très fréquentes dans les cellules cancéreuses et se corrèlent à 

leur comportement invasif et métastatique.  
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Les modifications glycoprotéiques du cancer font intervenir des altérations 

mutationnelles des enzymes qui y sont impliqués (tels que les glycosyltansférases, les 

protéines chaperones…), mais également des altérations épigénétiques. (93) 

 

 

Figure 5 : Deux mécanismes de glycosylation : la N-glycosylation s’effectue sur un résidu d’Asparagine. La 

plupart des sialylations des N-glyco-protéines est réalisée par la ST6gal-I ;  les protéines O-glycolysées 

développent leurs glycans sur des résidus de sérine ou thréonine (domaine VNTR de MUC1). La sialylation se 

fait par plusieurs enzymes dont ST6GalNac-I en est la principale. 

 

Concernant MUC1, la O-glycosylation est initiée par une famille d’enzymes, les 

N-acétyl-galactosamine-transférases, ajoutant un sucre N-acétyl-galactosamine 

(GalNac) sur un résidu sérine ou thréonine des domaines VNTR de MUC1-N. (figure 6) 

Il en résulte une structure appelée antigène Tn. Le transfert d’un sucre de 

galactosamine (Gal) à Tn est effectué par la T-synthétase si elle est protégée de la 

dégradation protéosomique par la protéine chaperone COSMC. Le premier complexe 

glucidique formé est le core, appelé également l’antigène T ou épitope de Thomsen-

Friedenreich. Ce dernier est le précurseur de l’extension de la chaîne glycosylée.  
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Figure 6 : O-glycosylation normale des domaines VNTR de MUC1-N fait intervenir le couple T-synthétase et 

sa protéine chaperone de stabilisation COSMC qui ajoute à l’antigène Tn une galactosamine pour former 

l’antigène T. Celui-ci est la base des longues chaînes glycosylées. L’antigène Tn ne peut donc pas être sialylisé 

par ST6GalNAc-I. 

 

Dans le cancer, les chaines O-glycosylées sont tronquées et contiennent de 

nombreux résidus sialylisés des antigènes T et Tn.(8) Cette hypersialylisation, c’est-à-

dire l’ajout d’un acide sialique (Sia) est le produit de la dérégulation et de l’hyper 

activation de l’enzyme α-6-N-acétyl-sialyltransférase I ou ST6GalNac-I, transférant le 

Sia sur Tn en sTn.(93)  

Un autre mécanisme fait également intervenir l’inactivation de COSMC par 

hyperméthylation. COSMC stabilise la T-synthétase et empêche sa dégradation par le 

protéosome. Le dérèglement de la réaction est en faveur de la suractivation de 

ST6GalNAC-I. Le produit résiduel ou sTn qui est un signal de fin d’allongement de la 

chaîne glycosylée, est donc très abondant sur la cellule cancéreuse, le caractérisant 

comme un TAA. (98)  

Tn et sTn sont également connus comme des marqueurs de dédifférenciation 

et de mauvais pronostic dans le cancer du sein, du côlon, de la prostate, de la vessie 

et du pancréas. (9, 21, 30, 35) (figure 7) 
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Figure 7 : Sialylation anormale de MUC1-N dans la cellule cancéreuse  par inactivation de la T-synthétase 

et/ou de sa protéine chaperone COSMC, aboutissant à un excès de résidus d’acide sialique. La présence 

d’acide sialique empêche l’allongement des chaînes glycosylées qui seront tronquées et courtes, laissant à nu 

la protéine core. Les antigènes protéiques de cette dernière sont alors accessibles aux anticorps. 

 

Une autre sialyltransférase, moins spécifique pour MUC1, la ST6Gal-I est 

corrélée avec une perte d’adhésion entre les cellules tumorales, car elle modifie la 

charge électrostatique négative générée par l’ensemble des résidus Sia. La résultante 

induit une répulsion intercellulaire ou des protéines de la matrice extracellulaire comme 

la fibronectine et les intégrines. (46,53, 68,104)  

Cette hypersialylation de MUC1 et des autres protéines de membranes permet 

également aux cellules cancéreuses d’interagir avec les sialoadhésines (siglecs) 

présentes sur la majorité des macrophages tissulaires. Ces derniers produisent alors 

des pro-cytokines inflammatoires qui moduleront l’action des cellules T cytotoxiques. 

(4, 11, 28)   

Dans le cancer du sein, la forme hypoglycosylée de MUC1 est surexprimée 

dans 90 % avec perte de sa polarisation membranaire apicale normale. L’expression 

anormale d’antigènes comme les antigènes Tn ou sTn, et la mise à nu du core 

protéique VNTR par la perte de glycosylation propre au cancer, ont fait de MUC1 un 

bon candidat à l’immunothérapie anti-cancéreuse. Actuellement, une vingtaine de 

vaccins anticancéreux (Stimuvax, TG4019, Panvac…) ont été actuellement produits et 

testés cliniquement. (26, 35) (figure 8) 
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Figure 8 : Cibles thérapeutiques de MUC1-N dirigées contre la protéine core mise à nu ou contre les TAA 

sialylisés comme sT et sTn. 

 

MUC-C présente aussi cinq sites potentiels de N-Glycosylation localisés sur la 

partie C-terminale de MUC1-N. Ces derniers interviennent dans la stabilité de la 

molécule. (74) Leurs altérations sont moins bien connues. 

En dehors de MUC1, de nombreuses autres protéines membranaires, dont des 

récepteurs de facteurs de croissance, sont également régulées par glycosylation et 

altérées par sialylation (en particulier par ST6Gal-I ou ST6Gal-II). Parmi ces protéines, 

soulignons EGFR, FGFR, PDGFR, MET, IGFR, VEGFR… suggérant la complexité de 

la glycosylation dans la régulation des récepteurs de membrane, leurs altérations 

associées au cancer et les possibilités thérapeutiques. (34) 

 

iii) MUC1-C et les voies de signalisations  

Comme nous l’avons exprimé précédemment, la partie MUC1-C 

(transmembranaire et intracellulaire) est plus complexe, car elle possède de nombreux 

sites de phosphorylation qui sont impliqués dans plusieurs voies de signalisation. Son 

interaction la plus connue est celle des récepteurs de croissance épithéliale (ErbB) et 

en particulier EGFR, dont elle partage une affinité par son domaine extracellulaire 

EGF-like.  Il est actuellement admis que MUC1 est un site de stockage membranaire 
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capable de moduler le signal transmembranaire de nombreux récepteurs, par 

accumulation, internalisation et transport vers le noyau. (49,87, 91) Par exemple, pour 

EGFR on sait que le complexe MUC1-N/MUC1-C est exprimé normalement à la partie 

apicale de la membrane plasmique des cellules épithéliales et inversement, EGFR est 

localisé baso-latéralement. (5,46). Dans la cellule tumorale ou lors d’un stress 

cellulaire, la perte de la polarité conduit à un repositionnement et un contact intime 

entre l’EGFR et MUC1-C, probablement suite à une N-glycosylation de MUC1 en Asp-

36 et un couplage intermédiaire possible par le galectine-3. (85) Cette interaction 

augmente l’internalisation et le cycle intracellulaire et membranaire de l’EGFR en 

empêchant son ubiquitination par le protéosome.  (60,77)  

Pour la compréhension de ce travail, trois sites de phosphorylation de MUC1-C 

et un site riche en cystéine de MUC1-C méritent d’être mentionnés, car ils font 

intervenir quatre voies importantes de signalisation. (figure 9) 

 

Figure 9 : Un site riche en cystéine (CQC) et trois sites importants de phosphorylation (y) de MUC1-C qui sont 

à l’origine de quatre voies de signalisation. 

 

La première voie de signalisation (figure 10) intéresse l’interaction entre MUC1-

C et EGFR qui facilite l’activation de la voie EGFR/PI3K/AKT/mTOR. (83) Cette voie 

fait intervenir le domaine YHPM de MUC1-C. Elle est directement associée à p85 du 

complexe PI3K. La voie PI3K/AKT est une voie majeure impliquant la croissance, la 

survie cellulaire et le métabolisme des cellules cancéreuses. Les PI3Ks sont une 
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famille de kinases lipidiques servant de second stimulus vers diverses autres voies. 

Elles sont divisées en trois classes selon leurs substrats spécifiques. La classe I est 

activée par les récepteurs des tyrosines kinases (EGFR, HER2…). Elle est composée 

d’unités catalytique p110α et régulatrice p85. MUC1-C induit le recrutement 

membranaire de la p85 qui, à son tour, recrute la p110α générant, à partir du PIP2, un 

PIP3 activateur d’AKT et de ses voies métaboliques. (32,39, 97) Par contre, la p110β 

est l’une des sous-unités régulatrices de ce complexe PI3K activé. Comme on le 

décrira ci-dessous, le PI3K de classe III et l’unité régulatrice p110β de PI3K de classe 

I, sont aussi des activateurs de l’autophagie.  

 

La deuxième voie de signalisation (figure 10) est celle du domaine YTNP 

phosphorylé par GRB2, un activateur de la voie RAS/MEK/ERK. Cette phosphorylation 

serait tributaire de l’interaction entre MUC1 et EGFR (80-83) Ainsi, certains auteurs 

ont démontré une corrélation entre la surexpression de MUC1-C et l’activation de ERK. 

ERK participe ensuite à la régulation de MUC1. (25, 89, 95)  

 

 

Figure 10 : Voies de signalisations PI3K/AKT/mTOR (voie 1, associée au domaine YHPM) et RAS/RAF/MEK/ERG (voie 2, 

associée au domaine YTNP). L’activation de ERK peut-être associée à IL17. 
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La troisième voie de signalisation (figure 11) de MUC1-C comprend le domaine 

de phosphorylation YEKV également associé à l’EGFR. pYEKV est un lien pour le 

domaine SH2 de Src. Cette phosphorylation induit une interaction entre MUC1-C et la 

β-cathénine. Ce lien nécessite la forme dimère de MUC1-C. La conséquence de ce 

couplage est le largage de l’inhibiteur la β-cathénine, la GSK3β. Dans le noyau le 

complexe MUC1-C/β-cathénine coactive aussi l’expression de la cycline D1 et donc la 

prolifération cellulaire. (48, 84, 86, 89, 91)  

 

Figure 11 : Internalisation des récepteurs et effecteurs comme la β-cathénine (voie 3, associée au domaine 

YEKV et la dimérisation de MUC1-C), et la voie d’activation de l’AMPK lors de l’hypoglycémie (voie 4).  

 

Comme pour la β-cathénine, MUC1-C est nécessaire au transfert de l’EGFR 

vers le noyau.  En effet, MUC1 permet le recyclage de l’EGFR à la membrane s’il n’est 

pas lié à son ligand EGF. Par contre, quand EGFR est lié à l’EGF, il se lie à MUC1-C 

dimérisé, et par l’intermédiaire de la β-importine, est transférée dans le noyau où il 

active la cycline D1. En l’absence de MUC1, EGFR est dégradé par protéolyse, non 

recyclée et inactif. (5) Curieusement, nous avons également décrit une voie important 

l’EGFR stimulé vers le noyau qui serait associé aux récepteurs de l’IL17. (62) 

Cette voie de dimérisation de MUC1 permettant le transfert vers le noyau, est 

dépendante de la présence de motifs cystéine-glutamine-cystéine (CQC). (42, 81, 99) 

La forme dimérisée permet également l’internalisation et le transfert vers le noyau de 

divers cofacteurs interagissant avec de nombreuses voies de signalisation : EGFR, 
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MET, Src, GSK3β, protéine kinase C, Abl, p53, NFκN, STAT3, BAX, récepteurs à 

œstrogènes… (1, 45) Récemment, ces domaines CQC peuvent être bloqués par des 

agents chimiques expérimentaux à visée thérapeutiques : GO-201 et GO-203 . (80, 

96) 

Enfin, la quatrième voie de signalisation (figure 11) fait intervenir le métabolisme 

du glucose. En effet, MUC1 est capable de moduler les régulateurs de la glycolyse en 

activant la signalisation des gènes de transcription impliqués dans cette voie 

métabolique comme a voie PI3K/AKT/mTOR, p53, HIF-1α. De même en cas de 

privation de glucose MUC1 active la voie AMPK et donc l’autophagie. (59) 

 

c) Relation MUC1, EGFR et IL17 

Nous avons illustré que MUC1 est une protéine de communication entre la cellule 

et le milieu extracellulaire et peut interagir avec de nombreuses voies de signalisation. 

Nous nous sommes surtout intéressés aux interactions entre MUC1/EGFR et la 

possibilité des interactions avec l’autophagie qui nous semble être une voie possible 

de la résistance à la chimiothérapie. En effet, une des voies activatrices principales de 

l’autophagie est celle de l’ERK qui, comme nous l’avons démontré plus haut, est co-

activée par MUC1 et EGFR. (figure 10) 

Cette voie est intéressante, car notre équipe a également montré une relation entre 

la résistance à la chimiothérapie et la phosphorylation d’ERK induite par l’interleukine 

17 A. Rappelons que l’lL17A est produite par les lymphocytes intratumoraux (TIL). De 

plus, nous avons aussi illustré que les cellules tumorales du sein exprimaient les 

récepteurs à IL17. (13) (annexes)  

En dehors d’ERK, la relation entre MUC1 et IL17 n’est cependant pas évidente. 

Une piste possible est celle de la voie des STATs (voie des cytokines et JAK Kinases) 

dont on sait qu’elles interagissent à la fois avec MUC1 et IL17. D’autres auteurs ont 

démontré une surexpression de MUC1-C dans des cultures de cellules épithéliales 

malignes sous l’influence de l’IL-1β, IL6 et TNFα induisant aussi le transfert de MUC1-

C vers le noyau. (1, 12) Curieusement, nous avons également montré que l’IL17E et 

l’IL17B internalisaient l’EGFR dans le noyau comme le fait MUC1-C. (62) (annexes) 

La relation entre MUC1-C, EGFR et les récepteurs à IL17 reste toutefois, hypothétique.   
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d) Autophagie  

L’autophagie est un mécanisme de survie ou de maintien de l’homéostasie 

cellulaire. Elle permet à la cellule de digérer une partie de ses constituants ou organites 

afin de fournir une source interne d’énergie, en réponse à un stress comme l’hypoxie, 

l’hypoglycémie, les infections, les radiations, les toxines et les agents de 

chimiothérapie. 

L’activation de l’autophagie est complexe et fait intervenir une vingtaine de 

protéines contrôlées par les gènes ATG (pour autophagy related genes). 

Schématiquement, on distingue quatre phases : l’induction, nucléation, la maturation 

et la fusion aux lysosomes. (figure 12) 

 

Figure 12 : Mécanisme d’activation de l’autophagie. L’activation du complexe ULK par l’AMPK et son 

inhibition par mTOR. ULK initialise l’activation du complexe de la Bécline-1. LC3 stabilise l’autophagosome.  

 

L’initiation fait intervenir l’activation d’ATG1 (ULK1/2), ATG13 par l’intermédiaire 

de l’inhibition de mTOR et/ou l’activation de l’AMPK (AMP kinase).  

La nucléation est contrôlée par la PI3K de classe III (ou Vps-34), ATG14 et la 

Bécline1 (ATG6). Ce complexe enzymatique activé conduit à la formation de 

l’autophagosome ou vésicule contenant les organites à digérer. 
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La maturation est régulée par LC3-I/II qui est clivé au niveau de la membrane 

en LC3-II par l’intervention d’ATG5-ATG16. Tous ces complexes protéiques seront 

retirés de l’autophagosome à l’exception de LC3 qui sera transporté vers le 

compartiment lysosomial.  

Le dernier évènement qui est la fusion aux lysosomes, fait intervenir la LAMP2 

(lysosome associated membrane protein 2). (29, 64) 

L’autophagie est régulée par de nombreuses voies de signalisation dans 

lesquelles peut intervenir MUC1 dont on décrit deux voies principales : l’une inhibitrice 

et l’autre activatrice. (figure 13) 

La première voie de signalisation est inhibitrice qui est souvent impliquée dans 

le cancer : c’est la voie PI3K de classe-I/AKT/mTOR qui comme on l’a vu 

précédemment, est activée par les ErbB comme EGFR et HER2. mTOR est un 

inhibiteur puissant du complexe ULK et donc de l’autophagie. L’activation d’AKT inhibe 

et régule la voie activatrice au niveau de RAS. 

La voie activatrice principale est celle de RAS/RAF/MEK/ERK dont nous avons 

décrit précédemment sa relation avec MUC1-C. (71) 

D’autres voies activatrices de l’autophagie peuvent encore être associées à 

MUC1. Par exemple, la voie PI3K/AKT/mTOR est aussi un activateur paradoxal de 

l’autophagie.  En effet, cette voie active également la protéine p110β qui est protéine 

de la régulation « fine » de PI3K de classe-I. Celle-ci est également un activateur de 

l’autophagie, car elle possède une action positive sur la Bécline1 et Vps34 (ou PI3K 

de classe III), favorisant ainsi la libération de la Bécline1 de sa protéine 

inhibitrice BCL2 et ainsi son activation. (17-18) 

L’activation de l’autophagie peut aussi s’effectuer par l’AMPK qui est aussi un 

inhibiteur de mTOR. AMPK est activée quand la cellule est en souffrance énergétique 

conduisant à un haut niveau d’AMP par dégradation de sa réserve d’énergie, l’ATP. 

Un autre activateur de l’AMPK est aussi la p53 (15, 29, 57, 73) La p53 est 

curieusement liée directement à MUC1 et facilite le transport du p53 vers la 

mitochondrie. (59,103)  
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Figure 113 : La voie PI3K/AKT/mTOR inhibitrice. La voie RAS/RAF/MEK/ERK est activatrice comme celle 

faisant intervenir AMPK et p53. Toutes ces voies ont des relations avec MUC1 et sont souvent activées par 

son association et phosphorylation avec EGFR.     

 

La relation entre l’autophagie et IL17 semble moins évidente. Cependant 

l’autophagie est connue comme un modulateur de l’inflammation, dont l’importance en 

carcinogenèse n’est plus à démontrer. L’autophagie influence la réponse adaptative 

des cellules immunes du stroma, entre autres des lymphocytes T (y compris les Th17, 

producteur de l’IL17A) par l’induction de production d’interleukines. (71) 

Par exemple, dans la fibrose pulmonaire, on sait que l’IL17A régule la 

phosphorylation de GSK3β (aussi impliqué comme inhibiteur de la β-cathénine) qui 

perd ainsi son interaction avec BCL2. La BCL2, inhibiteur de l’autophagie est ainsi 

libérée et perd son activité par dégradation du protéosome.  

IL17A serait également impliqué dans l’autophagie des cardiomyocytes ou dans 

les cellules malignes hépatocytaires par la voie de RAS/RAF/MEK/ERK. (27, 55,105) 

Rappelons que nos travaux ont démontré que les cellules tumorales TN en 

culture soumises à l’IL17A induisent la phosphorylation d’ERK, voie activatrice de 

l’autophagie, et ainsi la résistance au docetaxel (chimiothérapie). (Annexe 3). 
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3. PUBLICATIONS ET TRAVAUX 

 

a. But de cette thèse 

Le but de ce travail consiste à étudier la résistance à la chimiothérapie des 

cancers du sein TN et si cette relation peut être liée à MUC1 ou EGFR.  Nos 

observations ont conduit à conclure que MUC1 est peu exprimé dans les TN par 

comparaison à l’EGFR (trois premiers articles). L’une des causes de la 

chimiorésistance pourrait être l’autophagie, connue pour être régulée par MUC1 et

EGFR (deuxième et troisième articles). Nos travaux collaboratifs démontrent une 

relation entre IL17 et la chimiorésistance sur des voies métaboliques communes avec 

l’autophagie. Dans la littérature quelques travaux émettent une association possible 

entre IL17 et l’autophagie par l’intermédiaire du système immunitaire. Enfin, notre 

dernier article suggère une influence de la modification des protéines glycosylées - 

dont MUC1 est l’une des plus représentées- infliées aux lymphocytes tumoraux. 

Chronologiquement : 

- Le premier article (MUC1/CD227 immunohistochemistry in routine 

practice is a useful biomarker in breast cancer) met en relation l’expression 

de MUC1 dans les cancers du sein in situ et invasifs (toutes classes 

confondues) en comparaison avec les tissus non tumoraux sur des 

prélèvements de patientes opérées à l’Institut Jean Godinot. Nous avons 

étudié les corrélations avec certains facteurs cliniques d’agressivité 

tumorale. Un petit groupe de patientes TN montrait une diminution possible 

d’expression de MUC1. Cette observation sera confortée par ce second 

article. 

- Le second article (Autophagy is decrease in triple-negative breast 

cancers involving likely the MUC1-EGFR-NEU1 signaling pathway) 

s’intéresse à l’expression de MUC1 et/ou EGFR des tumeurs du sein de 

patientes TN et leurs relations probables avec l’autophagie. Le groupe de 

comparaison est formé de patientes présentant un cancer du sein LUM. 

- Le troisième article (Chemotherapy treatment induces an increase 

of autophagy in luminal breast cancer cells MCF7 but not in triple-negative 

MDA-MB231) décrit un modèle de cultures cellulaires LUM et TN, 
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démontrant les variations possibles entre MUC1, EGFR, IL17RA, IL17RB et 

LC3 (autophagie) sous chimiothérapie.  

- Enfin, le quatrième article (Triple-negative and HER2-

overexpressing breast cancer cell sialylation impacts tumor 

microenvironment T lymphocyte subset recruitment: A possible mechanism 

of tumor escape) est une étude sur les sialyltransférases connues pour 

modifier la composition de la partie glycosylée de MUC1 et/ou EGFR et 

l’association avec les lymphocytes tumoraux. Ces derniers sont  associés à 

la réponse aux agents de chimiothérapie.  

 

 

b. Avant-propos 

Cette thèse, n’a pas l’ambition d’être un travail de biologie fondamentale, mais 

bien un travail translationnel dont les résultats pourraient avoir des retombées sur la 

pratique clinique, le diagnostic, le pronostic ou au mieux thérapeutique. 

Les techniques utilisées sont celles habituelles des laboratoires d’anatomie et 

de cytologie pathologiques de routine, à savoir des prélèvements tissulaires de tumeur 

humaine provenant de rebus de nos pièces chirurgicales ou de cultures cellulaires 

épithéliales humaines commerciales qui seront traitées par fixation dans du formol 

tamponné à 4 % et inclus classiquement en paraffine (formol fixation paraffin 

embebbed ou FFPE).  

Les protéines étudiées sont mises en évidence par immunohistochimie en 

utilisant notre automate de routine (Dako®/ Agilent®). En dehors des examens 

classiques hormonaux (RO et RP) et de récepteurs de croissance (HER2), la plupart 

des anticorps de ce travail sont des anticorps de recherche, habituellement non utilisés 

en pratique clinique. 

Sur les prélèvements de tumeurs humaines, nous avons parfois utilisé la 

technique de Tissue Micro Area (TMA) qui permet une meilleure standardisation des 

résultats. 
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Sur les cultures cellulaires, nous proposons un modèle dynamique de cultures 

cellulaires avec ou sans chimiothérapie et sur lesquelles nous réalisons des 

prélèvements FFPE. Ces prélèvements peuvent, comme ceux de la routine clinique, 

être stockés facilement, voire quasi indéfiniment. De plus, les cultures en FFPE 

présentent comme avantage qu’elles peuvent être étudiées par des techniques 

identiques à celles utilisées sur les tissus humains. 

Finalement, nous avons mis au point sur les prélèvements FFPE des 

techniques d’immunofluorescence, ouvrant des perspectives de double voire triples 

marquages. Elles seront des techniques morphologiques complémentaires à celles de 

la biologie de recherche comme le Western blot ou l’ELISA. Ces mises au point en 

fluorescence seront également utiles au développement de la technique PLA 

(Duolink®), mettant en évidence la localisation intime de deux antigènes associés à 

des macromolécules différentes. 

c. Apports personnels  

Les projets ont été discutés conjointement avec moi et le Dr Armand 

Bensussan.  

Ma formation initiale de technicien de laboratoire m’a permis, en collaboration 

étroite avec Me Mascaux Corinne (technicienne en ACP), de mettre au point les 

immuno-marquages non encore développés en routine dans notre laboratoire et de 

confectionner les TMA. 

Les coupes histologiques, les immuno-marquages de production et les blocs 

cellulaires ont été réalisés par Me Mascaux Corinne. 

Les cultures cellulaires ont été initiées par Me Malherbe (technicienne en ACP) 

avec une aide précieuse de Dr Salesse Stéphanie (MCU à l’URCA). 

Les quantifications ont été réalisées par moi-même et Me Mascaux Corinne. La 

quantification digitale (programme Image-J) étant faite par moi-même. 

L’analyse des données, la recherche des données cliniques, les statistiques, la 

rédaction, les figures ou photographies de tous les articles de cette thèse, sont réalisés 

par moi-même. Je remercie le Dr Bensussan Armand pour les premières lectures et 

critiques judicieuses.   
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d. Publications 

Dans ce paragraphe, nous résumerons des résultats principaux à la 

compréhension de nos observations. Pour plus d’informations, je conseille au lecteur 

de se référer à l’article qui suit chaque travail.  

i. MUC1 dans le cancer du sein 

But de ce travail :  

Par nos travaux sur les tumeurs urologiques, nous avons montré que MUC1 

était surexprimée dans ces tumeurs et que son expression était anormale par rapport 

à la cellule épithéliale non tumorale. 

 Question posée : « MUC1 est-il exprimé dans le cancer du sein invasif ou 

in situ (non invasif) ? » 

 

Matériel et méthode : 

 Nous utiliserons des prélèvements de routine provenant de 123 blocs FFPE de 

111 patients différents. Nous avons sélectionné 31 tissus normaux, 21 cancers in situ 

(DIN) et 71 cancers invasifs (LUM, HER2 et TN). 22 métastases ganglionnaires sont 

également étudiées. 

 La technique consiste en des examens immunohistochimiques de routine 

utilisant des anticorps contre les récepteurs hormonaux (RO et RP), le facteur de 

prolifération Ki67 et MUC1-N. 

 

Résultats principaux:   

 MUC1 perd son caractère polarisé apical dans les DIN et dans les carcinomes 

invasifs quand ils sont dédifférenciés. MUC1 devient alors membranaire circonférentiel 

et cytoplasmique. (figure 14) 
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.  

FIGURE 14 : L’expression de MUC1 dans le tissu normal du sein (NT) est moins importante que dans les cancers 
canalaires in situ (DCIS) ou les cancers invasifs (IC). 

 

 Curieusement quelques rares cellules expriment MUC1 dans le noyau. 

 Les corrélations des critères cliniques pronostiques ne montrent pas de 

différence statistique entre MUC1 et le score de Scarff et Bloom (score histologique 

de malignité) ou le TNM (score clinique d’agressivité). Par contre les tumeurs très 

agressives, à haute expression de Ki67, présentent une faible expression de MUC1-N 

(p=0.001). Dans ces cancers à Ki67 élevé, il y avait 10 cancers TN.   

 

Conclusion : 

   MUC1-N est bien surexprimé dans 90 % des cancers invasifs et dans les 

cancers in situ du sein. Cependant, l’intensité de cette expression traduit des 

comportements biologiques différents.   

En effet, l’expression morphologique permet de discerner les cancers invasifs 

ou in situ associés à un haut grade histologique ou à haut potentiel d’agressivité 

biologique. Autrement exprimé, plus les cellules sont malignes, ou peu différenciées, 

plus elles perdent leur sécrétion membranaire localisée au pôle apical des cellules et 

plus elles sous-expriment MUC1.  

Cette observation implique que l’expression de MUC1 pourrait être un marqueur 

clinique de mauvais pronostic. De plus, MUC1 est associé à la chimiorésistance au 

trastuzumab (anti HER2) ou tamoxifen (anti-œstrogène).  



34 
 

D’un point de vue thérapeutique, la recherche développe actuellement des 

cibles inhibitrices contre la partie intra-cytoplasmique MUC1-C mais également des 

vaccins antitumoraux dirigés contre la partie extracellulaire, ou MUC1-N.  Comme 

nous l’avons illustré dans cette étude, les tumeurs très agressives comme les TN 

montrent une expression de MUC1 plus faible, laissant présager un échappement 

possible à ces thérapies. Dans ce contexte, la stratégie de thérapie ciblée contre 

MUC1 ne pourra être efficace que si elle intègre l’immunohistochimie comme test 

compagnon.  

Pour conclure, MUC1 pourrait être un biomarqueur appréciable pour la pratique 

clinique et l’évaluation des tumeurs du sein invasives et in situ.   
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MUC1/CD227 IMMUNOHISTOCHEMISTRY IN ROUTINE PRACTICE
IS A USEFUL BIOMARKER IN BREAST CANCERS

Christian Garbar,1 Corinne Mascaux,1 Hervé Curé,2 and
Armand Bensussan1

1Institut Jean Godinot, Biopathology, Reims, France
2Institut Jean Godinot, Oncology, Reims, France

& Over-expression of MUC1=CD227 is observed in 90% of breast tumors. Classical morphologic
description and semi-quantitative digital measurement of MUC1 were performed from immunohis-
tochemical stained slides of 123 routine histological samples. Measures of MUC1 expression
showed statistical differences between non tumoral (NT) breast tissue and Ductal Carcinoma In
Situ (DCIS) or infiltrating carcinoma (IC), p< 0.0001. Loss of MUC1 was correlated with high
Ki67 index (p¼ 0.001) and loss of hormonal receptors (p¼ 0.03), whereas no correlations were
found with HER2 expression. High-grade DCIS or IC showed increasing loss of apical polarised
and cytoplasmic expression of MUC1.

Keywords Biomarker, breast cancer, cancer prognosis, cancer therapy, CD227, immu-
nohistochemistry, MUC1, Mucins

INTRODUCTION

Breast cancer is the most common cause of cancer mortality in women.
The knowledge of potential biomarkers is essential to understand the
pathophysiology of the disease and to improve its treatment and the
survival of patients.

Mucins are heterogeneous large O-glycosylated proteins containing
numerous repetitive regions and many highly glycosylated serines
and threonines amino acides. MUC1=CD227 is a transmembranaire insolu-
ble mucin that plays an important role in cell protection and cell-cell or
cell-matrix interactions.[1] Many carcinomas present an overexpression of
MUC1. Most of them show severe alterations of the MUC1 glycosylation,
contributing to local invasion of tumors and its capacity of metastasis.[2]

Address correspondence to Christian Garbar, Institut Jean Godinot, Biopathology, 1, Avenue du G.
Koenig, BP171, Reims, 51056 France. E-mail: christian.garbar@reims.unicancer.fr

Journal of Immunoassay and Immunochemistry, 34:232–245, 2013
Copyright # Taylor & Francis Group, LLC
ISSN: 1532-1819 print/1532-4230 online
DOI: 10.1080/15321819.2012.699491



Recently, numerous experimental research demonstrated that MUC1
is a transmembrane heterodimeric protein with a cytoplasmic tail transdu-
cing signals recruiting various pathways including growth, apoptosis, and
migration, therefore potentially involved in the carcinogenesis.[3]

Expression of MUC1=CD227 is observed in 90% of breast tumors
and its over-expression is inversely correlated with a poor prognosis.[4]

Furthermore, to date, several new pharmaceutical molecules against the
cytoplasmic domain of MUC1= CD227 were also developed in vitro.[5,6]

Consequently, MUC1=CD227 appeared as an interesting biomarker.
Nevertheless, most of the histological studies concerning MUC1=

CD227 were performed retrospectively in experimental research using
Tissue Micro Array (TMA) slides constructions.

The originality of this present study is to demonstrate that MUC1=
CD227 immunohistochemistry, with a commercially available monoclonal
antibody termed Ma695, is routinely feasible and constant from fine needle
biopsies and surgical samples and could give some clinical and diagnostic
information. Therefore, we described morphological patterns of MUC1=
CD227 and its quantification, by an immunohistological method in Infil-
trating Breast Carcinoma (IC), Ductal Carcinoma In Situ (DCIS), and
Non Tumor breast tissue (NT). Also, we discuss the need of morphological
evaluation of MUC1=CD227 to evaluate the appropriate treatment against
this biomarker.

MATERIALS AND METHODOLOGY

Patient Population

A total of 123 routine histological analyses were performed in 111 dif-
ferent patients, without particular selection (mean þ=� SD of age: 57.8 þ=
� 12.8 years). Histological samples were needle biopsies or surgical tumor-
ectomies (respectively, 8 and 23 for NT, 17 and 4 for DCIS, 36 and 35
for IC). Diagnosis classification was made according the WHO classi-
fication for tumors of the breast and the TNM classification of malignant
tumors.[7,8] Normal tissue was composed of fibrocystic changes (n¼ 8)
and normal breast lobules in breast surgical reductions (n¼ 11) or in nor-
mal breast tissues of tumorectomies for tumors, far of cancerous tissue
(n¼ 12). To exclude the same tumor cell clone in DCIS and IC in the same
sample, only DCIS from patients without IC were selected. To evaluate
TNM, post-surgical and pathological reports were available in 55 patients
and nodal status was known in 44 patients. Twenty-two patients had node
metastasis. MUC1 status was studied retrospectively in 12 patients
(8 patients had too small node metastasis and 2 patients were not treated
in our hospital). As the number was too small and not statistical
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significant, one lobular intraepithelial neoplasia (LIN) and 2 micropapil-
lary IC were discarded. Details of clinical information were described in
Table 1.

Immunohistochemical Methods

All specimens were fixed in 4% formaldehyde solution between 8–24hr
for needle biopsies and between 24–48hr for surgical samples. Specimens
were then imbedded in paraffin and cut to 4 mm.

FIGURE 1 Comparison of MUC1=CD227 immuno-staining patterns (MUC1=Ma695) monoclonal
antibody in normal tissue and non invasive breast lesions (60x magnification). Non tumour breast tissue:
(a) normal lobules; (b) ductal ectasia; (c) cystic change with apocrine metaplasia; (d) usual ductal hyper-
plasia: (e) low-grade DCIS; and (f) high-grade DCIS. Benin lesions and low-grade DCIS show only apical
polarized MUC1=CD227-positivity (a, b, c, d, e). Cytoplasmic and circumlferential membrane MUC1=
Cd227-positivity are observed only in high-grade DCIS (color figure available online).
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Immunohistological staining were performed with the Automated Slide
Stainers Benchmark XT (Roche diagnostics=Vantana Medical System Inc,
Meyland, France), according to the manufacture’s instructions and
described previously.[9] The following commercial monoclonal antibodies
were used: anti- MUC1=CD227 (clone Ma695; diluted at 1:100; Novocastra,
Newcastle upon Tyne, UK), anti-estrogens receptors (clone SP1; ready to
use; Roche Diagnostics, Meland, France), anti-progesterone receptors
(clone PGR636; ready to use; Roche Diagnostics), anti- HER2 (4B5, Roche
Diagnostics), and anti-Ki67 (clone Mib-1; diluted at 1:75; Dako, Glostrup,
Denmark).

Morphologic Methods

Manual selections of five areas of each patient slide were chosen at
random. Pictures were made with a PC digital image camera (Nikon Digital
Sight DS-Fi1c; Nikon, Illrich, France) mounted on a Nikon Eclipse 50i
microscope with a 40x objective (Nikon). A mean of 275 þ=� 114 cells
per case were analyzed. We observed six morphological parameters: diffuse

FIGURE 2 Comparison of MUC1=CD227 immuno-staining patterns (MUC1=Ma695) monoclonal anti-
body in invasive breast lesions (60x magnification). (a) Partial or cironferential membrane MUC1=
CD227-positive tumoral cells Infiltrating Breast Carcinoma; (b) MUC1=CD227-negative tumoral
cells; (c) cytoplasm MUC1=CD227-positive tumoral cells with Golgi’s dot expression; and (d) micropa-
pillary carcinoma presenting a peripheric membrane MUC1=CD227- positivity (color figure available
online).
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cytoplasm (Figure 1f, Figure 2c), intracytoplasmic vacuole, apical and
polarized positive signal (Figure 1a–e, Figure 2c), partial or complete
circumferential membrane positive signal (Figure 2a and d), and Golgi’s
dot and nuclear (Figure 2c).

Ki67 index and Hormonal Receptors were manually calculated with
a cell counter, in two different fields. Scoring of HER2 was calculated
according the American Pathologists Guideline.[10] Estrogens (ER) and
progesterone receptors (PR) were subsequently scored according the
Allred score that consists to sum of intensity and proportion of the nuclear
immunostaining.[11]

For automated parametric measures of MUC1=CD227 we used the
NIH Image-J method (Image-J 1,44p; NIH, Bethesda, MD, USA) for
automated selection of DAB-labelled tissue in one picture.[9] The mea-
surements gave the global positive area, in mm2, for each case picture.
To discarded stromal tissue, we calculated manually with the cell counter,
the number of epithelial cells in each picture. Final result was expressed
as positive area per cell, in mm2=cell. Nonparametric or global MUC1
positivity was calculated in mean of a ROC curve between NT and
IC, with a cut-off of 30 mm2=cell (sensitivity of 83.1% and specificity of
83.9%).

Statistics

The results were expressed by percentage of observations and means
þ=� SD. Annova or Fisher’s exact tests were performed. A p value <0.05
was considered significant. The Analyse-it 2.22 (Analyse-it Software, Leeds,
UK) and Excel 2003 (Microsoft Corp., Redmond, WA, USA) programs were
used for statistical analysis. This study was made according the approval of
an ethics committee.

RESULTS

Clinical and Immunohistochemical Characteristics

Table 1 shows the main clinical and histological characteristics. We
found no statistical significance for age of patient’s groups, except for
patients with T1 tumors in comparison with T3 tumors (Table 1, p¼ 0.01).

Ki67 index increased with the modified histological grade of Elston and
Ellis (Table 1, p< 0.001). Similarly, correlations were also seen between
Allred’s scores of ER or PR and histological grade (Table 1, p< 0.001)
except for ER between grade1 and grade2 tumors (Table 1, p¼ns). Further-
more, we observed a differences of Ki67 index between ER-negative and
ER-positive (60.3 þ=�25.3% vs. 25.3 þ=�22.3%; n¼ 7 vs. n¼ 29;
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p¼ 0.0034) and between PR-negative and PR-positive (54.8 þ=�25.3%. vs.
19.3 þ=�16.6%; n¼ 13 vs. n¼ 23; p¼ 0.0003). Score of HER2 showed sig-
nificant differences between DCIS and IC (Table 1, p¼ 0.0003) or between
Ductal IC and Lobular IC (Table 1, p¼ 0.03). There was also a relationship
of ER Allred’s score between HER2-negative and HER2-positive (6.7 þ=�
2.7 vs. 4.2 þ=� 3.8; n¼ 80 vs. n¼ 10; p¼ 0.013). Similarly, PR Allred’s score
for HER2-negative and HER2-positive was also significant (5.4 þ=� 3.3 vs.
1.6 þ=� 3.2; n¼ 80 vs. n¼ 10; p¼ 0.0012).

MUC1/CD227 Immuhistochemistry

Table 2, Figure 1, and Figure 2 summarized morphological patterns of
MUC1=CD227 expression in NT, DCIS, and IC (ductal n¼ 55 and lobular
n¼ 16). Although considering the cytoplasm or global MUC1=CD227-
positive expression, IC and DCIS are significantly more often positive than
NT tissues (Table 2, pictures in Figure 1 and Figure 2). The same result was
observed for the MUC1=CD227 digital parametric measures (respectively,
93 þ=� 70, 86 þ=� 68 and 16 þ=� 15 mm2=cell, p< 0.001; Figure 3).
MUC1=CD227-positive circumferential membrane (Figure 1f and
Figure 2a) or MUC1=CD227- positive diffuse cytoplasmic (Figure 1f and
Figure 2c) were more specific for DCIS and IC as compared to NT tissues
(Figure 1a–d). Polarized apical MUC1=CD227-positive expression pleaded
for NT (Table 2: NT vs. DCIS, p¼ 0.027; DCIS vs. IC, p¼ 0.001;
Figure 1a–e). No statistical differences were found about nuclear or
Golgi-dot area positive expression (Figure 2c). MUC1=CD227-positive
intracytoplasmic vacuoles were observed in IC and were more specific of

TABLE 2 Morphologic Patterns of MUC1=CD227 Immunostaining

Non Tumoral DIN Infiltrating Carcinoma

No.cases 31 21 71
Global positivity (cutt-off> 30mm2=cell) 16% 95% 84%�

5=31 20=21 60=71
Cytoplasm 3% 85% 92%�

1=31 18=21 66=71
Apical 96% 71% 22%�

30=31 15=21 16=71
Cytoplasmic membrane 0% 42% 57%�

0=31 9=21 41=71
Golgi Area 35% 66% 57%

11=31 14=21 37=71
Nuclear 19% 33% 9%

6=31 7=21 7=71
Intracytoplasmic vacuole 0% 4% 25%�

0=31 1=21 18=71

Significant difference are notified by �(p< 0.01).
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lobular carcinoma than ductal carcinoma: respectively 16.3% (9=55) vs.
56.2% (9=16), with p¼ 0.0054.

The morphologic comparison between the 12 patients with both
primary tumor and node metastasis showed no statistical difference for
MUC1=CD227-positive cytoplasm (respectively, 83.3% or 10=12 vs. 91.6%
or 11=12, p¼ns), MUC1=CD227-positive circumferential membrane
(50.0% or 6=12 vs. 58.3% or 7=12, p¼ns), polarized apical MUC1=
CD227-positive expression (33.3% or 4=12 vs. 8.3% or 1=12, p¼ns),
Golgi-dot positivity (58.3% or 7=12 vs. 58.3% or 7=12, p¼ns), or nuclear
expression (25.0% or 3=12 vs. 0% or 0=12, p¼ns). Interestingly, we found
a statistical difference (p¼ 0.01) between positive area per cell in primary
tumor (84 þ=� 60m2=cell) and in comparison with its metastasis (163 þ=�
81m2=cell, Figure 4).

Correlations Between Clinical Information and MUC1/CD227

Semi-quantitative results showed a tendency of loss of MUC1=CD227
immunostaining (positive area per cell) associated with the aggressive
behaviour of IC, without obvious statistical differences, such as for Elston
and Ellis’s histological grade (grade1¼ 80 þ=� 44mm2=cell; grade2¼ 98
þ=� 57mm2=cell; grade3¼ 92 þ=� 97mm2=cell; p¼ns) or for TNM classi-
fication (T1¼ 96 þ=� 55mm=cell2; T2¼ 86 þ=� 62mm2=cell; T3¼ 83 þ=�
59 mm2=cell, p¼ns; N0¼ 90 þ=� 64mm2=cell; N1¼ 83 þ=� 57mm2=cell;
p¼ns). In case of triple negative carcinoma, we observed decreasing

FIGURE 3 Positive area measures of MUC1=CD227 in non tumor breast cell (NT), ductal carcinoma in
situ (DCIS), and infiltrating breast carcinoma (IC). Prospective study. There is a significant statistical
difference between NT (x) and DCIS (�) or IC (�), p< 0.0001.
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MUC1=CD227 intensity between basal-like and non basal-like carcinoma
(respectively, 51 þ=� 73 vs 75 þ=�70 mm2=cell for n¼ 4 vs. n¼ 6), however
we could not establish significant statistical differences due to the small

FIGURE 5 Comparison of immunostaining between negative or positive MUC1=CD227 invasive
tumoral cells (mm2=cell) and Ki67 index, HER2 (score), PR, and ER (Allred’s score). There were signifi-
cant results between MUC1=CD227-negative and MUC1=CD227-positive for the Ki67 index (p¼ 0.0012)
or hormonal receptors (PR, p¼ 0.03). No correlation was observed for HER2 and ER.

FIGURE 4 Positive area measures of MUC1=CD227 in primary tumor breast cell (NT) and its node
metastasis. Retrospective analysis of 12 patients. There is a significant statistical difference, p< 0.01.
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number of cases. Ki67 index and PR Allred’s score presented a positive
correlation between global cellular MUC1=CD227positive signal respect-
ively with p¼ 0.0012 and p¼ 0.03, as illustrated in Figure 5 (number of cases
for MUC1=CD227-negative¼ 11 and for MUC1=CD227-positive¼ 60). No
correlation was found between HER2 or ER and MUC1=CD227 (Figure 5).

DISCUSSION

To date, routine immunohistochemical studies of MUC1 in breast can-
cer giving a clinical or pathological data are relatively rare. Most of them
were realized retrospectively from TMA method and in experimental
researches. Mukhopadhyay et al. reviewed recently only 2 prospective immu-
nohistochemical studies over MUC1 in breast cancer.[12] Our study was per-
formed from routine sample using a commercially available MUC1=CD227
monoclonal antibody Ma695. The results showed that our technical
procedure was constant and standardized. We also demonstrated that
expression of MUC1=CD227 is higher in breast cancer cells, both for DCIS
or IC, than in NT. In cancer cells, MUC1=CD227 expression was however
heterogeneous but more often observed with loss of apical (or luminal)
polarized localization, mainly positive in cytoplasm and=or in periphery of
cytoplasmic membrane. In a recent work, we already reported this particular
pattern in urological tumors of the bladder and the prostate and we pro-
posed that this pattern could be helpful for distinguishing between non
tumor tissue from cancerous cells.[9,13] Here, the loss of MUC1=CD227
expression could be a potential marker for aggressive tumor behavior of
breast cancers such as high histological grade or high TNM, although we
found no statistical correlation. Nevertheless, using the aggressive prognosis
marker Ki67 index, we found that it was inversely correlated with theMUC1=
CD227 expression (Figure 5). Also, Rakha et al.[4], with a large TMA series of
1447 patients, reported that the apical cellular localization was an indicator
of intact MUC1=CD227 pathway and a normal differentiation of tumor
breast cells. Similarly to our findings, they reported 91% of MUC1=
CD227-positive breast carcinoma and they demonstrated an inverse associ-
ation in favor of highly aggressive cancer. They also proved, by means of
Kaplan-Meier curves for survival and disease free, that apical positive pheno-
type showed a better prognostic than cytoplasmic or membranous MUC1=
CD227 positive phenotype. Van der Vegt et al.[14] with a same methodology
of TMA pointed out the MUC1=CD227-negative expression of breast cancer
as an independent risk factor for poor relapse-free survival and overall sur-
vival, besides classical prognostic indicators. Further, in agreement with our
results these authors found an association between MUC1=CD227-negative
cells and negative hormonal receptors status.[4,14]

MUC1=CD227 Immunohistochemistry in Breast Cancer 241



For pathologists, MUC1=CD227-positive intracytoplasmic vacuoles are
an interesting pattern to diagnosis lobular to ductal carcinoma. These vacu-
oles were already described in the literature.[15] Moreover, we observe also a
distinct MUC1=CD227 pattern in 2 cases of micropapillary carcinoma
(Figure 2d, this cases are discarded because small number of cases) consist-
ing to an inversed basal membrane MUC1=CD227-positive expression.[16,17]

MUC1=CD227 pattern was also a good tool to discriminate low and high
grade DIN (Figure 1). We already showed the usefulness of MUC1=CD227
for the diagnosis of low- and high-grade non invasive papillary tumors of
the bladder.[8] The same pattern could be also applying for DIN in breast
carcinoma. Mommers et al.[18] described that membrane expression of
underglycosylated MUC1=CD227 was found only in poorly differentiated
DIN. Ours observations over high-grade DIN associated with loss of
MUC1=CD227 apical expression and cytoplasmic or membrane MUC1=
CD227-positive DIN was already reported in the literature.[12,19,20] Also,
we agree to the suggestion of de Ross et al.[18] that the MUC1=CD227
pattern of DCIS could be helpful for distinguishing between different
grades of DCIS.

It is well known that MUC1=CD227-C intracellular subunit is involved in
several cellular signalling pathways that may induce cell cancer transform-
ation and promote growth or survival cancerous cells by apoptosis sup-
pression. MUC1=CD227-C shows interaction with ErbB family (particularly
ErbB1 and FGFR3), beta-catenin, ER-alpha, PI3K, AKT, p53, Bcl-Xl, SrC,
heat shock protein 90 chaperon.[3,5,21–24] Interestingly, MUC1=CD227 is
also associated to the resistance of trastuzumab or tamoxifen.[12,25,26]

Recent in vitro studies show that interactions between MUC1-C and these
cellular pathways could be inhibited by several small molecule inhibitor, cre-
ating likely novel approaches for the breast cancer chemotherapy.[5,6,30–32]

Bitler et al. postulated that MUC1=CD227-C regulates nuclear localisation
and function of EGFR in a transgenic mouse model of breast cancer.[33]

Also, we found no association between MUC1=CD227 and HER2 but it is
well known that, contrary to EGRF (HER1), MUC1=CD227 is not directly
associated with HER2 receptors.[3]

In cancer, MUC1=CD227-N extracellular domain shows aberrant glyco-
sylation leading to the exposure of repetitive core peptide epitopes that
are good targets for immunotherapy. Also, MUC1=CD227-N is over-
expressed on tumor cells membrane altering cell-cell and cell-matrix
adhesion of E-cadherin and is a ligand for ICAM-1=CD54.[3,5,26,27] Others
suggested a possible role of MUC1=CD227 in the modulation of VEGF
and the tumoral angiogenic response.[28,29] These mechanisms could
explain the role of MUC1=CD227 in cancer progression and your obser-
vation of over-expression of MUC1 inmetastatsis (Figure 4). Vaccines against
MUC1=CD227-N have been actually extensively studied in phase I=II. Some
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modest clinical responses have been reported but new synthetic MUC1=
CD227-N vaccines are now available and seem to be promising.[5,34]

Recently, Mensdorff-Pouilly et al. demonstrated the ability of natural anti--
MUC1=CD227 antibodies to bind tumor cells over-expressing MUC1=
CD227 and to recruit effector cytotoxic NK lymphocytes.[35] These findings
open also an alternative therapeutic approach using MUC1=CD227 as a
target for breast cancer monoclonal antibody therapies.

CONCLUSIONS

MUC1=CD227 is secreted in about 90% of infiltrating breast cancer and
intraepithelial breast neoplasia. The pattern of cellular MUC1=CD227
expression is very important to discriminate the aggressive grade of IC or
DCIS and is therefore an interesting helpful for the pathologist. For clini-
cians, MUC1=CD227 expression seems to be an independent poor prognos-
tic marker, sometimes associated with chemoresitance of trastuzumab or
tamoxifen. To date, new therapeutic molecules against the cytoplasmic
domain of MUC1 are studied and new vaccines against extracellular domain
of MUC1 are developed. Because breast cancers show heterogeneous
expression of MUC1 in intensity and=or in patterns, immuno-histological
evaluation of MUC1 will play likely an important role for selection of patient
under future potential anti-MUC1 treatment.
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ii. MUC1/EGFR et l’autophagie dans le cancer du sein de patientes 

triple négatif. 

But du travail : 

 Les cancers TN sont composés d’un groupe hétérogène de cancers du sein 

exprimant à plus de 75 % l’EGFR. Ce sont des cancers agressifs souvent résistants à 

la chimiothérapie et ne répondant pas ou quasiment pas aux anti-EGFR.  

 L’autophagie est un mécanisme de survie cellulaire impliqué dans la résistance 

à la chimiothérapie. Elle peut être activée par la voie de signalisation EGFR/PI3K dont 

MUC1 a été décrit comme associée. 

 Les questions posées sont : « l’autophagie est-elle activée dans les TN ? Si 

oui, quelle est l’implication de MUC1 ou EGFR ? » 

 

Matériel et méthode :  

 Des TMA sont construits à partir de matériel FFPE de 48 patientes TN et de 39 

patientes LUM servant de groupe contrôle.  

 Les expressions de l’EGFR, MUC1-N, MUC1-C, PI3Kp110β, Bécline-1 sont 

évaluées.  

 

Résultats : 

 Comme dans nos observations précédentes sur les tissus humains, nous 

confortons sur cette série différente, la diminution d’expression de MUC1-N et de 

MUC1-C dans les cancers TN par comparaison aux LUM (respectivement p =0.002 et 

p<0.0001). 

 EGFR n’est quasiment pas observé dans les LUM (p<0.001). 

 Bécline1 et PI3Kp110β sont plus faiblement exprimées dans les TN que dans 

les LUM (p<0.0001, p<0.0001).  
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Dans les TN, une corrélation positive est calculée  entre PI3Kp110β et la 

Bécline1, démontrant une association probable entre les 2 molécules dans la voie de 

l’autophagie. (figure 15) 

 

 

FIGURE 15 : Corrélation positive entre Bécline1 et PI3Kp110β dans les TN, suggérant que les 2 molécules sont 
liées dans le même mécanisme d’autophagie. 

 

Dans les LUM et les TN, on observe une corrélation positive entre MUC1-N 

(MUC1-VNTR) et Bécline-1 : elle est cependant négative pour les LUM et positive pour 

les TN. (figure 16) MUC1-C est positivement corrélé avec PI3Kp110β, uniquement dans 

les TN. (figure 17). 

 

 

FIGURE 16 : corrélation positive entre Bécline1 et MUC1-N dans les TN, illustrant l’association possible entre 
MUC1 et l’autophagie. 
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FIGURE 17 : Corrélation positive entre MUC1-C et PI3Kp110β dans les TN, illustrant également la possibilité 
d’association entre MUC1 et l’autophagie. 

  

Aucune relation entre EGFR et les autres anticorps étudiés n’a pas été 

démontrée. 

 Une observation importante est la corrélation positive entre MUC1-C et MUC1-

N uniquement décrite dans les TN (p<0.0001) suggérant que la molécule 

transcrite MUC1 reste intacte dans les TN et n’est pas modifiée par des phénomènes 

épigénétiques (internalisation principalement et splicing intracellualre…), 

contrairement aux LUM. Rappelons que MUC1-C est l’une des voies d’internalisation 

de l’EGFR, suggérant que l’EGFR s’accumule à la membrane par défaut de ce 

mécanisme. (figure 18) 

 

FIGURE 18 : Corrélation entre MUC1-C et MUC1-N dans les TN, suggérant un proportion identique entre les 
deux parties de MUC1 et que, par conséquent, MUC1 est sous une forme native peu modelée par 

internalisation successive.  
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Conclusion : 

 Les diminutions de Bécline1 et de PI3Kp110β dans les TN suggèrent que 

l’autophagie jouerait un important rôle dans ce groupe hétérogène de tumeurs TN, 

connu pour la résistance à la chimiothérapie ou aux thérapies ciblées contre EGFR.  

De plus, nous démontrons, également dans les TN, une association positive 

entre Bécline-1 ou PI3Kp110β et MUC1-N ou MUC1-C, suggérant l’implication de 

MUC1 dans la voie de l’autophagie.  

L’association entre MUC1 et EGFR est démontrée depuis plusieurs années et 

a fait l’objet de nombreuses publications. Le complexe moléculaire MUC1/EGFR n’est 

plus à remettre en doute. Par contre, l’association entre MUC1/EGFR/NEU1 a été 

récemment décrite. NEU1 est un enzyme lysosomiale capable d’enlever les acides 

sialiques des glycoprotéines comme MUC1 ou EGFR. Ce processus de 

sialylation/désialylation serait un important modulateur des fonctions de ces 

macromolécules. NEU1 a également montré une interaction moléculaire avec EGFR. 

Son interaction avec MUC1 reste cependant encore hypothétique.    

Nos observations illustrent aussi que MUC1 est moins exprimée dans les TN et 

qu’elle se présente dans une forme moins remodelée, c’est-à-dire intacte sans 

phénomène de « splicing » (corrélation positive MUC1-N et MUC1-C). Cette différence 

peut s’expliquer par un défaut de l’internalisation de MUC1, suggérant que 

l’accumulation de l’EGFR à la membrane des TN est due également à un défaut 

d’internalisation du couple MUC1/EGFR et, par conséquent, une accumulation 

d’EGFR à la membrane.  Ceci expliquant la présence excessive de l’EGFR dans les 

cellules TN par comparaison aux cellules LUM. 

Pour conclure, nous pensons que l’autophagie est altérée dans les TN 

impliquant le complexe moléculaire de MUC1/EGFR et probablement NEU1.  
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Abstract: Triple-negative breast carcinoma (TN) is a heterogeneous cancer type expressing EGFR in 75% of cases. 
MUC1 is a large type I sialylated glycoprotein comprising two subunits (α and β chains, also called respectively 
MUC1-VNTR and MUC1-CT), which was found to regulate EGFR activity through endocytic internalisation. Endocytosis 
and autophagy use the lysosome pathway involving NEU1. Recently, a molecular EGFR-MUC1-NEU1 complex was 
suggested to play a role in EGFR pathway. In the aim to understand the relationship between EGFR-MUC1-NEU1 
complex and autophagy in breast carcinoma, we compared triple negative (TN) showing a high-EGFR expression 
with luminal (LUM) presenting low-EGFR level. We studied the expression of MUC1-VNTR, MUC1-CT and NEU1 in 
comparison with those of two molecular actors of autophagy, PI3K (p110β) and Beclin1. A total of 87 breast cancers 
were split in two groups following the immunohistochemical classification of breast carcinoma: 48 TN and 39 LUM. 
Our results showed that TN presented a high expression of EGFR and a low expression of MUC1-VNTR, MUC1-CT, 
NEU1, Beclin-1 and PI3Kp110β. Moreover, in TN, a positive statistical correlation was observed between Beclin-1 or 
PI3Kp110β and MUC1-VNTR or NEU1, but not with EGFR. In conclusion, our data suggest that autophagy is reduced 
in TN leading likely to the deregulation of EGFR-MUC1-NEU1 complex and its associated cellular pathways.  
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Introduction

Breast cancers are the most common cause of 
cancer mortality in women. Most of them are 
routinely treated following their estrogen recep-
tors (ER), progesterone receptors (PR) and 
human epidermal growth factor receptor type 2 
(HER2) expressions. According to this clinical 
approach, a biological classification has been 
recently proposed by Perou et al and adopted 
by the St Galen International Expert Consensus. 
Briefly, this classification proposes three main 
molecular subtypes: luminal (ER+PR+HER2-), 
overexpressed HER2 (ER-PR-HER2+) and triple 
negative (ER-PR-HER2-) carcinomas [1-3]. 
However, triple negative breast carcinoma (TN) 

corresponds to a heterogeneous cancer sub-
type leading to difficulties to assign an appro-
priate treatment [4]. Interestingly, about 75% of 
TN expressed high amount of type 1 epidermal 
growth factor receptor (EGFR). Unfortunately, 
the treatments by a monoclonal anti-EGFR 
alone (Cetuximab) or in combination with carbo-
platin, were associated with a low rate of clini-
cal response suggesting a complex signalling 
pathway [5-7].

MUC1, or CD227, is a large trans-membrane 
O-glycosylated protein affiliated to the insoluble 
mucin family. Structurally, MUC1 is a heterodi-
mer consisting of a large extracellular α-subunit 
containing 20 to 125 tandem repeats of 20 
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amino acids broadly glycosylated (MUC1-VNTR), 
and a β-subunit containing the transmembrane 
domain and a cytoplasmic tail (MUC1-CT) 
[8-10]. Many breast cancers and other epitheli-
al cancers over-express MUC1 presenting 
severe alterations of their glycosylation pattern 
leading to the exposure of repetitive peptide 
core epitopes that may represent potential tar-
gets for immunotherapy [11-14]. Kawaguchi et 
al demonstrated that MUC1 glycosylation 
changes are correlated to the tumoral capacity 
to develop metastasis [15]. Among the glyco-
sylation processes, sialylation is crucial for a 
variety of cellular functions such as cell adhe-
sion signal recognition, and biological stability 
of glycoproteins. Sialylation of glycoproteins is 
regulated by two opposing enzymatic activities:  
sialyltransferases and sialidases [16, 17]. It is 
interesting to mention that NEU1, a well-known 
lysosome sialidase, has been proposed to regu-
late EGFR and MUC1 signalling (ref Lillehoj et 
al). Moreover, NEU1 forms a complex with both 
EGFR and MUC1 [18]. The β-subunit part of 
MUC1, MUC-CT, is involved in several cellular 
signalling pathways that could potentially 
induce cancerous transformation by either 
growth/survival pathways induction or apopto-
sis inhibition [19, 20]. Some authors demon-
strated a colocalisation between MUC1-CT and 
EGFR both at the cell membrane and in the 
nucleus, involving internalisation of EGFR and 
activation of the EGFR-PI3K-AKT pathway 
[20-22].

The phosphoinositide 3-kinases (PI3K) consti-
tute a family of lipid kinases that can be acti-
vated by extracellular stimuli. PI3K are involved 
in tumour cell survival, proliferation and differ-
entiation. They are grouped into three classes 
of isoforms mainly based on their substrate 
specificity. The two ubiquitously expressed 
PI3K isoforms p110α and p110β play different 
roles in cellular signalling. The p110α isoform 
promotes the main response of EGFR stimula-
tion, whereas p110-β seems to finely tune this 
response [23, 24]. Importantly, p110β is also 
involved in the endocytosis of EGFR and/or to 
promote autophagy by activation of the Rab5-
Vps34-Vps15-Beclin-1 complex [25, 26]. 
Interestingly, MUC1 expression is associated 
with increased lysosomal turnover of the 
autophagic maker LC3-II by stimulation of the 
AMP-activated protein kinase (AMPK), there-

fore highlighting the involvement of MUC1 in 
the regulation of autophagy [21, 27]. Autophagy 
is a cellular degradation pathway involving dou-
ble-membrane vesicles and the lysosome 
machinery, including catabolic enzymes such 
as NEU1. Autophagy is activated upon cellular 
stress in order to maintain cell homeostasis. 
Autophagy plays a role in differentiation, aging, 
immunity and tumour suppression [28]. 
Intriguingly, autophagy is also associated with 
resistance to chemotherapy [29, 30].

To understand the relationship between EGFR-
MUC1-NEU1 complex and autophagy in breast 
carcinoma, we compared TN showing a high-
EGFR expression, with LUM presenting low-
EGFR level. We studied the expression of 
MUC1-VNTR, MUC1-CT and NEU1 in compari-
son with those of PI3K (p110β) and Beclin1.

Materials and methodology

Patient population 

Between 2010 to 2013, archival paraffin 
embedded surgical material and clinical data of 
48 triple negative breast carcinomas (TN, age = 
61.1 ± 14.9 years) and 39 luminal carcinoma 
(LUM, age = 60.4 ± 12.4 years, P = ns) using as 
control group, were available for this study. All 
cases were classified following the immunohis-
tochemical classification in mean of a prelimi-
nary immunohistochemical study confirmed by 
the tissue microarray (TMA) [1-3]. Among those, 
19 patients presented lymph node metastasis 
(LUM = 15/39 (38.4%) vs. TN = 4/48 (10.4%), P 
= 0.0008) and 15 had haematogenous metas-
tasis (mainly lung, liver and brain; LUM = 1/39 
(2.5%) vs. TN = 14/48 (29.1%), P = 0.0007). 
Tumour recurrence was described in 13 
patients (LUM = 2/39 (5.1%) vs. TN = 11/48 
(22.9%), P = 0.02). No neo-adjuvant chemo-
therapy was performed. The mean of follow-up 
was 101.6 ± 60.4 weeks. 

This study was made according to the approval 
of the local ethic committee, and all patients 
were informed and agreed to contribute to this 
study.

Histological procedures and Tissue Micro Array 
(TMA) construction

All surgical specimens were initially fixed in 4% 
buffered formaldehyde solution for 8 to 48 
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hours, then embedded in paraffin and cut into 
4 µm thick slides. The slides were stained with 
a classical haematoxylin-eosin stain to perform 
the initial diagnosis. From these archival for-
mol/paraffin blocs, we built a TMA receive par-
affin block that could be used for all immuno-
histochemical slides. We used an automated 
TMA device (Minicore2, Mitogen UK) associat-
ed with a needle core of 0.6 mm diameter. We 
chose 3 distant core needle samples of each 
donor tumour paraffin block. The final TMA 
receive paraffin block was cut in serial slides. 
These slides were consecutively used for 
immunohistochemistry. 

Immunohistochemical methods

Immunohistological staining was performed 
with a Dako Autostainer Link 48® immunosta-
ing system (Dako Glostrub, Denmark). After 
dewaxing, antigenic retrieval were performed 
using citrate buffered (pH 6) or EDTA buffered 
(pH 9) antigenic retrieval solution at 99°C in a 
warm bath (EnVision Flex Target Retrieval solu-
tions high and low pH, Dako). Endogen peroxy-
dase were inhibiting with a hydrogen peroxide 
phosphate buffered solution (EnVision Flex 
Peroxydase Blocking Reagent, Dako).  After the 
incubation of the primary antibodies, the immu-
nological reaction was revealed by a polymer 
dextran coupled with secondary antibody and 
peroxydase for 15 min (EnVision Flex HRP, 
Dako) and diaminobenzidine for 10 minutes 
(EnVision DAB + chromogen, Dako). Coun- 
terstain was made with haematoxylin for 10 
min (EnVision Flex haematoxylin, Dako). 
Negative controls were obtained using mouse 
IgG1 (Negative Control Mouse, Dako) diluted at 
1:100, in place of primary antibodies. Primary 

antibodies, dilution and antigenic retrieval are 
described in Table 1.

Classification of breast cancers by immunohis-
tochimestry

HER2 immunostaining were considered posi-
tive as described in the Guideline of College of 
American Pathologists and controlled by a FISH 
technique for all cases (HercepTest® Dako) [31]. 
ER and PR were subsequently scored using a 
score consisting to sum the intensity and pro-
portion of the nuclear immunostaining. A result 
superior to 2 was considered as positive [32]. 
According the St Galen guideline [3] and the 
results of these immunostainings, all cases 
were classified following the immunohisto-
chemical classification [1, 2]. 

Immunostaining quantification

Staining results were evaluated by CG and CM, 
based on the intensity and percentage of stain-
ing tumour cells, with agreement reached. The 
parametric results were edited as a score by a 
multiplication of intensity (0 = none, 1 = weak, 
2 = intermediated, 3 = strong) and the percent-
age of tumour cells (0 = none, 1 = 1%, 2 = 
between 1% to 10%, 3 = between 10% to 33%, 
4 = between 33% to 66% and 5 = between 66 
to 100%) [modified from 32]. 

Statistics

T-test and Spearman’s test were performed. A p 
value < 0.05 was considered significant. The 
WinSTAT® version 2012 (Fitch Software, Bad 
Krozinger, Germany) and Excel 2013 (Microsoft 
Corp., Redmond, Washington U.S.A.) programs 
were used for statistical analysis. The results 
were expressed in means and standard error.

Table 1. Primary antibodies, dilution, antigenic retrieval, incubation times and abbreviations used in 
this study
Antibodies Clone Abbreviation Manufacture Dilution Retrievial Incubation (minutes)

Beclin-1 H-300 Beclin-1 Santa Cruz 1:50 Citrate, pH 6 60

EGFR wild-type DAK-H1-WT EGFR Dako 1:200 EDTA, pH 9 30

α-Estrogen Receptor SP1 ER Dako RTU EDTA, pH 9 20

HER2 c-erB-2 HER2 Dako 1:800 Citrate, pH 6 30

MUC1 core glycoprotein Ma552 MUC1-VNTR Novocastra 1:50 EDTA, pH 9 10

MUC1-ter C ARP41446 MUC1-CT Aviva System Biology 1:400 EDTA, pH 9 60

Neuraminidase1 NEU1 ARP44186_T100 Aviva System Biology 1:1000 EDTA, pH 9 60

Pi3K p110 β N/A PI3K Spring 1:100 Citrate, pH 6 30

Progesterone Receptor PgR636 PR Dako RTU EDTA, pH 9 20
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Figure 1. EGFR, MUC1-VNTR, MUC1-CT and NEU1 difference and morphological distribution between luminal (LUM) 
and triple-negative (TN) breast carcinoma. EGFR is negative in LUM and positive in only membrane in this TN case/
MUC1-VNTR and MUC-CT are positive in cytoplasm of LUM and negative in TN/NEU1 is positive in cytoplasm of LUM 
and negative in TN. This figure illustrated observations described in Table 2: the low-expression of MUC1-VNTR, 
MUC1-CT, NEU1 and the high-expession of EGFR in TN, suggesting that the EGFR/MUC1/NEU1 molecular complex 
could be deregulated in breast cancers. Immunohistochemistry on the same LUM and TN cases. Magnification 
400×. 
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Results

Characteristics of patients with TN and LUM 
breast carcinomas

In this retrospective study, we analysed data 
from 87 patients prognosticated either with tri-
ple negative breast carcinomas (TN, n = 48, 
age = 61.1 ± 14.9 years) or with luminal breast 
carcinoma (LUM, n = 39, age = 60.4 ± 12.4 
years, P = ns) [1-3]. Among the whole popula-
tion of breasts cancer patients, those diag-
nosed with lymph node metastasis was signifi-
cantly higher in the LUM group compared to the 
TN group (15/39 (38.4%) vs. TN = 4/48 (10.4%), 
respectively, P = 0.0008). Conversely, the num-
ber of patients with haematogenous metasta-
sis (mainly lung, liver and brain) was lower with-
in the LUM group than in the TN group (LUM = 
1/39 (2.5%) vs. TN = 14/48 (29.1%), P = 
0.0007). Tumour recurrence was described in 
13 patients (LUM = 2/39 (5.1%) vs. TN = 11/48 
(22.9%), P = 0.02). No neo-adjuvant chemo-
therapy was performed. The mean of follow-up 
was 101.6 ± 60.4 weeks. 

Morphological differences between TN and 
LUM

First, we studied the morphological cell distri-
bution of EGFR, MUC1-VNTR, MUC1-CT and of 
NEU1 (Figure 1), PI3Kp110β and Beclin-1 
(Figure 2) in the 48 TN in comparison with the 
39 LUM. To that aim, we compared the immu-
nohistological score obtained for each antibody 
in the TN and LUM groups (Table 2). Interestingly, 
all immunostainings presented a significant 
statistical difference between LUM and TN, 
suggesting an important biological difference 
between these 2 groups of breast tumours. 
Globally, TN showed a lower expression of 
MUC1-VNTR (P = 0.002), MUC1-CT (P < 0.0001), 
NEU1 (P = 0.03), PI3Kp110β (P < 0.0001) and 
Beclin-1 (P < 0.0001) as compared to LUM. A 
higher expression of EGFR (P < 0.0001) was 
observed in TN. Although TN breast cancers 
are well-known to highly express EGFR, in this 
study 14 TN were EGFR-negative and 2 LUM 
were EGFR-positive. However, no change within 
our data was observed if these cases were dis-
carded EGFR is expressed both in the cyto-
plasm and the cell membrane.

Figure 2. PI3Kp110β and Beclin-1 difference and morphological descriptions between luminal (LUM) and triple-
negative (TN) breast carcinoma. PI3Kp110β and Beclin-1 are high-positive in LUM and low-positive in TN. This figure 
illustrated observations described in Table 2: the low-expression of Beclin-1 and PI3Kp110β in TN, suggesting a low 
action of autophagy. Immunohistochemistry on the same LUM and TN cases. Magnification 400×. 
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Then, we investigated the morphological locali-
sation of these molecules. As we previously 
described, MUC1-VNTR is expressed both at 
the cytoplasm membrane and in the cytoplasm 
[33]. MUC1-CT showed the same expression 
pattern. Importantly, we noted that MUC1-VNTR 
and MUC1-CT expression were not always 
observed at the cell membrane of each patient 
group, indicating that MUC1 epitopes are not 
always accessible for a target therapy using 
monoclonal antibodies. NEU1 and PI3Kp110β 
were localized mainly in the cytoplasm.  Beclin-1 
was observed either in the cytoplasm or in the 
nuclei.

Relative expression of the EGFR/MUC1/NEU1 
complex molecules 

Although MUC1 expression has been well illus-
trated in breast carcinoma, to date the com-
parison of MUC1-VNTR and MUC1-CT in TN and 
LUM is still not described in the literature. Here, 
we found a positive correlation between MUC1-
VNTR and MUC1-CT within the TN group (P < 
0.0001, r = 0.64) but not for the LUM group, 
suggesting that in TN, MUC1-VNTR and MUC1-
CT were produced at the same rate (Figure 3). 
Previous studies suggested the possibility of a 
MUC1-EGFR-NEU1 molecular complex [18, 34]. 
We then sought a relationship between the 
expressions of EGFR with each one of these 
two forms of MUC1 in the two groups of breast 
cancers. In contrast to the previous document-
ed studies, we did not observe a positive cor-
relation neither between EGFR and MUC1-
VNTR, nor with MUC1-CT whatever the breast 
cancer group analysed (data not shown). 
Likewise, EGFR expression was not positively 
correlated to Neu1 expression. Furthermore, in 
the setting of the above-mentioned results in 

Figure 1, we also questioned the possibility of 
an inverse correlation between EGFR and 
MUC1 or NEU1. Though, no correlation was 
found between these molecules. Conversely, 
MUC1-VNTR was statistically and positively cor-
related to NEU1 expression in the TN group (P = 
0.04; r = 0.25), but not in the LUM group (Figure 
4). No correlation was observed with the intra-
cellular MUC1 domain (MUC1-CT) (Figure 4). 
These results suggest that only an interaction 
between NEU1 and the extracellular domain of 
MUC1 may occur in the TN group.

Autophagy and TN breast cancer

Autophagy has been involved in breast cancer 
[29, 30]. We studied two different proteins 
involved in the autophagy pathway: the subunit 
PI3Kp110β and Beclin-1 [26-28]. Our results 
indicate a positive correlation between 
PI3Kp110β and Beclin-1 either in LUM (P = 
0.001, r = 0.41) and TN (P = 0.002, r = 0.40), 
demonstrating the relationship between the 
two proteins. TN presented a low-level of both 
PI3Kp110β and Beclin-1 suggesting a decreas-
ing of autophagy (Table 2). Moreover, NEU1 
presented a positive correlation for PI3Kp110β 
and Beclin-1 in TN (respectively P = 0.0003, r 
=0.48 and P = 0.01, r = 0.31) (Figure 5). In the 
LUM group, NEU1 was positively correlated to 
PI3Kp110β (P = 0.04, r = 0.29) but not with 
beclin-1 (Figure 5). These observations pointed 

Table 2. Biological difference between LUM and 
TN antigenic expressions. Results are expressed 
in mean and standard deviation of histological 
score

LUM TN P

N 39 48

EGFR 0.35 ±1.18 6.60 ± 5.04 < 0.0001

MUC1-VNTR 10.71 ± 4.89 7.14 ± 5.76 0.002

MUC1-CT 9.53 ± 4.62 5.50 ± 4.18 < 0.0001

NEU1 8.05 ± 3.16 6.06 ± 5.01 0.03

PI3Kp110β 9.55 ±4.09 6.10 ± 3.96 < 0.0001

BECLIN1 9.65 ± 4.26 6.23± 3.77 < 0.0001

Figure 3. Histological score relationship between 
MUC1-VNTR and MUC1-CT in LUM (grey, P = ns) or 
TN (black, P < 0.0001). The linear positive correla-
tion between MUC1-VNTR and MUC1-CT observed 
only in TN, suggests that these both antigens were 
produced in the same concentration. Consequently, 
MUC1 seems less modified in TN than in LUM.
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out the implication of NEU1 in the autophagy 
through the lysosomal machinery. MUC1-VNTR 
also showed positive correlations in TN for both 
PI3Kp110β (P = 0.009, r = 0.32) and Beclin 1 
(P = 0.01, r = 0.32). MUC1-CT was only corre-
lated with PI3Kp110β in the TN group (P = 0.04) 
but not with Beclin-1 (Figure 6), suggesting that 
MUC1-VNTR was the main MUC1 subunit 
involved in the autophagy process in TN (Figure 
7). This relationship was less obvious in LUM. 
We concluded that autophagy is reduced in TN 
involving likely MUC1-VNTR and NEU1.  

Discussion 

Recently on routine histological material, we 
have demonstrated that MUC1 protein was 
associated with the tumour aggressive biologi-

cal behaviour of breast carcinoma [33]. Several 
authors also illustrated the secretion of MUC1 
by breast cancer cells [35-37]. Most of them 
were mainly interested by the extracellular 
α-subunit of the MUC1 (MUC1-VNTR) because 
in tumour cells, the antigenic sides of the 
α-subunit protein core are specifically denuded 
by an aberrant lack of glycosylation. The core 
protein is then more exposed and constitutes a 
potential target for immunotherapy [38]. 
Deepening the knowledge of breast carcino-
mas, we here showed an important heteroge-
neity, both in the quantitative and the qualita-
tive expression of MUC1 in luminal and triple 
negative breast carcinomas. In agreement with 
our data, Siroy et al had already showed that 
67% of early stage basal-like triple negative 

Figure 4. Histological score relationship between 
NEU1 and MUC1-VNTR in LUM (grey, p=ns) or TN 
(black, p=0.04) or MUC1-CT for LUM (grey, P = ns) or 
TN (black, P = ns). Correlations between MUC1-VNTR 
or MUC1-CT and NEU1 were only significant between 
MUC1-VNTR and NEU1 in TN (P = 0.04) suggesting 
that the extracellular chain of MUC1 is associated 
with NEU1 only in TN. 

Figure 5. Histological score relationship between 
NEU1 and PI3Kp110β for LUM (grey, P = 0.04) or TN 
(black, P = 0.0003) or Beclin1 for LUM (grey, P = ns) 
or TN (black, P = 0.01). NEU1 presented a positive 
correlation with the two antigens of autophagy: PI3K 
(p110β) (for TN P = 0.01 and for LUM P = 0.04) and 
Beclin-1 (For Tn P = 0.0003 and for LUM P = ns). 
This suggests that the lysosomial enzyme NEU1 is 
involved in the autophagy pathway. 
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breast cancers strongly expressed MUC1, 27% 
showed a weak secretion and 6% were nega-
tive [37]. Our study also supports a previous 
report on MUC1-VNTR expression in a small 
group of patients (10 cases) [33]. Such variabil-
ity is of clinical interest. Indeed, we here showed 
that both MUC1 subunits (MUC1-VNTR and 
MUC1-CT), and thereof epitopes exposure, are 
less expressed in TN than in LUM breast 
cancers.

Lillehoj et al suggested the possibility of a 
MUC1-EGFR-NEU1 molecular complex [18]. 
Consequently, we looked at the association 
between MUC1, EGFR and/or NEU1 in the two 
groups of breast cancers. However, we did not 
find any correlation between EGFR and MUC1-
VNTR, MUC1-CT or NEU1. We even found that 

while TN was expressed a high level of EGFR, 
both MUC1-VNTR and MUC1-CT were down-reg-
ulated in TN as compared to LUM breast can-
cer. These results are discordant with those of 
Neeraja Dharmanarj et al who recently demon-
strated a statistical correlation between MUC1 
and EGFR and concluded that the activation of 
EGFR stimulates MUC1 expression in multiple 
cellular contexts [39], but are in setting with 
those of others authors who showed that EGFR 
stimulation promotes the cleavage α-subunit 
MUC1 [20, 40, 41]. Such discrepancies high-
light the importance to define in situ the expres-
sion of these molecules according to the type 
of cancer. In vitro study on breast cell lines 
demonstrated that MUC1 and EGFR are associ-

Figure 6. Histological score relationship between 
MUC1-VNTR and PI3Kp110β for LUM (grey, P = 0.04) 
or TN (black, P = 0.009) or Beclin-1 for LUM (grey, P = 
0.01) or TN (black, P = 0.01). Only MUC1-VNTR is cor-
related with two antigens of autophagy (Beclin-1 and 
PI3Kp110β) (P = …) in TN and in LUM. This suggests 
that the extracellular part of MUC1 could be played a 
role in the autophagy of breast carcinoma.

Figure 7. Histological score realtionship between 
MUC1-CT and PI3Kp110β for LUM (grey, P = ns) or 
TN (black, P = 0.04) or Beclin-1 for LUM (grey, P = 
ns) or TN (black, P = ns). Only MUC1-CT is only cor-
related PI3K (p110β) in TN (P = 0.04). This suggests 
that the intracellular part of MUC1 is less involved 
in the autophagy pathway than the extracellular part 
of MUC1. As illustrated in the Figure 2, MUC1 is less 
modified by the MUC1-VNTR splicing in TN, suggest-
ing that an independent action of the extracellular 
MUC1-VNTR and the intracellular MUC1-CT.
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ated in a molecular complex in breast cancers 
and that MUC1 inhibits EGFR down-regulation 
and endocytosis [34]. Based on our in situ 
results, we then hypothesize that EGFR overex-
pression observed in TN is the result of EGFR 
accumulation in the cytoplasm or cell mem-
brane rather than EGFR-overproduction.

Our results demonstrate that the expression of 
MUC1-VNTR and MUC1-CT were only correlated 
in TN, suggesting that the MUC1 is not cleaved 
yet, and therefore that MUC1 endocytosis is 
reduced in TN. Accordingly, Wreschner et al 
demonstrated that full length MUC1 is modified 
following a limited proteolysis event of its extra-
cellular part (MUC1-VNTR) by the recycling of 
MUC1 by endocytosis [34, 38]. Subsequently, 
Crose et al showed that MUC1-CT constitutes a 
better indicator of MUC1 production than 
MUC1-VNTR because it does not depend on the 
MUC1 proteolysis [42]. Therefore, the positive 
correlation between MUC1-VNTR and MUC1-CT 
observed in TN, is the indirect reflect of the lack 
of MUC1 recycling. Reduced recycling of MUC1 
in TN therefore bound to a reduced level of 
MUC1 glycosylation supports the fact that 
MUC1 epitopes could be better recognized in 
this type of breast cancer. Furthermore, 
because MUC1-CT is not or less altered or gly-
cosylated, it constitutes a better indicator of 
the primary secretion of the MUC1 [42]. This 
also supports our above mentioned hypothesis 
that EGFR accumulates in TN.

The high level of EGFR and our hypothesis that 
MUC1 is not cleaved suggest that EGFR-MUC1 
pathway is deregulated in TN. The membrane 
associated PI3K plays an important role in the 
EGFR intracytoplasmic signalling. Using condi-
tional gene knockout mice deficient in the class 
IA PI3K p110α or p110β catalytic subunit, Dou 
et al demonstrated that p110β subunit pro-
motes autophagy by activation of the complex 
Rab5-Vps34-Vps15-Beclin-1, independently of 
its kinase activity [26]. This pathway seems to 
be independent of EGFR stimulating pathway 
which is associated with the cascade of PI3K 
p110α/AKT/mTOR, well-known as an inhibitor 
of autophagy [23, 43]. Our observation of the 
low expression of both Beclin-1 and PI3Kp110β 
confirms that the autophagy pathway is reduced 
in TN breast cancer.  In these cancers, the posi-
tive correlation between MUC1-VNTR with both 
PI3K p110β and Beclin-1, strongly advocates 
for a link between MUC1-VNTR and autophagy 

[45]. Then, our in situ results support a previ-
ous in vitro study showing that MUC1 promotes 
autophagy in human tumour cells in response 
to glucose deprivation [27].  

Autophagy is an adaptive phenomena widely 
used by tumour cells using the lysosomial 
machinery [44]. Debnath et al pointed out the 
important role of autophagy in breast carcino-
genesis. Indeed, reduced autophagy can pro-
mote tumour development by genomic instabil-
ity. We found that EGFR was highly expressed in 
TN. Interestingly, in a series of 107 TN, Tilch et 
al did not identify any mutation of the EGFR 
gene suggesting that EGFR protein is physiolog-
ically normal [45]. In the setting of a reduced 
level of autophagy in TN breast cancer, it is 
worth to note that IL17A has been described to 
attenuate the autophagy process by regulation 
of PI3K [46]. Recently, in 3 of our patients pre-
senting a TN breast cancer, Cochaud et al 
showed a high production of IL17A, supporting 
the implication of IL17A as inhibitor of 
autophagy in TN [47]. Furthermore, EGFR acti-
vation in TN surely plays a role in Beclin-1 phos-
phorylation and, consequently on autophagy 
suppression. Indeed, Wei et al demonstrated 
that this mechanism could contribute to tumour 
progression and chemoresistance in lung carci-
noma [48]. Another interesting regulator of 
autophagy is the oncoprotein p53 which is 
often mutated in TN.  Of note, genetically 
altered p53 was also demonstrated to inhibit 
autophagy [49-51]. Interestingly, we also 
observed a high level of p53 in TN (data not 
show).

Tumour cells are also able to activate autophagy 
in diverse conditions such as hypoxia, extracel-
lular matrix fragmentation or other metabolic 
modifications [52]. The recycling of MUC1 
through the cytoplasm and the cellular mem-
brane and its cleavage and release in the extra-
cellular matrix are well documented in the liter-
ature [34, 38]. Although NEU1 has been recent-
ly suggested to be associated with the EGFR-
MUC1 membrane complex, we found that NEU1 
is less expressed in TN than LUM. Nevertheless, 
in TN NEU1 was positively correlated with the 
extracellular MUC1 domain or MUC1-VNTR (P = 
0.04, r = 0.25) but not with the intracellular 
MUC1 domain (MUC1-CT). Interestingly, NEU1 
is a lysosome enzyme that is able to de-sia-
lylate several macromolecules such as MUC1 
or EGFR. NEU1 is known as a modulator of cell 
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receptors, and has been involved in endocyto-
sis and MUC1 regulation [18]. It can activate 
phagocytosis in macrophages and dendritic 
cells through de-sialylation of surface recep-
tors [53, 54]. NEU1 is also involved in process-
ing extracellular matrix fragmentation signals 
such as elastin peptides [55]. Gilmour et al 
showed that matrix metalloproteinase-9 and 
NEU1 form a complex with EGFR on the cell sur-
face [56]. These observations suggest that the 
extracellular matrix could play an important 
role in the engagement of the molecular com-
plex EGFR-NEU1-MUC1 and its associated 
intracellular signals.

To conclude, we demonstrated that autophagy 
is reduced in TN breast cancers leading likely to 
deregulation of the EGFR-MUC1-NEU1 complex 
and associated cellular pathways. Nevertheless, 
further studies will be needed to show the co-
localizations of EGFR-MUC1-NEU1 and the 
close regulations of these molecular actors in 
different type of breast cancers.
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iii. MUC1/EGFR/IL17 et l’autophagie dans les cultures cellulaires 

de cancer du sein triple négatif sous chimiothérapie 

But du travail : 

 Mettre au point un modèle dynamique d’étude de la chimiothérapie en FFPE 

sur des cultures cellulaires de cellules de cancer du sein TN et LUM (groupe contrôle). 

 Question posée : « quelles sont les variations d’expression de MUC1, 

EGFR, IL17A, IL17RA, IL17RB et de l’autophagie (LC3) sur ces cellules sous 

chimiothérapie ? » 

 

Matériel et méthode : 

 Des cultures MDA-MD231 (TN) et MCF7 (LUM) sont soumises à des doses 

sublétales d’agents de chimiothérapie : épirubicine, docetaxel, 5-fluorouracil, 

cyclophosphamide. Un test métabolique Rotitest Vital® est utilisé pour calibrer la 

concentration sublétale d’agents de chimiothérapie. Des groupes contrôles sans 

traitement sont également observés. 

 Une technique de cytologie cytoblock® est réalisée pour effectuer des 

prélèvements FFPE à partir de ces cultures et sur lesquels nous effectuons les 

examens immunohistochimiques : MUC1-N, MUC1-C, EGFR, IL17A, IL17RA, IL17RB, 

LC3. 

Résultats principaux ; 

 Nous confirmons nos observations sur tissus humains : les MDA-MD231 (TN) 

sont MUC1 négatifs et EGFR positifs à l’inverse des MCF7 (LUM). 

 Nous confirmons aussi les études de l’IL17 effectuées par nos équipes à savoir 

que l’IL17A n’est pas secrétée par les cellules épithéliales et que, par contre, les 

récepteurs de l’IL17 (IL17RA et RB) sont présents dans le cytoplasme ou au niveau 

de la membrane plasmique de nos 2 cultures. 

 Aucune variation d’expression n’est observée sous chimiothérapie pour MUC1, 

EGFR, IL17RA et IL17RB. 
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 Le niveau basal d’autophagie est élevé significativement pour les MDA-231 et 

ne varie pas sous les agents de chimiothérapie, contrairement au MCF7. (figure 19, 

figure 20) 

 

FIGURE 19 : dans les LUM, l’autophagie (mesurée en dots/cellules de marquage LC3) est augmentée sous 
cyclophosphamide, docétaxel et 5-flourouracil. L’épirubicine est un inhibiteur de l’autophagie montre le 

même niveau de base que celui du groupe contrôle, suggérant que l’autophagie n’est pas activée dans les 
LUM. 

 

 

FIGURE 20 : dans les TN (MDA-MB231), l’autophagie basale (mesurée en dots/cellules de marquage LC3) est 
maximale même sans traitement (cultures contrôles) et identique à celui des cultures sous 

cyclophosphamide, docétaxel et 5-flourouracil. L’épirubicine est un inhibiteur de l’autophagie, diminue son 
niveau à celui des cultures contrôles MCF7 (LUM) suggérant que l’autophagie est activée initialement dans 

les TN. 
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Conclusion : 

 Dans cette étude, nous avons mis au point un modèle morphologique 

dynamique basée sur des cultures cellulaires, permettant des études 

immunohistochimiques ou de biologie moléculaire proches de celles pouvant être 

effectuées sur des prélèvements fixés au formol et enchâssés dans la paraffine 

provenant de pièces chirurgicales. Cette technique possède comme avantages de 

moduler les traitements des cellules en culture et surtout d’économiser les 

prélèvements de tumeurs des patientes.  

Nos résultats montrent que les MDA-MD231 (TN) et les MCF7 (LUM) 

présentent une stratégie de défense différente lorsqu’elles sont soumises aux agents 

de chimiothérapie. Les TN ayant une activation basale optimale contrairement aux 

LUM. Autrement dit, les TN ont une autophagie déjà enclenchée, pouvant expliquer la 

résistance de ces cellules aux agents de chimiothérapie. L’épirubicin, connu comme 

un inhibiteur de l’autophagie, réduit l’activité de celle-ci au niveau de celui des cancers 

LUM.  

Les cancers LUM montrent un mécanisme inverse : un niveau d’autophagie 

quiescent et une activation par l’agression des agents de chimiothérapie. 

Concernant, MUC1 ou EGFR comme voie potentielle de régulation de 

l’autophagie, nous n’avons pas observé de modification qualitative d’expression. 

Cependant, les MDA-MB231 (TN) — associé à une autophagie active — n’expriment 

pas MUC1 et surexpriment EGFR. Les cellules MCF7 (LUM) dont l’autophagie est 

inactive montrent une image inverse. Notre méthodologie ne peut certainement pas 

mettre en évidence les mécanismes fins de la régulation de l’autophagie. 

Nous avons également fait l’hypothèse que l’IL17 pourrait avoir un potentiel 

régulateur de l’autophagie. Même si les certains travaux de la littérature le démontrent 

dans des pathologies inflammatoires, nos résultats ne le confirment pas. Par contre, 

nous avons illustré nos publications précédentes sur IL17 par notre technique 

morphologique.  

 En conclusion, l’inhibition de l’autophagie par des agents spécifiques ou par 

association de l’épirubicine pourrait lever la chimiorésistance particulière des TN.  
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Chemotherapy treatment induces 
an increase of autophagy in the 
luminal breast cancer cell MCF7, 
but not in the triple-negative 
MDA-MB231
Christian Garbar1,4, Corinne Mascaux1,4, Jérôme Giustiniani3,4, Yacine Merrouche2,4 & Armand 
Bensussan5,6

Autophagy is one of the chemotherapy resistance mechanisms in breast cancer. The aim of this study 
was to determine the level of recruitment of the autophagy pathway in the triple-negative breast 
cancer (TNBC) cell line MDA-MB231 compared with that in the control luminal breast cancer cell 
line MCF7 before and after treatment with chemotherapy drugs. Furthermore, we investigated the 
relationship between autophagy and EGFR, MUC1 and IL17-receptors as activators of autophagy. 
Immunohistochemistry was performed in cell culture blocks using LC3b, MUC1-C, EGFR, IL17A, IL17-RA 
and IL17-RB antibodies. We found that the basal autophagy level in MDA-MB231 was high, whereas 
it was low in MCF7. However, in contrast to MDA-MB231, the autophagy level was increased in MCF7 
upon treatment with chemotherapy agents. Interestingly, we observed that the expression levels of 
MUC1-C, EGFR, IL17-RA, and IL17-RB were not modified by the same treatments. Furthermore, the 
chemotherapy treatments did not increase autophagy in TNBC cells without affecting the expression 
levels of MUC1-C, EGFR, IL17-RA or IL17-RB.

Perou’s biological and clinical classification of breast cancers (BCs) was proposed by the St Galen International 
Expert Consensus and is currently widely used in the clinic. This classification system proposes the following 
three main molecular subtypes: luminal (LUM) BC, which expresses hormonal estrogen and progesterone recep-
tors (ER+ and PR+) but no human epidermal growth receptor 2 (HER2-); overexpressed HER2 BC (ER+/− 
PR+/− HER2+); and triple negative (TN) BC, which lacks these receptors HER2, ER and PR1, 2.

LUM BC benefits from anti-estrogen therapy, such as tamoxifen, which is an aromatase inhibitor, and HER2 
BC is treated with targeted anti-HER2 (i.e., trastuzumab) therapy. Treatments of TN BC remain more challeng-
ing and are mainly based on cytotoxic chemotherapy, such as docetaxel, cyclophosphamide, fluorouracil, and 
epirubicine3–5.

Autophagy is an adaptive cellular mechanism to external stress and contributes to cell survival and homeosta-
sis. Autophagy is a complex pathway involving multiple proteins. First, autophagosomes consisting of an isolated 
membrane in the cytosol are activated by class I PI3K and Atg complexes, leading to nucleation, which involves 
Beclin-1. Finally, LC3 proteins (microtubule-associated protein 1 light chain 3) control the elongation phase, 
which stabilizes the autophagosomes. LC3 proteins are stable and persistent and are widely used to monitor 
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autophagy6. Tumor cells exhibit a basal level of autophagy activity that could be increased upon exposure to 
anoxia, starvation, chemical agents and radiation.

Chemotherapy resistance is due to multiple mechanisms, including autophagy. For example, in breast can-
cer, epirubicin reduces autophagy and protects cells from chemotherapy-induced apoptosis. Moreover, in 
colorectal cancer, oxaliplatin and 5-fluorouracil were found to have an improved efficiency in the presence of an 
anti-autophagy agent, whereas in lung cancer, anti-EGFR agents (i.e., gefitinib or erlotinib) activate autophagy 
and induce drug resistance7.

MUC1 is a large transmembrane O-glycosylated heterodimer protein that consists of a large, broadly glycosylated
extracellular α-subunit containing 20 to 125 tandem repeats of 20 amino acids (MUC1-VNTR) and a β-subunit 
containing the transmembrane domain and a cytoplasmic tail (MUC1-C)8–10. The β-subunit is involved in several 
cellular signaling pathways, such as growth/survival pathways and the induction or inhibition of apoptosis11, 12.  
Moreover, MUC1 expression is associated with an increased lysosomal turnover of the autophagy maker 
LC3 after stimulation of the AMP-activated protein kinase (AMPK), which is involved in the regulation of 
autophagy13. Some authors have demonstrated that the β-subunit of MUC1 and EGFR are both co-localized 
in the cell membrane and nucleus and are involved in the internalization of EGFR and the activation of the 
EGFR-PI3K-AKT-mTOR pathway14–17. Interestingly, this pathway is a key regulator of autophagy, and activated 
mTOR inhibits autophagy7.

ERK1/2 is an autophagy activator. Additionally, our team has recently shown that IL17A is produced by BC 
TILs and plays a role in docetaxel chemoresistance and proliferation through the ERK1/2 pathway18. We also 
reported that IL17A and IL17B receptor transcripts are overexpressed in BCs and that the activation of the IL17E 
receptor, i.e., the heterodimer of IL17A and IL17B receptors, induces EGFR phosphorylation and migration to 
the nucleus. We have also suggested that the inhibition of IL17E could enhance the efficacy of anti-EGFR chemo-
therapy19, 20.

To better understand the relationship between autophagy and the chemotherapy resistance of TN BC, we used 
a cell culture model consisting of a TNMDA-MB231 cell line and an MCF7 LUM control cell line with or without 
a treatment with sub-lethal concentrations of chemotherapy agents. We then performed immunohistochemistry 
to measure the expression levels of LC3b, which is an autophagy marker, and the targeted antigens MUC1, EGFR, 
IL17RA and IL17RB, which are known to be involved in autophagy and chemoresistance.

Results
Basal autophagy level is high in MDA-MB231 cells and is not influenced by chemotherapy 
drugs. The MDA-MD231 cell line consists of triple-negative breast cancer cells that do not express estrogen 
and progesterone receptors or HER2. These characteristics are conserved in the cells upon exposure to chemo-
therapy agents (data not shown). When cultured in the control medium, LC3b staining was higher in the in 
MDA-MD231 cells than in the MCF7 cells (Fig. 1). Compared with cells cultured in the control medium, cells 
cultured with epirubicin exhibited a significantly decreased basal level of autophagy. Importantly, the autophagy 
level in the MDA-MD231 cells cultured with cyclophosphamide, docetaxel and 5-FU was similar to that in the 
MDA-MD231 cells cultured in the control culture (Fig. 2).

Basal autophagy is low and increases with chemotherapy drugs in MCF7 cells. MCF7 cells are a 
luminal cancer cell line expressing estrogen and progesterone receptors but not HER2. These characteristics were 
conserved upon exposure to chemotherapy agents (data not shown). Interestingly, as shown in Fig. 3, MCF7 cells 
treated with the autophagy inhibitor epirubicin still had the same low basal level of autophagy as the MCF7 cells 
cultured in the control medium (control medium MCF7 vs control medium MDA-MB231: p = 0.006, control 
medium MCF7 vs epirubicin MDA-MB231: p = 0.45) and that treatments with cyclophosphamide, docetaxel and 
5-fluorouracil (5-FU) significantly enhance the level of autophagy.

Expression levels of MUC1, EGFR, IL17-RA and IL17-RA are not influenced by chemother-
apy. We have recently described that luminal breast cancer cells widely express MUC1 and exhibit a low level 
of EGFR in situ, whereas triple-negative breast cancer cells are negative for MUC1 and positive for EGFR21. Here, 
we confirmed these results using the luminal breast cancer cell line MCF7 and the triple-negative breast cancer 
cell line MDA-MB231. Interestingly, we observed no differences in the expression of MUC1 or EGFR in the 
MCF7 or MDA-231 cell cultures treated with the control medium alone, the autophagy inhibitor epirubicin, or 
chemotherapy drugs (Figs 4 and 5).

IL17A is known to inhibit autophagy22. We have previously demonstrated that IL17A transcripts are not 
detected in breast cancer cell lines, although these cell lines do express IL17RA and IL17RB transcripts19. In the 
present work, specific antibodies were used for the first time, and we confirmed our previous results: IL17A is 
not expressed in any culture cells (Fig. 6) comparatively to IL17-RA (Fig. 7). Moreover, we also observed a lower 
level of IL17RB in the MDA-MD231 cells than in the MCF7 cells (Fig. 8). Interestingly, the expression of IL17RA 
and IL17RB was not influenced by the chemotherapy drugs (Figs 7 and 8), and IL17A remained negative (Fig. 6)

Discussion
In the present study, we performed an analysis investigating the recruitment of the autophagy pathway in 
triple-negative cancer cells. The luminal cancer cells showed a low level of autophagy, which was increased by
chemotherapy drugs. However, epirubicin, which is a known autophagy inhibitor, failed to induce this enhance-
ment7. By contrast, the triple-negative cancer cells showed a high level of autophagy, which was not influenced by 
the chemotherapy drugs. Interestingly, epirubicin reduced the basal level of autophagy.

This high level of autophagy in TN BC has already been observed in vitro and in vivo by Lefort S. et al. in 
a large cohort of BC cells. These authors demonstrated that TN BC shows significantly more autophagosomes 
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(measured by LC3b) than LUM or HER2 BC. Furthermore, these authors demonstrated that the LC3b protein 
is a marker of a poor prognosis in TN BC patients using immunohistochemistry on paraffin embedded biopsy 
tissue23. Using a mouse model, chloroquine, which is an autophagy inhibitor, was demonstrated to potentiate 
chemotherapy against human TN BC23.

The aim of our present work was to establish a kinetic cell culture model to better understand chemore-
sistance. We found that TN BC (MDA-MB231) and LUM (MCF7) cells exhibit a different strategy against 

Figure 1. Expression of LC3b in MCF7 and MDA-MB231 cells. LC3b antibody staining in MCF7 (a) and 
MDA-MB231 (b) cells. Positive staining is characterized by a cytoplasmic dot signal. Note the low basal level 
in MCF7 cells and the high basal level in MDA-MB231 cells. The LC3b antibody was diluted 1/400 (100x 
magnification).

Figure 2. Quantification of autophagy in MDA-MB231. Mean and SD of the cytoplasmic dot signals of LC3b 
in 100 cells from each MDA-MB231 culture. Line illustrates a p-value <0.05 (Mann-Whitney test). Significant 
differences were observed between the control and epirubicin-, docetaxel- or 5-FU-treated cultures.
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chemotherapy drugs. TN BC has an already high initial level of autophagy, whereas LUM exhibits increased 
autophagy in response of chemotherapy. These cell strategy differences could be explained by the dual paradoxical 
role of autophagy against therapeutic anticancer drugs, which either induce cell death or promote cell survival7. 
It is easy to understand that treatment against autophagy will yield different results in the same tumors and across
tumor subtypes, leading to a true targeted therapy.

The ERK1/2 signaling pathway is a key component of autophagy. Sivaprasad U et al. demonstrated that TNF 
activates autophagy in MCF7 BC and that the pharmacological inhibition of ERK1/2 was associated with a 
decrease in TNF-induced autophagy (LC3b)24. In similar cell models using MCF7 and MDA-MB231 cell lines, 
Shen P. et al. demonstrated that gemcitabin induces autophagy with a cytotoxic effect in MCF7 cells and a cyto-
protective effect in MDA-MB231 cells. The cytotoxic effect in MCF7 cells is attributed to the cascade of estrogen 
receptor-ERK-p62, which could be inactivated by specific siRNA. Furthermore, these authors showed that gem-
citabin is able to induce mTOR-independent autophagy in MDA-MB231 cells also via the ERK1/2 pathway7, 25, 26.

Interestingly, our team demonstrated that IL17A promotes chemoresistance to docetaxel and proliferation 
through ERK1/2 signaling in the MCF7, T47D, BT20, MDA468 and MDA157 cell lines18, 19. We also showed 
that IL17A is produced by tumor-infiltrating lymphocytes isolated in biopsies from six patients with TN BC. The 
mechanism of this chemoresistance is not currently understood, but inhibition of the autophagy pathway in TN 
BC is likely the best candidate. Indeed, Zhou Y. et al., using a hepatocellular carcinoma cell culture model, demon-
strated that IL17A promotes the migration of tumor cells and prevents autophagic cell death22. Our previous 
studies also demonstrated that MCF7 and MDA-MD231 cells do not express IL17A mRNA, but do express the 
transcripts of its receptor IL17RA. Furthermore, we found that MCF7 cells expressed IL17RB mRNAs, whereas 
MDA-MB231 cells only expressed a low level of IL17RB mRNA19. The present study confirmed these observa-
tions using immunohistochemistry. We recently described the possible synergy between EGF and IL17RE to con-
fer resistance against anti-EGFR therapy20. Here, we illustrated that protein expression of IL17RA, IL17RB, EGFR 
and MUC1 is not altered by chemotherapy and, consequently, that these proteins could be accessible for specific 
targeted therapy. It should be noted that in this study, we also confirmed in vitro our previous in vivo observations 
indicating that TN BC cells present a low level of MUC1 and a high level of EGFR and that LUM BC cells show 
the opposite pattern21. Moreover, MUC1 expression is correlated with an increased lysosomal turnover of the 
autophagic maker LC3, suggesting that MUC1 plays a role in the regulation of autophagy27.

Recently, Hiraki M et al. demonstrated, using the TN BC cell line MDA-MB468, that MUC1-C activated 
the MEK-ERK and PI3K-AKT pathways, and both activated autophagy. These authors concluded that target-
ing MUC1-C is a potential strategy for reversing resistance in TN BC28. We do not completely agree with this 
hypothesis because in our experience, both in vivo and in vitro, TNBC shows no or low levels of MUC1-C21. 
Another study using MCF7 and ZR-75-1 cell lines treated with an inhibitor of MUC1-C (GO-203) demon-
strated an increase in the apoptotic response to Taxol and doxorubicin29. It is known that the MUC1-C cyto-
plasmic domain interacts with numerous regulator proteins, such as NF-B, p53 and PI3k30. As discussed above, 
the PI3K-AKT-mTOR pathway is involved in autophagy. Recently, we have demonstrated that PI3K-p110β and 
MUC1-C are more highly expressed in LUM than in TN BC21. This finding suggests that BC cell autophagy acti-
vation strategies could involve the MUC1-PI3K-AKT pathway in LUM BC and the IL17-ERK pathway in TN BC.

In conclusion, this study illustrated the different strategies of inducing autophagy in MDA-MB231 and MCF7 
cells in response to chemotherapy. Further studies should be performed to confirm our hypothesis and identify 
the ideal strategy for anti-autophagy adjuvant therapy to avoid chemotherapy resistance in each BC subtype.

Figure 3. Quantification of autophagy in MCF7 cells. Mean and SD of cytoplasmic dot signals of LC3b in 
100 cells from each MCF7 culture. Line indicates p <0.05 (Mann-Whitney test). Significant differences were 
observed between the control and cyclophosphamide, docetaxel, 5-FU or epirubicin treated cells.
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Materials and Methods
Cell cultures and reagents. The MCF7 and MDA-MB231 cell lines were obtained from England Type 
Culture Collection (Salisbury). The cells were cultured in DMEM medium (VWR International SAS, Fontenay-
sous-bois, France) supplemented with 10% Fetal Calf Serum (FCS), 2% glutamine and 1% penicillin/streptomycin 

Figure 4. MUC1-C expression in MCF7 and MDA-MB231 cells. MUC1-C expression in MCF7 (a–e) and 
MDA-MB231 cells (f–j) without drugs or (a,f) with cyclophosphamide (b,g), doxorubicin (c,h), epirubicin (d,i) 
or 5-fluorouracil (e,j). Note the higher expression of MUC1-C in the MCF7 cells than that in the MDA-MB231 
cells, but no changes were observed with the chemotherapy drug treatments. The MUC1-C antibody was 
diluted 1/400 (40x magnification).



www.nature.com/scientificreports/

6ScientiFic REPORTS | 7: 7201  | DOI:10.1038/s41598-017-07489-x

antibiotics (Dutscher SAS, Brumath, France). All cells were kept at 37 °C in a 5% CO2 atmosphere incubator. 
Then, each cell line was incubated with a sub-lethal chemotherapy drug concentration calculated according 
to the mean of the metabolic activity as measured by Rotitest Vital® (Carl Roth EURL, Lauterbourg, France) 
and a spectrophotometer (iMark TM, Bio-Rad, France) as follows: the final concentrations consisted of only 

Figure 5. EGFR expression in MCF7 and MDA-MB231 cells. EGFR expression in MCF7 (a–e) and 
MDA-MB231 cells (f–j) without drugs or (a,f) with cyclophosphamide (b,g), doxorubicin (c,h), epirubicin (d,i) 
or 5-fluorouracil (e,j). Note the higher expression of EGFR in the MDA-MB231 cells than that in the MCF7 
cells, but no changes were observed with the chemotherapy drug treatment. The EGFR antibody was diluted 
1/200 (40x magnification).
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DMEM in the control culture, 5 µg/ml in the epirubicin culture, 10 µg/ml in the docetaxel culture, 10 µg/ml in 
the 5-fluorouracil culture and 10 µg/ml in the cyclophosphamide culture. The chemotherapy drugs were added, 
and cell blocks were performed the following day. Each cell culture was replicated 3 times for the cell blocks and 
immunohistochemistry.

Figure 6. IL17A expression in MCF7 and MDA-MB231 cells. IL17A expression in MCF7 (a–e) and 
MDA-MB231 cells (f–j) without drugs or (a,f) with cyclophosphamide (b,g), doxorubicin (c,h), epirubicin (d,i) 
or 5-fluorouracil (e,j). No significantly positive signals were observed in any of the cultures. The IL17a antibody 
was diluted 1/800 (40x magnification).
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Cell block. After washing with PBS and treating with trypsin, the cell cultures were centrifuged at 1300 RPM 
for 8 min. Then, the cell pellets were fixed in 5 ml of 4% buffered formaldehyde solution for 8 to 48 hours. The 
cells were centrifuged at 1000 RPM for 5 min. The pellets were prepared using a Cytoblock® kit (Thermo Fisher 
Scientific, Brebieres, France) and then embedded in paraffin. The paraffin-embedded cell blocks were cut into 
4 µm thick sections for the immunohistochemistry.

Figure 7. IL17RA expression in MCF7 and MDA-MB231 cells. IL17RA expression in MCF7 (a–e) and 
MDA-MB231 cells (f–j) without drugs or (a,f) with cyclophosphamide (b,g), doxorubicin (c,h), epirubicin (d,i) 
or 5-fluorouracil (e,j). All cell cultures show a positive cytoplasmic signal, but no changes were observed with 
the chemotherapy drug treatments. The IL17RA antibody was diluted 1/800 (40x magnification).
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Immunohistochemical Methods. Immunohistological staining was performed using a Dako Autostainer 
Link 48® immunostaining system (Dako Glostrub, Denmark). After dewaxing, the antigenic retrieval was per-
formed using citrate buffered (pH 6) or EDTA buffered (pH 9) antigenic retrieval solution at 99 °C in a warm bath 
(EnVision Flex Target Retrieval solutions with a high and low pH, Dako). Endogenous peroxidase was inhibited 

Figure 8. IL17RB expression in MCF7 and MDA-MB231 cells. IL17RB expression in MCF7 (a–e) and 
MDA-MB231 cells (f–j) without drugs or (a,f) with cyclophosphamide (b,g), doxorubicin (c,h), epirubicin 
(d,i) or 5-fluorouracil (e,j). All cells cultures exhibited a positive membrane signal, but no changes were 
observed with the chemotherapy drug treatments. Note that the MCF7 cells show a higher expression than the 
MBA-MB231 cells. The IL17RB antibody was diluted 1/40 (40x magnification).
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with a hydrogen peroxide phosphate buffered solution (EnVision Flex Peroxidase Blocking Reagent, Dako). After 
incubating with the primary antibodies, the immunological reaction was revealed by a polymer dextran coupled 
with the secondary antibody and peroxidase for 15 min (EnVision Flex HRP, Dako) and diaminobenzidine for 
10 minutes (EnVision DAB+ chromogen, Dako). Counterstaining was performed with hematoxylin for 10 min 
(EnVision Flex hematoxylin, Dako). Negative controls were obtained using mouse or rabbit IgG1 (Universal 
Negative Control Mouse or Universal Negative Control Rabbit, Dako) instead of the primary antibodies for each 
culture. No specific signal was observed. The primary antibodies, dilutions and antigenic retrieval are described 
in Table 1 (Table 1).

Immunostaining quantification. The staining results were evaluated by C.G. and C.M. Only LCB3 was 
quantified and is expressed as the mean and SD of the cytoplasmic dots signals (autophagosomes) in 100 cells at 
100x magnification (Fig. 1). Other immunohistochemical staining was evaluated as positive or negative.

Statistics. The results are expressed as the means and standard error. Mann-Whitney tests were performed. 
A p-value <0.05 was considered significant. The WinSTAT® version 2012 (Fitch Software, Bad Krozinger, 
Germany) and Excel 2013 (Microsoft Corp., Redmond, Washington U.S.A.) programs were used for the statisti-
cal analysis.
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iv. Les altérations de la sialylation de MUC1 et EGFR et les cellules 

T cytotoxiques. 

But du travail : 

 Dans le cancer, l’activation, quasi spécifique, des enzymes de sialylisation 

modifie ces glycoprotéines de surface qui deviennent hypoglycosylées par l’ajout de 

résidus d’acide sialique. La ST6GalNac-I est spécifique de MUC1-N (sTn), ST6Gal-I 

et II ont des substrats moins spécifiques, dont l’EGFR. 

 La présence d’acide sialique en surface des cellules est connue pour interagir 

avec les cellules T cytotoxiques (CTL), par le biais des siglecs et des interleukines. 

 Question posée : « quelle est la relation entre les CTL et la sialylation des 

macromolécules membranaires ? »  

 

Matériel et Méthode : 

 Un TMA est utilisé sur du matériel FFPE de 39 LUM, 13 HER2 et 47 TN. 

 Des examens immunohistochimiques sont réalisés : ST6GalNac-I, ST6Gal-I, 

ST6Gal-II, CD4, CD8 et Granzyme-B (NK). 

Résultats : 

 On confirme que les CTL sont significativement plus fréquents dans les TN et 

HER2 par rapport aux LUM.  

 Concernant les sialyltransférases, les TN expriment moins ST6Gal-I que les 

LUM ou les HER2 (p<0.001). STGalNac-I est moins  secrété dans les LUM que dans 

les TN ou HER2 (p=0.002 et p=0.02). (figures 21 à 23) 
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FIGURE 21 : Expression de ST6Gal1 dans les trois groupes de tumeur de sein. P est significatif entre TN et LUM 
ou HER2 

 

 

FIGURE 22 : Expression de ST6Gal2 dans les trois groupes de tumeur de sein. Absence de différence 
significative. 

 

 

FIGURE 23: Expression de ST6GalNac1 dans les trois groupes de tumeur de sein. P est significatif entre TN et 
HER2 ou LUM. 

Concernant la relation entre les sialyltransférases et les CTL, dans les HER2, 

on observe une association inverse entre ST6Gal-I et la présence de CTL. (figure 24) 
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Dans les TN, on observe une corrélation positive enter ST6Gal-II ou ST6GalNac-I et 

la présence de CTL. (figure 26) Aucune corrélation n’est observée dans les LUM. 

 

FIGURE 24 : Corrélation inverse entre ST6Gal-I et les CTL dans les HER2 
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FIGURE 251 : Corrélation positive entre ST6Gal-II ou ST6GalNac-I et les CTL dans les TN 

   

Conclusion : 

 Nos résultats illustrent que l’infiltrat immunitaire varie d’un type de tumeur à 

l’autre. Aussi, il est probable que la stratégie de défense est dirigée par la cellule 

tumorale elle-même. L’un des mécanismes possibles serait la modification de la 

charge d’acide sialique présente à la surface des glycoprotéines ou des glycolipides 

de membrane cellulaire.  

En effet, comme le montre nos résultats, l’augmentation des lymphocytes 

intratumoraux pourrait être modulée par la sialylation principalement dans les HER2 

surexprimés et les TN (EGFR positifs), suggérant que la charge d’acide sialique des 

récepteurs de croissance épithélial (ErbB) peut influencer la réponse lymphocytaire T 

intratumorale. L’intermédiaire serait les récepteurs spécifiques de reconnaissance de 

l’acide sialique présent sur les cellules immunes (SIGLECs).   

Plusieurs travaux de la littérature illustrent  une relation entre les 

sialyltransférases, et la résistance aux agents de chimiothérapie. Curieusement, les 
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lymphocytes intratumoraux sont également connus comme l’un des facteurs prédictifs 

de la réponse à la chimiothérapie, appuyant notre hypothèse de l’association de la 

charge des acides sialiques et des lymphocytes intratumoraux.  

Notons que pour la première fois, nous avons décrit l’expression de ST6gal-II 

dans les cancers du sein provenant de matériel humain. Cette enzyme a démontré 

des effets associés aux cytokines pro-inflammatoires dans des cellules en culture, 

suggérant son implication sur la modulation du microenvironnement. 

Enfin, des traitements basés sur des inhibiteurs des enzymes de sialylation sont

déjà en étude  et pourront être utilisés, dans un avenir proche comme cibles 

thérapeutiques.  



© 2018 Garbar et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Cancer Management and Research 2018:10 1051–1059

Cancer Management and Research Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
1051

O R I G I N A L  R E S E A R C H

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org/10.2147/CMAR.S162932

Triple-negative and HER2-overexpressing 
breast cancer cell sialylation impacts tumor 
microenvironment T-lymphocyte subset 
recruitment: a possible mechanism of  
tumor escape

Christian Garbar1,2

Corinne Mascaux1,2

Yacine Merrouche1,2

Armand Bensussan3

1Biopathology Department, Institut 
Jean Godinot – Unicancer, Reims, 
France; 2DERM-I-C EA7319, 
Université de Reims Champagne – 
Ardenne, Reims, France; 3INSERM 
U976; Université Paris Diderot, 
Sorbonne Paris Cité, Laboratory 
of Immunology, Dermatology & 
Oncology, Paris, France 

Introduction: Breast cancers develop different patterns of sialylation to modulate their 

tumor-infiltrating lymphocyte (TIL) environment. We studied the relationship between α-2,6 

sialyltransferases and the TIL in different breast cancer molecular subgroups.

Materials and methods: Immunohistochemical preparations were made from 39 luminal 

(LUM), 13 human epidermal growth factor receptor 2-overexpressing (HER2) and 47 triple-

negative (TN) breast carcinomas. Targeted proteins included ST6Gal-I, ST6Gal-II, ST6GalNac-I, 

CD8, CD4 and granzyme-B in both cytotoxic T lymphocytes and NK lymphocytes (CTL/NK).

Results: CTL/NK populations were significantly more frequent in TN than LUM (P <0.001). TN 

showed a lower level of ST6Gal-I expression than LUM or HER2 (both P > 0.001). ST6GalNac-I 

expression was lower in LUM than in TN or HER2 (P = 0.002 and P = 0.02, respectively). In 

HER2, a significant association was found between a low level of ST6Gal-I expression and a 

high TIL level. In TN, a significant association was observed between a high level of ST6Gal-II 

expression and a high TIL level. 

Conclusion: An increase in infiltrating lymphocytes could be influenced by low expression of 

ST6Gal-I in HER2 and by high expression of ST6Gal-II in TN breast cancers. Thus, targeting 

these sialylation pathways could modulate the levels of TIL. 

Keywords: breast, carcinoma, sialyltransferase, triple-negative, HER2

Introduction
To date, the molecular classification of breast cancers (BCs) proposed by Perou et al 

has been categorized according to the targeted therapy against these tumors. These 

authors have described three main molecular subtypes: luminal (LUM) BCs that 

express hormonal estrogen and progesterone receptors (ER+ and PR+) but no human 

epidermal growth factor receptor 2 (HER2-), overexpressed HER2 BC (HER2; phe-

notype: ER±PR±HER2+) and triple-negative (TN; phenotype: ER-/PR-/HER2-).1 

It is now well established that tumor-infiltrating lymphocytes (TILs) play an 

important role in chemotherapy and that their stimulation or inhibition can influence 

the tumor therapeutic response and patient prognosis.2,3 However, cell interactions 

between cancer cells and the TIL are complex, and our present knowledge represents 

only the tip of the iceberg. One of these intercellular communication mechanisms 
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likely consists of changes to the cytoplasmic membrane, par-

ticularly in glycoproteins. In cancer cells, the most important 

glycoprotein alteration is sialylation.4 

Sialylation consists of adding sialic acids (Sia) on an N- or 

O-linked glycoprotein. Sialylation is regulated by a balance 

of two enzyme families: the sialyltransferases, which add 

Sia, and the sialidases (or the neuraminidases, Neu), which 

remove Sia. Sialyltransferases are a family of ~20 differ-

ent enzymes linking Sia to a galactose (Gal) in an α-2,3 

position (ST3Gal)or an α-2,6 position (ST6Gal) or to an 

N-acetylgalactosamine (ST6GalNac). The third sialyltrans-

ferase family (ST8) promotes α-2,8 linkage. Four sialidases 

remove Sia residues: Neu1, localized in lysosomes and the 

cell surface; Neu2 or Neu4, located in the cytosol and Neu3, 

located in the cell membrane.5

Alpha-2,6 sialylation is the most commonly observed 

sialylation mechanism in tumor cells and is associated with 

an upregulation of both ST6Gal-I and ST6GalNac-I sialyl-

transferases.6 Two of the most well-characterized substrates 

of these sialyltransferases are MUC1 and EGFR. Moreover, 

Wreschner et al demonstrated an association between MUC1 

and EGFR.7 Interestingly, Lillehoj et al suggested that both 

glycoproteins could be associated with Neu, one of the desi-

alylation enzymes.8 These authors suggested that Neu1 could 

regulate EGFR and MUC1 signaling.7,8 We recently demon-

strated that Neu1 and MUC1 have reduced expression in TN 

compared to LUM tumors, and that EGFR is more expressed 

in TN than LUM tumors, suggesting that the EGFR-MUC1-

Neu1 molecular pathway is complex.9 Intriguingly, in breast 

cancer, EGFR has been observed to be highly sialylated, and 

these changes have been shown to influence its metabolic 

activities and induce chemoresistance.10

Here, we investigated whether TILs and malignant cell 

sialylation were associated, and we discussed the possibil-

ity that this plays a role in the development of resistance to 

chemotherapy or targeted therapy.

To understand the α-2,6-sialylation pathway and its 

relationship with TIL, we determined the expression of three 

α-2,6-sialylidases (ST6Gal-I, ST6Gal-II and ST6GalNac-I), 

as well as their relationship with different TIL subsets, includ-

ing CD4, CD8 and CTL/NK cells (granzyme B-positive cells; 

cytotoxic T/natural killer lymphocytes, respectively), in differ-

ent molecular breast cancer groups. 

Materials and methods
Patient population 
Archival paraffin-embedded surgical material and clinical 

data from 99 women presenting with breast cancer were 

available for this study. All cases were classified accord-

ing to immunohistochemical classification by means of a 

preliminary immunohistochemical study and subsequent 

confirmation by tissue microarray (TMA). Our data set 

included 39 luminal carcinomas (LUM, age = 59.3 ± 12.9 

years), 13 HER2 over-expressing carcinomas (HER2, age 

= 58.1 ± 13.1 years) and 47 TN carcinomas (age = 61.7 ± 

14.5 years, P = ns). No neo-adjuvant chemotherapy was 

performed. 

This study was performed with the approval of the local 

ethics committee (Centre de Resources Biologiques de 

l’Intitut Jean Godinot) and conformed to the Declaration 

of Helsinki. Written informed consent was provided by all 

participants and all patients were informed and agreed to 

contribute to this study. 

Histological procedures and Tissue Micro 
Array (TMA) construction
All surgical specimens were initially fixed in 4% buffered 

formaldehyde solution for 8–48 h, then embedded in paraf-

fin and cut into 4-µm-thick sections. From these archival 

formaldehyde/paraffin blocks, we built a TMA to receive a 

paraffin block to perform all immunohistochemical studies. 

We used an automated TMA device, Minicore2 (Excilone, 

Elancourt, France) associated with a needle core 0.6 mm in 

diameter. We chose 3 distant core needle samples of each 

donor tumor paraffin block. 

Immunohistochemical methods
Immunohistological staining was performed with a Dako 

Autostainer Link 48® immunostaining system (Dako 

 Denmark A/S, Glostrup, Denmark). After dewaxing, anti-

genic retrieval was performed using citrate-buffered (pH 6)  

or EDTA-buffered (pH 9) antigenic retrieval solution at 

99°C in a warm bath (EnVision Flex Target Retrieval solu-

tions, high and low pH, Dako). Endogenous peroxidase was 

inhibited with a hydrogen peroxide phosphate-buffered solu-

tion (EnVision Flex Peroxidase Blocking Reagent, Dako). 

After incubation with the primary antibodies (ST6Gal-I 

– rabbit polyclonal, dilution 1:400, pH 6, Cliniscience®; 

ST6Gal-II – rabbit polyclonal, dilution 1:300, pH 6, Clini-

science®; ST6GalNac-I – rabbit polyclonal, dilution 1:500, 

pH 6, Novus®; CD4 – 4B12 clone, RTU, pH 9, Dako®; 

CD8 – C8/144B clone, RTU, pH 9, Dako®, and Granzyme 

B – GrB-7 clone, dilution 1:20, pH 9, Dako®), the immu-

nological reaction was detected with a polymer dextran 

coupled with secondary antibody and peroxidase for 15 min 

(EnVision Flex HRP, Dako) and diaminobenzidine for 10 
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min (EnVision DAB + chromogen, Dako). Counterstaining 

was performed with hematoxylin for 10 min (EnVision Flex 

hematoxylin, Dako). Negative controls were obtained using 

mouse or rabbit IgG1 (Universal Negative Control Mouse or 

Universal Negative Control Rabbit, Dako) diluted 1:100, in 

place of the primary antibodies. MDA-MB231 and MCF7 

breast cancer culture cells were known to express ST6Gal-

I, ST6Gal-II and ST6GalNac-I.11 From MDA-MB231 and 

MCF7 cells, we performed cell blocks as positive controls. 

Methods were previously described.12

Immunostaining quantification
The staining results were evaluated by CG and CM based 

on the intensity and percentage of staining tumor cells, and 

agreement was reached. 

The parametric results were edited as a score by the addi-

tion of intensity (0 = none, 1 = weak, 2 = intermediated, 3 = 

strong) and the percentage of tumor cells (0 = none, 1 = 1%, 

2 = 2% to 10%, 3 = 11% to 33%, 4 = 34% to 66% and 5 > 

66% to 100%). The range of scores was 0 to 8. Nonparametric 

results were calculated as positive for a score >5. 

Lymphocytes were counted in one hot spot of lympho-

cytes close to the tumor cells in a high-power field (HPF) 

and expressed as the number per HPF (400× magnification). 

Statistics
The results were expressed as means and standard error. 

Mann–Whitney and Spearman’s correlation rank tests were 

performed. A P-value <0.05 was considered significant. 

WinSTAT® version 2012 (Fitch Software, Bad Krozinger, 

Germany) and Excel 2013 (Microsoft Corporation, Redmond, 

WA, USA) programs were used for statistical analysis. 

Results
TIL subsets in BCs
We first determined the molecular subtypes of BC TIL 

subsets, including CD4, CD8 and CTL/NK (granzyme 

B-positive) (Figure 1). The results reveal that cytotoxic 

lymphocytes were significantly increased in TN compared 

to LUM (LUM = 1.5 ± 2.2; HER2 = 4.8 ± 7.5 and TN = 9.6 

± 9.9 lymphocytes/HPF; P <0.0001 only for LUM versus 

TN). Although no statistically significant increase in CD4 

(LUM = 18.4 ± 9.5; HER2 = 11.1 ± 15.0 and TN = 14.4 ± 

16.6 lymphocytes/HPF) or CD8 (LUM = 22.5 ± 23.1; HER2 

= 19.5 ± 27.6 and TN = 28.7 ± 28.5 lymphocytes/HPF) was 

observed in all molecular BC subgroups, we noted that CD8 

was the predominant T-cell population. 

Correlation between TIL and ST6Gal-I
We next evaluated whether ST6Gal-I influenced the TILs 

in different BCs (Figures 2 and 3). We found that ST6Gal-I 

expression was significantly lower in TN than in LUM or 

HER2 (TN: 2.1 ± 3.0 versus LUM: 7.2 ± 0.99, P <0.0001 

and TN versus HER2: 6.4 ± 2.3, P <0.0001). Concern-

ing TILs, low levels of ST6Gal-I were correlated with an 

increase in all lymphocytes subsets only for HER2, with 

no changes observed in LUM or TN. Only in HER2, Spear-

man’s correlations were statistically positive and inverse 

between ST6Gal-I and CD4 (r = –0.5; P = 0.04) or CD8 

(r = 0.59; P = 0.016). We conclude that ST6Gal-I plays an 

important role in HER2 and negatively influences the TIL. 

Consequently, overexpression of ST6Gal-I in HER2 led to 

reduced TILs.

Correlation between TILs and ST6Gal-II
We next characterized ST6Gal-II and found that its expression 

was similar in all 3 BC groups (LUM: 5.9 ± 1.5; HER2: 6.6 

± 0.6; TN: 5.8 ± 1.8; P = ns) (Figures 2 and 4). Concerning 

the amount of TILs, we noted that a low expression level of 

ST6Gal-II was significantly correlated with a decrease in 

TILs, mainly in the TN group. Only in TN, Spearman’s cor-

relations were statistically positive between ST6Gal-II and 

CD4 (r = 0.36; P = 0.006) or CD8 (r = 0.41; P = 0.0026) or 

CTL (r = 0.28; P = 0.02).

To our knowledge, this is the first time that ST6Gal-II 

has been described, in situ, in BC.

Figure 1 Tumor-infiltrating lymphocyte (TIL) subsets in different breast cancer 
groups.
Notes: CD4, CD8 and granzyme-B peroxidase-positive immunohistochemical 
staining in LUM, HER2 and TN breast cancers: LUM shows a low TIL level in 
comparison with HER2 or TN. CD8 is the predominant T-cell population. LUM, 
HER2 and TN are the same case of Figure 2. (200× magnification). 
Abbreviations: LUM, luminal; HER2, human epidermal growth factor receptor 2; 
TN, triple negative; CTL/NK; cytotoxic T lymphocytes/natural killer lymphocytes.
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Correlation between TILs and 
ST6GalNac-I
ST6GalNac-I is the enzyme associated with the sialylation 

of Thomsen-nouvelle antigen (Tn), which is localized on the 

external glycosylated region of MUC1-VNTR (Figures 2 and 

5).13 In our previous study, we demonstrated increased expres-

sion of MUC1 in LUM compared to TN.9 Here, we observed 

a difference in expression between LUM and HER2 BCs (2.8 

± 2.7 versus 4.6 ± 2.9, respectively; P = 0.02) and TN (4.6 ± 

2.5 respectively; P = 0.002). However, we found only a Spear-

man’s correlation between ST6GalNac-I and CD4 for TN (r = 

0.36; P = 0.007), suggesting that modulation of this sialylation 

pathway of MUC1 is not sufficient to have influence on TILs.

Discussion 
Sialylation of tumor cells is complex, involving numerous 

enzymes that play a major role in oncogenesis and associ-

ated processes, such as adhesion, migration, apoptosis and 

receptor regulation. However, this mechanism of sialylation 

is not well studied, likely due to the absence of sufficient 

laboratory tools or complicated investigation techniques. 

To date, immunohistochemistry, which is used in the 

present study, is still the primary investigational method 

of choice.5 

Here, we evaluated the relationship between α-2,6 

sialylation and intratumoral T-cell lymphocytes. We found 

that sialylation could modulate the TILs and that this cell 

signaling pattern was altered depending on the molecular 

signature of the BC. Our observations appear particularly 

relevant in TN for ST6Gal-II and in HER2 for ST6Gal-I. 

Moreover, clinical practice has previously described the 

importance of TILs in the prognosis or therapeutic response 

of breast cancers. TILs are heterogeneous lymphocyte subsets 

that are highly variable in different BC subgroups. Previ-

ously, TN and HER2 were found to exhibit increased TILs, 

which were correlated with better overall survival and bet-

ter chemotherapeutic responses.2,14,15. Interestingly, we also 

observed that ST6Gal-I and ST6Gal-II influenced TILs only 

in HER2 and TN tumors.

Therefore, we propose that the sialyl charge of the 

membrane glycoproteins could regulate the immune 

response. First, ST6Gal-I and ST6Gal-II are involved in 

the α-2,6 sialylation of numerous cell membrane glyco-

proteins, including EGFR, CD45, β1 integrin, PECAM, 

Fas and immunoglobulin.16 Second, it has been shown in 

B16 murine melanoma cell cultures that hypersialylation 

influences tumor growth and immune escape by alteration 

of T-cell activity, particularly NK cells, by inhibition of 

Figure 2 Immunohistochemical expression of ST6Gal-I, ST6Gal-II and ST6GalNac-I.
Notes: Peroxidase-positive immunohistochemical staining in breast carcinomas: MDA-MB231 and MCF7 controls are positive for ST6Gal-I, ST6Gal-II and ST6GalNac-I. 
ST6Gal-I presents a high expression level in LUM. ST6Gal-II and shows a high expression in TN and HER2. ST6GalNac-I is expressed more in TN. ST6Gal-I shows diffuse 
cytoplasmic expression, ST6Gal-II shows diffuse cytoplasmic and perinuclear expression and ST6GalNac-I shows granular cytoplasmic positivity. LUM, HER2 and TN are the 
same case of Figure 1. Negative controls were performed with IgG1 negative control mouse or rabbit (Dako®) (400× magnification). 
Abbreviations: LUM, luminal; HER2, human epidermal growth factor receptor 2; TN, triple negative; IgG1, immunoglobulin G1.
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DC maturation.17 Sialylation has also been associated with 

other immune mechanisms, such as the sialic acid-binding 

immunoglobulin-like lectins (siglecs), which are a family of 

receptors linking cancers cells to immune cells. Moreover, 

Hudak et al16 demonstrated that increasing global sialylated 

glycans on cancer cells inhibit human NK activation through 

the recruitment of siglec.6,18 

Finally, ST6GalNac-I is an enzyme associated with the 

sialylation of Tn antigen localized on the external glycosyl-

ated region of MUC1-VNTR.13 Moreover, sialyl-Tn is known 

Figure 3 Relationship between ST6Gal-I and TILs in different breast cancer subtypes.
Notes: In HER2 tumors, low levels of ST6Gal-I are correlated with an increase in all lymphocyte subsets (*CD4: P = 0.01; **CD8: P = 0.02; ***CTL/NK: P = ns). On the right, 
statistical negative Spearmen’s correlations are documented for CD4 and CD8 positive T lymphocytes in HER2 breast carcinoma (regression line and 95% CI). For LUM and 
TN, we found no significant correlation. We conclude that high expression of ST6Gal-I in HER2 leads to reduced TILs.
Abbreviations: TILs, tumor-infiltrating lymphocytes; HER2, human epidermal growth factor receptor 2; CTL/NK; cytotoxic T lymphocytes/natural killer lymphocytes; LUM, 
luminal; TN, triple negative; ns, not significant.
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to play a role in the cellular immunologic regulation of tumor 

cells.18 It has also been reported that aberrant glycosylation of 

MUC1 modulates the immunologic environment through the 

sialic acid and sialic acid-binding immunoglobulin-like lectin 

(siglec) pathway.19,20 In our study, the relationship between 

ST6GalNac-I and TIL was not obvious, but the low levels of 

CTL/NKs in LUM or HER2, which broadly express MUC1 

compared to TN (no significant difference between LUM and 

HER2, data not shown), suggest the loss of ST6GalNac-I 

sialylation activity due to the absence of MUC1 as a sub-

strate. Similarly, EGFR, which is a substrate of ST6Gal-I and 

ST6Gal-II, is less expressed in LUM or HER2 tumors than 

Figure 4 Relationship between ST6Gal-II and TILs in different breast cancer subtypes.
Notes: In TN, low levels of ST6Gal-II are significantly correlated with a decrease in lymphocyte subsets (*CD4: P = 0.01; **CD8: P = 0.004; ***CTL/NK: P = ns). On the 
right, statistical positive Spearmen’s correlations are documented for CD4 and CD8 positive T lymphocytes in TN breast carcinoma (regression line and 95% CI). For LUM 
and HER2, we found no significant correlation. We conclude that a loss of expression of ST6Gal-II in TN leads to reduced TILs.
Abbreviations: TILs, tumor-infiltrating lymphocytes; TN, triple negative; CTL/NK; cytotoxic T lymphocytes/natural killer lymphocytes; LUM, luminal; HER2, human 
epidermal growth factor receptor 2; ns, not significant.
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in TN tumors (no significant difference between LUM and 

HER2, data not shown), which likely explains the different 

influences of these enzymes on TILs following molecular 

BC classification.9,12 Other sialylated membrane glycopro-

teins or others sialylation enzymes could also be involved, 

such as ST3Gal or ST6GalNac-II, which also use MUC1 as 

a substrate.21,22 

Concerning the relationship between therapeutic resis-

tance or prognosis and sialyltransferases, the most studied 

enzyme in the literature is ST6Gal-I. Interestingly, in our 

series, we observed that the loss of ST6Gal-I was associated 

with a poor prognosis in TN (5-year disease-free survival: 

91% for high expression versus 76% for low expression, 

P = 0.04; data no shown). Park et al demonstrated that loss 

of ST6Gal-I enhanced EGFR phosphorylation, which was 

also correlated with the sialylation of EGFR. These authors 

also showed that the overexpression of ST6Gal-I decreased 

the effects of gefitinib (an EGFR inhibitor).10 Additionally, 

several authors have demonstrated the colocalization of 

MUC1 and EGFR at both the cell membrane and in the 

nucleus, involving internalization of EGFR and its activa-

tion.23,24 Moreover, it is known that both MUC1 and EGFR 

show severe alterations of their glycosylation patterns, which 

are correlated with the tumor’s capacity for metastasis.25 It has 

been demonstrated that ST6Gal-I is associated with chemore-

sistance to docetaxel in hepatocarcinoma and to gemcitabine 

in pancreatic ductal adenocarcinoma.26,27  Curiously, EGFR 

is also described as highly glycosylated, and its sialylation 

confers resistance to tyrosine kinase inhibitors in lung car-

cinoma cell lines.28,29 To our knowledge, we report, for the 

first time, an inverse relationship between TILs and ST6Gal-I 

in HER2 tumors. As discussed, the high levels of TILs in 

HER2 tumors are associated with a good prognosis. However, 

MUC4, a highly glycosylated glycoprotein that can also be 

sialylated, is also associated with trastuzumab (an HER2 

inhibitor) resistance.30,31 Considering these observations, we 

hypothesize that the sialylation patterns of MUC1, EGFR 

and likely other membrane glycoproteins could serve as a 

Figure 5 Relationship between ST6GalNac-I and TILs in different breast cancer subtypes.
Notes: On the right, statistical positive Spearmen’s correlation is only documented for CD4 positive T lymphocytes in TN breast carcinoma (regression line and 95% CI). 
For ST6GalNac-I, no other significant correlation was observed, suggesting that ST6GalNac-I does not have a major effect on TILs.
Abbreviations: TN, triple negative; TILs, tumor-infiltrating lymphocytes; CTL/NK; cytotoxic T lymphocytes/natural killer lymphocytes.
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regulatory signal between TILs and the tumor cells and could 

be one of the pathways underlying therapeutic resistance.

To date, this is the first study to describe ST6Gal-II 

expression in human BC in situ. We demonstrated that 

ST6Gal-II is correlated with TILs in TN tumors. Only one 

additional report, in bovine breast epithelial cell cultures, 

has found that ST6Gal-II stimulates pro-inflammatory 

cytokines, particularly IL-6, known to be active in BCs, 

therefore suggesting that sialyltransferases could play an 

important role in the tumor immune microenvironnment.32 

In human bronchial mucosa and pancreatic cancer cell lines, 

IL-6 has been shown to increase the expression of ST6Gal-I 

and ST6Gal-II respectively, suggesting regulation by the 

immune system.33 

Conclusion
Sialylation, mediated by different sialyltransferases, is one of 

the most important and complex mechanisms involving cell 

surface receptors and the relationship between the immune 

microenvironment and the tumor cells. It is not surprising that 

sialyltransferases are associated with therapeutic resistance, 

likely by inhibition of the immune response. 

Disclosure
The authors report no conflicts of interest in this work.
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e. Perspectives  

Dans ce chapitre, nous illustrons nos dernières mises au point en 

immunohistochimie par fluorescence sur prélèvement en FFPE. 

Je tiens particulièrement à souligner que, contrairement au technique sur matériel 

frais, la mise au point d’immuno-marquages en fluorescence sur FFPE est 

particulièrement difficile.  

Les buts de ces techniques seront de faire une relation par co-expression de 

plusieurs protéines avec deux ou trois antigènes différents et en particulier entre 

l’autophagie, MUC1 ou EGFR.  

Nous mettons également au point, sur notre modèle de culture sous 

chimiothérapie, des essais avec inhibition de MUC1-C (GO-203, apigénine) et de 

l’autophagie (hydrochloroquine, apigénine), avec comme perspectives de lever la 

chimiorésistance des cancers TN mais aussi d’illustrer par nos techniques 

morphologiques, les relations entre MUC1, EGFR et/ou IL17RA/RB. 

 

 

 FIGURE 26 : Fluorescence de MUC-N (vert) et EGFR (rouge) dans une glande de sein normal. MUC1 est 
exprimé sur le pôle apical de la cellule et EGFR en baso-latéral. 
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Figure 27 : Fluorescence de MUC1-C (vert) et de l’EGFR phosphorylé (rouge) dans le cancer du sein LUM. 
Expression de MUC1 dans le cytoplasme. Notez, le signal intranucléaire parfois observé pour EGFR. 
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Figure 28 : Fluorescence de MUC1-ARF (vert) et de l’EGFR (rouge) dans le cancer du sein TN. On observe une 
fable expression de MUC1-ARF et une forte de l’EGFR. Notez la possible colocalisation parfois observée (en 

jaune) et le marquage périnucléaire de MUC1-ARF. 
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4. DISCUSSION 

Les TN représentent environ 15 à 20 % des cancers du sein. Ils sont caractérisés 

par un pronostic clinique plus péjoratif par rapport aux autres sous-types de cancers 

du sein. De plus, en l’absence de cible thérapeutique hormonale ou HER2, la seule 

option est la chimiothérapie. Même si celle-ci est relativement efficace, les tumeurs TN 

deviennent souvent résistantes aux traitements et, par conséquent, incurables.(50) Le 

développement de nouvelles stratégies thérapeutiques est donc primordial pour lutter 

contre ces tumeurs.  

Les TN expriment fortement EGFR 

Comme dans le cancer des poumons, ou du côlon, la majorité des TN exprime 

l’EGFR. Par ailleurs, l’EGFR est reconnu comme un facteur de mauvais pronostic de 

ces tumeurs. Dans ces pathologies extramammaires, les traitements anti-EGFR, 

incluant les inhibiteurs de la tyrosine kinase (gefitinib, erlotinib, osimertinib…) ou les 

anticorps monoclonaux (cetuximab, panitumab, necitumumab…) ont montré leurs 

efficacités.(70)  

Les traitements anti-EGFR dans le TN sont cependant assez décevants. Par 

exemple, les essais en phases II en monothérapie de gefitinib ou erlotinib sur des 

cancers TN métastatiques ont montré une réponse partielle seulement à 0 à 3 %. 

D’autres études sur les cancers TN métastatiques ont associé le cetuximab seul ou 

cetuximab + carboplatine vs cisplastine, avec un taux de réponse  médiocre variant de 

6 at 16 %. Enfin, le taux de réponse au traitement standard FEC (5-fluorouracil, 

epidoxorubicine, cyclophosphamide) comparé au docetaxel + panitumumab (anti-

EGFR), n’a pas non plus été concluant.(70) 

Si les TN expriment l’EGFR, pourquoi sont-ils résistants aux anti-EGFR ? 

Dans les TN, la surexpression de la protéine d’EGFR n’est associée qu’à une faible 

évidence de son ARNm et/ou une quasi-absence d’amplification de gène de L’EGFR, 

suggérant une altération la régulation post-transcriptionnelle comme, par exemple, une 

stabilisation de la protéine ou une inhibition de son trafique interne. (63) Ces études 

vont dans le sens de nos observations : en effet, contrairement à l’EGFR, MUC1 est 

faiblement exprimé dans les TN et MUC1 participe intimement à la régulation, 

l’internalisation et les fonctions de EGFR. Par conséquent, on comprend aisément 
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pourquoi l’EGFR s’accumule à la membrane et qu’il est probablement inactif, quand 

MUC1 est déficient.  

Une autre explication plausible de cette faible réponse aux anti-EGFR dans les TN 

est que ces tumeurs ne sont pas exclusivement tributaires de la voie de signalisation 

de l’EGFR. On sait que dans le poumon, les inhibiteurs des tyrosines kinases sont 

efficaces si elles possèdent une mutation activatrice de la voie de signalisation de 

l’EGFR. Malheureusement, ces mutations activatrices sont rares dans les TN et des 

voies alternatives doivent être aussi activées dans les TN, annihilant les effets des 

anti-EGFR. (41) En effet, on sait que dans le poumon, les mutants de la voie RAS sont 

capables d’activer la voie alternative de l’EGFR et d’induire une résistance aux anti-

EGFR. (70) Rappelons que RAS peut être activé par la phosphorylation de MUC1-C 

par l’EGFR et qu’elle est aussi la voie d’activation de l’autophagie. De manière 

intéressante, sur cultures de cellule TN, certains ont montré une efficacité des anti-

EGFR (lapatinb) associé à des inhibiteurs de RAF et MEK (MAPK kinase ou voie de 

signalisation RAS/RAF/MEK/ERK), suggérant l’importance de cette voie. La rareté des 

mutations de RAS dans les cancers TN, exclu cette voie comme facteur de résistance 

aux anti-EGFR. D’autres voies de signalisations sont donc impliquées comme celles 

associées à MUC1, l’autophagie (PI3K, AMKT…) et IL17, sujet de cette thèse. 

MUC1 et la chimiorésistance ?  

De nombreux travaux ont démontré les associations entre MUC-C et la 

chimiorésistance.  Par exemple, MUC1-C est corrélé à la résistance au tamoxifène 

(anti-estrogènes) ou aux agents de chimiothérapie, dont la doxorubicine ou le taxol. 

(10, 20, 45, 58, 80, 86)  

MUC1-C dimérisé est aussi connu comme le transporteur nucléaire de l’EGFR, par 

l’intermédiaire de la β-importine. Curieusement, dans le cancer du sein TN, la forme 

nucléaire de l’EGFR a été décrite comme promotrice de résistance au cétuximab (anti-

EGFR). (7) Certaines études in vitro, ont déjà démontré l’efficacité des inhibiteurs de 

cette dimérisation de MUC1 (GO-201 et GO-203). Bien que soit séduisants, les 

applications cliniques pour lever les chimiorésistances et les effets secondaires de ces 

inhibiteurs de MUC1-C, restent encore floues.  
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Autophagie et chimiorésistance ? 

Une autre approche intéressante pouvant lever la résistance des anti-EGFR dans 

les TN, est celle de l’autophagie. Comme nous l’avons précédemment décrit, on sait 

qu’elle est régulée par deux voies de signalisation majeures : PI3K/AKT/mTOR et 

RAF/MEK/ERK, toutes deux également liées à MUC1 et EGFR.  De plus, la p110β 

(PI3K ce classe 1) est impliquée dans la chimiorésistance au paxitaxel dans le cancer 

des ovaires. (31). La voie de ERK est aussi connue être très active dans les TN et

cette activité est corrélée avec la résistance à l’épirubicine, connu comme inhibiteur 

de l’autophagie. 

De même, sur un modèle murin de cancer du sein TN, des études préliminaires ont 

démontré que l’inhibition de l’autophagie par la chloroquine augment les effets de 

l’adriamycine ou le cyclophosphamide. (47)  

D’autres observations ont décrit que chez des patients ayant un cancer du côlon 

avec un niveau d’autophagie faible, le taux de réponse et de survie sont meilleures 

avec une association de cétuximab, un anti EGFR. (36, 99) 

Quelques études cliniques en phase I et II associant des agents de chimiothérapie 

et des inhibiteurs de l’autophagie sont en cours sur des cancers avancés. Leurs 

résultats sont encore en attente.  

 

IL17 et chimiorésistance ? 

La dernière approche thérapeutique pour lever la résistance des anti-EGFR est 

celle des récepteurs de l’IL17 et en particulier de l’IL17RB. Comme nous l’avons 

discuté largement, la voie des MAPK (RAF/MEK/ERG) est une voie importante dans 

la résistance à la chimiothérapie. Notre équipe à précédemment démontré, in vivo et 

in vitro, que la cytokine pro-inflammatoire IL17A était produite intensément par les 

cellules du microenvironnement tumoral (lymphocytes Th17) des cancers du sein,  les 

TN. IL17A est capable, dans les cellules cancéreuses TN, d’activer la voie des MAPK 

(pour rappel, aussi associée à MUC1/EGFR et l’autophagie) et de phosphoryler ERK, 

favorisant ainsi la prolifération, la migration et la résistance aux agents de 
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chimiothérapie conventionnelle comme le docétaxel. Cette résistance peut être levée, 

in vitro, par des anticorps bloquant anti-IL17A. (13)  

Ensuite, nous avons également démontré que l’IL17E est impliqué dans des 

mécanismes similaires de chimiorésistance, en particulier en bloquant l’apoptose, 

mécanisme opposé à l’autophagie. Dans cette étude, nous avons montré que l’IL17A 

n’était pas produite par les cellules tumorales TN, mais que, par contre, ces cellules 

exprimaient au niveau de membranes les récepteurs IL17RA, IL17RB et IL17RC. (66) 

Dans nos travaux personnels, nous avons par une technique différente illustrée ces 

mêmes données.   

Plus récemment encore, nous avons prouvé que l’IL17E activait la voie de l’EGFR 

des cellules tumorales TN, résistantes aux anti-EGFR, par l’intermédiaire de 

l’activation des récepteurs IL17RA et IL17RB et les cascades de phosphorylations 

associées de Src et STAT3 (deux intervenants associés également à MUC1-C) Cette 

voie d’activation favoriserait le transfert de l’EGFR phosphorylé vers le noyau. (62) 

On comprend aisément l’intérêt d’inhiber cette voie de l’IL17 dans le cancer du sein. 

(19) En effet, les possibilités thérapeutiques sont existantes  Les anti-IL17 

(ixekizumab, brodalumab, guselkumab, tildrakizumab) sont déjà bien connus dans les 

pathologies inflammatoires dermatologiques comme le psoriasis ou dans les 

pathologies inflammatoires du colon. Malheureusement et de manière intrigante, à ce 

jour aucune publication ne développe les anti-IL17 dans les cancers. (38) 

 

5. CONCLUSION GENERALE 

Cette thèse est le fruit d’une convergence commune entre l’oncologue, 

l’immunologiste et le pathologiste afin de comprendre la résistance thérapeutique et 

l’agressivité des cancers du sein triple-négatif. Les solutions sont nombreuses et 

s’articulent souvent sur la voie des MAPK, activateur de l’autophagie, unissant à la fois 

EGFR, MUC1 et IL17. Les possibilités thérapeutiques sont connues, mais encore 

souvent aux stades expérimentales comme le GO-203 pour MUC1, la chloroquine ou 

l’hydroxychloroquine pour l’autophagie, ou encore, les anticorps bloquant anti-IL17. 

Des études cliniques aux stades II/III ont déjà été réalisées avec un traitement contre 
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mTOR (rapamycine, everolimus), mais s’associent à des résultats mitigés, 

principalement à cause des effets secondaires. (33)  

Finalement, ce travail a été la résultante d’une synergie entre le clinicien et le 

chercheur expérimental. Le pathologiste jouant le rôle d’intermédiaire. Ce travail 

d’équipe permettra certainement, dans un avenir proche, de cristalliser des solutions 

aux traitements des cancers du sein triple négatif. 
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ANNEXES 

Les annexes regroupent nos travaux associés et/ou de collaboration liée à cette 

thèse : 

1. article personnel sur les cancers du sein TN et leur hétérogénéité. 

2. Article de collaboration sur MUC1-ARF dont nous avons mis au point 

l’immunohistochimie. 

3. Quatre articles de notre équipe sur IL17/EGFR et cancer du sein TN.  



Claudin-4 Immunohistochemical Expression Is an Inde-
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AbstrAct

Background: Evaluation of the clinical value of claudin-4 immunohis-
tochemical staining for triple negative breast cancers.
Material and methodology: Histological material and clinical data 
of 70 patients with triple-negative breast cancers were available for 
this study. Thirteen patients died from breast carcinoma. Immunohis-
tochemical analyses were performed using antibodies against estro-
gen receptors, progesterone receptors, androgen receptors HER2, 
EGFR, cytokeratin 5/6, cytokeratin14 and claudin-4. The mean of 
follow-up was 32.7 +/- 20.2 months. Statistical analysis was based 
on Kaplan-Meier survival probability curves.
Results: The survival curves of negative-claudin-4 and positive-clau-
din-4 breast tumours patients were significantly different (p = 0.01) 
confirming previous observations that loss of claudin-4 expression is 
associated with poor prognosis in triple-negative breast cancer. Al-
though all non-basal triple-negative breast cancers (TnB) were stained 
by an anti- claudin-4 antibodies (n=12), distinct patterns of claudin-4 
expression were observed among the basal-like TN (TB). We found 
that positive-claudin-4 TB(0.59 +/- 0.24 months) presented a bet-
ter prognosis than negative-claudin-4 TB(0.40 +/- 0.17 months, 
p=0.004), as observed for the TnB (0.43 +/- 0.22 months, p = 
0.02). We also demonstrated that negative-claudin-4 TB or TnB pre-
sented the same prognosis (p = 0.65).
Conclusions: Independently of AR expression results, negative-clau-
din-4 TB present the same poor prognosis than positive-claudin-4 
TnB. Negative-claudin-4 TB could constitute a special type of TB pre-
senting a poor clinical outcome.
Keywords: Biomarker, Triple negative, Breast cancer, Cancer therapy, 
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introduction

Breast cancer is the most common cause of female cancer mortality despite a wide range of actual treatment 
regimens chosen according to the estrogens receptors (ER), progesterone receptors (PR), epidermal growth 
factor receptor type 2 (HER2) expression profiles of the patient. 
A genetic classification proposed by Perou et al.[1-3] has recently been adopted by the St Gallen International 
Expert Consensus.[4] Briefly, this classification proposes five molecular subtypes: luminal A (ER+PR+HER2-, 
low Ki67 <14%), luminal B Her2 negative (ER+PR+HER-, high ki67 > 14%), luminal B Her2 positive 
(ER+PR+HER2+), HER2 surexpressed (ER-PR-HER2+) and triple negative carcinoma (ER-PR-HER2-). 
The patient outcome is particularly difficult to determinate within the heterogeneous triple-negative carcinoma 
category. Usually, 2 subgroups are classically described. The basal-like breast cancer (TB) stained with 
antibodies recognizing the epidermal growth factor receptor type 1 (EGFR), cytokeratin 5/6 or cytokeratin 14 
and the non-basal-like triple negative breast carcinoma (TnB) in which none of these markers are detected.
[5-9] The androgen receptors (AR) have been proposed as favourable prognostic factors in some cases of 
triple-negative breast cancers. Moreover, some authors suggest treating AR positive breast tumors with an 
anti-androgenic drug, usually given to treat prostate cancer.[10] Finally, as suggested by Perou et al., clau-
din proteins expression has been proposed as an important prognostic factor, in tumour called claudins low 
coming from progenitor cells.[11] Claudins are tight junction proteins contributing to cytoplasmatic membrane 
permeability (Figure. 01).

Figure. 01. Anti-Androgen Receptors (AR) and anti-Claudin-4 immunohistochemistry on triple-negative bas-

al-like carcinomas (TB).
a and b : same case positive-AR(a) and positive-Claudin-4(b). AR is positive in nuclei and Claudin is positive in cytoplasm.
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c and d : same case negative-AR(c) and negative-Claudin-4 (d).

(Objective 40x)

In this study, we described the the expression of claudin-4 in TnB and TB and discussed its relevance for 
clinical prognosis. 

MAteriAls And  Methodology

Patient population
Between 2010 and 2012, archival paraffin embedded surgical materials and clinical data of 70 women (age: 
60.9 +/- 13.7 years) presenting a triple negative breast cancer were available for this study. All cases 
were classified following the Perou’s classification using a preliminary immunohistochemical study further 
confirmed by a tissue microarray (TMA). Finally the data included 58 TB, and 12 TnB.[1-3] Briefly, TB were 
negative for ER, PR, HER2 and positive for EGFR (52/58) or cytokeratin 5/6 (22/58) or cytokeratin 14 
(28/58). The TnB were negative for EGFR, cytokeratin 5/6 and cytokeratin 14. All cases were also tested 
by in situ hybridization (FISH) with an HER2 probe in order to confirm the negative HER2 immunohistochem-
istry. Moreover, 16 patients (22.8%) presented lymph node metastasis and 12 (17.1%) had haematogenous 
metastasis (lung, liver and brain). Tumoral relapse was described for 16 (22.8%) patients. Thirteen patients 
died of breast cancer (18.5%). Twelve patients (17.1%) had neo-adjuvant chemotherapy and 56 patients 
(80.0%) received classical chemotherapy. Hormonotherapy or trastuzumab were not used.  The mean of 
follow-up was 32.7+/- 20.2 months. Table. 01 presents the mains clinical and histological data of the pa-
tients and their tumours, respectively. 
Luminal A (LumA),  luminal B (LumB), and Her2 surexpressed (HER2) breast cancers were excluded from 
this study.

TB TnB
N of case 58 12 p

Age (years) 61.5 +/- 13.9 58.1+/- 13.1 ns
Follow-up (months) 32.7 +/-20.7 33.7 +/- 18.4 ns

Tumor ize (mm) 25.7 +/- 13.9 18.2 +/- 7.2 ns
Tumoral relapse (%) 12 (20.7%) 4 (33.3%) ns

Dead (%) 10 (17.2%) 3 (25.0%) ns
T1 23 (39.7%) 8 (66.7%) ns
T2 29 (50.1%) 4 (33.3%) ns

T3 or more 6 (10.2%) 0 (0%) ns
N1 or more 16 (27.8%) 1 (8.3%) ns

M1 9 (16.1%) 3 (25.0%) ns
SBR 1 0 (0%) 3 (25.0%) 0.01
SBR 2 6 (10.3%) 1 (14.3%) ns
SBR 3 52 (89.7%) 3 (25.0%) ns

Table. 01 Clinical and immunohistological characteristics of each groups of Perou’s classification.
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TB = triple negative basal-like, TnB = triple negative non basal-like. TNM = 2009 UICC classification of malignant tumors, SBR = modified 

histological classification of Scarff-Bloom-Richardson. N of cases = number of cases, Age, follow-up and tumor size in mean +/-SD. 

Histological procedures and tissue microarray (TMA) construction
All surgical specimens were initially fixed in 4% buffered formaldehyde solution between 8 to 48 hours, then 
imbedded in paraffin and sliced to 4 µm. The slides were stained with a classical hematoxylin-eosin stain to 
perform the initial diagnosis. A TMA paraffin receive-bloc was realized from these archival formol/paraffin 
blocs by an automated TMA device (Minicore2, Mitogen UK). Three distant core needle samples (needle 
core of 0.6 mm diameter) were chosen for each tumour paraffin donor-bloc. The TMA paraffin recipient bloc 
was cut in serial slides of 4 µm. The slides were consecutively stained by a classical hematoxylin-eosin stain 
and by different immunostainings.
Immunohistochemical methods
Immunohistological staining was performed using the Dako Autostainer Link 48® immunostaing system (Dako 
DK-2600 Glostrup, Denmark). After dewaxing, antigenic retrieval was performed using citrate buffered (pH 
6) or EDTA buffered (pH 9) antigenic retrieval solution (EnVision Flex Target Retrieval solutions high and 
low pH, Dako) at 99°C. Endogen peroxydase was inhibited using a hydrogen peroxide phosphate buffered 
solution (EnVision Flex Peroxydase Blocking Reagent, Dako). After the incubation with primary antibodies, 
the immunological reaction was revealed by the peroxidase activity (EnVision DAB + chromogen, Dako) 
coupled to secondary antibodies (EnVision Flex HRP, Dako) Counterstain was realized using hematoxylin 
(EnVision Flex hematoxylin, Dako). Negative controls were obtained using mouse IgG1 (Negative Control 
Mouse IgG1, Dako) diluted at 1:100, in place of primary antibodies. Primary antibodies, dilutions and anti-
genic retrievals are described in Table. 02.
Immunohistochemistry classification
HER2 immunostaining were interpreted as positive according to the Guidelines of the College of American 
Pathologists.[12] Estrogens receptors (ER), progesterone receptors (PR) and androgen receptors (AR) were 
subsequently scored according the Allred score taking into account the intensity and proportion of the nuclear 
immunostaining.[13] Claudin-4 was identically scored but analysed in the cytoplasm. For negative results, a 
cut-off inferior or equal to 2 was considered as negative. According the St Gallien guideline,[4] all cases were 
classified following the Perou’s classification.[1-2]

Fluorescent in situ Hybridisation (FISH)
HER2 positivity from TMA analysis was confirmed by a FISH technique using a HER2/C17 probe (Her2 
FISH pharm DXTM, Dako), according the manufacture’s instructions. In short, specimen was first denatured 
at 82°C for 5 minutes. The hybridisation was performed overnight at 45°C simultaneously for HER2/Texas 
Red labelled DNA probe and CEN-17/ FITC labelled DNA probe using a hybridizer device (Dako). Slides 
were washed in a stringent solution at 65°C for 10 minutes. We used a fluorescence microscope with appro-
priate filters (NIKON, Japan) to calculate the HER2/CEN-17 ratio according the Guidelines of the College 
of American Pathologists.[12]

Statistics
ANOVAs tests were performed for parametric results and Fisher’s exact for non parametric data. Kaplan-Mei-
er curves and Wilcoxon statistical tests were builded to evaluate the probability of breast cancer-specific 
survival curves. A p value <0.05 was considered significant. The WinSTAT 2012.1 (Fitch, Robert K®, Bad 
Krozingen, Germany) and Excel 2014 (Microsoft Corp., Redmond, Washington U.S.A.) programs were used 
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for statistical analysis.
This study was performed according the approval of an ethic committee and patients were informed and 
agreed to participate in this study.

Antibodies Clone Abbreviation Manufacture Dilution Retrievial Incubation 
(minutes)

Androgen 
Receptor

AR441 AR Dako 1:20 EDTA, pH9 20

Claudine 4 N/A Cl4 Spring 1:100 Citrate, pH6 20
Cytokeratin 
14

LL002 Ck14 BioCare 1:50 EDTA, pH9 20

Cytokeratin 
5/6

D5/16 
B4

CK5/6 Dako RTU EDTA, pH9 20

EGFR wild-
type

DAK-H1-
WT

EGFR Dako 1:200 EDTA, pH9 30

Estrogen 
Receptor 
alpha

SP1 ER Dako RTU EDTA, pH9 20

HER2 c-erB-2 HER2 Dako 1:800 Citrate, pH6 30
Progesteron 
Receptor

PgR636 PR Dako RTU EDTA, pH9 20

Table. 02 Primary antibodies, dilution, antigenic retrieval, incubation times and abbreviations used in this study.

results

The Table. 01 and the Figure. 02 illustrated that TB and TnB were not positively correlated with the breast 
cancer-specific survival, nor the presence of lymph node, nor haematogenous metastasis.

   
Figure. 02 Comparison of specific breast cancer survival curves between TB and TnB following the Perou’s clas-

sification of triple-negative breast cancers. 
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No statistical significant difference was observed  (p = ns) 

Ten patients showed AR tumoral staining. As illustrated of the Figure. 03, the 5 years survival probability 
tends to be better for positive AR patients. Unfortunately this was not statistically significant (p = 0.61) : 
0.48 +/- 0.20 for negative-AR (n=58/68) vs. 0.80 +/- 0.10 for positive-AR (n=10/68). Also, AR-posi-
tive TnB (n=3/12) seems to have a better prognosis than AR-negative TnB (n=8/12) : 5 years probability 
of survival respectively of 1.0 vs. 0.43 +/- 0.22 (p = ns). Moreover, the 5 years probability of survival of 
positive-AR TB (n=7/58) seems better than negative-AR TB (n=50/58), respectively, 0.66 +/- 0.27 vs 
0.51 +/- 0.21 months (p=0.61). The number of positive-AR tumor was unfortunately too small to draw any 
conclusion.

   
Figure. 03 Comparison of specific breast cancer survival curves between positive-AR and negative-AR tri-

ple-negative breast tumours.

No statistical significant difference was observed (p = ns)

Another biomarker studied in this study is claudin-4. In the all cases (n =70), negative-claudin-4 patients 
presented a significantly worse prognosis with a 5 years survival probability of 0.40 +/- 0.17 months for 
negative-claudin-4 (n=9) vs. 0.54 +/- 0.22 months for positive-claudin-4 (n=61), p = 0.01. This is illus-
trated in Figure. 04. All AR-positive TB (n=7/58) and all TnB (n =12/12) were also positive for claudin-4. 
Consequently, to avoid the bias of AR-positive tumour on the survival, TB (n=7) and AR-positive TnB (n=3) 
were discarded.

   
Figure. 04 Comparison of specific breast cancer survival curves between positive-Claudin-4 and negative-Clau-
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din-4 triple-negative breast tumours. 

There is a positive statistical difference (p = 0.01)

In Figure. 05, we found that positive-claudin-4 TB (n = 41/58) presented a better prognosis than nega-
tive-claudin-4 TB (n = 9/58, p=0.004) or TnB (n=8/58, p = 0.02), with a 5 years survival probability 
respectively of 0.59 +/- 0.24 vs 0.40 +/- 0.17 vs. 0.43 +/- 0.22 months (p = 0.005). We also demon-
strated that negative-claudin-4 TB (n = 9/58, p=0.004) or TnB (n=8/58) presented the same prognosis 
(p = 0.65).
   

Figure. 05 Comparison of specific breast cancer survival curves between negative-Claudin-4 TB and posi-

tive-Claudin-4 or TnB when positive-AR triple-negative breast cancers were discarded (see text).

There is  no statistical difference (p=ns) between negative-Claudin-4 TB (CL4-) and TnB (TnB) and a positive statistical difference between 

positive-Claudin-4 TB (TB) and negative-Claudin-4 TB (CL4-) (p = 0.005).

discussion

Breast cancers are heterogeneous aggressive tumors implicating a difficult challenge to treat these patients. 
In the last past years, new biomarkers were developed in order to facilitate the choice of an appropriate 
drugs regimen. The expression of estrogens and progesterone receptors can, for example, indicates a po-
tential effect of the corresponding hormonal inhibitors and the expression of HER2, on the other side, can 
be blocked by specific monoclonal antibodies. These three biomarkers are the basis of actual breast cancer 
classification described by Perou et al., wildly used in the clinical practice.[1-3] Unfortunately, about 20% of all 
breast tumours, called triple-negative breast carcinoma, don't express these molecules, leading to numerous 
difficulties to treat these patients.[14-17]

In routine practice, triple-negative breast cancers are divided into 2 groups, basal-like and non-basal-like, in 
agreement with the immunohistological detection of cytokeratin 5/6/14 or EGFR.[18] This classification does 
not allow identifying the patient with aggressive clinical outcome. Consequently, several authors suggested to 
change the Perou’s classification of triple negative breast tumours in 5 or 7 different classes.[5,19-21] However, 
the clinical application of these new classifications is not obvious yet.
Herein, we demonstrated the clinically value of claudin-4 immunohistochemistry to discriminate a group of 
TB presenting a poor prognosis, independently of its AR hormonal status. 
The favourable prognosis of tumour expressing AR is largely discussed in the literature. It is well-known that 
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AR is expressed simultaneously with ER in luminal breast cancers or in triple negative breast cancer with 
apocrine pattern.[10,22-24] Interestingly, Mc Ghan et al. suggested also that AR could be a potential therapeutic 
target.[25] This important role of AR in triple-negative breast carcinoma and its potential targeted treatment 
were largely debated in the literature.[25-31] Thike et al. showed a significantly better disease-free survival 
in positive-AR triple-negative tumors on a large series of 699 triple-negative invasive breast cancers.[26] 
Although this was not observed in our smaller series, both positive-AR TB and TnB tend to be of better 
prognosis than the negative-AR tumors. 
Claudins are interesting makers originally described in the Perou’s classification when considering the clau-
din low molecular pattern.[1,11] These proteins are major components of the tight junctions and the loss of 
their expression has been associated with malignancies.[31] Some authors reported the interest to perform 
immunohistochemistry to detect the claudin-low triple negative breast cancers.[32-33] Nevertheless, immuno-
histochemical studies over claudin-4 as a clinical prognosis factor in triple-negative breast cancers are still 
scarcely ever reported. Szasz et al. were the first to demonstrate the relationship between loss of claudin-4 
and the poor prognosis of breast cancer. These authors showed that negative-claudin-4 breast cancer had 
more lymph node metastasis and a poor prognosis than positive-claudin-4 tumours.[34-38] These obser-
vations were confirmed by other studies illustrating that the claudin-low group of basal-like triple-negative 
breast cancer was strongly associated with tumour relapse.[20,31] More recently, Kolokytha et al. demonstrat-
ed the favourable prognosis of triple-negative carcinomas expressing claudin-4.[39] Our study confirms also 
these observations and suggests, in addition, that negative-claudin-4-negative TB show a poor breast can-
cer-specific survival curves. Those could constitute a new poor prognosis group of TB. A larger prospective 
series will be necessary to confirm our hypothesis and the clinical usefulness of this potential group. More 
recently, a subgroup of triple-negative breast carcinoma, negative for ER, PR, HER2, EGFR and cytokeratin 
5/6, called quintuple-negative breast cancers, was also reported to present a poor prognosis.[40] In fact, 
this subgroup of triple-negative breast cancers corresponds to the triple-negative non basal-like cancers 
described in the Perou’s classification (TnB). We demonstrated that despite the positive expression of clau-
din-4, all TnB patients showed a poor 5 years survival prognosis, independently of their AR hormonal status. 
This prognosis is quite similar than those of the negative-claudin-4 TB.
In conclusion, negative-Claudin-4 TB present the same poor prognosis than positive-claudin-4 TnB. Future 
studies will be necessary to confirm that negative-claudin-4 TB could be considered as a special type of TB, 
presenting a poor clinical outcome. 
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Abstract

Translation of mRNA in alternate reading frames (ARF) is a naturally occurring process

heretofore underappreciated as a generator of protein diversity. TheMUC1 gene encodes

MUC1-TM, a signal-transducing trans-membrane protein highly expressed in human malig-

nancies. Here we show that an AUG codon downstream to the MUC1-TM initiation codon

initiates an alternate reading frame thereby generating a novel protein, MUC1-ARF. MUC1-

ARF, like its MUC1-TM ’parent’ protein, contains a tandem repeat (VNTR) domain. How-

ever, the amino acid sequence of the MUC1-ARF tandem repeat as well as N- and C-

sequences flanking it differ entirely from those of MUC1-TM. In vitro protein synthesis

assays and extensive immunohistochemical as well as western blot analyses with MUC1-

ARF specific monoclonal antibodies confirmed MUC1-ARF expression. Rather than being

expressed at the cell membrane like MUC1-TM, immunostaining showed that MUC1-ARF

protein localizes mainly in the nucleus: Immunohistochemical analyses of MUC1-express-

ing tissues demonstrated MUC1-ARF expression in the nuclei of secretory luminal epithe-

lial cells. MUC1-ARF expression varies in different malignancies. While the malignant

epithelial cells of pancreatic cancer show limited expression, in breast cancer tissue

MUC1-ARF demonstrates strong nuclear expression. Proinflammatory cytokines upregu-

late expression of MUC1-ARF protein and co-immunoprecipitation analyses demonstrate

association of MUC1-ARF with SH3 domain-containing proteins. Mass spectrometry per-

formed on proteins coprecipitating with MUC1-ARF demonstrated Glucose-6-phosphate 1-

dehydrogenase (G6PD) and Dynamin 2 (DNM2). These studies not only reveal that the

MUC1 gene generates a previously unidentified MUC1-ARF protein, they also show that
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just like its ‘parent’ MUC1-TM protein, MUC1-ARF is apparently linked to signaling and

malignancy, yet a definitive link to these processes and the roles it plays awaits a precise

identification of its molecular functions. Comprising at least 524 amino acids, MUC1-ARF

is, furthermore, the longest ARF protein heretofore described.

Introduction

Any AUG codon within a given mRNA sequencemay potentially function as an initiation site
for translation, provided that it is located within an appropriate extended nucleotide sequence
context that can support translational initiation. Specifically, an in-frameN-terminally
extended protein can be generated by translation initiated by an in-frame AUG start codon
located 5' to a downstream start codon. Accordingly, deep proteome analyses have identified at
least sixteen novel AUG start sites that give rise to N-terminally extended protein variants, in
addition to four translated upstream ORFs [1]. Alternatively, start codons appearing at addi-
tional sites within the mRNA sequence can initiate mRNA translation in alternate reading
frames (ARFs) yielding a peptide sequence differing entirely from the ‘parent’ protein product
[2].

In viruses, utilization of alternate reading frames contributes to diversification of the protein
repertoire that can be generated from the viral genome, whilst at the same time keeping it com-
pact[3]. In contrast to viruses, in eukaryotic organisms and in humans in particular there have
been relatively few definitive reports of translation in alternate reading frames yielding proteins
differing from their 'parent' proteins [4–7]. The best-defined eukaryoticARF protein studied
thus far derives from the INK4-ARF locus, which generates two alternative transcripts that use
different alternate frames of a constitutive exon to encode the tumor suppressor proteins
p16INK4a and p19ARF [8]. These proteins inhibit cyclin dependent kinases (CDK4 and CDK6),
thereby preventing phosphorylation and allowing the non-phosphorylated RB proteins to act
as suppressors of cell growth [9]. Interestingly, the corresponding 'parent' protein p16INK4A

and the alternatively translated p19ARF both act in shared pathways of tumor suppression.
Additional examples of well-definedARF proteins include those derived from the mRNAs

coding for the stimulatory G-protein specific to neuroendocrine cells (termedALEX) [10, 11]
and MASK-BP3 [12]. Despite their completely different amino acid sequences, functionsmedi-
ated by these pairs of 'parent' and ARF proteins are intimately intertwined and also involve
physical interaction between the ‘parental’ and the ARF proteins. In contrast to the limited
number of well-characterizedARF proteins generated from the mammalian genome as
described above, a recent publication suggests that translation in an alternate reading frame
may, to the contrary, be much more prevalent than previously anticipated [2].

MUC1, a gene recognized for more than two decades, is clearly related to a malignant cell
phenotype [13–15]. Its major protein product, the transmembrane MUC1-TM protein, is
highly expressed over the entire cell surface of tumor cells from a variety of epithelial malignan-
cies, whereas in normal epithelial cells its expression is not only considerably lower but is also
restricted solely to the apical surface of epithelial cells that form luminal structures [16]. We
demonstrate here for the first time that translation in an alternative reading frame of mRNA
coding for MUC1-TM yields a novel protein, here designatedMUC1-ARF. MUC1-ARF com-
prises an amino acid sequence entirely different from that of MUC1-TM and represents the
largest eukaryotic protein derived from translation of an mRNA in an alternate reading frame
reported to date. In contrast to localization of MUC1-TM on the cell surface, MUC1-ARF
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locates primarily to the cell nucleus. Luminal epithelial cells of tissues such as pancreas and kid-
ney, which normally express significant levels of MUC1-TM also express MUC1-ARF, while
tissues that express low levels of MUC1-TM such as breast luminal-forming epithelial cells
express very low levels of MUC1-ARF. In contrast, many breast cancers express MUC1-TM at
high levels and of these, a discrete subset shows highMUC1-ARF expression. We show here
that functionally, MUC1-ARF interacts with signaling proteins, including those comprising
SH3 domains and mass spectrometry showed coprecipitation of MUC1-ARFwith G6PD and
Dynamin 2. While suggestive of a link betweenMUC1-ARF, signaling, and malignancy, defini-
tive demonstration of such a link awaits identification of MUC1-ARF’s precise function. In
summary, the studies presented here demonstrate that theMUC1 gene generates the novel
MUC1-ARF protein by translation of MUC1mRNA in an alternate reading frame. Moreover,
MUC1-ARF is, to our knowledge, the longest ARF protein heretofore described.

Materials and Methods

Cell lines and cell culture

DA3-TM mouse mammary tumor cells transfected with, and expressing cDNA coding for full-
lengthMUC1-TM [17], DA3-PAR non-transfected parental DA3 cells [17], human breast car-
cinoma cell lines T47D and ZR75 [17], and human pancreatic carcinoma cell line Colo357 [17]
were grown in Dulbecco'sModified Eagle'sMedium (DMEM), RPMI and DMEM: F12 (1:1)
culture media. Human cell lines were authenticated by Short Tandem Repeat (STR) analysis
(PowerPlexW 1.2 System, Promega, WI, US) and the STR profiles were matched to the Ger-
man Collectionof Microorganisms and Cell Cultures (DSMZ) database. Prior to treatment
with cytokine, Colo357 cells were incubated in serum-freemedium for 24 hrs. Cells were then
treated at the following concentrations: IL-1beta (20ng/ml), IL-6 (40 ng/ml), TNF-alpha (20
ng/ml), or Interferon-gamma (10 ng/ml).

Whole cell lysates

Cells were washed with PBS, scraped from culture flasks and pelleted. Two volumes of cold
lysis buffer [50mM Tris, 100mMNaCl, 1% Triton X-100 + protease inhibitor cocktail (Sigma)]
were added to the cell pellet followed by incubation on ice for 30 minutes and centrifuged for
20 minutes at 12000 RPM. Concentration of protein samples were determined by BCA assay.

Nuclear and cytoplasmic lysates

Cell pellets were resuspended in extraction buffer [0.3M sucrose, 50mM Tris pH7.4 +protease
inhibitor cocktail (Sigma)] and disrupted by 10 freeze and thaw cycles on dry ice. This was fol-
lowed by centrifugation 20 minutes at 14000 rpm, and the supernatant collected as the cyto-
plasmic protein solution. The pellet was suspended in nuclear extraction buffer ([50mM Tris,
100 mMNaCl, 1% Triton X-100 + protease inhibitor cocktail (Sigma)] and sonicated for 30
seconds with a 1 minute rest 10 times at power setting 5. This was followed by centrifugation
at 14,000 rpm for 20 minutes at 4°C, with the supernatant representing the nuclear protein
solution.

Immunization of mice and generation of hybridomas

Mice were immunized with MUC1-ARF peptide conjugated to KLH. The MUC1-ARF
peptide used for immunization comprised 1.3 repeats of the MUC1-ARF repeat unit,
PQPTVSPRPRTPGRPRAPPP-PQPTVS- (one 20 amino acid long repeat is underlined and six
amino acids of the following repeat is double-underlined). Use of animals was performed
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under the supervision of Tel Aviv University Institutional Animal Care and Use Committee
(TAU-IACUC), License number L-08-026. Animal welfare and steps taken to ameliorate suf-
fering including methods of sacrificewere all performed in accordance with regulations stipu-
lated by TAU-IACUC. Following immunization, samples of polyclonal sera were taken and
antibody titers assessed using an ELISA assay wherein BSA-MUC1-ARF peptide was coated
onto the well surface of 96 well plates. Spleen cells from immunizedmice were fusedwith
mouse myeloma NS0 and selected in HAT medium according to the standard protocol.

Three-tiered screening for selection of anti-MUC1-ARF monoclonal
antibodies

The primary screen of the hybridomas was performed by assessing antibody present in hybrid-
oma supernatants binding to MUC1-ARF peptide. Positive hybridomas were then submitted
to a secondary screen wherein hybridoma supernatants were assessed for binding by western
blot analysis using lysates fromMUC1 transfected cells. Hybridomas that were positive on
both the primary and secondary screens were finally assessed using immunofluorescence assay
on DA3 mouse cells that do not express human MUC1 (as negative control), and on stable
DA3 transfectants expressing human MUC1. Hybridomas secreting antibody that scored posi-
tive in all three screens were subsequently cloned by repeated limiting dilution until a stable
clone was obtained.

Immunofluorescence—Cells (50,000 cells per well) were seeded on glass cover-slips in
24-well culture plates. The next day, cells were rinsed with ice-cold PBS and fixed with 100%
methanol for 5 min at -20°C followed by permeabilizationwith methanol/acetone (1:1). The
cells were subjected to immunofluorescence staining with primary antibody for 1h at room
temperature, then washed and incubated with fluorescently-labeled secondary antibody at
room temperature for an additional 1 h. The cells were examined by fluorescence confocal
microscopy.

Immunohistochemistry

Tissue microarrays were purchased from US Biomax, Inc. URL- http://biomax.us. Tissue sec-
tions (paraffin embedded, 5 microns in thickness) were deparaffinized followed by rehydration.
Automated Immunological stains were performedwith the Dako Autostainer Link 48 (Dako)
according to the manufacturer’s instructions. Antigen retrieval was done using citrate buffer
for 30 minutes at room temperature, or at alkaline pH (Tris-EDTA, pH9.0) for the anti-
MUC1-ARF antibodies. Endogenous peroxidase activity was blocked with EnVision Flex Per-
oxidase Blocking Reagent (Dako) for 30 minutes, followed by incubation with primary anti-
body (5microgram/ml) for 120 minutes. The immunological reaction was revealed by means of
polymer dextran coupled with peroxidasemolecule and secondary antibodies for 15 minutes
(EnVision-Flex /HRP, Dako) and diaminobenzidine for 10 minutes (DakoCytomation). Coun-
terstain was carried out with hematoxylin for 10 minutes.

Immunoprecipitation and mass spectrometry analyses

Cell lysates prepared fromMCF7 breast cancer cells that endogenously express MUC1-ARF
were subjected to immunoprecipitation using ProteinA/ProteinG agarose beads (Santa Cruz
Biotechnology, catalog number sc-2002) to which the monoclonal antibodyMPR2G10 had
been prebound. Following extensive washing of the beads, bound proteins underwent trypsin
digestion. Liquid chromatography–tandem mass spectrometry (LC–MS/MS)was performed
using a 15 cm reversed-phase fused-silica capillary column (inner diameter, 75 um) made in-
house and packed with 3 um ReproSil-Pur C18AQ media (Dr. Maisch HPLC GmbH).The LC
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system, an UltiMate 3000 (Dionex) was used in conjunction with an LTQ Orbitrap XL
(Thermo Fisher Scientific) operated in the positive ion mode and equipped with a nanoelec-
trospray ion source. Peptides were separated with a four hour gradient from 5 to 65% acetoni-
trile (buffer A, 5% acetonitrile, 0.1% formic acid and 0.005% TFA; buffer B, 90% acetonitrile,
0.2% formic acid and 0.005%TFA). The voltage applied to the union to produce an electrospray
was 1.2 kV. The mass spectrometer was operated in the data-dependent mode. Surveymass
spectrometry scans were acquired in the Orbitrap with the resolution set to a value of 60,000.
The sevenmost intense ions per scan were fragmented and analyzed in the linear ion trap. Raw
data files were searched with MASCOT (Matrix Science) against a Swissprot database. Search
parameters included a fixedmodification of 57.02146 Da (carboxyamidomethylation) on Cys,
and variable modifications 15.99491 Da (oxidation) on Met, and 0.984016 Da (deamidation)
on Asn and Gln. The search parameters also included: maximum 2 missed cleavages, initial
precursor ion mass tolerance 10 ppm, fragment ion mass tolerance 0.6 Da. Samples were fur-
ther analyzed in Scaffold (Proteome software).

Flow cytometry

After trypsinization, cells were washed, and mouse 2G10 antibody, with or without competitor
peptide was added for 1 hour at 4°C. Following washing with flow cytometry (FACS) buffer,
fluorescein labeled goat anti-mouse IgG antibody was added for 45 minutes at 4°C. Detection
of bound IgG was by flow cytometry on a FACSCalibur™ (BectonDickinson).

Sandwich ELISA for determining MUC1-ARF/MUC1-TM levels

Elisa Immunoassay plates (CoStar) were coated with either MPR-2G10 mAb or with H23 mAb
for detection of MUC1-ARF or MUC1-TM respectively, followed by blocking. Cell lysates at
1mg/ml protein concentration were then applied to the wells followed by adding anti-
MUC1-ARFmonoclonal antibodyMPR-4B3, or anti-MUC1-TMmonoclonal antibody H23,
both conjugated to biotin. Detection of MUC1-ARF binding was performed by horseradish
peroxidase (HRP)-conjugated to streptavidin. The results were calculated as an average of 3
experiments, performed in triplicates.

In vitro transcription and translation

In vitro transcription and translation reactions were performed as previously described [18]
and in vitro translation products were analyzed on standard SDS-polyacrylamidegels.

Results

Translation of MUC1-TMmRNA results in synthesis of both MUC1-TM
‘parent’ protein and an alternately-read MUC1-ARF protein

Translation of mRNA transcribed fromMUC1 cDNA comprising one 60 nucleotide repeat
unit revealed the expectedMUC1-TM protein products, namely uncleavedMUC1 alpha-beta
indicated by unfilled arrow-head, the MUC1-TM alpha-subunit indicated by [alpha, black dia-
mond], and the C-terminalMUC1-TM beta-subunit indicated by [beta, unfilled arrow] (Fig
1A, lanes 1–3, and Fig 1B, lanes 1 and 2). The MUC1mRNA used here for the in vitro transla-
tion assays contained only a single 60 nucleotide repeat unit, as compared to the 15–125 tan-
dem repeat units present in naturally occurringMUC1mRNA, thus explaining the relatively
low molecularmasses observed in the in-vitro translation assays both for the MUC1 alpha-beta
parental protein and the MUC1-TM alpha-subunit. That the band labeled by [alpha, black dia-
mond] is in fact the N-terminalMUC1-TM alpha-subunit has been previously unequivocally
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Fig 1. In vitro translation of MUC1mRNA yields both MUC1-TM protein and MUC1-ARF protein. (A) RNAs transcribed fromMUC1 cDNA
[comprising a single 60 nucleotide (20 amino acid) repeat unit] cut with HindIII, PvuII, BalI, PstI or AccI (H, Pv, B, Ps and A, lanes 1–5 respectively,
see Fig 1D and E) were translated in vitro with [35S]-methionine and [35S] cysteine and the products resolved by SDS-PAGE. Molecular masses of
protein markers run in a parallel gel are indicated to the right of the autoradiogram, and are also shown in (B) and (C). (B) MUC1mRNAs circled in
red lettering a and b, that differ from each other by 27 nucleotides downstream from the MUC1-TM initiation codon (Fig 1D, a and b) were
translated in vitro with [35S]-methionine and [35S]-cysteine and the products resolved by SDS-PAGE. (C) MUC1mRNA containing a single 20
amino acid repeat was translated for 30 minutes in an in vitro reticulocyte protein translation system with [35S]-methionine and [35S]-cysteine and
labelled proteins chased with an excess of unlabeled methionine and cysteine. Samples were removed (times indicated) and resolved by
SDS-PAGE. (D) Locations of the initiating (AUG) and terminating (STOP) codons in the MUC1mRNA driving translation of MUC1-TM are as
indicated. The TransMembrane (TM) and cytoplasmic (CYT) domains, Variable Number of TandemRepeats (VNTR) of MUC1-TM are as
indicated. (E) MUC1-ARF, lacking these domains, is shown by VNTR (yellow color) flanked by 5’ and 3’ domains (red color). The initiation and stop
codons (AUGARF and STOPARF) are shown (boxed). Regions bound by anti-MUC1-TM tandem repeats antibodies, anti-MUC1-ARF tandem
repeats antibodies and anti-MUC1-SEAmodule antibodies (in MUC1-TM) are indicated by downward facing dark green, orange and light green
arrowheads, respectively. (F) Amino acid sequence of MUC1-ARF. The MUC1-ARF twenty amino-acid-long repeat sequence is shown as three
repeats (light and dark brown fonts) whereas in the actual MUC1-ARF protein the number of repeats may vary between fifteen and one hundred
twenty five. The peptide sequence used for generating anti-MUC1-ARF monoclonal antibodies is underlined (dashed).

doi:10.1371/journal.pone.0165031.g001
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demonstrated [18]. Specifically, (i) it is not radioactively labeled when cysteine is used as the
sole radioactive amino acid in the in-vitro translation reaction [see Fig 1 in [18]], in accord
with the absence of cysteine residues in the MUC1-TM alpha-subunit and (ii) as expected for
the MUC1-TM alpha-subunit formed by the ongoing cleavage within the MUC1 SEA module,
in a pulse chase experiment the intensity of the [alpha, black diamond] band increases with the
efflux of time [Fig 1C, and see Fig 1 in [18]]. The band migrating with a molecularmass of
about 20kDa and here indicated by [beta, unfilled arrow] (Fig 1A, lanes 1 and 2, and Fig 1B,
lanes 1 and 2) has been previously unambiguously identified as the MUC1-TM beta-subunit
[18] and reconfirmedhere, because (i) the 20kDa band is absent following translation of a
MUC1mRNA truncated at both the Pst1 and Acc1 sites that are located upstream to the N-ter-
minus of the region coding for the MUC1-TM beta-subunit [compare Fig 1A, lanes 4 and 5
with Fig 1A lane 1, and see Fig 1 in [18]], and (ii) during the chase period of a pulse-chase
experiment the levels of this protein also increase with time as does the MUC1-TM alpha-sub-
unit [see Fig 1 in [18]]. Note that translation of MUC1mRNA truncated at the PvuII site (see
Fig 1D for the location of the PvuII site within the region coding for the cytoplasmic domain of
the MUC1-TM beta-subunit) leads to a faster migrating band representing the curtailed
MUC1-TM beta-subunit (Fig 1A, compare lane 2 with lane 1), whereas no alternative fragment
was observed following translation of MUC1mRNA truncated at the BalI site (Fig 1A, lane 3).
This is because the fragment of the MUC1-TM beta-subunit derived from translation of
MUC1mRNA truncated at the BalI site is much shortened and therefore likely comigrates
with the globin present in great amounts in the reticulocyte lysate. In order to allow for better
resolution of the MUC1 alpha-beta parental protein, the MUC1-TM alpha-subunit and the
MUC1-ARF protein (see below), electrophoresis in Fig 1C was performed for an extended
period of time leading to elution from the gel of the small MUC1-TM beta-subunit.

Unexpectedly, following in-vitro translation of MUC1mRNA an additional prominently
labeled band designatedMUC1-ARF (indicated by [red arrow-head], Fig 1A, lanes 1–3, Fig 1B
and 1C) was observed. It migrated with a molecularmass in the region of 30kDa, and as
described above (and see below for a more detailed analysis), it represents neither the
MUC1-TM alpha-subunit nor the MUC1-TM beta-subunit. The fact that in-vitro translation
of MUC1mRNA truncated at sites upstream to the C-terminal end of the MUC1-TM alpha-
subunit [for location of restriction sites see Fig 1D and 1E, AccI (A) and PstI (Ps),] leads to syn-
thesis of truncated forms of the MUC1-ARF protein (Fig 1A, lanes 4 and 5, indicated by red
arrow heads)) clearly indicates two points: (i) MUC1-ARF cannot possibly represent the
MUC1-TM beta-subunit, because the MUC1mRNAs truncated either at the AccI or at
the Pst1 sites do not comprise information coding for MUC1-TM beta-subunit, and (ii)
MUC1-ARFmust be coded for by the MUC1mRNA. Comparison of the two protein products,
MUC1-ARF and the MUC1-TM alpha-subunit (compare ARF protein [red arrow-head] with
that of the MUC1-TM alpha-subunit designated by [black diamond], Fig 1A, 1B and 1C),
shows that in vitro synthesis results in MUC1-ARF protein levels that are only slightly less
than those of the MUC1-TM alpha-subunit, indicating that translation of MUC1mRNA yields
significant amounts of MUC1-ARF protein. Translation of mRNAs generated fromMUC1
cDNAs digested by restriction enzymes cleaving at sites upstream to the C-terminal end of the
MUC1-TM alpha-subunit [Fig 1D and 1E, AccI (A) and PstI (Ps)] lead as expected to synthesis
of C-terminally truncatedMUC1-TM alpha-subunits (Fig 1A, bands designated by [black dia-
mond]; compare lanes 4 and 5 with lanes 1, 2 and 3). Translation of the same truncatedMUC1
mRNAs yieldedMUC1-ARF proteins that are similarly diminished in size (Fig 1A, bands des-
ignated by [red arrow-head]; compare lanes 4 and 5 with lanes 1, 2 and 3) confirming that
MUC1-ARF proteins do in fact derive from translation of MUC1mRNA, as described above.
As expected, translation of mRNAs generated fromMUC1 cDNAs digested by PvuII (Pv) and
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BalI (B) that cut sites located upstream to the stop codon of full-lengthMUC1 yet downstream
to the C-terminal end of the MUC1-TM alpha-subunit (see Fig 1D and 1E, for restriction
sites), lead to the generation of truncated uncleavedMUC1 alpha-beta (Fig 1A, lanes 2 and 3,
indicated by [unfilled arrowhead]), and intact MUC1-TM alpha-subunit and MUC1-ARF pro-
tein (Fig 1A, lanes 2 and 3, indicated by [black diamond] and [red arrow-head], respectively).

These results support the following conclusions: [1] The comparable decrease in molecular
mass of the MUC1-TM alpha-subunit protein and of the MUC1-ARF protein arising from 3'
truncation in the MUC1-TMmRNAs (Fig 1A, bands designated by [black diamond] and [red
arrow-head], compare lanes 4 and 5 with lanes 1, 2 and 3) indicates that both proteins are
translated from the same mRNA and terminate in proximity to each other. [2] Because the
MUC1-TMmRNA in these experiments contained only a single tandem repeat sequence, the
MUC1-ARF protein cannot represent polymorphicMUC-TM proteins varying in the numbers
of tandem repeats, but in fact represents a distinctMUC1 protein entity. [3] The size difference
between the MUC1-TM alpha-subunit proteins and the MUC1-ARF proteins (Fig 1A, 1B and
1C bands designated by [black diamond], and [red arrow-head] respectively) suggest that the
two proteins are different.

Translation of two naturally occurring isoforms of MUC1-TMmRNA (‘a’ and ‘b’ in Fig 1,
panel D), yields uncleaved full-lengthMUC1-TM protein and N-cleavage proteins that differ
by about 1000 Daltons [alpha-beta (unfilled arrow-head) and alpha (black diamond), respec-
tively Fig 1B, lanes 1 and 2). This is because variant ‘a’ differs from variant 'b' in that it com-
prises an additional 27 nucleotides coding for nine amino acids downstream to the AUG
initiation codon of MUC1-TM. In contrast, because the two differently sizedMUC1-TM
mRNAs, 'a' and 'b', yield identically sizedMUC1-ARF proteins [Fig 1B, lanes 1 and 2, compare
MUC1-ARF proteins indicated by (red arrow-head)], we conclude that the initiation codon
directingMUC1-ARF synthesis is located downstream to that initiating the MUC1-TM pro-
tein. Finally, because of the autoproteolytic cleavage of the precursorMUC1-TM protein
within its SEA module into cleaved alpha- and beta-subunits, a pulse-chase experiment dem-
onstrated a time-dependent decrease in levels of the full-lengthMUC1-TM protein (alpha-beta
and designated by open arrow-head, Fig 1C, lanes 1–3), accompanied by an associated increase
in MUC1-TM alpha-subunit (designated by alpha, black diamond, Fig 1C, lanes 1–3). In con-
trast, MUC1-ARF levels remained constant throughout the chase (indicated by ARF, red
arrow-head, Fig 1C, lanes 1–3), demonstrating that MUC1-ARF clearly does not contain a
cleavable SEA module and must represent a protein distinct fromMUC1-TM.

Analysis of the MUC1mRNA reveals an AUG codon located 265 nucleotides downstream
to the MUC1-TM initiation codon that (i) initiates a long +1 frameshifted open reading frame,
(ii) contains an upstream Kozak consensus sequences (ccaccacc/t), and (iii) has the potential to
initiate translation of a frameshifted alternate reading frame (ARF) protein (Fig 2). As shown
above, in vitro translation of MUC1mRNA yields proteins consistent with translation of the
MUC1-TMmRNA in an alternative reading frame directed by an initiation codon downstream
to that initiatingMUC1-TM synthesis. LikeMUC1-TM,MUC1-ARF harbors a tandem
repeat (VNTR) domain, but because of the +1 frameshift, the amino acid sequence of both the
MUC1-ARF tandem repeat as well as the N- and C- sequences flanking it differ entirely from
those of the MUC1-TM protein (Fig 1F). BecauseMUC1mRNA comprising only one tandem
repeat was used for the in vitro translation assays described above, the MUC1-ARF protein
product (with one 20 amino acid repeat sequence) is predicted to contain 245 amino acids and
the molecularmass for MUC1-ARF observedhere (in the region of 30kDa) corresponds well
with that expected for the in-vitro translated MUC1-ARF protein.

Remarkably, the alternate reading frame codes for 49 amino acids upstream to the VNTR
and 175 amino acids downstream to the VNTR. Assuming a minimum of about 15 tandem
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repeats for a naturally occurringMUC1mRNA, each comprising twenty amino acids [19], the
VNTR of MUC1-ARF alone contains at least 300 amino acids, and the complete MUC1-ARF
protein would then comprise at least 524 amino acids.

MUC1-ARF protein in MUC1 transfected cells

We investigated MUC1-ARF expression with anti-MUC1-ARFmonoclonal antibodies (mAbs)
generated by immunizingmice with a peptide representing 1.3 repeat units of the MUC1-ARF
tandem repeat (PQPTVSPRPRTPGRPRAPPP-PQPTVS- one 20 amino acid repeat is under-
lined and six amino acids of the following repeat is double-underlined (Fig 1, panel F). Screen-
ing against the MUC1-ARF repeat peptide yielded three independent hybridomas secreting
monoclonal antibodiesMPR2G10, MPR4B3 and MPR5C9. Following reaction of each of the

Fig 2. Nucleotide and amino acid sequence of MUC1-TM and MUC1-ARF.MUC1-TM initiation codon is shown in black font and green highlight.
Downstream to this initiation codon, three potential MUC1-ARF initiation codons in a +1 frame are shown in red font and green highlight. Amino acid
sequences are in black and red beneath the nucleotide sequence, represent MUC1-TM protein and MUC1-ARF protein, respectively. The red arrow
indicates the signal peptide cleavage site of the MUC1-TM protein. Kozak sequences upstream to the initiation codons of both proteins are in bold fonts
and underlined. The sequences shown for both MUC1-TM and MUC1-ARF extend from their respective initiation codons to their tandem repeat
domains; three such repeats are shown indicated by square brackets. The EcoR1 site and grey highlighted regions are not part of the actual MUC1
cDNA sequence.

doi:10.1371/journal.pone.0165031.g002
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three antibodies with mouse mammary tumor cells stably transfected with and expressing
human MUC1 DNA (DA3-MUC1) a strong nuclear signal was seen, as well as a lower level
signal in the cell cytoplasm (Fig 3B Panels 2, DA3-MUC1). Parental mouse DA3 cells not
expressing the human MUC1 protein, were uniformly non-reactive with the anti-MUC1-ARF
monoclonal antibodies (Fig 3B Panels 1, DA3-PAR). Furthermore, addition of MUC1-ARF
peptide abrogated the immunoreactivity of the antibodies, whereas addition of a non-relevant
peptide had no effect (Fig 3B, DA3-MUC1, compare panels 4 and 3). Similar results were
obtained with anti-MUC1-ARF polyclonal antisera, reacted with both DA3-MUC1 cells as well

Fig 3. Detection of nuclear MUC1-ARF protein with polyclonal anti-MUC1-ARF antibodies and with three distinct anti-MUC1-ARF
monoclonal antibodies, MPR2G10, MPR4B3 and MPR5C9. (A) Polyclonal anti-MUC1-ARF antibodies and (B) three independently isolated
anti-MUC1-ARFmonoclonal antibodies, MPR2G10, MPR4B3 and MPR5C9, were reacted in the presence of competing ARF peptide (B, panels
4), in its absence (B, panels 2), or with a non-relevant peptide (B, panels 3) with mouse DA3 cells stably transfected with and expressing human
MUC1 DNA (DA3-MUC1) and with T47D human breast cancer cells that endogenously express MUC1. Parental DA3 cells (DA3-PAR) which do
not express humanMUC1 are shown in B, panels 1. Immunofluorescence of secondary antibody (red), DAPI staining of nuclei (blue) are shown in
the merged images. (C) Mouse DA3 cells expressing humanMUC1 reacted with anti-MUC1-ARF repeat monoclonal antibody MPR2G10 (left
panel), compared with anti-MUC1-TM tandem repeat monoclonal antibody H23 (right panel), both followed by red-labelled secondary antibody.

doi:10.1371/journal.pone.0165031.g003
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as with T47D breast cancer cells (Fig 3A). As previously reported [16, 20–22], cells transfected
with human MUC1 DNA express high levels of the human MUC-TM protein as assessed with
anti-MUC1-TM tandem repeat mAbs that localized exclusively to the cell membrane and cyto-
plasm (Fig 3C, right-hand panel). Reacting the same cells in parallel with anti-ARF-repeat
mAb MPR2G10 demonstrated predominantly nuclear localization (Fig 3C, left-hand panel),
consistent with the pattern shown above. A sandwich ELISA assay consisting of capture mAb
MPR2G10 and detecting biotinylated mAb MPR4B3 could readily detect the MUC1-ARF
protein (see below section "EndogenousMUC1-ARF protein is detected in human cancer

cell lines"), and although the anti-MUC1-ARFmAbs recognize discrete epitopes in the
MUC1-ARF repeat sequence, they all bind to the MUC1-ARF protein. Immunoreactivity of
anti-MUC1-ARFmAb MPR2G10 with DA3 cells transfected with both human MUC1 cDNA
and human genomic MUC1 DNA was the most robust (Fig 4, panels A and B). It was therefore
chosen for subsequent studies. Probing immunoblots of lysates from cells transfected with
human MUC1 DNA demonstratedMUC1-ARF that migrated with a molecularmass of about
80kDa (Fig 4E, lane DA3-G). MUC1-ARF protein was seen neither in non-transfected cells
(Fig 4E, lane DA3-P), nor following addition of competing ARF peptide.

Two distinct murine 3T3 transfectants, each receiving human MUC1 cDNA comprising a
different number of tandem repeats provided further confirmation of MUC1-ARF expression
in MUC1-transfected cells. Variation in the number of tandem repeats provides an inherent
size-signature ‘barcode’ to MUC1 proteins translated by each of the two transfectants. Accord-
ingly, when western blots were probed with anti-[MUC1-TM tandem repeat] antibodies, each
of the two stable 3T3 transfectants showed differently sized highmolecularmass MUC1-TM
proteins (Fig 4F3, filled green arrows), reflecting the size of the tandem repeat domain con-
tained within each of the MUC1 cDNAs used for transfection.MUC1-TM glycoprotein is
heavily post-translationally modified by both N- and O-linked glycosylations [14, 23, 24].
Probing similar blots with anti-MUC1-ARF revealed that the two transfectants produced dis-
tinctly sizedMUC1-ARF proteins (Fig 4F1, filled red arrowheads). Cells transfected with
MUC1-I or MUC1-II cDNA expressedMUC1-ARF proteins of approximately 60kDa and
90kDa respectively, corresponding to the tandem repeat polymorphisms of the transfected
MUC1 DNAs. The calculatedmass of the MUC1-ARF protein with a single repeat unit is
27,253 Daltons. Each additional MUC1-ARF repeat unit adds on an additional calculatedmass
of 2,161.5 Daltons. We therefore estimate that the MUC1-I and MUC1-II cDNAs comprise
about 17 and 28 MUC1-ARF repeat units, respectively. Addition of competingMUC1-ARF
peptide ablated immunoreactivity, confirming the specificity of the anti-MUC1-ARF antibod-
ies (Fig 4F2, lanes 2 and 3) as does the absence of reactivity in lysates from non-transfected
cells (Fig 4F1, lane 1, designated PAR).

Since the molecularmass of MUC1-ARF protein correlates with the number of tandem
repeat sequences contained within theMUC1 gene, which varies between different individuals
and cell lines, the size of MUC1-ARF proteins will correspondingly vary. This means that dif-
ferently sizedMUC1-ARF proteins will be detected in different cell lines.

To see whetherMUC1-ARF has the potential to be post-translationally modified, the
MUC1-ARF amino acid sequence was interrogated using the MotifScan analysis (http://
scansit.mit.edu). In order to improve our level of confidence in the analysis, the scan was per-
formed only at the highest level of stringency and we purposely did not opt for the medium and
low stringency levels of scanning. This MotifScan analysis predicted, with very high levels of
confidence,multiple sites for post-translational modifications within the MUC1-ARF protein.
Sites for phosphorylation on serine or/and threonine (S/T) residues mediated by calmodulin
dependent kinase 2 (CAMGK2G) were predicted in the following sequences: RQPTMSP
located just upstream to the tandem repeats, RPRTPGR and PTVSPRP both sites located
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Fig 4. Mouse cell lines transfected with humanMUC1 DNA express MUC1-ARF. (A, and C) DA3 cells transfected with
MUC1 cDNA; (B) DA3 cells transfected with humanMUC1 genomic DNA, and (D) non-transfected mouse parental DA3 cells
were immunostained with anti MUC1-ARFmonoclonal antibody MPR2G10 followed by red-labeled secondary antibody. DAPI
(blue) and green-labeled phalloidin are shown as merged images. In (C), anti-MUC1-ARFmonoclonal antibody was added
together with competing ARF peptide. (E) Immunoblots with anti-MUC1-ARF antibodies of cell lysates prepared from either
untransfected DA3 mouse cells (DA3-P) or from cells transfected with MUC1 genomic DNA (DA3-G). MUC1-ARF is indicated by
the arrowhead. (F) Mouse 3T3 cells transfected with humanMUC1 DNA containing differently sized VNTRs (diagrams
designated MUC1-I, MUC1-II) express differently sized MUC1-ARF proteins: Cell lysates from either parental 3T3 cells or 3T3
transfectants stably expressing humanMUC1 DNA (lanes 1, 2 and 3, designated PAR, MUC1-I and MUC1-II, respectively) were
resolved by SDS-PAGE and immunoblots probed with anti-MUC1-ARF alone (F1) or together with competing ARF peptide (F2).
Following probing, the immunoblot was stripped, reprobed with an antibody recognizing an epitope within the MUC1-TM tandem
repeat sequence, and redeveloped with ECL (F3). Filled red arrows indicate MUC1-ARF proteins and filled green arrows indicate
MUC1-TM proteins (F1 and F3, respectively). Stippled red arrows designate the positions of the MUC1-ARF proteins that have
been specifically competed out. Protein loading with anti-actin antibodies confirmed that equal amounts of protein were present
in each lane. MUC1-I and MUC1-II cDNAs used for transfections contains approximately 17 and 28 repeats respectively. The
two cartoons at the bottom of the Figure designating the MUC1-I and MUC1-II cDNAs are intended for illustrative purposes only.
They demonstrate the fact that the two cDNAs differ one from the other in the number of repeats each contains.

doi:10.1371/journal.pone.0165031.g004
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within the tandem repeats, and PMVSPRP and YLLSPPP, sites located C-terminal to the tan-
dem repeats (T or S phosphorylation sites are in bold and italics).

The molecularmasses of the twoMUC1-ARF proteins (Fig 4F1, lanes 2 and 3) are consider-
ably less than those of the correspondingMUC1-TM proteins (Fig 4F3, filled green arrows),
suggesting that although the MUC1-ARF proteins are likely post-translationally modified, as
described above, these are not as extensive as those of MUC1-TM.

Endogenous MUC1-ARF protein is detected in human cancer cell lines

We extended our analyses to human cancer cells which natively express high levels of the
MUC1-TM protein. Immunofluorescent analyses done with anti-MUC1-ARFmAb 2G10
showed expression of endogenousMUC1-ARF protein that localized primarily to the cell
nucleus. This was seen in T47D breast cancer cells (Fig 5, panels A and C), COLO357 pancre-
atic cancer cells (Fig 5, panels B) and ZR75 breast cancer cells (Fig 5, panels E and F). The
prominent nuclear staining seen in T47D breast cancer cells with the anti-MUC1ARFmAb
2G10 was abrogated by addition of competingMUC1-ARF peptide (compare Fig 5, panels C
and D), showing antibody specificity. Simultaneous costaining of breast cancer ZR75 cells
(Fig 5, panels E) with anti-MUC1-TMmAbs [DMB5F3 [17], directly labeled with a green
fluorescent dye] together with anti-MUC1-ARFmAb 2G10 (labeled red), clearly showed that
the two MUC1 proteins did not colocalize:MUC1-TM localized at the cell membrane as
expected, whereas MUC1-ARF protein was predominantly nuclear (Fig 5, see panels Ei, Eii
and Eiii). Furthermore addition of competingMUC1-TM-junction protein abrogated the cell
membrane signal of MUC1-TM, and was of no effect on the nuclear MUC1-ARF (Fig 5, com-
pare panels E and panels F). Probing blots with anti-MUC1-ARF antibody 2G10 further
demonstrated that endogenousMUC1-ARF protein migrated with a molecularmass of
slightly more than 55kDa (Fig 5G, left lane), and that its reactivity was abolished by
MUC1-ARF peptide (Fig 5G, open red arrow, right lane). The molecularmass of the protein
seen in Colo357 cells corresponds to a MUC1-ARF protein containing about 14 MUC1-ARF
repeat units.

Human cancer cell lines A431, MCF7 and KB known to express MUC1-TM protein were
assessed for MUC1-ARF expression by western blot analyses. Results indicate that cells which
express MUC1mRNA also expressedMUC1-ARF proteins with molecularmasses ranging
from about 48kDa to 55kDa (Fig 6, panels A, B and C, MUC1-ARF protein indicated by
lower red arrowhead). These correspond to MUC1-ARF proteins containing about 11 to 17
MUC1-ARF tandem repeat units expressed by the relatively smaller MUC1 allele present in
the these cell lines. A larger MUC1-ARF protein, expressed from the larger MUC1 allele
detected in MCF7 cells migrated with a molecularmass of about 130kDa, corresponding to a
MUC1-ARF protein containing about 47 ARF tandem repeat units (Fig 6B, upper red arrow-
head). Its intensity was significantly less as compared to that of the small allele gene product
(Fig 6B, lane 1, compare upper and lower red arrowheads), consistent with the previously
reported reduced expression of the larger MUC1 alleles gene products [25]. In fact in the
absence of added cytokines, only the smaller MUC1-ARF allele could be detected in KB cells
(Fig 6C, lane 1 red arrowhead). However, addition of IL1-beta and interferon-gamma to KB
cells, a combination known to increaseMUC1 gene expression [26], led to the appearance of
the larger MUC1-ARF protein (Fig 6C lane 2, indicated by upper red arrowhead with a mass of
about 120kDa) corresponding to the larger MUC1 allele present in these cells. The size differ-
ence of the twoMUC1-ARF proteins observed in KB cells tallies remarkably well with that
published for the twoMUC1 alleles of KB cells as determined by Northern blotting analyses
[26].
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Fig 5. Human cancer cells express MUC1-ARF in both the nucleus and cytoplasm. T47D breast cancer cells (Panels A and C) and COLO357
pancreatic cancer cells (Panels B) were immunostained with anti-MUC1-ARF mAbMPR2G10 followed by red-labeled secondary antibody. DAPI (blue,
demonstrating nuclei: white stippled ovals) and green-labeled phalloidin (labeling actin filaments) are shown in the merged images (Panels A’ and B’).
Immunostaining of T47D cells with anti-MUC1-ARF mAbMPR2G10 is abrogated when done in the presence of competing MUC1-ARF peptide (compare
Panels C with Panels D). Simultaneous immunostaining of ZR75 breast cancer cells with anti-MUC1-TM antibodies (DMB5F3mAbs directly green
labeled) and anti-MUC1-ARF antibodies (MPR2G10, red labeled) in the absence of MUC1-TM-junction peptide is shown in Panels E, while the effect of
adding MUC1-TM-junction peptide to an identical immunostaining of ZR75 breast cancer cells is shown in Panels F. (Panel G) Lysates of human
COLO357 cancer cells were resolved on SDS-PAGE, western blotted, and probed with anti-MUC1-ARFMPR2G10. MUC1-ARF protein is indicated by
the filled red arrow head (left panel). Immunoreactivity is abrogated by addition of competing free MUC1-ARF peptide (right panel). (Panel H, left side,
labeled MUC1-ARF) Equivalent amounts of protein from either cytoplasmic or nuclear (cyt or nuc) T47D cell extracts were analyzed by a sandwich
ELISA that detects MUC1-ARF. Competing MUC1-ARF peptide (ARF pep) added to the detecting biotinylated anti-MUC1-ARFMPR4B3, abolished
signal in both cytoplasmic and nuclear samples, whereas non-relevant peptide (non-rel. pep) had no effect. (Panel H, right side, labeled MUC1-TM)-
analysis of nuclear and cytoplasmic T47D cell extracts with a sandwich ELISA detecting MUC1-TM protein. (Panel I) Mouse DA3mammary tumor cells
expressing humanMUC1 cDNA were immunostained with anti MUC1-ARF antibody MPR2G10 and red-labeled secondary antibody followed by DAPI
staining. High magnification images of orthogonal projections of confocal laser microscopy are shown for anti-MUC1-ARF (Panel I-i), DAPI (Panel I-ii)
and merged images (Panel I-iii). (Panel J) Untransfected mouse DA3 mammary tumor cells (DA3-PAR, left panels) or transfected with humanMUC1
cDNA (DA3-MUC1, J, right panels) were stained with DAPI and immunostained with anti-MUC1-ARF monoclonal followed by red-labeled secondary
antibody. DAPI staining alone (blue) and the merged images of DAPI plus red anti-ARF immunostaining (DAPI + anti-ARF) are shown. A parallel set of
cells (Panel J, lower panels, plus etop.) were treated with Etoposide, a DNA topoisomerase II inhibitor.

doi:10.1371/journal.pone.0165031.g005
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The reactivity of the MUC1-ARF protein was in all cases abolished by the addition of com-
petingMUC1-ARF peptide [Fig 6A, 6B and 6C, compare lanes 1 (minus competingMUC1-
ARF peptide) with lanes 1' (plus competingMUC1-ARF peptide); Fig 6C, compare lanes 2 and
2'; red arrowheads indicate the MUC1-ARF proteins and white arrowheads with dotted red
outline designate the position of MUC1-ARF protein competed out by added ARF peptide].
No MUC1-ARF protein was detected in the neuroblastoma cell line SY5Y consistent with the
undetectable expression of theMUC1 gene in these cells (Fig 6D and 6F). An additional two
cell lines, HK293 and U87, which do not express theMUC1 gene, also did not express the
MUC1-ARF protein (Fig 6E).

Quantitative PCR analyses (qPCR) to assess expression of MUC1mRNA validated that
only those cells (A431, MCF7 and Colo357) that express MUC1mRNA also displayed
MUC1-ARF protein, whereas those cells that had low to undetectable levels of MUC1 expres-
sion (HK293, U87 and SY5Y) were likewise negative for MUC1-ARF protein (Fig 6A–6F).

Fig 6. MUC1-ARF protein is observed only in those human cell lines that express theMUC1 gene. Lysates prepared from human cell lines A431,
MCF7, KB, SY5Y, HK293 and U87 (Panels ’A’ to ’E’) were resolved on SDS-PAGE, western blotted, and probed with anti-MUC1-ARF MPR2G10.
MUC1-ARF protein is indicated by the filled red arrowheads. Addition of competing free MUC1-ARF peptide (indicated beneath the lanes by a ’plus’ sign)
competed out reactivity of the MUC1-ARF protein (white arrowheads with dotted red outline designate the positions of MUC1-ARF protein that has been
competed out by added ARF peptide). (Panel F): Expression levels of theMUC1 gene in the various cell lines were assessed in triplicate by quantitative
PCR (qPCR). Expression in MCF7 cells was set to be 100. (Immunoblot analysis of Colo357 for MUC1-ARF expression appears in Fig 5G).

doi:10.1371/journal.pone.0165031.g006
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Taken together, these analyses confirm endogenousMUC1-ARF protein in human cancer cell
lines known to express theMUC1 gene, and conversely the absence of MUC1-ARF protein in
cells that do not express theMUC1 gene.

Quantitation of MUC1-ARF protein in nuclear and cytoplasmic compartments demon-
strated MUC1-ARF protein in nuclear extracts prepared from human T47D breast cancer
cells while cytoplasmic extracts displayed much lower levels (Fig 5H, left panel). Analysis of
MUC1-TM revealed an inverse picture: while high levels were observed in cytoplasmic extracts,
nuclear MUC1-TMwas almost undetectable (Fig 5H, right panel). Within the nucleus itself
MUC1-ARF staining revealed a non-homogeneous distribution, with intense MUC1-ARF
immunostaining observed in discrete subnuclear aggregates (red staining, Fig 5A, 5B, 5C-i, 5E-
i and 5F-i). Additional analyses by confocal laser microscopy and orthogonal projections (Fig
5I, 5i, 5ii and 5iii) showed intense staining with both DAPI and with anti-MUC1-ARF antibod-
ies, suggesting that MUC1-ARF localizes to subnuclear regions comprising condensed chroma-
tin. This colocalizationwas further confirmed by etoposide treatment of MUC1 cDNA-
transfected cells which induced large DAPI-positive condensed chromatin aggregates to which
MUC1-ARF clearly colocalized (Fig 5J, compare panels i and ii). In contrast, immunostaining
of non-transfected cells was negative (Fig 5J, DA3-PAR).

Expression of MUC1-ARF in normal human tissues correlates with
MUC1-TM expression

MUC1-TM is detected on the apical surface of normal epithelial cells that form luminal struc-
tures (for example, [27]). To see whetherMUC1-ARF protein is co-expressedwithMUC1-TM
in these cells, sequential serial sections of human tissues were reacted with monoclonal antibod-
ies specific for either MUC1-TM or MUC1-ARF. To detectMUC1-TMwe used the previously
characterizedmAb DMB5F3 [17] which binds specifically to the MUC1-TM SEAmodule with
picomolar affinity. For MUC1-ARF detection, use was made of the mAb MPR2G10, here
shown to bind theMUC1-ARF tandem repeat sequence (see Fig 1D and 1E for regions of
MUC1-TM andMUC1-ARF recognizedby the antibodies). In kidney tissue, MUC1-ARF
expression was seen only in those cells that also expressedMUC1-TM [Fig 7, compare Panels
A-i (MUC1-TM) with A-ii (MUC1-ARF)]. Larger fields and highermagnifications are
shown in Fig 7; Panels C-i and C-i’ (MUC1-TM) and Panels D-i and D-i’ (MUC1-ARF)].
Similar results were seen with pancreatic sections (Fig 7, Panels B-i (MUC1-TM) with B-ii
(MUC1-ARF)]. For larger fields and at highermagnifications see Fig 7, Panels E-i and E-i’
(MUC1-TM) and Panels E-ii and E-ii’ (MUC1-ARF). In contrast to MUC1-TM localization on
the apical surfaces of normal luminal-forming epithelial cells, MUC1-ARF localizedprimarily
to the nuclei of these same cells both in kidney and in pancreas. Addition of ARF peptide abro-
gated reactivity only of anti-MUC1-ARF antibody (Fig 7, compare Panel B-ii with B-ii"),
whereas recombinant MUC1-SEA-module protein abrogated reactivity only of anti-MUC1-
SEA antibody (Fig 7, compare Panels B-i with B-i"), confirming specificity of each antibody
with its target protein.

Kidney tissue sections were particularly informative in that only luminal-forming cells of
distal tubules (DT) stained positive for the MUC1-TM protein (Fig 7, Panels A-i, C-i and C-i')
whereas cells of proximal tubules (PT), glomeruli (G), and Bowman’s capsule were uniformly
negative. CorrespondinglyMUC1-ARF is expressed only in cells forming the lumen of distal
tubules where it localized to cell nuclei, directly correlating with MUC1-TM expression (com-
pare MUC1-ARF expression in Fig 7, Panels A-ii, D-i and D-i' with MUC1-TM expression in
Fig 7, Panels A-i, C-i and C-i'). In cells of the exocrine pancreas most cells demonstrated
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Fig 7. MUC1-TM and MUC1-ARF expression in normal human kidney and pancreas. Serial sections of paraffin-embedded human
pancreatic and renal tissues were immunohistochemically stained with anti-MUC1-TM SEAmodule antibodies (anti-MUC1-TM [DMB5F3])
and anti-MUC1-ARF antibodies (anti-MUC1-ARF [MPR2G10]) as indicated. Normal kidney is shown in Panels A-i (MUC1-TM) and A-ii
(MUC1-ARF); larger fields and higher magnifications are shown in Panels C-i, C-i’ (MUC1-TM), and D-i, D-i’ (MUC1-ARF)]. Glomerulus,
proximal tubule, and distal tubule are designated byG, PT andDT respectively. Filled green arrows designate sites of MUC1-TM-SEA

protein at the cell surface whereas filled red arrows designate MUC1-ARF protein; absence of anti-MUC1-ARF immunoreactivity is shown by
filled red and white arrows. Normal pancreatic tissue reacted with anti-MUC1-TM in the presence of ARF peptide (plus ARF pep) or in the
presence of MUC1-TM SEA peptide (plus SEA pep), are shown in Panels B-i and B-i", respectively. MUC1-TM protein on the cell surface of
ductal epithelial cells is competed out by MUC1-TM SEA peptide (B-i") but not by MUC1-ARF peptide (B-i). Conversely MUC1-ARF protein in
the nuclei of pancreatic epithelial cells is competed out by MUC1-ARF peptide (B-ii") but not by MUC1-SEA peptide (B-ii). Larger fields and
higher magnifications of pancreatic tissue is shown in E-i, E-i’ (MUC1-TM), and E-ii, E-ii’ (MUC1-ARF).

doi:10.1371/journal.pone.0165031.g007
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nuclear MUC1-ARF expression, whereas a subset showed neither nuclear nor cytoplasmic
MUC1-ARF (Fig 7, Panels B-ii, E-ii and E-ii').

Expression of both MUC1-ARF and MUC1-TM expression is restricted
to the exocrine pancreas and neither are expressed in the endocrine
pancreas

Whereas MUC1-TM protein was readily observed at the apical surfaces of pancreatic ducts of
the exocrine pancreas (Fig 8B and 8B'), no immunoreactivity for MUC1-TMwas observed in
the pancreatic islets forming the 'endocrine pancreas' (Fig 8B and 8B'- note the absence of
MUC1-TM immunoreactivity in the Islets of Langerhans, demarcated by the blue dotted
lines). This is in accord with the known expression of MUC1-TM solely within the exocrine
pancreas, in cells lining the intercalated, intralobular and interlobular ducts. Cells of neuroen-
docrine origin forming the Islets of Langerhans are known not to express MUC1 [28–30].
MUC1-ARF protein was also exclusively expressed in cells of the exocrine pancreas where it
localized primarily to cell nuclei (Fig 8A and 8A'). In contrast, and again in accord with
MUC1-TM expression, all cells of the endocrine pancreas were uniformly negative for
MUC1-ARF (Fig 8A and 8A'). These results demonstrate that (a) in the pancreas only those
cells that express the MUC1-TM protein isoform also express MUC1-ARF, just as observed for
kidney tissue, and (b) the nuclear staining for MUC1-ARF is specific because nuclei of cells
comprising the Islets of Langerhans were uniformly negative for MUC1-ARF staining, whereas
cells of the exocrine pancreas contained within the same sectionwere MUC1-ARF positive.

Taken together, these studies show a tight correlation in normal tissues betweenMUC1-
ARF expression and that of MUC1-TM. Certain cell types both in the kidney and pancreas that
express MUC1-TM also express MUC1-ARF, whereas those kidney and pancreatic cells that
do not express MUC1-TM, also do not express MUC1-ARF (Figs 7 and 8). Furthermore, nor-
mal tissues such as brain and liver that have noMUC1-TM expression are also devoid of
MUC1-ARF protein.

MUC1-ARF expression in normal and malignant pancreatic and breast
tissues

The patterns of MUC1-TM and MUC1-ARF expression in normal and malignant pancreatic
and breast tissues displayed significant differences. High MUC1-TM expression was observed
in pancreatic cancer tissues, accompanied by a loss of MUC1-ARF expression [compare
expression of MUC1-TM and MUC1-ARF in normal pancreatic tissue (Fig 9C, left and right
panels respectively), to that seen in pancreatic cancer tissue (Fig 9D, left and right panels
respectively)]. In contrast to normal pancreatic tissues, bothMUC1-TM and MUC1-ARF are
expressed at very low levels in resting normal breast tissue. In breast cancer cells we found sub-
stantial MUC1-TM expression (Fig 9A, examples of expression in 3 breast cancer samples, left-
hand panels), consistent with elevatedMUC1-TM expression in breast tumors as described
in the literature [14, 31]. Our analyses of a series of breast tumor tissues demonstrated that
approximately 40% of the MUC1-TM positive sections (totaling 96 different samples) were
MUC1-ARF positive. MUC1-ARF expressers (for examples see Fig 9A, middle panels, labeled
anti-MUC1-ARF) could be roughly divided into three groups differing from each other in
their patterns of MUC1-ARF expression: [i] high expression of bothMUC1-TM and nuclear
MUC1-ARF, [ii] highMUC1-TM expression and noMUC1-ARF expression, [iii] high
MUC1-TM expression and focal MUC1-ARF expression in only a subset of cells. The signifi-
cance of this MUC1-ARF expression in only some of the breast cancer samples is further con-
sidered in the Discussion section.
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Proinflammatory cytokines upregulate expression of MUC1-ARF protein

Cytokines such as interferon-gamma, tumor necrosis factor-alpha (TNF), IL-1beta and IL-6,
and combinations of these cytokines, have been shown to elicit marked increases in MUC1-
TM expression [26, 32–38]. Although interferon-gamma by itself was shown to upregulate
MUC1 expression in most cell lines, the addition of tumor necrosis factor-alpha to interferon-
gamma elicitedmarked synergistic stimulation of MUC1 expression [26, 33]. Specifically, com-
binations of the cytokines [interferon-gamma and IL-1beta], [IL-6 together with TNFalpha]
and [interferon-gamma and TNFalpha] have been shown to stimulate MUC1-TM expression
to several-fold higher than by each cytokine alone [26]. We therefore looked at the effect of
these combinations of cytokines on MUC1-ARF expression. Similarly to cytokine stimulation
of MUC1-TM expression, MUC1-ARF showed both quantitative and qualitative changes

Fig 8. MUC1-TM and MUC1-ARF proteins are expressed solely in the exocrine pancreas and not in the endocrine pancreatic
islets. Serial sections of paraffin-embedded human pancreatic tissues were immunohistochemically stained with anti-MUC1-TM SEA
module antibodies (anti-MUC1-TM [DMB5F3]), anti-MUC1-ARF antibodies (anti-MUC1-ARF [MPR2G10]) and normal mouse
immunoglobulin as indicated. Filled green arrows designate sites of MUC1-TM-SEA protein at the cell surface whereas filled red arrows
designate MUC1-ARF protein; absence of anti-MUC1-ARF immunoreactivity is shown by filled red and white arrows. The pancreatic
islets (Islets of Langerhans) are demarcated by the dotted blue lines.

doi:10.1371/journal.pone.0165031.g008
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following cytokine treatment (Fig 10). Immunofluorescence with mAb MPR2G10, combina-
tions of interferon-gamma and IL-1beta, IL-6 together with TNFalpha, and of interferon-
gamma and TNFalpha clearly led to increasedMUC1-ARF expression (Fig 10A, compare Pan-
els ‘b’, 'c' and 'd', with Panel 'a'). Flow cytometry analyses and quantitative ELISA assays using
anti-MUC1-ARFmonoclonal antibodyMPR2G10 confirmed these findings (Fig 10B, Panels
'a', 'b' and 'c').

As expected, prolonged cytokine treatment with interferon-gamma and IL-1beta clearly
inducedMUC1-TM. Irrespective of cytokine addition, MUC1-TM remained tethered at the
cell membrane (Fig 10C, compare panels a and b). In contrast, prolonged cytokine treatment
elicited a disproportionate increase in cytoplasmicMUC1-ARF at the expense of nuclear

Fig 9. Immunohistochemical analyses of MUC1-TM andMUC1-ARF expression in breast and pancreatic cancer. (A) Serial sections of breast
cancer tissues from three distinct individuals were immunohistochemically stained with anti-MUC1-TM antibodies (anti-MUC1-TM [DMB5F3]), anti-
MUC1-ARF antibodies (anti-MUC1-ARF [MPR2G10]) and with hematoxylin/eosin (H and E). Green arrows indicate sites of MUC1-TM reactivity at the
cell surface, and red arrows designate MUC1-ARF reactivity in the nuclei. Absence of anti-MUC1-ARF immunoreactivity is shown by filled red and white
arrows. (B) Binding specificity of anti-MUC1-ARF [MPR2G10] antibody is demonstrated by addition of either MUC1-ARF peptide or a non-relevant
peptide, as indicated. Only MUC1-ARF peptide abrogates immunoreactivity. Serial sections of normal pancreas (C) or pancreatic cancer tissue (D), were
immunohistochemically stained with anti-MUC1-TM [DMB5F3] or anti-MUC1-ARF [MPR2G10]. Both MUC1-TM and MUC1-ARF are expressed in the
normal pancreatic tissue (C). In contrast, cancer tissue expresses only MUC1-TM. MUC1-ARF was not detected (red and white arrows).

doi:10.1371/journal.pone.0165031.g009
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Fig 10. Cytokines upregulate MUC1-ARF expression and result in its relocalization. (A) COLO357 pancreatic cancer cells were
either untreated (Control, Panel a), or incubated for 8 hours with interferon-gamma and interleukin1-beta (Panel b); interleukin 6 and
TNFalpha (Panel c); interferon-gamma and TNFalpha (Panel d). This was followed by immunostaining with anti MUC1-ARF antibody
MPR2G10 and red-labeled secondary detection. (B a.) COLO357 cells were either untreated or incubated for 8 hours with interferon-
gamma and interleukin1-beta, (blue and green tracings, respectively), permeabilized, and analyzed by flow cytometry with anti-
MUC1-ARFMPR-2G10, and detection with fluorescently labeled secondary anti-mouse antibody. Addition of secondary antibodies
alone to untreated and cytokine-treated cells is shown by the orange and red tracings, respectively. (B b. c.) MUC1-ARF protein in
untreated and cytokine-treated COLO357 cells was quantitatively assessed by sandwich ELISA (b), and shown in block graphs in (c).
Specificity of antibody binding to MUC1-ARF protein was confirmed by addition of competing MUC1-ARF peptide (b. plus ARF
peptide). (C) COLO357 cells were either untreated (Panels a, a’, designated ’no cytokine’) or incubated for 24 hours with interferon-
gamma plus interleukin1-beta (Panels b, b’, designated ’plus IFNgamma plus IL1beta’). Immunostaining with anti-MUC1-ARF
MPR2G10 and detection by red-labeled secondary antibody (a’ and b’) was followed by green-labeled anti-MUC1-SEAmodule
DMB5F3 (a and b). DAPI (blue) and merged images are presented in the lower left and right panels, respectively. (D) COLO357 cells
were treated for forty-eight hours with IFNgamma and IL1beta, and actin filaments visualized by staining with green-labeled phalloidin
(a), and MUC1-ARF protein immunostained with anti MUC1-ARFMPR2G10 followed by detection with red-labeled secondary antibody
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MUC1-ARF (Fig 10C, compare panels a' and b'), indicating that exposure to the cytokines
leads not only to a quantitative increase in MUC1-ARF but also to cellular relocalization of
MUC1-ARF. This shift was particularly prominent following extended cytokine treatment, and
discrete compartments that stained intensely for MUC1-ARF appeared to be in the process of
forming blebs at the cell surface (Fig 10D, indicated by yellow arrows).

MUC1-ARF function: The proline-rich tandem repeat domain of
MUC1-ARF interacts with SH3-domain containing signaling proteins

In an attempt to defineMUC1-ARF function, we used a bioinformatic MotifScan approach to
search for proteins putatively interacting with MUC1-ARF. This yielded a set of signaling pro-
teins such as Grb2, phospholipase C-gamma1, p85 subunit of PI-3'-kinase, and Abl tyrosine
kinase which were predicted to bind via their SH3 domains with a high level of confidence
(>99.9th percentile) to proline-rich regions of MUC1-ARF tandem repeat sequence
GRPRAPPPPQPTVSP. To see whetherMUC1-ARF in fact forms complexes with SH3-con-
taining proteins as predicted, anti-MUC1-ARF immunoprecipitates (IP) were resolved by
SDS-PAGE and probed by immunoblotting (IB) with an array of antibodies recognizing SH3–
domain containing proteins. These assays demonstrated that in fact Abl tyrosine kinase and
cortactin, both of which contain SH3 domains co-precipitated with MUC1-ARF fromMUC1
cDNA transfectedHK cells (Fig 10E, lanes 2, panels 'a' and 'b'). HK cells transfected with mock
cDNA and therefore not expressing endogenousMUC1 did not show the coprecipitating pro-
teins (Fig 10E, lanes 1).

To further our understanding of MUC1-ARF function, it would be highly informative to
knockout MUC1-ARF expression in cells that naturally express MUC1-ARF protein and look
at the resulting phenotype. However the entire MUC1-ARF protein coding region, including
the initiation codons directingMUC1-ARF protein expression, is an integral component of the
MUC1-TM reading frame (Fig 2). As a result, knocking out MUC1-ARF expression inevitably
means that MUC1-TM protein produced in these cells will be truncated.Whatever phenotype
is seen in such cells could not be unambiguously ascribed to the lack of MUC1-ARF; it could
just as well be attributed to expression of a truncatedMUC1-TM protein. Thus knocking out
MUC1-ARF expression, for example by CRISPR technology, is not a feasible experimental
approach to learn about MUC1-ARF function.

Much information on MUC1-TM function has been gained by identifying proteins that
interact with MUC1-TM. In a similar manner, identification of proteins interacting with
MUC1-ARF in cells that natively express MUC1-ARF could shed light on MUC1-ARF func-
tion. To identify such proteins, we prepared lysates fromMCF7 cells (that express MUC1-ARF,
see above Fig 6) and MUC1-ARF protein was immunoprecipitated using anti-MUC1-ARF
monoclonal antibodyMPR2G10 prebound to Protein A/G agarose beads. Proteins associated
with the beads were then trypsin digested, followed by mass spectrometric analyses. Addition
of MUC1-ARF repeat peptide consistently competed out MPR2G10 monoclonal antibody
immunoreactivity in all modalities employed including immunofluorescence, immunohis-
tochemistry, ELISA assays and western blotting, and in all cells expressing MUC1-ARF includ-
ing cell transfectants expressing the humanMUC1 gene, cell lines endogenously expressing the

(b). DAPI-stained nuclei and merged images are shown in (c) and (d), respectively. Following prolonged cytokine treatment,
MUC1-ARF expression shifted in part to membrane protrusions, indicated by yellow arrows. (E) Cell lysates were prepared from HK293
cells transiently transfected with an expression vector driving expression of MUC1 cDNA (lanes 2) or with a control empty expression
vector (lanes 1). Anti-MUC1-ARF immunprecipitates were resolved on SDS-PAGE, western blotted, and probed with antibodies as
indicated.

doi:10.1371/journal.pone.0165031.g010
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MUC1 gene, and in human tissues expressing theMUC1 gene. To eliminate the possibility of
non-specific antibody binding,MUC1-ARF protein was immunoprecipitated, either in the
absence of competingMUC1-ARF peptide or in its presence. Only those proteins that showed
a significantmass spectrometric signal in the absence of ARF peptide and a complete 'compet-
ing-out' of signal (a reading of "0") in the presence of ARF peptide were deemed to be true
proteins that interact with MUC1-ARF. This analysis yielded two prominently interacting pro-
teins, Glucose-6-phosphate dehydrogenase (G6PD) and Dynamin 2 (DNM2), whereas all
other proteins gave substantially lower signals. Tryptic digestion releases Protein A and Protein
G peptides from the affinity support matrix (Protein A/G agarose beads)- these peptides repre-
sent approximately 1.5% of total spectra. As an indication of their abundance, G6PD and
DNM2 yielded percentage values of total spectra of 0.16% and 0.11%, respectively, and both
proteins gave zero readings in the samples that had been immunoprecipitated in the presence
of MUC1-ARF peptide demonstrating their binding specificity. When viewed in relation to the
abundant Protein A and Protein G peptides, the values recorded for G6PD and DNM2 are
exceptionally high.

Discussion

We demonstrate here that translation of MUC1mRNA in an alternate reading frame generates
MUC1-ARF protein, which differs in its entirety from the amino acid sequence of its tumor-
associated 'parent' protein, MUC1-TM (Figs 1 and 2). MUC1-ARF is comprised of 49 amino
acids N-terminal to the tandem repeat domain, followed by the tandem repeat domain and
finally by a C-terminal domain of 175 amino acids. Since the MUC1-TM tandem repeat
domain has a lower limit of about 300 amino acids (15 copies of a twenty amino acid repeat
unit [19, 25, 39–41]), the complete MUC1-ARF protein must contain at least 524 amino acids
making it as far as we are aware, the largest protein reported to date generated by an overlap-
ping alternate reading frame.

The studies reported here demonstrate unequivocal expression of the frameshifted
MUC1-ARF protein in MUC1 cell transfectants, in MUC1-expressing cancer cell lines, and in
sections of normal and malignant human tissues. In normal tissues, expression of the MUC1-
ARF and MUC1-TM proteins showed a tight correlation, such that epithelial cells forming
ducts in the pancreas and kidney expressed not only MUC1-TM, but also clearly expressed
MUC1-ARF (Figs 7 and 8). The contrary was also true: tissues such as brain and liver which do
not express MUC1-TM do not express MUC1-ARF. Similarly, ductal epithelial cells of resting
breast tissue showed very lowMUC1-TM expression, accompanied by almost undetectable lev-
els of MUC1-ARF.

Mass spectrometric analyses were ineffective in identifying peptides contained within the
MUC1-ARF protein, and several possibilities could explain the inability of this modality to
identifyMUC1-ARF. It may well be that MUC1-ARF undergoes post-translational modifica-
tions on multiple amino acid residues (see above in Results for the MotifScan analysis), the
type of which we do not presently know, rendering its identification by mass spectrometry
intractable. Such post-translational modifications or combinations thereof appearing in the
protein either stoichiometrically or/and substoichiometrically, could include, yet not be
restricted to, methylation, phosphorylation and/or O-GlcNAcylation [42], the latter of which is
known to be particularly prevalent on nuclear-resident proteins, such as MUC1-ARF. In this
context it is pertinent to note that the latest review of a flurry of recent studies uncovering the
unexplored alternative ORF proteome (AltORFs) [43], notes that mass spectrometry experi-
ments often lack the sensitivity or technical details required for detection of all proteins, as
appears to be the case for MUC1-ARF.
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In contrast to this, the evidence presented here that MUC1-ARF is expressed as a protein is
strikingly convincing: (i) its expression is seen only in cells that express the humanMUC1

gene (Figs 3, 4, 6, 7 and 8) (ii) mouse cells that do not express human MUC1 are negative for
MUC1-ARFwhereas the same cells transfected with and expressing human MUC1 DNA
express MUC1-ARF, as observedby immunofluorescence, western blots, flow cytometry and
ELISA assays (Figs 3 and 4), (iii) MUC1-ARF expression was detected not only with the anti-
MUC1-ARFmonoclonal antibodyMPR2G10, but also with purified anti-MUC1-ARF poly-
clonal antisera as well as with an additional two independently isolated anti-MUC1-ARF
monoclonal antibodies (Fig 3), and (iv) MUC1-ARF immunoreactivity was in all cases abro-
gated by the addition of MUC1-ARF specific peptide, and not by non-specific peptides. Consti-
tuting perhaps the most forceful piece of evidence, (v) the immunohistochemical analyses
performed on unmanipulated normal human tissues clearly show MUC1-ARF protein that
localizes to the cell nucleus (Figs 7, 8 and 9). Particularly compelling is the picture seen with
normal kidney tissue (Fig 7) whereMUC1-ARF localizes to the nuclei of only those epithelial
cells lining the ducts of distal tubules. All other cells within the same section of kidney
tissue are unequivocally negative for MUC1-ARF. In the kidney, this discrete expression of
MUC1-ARF correlates precisely with the distribution of MUC1-TM expression, which is
restricted solely to the identical ductal-forming epithelial cells of the distal tubules. Comparison
of sequential kidney sections stained for either MUC1-TM or MUC1-ARF clearly reveals that
those cells expressing MUC1-TM also express MUC1-ARF. Within the same section, epithelial
cells other than those forming the lumen of distal tubules serve admirably both for antibody
specificity and as negative controls. They are all negative not only for MUC1-TM but also for
MUC1-ARF. Further bolstering this evidence for the in-vivo expression of MUC1-ARF are the
analyses of MUC1 protein expression in the normal pancreas (Figs 7 and 8). In the pancreas, a
similar situation pertains to that seen in the kidney, in that bothMUC1-TM and MUC1-ARF
are clearly expressed in acinar and ductal cells of the exocrine pancreas (Figs 7 and 8). In con-
trast to the pancreatic acinar and ductal cells, the pancreatic islets forming the endocrine pan-
creas do not express MUC1-TM as we demonstrate here (Fig 8) and as is known from the
literature [28]. Consistent with this, MUC1-ARF is unambiguously absent from the pancreatic
islet cells, just as is MUC1-TM (Fig 8).

Additional evidence for expression of MUC1-ARF protein was provided by (vi) Analyses of
MUC1-ARF protein expression by western blots in cell lines that were in parallel analyzed for
expression of MUC1mRNA by qPCR analyses (Fig 6). Without exception, we observed an
absolute correlation of MUC1-ARF protein expression to expression of MUC1mRNA. The
converse was also true in that all cell lines that did not show MUC1mRNA expression, were
likewise negative for MUC1-ARF protein (Fig 6). (vii) Polymorphic allelic forms of the
MUC1-ARF protein were observed in those cell lines expressing the MUC1-ARF protein, con-
sistent with the known allelic polymorphism of theMUC1 gene itself (Fig 6). Finally, (viii) the
smaller MUC1-ARF allele was always expressed at significantly higher levels as compared to
expression of the larger allele consistent with previously published data on expression of
MUC1mRNA (25). Taken together, the experimental evidence detailed in the Results section
(Figs 1, 3–10), and summarized above [items (i)–(viii)] compellingly favors MUC1-ARF pro-
tein expression and makes it highly unlikely, if not untenable, that the MUC1-ARF protein is
an experimental artifact.

Among its multiple functions, cell-surfaceMUC1-TM acts to protect the cell from foreign
organisms such as bacteria and viruses [44–47]. Consistent with this is our finding thatMUC1

gene expression, including that of MUC1-ARF, is markedly upregulated by interferons and
other cytokines (Fig 10). Correspondingly, a single STAT responsive element has been identi-
fied within the MUC1 promoter, that whenmutated both decreasesMUC1 promoter activity
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in breast cancer cells and also abolishes stimulation by interleukin-6 and interferon-gamma
[35]. Expression of bothMUC1-TM and MUC1-ARFmay in fact be favored in environments
that are conducive to the growth of foreign organisms, such as within the lumen of distal renal
tubules, as we observedhere (Fig 6). In keeping with this, resting normal breast comprising
ductal tissue through which little if any fluid flows demonstrates low expression of both
MUC1-TM and MUC1-ARF. This contrasts with lactating breast, where high levels of
MUC1-TM protein are present on the apical surfaces of epithelial cells forming ducts involved
in lactation [48].

It has been amply documented that MUC1-TM transduces signals from the extracellular
space into the cell via tyrosine phosphorylation of its cytoplasmic domain [49] which then
recruits secondmessenger signaling proteins such as Grb2 and beta catenin [49–54]. Following
its binding to STAT3 and nuclear factor-kappa-b (NF-kappa-b), the cytoplasmicMUC1-TM
domain re-localizes from the cell membrane to the cell nucleus, and can modulate the activity
of the NF-kappa-b pathway by interacting with, and activating NF-kappa-b p65 and family
members of IKK [55]. It is intriguing therefore that MUC1-ARF not only localizes primarily to
the cell nucleus, but also binds the SH3-domain containing proteins Abl and cortactin. In fact,
because of the tandem repeat of its proline-rich binding motif, MUC1-ARF protein likely con-
tains multiple docking sites for signaling proteins, suggesting that MUC1-ARFmay serve as a
scaffold capable of binding multiple copies of [SH3-domain]-containing proteins. It is notable
then that the cytoplasmic domain in the beta-subunit of the MUC1-TM protein undergoes
phosphorylation on a series of tyrosine residues thereby complexing to SH2-domain-contain-
ing signaling proteins including the Abl tyrosine kinase [56]. Furthermore, like the Abl tyrosine
kinase [57] MUC1-ARF localizes both to the cytoplasm and to the nucleus, suggesting that
MUC1-ARF could serve to facilitate the shuttling of bound signaling proteins to and from the
nucleus.

Following the initial discovery of MUC1-TM tyrosine phosphorylation [49] understanding
MUC1-TM function has been considerably enhanced by identifying proteins interacting
with the MUC1-TM protein. A similar approach was therefore used here to gain insight
into MUC1-ARF function. By mass spectrometric analyses of proteins interacting with
MUC1-ARF, we found that Glucose-6-phosphate 1-dehydrogenase (G6PD) and Dynamin 2
(DNM2) were the highest scoring proteins interacting with MUC1-ARF. Recent work has
demonstrated that MUC1-TM acts as a novel metabolic master regulator by acting as a tran-
scriptional coactivator thereby regulating expression of metabolic genes [reviewed in [58]].
Because of this, the interaction of MUC1-ARFwith G6PD, an important metabolic regulator,
is particularly intriguing. G6PD is a significantmetabolic regulator that provides reducing
power (NADPH) and pentose phosphates for fatty acid and nucleic acid synthesis. MUC1-
ARF interaction with G6PDmay act to modulate G6PD activity thereby acting similarly to
MUC1-TM as a metabolic regulator (58).

MUC1-ARF interaction with dynamin 2, a GTPase that facilitates vesicle fission during
synaptic vesicle endocytosis, is also of interest because the C-terminal domain of dynamin is
a proline-rich domain (PRD) very similar in make-up to the proline-rich domain of the
MUC1-ARF tandem repeats [59, 60]. Dynamin is recruited to sites of endocytosis by interact-
ing with the SH3 domains of a variety of proteins, via dynamin PXXPmotifs (where X repre-
sents any amino acid) that are flanked on either side by a basic residue such as arginine. Such
PXXPmotifs are particularly prevalent in the MUC1-ARF tandem repeats (see Results), and
appear there as PRAP, PPPP, PPQP, PRTP and PGRP. It therefore may well be that protein(s)
containing two or more SH3 domains bridge between dynamin 2 and MUC1-ARF. Signifi-
cantly, dynamin interacts with cortactin,which comprises a well characterized SH3 domain
[61, 62] and is an actin-binding protein shown to participate in receptor-mediated endocytosis.
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Regulation of receptor-mediated endocytosis requires remodeling of actin filaments involving
dynamin2 GTPase activity that is dependent on its interaction with the F-actin-binding protein
cortactin [63]. Because it has been extensively documented that cell surface receptor regulation
involves both dynamin and a number of SH3 domain-containing proteins such as cortactin
(for example [64–67], the interaction of MUC1-ARF not only with dynamin 2 but also with
cortactin (Fig 10, Panel E) suggests that MUC1-ARFmay also be involved in the regulation of
cell surface receptors. As compelling as the above evidence is, the definitive nature of MUC1-
ARF function remains to be determined.

Parental and ARF proteins expressed from the same gene are often functionally linked. For
example, the proteins p16INK4A and p19ARF proteins are both expressed from a common
ARF/INK4A locus, and act as tumor suppressor proteins and function in similar pathways [8].
Interestingly, the protein ALEX derived by alternate frame reading of the mRNA coding for
the G-protein alpha-subunit XLas physically interacts with the XL-domain of the ‘parent’ XLas
gene product, such that both parent and ARF proteins act in concert [10, 68]. Such physical
interaction between 'parent' and ARF proteins is also seen betweenXbp1(S) protein, a tran-
scription factor that participates in the unfolded protein response, and Xbp1(U)-ARF protein
generated by alternate reading frame translation of an unspliced Xbp mRNA [69, 70]. Simi-
larly, the overlapping reading frame in the ataxin-1 coding sequence encodes a novel protein
that also interacts with the 'parental' ataxin-1 protein [71]. The pattern emerging from these
findings is that despite very different amino acid sequences of expressed ARF proteins com-
pared to their 'parent' proteins, ARF proteins can be functionally linked to their 'parent' pro-
teins. We do not as yet know with any degree of certainty, whether the MUC1-TM and
MUC1-ARF proteins are in fact functionally linked as is the case for parental and ARF proteins
cited above.

MUC1-ARF is a very basic protein, rich in proline residues that comprise about 35% of the
tandem repeat sequence. This structuralmake-up is in line with other ARF proteins that are
basic and show a conspicuous bias for a high proline content suggesting an increase in the level
of structural disorder. For example, the ALEX protein has a predicted pI of 11.8 with a 21%
proline content [10] and the ARF protein derived from the INK4 locus is composed of approxi-
mately 20% arginine residues [8]. Because of its high proline content, MUC1-ARF appears to
be natively unstructured, just as are ALEX and p19ARF. Of note, both ALEX and p19ARF form
specific and tight interactions with partner proteins, and p19ARF acquires activity and stability
only when bound to targets [72].

In contrast to localization of MUC1-TM to the cell surface, MUC1-ARF localizes to the cell
nucleus, as observed in normal kidney and pancreas as well as in breast cancer tissues (Figs 5–
8). The cytoplasmic domain of MUC1-TM has been observed to also localize to the cell nucleus
[50], thus highlighting the similarity of MUC1-ARF and MUC1-TM.

Proteins locating at and functioning in the nucleus frequently contain nuclear localization
signals (NLS), required for translocation through the nuclear pore complex. These typically
contain clusters of basic amino acids, usually flanked by proline residues, and many NLSmotifs
appear in pairs (bipartite NLS signals) or even as multiple signals within the one protein [73].
Although there is no canonical nuclear localization signal present in the MUC1-ARF protein,
it is notable that the MUC1-ARF tandem repeat itself comprises the proline-arginine rich
motifs PRAPP, PRPR and GRPR. In this context, various FGF2 and FGF3 protein isoforms,
especially those initiating at upstream alternative initiation sites, localize to the cell nucleus
[74–76] not because they contain a canonical nuclear localization signal, but because they
also comprise motifs such as PRAAP, PRTR and GRGR very similar to those seen in the
MUC1-ARF tandem repeat (compare FGF/MUC1-ARFmotifs- PRAAP/PRAPP, PRTR/PRPR
and GRGR/GRPR). It is therefore possible that just as in the case of the FGF2 and FGF3
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proteins, proline-arginine rich motifs within the MUC1-ARF tandem repeat direct nuclear
localization of MUC1-ARF.

In contrast to the significant expression of bothMUC1-TM and of MUC1-ARF on the api-
cal surfaces of normal luminal epithelial cells present both in the kidney and those forming the
exocrine pancreatic ducts and acini (Figs 7 and 8), the normal luminal epithelial cell of the rest-
ing non-lactating breast expresses very low levels if at all of theseMUC1 proteins. Epithelial
cells of breast cancer tissue, however, show in many instances very highMUC1-TM expression.
The accepted consensus is that this increased expression in breast cancer cells in some way
linksMUC1-TM protein to a malignant phenotype [see review [15]].

Increased expression of MUC1-TM taken as the single parameter, however, without taking
into account the tissue architecture of MUC1-expressing cells has been shown not to have
prognostic significance [77]. In a study encompassing more than 1,300 cases of breast cancer it
was clearly shown that the specific tissue architecture of MUC1-expressing cells has prognostic
value: cytoplasmic expression with circumferential membranous MUC1-TM localizationwas
unmistakably associated with a worse prognosis, whereas apical, luminal expression predicted
a favorable outcome. Thus not only is tissue type (breast tissue versus kidney and/or pancreatic
tissues) important in considering the relevance of MUC1 expression to malignant phenotype,
but also the spatial organization of MUC1 expression on malignant epithelial cells can be deter-
minant. Breast cancer cannot be considered to be one homogeneous disease. Indeedmolecular
expression signatures [78] have identified at least 5 major breast cancer types- luminal A, lumi-
nal B, basal, HER2-enriched and normal-like [[79] and references contained therein], and
although this broad classification has prognostic implications, such prognostic forecasting is
not at all times clear-cut. The luminal A subtype, with a better prognosis, and luminal B sub-
type with a worse prognosis are both considered to be derived from the breast luminal epithe-
lial cell. Yet these two subtypes are particularly difficult to differentiate one from the other, and
in this regard our studies on MUC1-ARF expression may help to discriminate the luminal A
and luminal B subtypes. MUC1-ARF expression, as shown here, is seen only in a select sub-
group (~40%) of those breast tumors that express MUC1-TM, and thus may designate a breast
cancer subtype with a specific prognostic outcome for the following reasons. Because normal

pancreatic and kidney cells coexpress bothMUC1-TM and MUC1-ARF, thus typifying the
MUC1 expression pattern of a normal epithelial cell (bothMUC1-TM and MUC1-ARF), it
would appear as if the subtype of breast cancers that also coexpress bothMUC1-TM and
MUC1-ARF, a signature MUC1-expression pattern reflecting the normal epithelial cell, may
have a better prognosis than those tumors that express only MUC1-TM. The tissue architec-
ture of MUC1-TM and MUC1-ARF expressing cells, as described above, might also be a factor.
The unambiguous prognostic significance of MUC1-ARF expression (or the lack of its expres-
sion) together with MUC1-TMwill require the further analysis of much larger population
samples.

In cancer tissues, expression of MUC1-ARF protein was highly dependent on the tissue in
question. Pancreatic cancers, known for their aggressive malignant phenotype, showed a loss
of MUC1-ARF expression, as compared to highMUC1-ARF expression in epithelial cells from
normal pancreatic tissue. In contrast, a number of human breast cancer samples showed pref-
erential MUC1-ARF expression in the cancer cell population, with little to no expression
in normal breast tissue, suggesting that just as the transmembrane MUC1 protein is preferen-
tially overexpressed in transformed breast epithelial cells, so too is the MUC1-ARF protein.
Although in these samples MUC1-ARF expression segregated with MUC1-TM expression, it
did so in only a restricted subset of the MUC1-TM positive samples, implying that mechanisms
other than the mere presence of MUC1mRNA determineMUC1-ARF expression and that
regulatory controls ultimately govern which reading frame(s) are translated, and to what

MUC1-ARF—A Novel Nuclear-Resident MUC1 Protein

PLOSONE | DOI:10.1371/journal.pone.0165031 October 21, 2016 27 / 34



extent. Possible mechanisms include leaky scanning, ribosomal shunting and mechanisms pro-
moting use of internal ribosomal entry sites. As demonstrated here, a diversity of cytokines
induceMUC1-ARF expression, suggesting that a specificmilieu of cytokines and growth fac-
tors present in the tumor microenvironment may govern its restricted expression. This in turn
could define a cancer subtype, whereinMUC1-ARF positivity confers prognostic significance,
as also discussed above. The intracellular distribution of MUC1-ARF protein, whether nuclear
or/and cytoplasmic,may also be important, and extensive immunohistochemical studies will
be required to see whether the quantitative and qualitative changes in MUC1-ARF expression
in breast cancer tissue indeed have prognostic significance to disease outcome.

The expression of a given protein by normal non-malignant cells does not preclude link-
age of that protein to a malignant phenotype. This linkage to malignancymay be seen as an
altered pattern of expression of the protein, that could involve a quantitative alteration in its
level of expression or/and in its cellular localization. A case in point, clearly pertinent to this
report is that of MUC1-TM itself, which is universally accepted as linked in some way to
breast cancer (see above and for a recent review [15]), despite the fact that MUC1-TM is
extensively expressed on epithelial cells of, amongst others, the normal pancreas, kidney
and normal, lactating breast. Further emphasizing this point are the well-known examples of
the normal cellular proteins epidermal growth factor receptor (EGFR), HER2 (epidermal
growth factor receptor 2) and estrogen receptor (ER). It is their inappropriate expression that
inextricably links these proteins to a malignant phenotype, and it is universally accepted that
EGFR,HER2 and ER are unambiguously linked to the breast cancer cell. Indeed cancer thera-
pies such as antibodies targeting EGFR and HER2 [for example [80, 81]] as well as inhibitors
of estrogen receptor activity are extensively used in the clinic. Yet notwithstanding their
undisputed relevance to cancer, it is a well-known fact that EGFR, HER2 and ER are all
expressed in normal cells, in which they play critical roles in normal cell growth and differen-
tiation [82]. It is their inappropriate expression- quantitatively and qualitatively, spatially
and temporally- just as we show here for MUC1-ARF, that links these proteins to the malig-
nant cell.

The murineMUC1 gene and its protein product [83] show major differences compared to
those of primates and humans. In the mouse, the region spanning from the MUC1-TM initi-
ation AUG codon to the tandem repeat domain encompasses only 41 amino acids, whereas
in humans it comprises 125 amino acids. It is precisely within this segment that the human
ARF initiation codon is located and it is likely that because of this difference between human
and mouse, the mouseMUC1 gene does not generate a MUC1-ARF protein. The mouse
tandem repeat domain contains two additional crucial differences from that of primates:
Whereas in primates the number of repeats can vary in any allele from ~15–125 repeats [19],
the number of repeats is fixed in the mouse at an invariable 16 repeats [83]. Furthermore, the
mouse repeat sequences themselves are far more divergent from each other as compared to
the human and primate repeat sequences which are very similar one to the other [25, 84]. It
thus appears that mammals higher up on the evolutionary ladder, such as primates and
humans, have developed a more complexMUC1 gene that is reflected in differences in the
region from the MUC1-TM start codon until the tandem repeat domain as well as in the
repeat domain itself. Although facilitating the synthesis of the MUC1-ARF protein in addi-
tion to MUC1-TM as shown here, this sophistication exacts a price from the cellular machin-
eries that must cope with the non-trivial tasks of faithful replication and transcription of
highly conservedGC-rich sequences, as found in the tandem repeat sequences and those
immediately flanking it. That mistakes can occur here is amply demonstrated by the recent
report on a mutation within the MUC1 tandem repeat which results in medullary cystic kid-
ney disease 1 (MCKD1)[85].
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The humanMUC1 gene has been previously shown to generate not only the transmem-
brane mucin-like protein that comprises a highly glycosylated tandem repeat domain, but addi-
tional alternative isoforms designatedMUC1-X,MUC1-Y and MUC1-ZD [20–22, 86], that are
generated by differential splicing events. LikeMUC1-TM, bothMUC1-X and MUC1-Y are
transmembrane proteins. Yet in distinction to MUC1-TM they are both devoid of the central
tandem repeat domain, that is spliced out using splice donor and acceptor sites located
upstream and downstream to the tandem repeat array. Interestingly, the MUC1-ZD pro-
tein [86] utilizes the same splice donor site to that used by MUC1-X and MUC1-Y, yet
the alternative MUC1-ZD splice acceptor site located downstream to the tandem repeat
array leads to a downstream frameshifted sequence initiating with the amino acid sequence
IPAPTTTKSCR. . . and terminating with GQDLWWYN. This C-terminal region of MUC1-
ZD contains 43 amino acids, a region that is identical to the C-terminal portion of the
MUC1-ARF protein reported here. Despite the identity of this C-terminal region, it is clear
that these twoMUC1 proteins localize to different cellular/extracellular compartments-
MUC1-ZD is likely a secreted protein [86], whereas MUC1-ARF is a nuclear and cytoplasmic
protein, as shown here. The overall scheme, that of a secreted protein and a nuclear/cyto-
plasmic protein both being derived from the same gene, is also observedwith the FGF proteins.
Some FGF protein isoforms are secreted proteins and others localize to the cytoplasmic/nuclear
compartments, yet all derive from the same gene [for example [87, 88]].

Until very recently the scope of proteome diversity in eukaryotic organisms was thought to
be determined primarily by canonical mechanisms such as utilization of alternative promoters,
alternative splicing, usage of alternative adenylation sites and RNA editing. This canon is now
being seriously challenged by the realization that enhancement of proteome diversity by non-
canonical mechanisms, such as dual-codingmRNAs [43], wherein a single mRNA is decoded
not only in the canonical reading frame, but also in alternative reading frames, is far more com-
mon than previously envisioned [2]. Here we have shown that theMUC1 gene generates a
MUC1mRNA that yields more than a single protein, resulting not only in the well-character-
ized tumor-associatedMUC1-TM protein, but also a novel MUC1-ARF protein. Furthermore
MUC1-ARF represents the longest eukaryoticARF protein heretofore reported. In addition to
enhancing our understanding ofMUC1 gene involvement in the malignant transformation of
cells, the discovery of MUC1-ARF furthers, at the more general level, our appreciation of dual-
codingmechanisms in expanding proteome diversity.
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The proinflammatory cytokine Interleukin 17A (hereafter named IL–17A) or IL-17A producing cells are
elevated in breast tumors environment and correlate with poor prognosis. Increased IL-17A is associated
with ER(2) or triple negative tumors and reduced Disease Free Survival. However, the pathophysiological
role of IL-17A in breast cancer remains unclear although several studies suggested its involvement in cancer
cell dissemination. Here we demonstrated that a subset of breast tumors is infiltrated with
IL-17A-producing cells. Increased IL-17A seems mainly associated to ER(2) and triple negative/basal-like
tumors. Isolation of tumor infiltrating T lymphocytes (TILs) from breast cancer biopsies revealed that these
cells secreted significant amounts of IL-17A. We further established that recombinant IL-17A recruits the
MAPK pathway by upregulating phosphorylated ERK1/2 in human breast cancer cell lines thereby
promoting proliferation and resistance to conventional chemotherapeutic agents such as docetaxel.We also
confirmed here that recombinant IL-17A stimulates migration and invasion of breast cancer cells as
previously reported. Importantly, TILs also induced tumor cell proliferation, chemoresistance and
migration and treatment with IL-17A-neutralizing antibodies abrogated these effects. Altogether these
results demonstrated the pathophysiological role of IL-17A-producing cell infiltrate in a subset of breast
cancers. Therefore, IL-17A appears as potential therapeutic target for breast cancer.I nflammation often occurs in the microenvironment of tumors, and actively takes part to the tumor progres-

sion process by favoring tumor cell survival and growth, angiogenesis and metastasis1. Interleukin 17A
(hereafter named IL-17A) is a pro-inflammatory cytokine that belongs to a family encompassing 6 interleukins

(IL-17A to F)2. IL-17A binds to a receptor composed of IL-17RA and IL-17RC dimer whose expressions are
ubiquitous. IL-17A is mainly produced by a subset of CD41 lymphocytes called Th17 cells. However, other cell
types were reported to produce IL-17A including macrophages, dendritic cells, cd T cells, NK and NKT cells,
CD81 T cells and neutrophils3,4. In humans, increased IL-17A is associated with infections, chronic inflammat-
ory diseases and autoimmunity3. IL-17A or IL-17A-producing cells are also increased in malignancies5 including
breast cancers6–10. In fact, the tumors cells and tumor-associated fibroblasts secrete factors and generate a pro-
inflammatory cytokine milieu that leads to the recruitment of Th17 cells in the tumor microenvironment8. IL-
17A producing cells thereby represent a subpopulation within the TILs from breast cancer8 and infiltration with
IL-17A-producing immune cells is a poor prognosis factor10. A recent study indicated that infiltration with IL-
17A1 immune cells is mainly observed in estrogen receptor negative (ER(2)), progesterone receptor negative
(PR(2)) and triple negative tumors and associated with high histological grade and reduced disease free survival
(DFS)10. It is therefore important to elucidate the pathophysiological role of IL-17A in breast cancer. It was
previously shown that IL-17Amay favor breast tumor cell dissemination6 andmay be required for the growth of a
murine breast tumor cell line in vivo11. Yet, the pro-oncogenic effect of IL-17A in breast cancer has not been
thoroughly investigated and we thus decided to elucidate the functional role of IL-17A and IL-17A producing
TILs in human breast cancers.
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Results
IL-17A producing cells infiltrate human breast cancer biopsies.
We first assessed expression of IL-17A by IHC in 40 breast cancer
cases, 10 metastases and 10matched controls. Whereas no or few IL-
17A1 cells were observed in the normal tissues, 8 out of 40 (20%) of
the cancer cases showed moderate to strong infiltration with IL-
17A1 immune cells, mostly lymphocytes and macrophages, in the
tumoral stroma (Figure 1, Supplementary Figure 1 and Table 1).
There was a trend of association between the presence of IL-17A1
lymphocytes and tumors with ER(2) status (88% of IL-17A1 tumors
were ER(2)). Conversely, the majority (92%) of ER(1) tumors were
not infiltrated with IL-17A producing cells. Yet, the number of cases
was too small to reach statistical significance. Among the 8 tumors
that were infiltrated with IL-17A1 cells, 7 were ER(2), including 4
triple negative breast cancers and 1 Her21 tumor. These observa-
tions are in line with the recent study from Chen and colleagues10

who reported that 18% of the 207 breast cancer cases analyzed were
infiltrated with IL-17A producing cells. The presence of IL-17A was
significantly associated with ER(2)/PR(2) tumors (P , 0.01) and
triple negative (P , 0.05) tumors.
In order to further demonstrate that IL-17A is released by lym-

phocytes infiltrating ER(2) breast cancers, we isolated and expanded
tumor-infiltrating lymphocytes (TILs) from 6 ER(2) breast cancer
biopsies. Biopsies were obtained following surgical procedures of
breast cancer patients. 4 patients had a triple negative tumor and
2 patients had a Her21 tumor. Tumor biopsies were collected
and preserved in culture medium for subsequent isolation and sepa-
ration of the different cell populations. The T lymphocytes were
then expanded ex vivo as described in materials and methods
section. Results revealed a phenotypic heterogeneous T lymphocyte

population isolated from these biopsies. As illustrated in Figure 2, we
could obtain significant IL-17A-secreting TILs in 4 out of the 6 TILs.
Patient AL is a 29 year-old patient who presented with a triple nega-
tive, basal-like, pT2N0, SBR3 grade tumor. When isolated, the TILs
from this patient were CD31 lymphocytes, mostly (75%) CD41,
and secreted large amounts of IL-17A. Patient CP is a 40 year-old
womanwith a triple negative, basal-like, pT3N3a, SBR3 grade tumor.
The tumor was infiltrated with a mixed population of CD31 TILs
that were CD41, CD81 or CD41CD81 and secreted IL-17A.
Patient 432 is a 78 year-old woman with a relapsing triple negative,
basal-like, pT4bNx, SBR3 grade breast cancer. The biopsy was infil-
trated with TILs that secretedmoderate amounts of IL-17A and were
CD31 (100%) and mostly CD81 (90%) T cells. Patient 452 is a 52
year-old woman with and ER(2), PR(2) and Her21, pT4bN1 and
SBR3 grade breast cancer. The TIL population was mostly CD31
(96%), CD41 (70%) and secreted IL-17A. The expanded TILs of the
2 other patients, PR, a 66 year-old patient with a triple negative,
apocrine, SBR3 grade, pT2N0 breast cancer and MAR, a 42 year-
old woman with an ER(2), PR(2) and Her21, SBR3 grade, pT3N1
tumor, did not secrete IL-17A ex vivo. It should be noted that in all
cases, we could expand from the tumor biopsies between 1 to 3% of
TCRcd expressing lymphocytes. In aggregates, IHC and clinical data
along with previous work published by others demonstrate that
breast cancers are infiltrated with IL-17A producing immune cells.
Such infiltration is particularly frequent in ER(2) tumors, and more
specifically in triple negative/basal-like tumors.

IL-17A activates the ERK1/2 pathway in breast cancer cells. To
address the functional role of IL-17A, we stimulated various human
breast cancer cell lines with recombinant human IL-17A. Of note, all
the human breast cancer cell lines tested expressed IL17RA and
IL17RC (Supplementary Figure 2) the two monomers that form
the functional receptor of IL-17A2. Therefore, all the breast cancer
cell lines are able to respond to IL-17A stimulation. Putative
signaling pathways activated by IL-17A were identified using anti-
phospho tyrosine whole blot analysis. We identified several putative
protein kinases recruited by IL-17A in the MCF7 and T47D breast
cancer cell lines that could correspond to FAK, p70 S6 kinase, c-Raf
and ERK1/2 according to their molecular weight (data not shown).
However, when validated with specific antibodies, only ERK1/2 was
consistently shown to be recruited by recombinant IL-17A in all the
cell lines tested as illustrated in MCF7, T47D, MDA-MB468, MDA-
MB157 and BT20 cells (Figure 3).

IL-17A promotes resistance to docetaxel via activation of ERK1/2
pathway. We demonstrated here that IL-17A recruited the ERK1/2
pathway in breast cancer cells. As ERK kinases are involved in
resistance to taxane-based therapies12, we tested whether IL-17A
would mediate resistance to conventional chemotherapeutic agents
such as docetaxel. To this end, human breast cancer cell lines were
stimulated with recombinant human IL-17A and subsequently incu-
bated with the drug. As illustrated in Figure 4, IL–17A decreased
docetaxel-induced cell death in MCF7, T47D, BT20, MDA-MB468
and MDA-MB157 breast cancer cells in a dose-dependent manner.
To delineate the role of ERK1/2 in IL-17A-mediated resistance to
chemotherapeutic agents, we treated the cells with the MEK Inhibi-
tor U0126. U0126 is a chemically synthesized organic compound
that blocks the phosphorylation of ERK1/2 by inhibiting the kinase
activity of MAP Kinase Kinase (MAPKK or MEK 1/2)13. U0126
inhibited IL-17A-induced phosphorylation of ERK1/2 (Figure 5B)
and abrogated IL-17A-mediated protection from docetaxel-induced
cell death inMCF7 (Figure 5A) whereasMEK inhibitor alone did not
affect cytotoxicity (data not shown). U0126 also inhibited
phosphorylation of ERK1/2 (Figure 5D) and abrogated resistance
to docetaxel in BT20 cells stimulated with IL-17A (Figure 5C).
Altogether these data demonstrate that IL–17A protects from
docetaxel-induced cell death through activation of the ERK1/2

Figure 1 | Representative Immunohistochemical staining of IL-17A
expression in normal and breast cancer human tissues. IL-17A stained

sections of 40 invasive ductal breast carcinomas, 10 metastases and 10

matched normal counterparts. Brown staining indicates IL-17A protein.

Arrows indicate IL-17A positive cells within the stroma, # refers to the

corresponding sample in Supplementary Table 1.
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kinases and may therefore participate to therapy-resistance in breast
cancer.

IL-17A increases the proliferation of some breast cancer cell lines.
IL-17A activated the ERK kinases in breast cancer cells and it was
reported to stimulate the proliferation of human airway smooth
muscle cells via this pathway14. We therefore investigated whether
IL-17A could also enhance the proliferation of breast cancer cell
lines. The proliferation of the T47D cells requires ERK recruitment
(see Supplementary Figure 6 from ref15) and IL-17A indeed stimu-
lated their proliferation in a dose-dependent manner (Figure 6). In
contrast, the MCF7 cell line, which was found to be less sensitive to

ERK-recruitment for prolactin-inducing proliferation15, failed to
respond to IL-17A. IL-17A did not enhance the proliferation of
BT20 and MDA-MB468 cells. In conclusion, IL-17A can increase
the proliferation of some breast cancer cells potentially through the
ERK1/2 pathway.

IL-17A promotes breast cancer cell migration and invasion. In our
attempt to unravel the oncogenic properties of IL-17A in breast
cancer, we tested whether IL-17A would promote migration and
invasion as reported by others. Previous work indeed demonstr-
ated that IL-17A stimulates migration and invasion in several can-
cer types16–18 including breast cancer6, thereby favoring metastasis.

Figure 2 | Characterization of lymphocyte subpopulations isolated fromER(2) breast cancer biopsies. (A) Tumor infiltrating lymphocytes (TILs) were

isolated from biopsies then short-term amplified ex vivo. Expression of CD3, CD4, CD8 and TCRcd receptors were analyzed by flow cytometry. (B)

Production of IL-17A by TILs was measured by ELISA in cell culture supernatants of 16 h cultures. Quantification was performed in duplicates.

Figure 3 | IL-17A activates ERK1/2 pathway in breast cancer cells.Western blot analysis of phospho (pThr202/pTyr204) ERK1/2 and total ERK1/2 in

several breast cancer cell lines untreated (medium) or treated with 10 ng/ml of recombinant IL-17A for 20 min (IL-17A). Data are representative of two

independent experiments for each cell line.
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As shown in Figure 7A, IL-17A increased the migration of the poorly
motile and non-invasive MCF7 cell line in a dose-dependent
manner. Although IL-17A also increased the invasive ability of
MCF7 cells in Boyden chambers assays (data not shown), the
majority of IL-17A-treated-MCF7 cells remained non-invasive.
Therefore, to evaluate the ability of IL-17A to foster cell invasion
of the surrounding extracellular matrix, we used the MDA-MB231
cell line which endows intrinsic invasion capacities. As shown in
Figure 7B, IL-17A increased invasion of MDA-MB231 cells in
Boyden chambers assays. Increased invasive ability of IL-17A-
treated MDA-MB231 cells was then further demonstrated using
3D Clusters assays (Figure 7C). As expected, MDA-MB231 cells
invaded the matrigel locally around the mass of the tumor cells
(top left). However, when stimulated with IL-17A, MDA-MB231
exhibited increased local invasiveness (bottom left) with much
more aggressive features (bottom right, highly invasive extensions
indicated by arrows). Furthermore, invasion was not restricted to the
cellular mass as the tumor cells were disseminated all around the
matrigel and became organized like a network (top right) which is
typical of high aggressiveness. In conclusion, IL-17A increases pro-
migratory and pro-invasive properties of breast cancer cells and
confers an aggressive and highly invasive phenotype in 3D cultures.

IL-17A released by TILs promotes tumor cell chemoresistance,
proliferation and migration. We then asked whether infiltrating
T lymphocytes that secrete IL-17A would mediate similar effects

on tumor cells as the ones obtained with recombinant IL-17A, and
whether the effects of TILs could be neutralized by IL-17A blocking
monoclonal antibodies. To address this question, we cultured breast
cancer cell lines with TIL-conditionedmedium.We collected culture
supernatant from IL-17A-producing TILs isolated from patient AL
(TIL(AL)) and tested whether it could promote resistance to
docetaxel, proliferation and migration in an IL-17A-dependent
manner. As TILs secrete many soluble factors, the specific contri-
bution of IL-17A was determined using anti-IL-17A neutralizing
antibodies or their matched isotype control. Recombinant IL-17A
was very potent at protecting BT20 cells from docetaxel-induced cell
death (Figure 4) and TIL(AL)-conditioned medium also inhibited
docetaxel-induced cytotoxicity (Figure 8A). Specific neutralization
of IL-17A using OREG-203 monoclonal antibody markedly
decreased the protection mediated by TIL(AL). TIL(AL) also
increased the proliferation of T47D cells (which responded well to
recombinant IL-17A, Figure 6). Again, this effect was diminished by
neutralizing IL-17A with OREG-203 but not by the control antibody
(Figure 8B). TIL(AL) also stimulated the migration of MCF7 cells
(as observed with the recombinant cytokine, Figure 7A) which
was abrogated by antibody-mediated neutralization of IL-17A
(Figure 8C). Similar results were obtained with OREG-210, a
distinct IL-17A neutralizing monoclonal antibody (data not
shown). In aggregates, we found that IL-17A is released by breast
cancer TILs and mediates proliferation, chemoresistance (at least in
part through the ERK kinases) and migration/invasion. Treatment

Figure 4 | IL-17A promotes resistance to docetaxel. MCF7, T47D, BT20, MDA-MB468 and MDA-MB157 cells were cultured for 48 h in complete

medium alone (medium) or treated with recombinant human IL–17A at 1 or 10 ng/ml as indicated. Cells were then culture in FCS free medium

supplemented with corresponding concentration of cytokine for 24 h and then further supplemented with docetaxel at 5, 10, 20 or 40 mg/ml as indicated

for 7 h. The cytotoxicity was determined using the Cytotoxicity Detection Kit (Roche). For each cell line, data are representative of 3 independent

experiments performed in duplicates (* P , 0.05; ** P , 0.01; *** P , 0.001).
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with IL-17A-neutralizing antibodies abrogated the pro-oncogenic
effects of IL–17A released by TILs.

Discussion
We demonstrated here that IL-17A producing cells infiltrate breast
cancer. Our results from human tissue microarrays and human
biopsies confirmed previous observations6,8–10 reporting upregula-
tion of IL–17A or IL-17A producing cells in breast cancers. Some
tumors were infiltrated with high number of IL–17A positive
immune cells, whereas no or few IL-17A positive cells were observed
in the stroma of healthy mammary tissues. We observed that most
IL-17A1 immune cells were lymphocytes and macrophages, which
is in accordance with previous reports6. In silico analyses of a pub-
lished study from reference19 using the ONCOMINE software sus-
tain the conclusions that IL17AmRNA is increased in breast cancer
stroma (P, 1026) compared to the stroma of normal breast. In this
dataset, IL17A expression is higher in the tumors that recurred versus
the non-recurrent diseases and higher in the poor prognosis group
versus the good prognosis group.
In vitro experiments presented here, using cell lines and primary

material from cancer patients, suggest that IL-17A may promote
breast cancer cell proliferation, invasion as well as resistance to chemo-
therapy. Therefore, IL-17A is suspected to be a poor prognosis factor
in breast cancer. Our breast cancer cohort (SUPER BIO CHIPS, slide
CBA3) contains a small number of cancer cases with limited clinical

information, which did not allow us to investigate the clinical rel-
evance of IL-17A upregulation in breast cancer or perform statistical
analyses. However, patients with IL-17A positive tumors tend to have
a higher frequency of lymph nodemetastasis (75% of IL-17A1 tumors
are N1 compared to 63% of IL-17A- tumors that are N1) which may
reflect the fact that IL-17A produced by TILs stimulates breast cancer
cell migration and invasion as reported by us (Figures 7 and 8C) and
others6. We cannot conclude regarding its role in systemic metastases,
resistance to therapy or its overall impact on survival.
To gain insight into the clinical relevance of IL-17A in breast

cancer we would like to refer to the study published recently by
Chen and colleagues10. To our knowledge, this is the only study
assessing the expression of IL-17A by IHC in a large number of breast
cancer patients (207 breast cancer cases) with extensive clinical para-
meters. In this cohort, infiltration of breast cancer by IL-17A pro-
ducing cells significantly correlates with higher tumor grade (P ,
0.01), ER and PR negative status (P , 0.01) and triple negative
tumors (P, 0.05). Patients with IL-17A positive tumors have shorter
DFS compared to IL-17A negative tumors (5-year DFS of 64% com-
pared to 87.3%, respectively, P , 0.01). In univariate Cox analysis,
elevated IL-17A is a significant prognostic factor influencing DFS (P
, 0.01). Multivariate Cox proportional hazard analysis also showed
that elevated IL-17A was a significant prognostic factors for DFS
after controlling for age, histology, tumor grade, and nodal status
and expression status of ER and PR (P , 0.05).

Figure 5 | IL-17A-induced resistance to docetaxel is dependent of ERK1/2 activation. (A and C) MCF7 and BT20 cells were stimulated as described in

Figure 4. When indicated, the MEK inhibitor U0126 was added at 10 mM 24 h before docetaxel. The cytotoxicity was determined using the Cytotoxicity

Detection Kit (Roche). For each cell line, data are representative of 3 independent experiments performed in duplicates (* P, 0.05; ** P, 0.01). (B and

D) Western blot analysis of phospho (pThr202/pTyr204) ERK1/2 and total ERK1/2 in MCF7 and BT20 cell lines untreated (medium) or treated with

10 mMU0126 inhibitor alone (U0126), 10 ng/ml of recombinant IL-17A (IL-17A) or 10 ng/ml of recombinant IL-17A1 10 mMU0126 inhibitor (IL-

17A 1 U0126) for 30 min and 3 h.
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One of the main finding of our work is that IL-17A derived from
breast cancer TILs may influence the response and outcome of
chemotherapy treatment. Again, the above mentioned study seems
to support our conclusion. Among their 207 breast cancer patients,
58 presentedwith locally advanced breast cancer and received neoad-
juvante chemotherapy. Although IL-17A was not statistically assoc-
iated with the response to chemotherapy, the presence or absence of
IL-17A drastically influenced the DFS of patients receiving chemo-
therapy (P , 0.01) as 5-year DFS dropped from 81.5% for IL-17A-
patients to 38.5% for IL-17A1 patients. Because the impact of
IL-17A on DFS is much stronger in the context of chemotherapy
(81.5% compared to 38.5%) than in the entire cohort (87% to 64%),
we believe that this points out a particular impact of IL-17A within
this subgroup of patients with locally advanced tumors receiving
chemotherapy. In aggregate, the clinical data form the 207 breast
cancer patient cohort of Chen et al. strongly supports the notion that
IL-17A is a poor prognostic factor in breast cancer and is associated
with ER- or triple negative, high grade tumors with shortened DFS.
Our and other10 studies raise the conclusion that IL-17A is

involved in ER(2) tumors, including triple negative tumors. The
mechanisms underlying the association between IL-17A and ER
deficiency remained unknown. However, it is interesting to mention
that several studies reported a direct relation between estrogen status
and IL-17A20,21 and estrogen/ER signaling deficiency was shown to
promote the differentiation of Th17 cells21. Therefore, one could
speculate that ER deficiency in breast tumors may directly promote
the expansion of IL-17A1 TILs, a possibility that would require
further investigation. We believe that this speculation is a plausible
scenario as we demonstrated here that ER(1) and ER(2) cell lines

respond to IL-17A in a similar manner. Therefore, the association of
ER deficiency and IL-17A expression may not reflect a functional
synergy but rather an inter-regulation or co-regulation by a common
pathway.
We showed here that IL-17A exerts several oncogenic effects on

cancer cells including resistance to chemotherapy-induced cell
death, proliferation, migration and invasion. Themodulation of drug
sensitivity of cancer cells by IL-17A is an important oncogenic prop-
erty of IL-17A with clinical significance, and it has never been
reported. However, it was found that IL-17A promotes survival of
synoviocytes in rheumatoid arthritis through activation of STAT3-
Bcl-2 axis22 and confers broad chemoresistance to dendritic cells
through the regulation of the Bcl-2 family member BCL2A123.
Using knockout (KO) mice, Yu and colleagues demonstrated that
IL-17A controls tumor progression by regulating the STAT3- Bcl-2/
Bcl-XL pathway in several cancer models24,25. Here we report that IL-
17A activates the ERK pathway, an important survival pathway for
cancer cells, and we demonstrated that this pathway is a crucial
mediator of IL-17A-induced resistance to docetaxel. Altogether these
results suggest that IL-17A present in the tumor microenvironment
may be an important survival factor and source of therapy resistance
for breast cancer cells. We also evidenced that IL-17A promotes the
proliferation of some breast cancer cell lines. Although this had not
been reported previously for cancer cells, it had been demonstrated
that IL-17A promotes the proliferation of smooth muscle airway
cells14 and human mesenchymal stem cells26 through the activation
of the MEK-ERK pathway. However, IL-17A did not systematically
increase the proliferation of breast cancer cell lines, at least in vitro.
Thismay reflect the fact that the cell lines used have been kept in Fetal

Figure 6 | IL-17A increases proliferation of T47D cells.MCF7, T47D, BT20 andMDA-MB468 breast cancer cell lines were cultured in completemedium

supplemented with 0, 1, 10 or 100 ng/ml of recombinant human IL-17A as indicated. Cell proliferation was assessed at 72 h using tritiated thymidine

([3H]-TdR) incorporation protocol. Data are the mean 6 SEM of two independent experiments, each performed in hexaplicates (* P , 0.05).
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Calf Serum (FCS) rich-medium for a long period and their prolif-
eration is unlikely to rely on external factors.We are currently testing
the effect of IL-17A on primary cells or freshly isolated tumor cells,
models that may be more relevant to assess its impact on prolifera-
tion. To our knowledge, this is the first report that used primary
material from cancer biopsies to assess in depth the role of IL-17A
released by TILs from breast cancer patients. Importantly, these
freshly isolated TILs exert similar pathophysiologic effects as

described above mainly through IL-17A as specific neutralization
of IL-17A largely abrogated their effects. These observations are
critical to understand the role of IL-17A in breast carcinogenesis,
as TILs secrete many soluble factors that could contribute to their
pro-tumor effects.
Whereas IL-17A or IL-17A producing immune cells are unam-

biguously increased in numerous tumors including breast cancers,
their pro- versus anti-tumor effects remains debated27,28. When sig-

Figure 7 | IL-17A promotes breast cancer cell migration and invasion. (A) MCF7 cells were cultured in complete medium alone (medium) or

supplemented with 1, 10 or 100 ng/ml of recombinant human IL-17A (IL-17A) as indicated. Cell migration was evaluated in transwell migration assay

(upper panel, representative photomicrographs; lower panel, quantification: mean 6 SEM of two independent experiments). (B and C) MDA-MB231

were cultured for 2 days in complete medium alone (medium) or supplemented with 100 ng/ml of recombinant human IL-17A as indicated. Cell

invasiveness was then evaluated usingMatrigel Invasion Chambers (B, upper panel, representative photomicrographs; lower panel, quantification: mean

12 SEM of three independent experiments) and using 3D Clusters assays (C, upper left: invasive boarder of untreated cells; lower left and right: invasive

boarder of IL-17A-treated cells; upper right: invasion of the surrounding ECM by IL-17A treated cells). (* P , 0.05; ** P , 0.01; *** P , 0.001).
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naling on the tumor cells or the tumor vasculature, IL-17Amay favor
tumor progression by promoting cell proliferation, survival, che-
moresistance and dissemination as well as angiogenesis29–31. On the
other hand Th17 were demonstrated to exert antitumor activity32,33.
Interestingly, these two studies demonstrated that the antitumor
response mediated by Th17 cells was independent of IL-17A and
rather relied on IFN–c secretion. Therefore, as previously suggested

by Maniati and colleagues in their review28, we believe that our work
could indeed help to reconcile the pro and antitumor effects of IL-
17A and Th17 cells as IL–17Amay favor tumor progression whereas
Th17 cells may exert antitumor effects mainly through IFN–c pro-
duction. In line with such speculation, the specific role of IL-17A,
independently of the cells that produce it, can be addressed in
IL17A KO mice. These mice consistently exhibit a tumor-resistant

Figure 8 | Physiological IL-17A fromTIL supernatants promotes tumor cell chemoresistance, proliferation andmigration. (A) BT20 breast cancer cells
were cultured in complete medium alone (medium) or supplemented with TIL(AL)-conditioned medium (1/10 vol/vol) and control antibody (control

Ab) or IL-17A-neutralizing antibody (OREG-203) at 10 mg/ml as indicated for 48 h. Cells were then switched in FCS-free medium supplemented with

TIL(AL)-conditioned medium (1/10 vol/vol) and antibodies as indicated for 24 h and then further treated with docetaxel at 20 or 40 mg/ml for 7 h. The

cytotoxicity was determined using the Cytotoxicity Detection Kit (Roche). Data shown are representative of 3 independent experiments. (B) T47D cells

were cultured in complete medium supplemented with TIL(AL)-conditioned medium (1/10 vol/vol) and control antibody (control Ab) or IL-17A-

neutralizing antibody (OREG-203) at 10 mg/ml as indicated. Cell proliferation was assessed at 72 h using tritiated thymidine ([3H]-TdR) incorporation

protocol. Data are representative of 3 independent experiments performed in triplicates. (C) MCF7 cells were cultured in complete medium alone

(medium) or supplemented with TIL(AL)-conditioned medium (1/10 vol/vol) and control antibody (control Ab) or IL-17A-neutralizing antibody

(OREG-203) at 10 mg/ml as indicated. Cell migration was evaluated in transwell migration assay. Data are the mean 6 SEM of two independent

experiments, each performed in triplicates. (* P , 0.05; ** P , 0.01; *** P , 0.001).
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phenotype. They have reduced development of TPA/DMBA-
induced skin tumors24, decreased colon tumor initiation in the
APC1/2 genetic background34 and exhibited reduced growth of the
B16melanoma andMB49 bladder carcinoma cells25. IL17AKOmice
also exhibited reduced growth, decreased metastasis and improved
survival when challenged with lung cancer cell lines17,35. Along sim-
ilar lines, blockade of IL-17A signaling in IL17RC KO mice revealed
decreased tumor progression in a prostate cancer model36. Further-
more, anti-IL-17A antibody therapy decreased tumor growth and
metastasis in colon cancer31 and breast cancer37,38 mouse models.
Therefore, the role allotted to IL-17A itself seems to be tumor and
metastasis-promoting. This suggests an interesting therapeutic
opportunity where IL-17A neutralization could block pro-tumor
and pro-metastatic effects of IL-17A while allowing Th17-mediated
tumor eradication through IFN–c production.

Methods
Cell culture and reagents. MCF7, T47D, BT20, MDA-MB468, MDA-MB157 and
MDA-MB231 cell lines were obtained from the American Type Culture Collection.
MCF7, T47D, BT20 and MDA-MB231 were cultured in RPMI medium (Invitrogen)
supplemented with 10% Fetal Calf Serum (FCS), 2% glutamine and 1% antibiotics
(Life technologies). MDA-MB468 cell line was cultured in DMEM/F12medium (Life
Technologies) supplemented as described above. MDA-MB157 cell line was cultured
in L15/DMEM medium (Life Technologies) supplemented as described above. All
cells were kept at 37uC in 5% CO2 atmosphere incubator. Recombinant human IL-
17A was purchased at Peprotech (Rocky Hill, NJ).

IL-17A immunohistochemistry. IL-17A staining on tissues arrays (SUPER BIO
CHIPS, slide CBA3) was performed by a pathologist using a standard peroxidase
method according to a protocol adapted from Coury et al39. and validated on renal
allograft paraffin sections from patient with chronic active rejection. Goat polyclonal
anti-human IL-17A antibody (dilution 1540, R&D Systems, Minneapolis, MN) was
employed as the primary antibody followed by anti-goat antibody (LSAB kit, DAKO).
IL-17A expression was scored 2, 1, 11 and 111 for the absolute number of IL-
17A positive immune cells within the stroma (see Supplementary Figure 1).

Clinical breast cancer biopsies. Human biopsy samples were obtained from the
cancer center Institut Jean Godinot. This study was made according the approval of
an ethic committee and all patients were informed and agreed the study.

Tumor-infiltrating lymphocyte (TIL) cultures. TILs from 6 ER(2) breast cancer
biopsies were isolated and expanded according to the protocol adapted from BagotM
et al40. Briefly, TILs from patients were obtained from surgical tumor fragments
mechanically dispersed into single-cell suspensions and cultured in 12-well plates
with culture medium consisting of RPMI 1640, 2 mmol/L L-glutamine, penicillin
(100 U/mL), streptomycin (100 mg/mL), 10% heat-inactivated human serum and
100 U/mL interleukin-2. Cultures were then fed every 3 days with IL-2–containing
culture medium and the growing wells were expanded for 2 weeks. TILs were then
washed and cultured in IL-2–containing medium with irradiated PBL (feeders)
stimulated with PHA at 1 mg/ml. After 3 days the expanded TILs were extensively
washed and fed with IL-2–containing medium for 6 days. Cells were harvested for IL-
17A secretion and stained with anti-CD3, anti-CD4, anti-CD8, and anti-TCRcd
antibodies for flow cytometry analysis. Production of IL-17A by TILs was measured
by ELISA in cell culture supernatants of 16 h cultures in PHA/IL-2 activation
medium.

Quantification of IL-17A in cell culture supernatants. IL-17A from cell culture
supernatants was quantified using commercial ELISA kit (R&D Systems) following
instructions of the manufacturer.

Isolation of mRNA and quantitive RT-PCR. Total RNA was isolated using the
GenEluteTMMammalian Total RNA kit (Sigma–Aldrich, St. Louis,MO) following the
manufacturer’s instructions. Total RNA (1 mg) was treated with 1 U/mg RNA of
DNase I Amplification Grade (Invitrogen) according to the manufacturer’s
instructions, and in the presence of 10 U/mg RNA of RNaseOUT (Invitrogen). After
DNase inactivation, RNAwas reverse transcribed using randomnonamers (Promega,
Madison, WI) and M-MLV Reverse Transcriptase H Minus (Promega) according to
the manufacturer’s instruction.

The forward and reverse primers used in the PCR reaction were designed with
Primer-BLAST software except for IL-17A (described in ref41) and GAPDH
(described in ref42) and were as follow: GAPDH-forward 59-GAAGGTGAAGGTCG
GAGTCA-39, GAPDH-reverse 59-GACAAGCTTCCCGTTCTCAG-39, IL-17A-
forward 59- ACTACAACCGATCCACCTCAC-39, IL-17A-reverse 59- ACTTTGC
CTCCCAGATCACAG-39, IL-17 RA-forward 59-TGCCCCTGTGGGTGTACTG
GT-39, IL-17 RA-reverse 59-GCAGGCAGGCCATCGGTGTA-39, IL-17 RC-forward
59-GGCTTGGTTTCACGCGCAGC-39 and IL-17 RC-reverse 59-CGGCCCTGCA
AGAAGTCGGG-39.

Real-time polymerase chain reaction quantification was carried out with the
LightCycler 480 II System (Roche Diagnostics, Basel, Switzerland) using the SYBR
Premix Ex Taq (Tli RNaseH Plus) kit (Ozyme, Saint-Quentin-en-Yvelines, France).
The cycling conditions were as follows: 95uC for 1 min followed by 40 cycles of 95uC
for 20 s, 60uC for 20 s and 72uC for 30 s. The sizes of the RT-PCR products were
confirmed by agarose electrophoresis. At the end of the amplification, a melting
temperature analysis of the amplified gene products was performed routinely for all
cases. The PCR products were melted by gradually increasing the temperature from
60 to 95uC in 0.3uC steps, and the dissociation curves were generated with theMelting
Curve analysis tool of the LightCycler 480 software (Roche Diagnostics). We con-
firmed that only one product was consistently amplified in all PCR reactions. The
negative water control showed no amplification.

ERK1/2 immunoblotting.Cells were seeded at 3.106 cells per well in 6-well plates and
cultured overnight in FCS-free medium. Cells were stimulated with IL-17A at 10 ng/
ml and/or U0126 at 10 mM for 20, 30 min or 3 h as indicated. The medium was then
removed, the cells were lysed in 1% Triton X100 lysis buffer, incubated for 1 h on ice
and centrifuged at 4uC for 20 min at 10,000 g. The supernatants were collected and
protein concentration was determined using the Bradford Assay (Bio-Rad, Hercules,
CA). Proteins (70 mg) were resolved in 8% SDS–PAGE and transferred on
nitrocellulose membrane. The membrane was blocked for 1 h at room temperature,
by using 5% nonfat milk in tris-buffered saline (TBS) containing 0.1% Tween 20
(Sigma–Aldrich) and incubated overnight at 4uC with a monoclonal rabbit anti-
phospho-p44/42 MAPK (Erk1/2) antibody (151,000), a monoclonal rabbit anti-p44/
42 MAPK (Erk1/2) antibody (1/1,000) or with a monoclonal mouse anti-actin
antibody (151,000) (Cell Signalling, Danvers, MA) used as a loading control, in
blocking solution. After 3 washes, the membrane was incubated 1 h at room
temperature with goat anti-rabbit or goat anti-mouse secondary antibodies
(1510,000) (Jackson Immunoresearch, West Grove, PA) conjugated to horseradish
peroxydase.

Cytotoxicity assay.MCF7, T47D (1000 cells/well), BT20, MDA-MB468 and MDA-
MB157 (3,000 cells/well) cells were seeded in a 96 wells plate in adequate complete
medium alone or treated with recombinant human IL-17A (1 or 10 ng/ml) or
TIL(AL)-conditioned medium (1/10 vol/vol) and/or antibodies (10 mg/ml) as
indicated. After 48 h of culture, medium was changed to a FCS-free one
supplemented with corresponding concentration of cytokines or TIL(AL)-
conditioned medium and/or antibodies and further supplemented with U0126
inhibitor (10 mM) when indicated. After 24 h, culture medium is then further
supplemented with docetaxel at 5, 10, 20 or 40 mg/ml as indicated. Untreated cells
(control medium) and Triton X100 treated cells (100% cell death) were used as
controls. Each condition was performed in duplicates. The cytotoxicity was
determined using the Cytotoxicity Detection Kit (Roche) according to the
manufacturer’s instructions. To this aim, 50 ml of supernatant from each well were
collected into a 96 wells plate and incubated with 50 ml of freshly prepared Reaction
Mixture for 30 minutes at room temperature. Optical density was then read at
490 nm. The percentage of cytotoxicity is calculated as followed: % 5 100 3 (exp
value - control medium value)/(Triton X100 treated cells value - control medium
value).

Cell proliferation assay ([3H]-TdR). MCF7, T47D, MDA-MB468 (500 cells/well)
and BT20 (1,000 cells/well) were plated on 96-well plates and maintained for 24 h in
complete medium. Medium is then removed and replaced with complete medium
supplemented with recombinant human IL-17A (0, 1, 10 or 100 ng/ml) or TIL(AL)-
conditioned medium (1/10 vol/vol) and/or antibodies (10 mg/ml) as indicated. After
72 h of culture, cells were pulsed with 1 mCi of tritiated thymidine ([3H]-TdR) per
well. [3H]-TdR uptake was measured using PerkinElmer PerkinElmer MicroBeta2
plate counter (PerkinElmer, Waltham, MA, USA). Each experiment was performed
in hexaplicates.

Transwell migration assay. 2.104 cells were seeded on the upper compartment of
transwell chambers (24-well insert; pore size, 8 mm; BD Biosciences) in 1% FCS
medium alone (medium) supplemented with recombinant human IL-17A (1, 10 or
100 ng/ml) or TIL(AL)-conditioned medium (1/10 vol/vol) and/or antibodies
(10mg/ml) for 22 hours at 37uC as indicated. Medium supplemented with 10% FCS is
added to the lower compartment of the chambers. The cells on the transwell were
stained with 0.5% crystal violet prior imaging and enumeration. Total number of
migrating cells was calculated by analyzing 5 fields per well in at least two
independent experiments performed in duplicates, that is 10 fields per condition.

Matrigel invasion assay. MDA-MB231 cells were cultured in complete medium
supplemented with 100 ng/ml of recombinant IL-17A for 2 days. Matrigel Invasion
Chambers (BD BioCoatTM BD MatrigelTM Invasion Chamber, 24-well Cell culture
inserts) were then used to study the invasiveness of cancer cells. 2.104 cells are then
added to the upper compartment of the chambers in 1% FCS medium alone or
supplemented with 100 ng/ml of recombinant cytokines as indicated. Medium
supplemented with 10% FCS is added to the lower compartment of the chambers.
Plates are incubated for 22 hours at 37uC. Transwell filters are then fixed and stained
in Giemsa solution following which non-invading cells are removed from the upper
surface of the transwell membrane using a cotton swab. Images of cells from three
representative fields are captured digitally and the number of cells present on the
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transwell is counted. Data are mean of three independent experiments performed in
triplicates.

3D Cluster assays. MDA-MB231 cells were cultured in complete medium
supplemented with 100 ng/ml of recombinant IL-17A for 2 days. 275 ml of cold
Basement Membrane Matrix (LDEV-Free, 354234, BD Biosciences) was added per
refrigerated CultureSlides (8-wells, 354118, BD Biosciences). Inserts were then
incubated for 20 min at 37uC to obtain a solid plug of Matrigel. 106 pretreated cells
were centrifuged and 1 ml of the cell pellet was loaded directly into the plug of
Matrigel. 10 ml of Matrigel was added on top of the plug and inserts were incubated at
37uC for 5 min. 250 ml of culture medium supplemented or not with the cytokines
was added on top and inserts were kept at 37uC, 5% CO2 humidified incubator and
invasive behavior was analyzed at 24 h.

Statistical analyses. All values are expressed as mean 1/2 SEM unless otherwise
specified. Quantitative data were compared using student’s t test. The dose-
dependent effects on cell proliferation (Figure 6) and migration (Figure 7A) were
analyzed using the Kruskal-Wallis test. P , 0.05 was considered significant.
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IL-17A and its homologs  
IL-25/IL-17e recruit the c-RAF/s6  
kinase pathway and the 
generation of pro-oncogenic 
LMW-e in breast cancer cells
sarah Mombelli1,2,3,4, stéphanie Cochaud1,2,5, Yacine Merrouche3,4, Christian Garbar3, 
Frank Antonicelli4, emilie Laprevotte5,6, Gilles Alberici5, Nathalie Bonnefoy6, Jean-
François eliaou6,7, Jérémy Bastid5, Armand Bensussan1,2,*, & Jérôme Giustiniani3,4,*

Pro-inflammatory IL-17 cytokines were initially described for their pathogenic role in chronic 

inflammatory diseases and subsequent accumulating evidence indicated their involvement in 

carcinogenesis. In the present study we report that IL-17A and IL-17e receptors subunits mRNA 

expressions are upregulated in breast cancers versus normal samples. IL-17e, which is undetectable 

in most normal breast tissues tested, seems more expressed in some tumors. Investigation of the 

molecular signaling following stimulation of human breast cancer cell lines with IL-17A and IL-17e 

showed that both cytokines induced the phosphorylation of c-RAF, eRK1/2 and p70 s6 Kinase were 

involved in the proliferation and survival of tumor cells. Accordingly, IL-17A and IL-17e promoted 

resistance to Docetaxel and failed to induce apoptosis as previously reported for IL-17e. Interestingly, 

we also revealed that both cytokines induced the generation of tumorogenic low molecular weight 

forms of cyclin e (LMW-e), which high levels correlated strongly with a poor survival in breast cancer 

patients. These results show for the first time some of the molecular pathways activated by IL-17A 

and IL-17e that may participate to their pro-oncogenic activity in breast cancers.

The IL-17 cytokine family is composed of six members, IL-17A to IL-17F with IL-17A as the proto-
typic one1. A total of five receptors have been described, IL-17RA to IL-17RE. IL-17A binds and signals 
through the IL-17RA/IL-17RC receptor heterodimer, whereas IL-17E, also named IL-25, is a ligand for 
the IL-17RA/RB heterodimer2. IL-17A is mainly produced by T helper 17 (TH17) cell subset and by 
innate immunity lymphocytes including TCR-γ δ + T cell, iNKT, lymphoid tissue inducer (LTi) cells, 
CD3−NKp46+ lymphocytes or neutrophils that are potentially responsible for initiating pathogenic TH17 
cells proliferation1,3–5. A growing body of evidence indicated important roles for this cytokine and TH17 
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cells in the development of allergic and autoimmune diseases as well as in protective mechanisms against 
bacterial and fungal infections6 and gained prominence in cancer, particularly in breast carcinomas7,8,9. 
Mouse models of breast cancers revealed that IL-17A promotes tumor growth and angiogenesis10,11. 
Recently, we have shown that IL-17A produced by tumor infiltrating lymphocytes promotes breast cancer 
cell chemoresistance and proliferation through activation of ERK1/2 pathway12,13 . Interestingly, it has 
been reported that IL-17B produced by malignant cells could also promote cancer cell survival through 
activation of NF-κ B14,15. In contrast IL-17E was reported to be produced by normal mammary epithelial 
cells, and its binding to IL-17RA-IL-17RB complex induced breast cancer cell apoptosis15. Thus, it was 
suggested that IL-17E production by normal epithelium might prevent the emergence of transformed 
epithelial cells by inducing malignant cell apoptosis, while IL-17B produced by transformed cells pro-
moted cancer cell survival by displacing IL-17E from its receptor.

In the present study, we aimed to identify in breast cancer cells the signaling pathways recruited fol-
lowing IL-17A and IL-17E cytokine stimulation. The results revealed that both cytokines activated sim-
ilar oncogenic pathways in breast malignant cell lines leading to Docetaxel resistance and generation of 
LMW cyclin E. In contrast to previous report, we failed to found IL-17E expression by non-transformed 
epithelial cells and to reproduce its potential induction of breast cancer cell apoptosis. These results 
shed new light on the potential role of IL-17A and IL-17E in breast cancer and further studies should 
contribute to understand whether they could be potential therapeutic targets. Furthermore, these data 
question the role of IL-17E as a potential tumor suppressor.

Results
expression of IL-17e and its receptor in breast cancer biopsies and cell lines. To elucidate 
the potential role of IL-17E in breast cancer, we first assessed the expression of this cytokine and the 
IL17-RA, RB and RC receptor subunits in human normal and cancer breast tissues, using RT-QPCR. 
As illustrated in Fig. 1 IL-17E mRNA, which is undetectable in most normal breast tissues tested, seems 
more expressed in some tumors. Furthermore, the three IL-17R subunits, corresponding to the IL-17E 
(IL17RA/RB) and IL-17A (IL17 RA/RC) receptors, were highly upregulated in tumor versus normal 
samples, suggesting that IL-17E as IL-17A signaling is potentially active in human breast cancer.

We then asked whether the cytokine and IL-17 receptor subunits are expressed by the tumor cells. To 
address this question, we assessed the expression of IL-17E, IL-17RA, IL-17RC and IL-17RB in various 
human breast cancer cell lines as well as in non-transformed mammary epithelial cells MCF10A, in pri-
mary tumor cells (IJG-1731) derived ex vivo from an ER-negative breast cancer biopsy. As illustrated in 
Fig. 2, the expression of the IL-17RA and IL-17RC receptor subunits was ubiquitous as all the primary 
cells and cell lines tested expressed high levels of IL-17RA and IL-17RC. In line with the results obtained 
from biopsies (Fig. 1), IL-17RB was undetectable in non-transformed MCF10A cells and significantly 
upregulated in most breast cancer cell lines tested; suggesting that increased expression of IL17RB could 
be a malignant trait.

Further, we found that cell lines and the primary tumor cells did not expressed IL-17E transcripts, 
indicating that the cytokines are likely to be produced by the tumor microenvironment. Although a 
previous report15 indicated that non-transformed MCF10A mammary epithelial cells expressed IL-17E, 
we were unable to detect IL-17E transcript in this cell line (Fig. 2).

IL-17e fails to induce breast cancer cell apoptosis and promoted chemoresistance. Furuta  
et al. reported that non-transformed mammary epithelial cells express IL-17E and low levels of IL-17RB, 
and this cytokine induced apoptosis in transformed breast cells (with upregulated IL-17RB) but not in 
non-transformed cells, thereby serving as a tumor suppressor. Although we here confirmed that IL-17RB 
expression is much higher in tumor cells than in non-transformed cells, we were unable to detect IL-17E 
mRNA in MCF10A cells (Fig. 2). IL-17E was even express at higher levels in tumor biopsy specimens 
than in normal breast tissues (Fig. 1). These results raised questions about the potential role of IL-17E 
as a tumor suppressor.

We therefore decided to test the ability of IL-17E to induce apoptosis of breast cancer cell lines, and 
used IL-17A as negative control as we previously demonstrated that it fails to induce apoptosis by itself12. 
As illustrated in Fig. 3A, we analyzed cell apoptosis by evaluating PARP proteolysis in the representative 
T47D malignant cell line treated with IL-17E or IL-17A either at 100 ng/ml or 500 ng/ml. Treatment 
with Docetaxel at 10 μ g/ml was used as a positive control for apoptosis. The results clearly show that, in 
contrast to Docetaxel, neither IL-17A nor IL-17E induced PARP cleavage at the indicated concentrations.

Next, to further confirm the lack of apoptosis induced by IL-17A and IL-17E, we measured the level of 
cell death of MCF7, T47D and MDA-MB468 cells cultured in presence of recombinant IL-17A or IL-17E 
used at concentrations from 20 ng to 500 ng/ml. Docetaxel at 10 μ g/ml and 1% Triton ×  100 were used 
as positive controls. Results presented in Fig. 3B revealed that IL17A and IL-17E did not induce the cell 
death of MCF-7, T47D or MDA-MB468 cells.

Although IL-17E did not induce apoptosis of IL-17RB expressing breast cancer cells, we tested 
whether it could modulate cell death induced by chemotherapy drugs. As we previously reported that 1 
to 10 ng/ml of IL-17A was very potent at inhibiting Docetaxel induced cell death in various human breast 
cancer cell lines12.The results shown in Fig. 4 indicated that pretreatment of MCF-7, T47D or primary 
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tumor cells IJG-1731 with 1 to 10 ng/ml of IL-17E consistently results in decreased Docetaxel-induced 
cell death.

IL-17A and IL-17e promotes the phosphorylation of c-Raf, eRK and p70s6 kinase. In order 
to identify the kinases involved in chemoresistance induced by IL-17A and IL-17E pre-treatments, we 
explored the activation of signaling pathways involved in cancer progression. To this aim, MCF-7, T47D, 
and primary tumor cells IJG-1731 cells were starved overnight then treated with the cytokines. We 
analyzed their phosphorylation status for 20 min following the cytokine treatment. In cell lines tested, 
we observed an activation of the MAP kinases pathway through the phosphorylation of c-RAF on 
Serine 338 (p-cRAF) (Fig. 5) and p42/p44MAPK (suppl Figure 2A and 2B)12. In untreated IJG-1731 and 
MDA-MB468 cells p-cRAF was almost undetectable and was highly induced after addition of cytokines. 
120% up to 1000% increased signal was obtained, depending on the IL-17 cytokine used.

It should be mentioned that c-RAF serine 338 is phosphorylated by the p21 activated kinase16 and 
corresponded to similar phosphorylated sites in A-Raf (Ser299) and B-Raf (Ser445)17.

Because the PI3K/mTOR/p70S6K axis is well known to play an important role in cell growth and 
survival, and is described to be involved in breast cancer cell proliferation and chemoresistance18, we 
looked at the activation of the p70S6K (p70S6K), which regulates cell cycle, inhibits the pro-apoptotic 
protein BAD and controls protein synthesis through the phosphorylation of the S6 protein of the 40S 
ribosomal subunit19. We measured the phosphorylation of Thr389, which closely correlates with p70 
kinase activity in vivo20. The results showed in Fig. 5 indicated that incubation with IL-17A or Il-17E 
enhanced the phosphorylation of on Thr389 p70S6K, in T47D, MDA-MB 468 and IJG-1731 cell lines 
(Fig. 5). We could not reproduce this result with MCF7 cell line due to the constitutive phosphorylation 
of the S6 kinase (data not shown).

As p70S6K may also be activated by the c-RAF/ERK pathway, we chemically blocked p42/p44MAPK 
with the U0126 MEK specific inhibitor to further demonstrate the contribution of the c-RAF, ERK, 
p70S6K pathway in IL-17-induced chemoresistance in breast cancer cell lines. The results in Supp Figure 
1 show that lack of ERK1/2 activation in the BT20 breast cancer cell totally abolished the chemoresistant 
effect induced by IL-17E cell stimulation.

IL-17A or IL-17e treatment enhances the generation of low molecular weight forms of cyc-
lin e (LMW-e) in breast tumor cell line. As we found that breast malignant cell proliferation was 
increased by IL-17A or IL-17E (suppl Fig. 2C), we next investigated the expression of the full length 
cyclin E, a regulatory subunit of Cdk2 that contributes to G1/S transition, as well as the expression of 
LMW forms of cyclin E for which the regulatory domain is missing21,22.

Interestingly, we found that IL-17A or IL-17E did not increase the expression of the full length cyclin 
E in MCF7, T47D and MCF10A cell lines, when compared to untreated cells. In contrast, we observed 
a consistent increase of cyclin E in the primary breast cancer cell line IJG-1731 when cultured with 
either IL-17A or IL-17E (Fig. 6). More importantly, we found that all breast cancer cell lines upregulated 
the generation of LMW-E forms. Although some of LMW-cyclin E forms could be weakly present at 
basal level, we detected almost all of the five published short forms23, ranging from 34 to 49 kDa, after 
72 h of treatment with each cytokines. Cyclin E proteolysis might be a tumor specific mechanism as 
IL-17A failed to up-regulate the generation of LMW-E forms in the non-transformed mammary epi-
thelial MCF10A cells although these cells express significant levels of IL-17RA and IL-17RC (Fig. 1). Of 
note, MCF10A cells lack IL-17RB and did not respond to IL-17E.

Figure 1. Expression of IL-17 cytokines and receptors in clinical samples. The TissueScan Breast Tissue 
qPCR array was used to determine transcript levels of the IL-17 cytokines (IL-17A and IL-17E) and their 
receptors (IL-17 RA, IL-17 RB and IL-17 RC). The breast tissue scan contains 48 tissues covering 4 diseases 
stages and normal tissues. The target transcript levels were normalized to β -Actin and calibrated to the mean 
mRNA level (arbitrary value of 1) in normal tissue. Data were compared using student’s t test (*P <  0.05, 
**P <  0.01, ***P <  0.001).
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Discussion
Interleukins are known to promote tumor growth and metastasis, and IL-17A could be a typical example. 
This cytokine produced by infiltrating lymphocytes has been shown to promote tumor proliferation10,12 as 
well as migration, invasion and resistance to chemotherapy12 and to anti-angiogenic treatment24. Recent 
works focused on IL-17B and IL-17E, which are found in breast tumor microenvironment, have reported 
opposite functions. Although they share the IL-17RB chain as co receptor, pro-oncogenic features were 
described for the breast tumor cell secreted IL-17B, whereas tumor suppressor role was associated to 
the normal breast epithelial cells secreted IL-17E. Here, we investigated the action of IL-17A and IL-17E 
on breast cancer cell lines and cell signaling events induced after recruitment of IL-17RA/IL-17RC or 
IL-17RA/IL-17RB receptors.

We found that IL-17E receptor mRNA was increased in malignant breast tissues and breast cell lines 
as compared to healthy tissues and that IL-17E mRNA seems expressed in some of tumors. Neither 
IL-17E nor IL-17A stimulation induced cell apoptosis. The absence of apoptosis was not due to the ina-
bility of the cytokine to signal through the IL-17E receptor as the E-coli-produced IL-17E, similarly to 
IL-17A12, activated the ERK pathway in breast cancer cells (supp Figs 2A and 2B). Moreover, a potential 
cross reactivity between IL17A receptor (IL17RA/RC) and IL-17E is unlikely, since this cytokine, on 
the contrary to IL-17A, is not able to induce any signaling event on IL17RBneg MDA-MB231 cells (data 
not shown). These findings are contradictory to published data15,25 showing a pro-apoptotic effect of 
E-coli-derived IL-17E on breast cancer cell line expressing IL-17RB such as MDA-MB468. A potential 
explanation for these discrepancies is that all our assays were performed with physiological compatible 
IL-17E concentrations (1–10 ng/ml), while In vitro pro-apoptotic effects were observed with higher con-
centrations (250 up to 2000 ng/ml) in the study of Vahid Younesi et al.25.

In our study, not only IL-17E did not display a pro-apoptotic role, but we also demonstrated that 
IL-17E pretreatment was capable to partially prevent drug sensitivity in association with the activation of 
the p70S6K, ERK and c-RAF pathway. Activation of b-RAF have been already described in tumor cells26 
and it is interesting to underline that c-RAF and b-RAF are interconnected and their heterodimeriza-
tion increases the activity of both kinases27,28. Our results are in agreement with Huang et al. indicating 
that IL-17RB has an important role in breast tumorigenesis and that its high expression correlates with 
shorter survival. Of note, such activation was also observed when cells were pretreated with IL-17A. 
Furthermore, the chemoresistant phenomenon observed was not drug specific as IL-17E also protected 
breast cancer from doxorubicin-induced toxicity (data not shown). Thus, our results support the hypoth-
esis that both IL-17A and IL-17E are involved in breast cancer progression by activating common sign-
aling cascade end point despite the fact these cytokines trigger distinct receptors.

Figure 2. Expression of IL-17 cytokines and receptors in human breast cell lines. Real-Time RT-PCR 
analysis of the IL-17 cytokines mRNA (IL-17A and IL-17E) and their receptors (IL-17 RA, IL-17 RB and 
IL-17 RC) in different human beast cell lines. Expression was normalized to the GAPDH mRNA expression. 
Data are the mean + /−  SEM of one experiment performed in duplicate.
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Conversely to previous studies15,25, we demonstrated that IL-17E displayed a protumoral role in breast 
cancer. Such discrepancies in the function of a single molecule are quite puzzling, and might rely on its 
environment. In this regard, it is worth to note that IL-17 was not secreted by tumoral but by infiltrat-
ing cells in breast human biopsy. Conversely, Furuta et al. demonstrated a potent anticancer activity of 
purified IL-17E in mouse cancer models15. Interestingly, previous work already demonstrated that IL-17E 
exhibits potent antitumor effects against various human cancer cell lines (including the MDA-MB-435 
breast cancer cells) in vivo29. Although the mechanisms were not fully elucidated, antitumor activity 
was evidenced in nude mice (normal B cells) but lost in SCID mice (no B cells), suggesting that the 
anti-tumoral effects of IL-17E were B-cell dependent. Tumor infiltrating B cells were extensively studied 
in breast cancer, where they are present in ~25% of tumors and could represent up to 40% of the TIL 
population30. Moreover in node negative breast cancer, presence of TIL-B was positively associated with 
survival31. The recruitment of IL-17RB, expressed on B cells32, could participate to the homing of such 
cells in the tumor microenvironment and positively regulates the response observed in nude mice. An 
IL-17E enhanced cytotoxicity of TIL-B cells could be discussed as well as it was already demonstrated 
that B cells stimulated with IL-21 can secrete granzyme B and could have a direct cytotoxicity against 
tumor cells33. Therefore, in breast cancer IL-17E could display antagonistic effects on tumour progres-
sion, a direct pro-tumoral effect on breast cancer cells and an indirect anti-tumoral effect via B-cell 
recruitment and activation.

Noteworthy, in our study the IL-17E protumoral effects were characterized by an enhanced pro-
liferation capacity of breast cancer cells. During the last decade, it was shown that high expression of 
low molecular form of cyclin E (LMW-E) corresponded to a poor disease free survival factor in breast 
cancers26. LMW-E forms, generated by proteolysis from the full length cyclin E, highly enhance CDK2 
activity and are not inhibited by p21 and p27 proteins22. Here, we report for the first time that both 
IL-17E and IL-17A triggered signaling cascades converging towards the generation of LMW-E forms. 
Such stimulation was only observed with tumor cell lines, opening the possibility that anti-IL-17 therapy 
could specifically target cancer cells. These active forms of cyclin-E are highly oncogenic as demonstrated 
by Duong. T et al., in mice model, where ectopic LMW-E expression on hMEC cell line renders it tumor-
ogenic and induces the development of mammary carcinoma and metastasis, whereas the full length 
expression of cyclin E do not26. Two enzymes have been involved in the LMW-E generation; calpain and 
an elastase like protease which is inhibited by endogenic Elafin a critical component of the epithelial bar-
rier against neutrophil elastase23,34. We could thus hypothesize that IL-17A/E-induced signaling cascades 
could affect the protease/anti-protease balance both by up regulating the elastase like protease expression 
and down regulating Elafin expression in breast cancer cells compared to normal cells35. Such tumor 

Figure 3. IL-17E do not induce apoptosis. Cell apoptosis was analyzed by detection of PARP proteolysis 
(a) or measurement of LDH released into cell supernatants (b) to this aim; cells were treated 24 h in a serum 
free medium with IL-17A or IL17-E at 20, 100 or 500 ng/ml. As positive control for PARP cleavage or LDH 
detection we used Docetaxel at 10 μ g/ml.
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specific pro-oncogenic effects could involve direct and indirect mechanisms. LMW-E could both origi-
nate from the c-RAF/ERK pathway activation triggered by IL-17, but also from other signaling cascades 
that control the protease/antiprotease balance in the tumour microenvironment. Whether these latter 
regulations are direct or indirect through the release of other molecules that could interfere by autocrine/
paracrine mechanisms still need to be determined. In this setting, our data suggest that several IL-17 
family members, present in the tumor breast cancer microenvironment, may both act as survival factors 
and promote chemoresistance. It was reported that IL-17A and IL-17B neutralizing antibody treatments 
led to decreased breast cancer growth in mice. It would be interesting to test whether anti-IL-17A, IL-17B 
and/or IL-17E based therapies could affect tumor growth and sensitivity to chemotherapy and immuno-
therapy (anti-HER2) in animal models of cancer. To that matter, further work on the expression of IL-17 
receptors from metastatic breast cancer cells compared to primary tumor could be informative, especially 
for liver and lung metastasis where IL-17E is expressed36,37.

Figure 4. IL-17E induces cell chemoresistance to Docetaxel. Breast cancer cells were cultured in complete 
medium alone (medium) or supplemented with IL-17A or -E for 48 h. Cells were then switched in FCS-
free medium supplemented with the respective cytokine for 24 h before adding Docetaxel at various 
concentration for 7 h at 37 °C. The cytotoxicity was determined using the Cytotoxicity Detection Kit (Roche). 
Data shown are representative of 3 independent experiments. (*P <  0.05; **P <  0.01; ***P <  0.001).

Figure 5. IL-17A and IL-17E activate c-Raf and p70S6 kinase. Activation of c-Raf (pSer338) and p70S6 
kinase (pThr 389) was analyzed successively by Western Blot (WB) on T47D, MDA-MB468 and IJG-1731 
cell lines. Cells were treated with either IL-17A or IL-17E at 20 ng/ml for 20 min before cell lysis. 70 μ g of 
protein were loaded for each condition and loading control was done with an anti β -actin mAb. Data are 
representative of 3 independent experiments and all the lines were run on the same gel and under the same 
experimental procedure.



www.nature.com/scientificreports/

7Scientific RepoRts | 5:11874 | DOi: 10.1038/srep11874

Taking together the findings reported here suggest that IL-17A and IL-17E are expressed and active 
in breast cancer and may participate to tumorogenesis.

Materials and Methods
Cell lines and culture conditions. T47D (ATCC No. HTB-133) cells and MCF7 (ATCC No. HTB-
22), BT-20 (ATCC No HTB-19) and IJG-1731 cells were cultured in a complete RPMI-1640 media 
with L-glutamine, supplemented with 10% fetal calf serum (FCS) and penicillin–streptomycin solution 
(100 μ g/ml each) (Life technology,Saint-Aubain, France). All cells were cultivated in a humidified 5% 
CO2 incubator at 37 °C. Cells were grown for 4–5 days until confluency. Cells were harvested with 0.25% 
Trypsin–EDTA solution (Life technology, Saint-Aubain, France) and then passed into new T-75 tissue 
culture flasks. Starvation medium did not contain FCS.

Generation of IJG-1731 cell line. IJG-1731 cell line was obtained from a LumB tumor characterized 
as a ypT2N1aM tumor. Briefly, biopsy was cut and trypsinized to liberate tumor cells. Cell preparation 
obtained was then cultured in complete RPMI1640 medium. After several weeks of cell culture stabili-
zation, cells were phenotyped as negative for eostrogen, progesterone and HER2 receptors and positive 
for EGFR (HER1).

Antibodies. Rabbit Anti-phospho Ser388 c-RAF (clone 56A6), mouse anti-phospho Thr389 P70 S6 
kinase (clone 1A5), rabbit phospho Erk1/2 (Thr202/Tyr204) (D13.14.4E), rabbit Erk1/2 (137F5), mouse 
anti-Cyclin E (clone HE12), polyclonal rabbit anti-PARP/cPARP and rabbit anti-Actin (clone 13E5) were 
obtained from Cell Signaling Technology (Leiden, Netherlands).

proliferation assay (3H). 400 cells per well (total volume of 200 μ l) were seeded in a 96 wells plate 
with medium alone or completed with cytokines at 20 ng/ml during 72 hours at 37 °C, 5% CO2 After 72 h 
of culture, cells were pulsed for 16 h with 1μ Ci of tritiated thymidine ([3H]-TdR) per well. [3H]-TdR 
uptake was measured using MicroBeta2 plate counter (PerkinElmer, Courtaboeuf, France). All condi-
tions were done in triplicate.

Immunoblotting. c-RAF and S6 kinase. To detect phosphorylation of c-RAF, and p70S6 kinase 3.105 
cells per well 6 wells plate are seeded in 2 ml of complete medium 24 h then cultured overnight in star-
vation medium. Medium is removed and cells are activated with cytokine at 20 ng/ml (1 ml) in free FCS 
RPMI. After an incubation of 20 min at 37 °C, the cells were lysed in 1% Triton ×  100 lysis buffer, incu-
bated for 1h on ice and centrifuged at 4 °C for 10 min at 10,000 g. The supernatants were collected and 
protein concentration was determined using the Bradford Assay (Bio-Rad, Marnes la Coquette, France). 
Proteins (70 μ g) were resolved in 8% SDS–PAGE and transferred on nitrocellulose membrane. The mem-
brane was blocked for 1 h at room temperature, by using 5% nonfat milk in Tris-buffered saline (TBS) 
containing 0.1% Tween20 (Sigma–Aldrich) and incubated overnight at 4 °C with a anti-phospho-c-RAF 
antibody (1:1,000), anti-phospho S6 kinase (1:1,000) or with an anti-Actin antibody (1:1,000) (Cell 
Signaling, Leiden, Netherlands) used as a loading control, in blocking solution. After 3 washes, the 

Figure 6. IL-17A or IL-17E enhance the generation of low molecular weight forms of cyclin E (LMW-E). 
LMW-E generation was analyzed by WB on MCF-7, T47D, IJG-1731 and MCF10A after 72 h of treatment 
with Il-17A or IL-17E at 20 ng/ml. 70 μ g of protein were loaded for each condition and loading control was 
done with an anti β -actin mAb after stripping. Almost all of the five published short forms ranging from 
34 to 49 kDa, were induced. No induction was found for the nonmalignant MCF10A cell line suggesting a 
specific feature of tumor cells. Data are representative of 3 independent experiments and all the lines were 
run on the same gel and under the same experimental procedure.
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membrane was incubated 1h at room temperature with goat anti-rabbit or goat anti-mouse secondary 
antibodies (1:10,000) (Jackson Immunoresearch, West Grove, USA) conjugated to horseradish peroxy-
dase.

Cyclin E. To detect multiple forms of Cyclin E, cells were seeded in a 6 wells plate in 2 ml of starvation 
medium then cultured overnight. Cells are activated with cytokines diluted at 20 ng/ml in a 3% FCS 
medium for 72 hours. Cells are then treated as described above.

PARP/cleaved PARP. 3.105 cells per well 6 wells plate are seeded in 2 ml of complete medium 24 h then 
cultured overnight in starvation medium. Medium is removed and cells are activated with cytokine 
at 100 or 500 ng/ml (1 ml) in free FCS RPMI. A positive control was performed by treating cells with 
Docetaxel at 10 μ g/ml. After 24 h of culture, the medium is removed and cells are immediately lysed as 
described previously.

For each sample, 70 μ g of protein were subjected to 8% SDS-PAGE under reducing conditions. 
Resolved proteins were transferred onto nitrocellulose membrane which was blocked in 5% milk/TBS 
Tween20 0.1% (TBS-T) solution for 1 h at RT. Primary antibodies were added overnight at 4 °C in 5% 
Bovine Serum Albumin (BSA)/TBS-T solution and extensively washed with TBS-T. Corresponding 
horseradish peroxidase conjugated anti-mouse or anti-rabbit antibodies (Jackson Immuno Research) 
were used at dilution 1:10 000 for 1 h at RT before final wash with TBS-T and subsequent detection of 
protein bands using SuperSignal West Pico Chemoluminescent kit (Thermo Scientific, Rockford, USA). 
All experiments were performed in triplicates.

cDNA synthesis. Total RNA was isolated using the GenElute™  Mammalian Total RNA kit (Sigma–
Aldrich, Saint-Quentin Fallavier, France) following the manufacturer’s instructions. Total RNA (1 μ g) 
was treated with 1 U/μ g RNA of DNase I Amplification Grade (Life Technologies, Saint-Aubain, France) 
according to the manufacturer’s instructions, and in the presence of 10 U/μ g RNA of RNaseOUT (Life 
Technologies, Saint-Aubain, France). After DNase inactivation, RNA was reverse transcribed using ran-
dom nonamers (Sigma–Aldrich, Saint-Quentin Fallavier, France) and M-MLV Reverse Transcriptase H 
Minus (Promega, Charbonnières, France) according to the manufacturer’s instruction.

polymerase chain reaction of reverse transcribed mRNA. The forward and reverse primers used 
in the PCR reaction were designed with Primer-BLAST software (http://www.ncbi.nlm.nih.gov/tools/
primer-blast/), except for IL-17A38 and GAPDH39 and were listed in Table 1.

Real-time polymerase chain reaction quantification was carried out with the LightCycler 480 II System 
(Roche Diagnostics, Meylan, France) using the SYBR Premix Ex Taq (TliRNaseH Plus) kit (Ozyme, Saint 
Quentin, France). The cycling conditions were as follows: 95 °C for 1 min followed by 40 cycles of 95 °C 
for 20 s, 60 °C for 20 s and 72 °C for 30 s. The sizes of the RT-PCR products were confirmed by agarose 
electrophoresis. At the end of the amplification, a melting temperature analysis of the amplified gene 
products was performed routinely for all cases; the PCR products were melted by gradually increasing 
the temperature from 60 to 95 °C in 0.3 °C steps, and the dissociation curves were generated with the 
Melting Curve analysis tool of the LightCycler 480 software (Roche Diagnostics, Meylan, France). We 
confirmed that only one product was consistently amplified in all PCR reactions. The negative water 
control showed no amplification. The relative expression of the genes of interest normalized to GAPDH 
was determined by the delta Ct method.

Tissue qPCR array. The target genes expression was also analyzed in normal and tumoral breast tis-
sues using the TissueScan Breast Tissue qPCR array (BCRT502, OriGene Technologies, Rockville, USA). 
This tissue scan is a panel of normalized cDNA from 5-normal and 42 different stages of breast cancer 
tissues. A description in depth pathology report (including histology sections) for all of the RNA used 
in the panel can be viewed on OriGene’s Website.

For this study, the real-time PCR was carried out with the ABI Prism 7300 Real-Time PCR (Applied 
Biosystems/Life Technologies, Saint-Aubain, France) using the Power SYBR Green PCR Master Mix 
(Applied Biosystems/Life Technologies, Saint-Aubain, France). The cycling conditions were as follow 
according to the manufacturer’s instruction: 50 °C for 2 min for the activation, 95 °C for 5 min for the 
pre-soak followed by 42 cycles of 95 °C for 15 s, 60 °C for 1 min and 72 °C for 30 s. As the LightCycler 
480 II System, a melting temperature analysis of the amplified gene products was performed at the end 
of the amplification. The relative expression of the genes of interest normalized to β -Actin (provided by 
OriGene, Rockville, USA), was determined by the delta Ct method.

Cytotoxicity assay (LDH assay). IL-17 induced apoptosis assay. MCF7, T47D (1000 cells/well), and 
MDA-MB468 (3000 cells/well) were seeded in a 96 wells plate in adequate complete medium for 24 h. 
Then, medium was changed to a FCS-free one alone or treated with recombinant cytokines (20,100 or 
500 ng/ml) for 24 h. Untreated cells (control medium), Docetaxel (10 μ g/ml) and 1% Triton ×  100 treated 
cells (100% cell death) were used as controls. The cytotoxicity was determined using the Cytotoxicity 
Detection Kit (Roche, Meylan, France) according to the manufacturer’s instructions. To this aim, 50 μ l 
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of supernatant from each well were collected into a 96 wells plate and incubated with 50 μ l of freshly 
prepared Reaction Mixture for 30 minutes at room temperature. Optical density was then read at 490 nm. 
The percentage of cytotoxicity is calculated as followed: % =  100 ×  (exp value - control medium value)/
(Triton ×  100 treated cells value - control medium value).

Docetaxel induced cell death. MCF7, T47D, BT20 and IJG-1731 cells (1000 cells/well) were seeded in 
a 96 wells plate in adequate complete medium alone or treated with recombinant cytokines (1 or 10 ng/
ml). After 48 h of culture, medium was changed to a FCS-free one supplemented with corresponding 
concentration of cytokines. When needed, the U0126 MEK inhibitor was added at 10 μ M 24 h before 
adding the drug. After 24 h, culture medium is then further supplemented with Docetaxel at 5, 10, 20 or 
40 μ g/ml as indicated. Untreated cells (control medium) and Triton×  100 treated cells (100% cell death) 
were used as controls. Each condition was performed in duplicates. The cytotoxicity was determined 
using the Cytotoxicity Detection Kit (Roche, Meylan, France) according to the manufacturer’s instruc-
tions as described above.
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AbstrAct

Estrogen receptor-, progesterone receptor- and HER2-negative breast cancers, 
also known as triple-negative breast cancers (TNBCs), have poor prognoses and are 
refractory to current therapeutic agents, including epidermal growth factor receptor 
(EGFR) inhibitors. Resistance to anti-EGFR therapeutic agents is often associated with 
sustained kinase phosphorylation, which promotes EGFR activation and translocation 
to the nucleus and prevents these agents from acting on their targets. The mechanisms 
underlying this resistance have not been fully elucidated. In addition, the IL-17E 
receptor is overexpressed in TNBC tumors and is associated with a poor prognosis. 
We have previously reported that IL-17E promotes TNBC resistance to anti-mitotic 
therapies. Here, we investigated whether IL-17E promotes TNBC resistance to anti-
EGFR therapeutic agents by exploring the link between the IL-17E/IL-17E receptor axis 
and EGF signaling. We found that IL-17E, similarly to EGF, activates the EGFR in TNBC 
cells that are resistant to EGFR inhibitors. It also activates the PYK-2, Src and STAT3 
kinases, which are essential for EGFR activation and nuclear translocation. IL-17E binds 
its specific receptor, IL-17RA/IL17RB, on these TNBC cells and synergizes with the EGF 
signaling pathway, thereby inducing Src-dependent EGFR transactivation and pSTAT3 
and pEGFR translocation to the nucleus. Collectively, our data indicate that the IL-17E/
IL-17E receptor axis may underlie TNBC resistance to EGFR inhibitors and suggest that 
inhibiting IL-17E or its receptor in combination with EGFR inhibitor administration may 
improve TNBC management.

INtrODUctION

Triple-negative breast cancer (TNBC) is a 
heterogeneous disease comprising several biologically 
distinct subtypes, each of which is associated with 

a distinct gene ontology and drug sensitivity [1, 2]. 
Currently, TNBC is managed mainly with chemotherapy, 
because no targeted therapies have been approved for 
the treatment of this disease. Nevertheless, nearly 50% 
of TNBC tumors overexpress the epidermal growth 

                   Research Paper



Oncotarget53351www.impactjournals.com/oncotarget

factor receptor (EGFR) [3, 4], thus suggesting that 
the EGFR may serve as a molecular marker of these 
tumors and that the EGFR pathway may have promise 
as a therapeutic target in TNBC management [4]. Agents 
such as monoclonal antibodies that bind the extracellular 
ligand-binding domain of the EGFR (e.g., Cetuximab) 
or small molecules that inhibit the intracellular tyrosine 
kinase domain of the EGFR (e.g., Gefitinib/Iressa) have 
shown only limited effectiveness against TNBC because 
resistance frequently and rapidly develops; thus, metastatic 
TNBC often has a poor prognosis. Only 10–20% of TNBC 
patients show marked clinical improvement in response to 
therapy [5, 6]. Thus, improving the efficacy of anti-EGFR 
therapy in TNBC is needed.

EGFR is a plasma membrane-bound receptor 
tyrosine kinase that initiates growth and survival signals 
but can also localize to and function from the nucleus 
[7–9]. Thus, TNBCs rely on two distinct types of EGFR 
signaling to sustain their oncogenic phenotype” classical 
membrane-bound EGFR signaling and nuclear EGFR 
(nEGFR) signaling. The actions of both types of signaling 
promote TNBC resistance to anti-EGFR therapeutic 
agents [7, 10]. One mechanism underlying these actions is 
crosstalk between the EGFR and other signaling proteins, 
such as c-met and c-Src [11]. The paracrine pathways 
that are active within the TNBC microenvironment and 
facilitate the crosstalk promoting EGFR resistance have 
not been fully elucidated.

IL-17E is a member of the pro-inflammatory IL-17  
cytokine family, which binds the IL-17RA/IL17RB 
complex. It is highly expressed in certain organs, including 
the testis and pancreas, and is not highly expressed in other 
organs, such as normal breast [12, 13]. Normal mammary 
epithelial cells (MECs) transiently produce IL-17E 
during mammary gland development, and IL-17E acts in 
conjunction with other MEC-secreted factors in preventing 
malignant cell growth [14]. Consistently with these 
findings, our recent report has demonstrated that IL-17E  
is scarcely detectable in normal adult breast tissues but 
is expressed in some tumor tissues, including TNBC 
tissues, as a component of their microenvironment [15]. 
IL-17E causes apoptosis in breast cancer cells expressing 
its receptor [14], and its secretion by tumor-associated 
fibroblasts suppresses the growth of human mammary 
tumor MDA-MD-231 cells serving as a metastasis control 
checkpoint [16]. Paradoxically, the IL-17E receptor 
subunits IL17-RA and RB are overexpressed in TNBC 
tumors [15], and IL17-RB expression is associated with 
a poor prognosis [17]. Furthermore, we have shown that, 
similarly to IL-17A, IL-17E does not induce cell death by 
binding to its receptor on TNBC cells but instead activates 
oncogenic pathways, such as c-raf and p70S6 pathways, 
thus resulting in Docetaxel resistance [15]. The signaling 
cascades downstream of the IL-17E receptor have never 
been explored with respect to TNBC resistance to anti-
EGFR therapeutic agents.

This study builds on our previous report [15] 
and explores the crosstalk between IL-17E and EGF 
signaling in the context of anti-EGFR-resistant TNBC 
tumors and the eventual contribution of this crosstalk to 
therapy resistance. We found that IL-17E and EGF trigger 
interconnected molecular signaling pathways in TNBC 
cells through their specific receptors, thus suggesting that 
EGFR/IL-17RB crosstalk promotes TNBC resistance to 
anti-EGFR therapeutic agents. Hence, our findings provide 
the first evidence of the potential of the IL-17E/IL-17RB 
axis as a therapeutic target in the management of TNBC 
tumors and eventually other EGFR and IL-17RA/RB 
co-expressing tumors.

resUlts

Il-17e phosphorylates the eGFr in  
Iressa-resistant tNbc cell lines and  
potentiates their resistance

TNBC ex-vivo-derived IJG-1731 cells and BT20 
and MDA-MB468 cells are established TNBC tumors 
models that exhibit pronounced resistance to a specific 
inhibitor of EGFR phosphorylation, Iressa, even when 
exposed to high concentrations (1 µM) of this inhibitor 
for 48 hours (Figure 1A upper panel). IJG-1731, BT-20 
and MDA-MB468 cells exhibit different levels of EGFR 
expression and distinct Y845 EGFR and Y1086 EGFR 
phosphorylation patterns (Y845 EGFR is a substrate for 
Src kinase, and Y1086 EGFR is directly phosphorylated 
by EGFR) [18, 19] after treatment with EGF (10 ng/
ml), thus reflecting the heterogeneity of TNBC tumors 
(Figure 1A lower panel). Similarly to EGF treatment, 
IL-17E treatment (10 ng/ml) induced the phosphorylation 
of both Y845 EGFR and Y1086 EGFR (Figure 1A 
lower panel). The intensity of IL-17E-induced EGFR 
phosphorylation was comparable to that of EGF-induced 
EGFR phosphorylation and was consistent with the basal 
levels of EGFR expression in the cell lines. Similarly to 
Iressa, IL-17E (10 ng/ml) did not induce cell death, either 
alone or in combination with Iressa (1 µM), in any of 
the cell lines; instead, it potentiated resistance to EGFR 
inhibitors (Figure 1B). Together, these results suggest that 
EGFR and IL-17E signaling may interact and together 
sustain TNBC resistance to EGFR inhibitors.

Il-17e promotes eGFr phosphorylation in 
tNbc cell lines

Previous studies have shown that STAT3, PYK-2, 
and Src kinase phosphorylation is essential for EGFR 
phosphorylation [20]. Consequently, we examined the 
phosphorylation statuses of these essential kinases in the 
three cell lines treated with IL-17E. Similarly to EGF, IL-
17E induced considerable STAT3-α and β phosphorylation 
at Y705 in IJG-1731 and BT20 cells (Figure 2A and 2B). 
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The phosphorylation levels of both STAT3-α and β 
were in accordance with the phosphorylation levels of 
Y1086 and Y845 EGFR in these cell lines (Figure 1A).  
IL-17E-induced STAT3-α and β phosphorylation was 

less evident in MDA-MB468 cells (Figure 2C), probably 
because of elevated STAT3-α phosphorylation, but was 
consistent with IL-17E-induced EGFR phosphorylation 
levels (Figure 1A). Treatment with IL-17E also induced 

Figure 1: Il-17e phosphorylates the eGFr in Iressa-resistant tNbc cell lines. (A) In the upper panel, IJG-1731, BT20, and 
MDA-MB468 TNBC cells were cultured alone or in the presence of increasing concentrations of the EGFR inhibitor Iressa (0.25 ( ), 0.5 ( ), 
and 1 ( ) µM) for 48 hours, and cell death was evaluated by determining the percentage of 7AAD-positive cells and by flow cytometry analysis. 
The results are presented as the mean ± SD of three independent experiments performed in triplicate. In the middle panel, TNBC cells were 
cultured alone or in the presence of IL-17E (10 ng/ml) or EGF (10 ng/ml), and the phosphorylation of EGFR at residues Y845 and Y1086 
was assessed by western blotting. Membranes were re-blotted with anti-EGF as a loading control. Data are representative of 3 independent 
experiments. In the lower panel, densitometric quantification of EGFR phosphorylation, as shown in the representative blots, is expressed as the 
ratios of pY845 EGFR to EGFR ( ) and pY1086 EGFR to EGFR (■). (b) IJG-1731, BT20, and MDA-MB468 TNBC cells were cultured alone 
or in the presence of Iressa (1 µM), IL-17E (10 ng/ml), or a combination of both for 48 hours, and the percentage of 7AAD-positive cells was 
determined by flow cytometry. The results are presented as the mean ± SD of three independent experiments performed in triplicate. Student 
t-test was used (*P < 0.05; **P < 0.01; ***P < 0.001) compared with medium alone.



Oncotarget53353www.impactjournals.com/oncotarget

PYK2 and Src kinase phosphorylation at residues Y402 
and Y416, respectively, in the three cell lines at levels 
comparable to those induced by EGF (Figure 2).

Thus, IL-17E and EGF similarly phosphorylate the 
essential kinases implicated in EGFR phosphorylation; 
hence, IL-17E may contribute to TNBC resistance to 
EGFR inhibitors.

Il-17e signaling interacts with eGF signaling

To substantiate the contributions of IL-17E to 
TNBC resistance to EGFR inhibitors, we examined 
the interactions between IL-17E- and EGF-induced 
signaling. Sustained EGFR activity requires both Src and 
EGFR activation [16]. Therefore, we first determined 
the involvement of Src kinase in IL-17E-induced EGFR 
phosphorylation. TNBC tumor cell lines were pre-treated 
with the Src kinase-specific inhibitor AZM475271 and 
then stimulated with either IL-17E or EGF. Treatment 
with AZM475271 inhibited IL-17E- and EGF-induced 
Src phosphorylation but also abolished Y1086 EGFR 
phosphorylation in IJG-1731 and BT20 cells and, to a 
lesser extent, in MDA-MB468 cells (Figure 3A). Thus, 
similarly to EGF-induced EGFR phosphorylation, IL-17E-
induced EGFR phosphorylation is also Src-dependent. 
This result suggests that IL-17E and EGF can transactivate 
the EGFR in TNBC tumors.

We then examined whether IL-17E-induced EGFR 
phosphorylation requires EGFR activity. TNBC cell lines 
were treated with Iressa, the specific inhibitor of EGFR 
phosphorylation, and then stimulated with IL-17E, EGF 
or a combination of both, and EGFR phosphorylation 
status was analyzed by western blotting. Treatment with 
Iressa elicited similar decreases in IL-17E- and EGF-
induced Y1086-EGFR phosphorylation in the three cell 
lines (Figure 3B) and markedly decreased EGFR tyrosine 
phosphorylation induced by the combination of IL-17E 
and EGF in BT20 and MDA-MB468 cells and, to a 
lesser extent, in IJG-1731 cells (Figure 3B). Altogether, 
these data indicate that, similarly to EGF-induced 
phosphorylation, IL-17E-induced EGFR phosphorylation 
requires both Src and EGFR kinase activity; thus, EGF 
and IL-17E are interconnected and may synergistically 
activate and sustain EGFR phosphorylation in TNBC.

IL-17E synergizes with EGF through its specific 
receptor Il17rA/Il17rb

Src pathway activation is essential for optimal 
EGFR activity. Therefore, to explore the synergistic 
effects of IL-17E and EGF on EGFR activation, we 
examined the phosphorylation status of Src in TNBC 
cells stimulated with increasing concentrations of EGF 
in the presence or absence of IL-17E. Stimulation of 
MDA-MB468 cells with IL-17E or EGF at suboptimal 
concentrations of 1 ng/ml and 0.1–1 ng/ml, respectively, 

did not induce significant Src phosphorylation at Y416 
(Figure 4). However, stimulation with 1 ng/ml IL-17E 
and suboptimal concentrations of EGF (0.1 and 1 ng/ml) 
induced a level of Y416Src phosphorylation similar to that 
induced by 10 mg/ml EGF alone (Figure 4). These results 
indicate that IL-17E and EGF synergistically activate 
Src kinase. The presence of the anti-IL-17E receptor 
(IL-17RA/RB)-blocking antibody, but not its isotype 
control, substantially decreased Src phosphorylation 
at Y416 by 0.1 and 1 ng/ml EGF in the presence of 
IL-17E (Figure 4). Thus, the synergistic effects of IL-17E 
are mediated by its recruitment to its specific receptor, 
IL-17RA/RB.

Il-17e facilitates peGFr and pstAt3 
translocation to the nucleus

The translocation of phosphorylated EGFR to the 
nucleus is an integral component of the cascade that results 
in tumor resistance to EGFR therapeutic agents. Therefore, 
to determine the contribution of IL-17E to TNBC therapy
resistance, we investigated the effect of IL-17E on 
EGFR nuclear translocation. Using immunofluorescence 
microscopy, we examined EGFR localization in TNBC 
cell lines stimulated with EGF, IL-17E, or both. In 
agreement with results from previous reports [21], EGF 
induced strong EGFR translocation from the membrane 
to the nucleus in MDA-MB468 TNBC cells (Figure 5A). 
Stimulation with IL-17E also induced EGFR translocation 
to the nucleus, but to a lesser extent than stimulation with 
EGF (Figure 5A upper panel). Importantly, the combination 
of IL-17E and EGF induced markedly increased EGFR 
translocation compared with that induced by each cytokine 
alone (Figure 5A upper panel). 

To support these data, we subsequently isolated 
the cytoplasmic and nuclear fractions of IL-17E-, EGF- 
or IL-17E+EGF-stimulated MDA-MB468 cells and 
examined the levels of EGFR and its phosphorylated 
counterpart pY1086EGFR. Compared with EGF alone, 
IL-17E induced EGFR phosphorylation but did not 
induce significant EGFR nuclear translocation despite 
its capacity to induce non-phosphorylated EGFR nuclear 
translocation. Both forms of EGFR were translocated to 
the nucleus when MDA-MB468 cells were stimulated 
with the combination of IL-17E and EGF (Figure 5A 
lower panel and Supplementary Figure S1).

STAT3 binds the EGFR through a motif including 
pY1086 [22]. In addition, the correlation between pEGFR
and pSTAT3α/β is well established and has been implicated 
in tumor resistance [23]. Therefore, we also examined 
STAT3 nuclear translocation and assessed the statuses of 
pSTAT3α and β, as well as those of their non-phosphorylated 
counterparts. IL-17E and EGF alone induced STAT3α 
and β translocation; however, the combination of the two 
agents triggered more significant pSTAT3α and β nuclear 
translocation than either agent alone.



Oncotarget53354www.impactjournals.com/oncotarget

To confirm these findings, we performed the 
above experiments with the BT20 cell line and obtained 
similar results. However, less EGFR and pSTAT3α and β 
translocation was induced by IL-17E and EGF in BT20 cells 
than in MDA-MB468 cells (Figure 5B and Supplementary 
Figure S2). This result is probably due to the inherent 
heterogeneity of TNBC tumor responses to various stimuli. 

Together, these data indicate that the presence of  
IL-17E within the TNBC tumor microenvironment 
probably promotes and sustains EGFR activation and 
translocation and ultimately results in tumor resistance.

DIscUssION

Strategies for efficiently combating TNBC remain 
to be developed. This exploratory study assessed the 
IL-17E/IL-17RB pathway as a potential new target for 
the development of more efficient therapies for TNBC. 
Collectively, our data demonstrate that the IL-17E/IL-17RB  
pathway contributes to TNBC resistance to EGFR 
therapeutics through a loop that amplifies and sustains 
the phosphorylation of the main EGFR downstream 
kinases implicated in tumor resistance. Thus, blocking 

Figure 2: Il-17e phosphorylates the kinases essential for eGFr activation. IJG-1731 (A), BT20 (b), and MDA-MB468 (c) 
cells were cultured alone or in the presence of IL-17E (10 ng/ml) or EGF (10 ng/ml), and then STAT3 phosphorylation at Y705, PYK-2 
phosphorylation at Y402 and Src phosphorylation at Y416 were assessed by western blotting (left panel). Membranes were re-blotted with 
anti-EGF or anti-STAT3α/β antibodies, which served as loading controls. Data are representative of 3 independent experiments. In the right 
panel, densitometric quantification of STAT3a/b, PYK-2 and Src phosphorylation, as shown in the representative blots, is expressed as the 
ratios of pY705 STAT3a and b to their respective un-phosphorylated forms, pY402 PYK-2, pY416 Src and EGFR, as indicated.
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Figure 3: Il-17e-induced eGFr phosphorylation is dependent on src and eGFr kinase activity. IJG-1731, BT20, and 
MDA-MB468 cells were treated with the Src specific inhibitor AZM475271 (10 µM) (A), Iressa (0.25 µM) (b), or control DMSO and then 
stimulated with IL-17E (10 ng/ml), EGF (10 ng/ml) or with medium alone. EGFR and Src phosphorylation was then assessed by western 
blotting (left panel). Loading controls were determined by re-blotting the membranes with an anti-EGFR antibody. Data are representative 
of at least 2 independent experiments. In the right panel, densitometric quantification of Y416 Src and Y1086 EGFR, as shown in the 
representative blots, is expressed as the ratios of pY416 Src to EGFR and pY1086 EGFR to EGFR, as indicated.
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IL-17E or its receptor in conjunction with EGFR inhibitor 
administration may represent a novel strategy for treating 
these tumors.

We found that, consistently with the results of 
studies of hepatocyte growth factor (HGF) in breast cancer 
[11], Src and PYK2 activation also occurred downstream 
of the IL-17E receptor in TNBC cells. Inhibition of EGFR 
activation downstream of the IL-17E via administration of 
the Src-specific inhibitor AZM475271 supports this idea. 
IL-17E-induced Y1086EGFR phosphorylation in TNBC 
cells is dependent on EGFR kinase activity, as evidenced 
by the specific inhibition of this phosphorylation via 
administration of the EGFR kinase inhibitor Iressa. 
However, EGFR phosphorylation at Y1086 may also 
occur in the absence of EGFR kinase activity through 
pSrc/PYK2 crosstalk [21, 24]. The results obtained with 
IJG-1731 cells in this study support this idea and highlight 
the importance of pSrc/PYK2 crosstalk as a signaling 
checkpoint and molecular memory mechanism underlying 
tumor metastasis signaling [24]. 

The synergy between EGF and IL-17E is indicative 
of the pro-oncogenic role played by the IL-17 protein 
family in TNBC tumors. The presence of IL-17E in the 

TNBC tumor microenvironment may pre-activate the 
EGFR via Src/PYK2 crosstalk, thus resulting in enhanced 
sensitivity to EGF and potentially other EGFR ligands. 
Under these conditions, very low concentrations of EGFR 
ligands and weak expression (or accessibility) of this 
receptor are sufficient to activate tumor cells. Conversely, 
the above-mentioned increases in IL-17E-induced EGFR 
phosphorylation and nuclear translocation in the presence 
of EGF indicate that EGF also probably enhances the 
capacity of IL-17E to activate the EGFR and may serve as 
additional proof of the synergy between EGF and IL-17E 
with respect to sustaining EGFR activation in TNBC cells.

The EGFR is an important mediator of tumor 
development and progression, whereas IL-17E affects 
cell cycle progression, both in TNBC cells and in other 
breast cancer cells, such as human epidermal growth 
factor receptor 2 (HER2)-positive tumor cells [15]. 
Whether the effects of IL-17E on the cell cycle are 
dependent on the transactivation of EGFR or that of its 
family members (e.g., HER2) has not been determined. 
Nevertheless, the results described herein, together with 
those of our previous report, show the importance of 
IL-17A in pro-oncogenic signaling in breast cancer [25] 

Figure 4: Il-17e synergizes with eGF in phosphorylating src kinase. MDA-MB468 cells were left untreated or treated with 
anti-IL-17RB mAb (10 μg/ml) or its isotype IgG control and then stimulated with IL-17E (1 ng/ml), EGF (0.1–10 ng/ml), or a combination of 
IL-17E (1 ng/ml) and various concentrations of EGF (0.1–10 ng/ml). Src phosphorylation (p416Src) was then assessed by western blotting 
using specific anti-pSrc antibodies. Re-blotting with anti-Src antibody was performed to determine equal loading. Data are representative of 
2 independent experiments. In the lower panel, densitometric quantification of Y416 Src, as shown in the representative blots, is expressed 
as the ratio of pY416 Src to total Src.
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and are indicative of the key roles played by IL-17 family 
members within the TNBC microenvironment. They also 
reinforce the idea that inflammation is a critical component 
of tumor progression [26, 27].

Our results demonstrate that IL-17E, in addition to 
its involvement in tumor progression [15], contributes to 
EGFR resistance. Our results provide the first evidence 

of IL-17E’s involvement in EGFR remodeling and 
subcellular localization. Physiological EGF leads to 
EGFR degradation through receptor-mediated endocytosis 
and endosomal trafficking to lysosomes [28]. Therefore, 
IL-17E may alter EGFR degradation in malignant cells. 
Importantly, the nuclear fraction of EGFR contributes 
to Cetuximab resistance [10] and Iressa resistance [29]. 

Figure 5: Il-17e facilitates peGFr and pstAt3 co-translocation to the nucleus. MDA-MB468 (A) or BT20 (b) cells were 
stimulated with IL-17E (10 ng/ml), EGF (10 ng/ml) or a combination of both. In the upper panel of (A) and (B), EGFR localization, as 
assessed by immunostaining with anti-EGFR antibodies (red). Nuclei were visualized with DAPI (blue). In the lower panel of (A) and (B), 
translocation of EGFR, STAT3α/β, and their phosphorylated counterparts from the cytoplasm to the nucleus, as assessed by western blotting 
using specific antibodies. Anti-β actin and H3 histone antibodies were used as loading controls for the cytoplasmic and nuclear fractions, 
respectively. Data are representative of 2 independent experiments. Densitometric quantifications are presented in Supplementary Figure 1 
(MDA-MB468) and Supplementary Figure 2 (BT20).
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IL-17E-mediated EGFR nuclear translocation, which is 
accompanied by pSTAT3 translocation, maintains EGFR 
phosphorylation and confers resistance to anti-EGFR 
therapeutic agents. Our data suggest that IL-17E-induced 
EGFR translocation facilitates the transport of pEGFR-
associated pSTAT3 to the nucleus [22, 30]. In the nucleus, 
STAT3 activates the transcription of genes associated 
with tumor metastasis, as well as the transcription of anti-
apoptotic and angiogenic genes, similarly to its function in 
various types of cancer [23, 31–33].

IL-17E-induced signaling is mediated through its 
specific heterodimer receptor IL17RA/IL17RB. Thus,  
IL-17E-induced resistance to anti-EGFR treatments 
conferred by Src activation and STAT3 and EGFR 
translocation is at least partially under the control of 
the IL-17E receptor, IL17RA/IL17RB, thus raising 
the question of whether it is involved in the treatment 
resistance associated with IL-17A and IL-17B, which 
share common co-receptors with IL-17E (IL-17RA and 
IL-17RB, respectively) [34]. Consistently with this idea, 
previous studies have shown that the IL-17RB/IL-17B 
signaling pathway promotes tumorigenicity and etoposide 
resistance in breast cancer cells through NFκB activation 
and Bcl-2 up-regulation [16]. Further investigation of 
these signaling mechanisms may improve the specificity 
and efficacy of biotherapies targeting these receptors.

Our findings advance the current understanding 
of anti-EGFR immunotherapy failures in breast cancer. 
IL-17E-induced signaling may also be interconnected 
with signaling mediated by other EGF receptor family 
members, such as HER2 and HER3, and contribute to their 
resistance to specific drugs. IL-17E is abundant in most 
metastatic tumors found in the brain [35, 36], liver [37] 
and lung [38]. However, whether IL-17E is pro-oncogenic 
or anti-oncogenic remains under debate.

Studies in animal models of colon cancer have 
demonstrated that IL-17E plays an inhibitory role with 
respect to the chronic inflammation associated with this 
disease [39]. Studies of hepatocellular carcinoma have 
shown that IL-17E activates the NFκB and Jak/STAT3 
signaling pathways in cancer stem cells, thus resulting 
in tumor growth and progression and suggesting that 
IL-17E/IL-17RB may be a therapeutic target in the 
treatment of this disease [40]. In our TNBC model, 
direct IL-17E signaling via IL-17RB activated various 
signaling pathways associated with IL-17-induced 
tumor proliferation and progression [41, 42] and did not 
induce tumor cell apoptosis [15]. In contrast, Furata and 
colleagues have shown that IL-17E induces apoptosis in 
breast cancer cells [14], and Benatar and colleagues have 
reported that it exerts antitumor effects on xenografted 
tumors [43]. IL-17E is not the only member of IL-17 
family that exerts contrasting effects in the setting of 
tumor progression. Direct or indirect Stat3 pathway 
activation by IL-17A promotes the proliferation and 
progression of various tumors, whereas IL-17A-mediated 

adaptive and innate immune responses exert anti-tumor 
effects [41, 42, 44–47]. The mechanisms underlying the 
contrasting roles played by members of the IL-17 family 
have not been fully elucidated. However, it is likely that 
IL-17 family members promote or suppress tumorigenesis 
in specific cell types and at specific stages of disease in 
response to specific cytokines present at the tumor site. 
The combination IL-17 signaling-mediated effects on 
tumor cell behavior at a specific stage of differentiation 
and various environmental factors probably determines 
whether tumor proliferation or apoptosis ultimately occurs. 

In summary, our study provides the first evidence 
suggesting the possible role of IL-17E in tumor resistance 
to anti-EGFR therapeutic agents. Blocking either IL-17E 
or its receptor in combination with EGFR inhibitor 
administration might reduce the likelihood of tumor 
resistance and enhance therapeutic efficacy.

MAterIAls AND MethODs

cell culture

BT20 and MDA-MB468 triple-negative (HER2-, 
ER-, PR-) cells were obtained from the American 
Type Culture Collection (ATCC N°HTB19 and ATCC 
N°HTB132, respectively). The LumB and Her2-, ER-, 
PR-negative IJG-1731 cell line was previously established 
in our laboratory, as described elsewhere [15], and was 
used as primary tumor cells model. Briefly, IJG-1731 were 
liberated from a patient LumB tumor biopsy characterized 
as an ypT2N1aM tumor, grown in culture media for 
several weeks for stabilization, and phenotyped as negative 
for estrogen, progesterone and HER2 receptors and 
positive for EGFR (HER1). BT20 and IJG-1731 cells were 
grown in complete RPMI-1640 medium with L-glutamine 
supplemented with 10% fetal calf serum (FCS) and 
penicillin–streptomycin solution (100 μg/ml each) (Life 
Technology, Saint-Aubain, France). MDA-MB468 cells 
were grown in a complete DMEM-F12 medium with 
glutamine, 10% FCS and penicillin–streptomycin. All 
cells were maintained in a humidified 5% CO

2
 atmosphere 

at 37°C. All experiments were conducted with confluent 
cells after overnight starvation.

Antibodies and reagents

Rabbit anti-pEGFR (Y845), anti-pEGFR (Y1086),
anti-pPYK2 (Y402), anti-pSTAT3 (Y705), anti-pSrc Family 
(Y416), anti-EGFR, anti-STAT3, anti-β-actin and Alexa 
594-conjugated anti-rabbit F(ab)’2 fragment antibodies were 
purchased from Cell Signaling Technology (Danvers, MA, 
USA). Rabbit anti-Histone H3 antibodies were purchased 
from Thermo Scientific (Rockford, NY, USA). Isotype
control IgG (MAB002) and anti-IL-17RB antibodies were 
purchased from R&D systems (Minneapolis, MN, USA). 
Iressa (Gefitinib) and the Src inhibitor AZM475271 were 
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obtained from Tocris Bioscience (R&D systems). 7-AAD 
was purchased from Beckman (Coulter, France). EverBrite 
mounting medium with DAPI was purchased from Biotium 
(Hayward, CA, USA).

cell death

Cells (3 × 105) were seeded in 6-well plates in 
complete medium for 24 hours and then starved overnight. 
Cells were stimulated for 48 hours at 37°C with IL-17E 
(10 ng/ml), Iressa (0.25, 0.5 or 1 µM) or a combination of 
both, as indicated. The cells were then harvested with cold 
PBS/0.5 mM EDTA, washed and stained with 7-AAD, 
according to the supplier’s recommendations. Cell analysis 
was performed on a FC500 flow cytometer.

cellular fractionation

Cells (3 × 105) were seeded in 6-well plates in 
complete medium for 24 hours and then starved overnight. 
The cells were stimulated for 2 hours at 37°C with IL-17E 
(10 ng/ml), EGF (10 ng/ml), or a combination of both, 
as indicated. The cells were then washed with PBS and 
lysed in lysis buffer (10 mM HEPES, 15 mM MgCl

2
,  

10 mM KCl, 0.5 mM DTT, 0.2 mM PMSF, 1 mM Na
3
VO

4
, 

10 mM NaF, and 0.5% Nonidet P-40). After the cells 
were incubated on ice for 20 minutes, the cytoplasmic 
fraction was obtained via centrifugation for 10 seconds 
at 10000 rpm at 4°C, and the nuclear pellet was washed 
with lysis buffer. For nuclear protein extraction, the 
isolated nuclei were suspended in buffer containing 
20 mM HEPES, 25% glycerol, 420 mM NaCl, 15 mM 
MgCl

2
 and 0.2 mM EDTA supplemented with PMSF, DTT 

and Na
3
VO

4
,
 
as above. After incubation for 20 minutes at 

4°C, the nuclear extract was collected via centrifugation 
for 10 minutes at 10000 rpm. Protein concentrations were 
determined by using the Bradford method. Samples were 
mixed with Laemmli buffer, heated for 10 minutes at 
95°C, and then subjected to 8% SDS-PAGE. Proteins were 
subsequently transferred to nitrocellulose membranes, 
hybridized with specific anti-EGFR, anti-pY1086EGFR, 
anti-STAT3 or anti-pY705STAT3 antibodies, and then 
detected with ECL. Anti-β-actin and anti-Histone H3 
antibodies were used as loading controls.

tyrosine phosphorylation

Cells (3 × 105) were seeded in 6-well plates in 
complete medium for 24 hours and then starved overnight. 
The cells were then stimulated with IL-17E (10 ng/ml), 
EGF (10 ng/ml), or a combination of both for 30 min 
in serum-free medium. The cells were then lysed in 1% 
Triton ×100 buffer and left on ice for 1 hour. Protein 
samples were then subjected to 8% SDS-PAGE. Western 
blotting was performed using specific antibodies to 
assess the phosphorylation of various kinases. In some 

experiments, cells were treated with AZM475271 (10 µM) 
or Iressa (0.25 µM) prior to stimulation with IL-17E, 
EGFR, or a combination of both, as indicated. 

Immunofluorescence microscopy

Cells (4.103) were grown on Lab-Tek chamber 
slides in complete culture medium for 24 hours and then 
starved overnight. The cells were then stimulated with 
IL-17E (10 ng/ml), EGF (10 ng/ml) or a combination 
of both for 2 hours at 37°C, washed, and fixed with 4% 
paraformaldehyde (PFA)-PBS solution at 4°C. Cells 
were then permeabilized with 0.5% Triton-X-100 in 
PBS, saturated with 20% FCS in PBS and incubated 18 
hours with anti-EGFR (1/500) in 10% FCS-PBS. Slides 
were mounted with mounting medium containing DAPI 
and then visualized with a Leica DMRB fluorescence 
microscope. Image analysis was performed with Archimed 
software (Microvision).
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Abstract: The inflammatory process contributes to immune tolerance as well as to tumor progression
and metastasis. By releasing extracellular signals, cancerous cells constantly shape their surrounding
microenvironment through their interactions with infiltrating immune cells, stromal cells and
components of extracellular matrix. Recently, the pro-inflammatory interleukin 17 (IL-17)-producing
T helper lymphocytes, the Th17 cells, and the IL-17/IL-17 receptor (IL-17R) axis gained special
attention. The IL-17 family comprises at least six members, IL-17A, IL-17B, IL-17C, IL-17D, IL-17E
(also called IL-25), and IL-17F. Secreted as disulfide-linked homo- or heterodimers, the IL-17 bind
to the IL-17R, a type I cell surface receptor, of which there are five variants, IL-17RA to IL-17RE.
This review focuses on the current advances identifying the promoting role of IL-17 in carcinogenesis,
tumor metastasis and resistance to chemotherapy of diverse solid cancers. While underscoring the
IL-17/IL-17R axis as promising immunotherapeutic target in the context of cancer managing, this
knowledge calls upon further in vitro and in vivo studies that would allow the development and
implementation of novel strategies to combat tumors.

Keywords: interleukin 17 (IL-17); cancer; tumor microenvironment; immunotherapy

1. Introduction

Tumor cells have enhanced capacities of proliferation, neo-angiogenesis development and distance
seeding under the form of metastases [1,2]. The tumor microenvironment (TME), which comprises
malignant and non-malignant cells distinguished by specific markers and interacting in a dynamic
fashion, is an important aspect of cancer biology that contributes to tumor initiation, tumor progression
and responses to therapy [3–5]. Cells and molecules of the immune system are a fundamental
component of the TME. Although critical for anti-tumor responses, cells of the immune system
including macrophages, neutrophils, mast cells, dendritic cells (DCs) and lymphocytes can also
promote the development and progression of almost every solid tumor [6–8]. Tumor cells counterattack
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the host’s immune cells detouring them to their own profit and evading elimination [9]. They often
secrete a variety of cytokines and mediators creating a self-entertaining inflammation of the TME that
is favorable to tumor development and progression [10].

Recently, a subset of T helper (Th) lymphocytes secreting mainly the pro-inflammatory IL-17
cytokines, the Th17 cells, has gained considerable attention, given their contribution to infectious,
auto-, and cancer immunity [11]. Consequently, the IL-17 pro-inflammatory cytokines have become
a key therapeutic target in a variety of chronic inflammatory diseases. Because inflammation is also
tightly correlated to cancer development [12], these cytokines have been also intensively investigated
in the context of cancer development and progression. Recent research provided substantial insights
into the mode of action of Th17 and IL-17 cytokines in a variety of tumors. Lessons are learned and
paradigms are changing: IL-17 cytokines are double-edged agents acting in a cancer-type depending
manner as anti- and protumor cytokines. If respectively targeted, the IL-17/IL-17R axis could be
part of the dynamic and durable mechanisms that might promote tumor regression. We discuss the
hurdles, lessons, and advances accomplished in the field through the progressive journey of IL-17
family toward tumor immunotherapy.

2. The IL-17/IL-17R Axis

2.1. Tumor Infiltrating Lymphocytes and Th 17 Cells

Tumor infiltrating lymphocytes present a minor population of healthy and cancer patients’
pool of peripheral and lymph nodes T lymphocytes but are found at a high concentration in the
microenvironment of diverse types of cancers [13–15]. The intensity of TIL infiltration to tumors often
correlates with the stage of the disease [16]. TIL comprise various subsets of T lymphocytes, among
which is the subset of Th17 lymphocytes.

Th17 cells have been extensively studied over the last five years. They are an independent
lineage of Th lymphocytes and are characterized by a specific cytokine secretion profile, transcription
regulation and immune functions [17]. Th17 play important role in infection since they repel
against diverse microbes and are key mediators of inflammation in a variety of inflammatory and
autoimmune disorders including psoriasis, rheumatoid arthritis and inflammatory bowel diseases [18].
The development of Th17 lineage is controlled by RORγt, STAT3 and IFN regulatory factor-4
transcription factors and necessitates the exposure to a variety of cytokines [19]. In mouse, lymphocyte
engagement in the Th17 pathway needs the exposure to TGF-β plus IL-6 or IL-21 [20] as well
as IL-23 [21]. In human, IL-1 is the cornerstone of human Th17 cells differentiation, and can be
potentiated by a combination of IL-23, IL-6 and TGF-β [22,23]. Besides cytokines, the activation of
antigen-presenting cells, the DCs, through the Toll-like receptor (TLR) and bacterial sensor nod2
programs them to polarize human memory T cells towards the Th17 lineage [24].

Similar to other T lymphocytes subsets, Th17 cells also infiltrate cancers. Within the tumor
microenvironment, the infiltrating Th17 cells are often abundant at a proximity to the tumor mass.
Phenotypically, these cells, to which we will refer to as TIL-Th17 cells, express memory-like markers
(CD45RA−CD45RO+), CD49 integrins, and surface receptors allowing their traffic to peripheral tissues
including CXCR4, CCR6 and C-type lectin CD161 [25,26]. However, TIL-Th17 cells do not express
CCR2, CCR5 and CCR7, which limit their capacity to access the lymph nodes [27]. This configuration
may be responsible for Th17 lymphocytes stagnation in the tumor microenvironment where the
levels of CCL20 and CXCL12 are high [28]. CCL20 can be also produced by Th17 [29], which could
self-consolidate their adhesion to the tumor site.

Compared to conventional effector T cells, Th17 phenotype comprised low levels of granzyme B
and activation markers HLA-DR and CD25. This observation is in favor of an impossibility to initiate
cytotoxic killing. Besides, Th17 express minimal PD-1 and forkhead box P3 (FOXP3), which make
them distinct from immune-suppressive regulator T cells (Treg) [30].
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2.2. IL-17 and IL-17 Receptor Family

Early studies with rodent models described in T cell hybridoma a cDNA sequence coding
for a mRNA sharing characteristics with cytokines [31]. Primarily designated as CTLA8, it was
termed interleukin-17 (IL-17) after its cloning from a cDNA library [11]. Today, the IL-17 is a family
of pro-inflammatory cytokines implicated in a variety of immune responses and is composed of
six members, from IL-17A to IL-17F.

IL-17A and -F share 50% homology and are the closest members [32]. They are secreted as IL-17A
and IL-17F homodimers and also as IL-17A/F heterodimers [33]. In term of activity, IL-17F is less
potent than IL-17A, and the heterodimer has an intermediate efficacy [34]. The functions of IL-17B,
IL-17C and IL-17E are less defined. Nonetheless, IL-17E (also referred to as IL-25), which shares the
lowest homology with IL-17A, was involved in allergy reactions and in immunity against parasites [35].
Although their production is the hallmark of Th17 cells, both IL-17A and -F can also be produced by
γδT cells, natural killer T (NKT) cells, neutrophils and eosinophils [36].

The receptor of IL-17 (IL-17R) is a transmembrane protein composed of a 27 amino acid (aa)
N-terminal signal peptide, a 293 aa extracellular domain, a 21 aa transmembrane domain and
a cytoplasmic tail of 525 aa [37]. Particular motives have been identified within these domains:
fibronectin type III (FnIII) regions in the extracellular portion of the protein and similar expression
to fibroblast growth factor genes (SEFIR) motif inside the cytoplasmic tail. Five members of the
IL-17R family have been identified so far and designated as IL-17RA, IL-17RB, IL-17RC, IL-17RD
and IL-17RE (Figure 1). Each of these members is a subunit that needs to associate with another one
to form the functional receptor [38]. The subunit IL-17RA is ubiquitous, and is encoded by a gene
situated on chromosome 22, while others are encoded by a cluster on chromosome 3 [23,33]. It is
also a common co-receptor subunit for other members of the IL-17 family. Conversely, IL-17RC
subunit was an obligate co-receptor for IL-17RA to mediate IL-17A, IL-17F and IL-17A/F signaling [39].
Other members of the IL-17 family, IL-17B, IL-17C, and IL-17E respectively bind IL-17RB, IL-17RA/RC,
and IL-17RA/RB [40]. IL-17D as well as IL-17RD matches remain unfound yet [36]. In any case,
ligand fixation activates IL-17RA and transduces signal through the phosphorylation of Mitogen
Activated Protein Kinases (MAPK) and Nuclear Factor-κB (NF-κB) via TNF Receptor Associated
Factor-6 (TRAF6). Interaction with NF-κB protein (Act1) has also been reported [41]. To comfort this,
Act1 knockdown experiences showed abrogation of IL-17 induced inflammatory gene expression and
NF-κB activation [42]. The structural data about SEFIR domains of IL-17RA, IL-17RB and IL-17RC are
accumulating and suggest a key role of the αC-helix in the SEFIR-SEFIR interactions with Act1 [43].
Secondary to Act1 and TRAF6 activation, Iκβ kinase (IKK) phosphorylates p105, which releases Tumor
Progression locus 2 (TPL2). TPL2 then phosphorylates MEK1, which activates ERK1 and ERK2 and
ultimately leads to transcription factors phosphorylation and gene expression modulation [44].

 

Figure 1. Interleukin 17 and interleukin 17 receptor family members.
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2.3. IL-17 and Cancer

If the efficacy of IL-17 pathway inhibiting therapies in inflammatory disease like rheumatoid
arthritis or psoriasis has been clearly established [45], it still has to be validated as a target for cancer
treatment given its double-edged role in cancer. Indeed, since its primary detection in human cancers
including breast, gastric and prostate cancer [46–51], the role of IL-17 in oncology has been highly
debated and controversial [52].

2.3.1. IL-17 and Cervical Cancer

One of the earliest publications arguing in favor of a deleterious tumor enhancing effect of IL-17
was the study from Tartour et al. [53]. They observed that cervical cancer cell cultured with IL-17
had an increased production of both IL-6 and IL-8 mRNA and proteins levels. Although no direct
effect on proliferation had occurred in vitro, the tumor size was increased when nude mice were
transplanted with two cell lines transfected with IL-17-encoding-cDNA as compared to the parent
tumor. Of note, IL-6 level and macrophage number was raised at the tumor site. Punt et al. also
reported cell index-stimulating effects of IL-17 and observed it was present mainly in neutrophils (66%),
mast cells (23%) and at a lesser level in innate lymphoid cells (8%). From patients’ tissue samples, they
observed that a higher number of neutrophils was correlated with a poorer survival [54].

2.3.2. IL-17 and Breast Cancer

Several articles brought evidence for a protumor role of IL-17. Lyon et al. confronted the blood
levels of diverse cytokines from 35 patients newly diagnosed with breast cancer (BC) to patients with
negative breast biopsy [55]. They observed that IL-17, IL-6 and GCS-F were significantly more elevated
in breast cancer patients than in control though no correlation with prognosis was made. Zhu et al.
were the first to propose a study to analyze the expression in situ of IL-17 in BC. On immunostaining,
IL-17 was located particularly to the peritumoural area concomitantly to a macrophage infiltration.
Then, they evaluated Four BC cell lines (MDA-MB231, MDA-MB435, MCF7 and T47D) on matrigel
invasion assay. IL-17, as well as TNF, markedly increased invasion for MDA-MB231 and MDA-MB435.
When adding matrix metalloproteinase (MMP) inhibitors to cell cultures, the IL-17-dependent invasion
was inhibited [56]. Other authors suggested that tumor favoring effects of IL-17 may occur via
an increase in suppressive functions of myeloid-derived suppressor cells (MDSCs) through the
CXCL1/5–CXCR2 axis. In this study, anti IL-17-blocking antibodies were reported to dramatically
decrease tumor growth and the number of MDSCs in mice [13]. Angiogenesis-promoting effects
of IL-17 in breast tumor cell grafts in vivo as measured by microvascular density has also been
reported [57]. In contrast with these results, some authors reported anti-tumor activity of the IL-17
family members. Furuta et al. observed caspase-dependent pro-apoptosis effects of IL-17E on culture
cells as well as xenografts [58].

Nevertheless, our team also observed that human breast cancer cell lines expressed IL-17RA and
IL-17RC, and stimulation with IL-17A recruited the MAPK pathway by upregulating phosphorylated
ERK1/2 as reported in previous studies [59]. This mechanism lead to enhanced migration, invasion
and resistance to chemotherapy, and was abrogated by anti-IL17A antibodies [60].

Our next step was to further assess the molecular signaling after stimulation of human breast
cancer cell lines with IL-17A and IL-17E. The result was an induction by both cytokines of the
phosphorylation of c-RAF, ERK1/2 and p70 S6 Kinase, which are known to be involved in the
proliferation and survival of tumor cells [61]. Besides, unlike findings by other authors [58,62,63],
IL-17A or IL-17E did not induce apoptosis in IL-17RB-expressing human breast cancer cells but
conversely exacerbated cell resistance to docetaxel [61]. Another argument in favor of a protumor
impact of IL-17A and -E was the detection of an enhanced generation of low molecular weight forms
of cyclin E (LMWE) in the four different cell lines (MCF7, T47D, MCF10A and IJG-1731) [61], which
has been described as a negative factor in cancer [64].
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2.3.3. IL-17 and Prostate Cancer

Chronic inflammation and eventually atrophy are implicated in prostate cancer [65]. The first
report of the presence of an IL-17R-like receptor in prostate cells was in 2002 [46]. The year after, another
study confirmed that IL-17 expression was low in normal prostate cells, whereas it was elevated in
58% of cancer cells and 79% in benign prostatic hypertrophy cells. Concerning IL-17 receptor, it was
ubiquitously detected [47]. Only years later, You et al. identified the reported transmembrane protein
to be IL-17-RC of which they reported several isoforms both in hormone-dependent and independent
prostate cancers [66]. Moreover, a study analyzed cell signaling mediated by IL-17A ex vivo, and
found that ERK pathway and NF-κB were activated but cell growth was not modified. Besides, several
chemokines (CXCL1, CXCL2, CCL2, and CCL5) and IL-6 expression level were increased [67].

Liu et al. investigated whether obesity played a role in prostate cancer (PC) development [68].
In a mice model of obesity they found a higher rate of PC [69]. Obese subjects developed a chronic
inflammatory state with increased serum levels of IL-17, insulin, and insulin-like growth factor
1 (IGF1). They also observed that hyperinsulinemia reinforced IL-17-induced expression of downstream
proinflammatory genes with increased levels of IL-17RA, resulting in the development of more invasive
prostate cancer. Glycogen synthase kinase 3 (GSK3) is constitutively attached to the phosphorylation
of IL-17RA at T780 and its activation leads to ubiquitination and proteasome-mediated destruction of
IL-17RA, which ultimately blocks IL-17-mediated inflammation [68]. Concordantly, phosphorylated
IL-17RA was decreased, and its IL-17RA mRNA levels were raised in the proliferative human
prostate cancer cells compared to the normal cells. Besides, Insulin and IGF1 enhanced IL-17-induced
inflammatory responses through suppressing GSK3 in cultured cell lines and in obese mouse models
of prostate cancer indicating crosslink between the insulin receptor pathway and IL-17 signaling [68].
From a therapeutic point of view, GSK3-targeting may lead to the suppression of IL-17-mediated
inflammation and could prevent appearance of prostate cancer in obese men. The same authors very
recently added evidences from murine experiences that IL-17-mediated prostate cancer promotion may
occur through epithelial to mesenchymal transition via MMP7 enhancement [70]. This mechanism is
concordant with a progressive transformation of prostate cancer cells exposed to chronic inflammation
via IL-17-recruiting of inflammatory cells and ultimately a loss of adhesion. The improved invasiveness
through metalloproteinase expression allows them to digest extracellular matrix as well as the basal
membrane and thus expand.

2.3.4. IL-17 and Gastric Cancer

Only a few studies evaluated IL-17 in gastric cancer. Zhou et al. investigated the immortalized
AGS human gastric adenocarcinoma cell line. They demonstrated that IL-17A and possibly
IL-17F could initiate transduction pathways, increase expression of MAPKs and recruit neutrophils
participation in gastric inflammation and thus promote cancer progression through IL-17R docking.
These effects were significantly abrogated by disrupting IL-17RA or IL-17RC signaling, therefore
evocating their participation in gastric cancer [71]. Interleukin-17B acts in a paracrine fashion since
it has also been detected locally in gastric cancer but only at low levels, whereas the expression
of its receptor IL-17RB was increased and correlated with poor prognosis. Surprisingly, IL-17E
expression was absent in the stomach. Evaluation of the IL-17B/17-RB axis in gastric cancer cells,
reported that it promoted proliferation and migration as well as stemness phenotype as assessed by
the detection of stem cells markers Oct4, Nanog, Lgr5, Sall4 [72]. The mechanism was an activation of
the AKT/GSK-3β/β-catenin pathway.

2.3.5. IL-17 and Colon Cancer

Colorectal cancers develop from normal colonic epithelium in a four-step progression of gene
alterations [73]. The study by Cui et al. evaluated the dynamic variations of the expression of IL-17A
in the tumor microenvironment during the colorectal adenoma-carcinoma sequence. Results are in
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favor of a progressive increase of IL-17 mRNA level throughout the sequence which was correlated
with dysplasia severity. By immunohistochemistry (IHC), they confirmed these results by observing
that Th17 presence was growing gradually in both stroma and adenomatous/cancerous epithelium.
Th17-stimulating factors like IL-1β, IL-6, IL-23, TGF-β and housekeeping gene β-actin were also
increased in real-time PCR, which indirectly reflects an activation of Th17 cells along the sequence [74].
To complete this observation, Al-Samadi et al. reported an increased level of IL-17B in CRC in both
epithelial and stromal compartments, while IL-17F was decreased. Concerning IL-17E, no difference
was noted between altered and healthy tissues [75]. For IL-17C the expression pattern was dependent
on the grade of the differentiation.

In 2016, Housseau et al. reported a redundant role for adaptive and innate γδT17 cell-derived
IL-17 in a model of bacteria induced colon carcinogenesis [76]. Notably, they observed that knocking
out STAT3 in CD4+ T cells delayed tumorigenesis but failed to definitely suppress colonic tumors
appearance. IL-17 appeared critical for the emergence of colonic tumors, although this cytokine is
secreted by another source than cancer cells. The source responsible for this relay of IL-17 secretion may
be mucosal γδT17 cells because genetic ablation in ETBF-colonized Th17 deficient mice prevented the
late emergence of colonic tumors. When they examined human colon cancer samples, both Th17 and
γδT17 cells were found. Finally, when they inoculated MC38 colon cancer cell line in IL-17−/− mice, it
had an enhanced growth and developed metastases to the lungs more frequently than nondeficient
mice. The explanation could be a reduction in IFNγ producing NK and CD8+ cells [27].

2.3.6. IL-17 and Lung Cancer

In 2015, Pan et al. investigated the impact of IL-17 in non-small cell lung cancer (NSCLC) [77,78].
Ex vivo, they observed that IL-17 could induce VEGF secretion in cancer cell lines. This effect was
dependent of the STAT3-Gα–Interacting Vesicle-associated protein (GIV) pathway and was abolished
when cells where exposed to small interfering RNA (siRNA) [77]. In patients, they observed that those
with increased levels of serum IL-17 had a poorer survival and an enhanced angiogenesis compared
to healthy control [78]. To comfort that, exposure of three different NSCLC cell lines to IL-17 has also
been reported to increase neoangiogenesis and to promote in vivo tumor growth in SCID mice through
a CXCR-2-dependent mechanism. IL-17 up-regulated several pro-angiogenic CXC chemokines including
CXCL1, CXCL5, CXCL6 and CXCL8. Inhibition of IL-17 with monoclonal antibodies abolished this
up-regulation. Noteworthy, direct stimulating effect on cell cultures was not observed [79].

2.3.7. IL-17 and Skin Cancer

Several studies reported effects of IL-17 on tumor progression, growth and migration in skin
cancer cell culture as well as in mice [80,81]. Both basal and squamous cell cancer cell types were
responsive to IL-17 stimulation. Similar to other cell types, cytoplasmic adaptor Act1 has been reported
as critical for IL-17R signaling and ultimately tumor formation [82]. The authors also described a novel
IL-17-mediated cascade starting from IL-17R and leading to ERK5 activation via recruitment of Act1,
TRAF4 and MEKK3. At a genetic level, the metalloreductase Steap4 and transcription factor p63
were reported to be overexpressed at the end of the cascade and to create a positive feedback through
p63-mediated TRAF4 expression.

Wang et al. studied the role of IL-17 in cell lines growth of melanoma (B16) and bladder carcinoma
(MB49) [83]. Both had a reduced expansion in IL-17−/− mice, and were enhanced in IFNγ−/− mice as
a consequence of an elevated intra-tumor IL-17 level. IFNγ probably plays a minor or an upstream
role since double knockout (KO) mice are resistant to tumor cell growth like IL-17−/−. In vitro, the
cell proliferation promoting-effect was modest. In each cell line, IL-6 production was stimulated by
signal transducer and activator of transcription (Stat3). The same was observed in tumor associated
stromal cells such as fibroblasts, endothelial cells and dendritic cells. The pro-angiogenic effects of
IL-17 such as angiogenic factor secretion by endothelial cells and improved cell migration were also
dependent of STAT3 activation. In absence of IFNγ, tumors were characterized by an important
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production of IL-17 and IL-6 by tumor infiltrating cells and tumor cells. When blocking IL-6, tumor
progression was partially reversed indicating that the protumor activity of IL-17 needs IL-6 in
a STAT3-dependent pathway.

2.3.8. IL-17 and Brain Tumors

IL-17 has not been suggested to play a role in brain tumors except for gliomas. A clinical study
compared blood levels of IL-17 in 80 brain tumors versus 26 healthy patients and found it was elevated
in 30% of gliomas, 4% of meningioma, 5.5% of schwannoma, and none of the control group [84].
When exposed to IL-17, diverse glioma cell lines showed an increased expression of IκB-α mRNA and
IκB-α protein degradation. Besides, IL-17 also stimulated IL-6 and IL-8 alone and in a potentiated
fashion when combined with IL-1β [85]. In vivo, the presence of Th17 lymphocytes and IL-17A
mRNA was demonstrated in glioma from mouse and human yet without assessing their impact in that
situation [86]. The presence of Th17 cells in the glioma microenvironment was further investigated
by Cantini et al. [87]. The authors reported Th17 and Treg cells infiltration in mouse glioma to be
time-dependent. Then, they injected spleen-derived Th17 from naive (nTh17) or glioma-bearing mice
(gTh17) concomitantly to GL261 glioma cell lines in immune-competent mice. All Th17 lymphocytes
showed high levels of IL-17mRNA, variable levels of IL-10 and IFNγ but lacked Foxp3. Survival was
significantly shorter and tumor size larger in mice injected with gTh17 than nTh17. Analysis of the
microenvironment showed that in tumors co-injected with nTh17, high expression of IFNγ and TNF
was present, whereas, in comparison to gTh17 IL-10 and TGF-β, were at least two times more expressed.
Note that direct exposure of glioma cell lines to IL-17 did not stimulate cell growth. Hu et al. suggested
indirect tumor-promoting effects of IL-17 via accelerated angiogenesis [88]. Glioma graft growth in
mice transfected with an IL-17 vector was superior to the mock vector, as was the mRNA expression
levels of CD31 in tumor tissues.

Some authors reported tumor-protective effects of Tregs in glioma. IL-17+ Tregs were identified in
abundance in surgically removed high-grade glioma, and co-culture provoked an inhibition of CD8+
T cells proliferation. Tregs suppressive effects are probably mediated by TGF-β and IL-17 because
selective antibodies against each of the cytokine blocked the inhibition of CD8+ and when both IL-17
and TGF-β were targeted, the effect was potentiated [89].

Recently, functional IL-17R has been detected in glioma stem cells and suggested as an interesting
target [90].

2.4. IL-17 and Hepatocarcinoma

Zhang et al. observed in 2009 that IL-17+ cells were strongly represented in human hepatocellular
carcinoma (HCC) and their level was correlated with both microvessel density in tissues and poor
survival for patients [91]. They also reported that most of these IL-17+ cells were Th17 (CD4+) and
a significant number amongst them were CD8+ T cells. Later, the same team found that tumor-activated
monocytes could enhance the proliferation of these CD8+ T cells [92].

2.5. IL-17 and Sarcoma

The activation of IL-17R at the surface of synovial sarcoma cells by IL-17A [64] was found to
recruit ERK1/2, p38 MAPK and c-Jun N-terminal kinases (JNKs), and then to activate AP-1, finally
leading to an increase of MMP-3 mRNA and protein expression, which has been shown to stimulate
tumor development in breast and lung [93,94]. On the other hand, an intact IL-17/IL-17R axis
has been reported to improve immunogenic cell death after chemotherapy [95]. Another study by
O’Sullivan et al. also regroups experiments on sarcoma cells lines among other cancer types with
a focus on IL-17E [96]. They observed that the cytokine mediated tumor rejection through the
recruitment of NK cells probably by stimulating the production of chemokine MCP-1.
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3. Conclusions

Very soon after its discovery, researchers have been exploring the relationships between the
IL-17 pathway and cancer development and progression. The presence of IL-17 and Th17 cells
has been confirmed in almost all types of invasive cancers rare or frequent. Taken together, our
data support cell proliferation, tumor growth and progression and treatment resistance through cell
IL-17R signaling activation and probably crosslinks with other receptors such as EGFR, or IGFR.
Analysis of patients’ blood or tissue samples was more often reported in favor of a negative impact
of high values of IL-17 and IL-17-secreting cells. Nevertheless, a few studies have also reported
anti-tumor activity. The presence of regulator T lymphocytes, as well as cytokines other than IL-17
present in the microenvironment modulate the immune response and orientate the balance towards
cancer immunogenicity or immunosuppression. Our present work underscore IL-17/IL-17R axis as
a promising immunotherapeutic target, and calls upon further in vitro and in vivo studies that would
allow the development of novel strategies to combat tumors.
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MUC/EGFR/IL17 et l’autophagie sont associés à la résistance à la chimiothérapie ou aux thérapies ciblées dans les 
cancers du sein triple négatif.    

 

Le cancer du sein triple négatif (TN) est un cancer présentant des résistances aux agents de chimiothérapie. Malgré la forte expression de l’EGFR, 
il est aussi résistant aux agents anti-EGFR. Ces mécanismes de résistance ne sont pas connus. MUC1 est une protéine transmembranaire 
largement glycosylée. Sa fonction extracellulaire est impliquée dans la régulation des récepteurs membranaires, dont l’EGFR. Comme les autres 
glycoprotéines membranaires, son unité extracellulaire (MUC1-N) peut moduler la réponse cellulaire immune par hypersialylation. Son unité  
intracellulaire (MUC1-C) possède des sites de phosphorylation impliqués dans plusieurs voies de signalisation telles que PI3K/AKT/mTOR ou  
RAS/RAF/MEK/ERK. Ces dernières régulent l’autophagie qui est un mécanisme de survie cellulaire associé à la résistance aux agents de 
chimiothérapie. Nous avons démontré que les TN présentaient des modifications quantitatives et qualitatives de l’expression de MUC1, altérant 
probablement les régulations des voies associées à MUC1/EGFR dont l’autophagie. L’activation de l’autophagie explique la résistance aux 
traitements des agents de chimiothérapie. L’IL17 est un facteur pro-inflammatoire secrété par du microenvironnement tumoral et associé 
également à la résistance des agents de chimiothérapie des TN, par activation de la voie MEK/ERK, suggérant son implication à activer 
l’autophagie. En conclusion, nos travaux permettent d’émettre l’hypothèse que l’inhibition de l’autophagie et/ou MUC1 et/ou IL17 pourrait 
augmenter la sensibilité aux traitements de chimiothérapie ou des thérapies ciblées dirigées contre les TN.   

Mots-clés :  MUC1, EGFR, IL17, autophagie, triple-négatif, sein, cancer 

 

 

MUC1/EGFR/IL17 and autophagy are associated in resistance of chemiotherapy or targeted therapy in triple 
negative breast cancer. 

 

Triple negative breast cancer (TN) is often associated to chemioresistance. Despite an EGRF over-expression, TN is also resistant to anti-EGFR 
drugs. These resistance mechanisms are not known yet. MUC1 is a transmembrane broadly glycosylated protein. Its extracellular unit (MUC-N) 
is involved to membrane receptor regulations, as EGFR. As other membrane glycoproteins, MUC1 could modulate, by over-sialylation, the 
immune cellular response. Its intracellular unit (MUC-C) presents phosphorylation sites involved in numerous signal pathways such as 
PI3K/AKT/mTOR or RAS/RAF/MEK/ERK. Both pathways regulate autophagy which is a survival cellular mechanism associated to resistance of 
chemiotherapy drugs. We showed that TN presents quantitative and qualitative MUC1 alterations, likely associated with dys-regulation of 
autophagy/MUC1/EGFR pathways. The activation of autophagy explains the chemiotherapy resistance. IL17 is a proinflammatory interleukin 
secreted by the tumor microenvironment. In TN, IL17 is also associated to chemiorestistance throughout the MEK/ERK pathways, suggesting its 
involving activating autophagy.In conclusion, our work allows us to hypothesize that inhibition of autophagy and/or MUC1 and/or IL17 could be 
increasing the sensibility to chemiotherapy or targeted therapies against TN.  

Key words : MUC1, EGFR, IL17, autophagie, triple-negative, breast, cancer 
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