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Claude Lesty, Clémentine Gabillaud, Eric Durot, Stéphanie Struski, Audrey Bidet, Elodie
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Feugier, Beatrice Mahe, Laurence Sanhes, Alain Jacques Delmer, Loic Ysebaert, Malgorzata
Truchan-Graczyk, Brigitte Dreyfus, Choquet Sylvain, Thérese Aurran, Emmanuelle Ferrant,
Caroline Dartigeas, Stéphane Leprétre, Gian Matteo Pica, Frederic Davi, Bruno Pereira, Roselyne
Delepine, Anna Schuh, Romain Guieze, Jacques-Olivier Bay, Véronique Leblond, Helene Merle-
Beral, Sophie de Guibert, Olivier Tournilhac; Blood 2018; 132 (Supplement 1): 3127. doi:
https://doi.org/10.1182/blood-2018-99-116722. American Society of Hematology Annual
Meeting, San Diego, 2018
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(Reims), Frederic Davi (Paris), Delabesse Eric (Toulouse), Marie-Helene Estienne (Tours),
Pascaline Etancelin (Rouen), Olivier Kosmider (Paris), Sophie Laibe (Marseille), L. Lodé
(Montpellier), Marc Muller (Vandceuvre Lés-Nancy), Nathalie Nadal (Dijon), Dina Naguib (Caen),
Cédric Pastoret (Rennes), Florence Cymbalista (Bobigny), Fanny Baran-Marszak (Bobigny),
Thierry Soussi (Solna, SUEDE). Congrés de la Société Francaise d’Hématologie, Paris, 30 mars —
ler avril 2022

Profil mutationnel des LLC et SLP-B avec réarrangement BCL3 : résultats préliminaires. Hedi
Bensaber, Florence Nguyen-Khac, Andrei Tchirkov, Olivier Tournilhac, Bruno Pereira, Louis-
Thomas Dannus, Romain Guieze et Lauren Véronése. Jeunes experts dans les
Leucémies/Journées du FILO, Dijon, 23-25 novembre 2022 (récompensé du prix FILO-ELLYE)
Etude GFCH/FILO du profil mutationnel des leucémies lymphoides chroniques et autres
syndromes lymphoprolifératifs B avec translocation /G::BCL3. Lauren Véroneése, Florence
Nguyen-Khac, Hedi Bensaber, Olivier Tournilhac, Bruno Pereira, Louis-Thomas Dannus,
Romain Guieze et Andrei Tchirkov. Journées du College Universitaire et Hospitalier des
Histologistes, Embryologistes, Cytologistes et Cytogénéticiens. Lille, 9-11 mars 2023
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ABBREVIATIONS

ATM
BCL2
BCL3
BCLXL
BIRC3
BRCA1
BTK
CXCR4
ERCC1
FBXW7
FILO
GFCH
hTERC
hTERT
IGHV
LDH
MAPK
MCL1
MLPA
MYD88
NOTCH1
PCR
PEST
PLCy2
POT1
RAP1
SF3B1
TIN2
TP53
TPP1
TRF1-TRF2
XPO1
VEGF
VEGFR

ATM Serine/Threonine Kinase

BCL2 Apoptosis Regulator

BCL3 Transcription Coactivator

BCL2-like 1 (= BCL2L1)

Baculoviral IAP repeat containing 3

BRCA1 DNA Repair Associated

Bruton Tyrosine Kinase

chemokine (C-X-C motif) receptor 4

excision repair cross-complementing rodent repair deficiency, complementation group 1
F-box and WD repeat domain containing 7, E3 ubiquitin protein ligase
French Innovative Leukemia Organization

Groupe Francophone de Cytogénétique Hématologique

Human telomerase RNA Component

Human telomerase reverse transcriptase

Région variable du gene des chaines lourdes des immunoglobulines
Lactico-déshydrogénase

Mitogen activated protein kinase

Myeloid Cell Leukemia 1

Multiplex ligation probe amplification

Myeloid differentiation primary response gene 88

Notch receptor 1

Polymerase chain reaction

Proline (P), acide glutamique (E), sérine (S) et thréonine (T)
Phospholipase Cy 2

Protection of telomeres 1

Repressor/Activator Protein 1 (actuellement nommé TERF2IP pour TERF2 Interacting Protein)
Splicing factor 3b, subunit 1

TERF1 interacting Nuclear protein 2 (actuellement nommé TINF2)
Tumour protein p53

Tripeptidyl-peptidase 1

Telomeric repeat binding factor 1 et 2 (actuellement nommé TERF1 et TERF2)
Exportine 1

Vascular endothelial growth factor

Vascular endothelial growth factor receptor
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TRAVAUX DE RECHERCHE

1. Avant-propos

L'étude de la leucémie lymphoide chronique (LLC) constitue une thématique identifiante en
Hématologie a Clermont-Ferrand, concentrant la majeure partie des efforts de recherche clinique et
biologique. Elle constitue I’héritage scientifique du Pr Travade, qui est entretenu grace a

I'investissement durable du Pr Tournilhac et du Pr Guieze, localement et dans les groupes nationaux.

Le Pr Tchirkov, reconnu pour son expertise dans le domaine des télomeéres, a construit a
Clermont-Ferrand une thématique télomere et cancers, déclinée en hématologie initialement dans la
LLC, en collaboration avec le Pr Travade puis le Pr Tournilhac, et plus récemment dans la leucémie

myéloide chronique (LMC), avec le Pr Berger.

J'ai intégré ces thématiques dés mon master 2 dans I'équipe d’accueil EA 3846 ("Thérapie
ciblée combinatoire en onco-hématologie", Université d’Auvergne/Centre Jean Perrin) sous la
direction du Pr Tchirkov : mon intérét s’est porté sur |’évaluation de marqueurs pronostique au cours
de la LLC, en particulier la valeur pronostique et des mécanismes moléculaires de I'expression de MCL1.
Jai poursuivi ces travaux sur la LLC dans le cadre de mon Doctorat d’Université réalisé sous la co-
direction du Pr P. Vago et du Pr A. Tchirkov et portant sur I’étude des marqueurs du pronostic et de
I'instabilité génomique au cours de la LLC. Ces travaux ont été réalisés dans le cadre de I'équipe
d’accueil 4677 ERTICa « Equipe de Recherche sur le Traitement Individualisé du Cancer » en étroite
collaboration avec I'équipe d’accueil 7283 CREaT « Cancer Resistance Exploring and Targeting ».
L’équipe ERTICa a évolué en UMR1240 IMOST « Imagerie Moléculaire et Stratégies Théranostiques »
(Université Clermont Auvergne, INSERM) et I'’équipe CREaT est devenue apres restructuration I'équipe
d’accueil 7453 CHELTER « Clonal Heterogeneity, Leukemic Environment, Therapy Resistance of Chronic

Leukemias », équipe a laquelle j'appartiens actuellement, dirigée par le Pr Berger.

D’autre part, j’ai développé des interactions scientifiques au sein du Groupe Francophone de
Cytogénétique Hématologique (GFCH) pour participer a des travaux collaboratifs centrés sur la
cytogénétique de la LLC, qui constitue le lien entre les thématiques clermontoises et mon activité

hospitaliére.
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2. Résumé du travail doctoral
Titre : « Leucémie lymphoide chronique : Etude des marqueurs du pronostic et de l'instabilité
génomique »

La leucémie lymphoide chronique (LLC), hémopathie lymphoide fréquente, se caractérise par
une évolution clinique extrémement variable. Bien que les marqueurs de pronostic soit nombreux dans
la LLC, aucun n’est univoque. Dans ce contexte, identifier de nouveaux facteurs prédictifs et
comprendre la pathophysiologie de marqueurs pronostiques déja établis constituent deux objectifs
importants pour améliorer la prise en charge thérapeutique de cette hémopathie.

Nous avons tout d’abord choisi d’étudier la valeur pronostique et les mécanismes de régulation
de I'expression du gene anti-apoptotique MCL1. Nous avons montré que |'expression de MCL1 est un
marqueur prédictif de la survie globale parmi I’ensemble des patients et parmi les stades précoces ; ce
marqueur est également prédictif de la survie sans traitement des patients en stade A. Ainsi,
I’expression de MCL1 permet d’identifier précocement les formes de LLC a haut risque et faible risque
d’évolution défavorable. Nous avons également démontré que |'expression de MCL1 est fortement
corrélée a I'expression de VEGF, confirmant le réle de cette voie de signalisation dans la survie des
lymphocytes tumoraux et suggérant que VEGF pourrait réguler positivement I'expression de MCL1

selon un mode autocrine.

VERONESE L, TOURNILHAC O, VERRELLE P, DAVI F, DIGHIERO G, CHAUTARD E, VEYRAT-MASSON R,
KWIATKOWSKI F, GOUMY C, VAGO P, TRAVADE P, TCHIRKOV A. Low MCL-1 mRNA expression
correlates with prolonged survival in B-cell chronic lymphocytic leukemia. Leukemia. 2008; 22(6): 1291-
3. cf page 63

Encadrement d’une étudiante en Master 1 : L. COGNERAS (2010)

Nous avons évalué l'intérét de la technique de MLPA (multiplex ligation probe amplification)
pour la mise en évidence des anomalies cytogénétiques récurrentes a valeur pronostique de la LLC.
Nous avons montré qu’il existe une bonne concordance entre la technique de référence et la MLPA,
qui constitue une approche rapide et peu colteuse pour la recherche d’anomalies génomiques
présentes dans une majorité de cellules malignes. Nous avons cependant mis en évidence des cas
intéressants de faux-positifs et de faux-négatifs avec la MLPA, indiquant que cette méthode ne peut
pas remplacer les techniques classiques, mais constitue une approche complémentaire permettant

une évaluation simultanée de divers déséquilibres.

VERONESE L, TOURNILHAC O, COMBES P, PRIE N, PIERRE-EYMARD E, GUIEZE R, VEYRAT-MASSON R,
BAY JO, VAGO P, TCHIRKOV A. Contribution of MLPA to routine diagnostic testing of recurrent genomic
aberrations in chronic lymphocytic leukemia. Cancer Genet. 2013 Jan-Feb;206(1-2):19-25

Encadrement d’un étudiant en Master 1 : J. DISSARD (2008)
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Enfin, nous avons ensuite exploré la fonction télomérique en rapport avec les anomalies

chromosomiques a valeur pronostique, reflets de I'instabilité génomique.

3. Télomeres et anomalies cytogénétiques de la LLC

a. Introduction

En 1990, Juliusson et al. fut le premier a démontrer que les aberrations chromosomiques mises
en évidence par le caryotype présentent une valeur pronostique indépendante dans la LLC (1). Par la
suite, l'utilisation d’agents mitogenes spécifiques des lymphocytes B a permis d’obtenir un caryotype
analysable dans plus de 90% des cas avec des anomalies clonales dans 53% a 83% des cas selon les
séries (2—-4). La description des anomalies cytogénétiques de la LLC s’est donc enrichie, avec
notamment des translocations réciproques rares et des caryotypes complexes (>=3 anomalies) voire
hautement complexe (>=5 anomalies) (5—-8). Parallelement, la FISH interphasique, qui s’affranchit de
I’obtention d’une division cellulaire in vitro, permet de détecter des déséquilibres chromosomiques
dans 82% des LLC, de stratifier les malades en groupe de risque (9) et, pour certaines, comme la
délétion 17p ou 11q, de guider la stratégie thérapeutiques (10,11). En pratique, ces 2 approches de
cytogénétique conventionnelle sont actuellement combinées pour mettre en évidence |'éventail des
anomalies chromosomiques a valeur pronostique comportant les anomalies récurrentes classiques
(délétion 13q, trisomie 12, délétion 11q et délétion 17p), les caryotypes complexes et les

remaniements plus rares.

Plus récemment, les techniques de séquencage, d’abord par technique de Sanger, puis par
séquencage haut débit, ont permis de décrire le paysage moléculaire de la LLC. Des mutations du gene
suppresseur de tumeur TP53 ont d’abord été rapportées, généralement en association avec une
délétion de I'autre alléle en 17p (12). La disruption de TP53 constitue le facteur de chimiorésistance le
plus important dans la LLC (13). De plus, la valeur pronostique péjorative majeure de cette inactivation
de TP53, largement démontrée a I'époque de I'immunochimiothérapie (14-16), persiste a I'ere des
thérapies ciblées (17-21). Par la suite, I'étude de I'exome ou du génome entier a identifié diverses
mutations, soit initiatrices et spécifiques de la transformation des cellules B, soit au contraire

passageres (22).

Au total, au lieu de révéler un événement cytogénomique unique a l'origine de la
leucémogene, I'ensemble de ces données cytogénétiques et moléculaires met en évidence une
importance hétérogénéité inter-patients, qui semble sous-tendre en partie la diversité de I'évolution

des patients. De plus, I'évolution clonale, qui survient de fagon linéaire ou non selon la nature des sous-
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clones et des traitements administrés au patient, est un élément clé de la rechute et de la progression

au cours de la LLC (22,23).

Les télomeres sont des complexes nucléoprotéiques protégeant les extrémités
chromosomiques linéaires chez les eucaryotes de la dégradation ou de réparations aberrantes (24) :
ils permettent par conséquent le maintien de I'intégrité du génome. Ils comprennent des séquences
nucléotidiques répétitives (TTAGGG) et le complexe protéique shelterin constitué des protéines TRF1
et TRF2 (ou TERF1 et TERF2), TIN2 (ou TINF2), POT1, TPP1 et RAP1 (encore nommé TERF2IP) (25,26).
La fonction protectrice des téloméres requiert une quantité suffisante de répétitions télomériques
ainsi que l'intégrité du complexe shelterin. L'étude des télomeéres, qui raccourcissent a chaque division
cellulaire par réplication incomplete de I’ADN télomérique, a fourni des arguments en faveur de
I'existence d’un compartiment prolifératif dans la population tumorale de la LLC; |’érosion
télomérique importante observée dans certains cas de LLC indique notamment que le clone
leucémique peut avoir une activité proliférative accrue (27). Sur le plan physiopathologique, cette
érosion télomérique satellite de la croissance tumorale pourrait favoriser la survenue des aberrations
chromosomiques et promouvoir I'évolution de la leucémie : les cellules de LLC subiraient une crise

télomérique durant la progression de la maladie, qui serait responsable de I'instabilité génomique (27).

b. Téloméres et instabilité génomique de la LLC

L. VERONESE, O. TOURNILHAC, M. CALLANAN, N. PRIE, F. KWIATKOWSKI, P. COMBES, M. CHAUVET, F.
DAVI, L. GOUAS, P. VERRELLE, R. GUIEZE, P. VAGO, J.0. BAY, A. TCHIRKOV. Telomeres and chromosomal
instability in chronic lymphocytic leukemia. Leukemia 2013 Feb;27(2):490-3. Cf page 65

L'intégrité des téloméres dépend du complexe protéique shelterin intervenant dans la
structure des télomeres et dans I'activité de la télomérase, enzyme capable d'assurer I'élongation des
séquences d'ADN télomériques (24). Un raccourcissement télomérique est fréquent dans divers types
de cellules tumorales ou il est responsable par le biais d'une crise télomérique et d'une instabilité
génomique d'un effet sur la progression tumorale selon plusieurs modéles murins (28). De plus, un tel
raccourcissement induit normalement une réponse aux dommages a I'ADN, réponse qui peut s'avérer
inefficace -notamment en cas d’anomalie de TP53- aggravant encore |'instabilité génomique (29). La
protéine hTERT est une composante clef de la télomerase qui peut régénérer et stabiliser les téloméres
courts ce qui peut permettre a une cellule une prolifération sans limite. La dysfonction télomérique,
|’altération de des voies de réparation de ’ADN et 'activation de hTERT cooperent dans I'oncogenése
en permettant I'’émergence de clones génétiquement instables et dotés de capacités de prolifération

infinie (29-31).
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Dans la LLC, les cellules tumorales ont les télomeres les plus courts que I’'on peut observer dans
des tissus humains (27). La longueur des téloméres et le niveau d’expression de la sous-unité
catalytique de la télomérase hTERT constituent des facteurs de pronostic corrélés a la survie des
patients (27,32-38). L’existence de variations dans I'expression de génes impliqués dans le maintien
des télomeres (39) suggere I'existence d’une dysfonction télomérique globale pouvant participer a la
survenue d’anomalies cytogénétiques a valeur pronostique (27,33,40).

L'objectif de ce travail était d’étudier de fagon globale et descriptive la relation entre la présence
d’une dysfonction télomérique -évaluée par I'étude combinée de la longueur des télomeres par PCR
guantitative, de I'expression de hTERT, de I'expression des genes du complexes shelterin TRF1, TRF2
et POT1 par RT-PCR quantitative- et I'existence d’anomalies cytogénétiques, reflet de l'instabilité

génomique dans une série de 77 patients suivis au CHU de Clermont-Ferrand.

Une analyse de clustering hiérarchique non supervisé (Figure 1) combinant ou non les
caractéristiques cytogénétiques et télomériques nous a permis de mettre en évidence 3 sous-groupes
de patients présentant des profils cytogénétiques et télomériques distincts : le premier groupe associe
une cytogénétique favorable, des télomeres longs, une expression faible ou absente de hTERT et une
expression forte des génes du complexe shelterin ; le troisieme groupe se caractérise par de multiples
aberrations chromosomiques (en particulier délétion 17p et 11q), une augmentation de I’'expression
de hTERT et une diminution de la longueur des télomeéres et de I'expression de TRF1, TRF2 et POT1 ; le
deuxieme groupe est intermédiaire. L'altération du statut télomérique est par ailleurs associée a des
facteurs de pronostic défavorable, comme I'absence de mutation des IGHV, I'expression de CD38 et le

doublement rapide de la lymphocytose.

Le raccourcissement des télomeres et les modifications d'expression des génes du complexe
shelterin et de hTERT sont associés a I'augmentation du nombre d'anomalies chromosomiques, en
particulier les anomalies cytogénétiques a valeur pronostique péjorative. Ces résultats confirment
|'existence d'un lien entre statut télomérique et instabilité génomique au cours de la LLC et soulignent
le role de la perte de TP53 ou ATM dans cette dysfonction télomérique. Cette étude vient compléter
les données précédemment publiées, qui montraient soit I'impact clinique du raccourcissement des
téloméres ou de I'expression de hTERT, soit |'existence d’une association entre raccourcissement
télomérique et nature des anomalies génomiques, soit enfin I’existence d’altérations d’expression du
complexe shelterin, sans que ces divers parametres télomériques ne soient confrontés les uns aux

autres (32,33,39-41).

29



Figure 1. Clustering hiérarchique de 77 patients atteints de LLC en fonction du profil cytogénétique, du
niveau d’expression de hTERT, du niveau d’expression des genes du complexe shelterin (POT1, TRF1 et
TRF2) et de la longueur des télomeres.
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c. Télomeres et disruption TP53 au cours de la LLC

GUIEZE R*, PAGES M*, VERONESE L, COMBES P, LEMAL R, GAY-BELLILE M, CHAUVET M, CALLANAN M,
KWIATKOWSKI F, PEREIRA B, VAGO P, BAY JO, TOURNILHAC O, TCHIRKOV A. Telomere status in chronic
lymphocytic leukemia with TP53 disruption. Oncotarget 2016 Aug 30;7(35):56976-56985. *equal
contribution. Cf. page 69

Participation a I’encadrement d’une étudiante en Master 2 : M. PAGES (2013)

Encadrement d’un étudiant en Master 1 : V. POINTIS (2015)

D’aprés les données de la littérature, on peut émettre I’hypothése qu’une érosion télomérique
sévere ne peut avoir lieu dans les cellules de LLC que si les mécanismes de contréle des téloméres sont
défaillants (30). En ce sens, la disruption TP53 entraine la disparition d’'une des voies de signalisation
majeure responsable de I'apoptose en cas de raccourcissement extréme des télomeéres, et favorise par
conséquent la survie cellulaire, la poursuite des divisions cellulaires, I'érosion télomérique et la
survenue d’instabilité génomique. Les travaux de Roos et al. et de Rampazzo et al. ont d’ailleurs montré
gue lalongueur des télomeres est corrélée a la nature des anomalies génomiques, les télomeres courts
étant particulierement associés a la survenue d’anomalies cytogénétiques défavorables (délétion 17p

et 11q, caryotypes complexes) (33,40).

Nous avons donc poursuivi le travail précédent par la recherche de mutations du géne TP53
par séquencage Sanger, I'étude de I'expression des autres membres du complexe shelterin avec la
guantification des transcrits des génes RAP1, TPP1 et TINF2 et la recherche de signes de fragilité
télomérique par FISH pantélomérique dans une série de 115 patients suivis au CHU de Clermont-

Ferrand.

Nous avons montré qu’une relation similaire existe entre mutation/délétion TP53 et
perturbation du statut télomérique, avec raccourcissement des télomeres, forte expression de hTERT,
diminution d’expression des génes du complexe shelterin chez les patients TP53-mut/del et signes de
fragilité télomérique en FISH (Figure 2). La perte de signal télomérique (plus fréquente chez les patients
TP53-mut/del) témoigne d’une érosion télomérique avancée. Enfin, |'expression des génes TRF1 et

TPP1 est significativement diminuée dans le groupe des patients TP53-mut/del.

Ces résultats démontrent que les parameétres télomériques et les aberrations chromosomiques
sont affectés par la présence d’une dysfonction de la voie TP53, qu’il s’agisse indifféremment de la
conséquence d’une délétion 17p ou d’une mutation TP53. Ceci conforte nos précédents résultats

concluant a I'impact des délétions 17p et 11q sur 'instabilité génomique. Ces résultats suggerent que
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Figure 2 : Estimation de la taille des télomeéres en fonction du statut TP53 (A), clustering hiérarchique
de 115 patients atteints de LLC en fonction du statut TP53, de la taille des télomeres et du niveau
d’expression de hTERT et des membres du complexe shelterin (TRF1, TRF2, POT1, TPP1, RAP1, TIN2)
(B) et analyse télomérique qualitative (C). Les patients avec une diruption de TP53 (en rouge) sont
regroupés dans un cluster caractérisé par des télomeéres courts, une expression de hTERT et un faible
niveau d’expression des génes du complexe shelterin.
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la LLC pourrait suivre le modele de coopération entre perte de TP53 et dysfonction télomérique tel
qgue décrits dans des modeles murins d’oncogenése (29). La survenue concomitante de ces 2 lésions
génomiques pose toutefois la question de leur lien de causalité. D’autres coopérations sont possibles,
qui pourraient impliquer par exemple 'altération d’ATM dont le r6le dans la maintenance télomérique
et la réponse aux dommages a I’ADN est bien connu. D’autre part, ces résultats soulignent le réle de
la dérégulation de I'expression des genes TPP1 et TINF2 dans le désassemblage du complexe shelterin

et I'altération des télomeres.

4. Télomeres et cancers solides

a. Introduction

Le theme de I'équipe de recherche ERTICa (Equipe de Recherche sur les Traitements
Individualisés du Cancer) était I'optimisation de la prise en charge thérapeutique des tumeurs avec
une forte instabilité génétique, a travers le modeéle du cancer du sein triple négatif (TNBC). En
particulier, aucune thérapeutique ciblée (telle que le pembrolizumab, autorisé en 2022) n’était
disponible pour ces tumeurs triple-négatives lors de la réalisation de nos travaux, et le but de I'équipe
était d’identifier les meilleures options thérapeutiques, adaptées a la biologie des différents sous-

groupes de TNBC.

Parallelement, I'objectif principal de nos travaux était d’identifier des biomarqueurs
pronostiques et prédictifs de la réponse thérapeutique dans le cancer du sein et le cancer du poumon

non a petites cellules.

b. Statut télomérique et expression d’ERCC1 dans le cancer du sein

GAY-BELLILE M, ROMERO P, CAYRE A, VERONESE L, PRIVAT M, SINGH S, COMBES P, KWIATKOWSKI F,
ABRIAL C, BIGNON YJ, VAGO P, PENAULT-LLORCA F, TCHIRKOV A. ERCC1 and telomere status in breast
tumours treated with neoadjuvant chemotherapy and their association with patient prognosis. J
Pathol Clin Res 2016 Jul 13;2(4):234-246. Cf. page 79

Participation a I’'encadrement d’une étudiante en thése de sciences : M. GAY-BELLILE (2015-2017)

Les télomeres dysfonctionnels et la réparation des dommages a I'ADN jouent un role important
dans la progression du cancer de facon générale. Des corrélations ont été décrites entre ces facteurs

et l'agressivité de la tumeur et la survie dans le cancer du sein (42-51).

33



https://www.ncbi.nlm.nih.gov/pubmed/27785368
https://www.ncbi.nlm.nih.gov/pubmed/27785368

L'hétérodimere ERCC1-XPF (excision repair cross complementation group 1 — xeroderma
pigmentosum factor) est une endonuclease connue pour son role dans les voies de réparation de
I’ADN, notamment la réparation par excision de nucléotide (NER nucleotide excision repair) (52).
ERCC1-XPF participe également a la maintenance télomérique. Les souris KO pour ERCC1 présentent
un phénotype télomérique unique caractérisé par la présence de chromosomes double minutes
contenant de I'ADN télomérique (53). ERCC1 a été largement étudié comme biomarqueur de la
réponse au traitement (54). Les études immunohistochimiques du statut ERCC1 dans le cancer du sein
ont mis en évidence des corrélations entre expression forte et facteurs de pronostiques favorables
(55), mais les mécanismes sous-jacents restent mal connus. Les interactions entre ERCC1 et les

télomeéres n'ont pas été étudiées dans des cellules tumorales de cancer du sein.

Ce travail a donc porté sur les caractéristiques télomériques et I'expression d'ERCC1, une
protéine impliquée dans un certain nombre de voies de réparation de I'ADN et dans I'homéostasie des
télomeéres, afin d'étudier leur valeur pronostique, seuls ou en combinaison, dans 90 tumeurs

mammaires résiduelles apres traitement par chimiothérapie néoadjuvante.

Le statut d'ERCC1 a été étudié par I'évaluation de I'expression protéique (immunohistochimie),
de I'expression génique (RT-PCR quantitative) et de la variation du nombre de copies du géne (PCR
multiplex quantitative fluorescente (QMF-PCR)). Une analyse compléte des caractéristiques des
télomeres a été réalisée avec évaluation de la longueur des télomeéres par PCR quantitative, de
I’expression de la télomérase (hTERT), la tankyrase 1 (TNKS, une enzyme de la famille PARP impliquée
dans I'élongation des télomeéres) et du complexe shelterin (TRF1, TRF2, POT1, TPP1, RAP1 et TIN2) par
RT-PCR quantitative.

Des téloméres courts, une forte expression de hTERT et de TNKS et une faible expression de la
protéine ERCC1 étaient indépendamment associés a une plus mauvaise survie. Les gains et les pertes
d'ERCCI ont été corrélés a des survies sans maladie et globale raccourcie par rapport aux patients sans

anomalie du nombre de copie du géne ERCC1 (Figure 3).

Une analyse de clustering hiérarchique non supervisée de tous les parametres (ERCC1 et
télomeres) a mis en évidence quatre sous-groupes de pronostic différent. En particulier, le groupe 2
combinant un faible niveau d’expression d’ERCCI, des altérations du gene ERCCI, des télomeéres
dysfonctionnels et un niveau élevé d'hTERT, et le groupe 3 présentant un niveau d’expression élevé de
TNKS et de shelterin présentait une survie sans maladie et une survie globale raccourcie,

indépendamment du stade et du grade de la tumeur.
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Figure 3 : Courbes de survie des patientes selon le nombre de copie du géne ERCC1 (A), clustering
hiérarchique de 90 patientes en fonction des parameétres télomériques et du statut ERCC1 évalué sur
reliquat tumoral post NCT (B), courbes de survie des patientes selon le cluster (C).
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Cette étude descriptive globale démontre que le dysfonctionnement des télomeres et la
réparation des dommages a I'ADN pourraient contribuer de maniére synergique a la progression
tumorale et a la chimiorésistance. Ces paramétres sont prédictifs de I’évolution chez les patientes
atteintes d'un cancer du sein et traitées par chimiothérapie néoadjuvante et pourraient ainsi étre utiles

cliniguement comme biomarqueurs pronostiques pour adapter la chimiothérapie adjuvante.

c. Expression de TERT dans le cancer du sein: réle des mutations du
promoteur et du gain de copies du géne TERT

GAY-BELLILE M, VERONESE L, COMBES P, EYMARD-PIERRE E, KWIATKOWSKI F, DAUPLAT MM, CAYRE
A, PRIVAT M, ABRIAL C, BIGNON YJ, MOURET-REYNIER MA, VAGO P, PENAULT-LLORCA F, TCHIRKOV A.
TERT promoter status and gene copy number gains: effect on TERT expression and association with
prognosis in breast cancer. Oncotarget 2017 Aug 24;8(44):77540-77551. Cf. page 92

Participation a I'encadrement d’une étudiante en thése de sciences : M. GAY-BELLILE (2015-2017)

Le géne de la transcriptase inverse de la télomérase (TERT) code la sous-unité catalytique de
la télomérase qui permet le maintien des téloméres. L’activité de la télomérase, retrouvée dans 90%
des cancers, contribue a la croissance et la survie des cellules tumorales (56). La régulation positive du
géne de la transcriptase inverse de la télomérase (TERT) constitue le mécanisme principal d’activation
de la télomérase dans les cancers humains (57). Dans le cancer du sein, la surexpression de TERT est
associée a l'agressivité de la tumeur (58) et a une survie courte apres chimiothérapie néoadjuvante et

adjuvante (43,59).

Les mécanismes de régulation de TERT sont complexes et tumeur-spécifique : des mutations
somatiques et des SNP ont été rapportés dans le promoteur de TERT, pouvant influer sur le niveau
d’expression (60). La surexpression de MYC peut activer directement ce promoteur (61). Enfin, des
gains de copie ou des amplifications du gene TERT peuvent étre a |'origine d’une surexpression

(60,62,63).

Pour explorer ces mécanismes dans le cancer du sein, nous avons séquencé le promoteur de
TERT, évalué le nombre de copie du gene TERT par QMF-PCR et évalué |'expression de MYC et TERT

par RT-PCR quantitative dans 2 cohortes comportant au total 122 patients.

Aucune mutation du promoteur de TERT n’a été mise en évidence, suggérant que ce
mécanisme n’est pas impliqué dans la régulation de TERT dans le cancer du sein. La présence du
polymorphisme T349C du promoteur de TERT, retrouvé chez quasi 50% des patients, n’est pas corrélée
a I'expression de TERT. Cependant, les porteurs de ce polymorphisme présentent une survie sans

maladie significativement plus courte. Les gains de copie de TERT, mis en évidence dans 15%-25% des
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cas, sont fortement corrélés a une expression augmentée de 'ARNm de TERT et a un pronostic
péjoratif avec survie sans maladie et survie globale raccourcies. L’association gains de copie de TERT
et surexpression de MYC caractérise des formes particulierement agressives a haut risque de reprise

évolutive (Figure 4).

Ces résultats indiquent I'existence d’un effet significatif du gain de copie de TERT sur son
niveau d’expression et fournissent de nouvelles données sur la signification clinique de la

surexpression de TERT et MYC dans les cancers du sein.

Figure 4 : Courbes de survie sans maladie et survie globale des patientes selon la présence ou I'absence
du polymorphisme T349C du promoteur de TERT dans la cohorte 1 (A), selon la présence ou I'absence
de gain de TERT dans la cohorte 2 (B), selon I'expression de MYC en cas de gain de TERT dedans la

cohorte 2 (C).
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d. Parametres télomériques et formes avancées du cancer du poumon non
a petites cellules : valeur prédictive et pronostique

FAUGERAS E, VERONESE L, JEANNIN G, JANICOT H, BAILLY S, BAY JO, PEREIRA B, CAYRE A, PENAULT-
LLORCA F, CACHIN F, MERLE P, TCHIRKOV A. Telomere Status of Advanced Non-Small-Cell Lung Cancer
Offers a Novel Promising Prognostic and Predictive Biomarker. Cancers (Basel). 2022 Dec 31;15(1):290.
Cf. page 104

Particpation a I'encadrement d’une étudiante en Master 2 : E. FAUGERAS (2018)

Le cancer du poumon est la premiére cause de décés par cancer dans le monde (64). De
maniéere générale, le pronostic est défavorable, mais la réponse au traitement et la durée de survie
varient selon les patients, ce qui peut étre expliqué par I'hétérogénéité biologique interindividuelle

des tumeurs (65).

La longueur télomérique semble corrélée a la survie dans les formes précoces de cancer du
poumon non a petites cellules (CPNPC) (66,67), mais I'impact pronostique du statut télomérique reste

indéterminé dans les formes avancées qui sont les plus fréquentes.

L’objectif de notre travail était d’évaluer la valeur pronostique et prédictive des paramétres
télomériques dans les formes avancées de CPNPC, a partir d’'une cohorte rétrospective de cancers du
poumon du CHU de Clermont-Ferrand. Nous avons mesuré dans 79 biopsies obtenues avant
traitement la longueur des téloméres par PCR quantitative et évalué I'expression de la télomérase
(TERT) et des genes du complexe shelterin (TRF1, TRF2, POT1, TPP1, RAP1, and TIN2) par RT-PCR

quantitative.

Les patients non-répondeurs a la chimiothérapie de 1°° ligne se caractérisent par des
télomeéres courts et un faible niveau d’expression de RAP1. Le niveau d’expression de TERT semble
également un peu plus élevé. En analyse multivariée, les télomeres courts et la surexpression de TERT
et TRF2 sont associés a une survie sans événement et une survie globale réduites. Des faibles niveaux
d’expression de RAP1 et TIN2 sont également corrélées a des survies sans événement et globale
raccourcies. Des télomeres courts sont associés a une survie raccourcie apres traitement par

nivolumab (Figure 5).

Les parametres télomériques dans les formes avancées de CPNPC constituent des
biomarqueurs associés a des sous-groupes de patients d’évolutions différentes, permettant leur

identification pour un traitement personnalisé.
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Figure 5 : Comparaison de la longueur des télomeéres (TL) en (A) et de I'expression de RAP1 en (B) selon
la réponse a la premiere ligne de chimiothérapie (progression (PD) versus stabilité de la maladie (SD),
réponse partielle (PR) ou réponse compléte (CR)). En (C), analyse multivariée pour la survie sans
événement et la survie globale incluant la longueur télomérique et I'expression de TERT, TRF2, RAP1
et TIN2. En (D), courbe de survie globale a partir de I'initiation d’'une immunothérapie par nivolumab
en fonction de la longueur télomérique.
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Table 3. Multivariate analyses for EFS and OS in the advanced NSCLC cohort.

Multivariate Cox for EFS * Multivariate Cox for OS *

Variable
HR (95% CI) p-Value HR (95% CD) p-Value
Short telomeres 435 (1.69-11.11) 0.0023 5.26 (2.08-12.5) 0.00041
High TERT 412 (1.47-11.53) 0.0069 3.99 (1.51-10.50) 0.0051
High TRF2 7.31(2.43-22.01) 0.00041 8.24 (2.43-27.93) 0.007
Low RAP1 9.09 (2.70-33.33) 0.00032 14.29 (3.85-50.00) 0.000051
Low TIN2 3.33 (1.39-8.33) 0.0069 3.03 (1.19-7.69) 0.02
* Adjusted for age and performance status.
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PROJETS DE RECHERCHE

1. Introduction

Concernant mes travaux en cours et mes projets a moyen terme, ils suivent deux themes
directeurs en lien avec les travaux précédents : I'étude de I'impact de la dysfonction télomérique d’une
part et des anomalies cytogénomiques d’autre part sur le pronostic et la résistance thérapeutique des

hémopathies chroniques, particulierement la LLC.

2. Dysfonction télomérique au cours des hémopathies chroniques

a. Etude longitudinale des téloméres et instabilité génomique de la LLC

Nous avons vu que la dysfonction des téloméres est une étape clé du processus tumoral et
I’étude du statut télomérique dans la LLC peut permettre de mieux comprendre la physiopathologie

de la maladie et sa réponse au traitement.

Plusieurs options de traitement existent pour le traitement de la LLC, utilisant principalement
des thérapies ciblées, plus rarement des combinaisons d'immunochimiothérapie, dont les indications
sont principalement déterminées selon I'age, I'état général du patient et la présence ou I'absence de
certaines caractéristiques génomique, comme le statut TP53 ou le statut mutationnel des génes des
immunoglobulines (IGHV). Néanmoins, les rechutes restent inéluctables, la maladie devenant alors de

plus en plus résistante.

Le protocole ICLLO0O1-BOMP du groupe FILO (dont le Pr Tournilhac, membre de I'EA CHELTER,
est investigateur principal) a évalué entre 2012 et 2015 I'efficacité d’une combinaison d’immuno-
chimiothérapie comprenant de la Bendamustine, de I'Ofatumumab, et de la Méthylprednisolone a
forte dose, chez des patients a haut risque en rechute précoce aprées fludarabine ou réfractaire aprées

1 a 3 lignes de traitements.

Nous disposons ainsi d’une collection biologique de préléevements de 74 patients atteints de
LLC en rechute ou réfractaire avant traitement par BOMP, et pour certains a la rechute, associée aux
données cliniques et aux facteurs de pronostique biologiques reconnus. Les prélevements séquentiels
disponibles a l'inclusion et a la rechute post-BOMP pour 19 patients ont permis |'étude de la
dynamique télomérique longitudinale dans un essai prospectif. L'intervalle médian entre les 2
prélevements était de 17.5 mois [4.9-37.8]. Le suivi médian était de 33.9 mois [15.7-48.5]. Six patients

sur 19 avait une délétion 17p et/ou mutation TP53. La longueur des télomeéres (LT) a été évaluée par
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PCR quantitative et I'expression de hTERT et des genes du complexe shelterin TRF1, TRF2, TIN2, POT1,
RAP1, TPP1, TIN2 spliced variant) par RT-PCR quantitative.

Entre l'inclusion et la rechute, les télomeres raccourcissent significativement (p=0.0006) et
I’expression de I'ensemble des génes du complexe shelterin diminue également : TRF1 (2 fold-change,
p<0.0001), TRF2 (2.7 fold-change, p<0.0001), POT1 (1.8 fold-change, p=0.0002), RAP1 (2 fold-change,
p=0.0009), TPP1 (1.8 fold-change, p=0.0003), TIN2 (2.3 fold-change, p=0.0004), TIN2 spliced variant

(2.2 fold-change, p=0.002). A I'inverse, I'expression de hTERT ne change pas (p=0.64).

La cinétique de raccourcissement télomérique varie selon les patients. Nous avons calculé le
raccourcissement télomérique relatif par mois, correspondant au pourcentage de la longueur des
télomeéres initiale et nous avons identifié 3 groupes de patients avec raccourcissement lent (<0.69%,
n=4), intermédiaire (n=11) et rapide (>4.24%, n=4). Un raccourcissement significativement plus rapide
survient chez les patients présentant une expression faible de hTERT (3.2% vs 0.7%, p=0.002), POT1
(3.140% vs 0.9560%, p=0.0054) et TIN2 (2.870% vs 1.199%, p=0.04), en utilisant les valeurs médianes
comme cut-off (Figure 6)

Nous montrons qu'aprés immunochimiothérapie, la longueur des télomeres et I'expression
des genes du complexe shelterin chez les patients atteints de LLC montrent une évolution variable
dans le temps, ce qui pourrait précéder une étape suivante d'instabilité génomique. Pour répondre a
cette question, les parametres des télomeres a l'inclusion et a la rechute seront confrontés a d'autres
données biologiques, notamment la cytogénétique, la FISH et le profil mutationnel. Nous avons déja
constaté dans la série de patients des travaux précédents (68) que certains patients TP53 WT dont
I’expression des génes du complexe shelterin est diminuée présente une apparition d’anomalies
cytogénétiques ou une évolution clonale, quelle que soit la longueur des téloméres. En revanche, les
patients dont le niveau d’expression des genes du complexe shelterin est normal semblent étre

protégés de I'évolution clonale, méme en cas de télomeéres raccourcis (Figure 6).

Participation a I'encadrement d’une étudiante en Master 2 : L. BOUNAIX (2017)

Encadrement d’étudiants en Master 1 : M. MORARD (2018), C. CROIZIER (2018), L. LAFFOND (2019)
et J. ANDRAL (2019)
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Figure 6 : dynamique télomérique au cours de la LLC. Vitesse de raccourcissement selon |'expression
de hTERT en (A), selon I'expression de POT1 et TIN2 en (B). En (C), évolution clonale de 44 patients
sans anomalies de TP53, selon les parameétres télomériques.
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b. Dynamique télomérique et leucémies chroniques

La leucémie myéloide chronique (LMC) est une hémopathie chronique caractérisée par une
hétérogénéité intra-clonale et une résistance thérapeutique, comme la LLC. On observe dans la LMC
et dans la LLC une hypométhylation globale, touchant le corps des geénes et les enhancers et affectant
I’épissage alternatif. L'hétérogénéité de méthylation augmente de facon importante au moment de
|’aggravation de la maladie, tant au moment de la phase blastique de la LMC, qu’au cours des stades
avancés de la LLC (69,70). De facon générale, des données suggerent que la méthylation de I’ADN est
impliquée dans la régulation de la longueur des télomeres (71,72) et que le raccourcissement
télomérique modifie la méthylation de I’ADN subtélomérique (73,74).

Le projet est d’évaluer la relation entre méthylation de ’ADN et dynamique des télomeres et
I'implication de cette relation dans I'hétérogénéité intra-clonale initiale et I'évolution/la réponse

thérapeutique.

Dans la LMC, le travail expérimental est en cours (these de Sciences du Dr Joevin Besombes,

sous la direction du Pr Tchirkov et du Pr Berger).
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3. Anomalies cytogénomiques des hémopathies chroniques

a. LLC ou autres syndromes lymphoprolifératifs B et réarrangement de BCL3

LAUREN VERONESE, HEDI BENSABER, LOUIS THOMAS DANNUS, GEATAN GIANNONE, CHRISTOPHER
CHOISET, CORENTIN GRIMPET, NASSERA ABERMIL, ESTELLE BALDUCCI, AUDREY BIDET, ELISE CHAPIRO,
LUCILLE COURONNE, AGNES DAUDIGNON, NATHALIE DOUET-GILBERT, VIRGINIE ECLACHE, BAPTISTE
GAILLARD, JEAN-BAPTISTE GAILLARD, FATEN HSOUMI CHRISTINE LEFEBVRE, NATHALIE NADAL, MARIE-
JOELLE MOZZICONAZZI, DOMINIQUE PENTHER, BENEDICTE RIBOURTOUT, STEVEN RICHEBOURG, LAUREN
RIGOLLET, CHRISTINE TERRE, GWENDOLINE SOLER, OLIVIER TOURNILHAC, ROMAIN GUIEZE, FLORENCE
NGUYEN-KHAC* AND ANDREI TCHIRKOV*. Molecular landscape of B-cell lymphoproliferative syndromes
with BCL3 translocation: a Groupe Francophone de Cytogénétique (GFCH) /French Leukemia Innovative
Organization (FILO) study. Manuscrit en cours de finalisation.

Encadrement d’un étudiant en Master 1 : C. CHOISET (2020)

Je coordonne avec le Pr Florence Nguyen-Khac (APHP Pitié-Salpétriére) une étude du GFCH,
portant sur les LLC et syndromes lymphoprolifératifs B (SLP-B) avec réarrangement du locus BCL3
(19913), qui sont des anomalies récurrentes rares et mal connues. Cette anomalie est décrite chez
0,9% des LLC ou lymphomes lymphocytiques non traitées (75). Elle est aussi observée dans d’autres

SLP-B, notamment le lymphome de la zone marginale (LZM) (76-78).

La translocation classique t(14;19)(g32;q13) implique les locus IGH (14932) et BCL3 (19g13.3).
Le gene IGH code les génes des chaines lourdes des immunoglobulines ; le géne BCL3 code une
protéine nucléaire membre de la famille IkB, régulant la famille de facteurs de transcription NFkB. La
translocation t(14;19) aboutit a l'activation transcriptionnelle du gene BCL3 (76,77,79,80). Des
translocations variantes sont également décrites impliquant les génes IGK (2p12) ou IGL (22q11)
codant les chaines légeres kappa et lambda des immunoglobulines, au lieu du gene IGH, ou tres

rarement d’autres partenaires non-immunoglobulines.

La présence d’une translocation BCL3 dans un contexte de LLC ou de LZM semble associée a des
spécificités cliniques et biologiques. Pour la LLC, la morphologie et I'immunophénotype des
lymphocytes tumoraux sont généralement atypiques (79,80). Parmi les facteurs pronostiques
reconnus de la LLC, les anomalies cytogénétiques additionnelles les plus courantes sont la trisomie 12,
la délétion 6q, la délétion 17p ou les anomalies complexes (81,82) ; le statut mutationnel des genes
des chaines lourdes des immunoglobulines (IGHV) est fréquemment non muté et le subset #8 de
mauvais pronostic est sur-représenté. Les patients sont souvent jeunes et le pronostic de 'hémopathie
est péjoratif avec une nécessité de traitement plus précoce et une survie globale raccourcie (75,77).
Pour le LZM, il y a peu de données, mais la aussi la présentation est atypique, avec des caractéristiques
proches de celles de la LLC : trisomie 12, expression de CD5, présentation leucémique. Le diagnostic
est d’ailleurs parfois difficile entre LLC atypique et MZL CD5+, ce qui pose la question d’un continuum

entre ces 2 entités (78).

A I'heure actuelle, le spectre mutationnel de ces entités reste mal connu, compte-tenu de la
rareté de cette anomalie dans les séries rapportées. L’objectif de ce travail était donc de décrire a I'aide

d’un panel NGS le spectre mutationnel des patients atteints de SLP-B avec translocation BCL3 (IGH-
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BCL3 ou variantes) dans une large série rétrospective. Nous avons inclus 114 patients via le GFCH, ce

qui en fera la plus grande série rapportée.

Concernant les diagnostics, les patients présentaient des LLC, LZM, lymphomes B diffus a
grandes cellules et un lymphome primaire du médiastin. Les LLC atypiques et les MZL CD5+
constituaient la majorité de la cohorte (58 patients). La translocation BCL3 est un événement clonal
préférentiellement associé a une trisomie 12, un caryotype complexe, une présentation leucémique,

une positivité de CD5 et a un statut IGHV non muté.

Sur le plan moléculaire, nous décrivons 182 variants pathogénes ou probablement pathogéne
chez 82,1 % des patients, avec une prévalence de mutations de NOTCH1 (41 %), suivi de BRAF non
V600 (26,3 %), TP53 (16,8 %), FBXW?7 (15,8 %), XPO1 (11,6 %), NOTCH2 (10,5 %), SF3B1 (8,4 %) et BIRC3
(6,3 %) (Figure 7). Considéré individuellement, aucun parametre cytogénétique ou mutation génétique
n’est corrélé a la survie globale (OS). Les patients ont été répartis en trois groupes de complexité
croissante en fonction des caractéristiques cytogénétiques et moléculaires par une approche de
clustering non supervisé. Les patients présentant la complexité cytogénomique la plus élevée ont une
OS médiane significativement plus courte (43 mois) par rapport aux patients présentant une
complexité cytogénomique faible ou intermédiaire (114 mois et 85 mois, respectivement ; P = 0.037)
(Figure 8).

En conclusion, nous démontrons que les SLP-B BCL3 sont des LLC et LZM fréguemment atypiques,
caractérisés par une fréquence élevée de mutations de la voie NOTCH (NOTCH1/NOTCH2/FBXW?7) et de
la voie des MAPK (BRAF non V600). La combinaison de la cytogénétique conventionnelle et d'un panel
NGS ciblé permet de diagnostiquer avec précision ces entités BCL3 et d’évaluer leur pronostic en fonction
de la complexité génomique.
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Figure 7 : profil moléculaire des SLP-B avec translocation BCL3. En (A), fréquences des mutations dans
la cohorte complete, les LLC et les LZM. En (B), heat-map incluant les principales anomalies
cytogénétiques et les mutations.
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Figure 8 : analyse de survie selon la complexité cytogénomique. En (A), catégories cytogénomiques,
en (B), représentation 3D et en (C), composition détaillée des 3 clusters obtenus apres clustering non
supervisé combinant le caryotype, la FISH et le profil mutationnel. Caryotype simple : 1 or 2 anomalies
; caryotype faiblement complexe (low-CK) : 3 anomalies ; caryotype de complexité intermédiaire (int-
CK) : 4 anomalies; caryotype hautement complexe (high-CK) : au moins 5 anomalies. En (D), répartition
des diagnostics dans les 3 clusters. En (E), analyse de Kaplan-Meier et test log-rank pour la survie
globale.
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b. Caractérisation clinico-biologiques des SLP-B avec trisomies 12 et 19

Avec le Dr Rigollet (CHU Saint Etienne), le Dr Gachard (CHU Limoges) et le Pr Nguyen-Khac (APHP
Pitié-Salpétriere), nous coordonnons un autre travail collaboratif en cours au sein du GFCH,
s’'intéressant cette fois aux SLP-B comportant au caryotype une trisomie 12 et une trisomie 19
(+12/+19), associées ou non a d’autres anomalies.

Dans la LLC, ces deux anomalies +12/+19 coexistent dans seulement 1.5% a 2.1% des cas (83).
Plusieurs publications ont rapporté que les patients avec +12/+19 au sein d'un caryotype simple ou
complexe présentent des similitudes dans leur présentation clinique et biologique : présence d’un pic
monoclonal, expression d’une Ig de surface de type IgG, prévalence d’expression des chaines légeres
lambda, expression du CD38, statut mutationnel des genes IGHV de type muté, faible incidence

d’anomalies du géne TP53 et pronostic favorable (méme en cas de caryotypes complexes) (7,83-85).

L’anomalie chromosomique la plus fréqguemment associée au profil +12/+19 est la trisomie 18

compléte. La prévalence de la triade +12/+18+/19 est estimée a 1% dans la LLC.
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Sur une série monocentrique de 2509 caryotypes de LLC (Hospices civils de Lyon, non publié), 29
patients (1.2%) présentent ces trois aneuploidies, sans autre anomalie pour la moitié d’entre eux. Ces
patients présentent de facon significative un score de Matutes proche de 3.

L'objectif de cette étude est de constituer une série multicentrique rétrospective de SLP-B avec
+12/+19 associées ou non a au moins une autre anomalie afin de mieux les caractériser sur le plan
clinique, morphologique, immunophénotypique, cytogénétique et moléculaire. Les inclusions sont en

cours.

c. Mécanismes génomiques de résistance thérapeutique de la LLC

Facteurs génomiques de résistance au venetoclax

JASNEET KAUR KHALSA, JUSTIN CHA, FILIPPO UTRO, AISHATH NAEEM, ISHWARYA MURALI, YANAN
KUANG, KEVIN VASQUEZ, LIANG LI, SVITLANA TYEKUCHEVA, STACEY M. FERNANDES, LAUREN
VERONESE, ROMAIN GUIEZE, BINU KANDATHILPARAMBIL SASI, ZIXU WANG, JOHN-HANSON
MACHADO, HARRISON BAI1, MARYAM ALASFOUR, KAHN RHRISSORRAKRAI, CHAYA LEVOVITZ, BRIAN
P. DANYSH, KARA SLOWIK, RAQUEL A. JACOBS, CLOUD P. PAWELET, IGNATY LESHCHINER, LAXMI
PARIDA, GAD GETZ, JENNIFER R. BROWN. Genetic events associated with venetoclax resistance in CLL
identified by whole exome and RNA sequencing on longitudinal patient samples. Blood. 2023 May 5;
Blood. 2022016600. doi: 10.1182/blood.2022016600. Cf page 117

En 2023, la LLC est toujours considérée comme une maladie incurable. Pour les patients
nécessitant un traitement, les phases de réponses et de reprises évolutives se succedent, avec des

rechutes de plus en plus rapprochées témoignant de I'acquisition d’une résistance thérapeutique.

Les thérapies ciblées ont remplacé les immunochimiothérapies et constituent actuellement
des traitements de choix de cette maladie, en monothérapie ou combinaison, en continu ou en durée
fixe. En particulier, le vénétoclax, un inhibiteur de BCL2, offre un taux de réponse globale de 80% et
constitue une option en premiére (autorisation d’accés précoce en cours) ou deuxieme ligne (AMM
depuis 2018). Malgré des taux de réponse élevés, ce traitement n’est pas curatif et I'évolution clonale
et la rechute sont la norme aprés un délai variable (16.5% de progression a 24 mois selon Seymour et
al, NEJM, 2018) (21).

L'étude des premiers cas de rechute aprés vénétoclax a permis de décrire plusieurs
mécanismes de résistance : de facon logique, des mutations de la cible BCL2 ont été rapportées
(86,87), généralement sous-clonales. Des altérations du métabolisme énergétique ont été décrites
(88). Les travaux du Pr Guieze au Dana Farber Cancer Institute (DFCI) ont également montré que
I’hyperexpression de genes anti-apoptotiques BCLXL (ou BCL2L1) et MCL1 permet aux cellules de LLC
de contourner I'effet du venetoclax (88). L'expression de MCL1 est fréquemment associée a un gain
de la région chromosomique 1g21 contenant le géne MCL1. Tres récemment, I'équipe du Pr Brown
(DFCI) a rapporté I'acquisition de délétions 8p, soit isolées (2 patients) soit associées au gain 1q (2

patients), parmi 11 patients exposés au venetoclax (soit 36% de la série) (89). Ces délétions 8p
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détectées par WES emportent la région 8p21 et s’accompagnent d’une sous-expression des génes
TNFRSF10A/108B (8p21) impliqués dans I'apoptose TRAIL-dépendante. Grace aux collaborations du Pr
Guieze, j'ai contribué a ce travail en confirmant par FISH que la délétion 8p et le gain 1q co-existent
dans les cellules de ces 2 patients (Figure 9). In vitro, les cellules des patients avec délétion 8p sont
plus résistantes au vénétoclax que les cellules sans délétion 8p. La co-existence de délétion 8p et gain
1q est associée a une meilleure sensibilité a une combinaison de vénétoclax et inhibiteur de MCL1.

Figure 9 : profil génétique des patients sous venetoclax. En (A), représentation des pertes (en bleu) et
gian (en rouge) pour 11 patients lors de la progression sous venetoclax. En (B), profil FISH des patients
CLL1 et CLL2 confirmant la co-existence dans les mémes cellules de la délétion 8p et du gain 1q lors de
la progression sous venetoclax.
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Protocole RAVEN

Cependant, a I'heure actuelle, I'image d’ensemble de ces mécanismes de résistance n’est pas
encore connue, les cas publiés sont peu nombreux et il n’existe pas de publications de cohortes
explorées de fagon exhaustive. Ce constat a motivé la mise en place du protocole RAVEN « Résistance
Au VENetoclax » (IP Dr Croizier et Pr Guieze) pour collecter des cas nationaux de fagcon multicentrique
a I'aide des centres investigateurs FILO. L’élaboration du protocole a constitué le travail de thése de
médecine du Dr Croizier ; I'ensemble du projet RAVEN s’intégre dans le cadre de son doctorat
d’Université. Les échantillons obtenus permettront la recherche par FISH de gain 1q et délétion 8p et
la recherche de mutation de BCL2 par NGS et PCR digitale. Le travail de Master 1 d’Elvire Marceau et
Chloé Cardon-Bardot a permis de réaliser une partie de la mise au point de la recherche de mutation
BCL2 en PCR digitale dans notre équipe, avec |'aide du Dr Garcia, ingénieure de recherche dans I'EA
CHELTER. Des études d’expression seront également réalisées : une premiere étape a été initiée dans
le cadre du travail de Master 1 de Mélanie TUROT avec la caractérisation moléculaire et cytogénétique

d’une lignée cellulaire résistante au vénétoclax.

Il s’agit d’une étude multicentrique non interventionnelle. Cette étude a démarré en 2022
(promotion CHU Clermont-Ferrand) avec des inclusions possibles jusqu’'en 2024 via les centres
investigateurs FILO. Nous disposons déja d’une série d’échantillons pour 21 patients, avec I'objectif
d’inclure 50 patients en 2 ans, ces patients étant encore relativement rares. Les données cliniques et
biologiques sont en cours de recueil. A I’heure actuelle, nous avons recherché des mutations de BCL2
par panel NGS ciblé pour 17 d’entre eux. Nous avons réalisé la recherche de gain 1q pour 19 patients

et de délétion 8p pour 16 patients.

Nous mettons en évidence des mutations de BCL2 chez 2 (11%) patients, avec plusieurs
variants dont le variant G101V récurrent rapporté par Blombery (86,87,90). Les fréquences alléliques
(VAF) sont assez faibles (entre 1.2% et 3%), confirmant la nature sous-clonale de ces anomalies. La
recherche de mutation G101V sera également réalisée en PCR digitale pour tous les patients afin de

rechercher des clones inférieurs a 1% de VAF (seuil de détection du NGS) (Figure 10).

Nous mettons en évidence un gain 1q chez 2 (10.5%) patients et une délétion 8p chez 4 (25%)
patients, avec co-existence des 2 anomalies chez 1 patient (le gain 1q étant clonal et la délétion 8p
sous-clonale). On note aussi 2 patients présentant des remaniements d’un chromosome 1, sans gain
de copie de MCL1, en cours d’exploration. L'un des patients mutés BCL2 comporte un gain 1q et I'autre
une délétion 8p. On remarque la forte prévalence de mutation TP53 (50%) dans cette série de patients,

en accord avec les premiéres publications sur la délétion 8p post venetoclax (88,89).
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L'apport de la technique de cartographies optiques du génome (COG) dans I'exploration des
LLC a été démontré en 2022, avec un intérét particulier pour les caryotypes complexes (91). Cette
approche constitue une technique de choix pour compléter les analyses cytogénomiques prévues dans
le protocole RAVEN et fournir une vision globale des réarrangements génomiques. Nous disposerons
du matériel congelé pour I'extraction des ADN de haut poids moléculaire pour la plupart des patients.
Nous avons obtenu une bourse de I’ACLF qui permettra la réalisation de 12 COG : les patients d’intérét
seront sélectionnés selon leur profil mutationnel et FISH. La partie technique de la COG sera réalisée
en prestation de service par la plate-forme Gentyane a Clermont-Ferrand et l'interprétation des

données sera effectuée par nos soins.

Nous espérons a terme améliorer l'utilisation du vénétoclax en pratique clinique en

permettant d’adapter sa stratégie de prescription aux caractéristiques cytogénomiques des patients.

Encadrement d’étudiantes en Master 1 : E MARCEAU (2022)

Participation a I'encadrement d’une étudiante en thése de sciences : Dr C. CROIZIER (travail en cours)

Figure 10 : heat-map incluant les mutations BCL2, TP53, autres, le gain 1q et la délétion 8p pour 21
patients explorés dans le cadre de la cohorte RAVEN.
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Facteurs génomiques de résistance aux inhibiteurs de BTK

A coté des inhibiteurs de BCL2, les inhibiteurs de BTK (iBTK) constituent I'autre groupe majeur
de thérapies ciblées de I'arsenal thérapeutique de la LLC en 2023 (11,92-94) avec en téte de file
Iibrutinib, iBTK covalent de premiére génération. Les taux de réponse sont |a aussi remarquables (89%
de taux de réponse globale dans I’essai pivotal PCYC-1102)(95), largement supérieurs a ceux obtenus
avec 'immunochimiothérapie (94,96)). Cependant, le taux de réponse varie selon les sous-groupes de

patients (97) et des progressions surviennent apres des durées variables de traitement (94-96).

L'un des mécanismes de résistance identifié correspond a la survenue de mutation de la cible
BTK ou de son effecteur d’aval, PLCG2 (98—102). Dans 70% des cas, I'émergence des mutations précéde
la rechute clinique de quelques mois (99). La survenue d’une délétion 8p pourrait aussi jouer un rdle

dans la résistance aux iBTK par haploinsuffisance des génes codant le récepteur de TRAIL (101).

Avec le probleme de la tolérance du traitement, la survenue de ces mutations sous I'effet de
la pression de sélection d’un traitement continu a participé a soulever la question de schémas
thérapeutiques a durée fixe, pour des périodes plus courtes. L’essai FILOCLL14 STAIR “STop and restart
Acalabrutinib In fRail patients with previously untreated CLL” (IP Pr Ysebaert et Pr Guieze) évalue
I’efficacité de I'acalabrutinib en premiére ligne chez le sujet 4gé pour une durée fixe de 18 mois et son
impact sur I’évolution clonale.

Nous sommes en charge du monitoring longitudinal des mutations de BTK et PLCG2 pour
I’ensemble de la cohorte, tous les 6 mois a partir de la fin du traitement (Figure 11). A cette fin, les
travaux de Master 1 de Quentin Bochard, Julier Massacrier et Auriane Papon ont permis la mise au
point de la recherche des principales mutations BTK et PLCG2 en PCR digitale dans notre équipe,

supervisé par le Dr Garcia.

Encadrement d’une étudiante en Master 1 : A. PAPON (2023)

Figure 11 : conception de I'essai STAIR
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4, Bilan

J'exerce la fonction de MCU-PH en Cytogénétique-Histologie-Embryologie (sous-section 4202
du CNU) depuis 2009. Pour mon activité hospitaliere, je travaille depuis ma nomination dans le secteur
d’onco-hématologie du Service de Cytogénétique Médicale dirigé depuis 2022 par le Pr Tchirkov, ol je
prends en charge des analyses de cytogénétique conventionnelle (actuellement caryotype et FISH,
complété prochainement par la mise en place de la technique de cartographie optique du génome) et
de diagnostic moléculaire (PCR, RTPCR, NGS, analyse de fragment, Sanger, habilitation Auragen) dans
le cadre du diagnostic et du suivi des hémopathies malignes et de certaines tumeurs solides. J'exerce
mon activité d’enseignement en majorité en 1° cycle des études médicales, mais j'interviens
également dans diverses formations paramédicales ou de 3°™ cycle. Parmi mes activités d’intérét

général, je peux citer le r6le de membre du bureau du GFCH depuis 2018.

Mes travaux de recherche ont tout d’abord porté sur les marqueurs du pronostic et de
I'instabilité génomique au cours de la LLC dans le cadre de ma thése de science (financement de la
Ligue Contre le Cancer, 14k euros). Ces travaux ont été réalisés dans I'’équipe d‘accueil 4677 ERTICa
« Equipe de Recherche sur le Traitement Individualisé du Cancer », dont la thématique était
I'optimisation de la prise en charge thérapeutique des tumeurs avec une forte instabilité génétique,
en étroite collaboration avec I'équipe d’accueil 7283 CREaT « Cancer Resistance Exploring and
Targeting ». Nous avons notamment montré que |'expression du géne anti-apoptotique MCL1 est un
marqueur prédictif de la survie globale parmi I'ensemble des patients et parmi les stades précoces ; ce
marqueur est également prédictif de la survie sans traitement des patients en stade A. Nous avons
ensuite exploré la fonction télomérique en rapport avec les anomalies chromosomiques a valeur
pronostique, reflets de I'instabilité génomique. Notre travail a contribué a démontrer la relation entre
le statut télomérique et I'instabilité génomique au cours de la LLC. Nous avons également montré
gu’une relation similaire existe entre dysfonction de la voie TP53 et perturbation du statut
télomérique. Ces résultats démontrent que les parametres télomériques et les aberrations

chromosomiques sont affectés par la présence d’une altération de TP53.

Aprés ma thése, j’ai participé a plusieurs travaux dans le cadre de I'équipe de recherche ERTICa
qui a ensuite évolué en UMR1240 IMOST « Imagerie Moléculaire et Stratégies Théranostiques ».
L’objectif principal de nos travaux était d’identifier des biomarqueurs pronostiques et prédictifs de la
réponse thérapeutique dans le cancer du sein et le cancer du poumon non a petites cellules. Nous
avons notamment montré que le dysfonctionnement des téloméres et la réparation des dommages a
I'ADN pourraient contribuer de maniéere synergique a la progression tumorale et a la chimiorésistance

dans le cancer du sein. Ces parametres sont prédictifs de I'évolution des patientes traitées par
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chimiothérapie néoadjuvante et pourraient constituer des biomarqueurs pronostiques pour adapter
la chimiothérapie adjuvante. Nous avons également montré dans les cancers du sein I’existence d’une
corrélation forte entre gain de copie et niveau d’expression de TERT. Ces gains de copie de TERT sont
associés a un pronostic péjoratif avec survie sans maladie et survie globale raccourcies. L’association
gains de copie de TERT et surexpression de MYC caractérise des formes particulierement agressives a
haut risque de reprise évolutive. Enfin, dans les formes avancées de cancer pulmonaire non a petites
cellules, nous avons montré que les paramétres télomériques constituent des biomarqueurs associés
a des sous-groupes de patients d’évolutions différentes, permettant leur identification pour un

traitement personnalisé.

Ces travaux menent aux projets actuels, qui sont déclinés en deux axes : I'étude de I'impact de
la dysfonction télomérique d’une part et des anomalies cytogénomiques d’autre part sur le pronostic
et la résistance thérapeutique des hémopathies chroniques, particulierement la LLC. Ces projets sont
réalisés dans le cadre de I'équipe d’accueil 7453 CHELTER, « Clonal Heterogeneity, Leukemic
Environment, Therapy Resistance of Chronic Leukemias » issue de I’évolution et de la restructuration

de I’équipe d’accueil 7283 Creat.

Concernant la dysfonction télomérique, nous nous intéressons tout d’abord a la dynamique
télomérique dans une série de patients atteints de LLC a haut risque (protocole ICLLO01-BOMP du
groupe FILO). Nos premiers résultats montrent qu'aprés immunochimiothérapie, la longueur des
télomeres et I'expression des genes du complexe shelterin chez les patients atteints de LLC présentent
une évolution variable dans le temps, qui pourrait dans certains cas précéder l'instabilité génomique.
L’analyse du lien entre cette dynamique et la survenue d’anomalies cytogénomiques est en cours. Dans
une autre hémopathie chronique, la LMC, I'évaluation de la relation entre méthylation de I’ADN et
dynamique des télomeéres est en cours, afin de documenter I'implication de cette relation dans

I’hétérogénéité intra-clonale initiale et la réponse thérapeutique.

Concernant I’étude des anomalies cytogénomiques de la LLC en lien avec le pronostic, nous avons
pu décrire a 'aide d’un panel NGS ciblé le spectre mutationnel des patients atteints de SLP-B avec
translocation BCL3 dans une large série rétrospective (financement de la Ligue Contre le Cancer, 27k
euros). Nous démontrons que les SLP-B BCL3 sont caractérisés par une fréquence élevée de mutations
de la voie NOTCH (NOTCH1/NOTCH2/FBXW?7) et de la voie des MAPK (BRAF non V600). Un autre travail
est en cours, s’intéressant cette fois aux SLP-B avec +12/+19, associées ou non a d’autres anomalies.
Ces deux projets mettent en jeu grace a des collaborations au sein du GFCH, ainsi qu’au sein du FILO
pour le travail sur les SLP-B BCL3.

Enfin, pour le volet anomalies cytogénomiques et résistance thérapeutique, je prends part au

protocole RAVEN (Résistance Au VENetoclax, IP Dr Croizier et Pr Guiéze, promotion CHU Clermont-
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Ferrand), qui vise a collecter des cas nationaux de fagon multicentrique a l'aide des centres
investigateurs FILO pour obtenir une image d’ensemble des mécanismes de résistance au vénétoclax
dans la LLC. Nous disposons déja d’une série d’échantillons pour 21 patients qui ont été explorés par
panel NGS ciblé et FISH. Nous proposons également d’évaluer ces patients par cartographie optique
du génome afin d’obtenir une vision globale des réarrangements génomiques (Bourse de I’ACLF, 15k
euros). Pour finir, nous sommes en charge du monitoring longitudinal des mutations de BTK et PLCG2
pour les patients de I'essai FILOCLL14 STAIR (IP Pr Ysebaert et Pr Guieze) pour apprécier I'impact de
I’acalabrutib sur I’évolution clonale.

Au total, les travaux et projets présentés ici sur la biologie de la LLC et des téloméres portent
sur les thématiques historiques de nos équipes de recherche au fil des ans, actuellement réunies au
sein de I’équipe d’accueil 7453 CHELTER. L’étude des télomeéres évolue vers un projet plus fondamental
avec notamment I'évaluation du lien mécanistique entre méthylation et statut télomérique. L'étude
des anomalies cytogénomiques de la LLC au diagnostic ou aprés traitement représente un volet
translationnel, en lien fort avec l'activité hospitaliere et I'expertise clinique, cytogénétique et
moléculaire clermontoise de la LLC, et avec les collaborations nationales au sein du FILO. Cet axe
s’appuie également sur les activités du GFCH et sur les nombreux travaux et projets collaboratifs qui

animent cette communauté francophone internationale.
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Low MCL-1 mRNA expression correlates with prolonged survival in B-cell chronic

lymphocytic leukemia

Leukemia advance online publication, 29 November 2007,
dol:10.10385) lew 2405052

B-cell chranic lymphaoytic leukemia (B-CLL} is a heterogensous
malignant disease that invohles deregulated apoptosis. Ower-
expression of anti-apopiotic proteins of the BCL-2 (B-cell
lymphoma gene-2) family such & BCL-2 and MCL-T imyveloid
cell leukemia-1} & commaonly detected in B-CLL. Higher levels
of MCL-T have been comelated with a poor treatment response”
MCL-T gene silencing by RNA intererence was repaorted to
induce apaptesis in B-CLL celk, suggedting that the MCL-T gene
might be a therapeutic trget” Sill, the impact of different
MCL-T gene expression levels on the prognesis of B-CLL patiens
remnaing unknown,

To addres this isue, we quantified the expression of MCL-7
gene in 119 B-CLL patients and correlated the results with
patient survival and known prognostic markess.

This study was retrespective. Seventy-nine men and 40
waomen (median age of 62 vears) were diagnosed with B-CLL
between January 1980 and March 2006 at the Clemnant-Ferrand
Hespital, Pasteur Irmstite and Pitié-Salp&rigre Hospital
(Francel. Peripheral blood samp les were obtained afier informeed
consent. Monanuclear calls were kolated and cryopresenved. At
the fime of sampling, 69 patients were in Bing stage A, 31 in
Bimet stage B and 19 in Bingt stage C. The median interval from
diagresis to sampling was 2 months. Treatment decisions and
modalities in all centers were hased on the French Cooperative
Croup guidelines. Stage A pafients remained untreated wntil
disexse progression. OF note, all samples from stage A patiens
were abtained before any therapy. Stage BAC patients recaived
early treaimeni, mainly chlorambud! or fludarabine as a first-
line therapy. Median fllow-up for the whole population was

9 years.

The amount of the fulHength MCL-T ranscript encoding the
anfi-apoptatic isofom of MCL-1 profein (MCL-11) was assessed
using real-time quantitative reverse transcriptase-PCR (RQ-PCR)
and nomalized for f-glucuronidase (GUS gene expression,
wsing previously reponed primeriu The median percentage of
tumar lymphooytes in patient samples was 74% G 7-99%,
range} as assessed with immunophenotype analysis (n=64).
Residual mormal cells did not significantly affed the determina-
tion of AMCL-T mRMA, since there was no difference in MOL-T
levels between the samples with =7 4% tumar purity and thase
with < 7% purity (Kruskal-Wallis test, P=0.41, N5 In 18
samples, we quantified MCL-1 protein expresion wsing flow
oytametry and found that the mENA and protein levek were
significantly comelated (Figure 1), suggesting that the amount of
MCL- T mRMA was predictive of the MCL-1 prokein expression,

The MCL-1/GUS ratio was highly variable within a range of
10-77 6, with a median value of &5 We scored the relative level
af MOL-T mRMA as low (first terfile, < 55), intlermediae Eecond
tertile, 55-133) and high ithird tertile, > 133} and compared the
survival in these groups. The survival tines were not different in
patients with intermediate and high MCL-T expression {log-rank
test, P=(0.78]. However, patients expresing MCL-T at inter-
mediatehigh levek (=551 have significantly shorer survival
than patiens expressing MCL-T at low levek (<551 This
relationship was significant within the whole patient population
(P=10.00082; Figure 2al and among stage A patients {P=(.002;
Figure 2b). Mareover, the time 1o first therapy was significantly
shorter in previously untreated stage A patients with interned -
ateshigh levels of MCL-T mRNA compared with those with low
levek of MCL-T mRNA (P=000068; Figure 2c).

In a multivariate Cox analsis with the major prognostic
indicators of B-CLL* Binet stage (P=0.013) and immunogo-
bulinV gene (1IgV) mutational status (P=0.0014), MCL-T mRNA
expresion was an independent, significant predicor of overall
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{a) The lymphocyte popuation from B-cell dhronic hymphoogic leukemia [B-OLL samples wa examined for the myeloid cell

leukemia-1 (WOL-1) prodein expression by intrace lular stain ingy and (o cytometry. Cells wene inc ubated with she MOL-1L antibody and oongrol
IgCe antibwady, and MCL-1 and IgG wene quantified by the mean fuonescence intensity (WP The MOL-1 value was normalized by dividing e
M1 vahee by the control 190G value, obtaining the MF| ratio (MFIR) for each sample. The goph demonstrases the MOL-1 and control IgG staining
pratierms ina B-CLL Hn'ple SAFIR o 3,90 i) Coreelation batwesn MO mBMNA and MOL-1 [ndein e e Sion levelsin wrimary B-CLL el k. The
M- mBNAlevel v mes surned usiing rea Hime quanti tative reverse transcrptase-PCR and espressed a5 an MOL- VGUS ratio multiplied by 100,
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treatment-fme survival in 2

Overall survival in the whole B-cell chronic hmphocytic leukemia (B-OLL) patient popaation (), in stage A patients (b) and
A patients {c] asa fumction of rrryd-::iqltd| levdemia-1 WACL- 1T mENA enpression. Patients expressing AMCL-T at lense

leveds | <255 have significantly longer overall and treatment-fme survival when compared with those expressing MCL-1 atintermediateshigh levels

{551

survival (P=00093). The hazard ratio for higher MOL-T
expresion (=55) was 7.0 05% confidence interval 1.6-30.6).

In addition, M{L-T mRENA levels did not comreate with
dinical stage and known biological prognostic markers aof
B-CLL* such as Igv mutational atus (n= &7, CO3E expression
(=69, serum thymidine kinase (n=62) and f2-microglabulin
in=63) levels, lymphocyte doubling time (=64} and human
elomerase reverse-transcriptae mRNA expression (n=113)
idata not shown).

We ako determined the levels of BCL-2 gene expression
using RO-PCR® in the whale B-CLL cohart. The BCL-2GUS
rafio varied hatween 15 and 1780 with a median of 385, The
level of BCL-2 expression was on average fivefold higher
than the level of MCL-T mRNA (Knskall-Wallis sest, P=1077).
The expression of BOL-2 was less variable (B2%, coaficient
of variation) than the expresion of MOL-T (105%, codficient
of variation). OF note, the levels of BCL-2 and MOL-T franscripts
were significantly cormelated (Spearman’s rank test, r=0.42,
P=0.000016). To xsses the relative prognostic importance
of BOL-2 and MOCL-T transcript levels, we induded these
twio parameters in a Cox model for overall survival, MOL-T
(P=00092) but not BCL-2 gene expression (P=0.52) had a
significant impact on prognosis. In a previows study, BCL-2
mR A was found to be overexpressed in mos of the BCLL
samples and alone was not predictive of patient outcome,”

The current study shows that the level of MCL-T mRNA
expresion may be an independent prognastic marker in B-CLL,
which is not correlated 1o traditional indicators of prognosis
such as lgV gene mutation profile. In particular, a low MOL-T
gene expresion identifies gage A patients with indolent and
stable disease and a longer ime interval batween diagnosis and
need of therapy. Lower levels of MCL-1 protein expression have
been previously correlated with the ability of patients with
B-CLL toachieve a complate remission after treatment.” OF note,
our data suggest that the MCL-T mRNA and protein levels in
B-CLL are comelated. Taken together, these observations show
that low MOCL-T expression levels characterize B-CLL patients
with a low risk of disease progresion who ako are likely 1o
respond 1o reatmeent, which may be wseful for the therapeutic
managenent of cases with early B-CLL.

In the future prespective studies, it would be important o
validate these results and explore if the MOL-T transoript level is
predictive of a reatment response. |t would ako he essential o
investigate in individual patients whether the MCL-T expression
level remains gable during the course of the disease or increases
during progression ar develapment of drug resistance.

Loukamia

The prognostic mle of MOL-T gene expression further
implicates this pro-survival molecule in the pathogenesis of
B-CLL Given that most B-CLL cells contain high levels of BCL-2,
it was suggested that the combination of MCL-1 and BCL-2
might provide a superior protedion againa apoptosia® Of nate,
BCL-2 and MCL-1 can inhibit apopinsis by sequestering pro-
death proteins. Del Gaizo Moore ef al.® have recenthy ohssrved
that in B-CLL cells almast all pro-apoptatic BIM appeared 1o be
present in complex with BCL-2. They suggested that in B-CLL
celk with abundant BCL-2, this pratein is so highly occupied by
BIM malecules that the cells have very poor anti-apoptatic
reserve, which may potentially explain the notable chemo-
sensitivity of B-CLL. Upregulation of the MCL-T gene might
pravide additional survival capacities to B-CLL celk during
physiological stres or drug treatment.

Specific downregulation of MCL-T gene expresion by shart
interfering RMA has been recently shown to reduce the MCL-1
pratein level and promaote apopiosis and death of primary B-CLL
celk® In this regard, our finding that low MCL-T gene
expression is related 1o a good prognosis may be relevant,
supporting MCL-T as a potential therapeutic target. However, it
shauld be nated that the downregulation of MCL-T influences
anly some of the death pathways and diminates only a prapor-
tion of B-CLL cells. Targeting MCL-T expression in B-CLL could
be effective in combination with other antitumar agens such a
rituscimnah *
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Telomeres and chromosomal instability in chronic lymphocytic

leukemia

Lewkemia advance online publication, 10 August 3012;
doi 101038 lew 301 2.194

Telomeres are protective chromosomal end structures composed
of Grich nudectide repeats and an associated protein complex
temmed shelerine Because of incomplete replication, telomernic
repeats are bost with every c2ll division, and this td omere attrition
iz imvolved in cell senescence and cancer reviewsd in Artandi and
DeFinho'). Short, unprotected telomeres are emoneously fused
by the DMA-repair systemn, which gives rise to ansuploidies or
structural chromosome reamangements through  dhromosome
fusion-bridge-brealage oydes Thus, telomere dysfunction can
drive genomic instability during tumorigenesis.”

In chronic kyrmphocytic leukemia (QLL), short telomeres have
been assodated with poorprognosis oytogenstics™ Besides
telomere length, the functional state of telomeres depends on
several molecular factors. Telomeres can be regenerated by
telomerase and are protected from fusions by sheltern proteins.
Detailed investigations assessing all together the exwpression of
telomerasze and shelterin genes, telomere length, recurrent aberra-
tions and overall kanyotype instability have not yet been reported
in (LL. Here, we studied the telomere status and chromosomal
abemations in a seres of CLL patients. A clustering analysis of the
data identified groups with distinct cytogenetic and telomer profiles.

This prospective study included 77 patients (57 males and
20 females, median age of 67 years) diagnosed with QL at
the Jemmont-Femand University Hospital. Blood samples were
obtained after informed consent. At the time of sampling 34
patients were in Binet stage A, 17 in stage B and 25 in stage T
Samples were obtained before anmy treatment in &0 [T7.99%)
patients. Among the remaining 17 cases, 16 received no treatment
within & months prior to the date of zampling.

Karyotype was analzed after immunostimulation of c=ll
cultures with the CphG-oligonuclectide DSP30 and intedeuldn 2.
Interphasze fluorescence in st hybridization (ASH) was performed
with a panel of commerdally available probes (Abbott Molecular,
Rungis, France) for the detection of trisomy 12 and deletions of
13q14, 11923 (ATM] and 17p13 (p53).

Telomere studies were performed on monanuclear cells (MRNCs).
Awverage telomere length was ewluated with quantitative real
tirne DMA PCR.* The method measures the difference between a
sample and a reference nomal DMA in the ratio of telomere
repeat copy number to single-gene copy number [relative T/5
ratio). This T/S ratio is proportional to the average telomere length
asessed with a classical telomere restriction fragment analysis
Ir=10.6% Supplementary Figure S1).

The expression of ATERT [human telomerase reverse transaip-
taze) and core members of the shelterin complex, TRFT and TRF2
ftelomenc repeat binding factors 1 and 2} and POTT (protection
of telomeres 1) genes were quantified using real-time quanttative
PCR* The nommalized copy numbers (NCHs) were expressed as the
ratio between wransoript copy numbers of the target and control
[GL5) genes multiplied by 100. The mean percentage of CLL cells
determined in MNC zamples as the CD19+ D5 + population was

Fooepted article preview online 13 By F0NZ

T4+ 19% [=.d.). To evaluate the possible impact of nomal cell
contamination, we analyzed several samples (n=10) before and
after selection of CO19 + cells. The mean values of M9+ cels
were 7561 13.9% before and 98.2 £ 24% after selection. We did
not find any statistically significant difference between the values
of telomere length and gene expression obtained before and after
=lection [data not shown)

Unsupervized hierarchical clustering analyzes on the basiz of
either a combination of ortogenetic and telomeric charactenistics
or oytogenetic and telomeric parameters alone were performed to
identify subclasses with distingt chromosome abemation and
telomenic profiles [Rgures 1a—c). Kangotype and FISH data were
qualitative. Karyotypes were characterized by the presnce or
absence of aneuploidies translocations or deletions. FISH pattems
were as follows: normal, del{13qg), tisommy 12, del(17pl or dell11g)L
Sngle FISH abemations were found in 48 cases and multiple
abemations in 10 cases. In nine cases, deletions of 17 p or 11g were
accompanied either by a dell13g) or a trisomy 12 One case
showed the presence of a trisomy 12 and a del{13g). Telomere
charactenistics were included as quantitative values: relative T/5
ratios for telomere length and NCM of ATERT, TRF7, TRFZ and POT?
transcripts. The differences in the incddence of chromosomal
abemations and in the values of telomere parameters across the
dusters were analyzed statistically (Table 1)

Clustering of the combined data set highlighted three groups
Quster | demonstrated good-prognosis oytogenetics [isolated
del{13q) or normal cytogenetics), long telomerss, negative or low
RTERT and a high expression of the sheherin complex genes [TRF1,
TRF2 and POTT values were similar to those of normal B cells, data
not shown). In contrast, clusters Il and Wl displayed multiple
chromosome abemations, mostly aneuploidies in cluster Il and
sructural chromosomal changes in duster ll. All poor-prognosis
del[17p) and del{l 1g) cases were in duster [, which also showed
multiple karyotypic abnomaities (50% of cases) and trandoca
tions [7¥% of cases] the majority of translocations (B6%) being
unbalanced. Clusters Il and Wl were characterized by a striking
decreas in telomers length and sheltenn gene-expression lavels
Thus, rising chromosomal instability was assodated with telomeric
deficiency. The ATERT gene was activated in clusters Il and L
consistently with its role in stabilzation of rearranged turnor
genomes.’ The results also highlight the relatiorship of 17p and
11q deletions with more sever telomere and chromosome
instability. These deletions lead to the loss of p53 and ATM
genes, respectively, which are imvolved in monitoning telomere
and DMA integrity. An impact of p53 and ATM defidency on
telomere length was previoudy reported in CLL cells™®

Separate dustaring of oitogenetic [Figure 1b) and telomeric data
[Figure ic) also showed the relationship between the telomere status
and chromosomal abemations. In particular, cytogenstic cluster 1
without any chromosomal aberration was nomnal in terms of
telomere characteristics (Table 1). Cytogenetic cluster 2 displays
structural chromosomal dhanges, including 17p or 11q deletions,
and telomere shortening, high RTERT and decreased shehterin
gene-sxpression levels. Clustering of telomers parameters alone
revealed an interesting group (cluster 3%) with defident telomeres
with the highest ATERT level, presenting high incidences of various
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abermations, such as aneuploidies (52%), translocations or ddetions instability. The total expression of shelterin genes was found to be
(79%), dd(17p) and del{i 1q) (55%) and a trisomy 12 (24%). lower in dusters harboring an increased rate of aberrations

Unlike telomere length, the level of shelterin complex genes in {dusters lll 2 and 3%, Table 1). This reduced expression was aso
ClL was not previously analyzed in relation to chromosomal associated with shorter telomere length. Shelterin downregulation
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may either be secondary to telomere shortening or, in contrast,
may drive telomere dysfunction, thus compromising chromaoso-
rmal 'rrteg'it].L? The presnt data do not allow us to examine this
issue, although some evidence ewists. In particular, cluster 1*
characterzed by long telomeres and low level of chromosome
abemations contains a small subcluster with  significanthy
decreased shelterin gene expression (seven last patients of
duster 1%, Figure 1). Interestingly, this subduster did not harbor
more chromosome abemations than the second subcluster (first
15 patients] characterzed by higher shelterin levels (data not
shown). Given the small patient number, this result should be
taken with caution, but it suggests that the shelenn reduction
may be insufficient for the acquisition of substantial chromosomal
instability when telomeres are (still) long. Follow-up studies in
such patients could help to investigate if a sustained shelterin
downregulation would lead to maore rapid telomere erosion and’
or accurnulation of abemations. In addition, interactions with other
sheltenn complex members could have a role in chromosomal
instability. Studies of RAPT, TPPT and TINZ gens expression are
needed to clanfy the involvement of sheltern alterations in
chromosomal instability in CLL

We abko evaluated wellestablished factors predictive of CLL
progresion in patients from different dusters to determine if the
obtained dassification may be clinically significant. Figure 1d

Letter tos the Editor

shows the inddence of negative prognostic features, such as Binet
C stage, unmutated (UM] immunoglobulin variable region genes
flgvH), (D38 positivity | = 30%) and short (<6 months) lympho-
cyte doubling time (LDT), in different dusters. No significant
relationship was found with Binet C stage. In contrast, dusters
with enhanced telomere and chromosome instability showed
higher incidences of dawsical biological factors of poor prognosis
OF note, the strongest assodations with UM lgVH and CD38
podtivity were found for dusters obtained by combining
telomenc and cytogenetic parameters, whereas the links with
telomernic dusters were weaker but still significant and, finally, the
assodations with oytogenetic dusters were not significant. Only
the combined model showed a significant relationship with short
LOT. Cytogenstics and telomeres are known to represent valuable
prognostic factors in OLL* and perhaps the combinations of bath
charactenistics could provide a more accurate prediction of disease
progression. Our study was prospective, and o0 far we were not
able to compare survival of patients from different dusters. This
issue can be addressed in a large cohort of CLL patients with
adequate follow-up.

In condusion, the identification of groups with distinct
telomenic and cytogenetic profiles supports the link between
telomere status and genomic instability in QL. Telomere short-
ening changes in sheltenin and ATERT gene expresson coincided

Table 1. Freguendis of chromosomal sbermtions and valee of quantitstive telomerne cha motenistics in different dusters
Cprogenethes and ielomeres Cimgenehics Tdomees
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proportion of tumor cdls in patient samples balonging to different dusters was esentially the same. For ingtance, the mean tumor cell
content was 75% in duster |, 75% incluster 1 and 72% in duster Il (Kruskal -Wallis H-test, P= 068, not significant). id) The proportions of cases
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with increasing levels of chromosome aberrations, and this was
particularly affected by p53 or ATM gene deletions. Theses CLL
groups are assodated with established prognostic factors and may
be dinically significant.

CONFLICT OF INTEREST
The authom dedars no confilet of et

L Verongse ***, 0 Toumilhac*®, M Callanan®’, N Prie™,
F Mammkﬁﬂi P Combes'* M Chauvet™’, F Davi®,

L Gouas ™, P verrelle®®, R Guiézs™*, P Vago ™"

10 Bay™ and A Tehirkaw %

'CHU Clermant-Fermand, Cytogénétique Médicale
Jermant-Fermand, France;

“Clermont Université, Universite d8uvergne,

Faculté de Médecine, Histologie Embryologis Cytog éndtique,
Jermaont-Fermand, France;

E4 4877 ERTICS, Univarsitd dAuvergne,

Jermant-Fermand, France;

HCHU Jermont-Fermand, Hématologis (Jinique Adulte,
Jermant-Fermand, France;

“EA 7283 CREaT, Universits dAuvergne,

Jermant-Fermand, France;

*Inserm LB23, Institut Albert Bonniat,

Université Joseph Fourier, Grenoble, France;

CHU Grenoble, Laboratoire de Géndtique
Onco-hématologique, Grenoble, France;

“Centre Jean Perrin, Jermont-Femand, France and
*ervice dHeémarologie Biologique, Hipital Pitid-Salpét rigre,
Paris, France

E-mail atchirkows chu-clermon tfeman d.fr

REFEREMCES

1 Amand 3E, Definho RA- Teibmems and telomerase In ancer. Carcinogeness 2010;
31 898

2 Roos G, Kmber A, Gabowsd P, Kenle D, Bohler A, DohnerH o al Shart elomess
am assodated with genetc compladty, highrrisk genomic abermazorns, and short
surdval In dwonic lymphoogtic uoemia. Blood FO0S; 111: 23463752

3 Brugat T, Nguyen-Khac F, Grelier A, Mese-8éral H, Delic J. Telomere dysfuncton-
Induced fod arise with Sieorset of sebomeric deletion s and comples: dhromo somal
albemations In mssant cheonic m phocyec buemia ook, Shod 2010 116 238-249.

4 Tchirkow A, Craletes C, Magnac C, Vasoncdos ¥, Did F, Mchel A 2 gl WERT aqpres-
sion and pegriess in Bachmn pmphocyec ledeema Ann Onold 704 10 1406- 1480

5 PoncetD, Belledlle A, thont de Boodenteks ©, Bobomd de Climens A, Ben Smon
Mede-Seml H et al. Changes In The expeston of telomers mainteranae genes
suggest global wlomem dysfnaion in Bchminic lpmphooytc eulkemia. Blaod
FO0E; 10 IEE8-2391

& Brtr-Compton B, Lin TT, Shmed G, Wesion ¥, Jones FBE, Fegan © 2 al. Exzeme
wlomen: enosion in ATNEmutated and 11g-delated CLL patian s is independent of
disease stage. Leukemia F01Z 26 E26-230.

7 Cookzon A5, laughton CA The lavels of slomerebinding peteirs In human
surmowrs and Swrapeutc implkatons. G J Conoer Z009; 45: 5365500

Supplementary Information accompanies the paper on the Leukemia website (httpe’f www naturecom,leu)

Leukemia 2012) 1-4

£ 2012 Macrmillan Publishers Limited

68



www.impactjournals.com/oncotarget/ Oncotarget, Advance Publications 2016

Telomere status in chronic lymphocytic leukemia with TP53
disruption

Romain Guiéze!”, Mélanie Pages®’, Lauren Véronése?, Patricia Combes?,
Richard Lemal*, Mathilde Gay-bellile®, Martine Chauvet®, Mary Callanan*, Fabrice
Kwiatkowski®, Bruno Pereira®, Philippe Vago®, Jacques-Olivier Bay!, Olivier
Tournilhac!, Andrei Tchirkowv®

IcHU Clermont-Ferrand, Hématalogie Clinigue, Clermaont-Ferrand, F-63003; EA 7283 CREaT, Université d Auvergne Clermont-
Ferrand, France

ZDepartrrvent de Neuropathologie, Hépital Sainte-Anne, Paris, France; Université Paris Descartes, Paris, France

“Univ Clermont 1, UFR Médecine, Cymologie Histologie Embryologie Cytogénétique, Clermont-Ferrand, F-63001: CHU
Clermont-Festand, Cytogénétique Médicale, Clermont-Ferrand, F-63003; EA 4677 ERTICa, Université d Auvergne, Clermont-
Ferrand, France

*Inserm U823, Institut Albert Bonniot & Université Joseph Fourier, Grenchle, France; CHU Grenoble, Laboratoire de Génétigue
Onco-hématolegique, Grenoble, France
*Centre Jean Perrin, Clermont-Fesrand, France; EA 4677 ERTICa, Université d'Auvergne, Clermont-Ferrand, France

“Direction de la Recherche Clinique et de Flnnovation, Département de Biostatistiques, CHU Clerment-Ferrand, Clermont-
Ferrand, France

These authors have contributed equally to this work

Cormespondence fo: Ancrel Tohinkowy, email atchirkov@chu-clermontfemanda. fr
Keywords: chronic iymphocytic leukemia, TPA3, felomere, hTERT, shelterin

Received: Apndl 13 2014 Accephed: Juiy 10, 2014 Pubiished: July 29, 2014

ABSTRACT

In chronic lymphocytic leukemia (CLL), telomere dysfunction is associated with
poor outcomes. TP53 is involved in cellular responses to dysfunctional telomeres, and
its inactivation is the strongest adverse prognostic factor for CLL. Given the biological
relationship between TP53 and telomeres, and their prognostic value, it is important
to improve our understanding of the impact of TP52 alterations on telomeres. We
performed a comprehensive study of the deletions and mutations of the TP53 gene
and telomere parameters, including ATERT and the shelterin complex, in 115 CLL
patients. We found that any type of TP53 alteration was associated with very short
telomeres and high hTERT expression, independently of other biological CLL features.
Patients with disrupted TP53 showed telomere deletions and chromosomal end-to-
end fusions in cells with complex karyotypes. TP52 disruption was characterized by
downregulation of shelterin genes. Interestingly, low expression of POT1, TPP1 and
TINZ was also found in some patients with wild-type TP53 and had an adverse impact
on progression-free survival after standard genotoxic therapy. In conclusion, we have
demonstrated that patients with disrupted TP53 have severe telomere dysfunction and
high genomic instability. Thus, the telomeric profile could be tested as a biomarker
in CLL patients treated with new therapeutic agents.

INTRODUCTION protein 2}, TPP1 (POTI-TIN2 organizing protein, also
known as ACD) and EAP] (repressor-actrvator protem 1)
Telomeres protect chromosomal ends and are [1, 2] ) _ .

comprised of tracts of G-rich nucleotids repeats bound T]l‘-‘ protective fumetion _'ﬂf telomeras requires a
by a protein complex, shelterin, containing TRF1 and sufficient amownt of telomeric repeats and integrity
TRF? (telomaric repeat binding factors 1 and 2), POTI of the shelterin complex. Telomere shortening due to
{(protection of telomeres 1), TIN2? (TRFl-inferacting incomplete replication of telomeric DNA, as well as
www.impactjournals.comfoncotargst 1 Oncotarget
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shelterin defects, result m telomere dysfunction, whach can
lead to clromeosomal and genomie nstability. However,
coells with dysfunctional telomerss are removed via
sensscence or apoptosts, and the p53 protem, a guardian
hIERT (human telomerase reverse tramscriptase) 1s a
key component of telomerase, which can regensrate and
stabihize shortened telomeres, emabling unlmited cell
proliferation. Telomere dysfunection, p53 deficiency and
hIERT activation cooperate In oncogenesis, promoting
genetically unstable and mmertal tumor cell clones [3-5].

In clromic lymphocytic lenkenma (CLL), telomers
shortening and hTERT expression are generally observed
in patients with advanced disease and'or lgh-nsk
biological features, such as unmutated immmmoglobaln
heavy chain vanable (IGHV) genes, but some early-
stage patients can also display short telomeres and hugh
hIERT. Telomere shortening and ATERT expreszsion have
been alse related to poor outcomes [6—10]. The shelterin
complax 15 globally dysregulated at the transerptional
level [11, 12] and the presence of dysfimetionzl telomeres
has been cowrelated with a dewnregulation of shelterin
genes [11, 13], but the relationship between shelterin
status and the chinico-bological parameters and outcomes
of CLL remain unknown.

Previous reports suggest that CLL patients with
TFP33 loss, due to del{]l7p), may show excessrve telomers
shortening compared to other eytogenstic subgroups [12,
14-16]. Delation of 17p and also TP53 mutations in the
absence of del(l7p) are found m 10-15% of untreated
CLL patients, and represent the sitrongest adwverss
prognostic factor to predict early resistance to standard
genotoxic agents and a poor outcome [17, 18], Grven the
lugh prognostic sigmficance of TP53 and telomere status
and their cooperation in oncogenesis, we mvestizated the
potential link between TPF3 gene alterations and mpaired
telomeres m CLL. We performed a comprehensive study
of deletions and mmutations of the TP33 gene and of
telomere parameters meluding assessment of telomeres
as well as kTERT and shelterin gene expression m 115
CLL patients.

RESULTS

TP53 mutations and deletions are associated
with short telomeres and hTERT overexpression

TP353 mutations were found m 20 patients (17.4%):
of these, 10 also had a2 del{17p). Fouwr additional cases
had a del{17p) enly. We found that telomere length and
hIERT expression did not differ between patients with
a del(17p) and those canying a TP53 mutation m the
abzence of a 17p deletion (Figure 1A-1B). In contrast,
telomere length m these cases was considerably shorter

and ATERT expression was higher compared to that m
patients with wild-tvpe (wt) TP33. In fnrther analyses, we

considered TP53 mutated and/or deleted cases as a single
TP33-distupted subgroup (p=24).

We then mvestigated the mmpact of TP53 status on
telomeres m relation to other adverse buclogical features
of CLL, which are known to correlate with telomere
length and RTERT expression [14, 19]. In our cohort,
short telomere length was, as expected, associated with
ummtated JEHT zenes (P= 0.00096) and sheot lymphoeyte
doubling time (LDT; P=0.00083). hTERT overexpression
was found mm patients with wunmutated JGHF (P=
0.0032) and short LDTs {P= 0.0016). Although all these
characteristics mncreased the nisk of having short telomers
length and high hTERT expression, TP33 distuption had
the stronpest mmpact mn the multiple logistic regression
analyses (Figure 1C). This 15 illustrated in Figue 1D,
showing that telomere length was significantly shorter in
patents with a TP53-disrupted statns compared to a TP33
wild-type status, imespective of the JGHF mutational
status. Similarly, hTERT expression was significantly
higher i patients with TP3 3 disruption compared to thozs
with a wild-type TP53 status in the subgroups that had
either a long or a short LDT (Figuwe 1E).

We also compared telomerse lengths amd hTERT-
expression levels between cytogenetic CLL subgroups.
There was gradual and significant telomere shortenmg, and
an imcrease i hTERT from low-risk subgroups to a TP53-
disrupted subgroup (Supplementary Figure $1A-51B).
In addition, the mean mumber of karyotype aberrations
mcreased gradually and was preatest in patients with
disrupted TP53 (Supplementary Figure 51C).

Telomere abnormalities in metaphase from
TP53-disrupted cases

We performed pantelomeric FISH analysis on
six TP33-dismpted cases and six TP33 wild-type cases
{Figure 2). The mean number of telomere sipnal losses,
representative of severs telomere erosion (Figure 2B), was
significantly higher in TPF3-distupted than in wild-fype
TP33 pases (3.6 vs 1.1, respectively, ttest, P =0.01). In
contrast, no difference was observed in the frequency of
multiple telomerie signals, which are markers of telomere
replication dafects: 0.7 m TP33-distupted cases vs 0.65
in wild-type TP33 cases, N5. In addition, nine out of
24 TP53-disrupted cases had complex karyotypes, and
four of these showed telomeric fosions (Figure 2B),
which are characteristic of extreme telomere erosion,
thus highlighting the association between telomeric and
chromosomal mstability.

Low shelterin gene expression in patients with
TP53 disruption

We fost performed wunsupervised hisrarchieal
chﬁt&rmganal}msthatmchdadﬂ’ﬁshh:sandtehmue
charactenistics: 1e. shelterin and hTERT gene-expression
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Figure 1: TP53 loss and mutation are equally associated with telomere shortening and kTERT overexpression in
chronic lymphocytic leukaemia (CLL). Mean telomers length A and kTERT expreszion B. in patients with wild-type (wi) TP53
and in patients with either del{17p) or TP53 mutstons (mwut) in the shsence of del{17p) (Emskal-Wallis H test). The impact of TP53
dismuption (dis) was independent of JGHF status and lvmphocyte doubling time (LDT), 25 shown in the multple logistic regression, with
an association between shorer (<0925, mean) telomeres and higher (=55.5, mesn) ATERT C. This is illwstrated by comparing telomere
lengths in patients with mutated and nonnrtzted JGHF D and ATERT expression to patents with long and short LDTs E. Bars comespond
to the standard emror of the mean.
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levels and relative telomere length (Figmre 3A). This
approach identified three distimet groups. Cluster #1 (n= 34)
was characterizad by shortened telomeres, hagh hTERT and
lowr shelterm gene expression. This cluster mehided 22 of
the 24 patients with TP53 dismoption. Interestingly, we also
obzerved a smaller group of patients with wild-tvpe TP33
and without ATERT overexpression and telomers shortening,
but with downregulatad shelterm genes (cluster #2, = 24).
Finally, there was a large group (cluster #3, n= 35) that had
heterogeneons telomere lengths, low hTERT and relatrvely
high levels of shelterm gene expression. Owerall, TP33
disruption was clearly associated with low shelterm gene
exprassion, but a smilar downregnlation was alse found m
a proportion of wild-type TP5 3 cazes.

The expression of shelterm genes has not yet been
correlated with established CLL progmestic factors;
we performed this analysis m our series (Figure 3B).
Sigmficant downregulation of several shelterin genes
were found in patents in Binet C stage (TRFI, TRF2?
and TIN). A short LDT was associated with significant
downregulation of all the shelterin genes except for TRFZ
and POTI. Bxpression of TRFI, TPP] and TINZ? was
lower in cases with wnmutated JGHF. TP 3-dismption
was also sigmficantly associated with lower expression of
TRF1, POTI, TPPI and TIN2. This was mdependent of
the tvpe of TF33 alteration (data not showmn).

Fegarding the comelation with cyviogenstic
subgroups, the changes to shelterin gene expression wers
not consistent, except from TIN?, whach showed highly
significant gradual reduction from a normal/del{]3q)
pattern to a TP53-disruption subgroup, m parallel with
talomere shortening (Supplementary Figure 52).

Prognostic value of telomere length and shelterin
gene expression in treated patients with wild-
type TP33

As expected, smvival analyses m treated patients
confirmed the sigmificantly shorter progression-free
survival (FFS) of patients with distupted TP53 compared
to patients with wild-type TP33 (P= 0.0033; Fipure
4A%. In addition, telomere length, hTERT and three
shelterin-gene (POTI, TPPI, TINI) transcript levels
ware also significant predictors of PFS (data not shown),
but these parameters were strongly correlated with
TP53 status. We therefore mmvestigated whether these
talomere characteristics had an additional propnostic
value bevond classifying patients into P33 -dizrupted
or TP33-wild-type subgroups. We performed survival
analysis among patients with wild-type TF33 and found
that short telomeres (P= 0.00047, Figure 4B}, low POTI
{P=0.0039; Figure 4}, low TPPI (P= 0.0047; Figure
4D) and low TIN2 (P= 0.0051; Figure 4E) identifiad
subsets of patients with significantly shorter survival
times. These parameters were also assooated with
a higher nisk of progression in the umivanate Cox’s
analysis (Figure 4F). A multivariate Cox’s analysis of
known poor prognostic CLL features (JGHT statas,
1LDT, CD3E, Bmet stage) showed that wnmutated IGFH
zenes sigmficantly and independently predicted FES mn
this patient subgroup with the hazard ratio of 2.2 (95%
CI: 1.0 to 43, P= 0.022). When adjusted for IGHFV
mmtation status and telomers length, shelterin transeript
lavels remained signrhicant predictors of PFS in patients
with wild-type TP33 (Figure 4F).

Figure 2: Pantelomeric FISH of representative metaphazes from wild-type (wit) TP33 A, and disrupted TFP33 B. TP53
disraption was associated with relomernic fusions that led to dicentric chromosomes (arrows) and frequent loss of telomeric signals (one of
them is shown with an srrowhead). A duplication of a telomeric signal is shown with an asterisk.
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DISCUSSION

We have shown that CLL patients with disrupted
TP33 have severe telomers shorteming associated with
hTERT overexpression and downregulation of shelterin
genes. This telomers profile was found in patients with
TP33 mutations in the absence of del(] Tp) and m patients
with conconitant TP53 mutations and del{] 7p) or dal{17p)

alome: this suggests that any alteration to TP33 leads to
important telomere dysfimetion m CLL.

Both TP53 alteration and short telomeres have
been previcusly comelated with progressive CLL, and
with unfaverable biological factors such as ummutated
IGHVF and a high proliferation rate [14, 19, 20]. We have
demonstrated that the asseciation of TP53 dismuption with
short telomeres and lugh ATERT was an independent
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= 34 n=24 1= 55
Low [N Hooh
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— : .
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Figure 3: Low shelterin-gene expreszion in CLL patients with disrupted TP53 and in patients with adversze prognostic
factors. A. Hierarchical clustering of 115 CLL patients according to P53 stanis, relomers length and expression levels of ATERT and
shelterin genes (TRFI, TRFZ, POTI, TPPI, RAPI, TIND). Patents with disropted TPFS (red) are cluostered info a distinct group with
short telomeres, high RTERT and low levels of shelterin genes. B. Mean expression levels of shelterin genes in different CLL subgroups
according o TPS3 stams, JGHT nmmaton profile, CD3E expression, ymphocyte doubling tme (LDT) and Binet stage (H test). Bars

correspond to the standard emor of the mean.
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factor m this adverse biclogical profile, and that TP33 previously described for a 17p deletiom [16], but has

was the strongest determimnant of telomere status and not yet been reported for mutated TP53. Patients with
hIERT expression. We have also shown that patiemts dizrupted TP33 also had the hughest levels of hRTERT
with distupted TFP33 had the shortest telomerss among among the subgroups.

the cytogenetic subgroups; this association has been
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Figure 4: Telomere length and shelterin expression predict progression-free survival (PF5) in patients with wild-type
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Usmg pantelomeric FISH, we found thzt TPS3
disruption was assoclated with mereased nmumbers of
telomene daletions, and we also chserved chromesomal end-
to-end fisions in patients with disupted TP33 and complex
karyotypes. These findmgs illustrate that mpaired p33
shortening, and the accummlation of eells with eritically
erodad telomeres, thus leading to chromosomal fiusions and
zenomic mstabulity. In addstven, wild-type p53 15 a powerful
inhibitor of hRTERT, and loss of this function can alse enhance
expression of hRTERT, which is essential for swvival and
replication of tomor cells [21]. Telomere attntion and TP33
disruption may thus represent two Important cooperating
events of tumer progression m CLL., as has been previoushy
shown m epithelial fumor models [4, 22].

Telomers shortemng in CLL patients with dismpted
TP3$3 was also associated with low expression of TRFI,
POTI, TPPI and TIN? shelterin genes. Using clustering
analvsis, we found that almost all cazes of disrupted TP33
were within a distinet subset that had short telomeres and
downrepulated shelterin penes. The sbnormal expression
of shelterin genes, in the context of p33-deficiency and
shert telomeres, may have contributed to the higher levels
of genomuie imstability m this CLL subset.
wild-type TP33 also showed shelterm dowmregulation,
but this low expression was mdependent of telomers
shortening. Moreover, we also found sipmificantly lower
shelterin gene expression m cases with adverse climcal
and biological parameters, such as advanced Binet stage,
unmntated IGHF and short LDTs. Interestingly, shelterin
status was not consistently coarelated with the cytogenetic
subgroups, with the exception of TINZ. These results
heghlight the heterogeneity of shelterin status m CLL and
suggest the complexity that vnderhies these mechamizms.

The factors regulating shelterin genes
unknown., Nevertheless, some events that could affect
their fimction and expression in cancer, such as mutation
and DNA methvlation, have been described. Somatic
mutations of POT] have bean reported in CLL, and this
represents the first desenption of a shelterm complex-gene
mutation m human cancer [23]. CLL cells with POTI
mutations display mmltiple telomeric and chromosemal
aberrations, sugzesting that these mmtations and the
subsequent alterations to shelterm can favor the acqm=ition
of the malignant features seen in CLL cells.

In breast-cancer cell lines, a sipnificant reduction
in POT]I mRNA level was associated with POTI
promotor methylation [24]. Interestingly, in the clonal
avolution of CLL, a POT] mutation ssems to praceds
the appearance of alterations to TP53 [26]. In addition,
downregulation of shelterin genes can oceur prior te
telomere shortenmg in sarly CLL and so contribute to
the reduction m telomere protection [13]. Sequential
analyses of patients with low levels of gene axpression

of shelterin would be of mterest to investizate the
evolution of telomere status and the timing of TP33
appearance and other alterations, as well as the onset of
chromosomal mstability.

Finally, we found a significant adverse impact of
short telomeres and low POTI, TPPI and TIN? on PFS
of the CLL patients in our echort, who had been treated
mamly with standard genotoxic agents. This impact was
found in the whole population and also in patients with
wild-type TF33, emphasizing the additional prognostic
value of these parameters. In particular, the sigmificant
impact of shelterin zene expression on survival m
CLL has not been described previously. Of note, thase
shelterin components regulate telomerase recrmtment
via POT], and TIN2 recrmts the TPP1-POT] complex,
constituting a bridge between the different shelterin
components [2]. Unlike POTI, mutated TIN? and
TPP] have not been observed in tumors, but germline
mumtations of these genes have been reported in human
genetic diseases leading to bone-marrow failure [26,
27]. Taken together, these observations sugpest that
FPOTI, TIN? and TPFPI could be key-components in the
shelterin complex implicated m telomerse dysfunction
and adverse outcomes m CLL.

Further studies of patients with downregulated
shelterin  genes are warranted for mechamstie
understanding of the role of telomers zbnormalifies
in CLL. In additon te ITP33 disruption, these
investigations have to take into account other recmrent
CLL matations with an emphasis on telomeres, such as
altered ATM and SF3E1 genes and, as stated above, the
POTI gene. Mutations in the ATM and SF3BI genes
are known to be assoctated with shorter telomeres in
CLL cells [28, 16]. ATM, a major DIMA damage sensor,
appears to play a complex role in telomers protection
and length regulation frough interactions with the
shelterm complex [29]. A possible telomeric role of the
SF3B1 spliceosome protemn was recently revealed by
the transcriptomic study of SF3E]-mutated CLL cells,
showing an overexpression of the TERC gene encoding
telomerase ENA template, which could lead to aberrant
telomerass regulation [30].

In conclusion, we have demonstrated that CLL
patients with disrupted TP53 show severe dysfunction
of telomeres, involving telomeric DNA, hTERT and
shelterin. This telomeric dysfunction can contrnibute
to enhanced genomie instzbality and, consaquently, to
treatment resistance in CLL. Further studies are required
to evaluate the impact of TP53 in the context of other
molecular alterations, m particular “multiple hit” events
described recently in resistant CLL [31]. Fmally, this
telomeric profile could be tested as a predictive marker
in CLL patisnts tfreated with new non-genotoxic
therapies.
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MATERIALS AND METHODS

Patients and samples

After mformed consent accordmg to the Declaration
of Helsinki, peripheral blood samples were collected
from 115 CLL patients at the Clemmont-Ferrand
University Hospital (France) between 2007 and 2012
The patients’ characteristics at the time of sampling
are shown in Supplementary Table 51. Dhagnosis and
the International Weorkshop on Clhrome Lymphocyiic
Leukemua [32]. A total of 62 patients required treatment,
consistmg  of immumochemotherapy (HAudarabme,
cyclophosphanude, rihnamab n= 44, other regimens n= 6),
alemtuzmmab (r= %) or alkylating agent-based regimens
(r=3). Median follow-up time from the start of treatment
was 4] months. Peripheral blood samples were obtained
before freatment Peripheral blood lymphocytes wers
1solated by Lymphoprep™. The proportion of tumer cells
obtained was =85%.

Cytogenetic analyses

Analyses were performed at the tme of samplmg.
Earvotype was performed after mnmmo-stmnlation of
cell cultures with CpG-oligonucleotide and mierleukin 2.
to standard protocols. Twenty metaphases were analyzed.
Complex karyvotype was defmed as =3 abnormalities.
Locus-spectfic fuorescence i sitw hybndization (FISH)
was performed on interphase maclel and’or metaphases,
(co-hybndized with a control probe) to detect delstions of
13gl4.3, 11g22.3 and 17pl 3 (LSI D13531%, LSI ATM and
LSI TP53). Tnsemy 12 was studied nsing the centromens
probe D1273. All probes were from Vimis (Abbott
IMolecular, Bungis, France) and used m accordance with
the manufactorer’s recommended procedures. At least 200
interphaze maclel were examined The cut-off levels for
the presence of zbemations were 7% of positive cells for
deletions and 5% for fnsomy 12. Patients were classihed
according to previoushy reported lierarcloeal patterns [31].
Pantelomeric FISH was performed with a Telomere FINA
FISH Est (DAKQ, Glostup, Denmark), used 1n accordance
with the mamifachwer’s recommended procedires. Results
ware recorded uwsmg an Axioplan? magmg fuorescence
appropriate filters, a CCD camera, and the digital-imaging
software, Isis, w3 8.8 (Metasystems, Althussheim Germany).

IP53 mutational analyses
Genome DNA was extracted wsing a Nucleospm

Blood L (Macherev-MNagel) kit. Mutation analyses of TP53
exons 2-11 were done by DINA direct sequencing wsing

a 31301 sequencer (Applied Biosystems, Villebon-sur-
Yivette, France) and analyzed with Seqscape software. The
zenomic reference sequence used was IARC NC_000017
v3. The primers were designed to cover all coding exons
and infron—exen boundaries. The characteristics and
distmibutions of mutations were assessed usmg the IARC
TP53 Mutation Database and the Ensembl Database. TP33
gene mutations foumd in owr CLL echort are detailed in
Supplementary Table 52. Most were deleterions missensa
motations located in the DINA-bindmg domain and have
bean previonsly observed in other cancer types.

Assessment of telomere length using quantitative
PCR

Average telomere length was evaluated with
quantitative real-time DIMA-PCR in a LightCyeler 480
Systemn (Boche Dhagmostics, Mevlan, France) usmg
SYBER Green I technology (SYBE Green Kit, Roche
Diagnosties), as desenibed elsewhere [15]. This methed
meazures the relative telomere length as the T/S ratio
betwesn the templats amounts of telomere repeat (T} and
a reference smgle-copy gene (5) [33]. We used GAPDH as
a reference gene. Using this approach, we have previoushy
shown that the T/S ratio in tumer cells was propertional to
average telomere length as assessed by classical telomera
restriction-fragment analyses [15].

Cuantitative RT-PCR for hTERT and shelterin
complex gene expression

Total ENA was extracted usmg TRIzol (Fisher
Scientific, Illkirch, Framee) according to standard
procedures. Total ENA was converted to cDINA by reversa
transcription using Superscript II reverse transcriptaze
{Invitrogen, Cergy-pontoise, France), according to the
mamifacturer’s mstroctions. The expression of hTERT and
the shelterin complex genes TRFI, TRF2, POTI, TPPI,
RAP] and TIN? were quantified using real-time ET-PCR
in a LightCyeler 480 System (Roche Diagnosties, Meylan,
France), as described previoushy [11, 15]. The nommalized
copy numbers were expressed as the ratio between the
numbers of tranzenpt copies of the target and control
(GLI5E) genes, multiplied by 100.

Statistical analyses

Compansens of gquanfitative vanables were
performed usmg standard tests. As 15 usual m exploratory
studies, we chose not to adjust probabilines by the
Bonferroni method While decreasimg the rate of
false poztrves, this method also mereases in a similar
proportion the rate of false negatives. Unsupervised
hterarchieal chestering analvsis was performed to identify
subclasses with distinet expression of shelterm genes and
telomernic-length profiles. Progression-free survival (PFS)
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was caleulated from the date of starting treatment untl
a relapse, progression or death from any cause. Survival
and compared with the log-rank test. The wmivariate and
multivariate amalvses was performed according Cox's
regression model The data were analyzed using SEM
software [34].
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ERCC1 and telomere status in breast tumours treated
with neoadjuvant chemotherapy and their association
with patient prognosis
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Abstract

Drysfunctional telomeres and DNA damage repair (DDR) play important roles in cancer progression. Studies have
reported correlations between these factors and tumour aggressive ness and clinical outcome in breast cancer. We
studied the characteristics of telomeres and expression of ERCCY, a protein involved in a number of DNA repair
pathways and in telomere homeostasis, to asses their prognostic value, alone or in combination, im 90 residual
breast tumowrs after treatment with neoadjuvant chemotherapy [NCT)L ERCCT status was investigated at differ-
ent molecular levels [protein and gene expression and gene copy-number variations) by immuen ohistoche mistry,
qRT-PCR and quantitative multiplex fluorescent-PCR [QMF-PCRL A comprehensive analysis of telomere charac-
teristics was per formed wsing gPCR for telomere length and gRT-PCR for telomerase (ATERT), tankyrase 1 [TNKS)
and shelterin complex (TRFI, TRE2, POTT, TPP1, RAPT and TINZ) gene expresion. Short telomeres, high hTERT
and TNES expression and low ERCCY protein expresion were independently associated with worse survival ouwt-
come. Interestingly, ERCCT gains and losses correlated with worse disease-free [p= 0.026) and overall
[p= 0.043 ) swrvival as compared to swrvival of patients with normal gene copy-nwmbers. Unsupe rvised hierarchi-
cal clustering of all ERCCY and telomere parameters identified fowr subgroups with distinct prognosis In particu-
lar, a cluster combining low ERCC1, ERCCT gene alterations, dysfunctional telomeres and high ATERT and a
cluster with high TAVS and shelterin expresion correlated with poor disease-free (HR= 541, p= Q0044) and
overall survival [HR= 6.01, p= 0.0023) irespective of tumowr stage and grade. This comprehensive study dem-
onstrates that telomere dysfunction and DDR can contribute synergistically to tumowr progression and chem ore-
sistance. These parameters are predictors of clinical outcome inbreast cancer patients treated with NCT and could
be wseful clinically as progrostic biomarkers to tailor adjuvant chemotherapy post-NMCT.

Keywords: Telome res; telomerase; tankyrase; shelterin; breast cancer; necadjuvant chemotherapy ; ERCCY; prognosis; residual disease
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ERCC1 and telomeres in breast tumours after NCT

Introduction

Neoadjuvant chemothernpy (NCT) has besn used m
breast cmeer to facilitate conserving surgery and allows
early evaluation of response [1]. Patients achieving path-
ological complete rsponse (pCR) have better disense-
free survival [2]. Some chamcteristics of post-NCT
tunours, such as twmour siee or grade, mre closely associ-
atesd with the outcome of patients withowt pCR [34]
These criteria, however, may be misleading. Hence,
studying biological pmgnostic markers for patients with-
out pCR s crucial. Here, we chose to combine DNA
damage repair (DDR) and telomenc parameters 0 assess
progrosis in post-MCT breast cancer patients.

The ERCCI/XPF (excision repair cross complemen-
tation group 1fxemdenna pigmentosum factor) hetero-
dimer is a strocture-specific endomuoclesse  mainly
known for its mvalvement in nocleotide excision repair
(NER) and a number of othe DDR pathways [5].
ERCCI regulates DNA and protein interactions and
XPF prowides the endonud ease activity [6]. ERCCT has
been extensively studied as a putative biomarker of
response o retments [7]. Immunchistochemical stud-
tes of ERCCH stats conducted in breast cancer patients
showed correlations between high expression and good
prognosis factors [8]. The exact mechanisms underlying
this phenomenon ramain unclear,

Telomeres are nucleoprotein structures that protect
chmmosomal ends from exonucleolvtic degmdation
and nappropnate activaton of DDR pathwavs, The
sheltenin complex comprises six core prteins (TRFL
TRF2X, RAPL, TIN2, TPP1 and POTI) and has crucial
functions in telomers protection and length regulation,
Human telomerase mwverse transcriptase (ATERT), a
component of telomerase, increases the length of the
telomere by adding telomenc repeats 1o the end of
chmmosomes [9]. Tankyrase 1 (TNKS) is a poly-
ADPribose polvmerase that assembles chains of poly-
ADP ribose on the target substmte, particularly TRFL
THES is a positive regulator of telomere length by
remiwing TRF 1 from telomeres and allowing acoess w
telomerase [10]. Telomers shortening due 1o moom-
plete DN A synthesis occurs at nitial steps of moogen-
esis and leads o genomic instability. In contras,
ATERT imcmases durmg tumour progression, prevent-
ing cancer cells with genomic instability from entering
senescence or apoptosis [11]. Telomers shortening and
telomerase activation have besn studied n breast can-
cer and were comelated with poor prognosis. However,
their clinical  significance in  post-NCT  residual
tumours is mknown. In addition, the significance of
changes in shelterin and tankyrase pene expression is
under-investigated.
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ERCCI-XPF is also involved in telomere mainte-
nance, Mice null for ERCCIH have a single telomere
phenotype chamcterized by telomeric DNA-containing
double mimute chromosomes [12]. In cell hnes, the
overexpression of XPF induces telomer: shortenimg,
suggesting that XPF could function as a negative regu-
lator of telomere length via both TRF2-dependent and
independent mechamsms [12.13]. In mouse kemting-
cvies, XPF mediates telomere depradation induced by
TRF2 overexpression [14]. Finally, a partial loss of
telomeres m TRF2 deficient cells was dependent on
ERCCI/XPF expression [12]. Interactions betwesn
ERCCI and telomeres have not been studied in the
context of wmour cells,

In this study., ERCCI status and telomeric parame-
ters were investigated at different molecular levels and
cormlated with climicopathological data m a cohort of
invasive breast cancer patients treated with NCT with-
out pCR. We suggest that post-NCT twmours with low
ERCCI expression and dyvsfunctional telomeres are of
poor prognosis, whereas high ERCCT and functional
telomeres are good prognostic markers,

Patients and methods

Patients and samples

We retrieved archived tumour samples from 90 women
diagnosed with mvasive breast cancer and tremted with
MWCT protocols [15] betwesn 1996 and 2010 at the: Jemn
Pernn Cancer Center, Clemmont-Fermnd, France, Clini-
copathologcal data are summarized o supplementary
material, Table 51. After NCT. patients underwent
appropriate  surgery, and mdicstherapy. Patients with
important residual disease received adjuvant chemother-
apy. Trastwzumab was wsed for the adjuvant treatment
amd the treatment of mecument metastatic disesse n
HER2Z+ cases. Menopausal patients with hommone
mceplor-positive tumours received tamoxifen for 5 vears.
During follow-up (medion of 9 vears), 34 patients
(38 9% relapsed locally andfor presented contralatenl or
distan events, and 26 (28 9% ) died from beeast cancer,

Prokin studies were performed on pamifin-embedded
tissue sections of W postNCT tumours and 59 matched
pre-NCT biopsies. Cryopreserved post-WCT samples wens
available for molecular investigations for 45 ot of 90
patients (Bwologeal Resources Center BE-0033-00K07 5).
The nstititional review board approved the study.

ERCC1 immunchistochemistry (IHC)
A control haematoxylin and eosin-stained shide was
analveed for each tissue block., ERCCI THC staiming
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wis operated on a Benchmark ULTREA THC/ISH stain-
ing module (Ventana, USA) as described in Supple-
mentary methods, Semi-quantitative  assessment of
ERCC1 expression was perfommed by two independent
readers (FPL, PR) according 1o the following algo-
rithm: staining intensity on twmour cells was praded on
a scale from O to 3. with score 3 representing high
intensity and endotheliol cells in wnsil control tissue
used as a reference and assigned an intensity of 2. The
percentage of positive tumour cells caleulated for each
specimen wis multiphed by the stuning mtensity 1o
ohtain an H-score ranging from 0t 300 Only nuclear
stuiming was scored, but the readers recorded unex-
pected  patterns {eg evtoplasmic). Discordant cases
were reviewed, Entire sections were assessed in both
pre- and post-MCT sample s,

DNA and RNA extraction

DNA and RNA were extracted from snap-frosen post-
NCT wmour samples with the AllPrep DNARNAJS
miEMNA Universal Kit (Qiagen, Coutaboeul, Frnce)

according 1o the manufacturer’s nstructions,

ERCCT gene copy-number gquantification

The ERCCI gene copy number was quantified by
quantitative multiplex fluorescent pol yvmerase chain
reaction (QMF-PCR). Primers were designed for thres
frngments of the ERCCT gene ('UTR, Exon 6 and
FUTR). Seven other genes (PVRLI, BODIL, RET,
ENFa38, AGBL2, CFTR and POR) wer amplified as
contmols, QME-PCR was pedformed acconding to pub-
lished protocols [16.17]. Primers and technical details
are given in Supplementary methods, Fluorescence
intensities of PCR prodocts were correlated with the
copy number of the relevant exons. Fourteen control
DMAs were included in each experiment: 11 normal
DMNAs and 3 DNAs with a known ERCCT copy num-
ber (deletion, nomal and gain). A dosage gquotient was
calculated relative 1o all the other amplified exons n
patients and controls. The mean ratios 23 standand
deviations of controls were used as cut-off points 1o
detect copy number vanations (CNVs) ratios = 12
were comsidersd as gains and ratios < 0.8 as losses,

Telomere length assessment

Average telomere length was measured by guantita-
tive real-time DNA-PCR as described elsewhers [18].
This method, developed by Cawthon [19], measures
the ratio betwesn the telomere repeat (T) and mefer
ence single-copy gene (8) template amounts (relative
T8 ratin). We previously showed that the T/8 ratio in
tumour cells was proportional to the average telo-
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mere length assessed by a classical telomere mestric-
tion fragment analysis [18].

Gene expression analysis

The gene expression of ATERT and shelterin (TRF,
TRF2, POTI, TPPI, RAFD and TIN2} was guantified
by real-time RT-PCR as described previously [18.20].
TNES (tankyrase 1) and ERCCT expression was quan-
tified with known primers [21.22] The normalized
copy number (MCN) for each pene was expressed as
the: ratio between tmnscript copyv-numbers of the target
and control (B2M) genes multiplied by 1040,

Statistical analysis

Standard tests (Kuskal-Wallis 1es, ANOVA, Stu-
dent’s r4est, chi-squarsd test, Spearman comelation)
were used 1o study the relationship betwesn character-
istics, As is wsual in exploratory stodies, we elected
not o adjust probabilites by the Bonferron method,
which, while decreasing the rate of false positives, also
increases in a similar proportion the mite of false nega-
tives., Disease-free survival (DFS) refers o the period
between diagnosis and the At relapse (local or dis-
tant). Owerall survival (05) was measured from the
statt of NCT until the last follow-up report. Survival
curves were established by the Kaplan-Meier method
and compared with the log-rank test. An unsupervised
hierarchical clustering was performed with SEM soft-
ware [23]. Distances betwesn clusters were caleulated
by 1-Pearson’s cormelation coefficient valves and the
dendrogram  was  constructed acconling o Wand's
algorthm.

Results

ERCC1 protein and gene expression level

In post-MWCT tumours, the median H-score was 102
(0-285). Positive EROC1 stwining was nuclear (Fig-
ure 1A B} Two patients had negative staining and
three cyvtoplasmic staining. Cormelations between clin-
wopathological data and ERCC1 H-scores in post-
MWCT wmours are shown in Table 1. There was no
wssociation between ERCCT expression and tumour
size, prade, stage, hormons-receplor expression and
molecular classification. Interestingly, patients treated
with anthracvelines had higher H-scores than patients
receiving anthracyelines + taxanes or taxanes alone
(p= ) Comparison of ERCCI expression in
pre-NCT and post-NCT samples (AERCCT) indicated
an inereass in EROCT levels afler tmeatment with
anthmevelines  as  compared 0 other  regimes
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Figure 1. Detection of pre- and post-NCT ERCC1 expression and associations with NCT regimen and survival. {A-B): Representative
images of ERCC1-positive invasive carcinoma: HE staining (A) and corresponding IHC staining (B), showing nuclear positivity in
tumour celks. (C-D): Variations in ERCC1 expression between pre-NCT and post-NCT samples {C) are assaciated with NCT regimens:
tumours treated with anthracyclines had an increase only in ERCC1 levels as compared to anthracyclines +taxanes and taxanes
groups (D). {E-F): Survival analysis. Patients whose tumours had low ERCC1 expression (< median, 102) had significantly shortened
DFS, whereas those with high ERCC1 levels had better prognosis (EL No significant difference in OS was observed between the
groups with low and high ERCC1 levels (F).

(p=0.042), suggesting that anthracyclines induced  ERCCI expression in class 4 patients (AERCCl=
ERCC1 expression (Figure 1C.D). After NCT, Che- —72.4) but an increase in class 3  patients
vallier's class 4 patients had lower H-scores than  (AERCCI =14.66. p=0010). The reduction in
class 3 patients (p = 0.029). There was a reductionin =~ ERCC1 levels was correlated with larger residual
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Table 1. ERCC1 protein expression in association with pre- or
post-NCT clinical and pathological featuwres of breast cancer
patients*

ERCC1 H seome
Tumaur sime il ]
T1-12 [n = &) 1154 [+£105]
T-T4 [n=24] 789 [=1314])
Madal status il
Megative [n= 85) 1021 [=125)
Pemsithee (= 4] 1 (£1148)
AICT chinical stage 053
Il [m= 78] 1083 [+5.4)
mn= 13 915 [x208]
Tumaur gade |SBR) 019
1{n=19] 1604 [£32)
Il [n =48] 101.1 [£107]
m [n= 23 1012 [£164)
HR status 034
Hegative [n = 27] 9212 [+158]
Periiitioe (= 53] 1108 [+£108])
Malecular clesification 087
Luminal & [r=23] 104 [+ 164]
luminal B [r=285] 114 [£16.4]
HER2 [n= 4] 84 [£375)
Triple negatiee (r=13] 77 [=202)
Neoadjuvant chematheragy 00042
Anthracycline based (n— 47] 1312 (x£127]

.ﬂ.rrﬂi:r'prrm::l:l'l'm'leh:tdh—ji] a54 (+=103)

Taxane based [n = 8 405 [=265)
Chevalliers pathalogical response [iXir. ]
Cha= 3 [n=70] 1176 [£14.)
Class (= 14) 726 (23]
Tumaur gade |SBR) in residual tumawr 019
Ir=13) 131.4 [£247)
Il [r=18) 1096 [£104]
 (r=14) 822 [+1948)
HR status in residual tumour 028
Hegative [n = 25] 97.4 [=154]
Pesithee (= 60) 1178 [£104]

Wiezing sallues are due i bloc adaerction
MO, Aeresican bint Coemenitbee o Cancer; SER, Scgerff -8 oz - Fichaeduon
gading system; HR, hommone soeptos; SEM: standasd e of the mean

tumour (p=0.01). Increased ERCC expression after
treatment was seen in pre-NCT Scarfi-Bloom-Richard-
som (SBR) grade T tumours (AERCCT = 95.5), but not
in grade I-TIT wmours, which had stable or decreased
ERCC1 levels (grade TM=—17.88; grade =32,
p= 0044

To evaluate the prognostic impact of ERCCI
expression in residual tumours, we compared survival
in patients with low and high H-scores, using the
median value as a cul-off. Patents with low ERCCI
levels had shorter DFS (p= 0003). There was no asso-
ciatiom between ERCCI expression and 05 (Figure
IEF). Of note, pre-NCT ERCC1 and AERCCT were
not correlated with DFS and 08,
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The levels of ERCCT gene and prolein expression
evaluated mn post-NCT tumour samples wers not corme-
lated. ERCCT pene expression was not associated with
clinicopathological chameteristics (data not shown).

ERCCT CNvs

Of the 45 post-NCT tumour samples, six had losses
and five had gains (Figure 24-C). These alterations
involved the entie ERCCT pene. In addition, two
turmours had partial gains imvolving the SUTR primer
only.

Fatients with gains showed an average increase in
ERCCI pgene (75%) and protemn (4045) expression,
whereas i those with losses ERCCT gene and pro-
tein expression decreased by 20%. However, these
changes were not significant.

We compared survival according to ERCCT gene
status: (i) losses, (i) gains (partial or total) and (i)
normal copy-number (Figure 2DUE). and found sigrif-
icant differences for DFS and 08, In particular, the
subgroup with ERCCT losses had lower DFS (5.1
years, p= 00065) and 08 (72 vears, p =0.014) than
the nomnal copy-number subgmup  (median not
reached). The subgroup with ERCCT gains had nter
mediate 08 and DFS.

Telomere length and ATERT expression

The median wvalue of AFERT expression was 3.5
(00-147.6) and that of telomens length 1.03 {0.22-
2710 Of note, shorter telomeres were  associated
with higher ATERT expression (p = 0.00075). Come-
latioms betwesn telomere length and ATERT expres-
sion with clmicopathol ogical data are summarteed n
Table 2. Telomers shortening was associated with
wdvanced disease stage (p=0.030), positive nodal
status (p=0.031) and higher tumour gmdes in pre-
and post-NCT twmours (p= 00057 and p = 005).
ATERT expression temded 1o increase in advanced
stuges and higher post-NCT tumour grades and come-
lated with hormone-receptor (HR) negativity in post-
MCT twmours (p=0.039). Mo association was
observed between telomere parameters and molecular
classification. However, patients with triple negative
breast cancer (TNBC) tended 10 have shorter telo-
meres and higher ATERT. Telomerss were shorter
and ATERT higher in cases with the largest residual
disease (Chevallier’s class 4 versus class 3, p = 0U05)
The impact of telomere length and ATERT level on
outcome was analveed wsing the median values as
cut-points  (Figure 3A.B). Patients with short tele-
meres  had  lower DFS  (p=0007) and OS5
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Fgure 2. Post-NCT BRCCT copy-numbers: detection and corelation with swrvival. [A-C): Determination of BRCCT gene copy numbsers.
ERCCT copy numbers were evaluated by QMF-PCR with three distinct probes on the BRCCT gene (localizzd in 5'UTR, Exon & and
3'UTR] and seven other genes serving as controls (PVRLI, BOD 1L, RET. ZNFe38, AGBL2, OFTR and POR. The gray zone comesponds to
normal gene—copy number, which was defined a5 the mean *3 standard deviations of controls Three examples of BRCCT profiles are
presented: two copies [A), loss (Bl and gain IC]. [D-E] Survival analysis. ERCCT losses and gains were associated with significantly
shorter DPS (D) and 05 (E] than in the group without CWVs. BRCCT losses ane associated with the worst survival and gains with an

intermediate survival

(p=0.050). High hTERT expression was also related
to decreased DFS (p =0.0015) and 08 (p= 0.025),

Shelterin and tankyrase 1 gene expression levels

Sheltenn gene expression did not comelate with dis-
ease stage, wmour size, nodal status, SBR Grade (pre-
and post-NCT). HRE status (pre and post-WCT), pathoe-
logical response, NCT regimen or survival (data not
shown). High expression of the TNES pene was
observedd in high SBR pgrade pre-NCT  twmours
(p= 0.026). Higher tankyrase expression (fourth quar-
tile, TWES =442) was strongly associated with worse
DFS (p= 000061) and O3 (p= 0.0096) (Figure 3C).
Prognostic impact of TNES was independent of ATERT
expression and telomere length (muoltivariate Cox anal-
yais, adjusted p = 00013 and p = 0,05, respectively).

Clustering analysis of ERCCY

and telomere parameters

We performed an unsupervised hierarchical clustering
analysis to identify prognostic subgroups among 45
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patients, combining telomeric and ERCCI data in
post-NCT twmours, Four balanced groups with differ-
ent prognosis wen: defined on the basis of their
molecular similarities (Figure 4A-C).

Cluster 1 (n= 10} had good prognostic parameters
(long telomere, no o very low ATERT expression)
and high ERCC1 proten expression levels. Sheltenn,
TWES and ERCCT pene expression levels were low.
The ERCCT gene had few CHVs. These patients had
good DFS and O8 (9.5 and 9.6 vears, means).

Cluster 2 (n= 11) had bad prognostic pammeters
(shont telomere, high expression of ATERT) low
ERCCI levels, low shellerm, TNES and ERCCT gene
expression. Cluster 2 patients had the highest level of
ERCCI CNVs (both losses and gains) and the lowest
DFS and 08 (6.2 and 7.8 vears, respectively).

In cluster 3 (n = 13), the telomeres were short but
ATERT expression low. Sheltlenn and ERCCT gene
expression levels were the highest. OF note, thess
patients also had TWES overexpression. Them were a
few ERCCT CNVs, and ERCCT expression was inler-
mediate. Survival was short in this subgroup (DFS of
6.7 and OF of § years).

J Patic Olin Rex October 2016 2 1342458
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Table 2. Telomere length, hTERT and TWKS expression in association with pre- or post-NCT clinical and pathological features of breast

cancer patients'

Tumaur size 088 091 042
Ti-T2 |n = 30) 1.080 [=0.087) 1563 [+6) 3459 [+49.4)
T-Td [n = 15) 1.088 (+0.130) 1265 [+528) WG (=861

Modal status 0031 0az wif
Negative n=21) 1.181 [=0087) 787 (x274) 41 (=707
Psitiee [n=24) 0.4972 [=0.108) 2058 (=763 3179 (=528)

ANCC clinical stage 0030 i wEa
=1l {n=38) 1.128 (=0078) 10,53 [+338) 3678 (=513
Wir=7 0,761 [£0.135) 3693 [+19.3) 3203 (=409

Tumaur gasde [SBR] L0067 020 Qi2s
1n=5 1.744 [£0237) 168 [£19.56) 3264 [£1472)
r=23 094 [£0082) 17.67 (587 3003 [£549)
W fr = 10) 1,107 [=0.113) 2378 [+087) G404 [=1163)

HR status iy, Q08 ikt
Negative n=11) 0.841 [£0.102) 2382 (+94) 4309 (=1168)
Pesitiee (n=231) 1,161 [=00a3) 11.47 [=508) 3356 [=47.1)

Malecular clesification 0078 023 B0
Luminal A(n=17) 117 [+0123) 068 [+4.14) 343 [=618)
Luisrinal B [n =18 12684 (=0137) 5% (=156 3211 (£708)
HERZ [n=13] 1.136 [=0.155] 1203 (=748 4117 (=138
Triple negative (n=15) 0,653 [£0.1386) 636 [+ 10.98) 531 [=2245)

Memadjuvant chematherapy 0 059 080
Anthracycline based [n= 23] 0.987 [£00a1) 19.85 [+775) 33049 (=448
Anthracycline and Tasane haved [n = 22) 1.185 [=0.108) 430 [+3.43) 3818 (£714)

Chewalliers pathalagical respamse 0045 uldi Ed
Class 3 [n=2348) 1.115 [=0.083) 1207 (377 3611 [£81)
Class 4 (7 =F5) 0,780 [=0041) A7.12 (+=24.76) 358D (=647

Tumaur gede [SBR] in residual tumaur 0u0E 27 020
1(n=48) 1.4548 [=0.264) 1034 [+8.13) 3404 [+929)
Wa=17 0973 [£0091) 1207 (658 3209 (646
W fr = 10) 0928 [£0.081) 3279 (1139 496 [=1227)

HR status in residual tumour 15 [Tixt] 054
Megative [ = 12) 0,883 (£0098) 2481 [+921) 3413 (468
Pesitive [n=22) 1148 [=0091) 109 [=493) 3704 (=545

Minzing walues are doe 0 blodk schastion.

AICT, Aemesican Joint Comemitter on Camcer; SBR, Scaeff-Blocm- Richandson gading mystem; HR, hamone moptars; SEM, sindard emor of the mmn.

Cluster 4 (n= 11) had ‘normal” telomeric parame-
ters, moderate to high shelterin gene expression (in
particular  TPPI  overexpression)  and  low TNES
expression levels. The level of ERCCT pene expres-
sion was moderate, that of ERCCI protein expression
low, and no ERCCT CHVs were observed. Survival
data were rather favorable in this cluster (DFS of 9
and OF of 95 years).

Survival analysis showed that patients from clus-
ters 1 and 4 had better DFS and 08 than patients
from clusters 2 and 3 (Figure 4D). Furthermore,
patients from clusters 2 and 3 had early relapses with
DFS at 5 years of 62.5% compared to DFS at 5 vears
of 90.5% in clusters 1 and 4 (p= 0014). A multivar-
e Cox-model analysis with pre- and  post-NCT
tumour stages and prades showed that clusters 2 and
& 201é The Authors The jourmal of
Sodety of Grear Bricain and Irelnd and Jchn Wikey & Sons Lad

- (rical Research published by The Pathological

3 correlated with shorter DFES and 08 irrespective of
tumor stage or grade (Figum 4E). Prognostic pro-
files of clusters were sigmficant when adjusted for
pathological response with hazard ratios of 464 for
DFS (p=0.0072) and 581 for OS5 (p= 0L.023).

Discussion

There is emerging evidence that pathobiological fea-
tures of post-NCT disease can determine oulcome m
brzast cancer [24]. The adjuvant tmeatment decision-
making process, cumently based on pre-NCT biopsy
criteria, 5 begming to switch toward the wse of
post-NCT  disease  factors. In this  stedy,  we
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Fgure 3. Post-NCT telomere length, hTERT and TMK'S expression levels are predictive of disease-free and overall survival [A] Median
telomene length (T/S ratio of 1.00) was used to separate tumours into two groups: long (blue ling) versus short [red lineg| telomenes.

Short telomeres werne significantly asociated with worse DFS [p=

0u007TE] and 05 [p= 00501 [B] Tumours were divided into low

hTERT (blue line] versus high hTERT (red line] expression according to the median value (NCN of 3.5). High hTERT expression was sig-
nificantly correlabed with worse DFS (p= 0u00158] and O5 (p=0u025] IC] Higher TMKS expresion [fourth quartile, TNKS = 443, red
line] was significantly asociated with worse DFS [p = 0UOO0E1) and 05 [p= QUG

investigated ERCCI expression at different molecular
levels and telomere  characteristics i post-NCT
breast twmours and correlated the results with patient
oulcome,

Associations between ERCC1 protein expression
and clinicopathological data have been previously
explored in breast cancer. Despite their heterogene-
ous design, most studies suggested that high ERCCI
expression was correlated with criteria of good prog-
nosis, such as estrogen- positivity and low
TN stages [E25]. Low ERCCI levels wemr found in
poor-prognosis THBC [26,.27]. Our results show bet-
ter survival i cases of high ERCCL in post-NCT
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tumours, but not in pre-NCT tumours. We may infer
that ERCC1 expression m msadoal twmours 15 a
robust progmostic marker in breast cancer patients
treated with NCT.

KNCT protwocols nfluence DDE mechanisms and
pathological response. pCR orate  increases  after
platmum-based CT  in wmours  underexpressing
ERCCI [28]. This is in line with the paradigm that
negativeJow ERCCT twmours respond  better 1o
platmum-hased CT because of msufficient NER acti-
vation [29.30]. In addition, anthracyeline-based CT
may induce an ncrease in ERCCT pgene expression
levels 1n breast wmouss becawse of the activation of
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ERCCl-dependent DDRE mechanisms other than NER
[31]. Owr study showed mereasing EROCT expression
in tumours treated with anthracvelines compared with
tumours treated with twxanes, Post-WCT ERCCL sta-
tus could be taken into account in future twiloring of
platinum-hased adjuvant therapy.

ERCCI  expression  was  greater in post-NCT
Chevallier class 3 tumours than in class 4 cases. Bet-
ter response is genemlly observed i twmours with
higher genomic instability [32] while hormone-
receplor pasitive tumours, which have low genomic
instability, are wsually poor responders w NCT [33].
Class 3 and 4 patients represent  heterogeneous
groups in terms of genomic instability and other bio-
logical charactenstics. It s possible that ERCCI
expression  levels could help to dentify  better
responders among HR-positive cancer patients like
those with luminal B wmours, which have higher
levels of genomic mstability and are more chemosen-
sitive than luminal A tumours [34].

In agresment with other mports, we did nom
ohserve  any  prognostic  significance of ERCCT
mBMN A exprssion at the pene level [35]. In addition,
copy-number alterations of ERCCT gene wers previ-
ously shown to be highly frequent in non-small cell
lung cancer but not correlated with protein expression
and survival [36]. We found that ERCCT CNVs
tended to be associated with parallel variations in
protein and gene expression levels and that both
gains and losses wers correlated with worse outcome.
We suggest that ERCCT protein functionality could
be affected by CNVs,

In nmve breast cancer, lelomere shorlening was
associated with twmour aggressivensss according o
THNM stage or SBR grade [2237-39]. Short telo-
meres were found in agpressive HER2+ and TNBC
cases [40041]. In our series of post-WCT tumours, we
also observed telomere shortening in patients with
advanced stage and prade.

A relationship between shont telomeres and poor clin-
wcal outeomes has already been reported [37.42.43] bat

243

not confirmed in a study with longer median follow-up
time (7.2 vears) [44]. Furthermore, the mpact of short
telomenzs on DFES was recentl v observed in TNBC bat
not in HE-positive tumours [45]. Our analvsis of a
cohort with a bong follow-up (9 vears) and a majority of
HE-positive tumours strongly supports the ovemll link
be twezen shon telomerss and poor survival in breast can-
cer. In omder to maintain short telomeres, ATERT is acti-
vitted in twmour cells, and high ATERT correlates with
clinical aggressivensss m many human malignancies
[18.4648]. In agmement with previous findings in
breast cancer patients [22.49.50], we observed that
mereased ATERT expression  correlated  with higher
SBR grades and shoner survival. Thus, we suggest that
telomene length and ATERT expression in post-NCT
turnours are significant predictons of survival and could
be wsed 1o tailor adjuvant chemotherapy.

Owerexpression of TWES has been described in
breast cancer in comparison to nomal tissue [51]
and has been associated with higher SBR grades
[22]. We found that TNKS overexpression appeansd
mainly in high-grade SBR IIT tumours, suggesting
that this oversxpression represents a relevant event in
turmour progression. We also demonstmted that high
TNES expression was associated with shorter sur-
vival, Because of its involvement in telomere mainte-
nance, lankvrase was moently  considersd as oa
potential target for cancer thempy [52.53]. The come-
lation of TWES expression with survival underlines
the validity of this tamget.

Down-regulation of shelterin genes TRFT, TRF2 and
FOT! has been found in breast cancer compared with
nawrmal breast tissue [22.50,54.55]. Low expression of
POTI, TRFT and TRF2 1ended to be associmed with
high tumour grade and poor climical outeome, but this
relationship was not significant [22.50]. We observed
no cormelation between shelterin gene expression and
clincopathological pammeters or survival,

Clustering  analvsis  combining  telomeric  and
ERCC1 parameters identified four subgroups with
different  prognosis  and  with  possibly  differant

Fgure 4. Post-NCT telomere and BRCC1 characteristics, combined together, correlate statistically with disease-free and owerall sur-
wival |A] Unsupervised hierarchical clustering was performed on the combined telomere length (TL], ATERT, TMKS, shelterin |TRFT,
TREZ, TPPI1, POTT, RAPT and TWNZ] and BRCCT gene expression, BERCC1 protein expression and ERCCT gene CMV The three levels of
analysis for BRCCT are annotated (p| for protein expression, (t] for gene expression and fg] for copy number. The different color
intensities of dichotomic parameters reflect normalized values and not original binary (/1) valees. High normalized quantitative val-
wes of telomere length and expression of BRCCY and telomere—related genes are shown in red, intermediate valwes in black and lower
values in green [intensity scale & shown). [B] Distribution of the different parameters among the fouwr clusters. (O] Patients from
Chesters 2 and 3 (red lines] had shorter DFS than thoese from clusters 1 and 4 (blue lines] (p= 0U025] A highly significant difference
was observed between clusters 2 and 3 versus clusters tand 4. (D) Clusters 2 and 3 [red fines] tended to be associsted with worse
05 than clusters 1 and 4 [blue lines). Patients from grouped clusters 1and 4 had significantly worse 05 than patients from clusters 2
and 3 [p= 0u013). (E] Prognostic value of these clusters in 2 multivariate Cox-model with tumour stage and tumour grade. Patients
from clusters 2 and 3 had significantly shorter DFS and 0%, imespective of tumour pre— and post-NCT stage or grade.
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biological significance. In panticular, the analvsis of
poor-prognosis  cluster 2 patients  showed  that
telomere-dvsfunction  pammeters  (short  telomers
length, high ATERT, low shelterin) were associated
with decreased ERCC expression and ERCCT copy-
number alterations suggestive of a certain deficiency
in DDRE mechanisms. Both telomere and DDR
defects can contribute to a higher degres of genomic
instability and. given the possible mvolvement of
ERCC1 m telomer mamtenance, amplify the delete-
riows impact of (zlomer dysfunction, resulting in
resistant tumour phenotypes. The ATERT over xpres-
stom observed m this cluster could have contrbuted
o twmour cell proliferation by stabilizing short elo-
meres and by confering survival advantages owing
to the telomere-mdependent function of hTERT as
transcriptional modulator of the NF-.B and Wn/B
catenin pathways [56].

Anather poor-prognosis association, including high
TWES, ERCCT and shellein pene  expression,  was
found in cluster 3 patients. Telomens length and ATERT
wiere less affected. but this subgroup had womse progne-
sis. than clusters 1 and 4 with no marked elomere
changes, TNES acts as a positive regulator of telomers
elongation in telomemsepositive cells amd also has
telomer-independent functions that contribute o cor-
rect bipolar spindle assembly during mitosis [57] and
the maintenance of Wnt-signalling [58]. All these func-
tions of tankyrase may increase the survival capac ties
of wmour cells. In addibon, up-regulation of ERCCT
and shelterin genes may have an adverse effect on elo-
mems, Shellerin interacts with proteins mvolved in
DDR, such as EROCI-XPF. Overexpression of XPF
may negatively mgulate telomen length maintenmes
and interfere with sheltern binding o telomeres [13].

The association of long telomerss, low ATERT
expression, low shelterin and high ERCCI protein
expression that we observed in cluster 1 patients, ime-
spective of tumour stage or prade, confirms that
together functiomal telomen: and DDE protein recmit-
ment determine the best prognosis,

In conclusion, we report new findings on the clinical
significance of ERCCL, a DDR pmtzin, and telomers
parmmeters m breast cancer treated with NCT. The
combination of these characlenstcs identifies sub-
groups with different prognosis. These results empha-
size the mierest m studving DDR protems and ther
role in telomer: maintenance in translational studies,
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ABSTRACT

Upregulation of the telomerase reverse transcriptase (TERT) gene in human
cancers leads to telomerase activation, which contributes to the growth advantage
and survival of tumor cells. Molecular mechanisms of TERT upregulation are complex,
tumor-specific and can be clinically relevant. To investigate these mechanisms in
breast cancer, we sequenced the TERT promoter, evaluated TERT copy number
changes and assessed the expression of the M¥C oncogene, a known transcriptional
TERT regulator, in two breast cancer cohorts comprising a total of 122 patients. No
activating TERT promoter mutations were found, suggesting that this mutational
mechanism is not likely to be involved in TERT upregulation in breast cancer. The
T349C promoter polymorphism found in up to 50% of cases was not correlated with
TERT expression, but T349C carriers had significantly shorter disease-free survival.
TERT gains (15-25% of cases) were strongly correlated with increased TERT mRNA
expression and worse patient prognosis in terms of disease-free and overall survival.
Particularly aggressive breast cancers were characterized by an association of TERT
gains with M¥YC overexpression. These results evidence a significant effect of gene
copy number gain on the level of TERT expression and provide a new insight into the
clinical significance of TERT and M¥T upregulation in breast cancer.

INTRODUCTION than 20% of cancers [1]. One of the hallmark features of
tumor cells, 1t contmbutes to their growth advantage and

The telomerase reverse transcriptase (TERT) gens survival, and upregulation of the TERT gene is the major
encodes tha catalytic subunit of telomerase that maintans mechamsm of telomerase actrvation in human cancer [2].
telomere length Telomerase activity occurs in mere In breast tumors, TERT overexpression was associated
wiww.impactjournals.comfoncotarget 1 Oncotarget
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Table 1: Distributions of TERT promoter rs2853669 alleles (T349C SNP) in breast cancer cohorts (with

95%-confidence imtervals) and 1000 zenome databaze

MPTT

M TIC M CIC

Breazt cancer cobort #1
pre-MCT biopsies (n=T77)

Breast cancer cobort #1

57.7% (46.7-68.7%)

E‘:EEFT residual fumors 48.9% (33.4-63.5%)
1000 Genome Database

All pepulations 53%
European population 52.1%

37.2% (26.547.9%) 5.1% (1.1-12.3%)

44 4% (29.9-58.9%) 6.7% (1.7-18.4%)

34.5% 12.5%
38.2% 9. 7%

with tumor aggreszmiveness [3] and poor survival after
adpovant [4] and necadpvant [3] chemotherapy.

Several molecular events can modify TERT
expression In cancer cells. Somatie mutations and
fimetional smgle nucleotide polymorphisms (SNFP) in the
TERT promoter can lead to changes in the expression of
the gene [6]. Overexpression of the oncogene MY can
directly enhance TERT expression by increased binding
to the TERT promoter [7]. Increased copy number or
amplification of the TERT pene can also result in TERT
upregulation [E-10].

The TERT promoter is the most important element
of telomerase expression becaumse 1t harbors bimding
sites for mumerous cellular transenptional activators
and repressers that directly or indirectly regulate zens
axpression. Kecwrent somatic mutations i the TERT
promoter were foumd in cancers of the central nervous
system (43%0), bladder (59%), thyread (follicular cell-
derived, 10%) and skin (melanoma, 29%%) [11, 12]. In
particular, two hotspot C228T and C250T mutations create
binding motifs for fransenption factor ETS2 and increasa
TERT transeriptional activity [13]. In addition, the T349C
SMP, chr:1,295,349 T=C (1s285366Y9) affects telomerase
activity and telomere length [14, 15]. Ths polymerphizm
can be studied m both blood and tumeor samples smee the
results are concordant [14, 16]).

In breast cancer, only hmited data are available
concerming the meidence of mutations and SHP m the
TERT promoter, TERT zains and their relationship with
TERT upregulation and patient prognosis. To address these
1ssnes, we Investigated the mutational status and genctvpe
of the TERT promoter, TERT gene copy number and TERT
and MTC mBMNA axpression in two breast cancer cohorts.
The first cohort comprized 77 patients with tiple-negative
breast cancer (TWBC) from two recent necadjuvant
trials assessing the efficacy and toxicity of anti-EGFE
anfibodies combined with chemotherapy [17, 18]. The
patients had been followed for 5 years. The second echert
consisted of a refrospactive series of 45 patients treated
with standard neoadjuvant chemotherapy (NCT). Most of

them had common hormeone-pesitrve tumors and had been
followed for more than 10 vears.

RESULTS

TERT promoter status

We detected no activating TERT promoter mutations,
including hotspot mutations C228T and C250T, m 77 pre-
WCT breast tumer biopsies (cohort #1) and 45 post-NCT
residual tumors (eohort #2). The T349C (1:s2853669) SHNP
was 1dentified in 42 3% of tumor bicpsies and 48 9% of
residual tumors (Table 1). In both #1 and #2 cchorts, most
tumors with the variant C allele had a heterozygous 349
T/C genotype (37.2% and 44 4%, respectively) whereas
the frequency of 349 C/C homozygotes was low (3.1%
and 6.7%). Overall, the frequencies of T349C in the two
cohorts were similar to those m the 1000 Genome databasa
for Europe.

TERT copy number aberrations

We found that TERT gamns were relatively frequent
avents m both cohorts. Twenty tomors (25.6%) in cobort
#l and seven tumors (15.6%) m cohort #2 had TERT
gains. TERT lossas were rare, with the alteration ocowrring
in three fumers (3.9%2) in cobort #] and two tmors (4.4%)
in cohort #2.

Associations of the T349C genotype and TERT
gene copy number gains with TERT and MTC
expression

We mrvestizated whether T349C genotype and TERT
gams were assoclated with changes in the expression
of the TERT gene (Figwre 1A-1B). The results were
similar in the two coborts. Tumers with 349 T/C or C/C
polymerphizsm had increased expression of TERT, but the
difference from the 349 T/T cases was not sigmificant. In
contrast, TERT gene copy mumber gains were assoclated
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with a highly sigmificant increase in gene axpression as
compared to cases without TERT gam. Of note, TERT
gamms were more frequent m the presence of the T349C
SHP. In cases with 349 TVC or C/C genotvpes, the relative
risk of a TERT zam increased 3.2-fold (P = 0.0036, 95%
confidence interval from 1.5 to 6.9) in cohoxt #1 and 5.7-
fold in cohort #2 (P=0.11, 95% confidence mterval 1.0-
32.0), as compared to the risk m 349 T/T cases.

In parallel, we mwvestigated if the presence of TERT
T349C polymorphism or gamm was associated with the
axprassion levels of M¥C oncopene, a strong positive
regulator of TERT expression (Figure 1C-1D). We found
no assoclation between the presence of the T340C SNP
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and MYC expression. In contrast, a sipntfcantly higher
expression of the MY gene were observed in cases with
TERT gains (cohort #1, P = 10+; cohort #2, P = 0.013).
Overall, the levels of TERT and MY expression were
significantly correlated in both cohorts (Pearson r = 0.696,
P= 10" in cohort #] and r =0.542, P < 10" in cohort #7).

Clinical significance of the T349C SNP and
TERT gene copy number gains

The presence of the T349C SNP (349 T/C and C/C
genotypes) m cobort #] was not sipntficantly associated
with clmicopathologic charactenstics such as tumor siza,
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Figure 1: The levels of TERT and MY gene expression accordmg to T349C status and TERT gene copy mumber in breast
cancer cohorts #1 (A, C) and #2 (B, IV). TERT gains were associated with a siznificant increase in TERT and MTC expression in both

cohorts.
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tumor grade, nodal statns and pathologic respense to WCT
(Figure 24). However, the rate of incomplete pathologic
responses tended to be hizher m T349C cases than m
patients with T349T (6%%% vs. 51%, P = 0.12). Patients
with the T34%C genotyvpe had sigmficantly shorter DFS
and a trend toward a shorter 05 (Figure 2B-2C).

In cohort #2, the T349C SNP was not associated
with clmicopathologic characteristics (Figure 3A). T3-4
fumeors were more frequent o T349C patients than m those
with 349 T/'T zenotype (43% = 23%), but not to a level
of significance (P = 0.14). Survival analysis showed, as m
echert #1, a significant effect of T349C on DFS but not on
05 (Figure 1B).

Patients with TERT gains in cohort #] had a trend
toward a higher propertion of SBE. grads Il tomars (P
= 0.13) and a sigmificantly higher rate of incomplata
pathologic respomses (P = (.01, Fizure 44). Wo association
with other clmicopathologie characteristics was cbhserved.
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Both DFS and OS were sigmficantly sherter mn patients
with TERT gains (Figure 4B-4C).

In cohort #2, the number of cases with TERT gains
was small (=T} and the distibution of clmicopathological
features among cases with and withouwt gamms was
not sigmificantly different (Figure 5A). However, the
occurrence of a TERT zam was signihcantly related to
shorter DFS and 05 (Figure 5B-5C).

MYC expression levels impact the prognostic
value of TERT gains

Unmivarizte Cox analyvsis for DFS in cohort #1
showed that the presence of the T349C genotype and TERT
zam mereased sigmificantly the sk of tumer recurrence
with HE of 2.8 and 3 8, respactively (Table ). High MY
expression (- median) also had a significant and negative
effact on DFS (HE of 3.5). Impeortantly, very agh levels
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Figure 2: Dismbution of climeopathelogic characteristics: tumer size, tumer grade, nodal status and patholegic response
(A) disease-free (B) and overall survival (C) i cohort #1 according to T349C status. Patients with 349 TAC or C/C allales had

significantly shorter DFS and a trend toward a shomer 05,
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of MY expression (upper quartile, = 421) were associated
with a mmch ligher nisk of tuomer recurrence (HE of 9.4,
95%-CI: 3.2-27.2, P = 0.0001). As expected, mcomplate
pathologic responses to NCT accordmg to Chevallier's
classification had a siznificant negative prognostic effect
(HE of 3.6). When adjusted for pathologic respomnses,
TERT zain and MYL' overexpression remamed significant
prognostic factors (Table 2). As mentioned above, tumors
with TERT gam frequently had MYC overexpression, and
it was assumed that the presence of both abnormalities
wonld confar 3 worse prognosis. Indeed, the combmation
of MFC overexpression with TERT gains was associated
with the shortest DFS and 05, whereas lower MTC levels
anmulled any negative effect of TERT gain on DFS and 05
{Figure 6A—6B). In cases without TERT gain, MTC levels
were not prognestic (Figure GC—80Y).

DISCUSSION

Talomerazs activation protects maliznant cells from
apoptosis and senescence by preventing further telomere
loss [2, 3, 19]. Begulation of telomerase activation
i cancer 15 complex and multfactorial and mvolves
transcriptional activation of the TERT gene [10].

Aptivating somatic mutations of the TERT promoter
have been reported m various cancers [11, 12]. The two
most common nuatations, C228T and C250T, map -124 and
-146 bp upstream of the TERT ATG site {chr5: 1,295,228
C=T and 1,295,250 C=T, respectively) and ereate binding
sites for ETS/TCF transcription factors, which leads to a
two- to four-fold merease m transenptional actrty [13,
2]. These mutations were not found in limited breast
cancer series [11, 13]. Our results from a total of 122
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Figure 3: Distmbution of clinicopathologic characteristics: tumor size, tumor grade, nodal status and pathologic responss
{A) disease-free (B) and overall survival (C) mn echort #2 according to T349C status. Patientss with 349 T/AC or C/C alleles had
significantly shorter DFS but no difference in O5.
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breast tumors evidenced no TERT promotar moatations,
suggesting that this mitational mechamism 15 not likely to
be mvolved m TERT upregulation in breast cancer.

The variant C-allele of the rs2E33669 (T349C)
polvmorphism disrupts an ETS2 -bindmg site (EtsA) m
the prosamal region of the TERT promoter [14]. Although
decreased bindmg of tramserption factor ETS2 cam
modify the expression of the gene, opimons differ on xts
effect on the level of TERT expression m cancer cells.
Qr results from cazes of breast cancer did not show amy
sigmficant effect of the T342C SNP on TERT expression.
Pravious studies showsed an association of the T349C
genotype with reduced TERT expreszion i mon-small
cell hmg cancer, bladder cancer and glioblastoma [16,
21, 22]. However, a recent report on four hepatocelhlar
carcinoma cell ines described mereased luciferase TERT

promoter activity in the presence of the T349C SNP [23].
The T349C vanant site 13 close to (2 bp downstream) the
binding site of transenptional repressor E2F]1, and T/C and
C/C vanants seem to mhibit E2F] binding to the TERT
promoter. In the presence of actrvating TERT mutations,
this SNP was suggested to enhance TERT transcription
levels by blocking E2F] bindmg to its promoter. These
recent findings suggest that the cooperation of native
and changed (mmtations, SWP) bindmg sites for multipls
transcniptional factors mm the TERT promoter could
regulate TERT expression and result in cancer-specific
effacts of SNP

There has been much debate about the climical
effact of the T349C SMP on the swvival of patients
with malignancies. Several studies reported its positive
prognostic valee in the context of activating TERT
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Figure 4: Distnbution of clinicopathelogic characteristics: tumor size, tumor grade, nodal states and pathologic response (A)
dizease-fres (B) and overzll swrerval (C) m patients from cobort #1 with and without TERT pene copy mumber gain. Patients
with TERT zzins had a sigmificantly higher rate of incomplete pathologic responses and significantly shorter DFS and O5.
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promoter mutations m bladder cancer and clear cell
renal cell carcinoma [22, 24, 23], However, more recent
reports have shown that this SINP has a negative effect
glioblastoma and liver cancer patients bearing activating
TERT promoter mutations [23, 26]. Among acute moyeloid
leukemia patients without TERT promoter momtations,
T349C carriers had significantly sherter survival times
[27]. Onr stady shows for the first ime a negative effact
of the T349C SNP on survival m breast cancer patients m
the absence of activating somatic mutations. However, thiz
SNP was sipmficantly associated with TERT copy number
gams 1n our patient senes.

Increased TERT gene dosage was seen m about 30%%
of various human tumor-darmved cell lnes, incliding breast
cancer cells [28]. We found TERT copy number gains
in more than 20% of primary breast tumers examimed.
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Previous studies yielded conflicting results regarding the
effact of TERT gain on TERT mPRMA expression. JTERT
gens gams were associated with higher TERT mRNA
expression m non-small-cell hmg adenocarcinoma
and Merkell cell carcmmoma [29, 30] and with high
TERT protemn expression mn breast cancer and cervical
carcmomas [28, 31]. However, no significant association
was found in colorectal carcinomas and squamous-cell
lumg cancer [30, 32]. Our observation of a lnghly posrtive
correlation between the TERT gene copy number and its
mENA level suggests that TERT gain has a functional
effect on TERT transeniption 1n breast cancer.

We showed that TERT gams identified in pre-INCT
biopsies were predictive of meomplete pathological
responses and shorter swrvival. In addition, TERT gain was
a significant predictor of worse survival when assessed m
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Figure 5: Distnbution of clmeopathologie charactenisties: tumer size, tumor grade, nodal states and pathologic responsa (A)
disease-free (B) and overall survival (C) in patients from cohort #2 with and without TERT gene copy mumber gain. Patients
with TERT zams had a signsficantly higher rate of meomplate patholopic responses and sipmficantly shorter DFS and OS5,
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Table 2: Cox analyzis for diseaze-free survival in breast cancer cohort #1

Parameters Unadjusted Adjusted*

HE (95% CI) P HE (95% CT) P
TERT gain (yes vs no) 18 (14-10.3) 0.0078 30 (1.1-84) 0.032
TERT T349C (yes vs no) 28(1.0-7.7) 0.047 23 (0.9-6.6) 0.096
MYC (high vs low)** 315 (1L1-10.8) 0.031 32(11-101) 0.045
gj‘;‘;';; classification 16(11-12.6) 0.048 ; -

* Adjusted for treatment response according to Chevallier’s classification: incomplete pathologic response, classes 34 s
complete pathologic responss classes 1-2.

**Hizh = median, low = median (181}

Hazard ratio, HE; 95% confidence inferval, 95% CL
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DFS and O5 in cobort #1. Lower WTC levels anmulled the negative effect of TERT gains on DFS and 05 (A, B). In cases without TERT
gzins, MTC levels had no effect on patient survrval (C, IN).
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residual post-BCT tamers. To our knowledze, only two
studies have reported a negative effect of TERT gains on
survival in non-small cell hing caremomas and melanomas
[30, 33]). For the first time, we show that TERT gain 1s
also a negative prognostic marker associated with higher
rizk of dizease recumrence or death from breast cancer and
could potenfially be used to adapt treatment statemes.

TERT upregulation cormrelates with increased
telomerase activity. Inhibiton of telomerase m breast
tumors might potentiate the effacts of standard amti-
cancer treatments [34]). This opens up the perspective
of using telomerase mhibitors in patients resistant to
NCT. Prechmical studies with the telomerase mhibitor
GRMN163L showed that 1t can restore senstimaty of HER 2+
breast cancer cell lines to trastuzumab and so patients
with HER 2+ breast cancers were recruited info a phass
I climieal trial (WCT 01265927). In combinztion with
chemotherapy, GRIN163L was used m a phase IT chinical
trial in patients with locally recmyent or metastatic breast
cancer (MCT01256762). Thess climieal trials have been
completed but the study results are not yet availabla [34].

Telomerase reactrvation and’or TERT upregulation
correlate with MFC overexpression [35, 36]. In lne with
these fmdings, we observed that WY and TERT expression
levels are sigmificantly cormrelated. MYC 15 a primary
transcription factor of the TERT gene and strmulates 1ts
promoter actrvity [37, 38]. In breast cancer cells, MYC
binds to an ETS52 site (EtsA) in the TERT gene promoter
and mcreases TERT expression levels [15]. As mentioned
above, thiz binding =ite 15 disruptad by T349C vanants,
but we observed no significant changes in TERT or MTC
expression according to the presence or absence of thus SHE.
In contrast, MYC overexpression was strongly associated
with the presence of TERT zans. Interestmngly, a recent
study showed that TERT regulates MYC ubiquitination,
stabilization and binding to its target gene promoters [39].
Thas feed-forward transenptional loop between MY and
TERT is fimectionally eritical for oncogenesis. In our stody,
we found that MTC overexpression often comeided with
TERT gams. Enhanced MYC stabality and fimetion m cells
with high TERT and MYC levels could potentiate MY C-
dependent oncogenesis.

By combmming the data on TERT gam and MTC
overexpression we were able to 1solate a particularly bad
prognosts subgroup of breast cancer patients. MYC 1s
considerad to promote tumer cell swvival, proliferation
and progression m breast cancer [40, 41] and regulates
the expression of 13 different poor-cutcome cancer
signatures [42]. We found that MTC oversxpression
had a megatve propmostic valee in the whole patient
population and a particularly sigmificant effect within the
subgroup of patients with TERT gams. A concomitant
upragulation of TERT and MY identified patients with
a hngh nsk of breast cancer recurrence. In contrast, lower
MY expression levels were associated with a favorable
prognoesis, despite the presence of TERT gams.

In conclusion, we found no activating TERT
promoter mutations m 122 breast cancer patients. The
T349C TERT promoter SNPF was mnot significantly
associated with TERT expressmion but T349C camers
had shorter survival Notably, TERT gene copy number
zam was significantly related to TERT upregulation and,
m asseciation with MFC overexpression, characterized
particularly aggressive disease. These results show a
sipmificant effect of gene copy number gain on TERT
axprassion level and provide a new m=ight mto the elimeal
sipmificance of TERT and MY upregulation m breast

cancar

MATERIALS AND METHODS

Patients and samples

Cohort #] comprised 77 patients with operable,
stage II-III THBC enrolled in two necadjuvant trials
avalmatmg the efficacy and towicity of amti-EGFR
antibodies plus chemotherapy: pamitumumab combimed
with a standard necadjuvant anthracychne/taxane-baszed
[17] and cetuximab combmed with docetaxel [13]. After
MCT, pathologic complete responsaes (classes 1 and 2
according to Chevallier's classification) were observed
in 32 of 77 cases (41.6%). The remaining 45 (35.4%)
patients had meomplets pathologic responses {class 3,
M = 3% and class 4, N = 6). The median follow-up in
this colert was 3.8 vears (range, 0.9-5.5 vears). Durmg
follow-up, 16 (20.8%) patients relapsed and 11 (14.3%)
died from breast cancer. Cohort #2 consisted of archived
samples of residuzl post-WCT tumers from 45 women
diagnosed with mvasive breast cancer and treated with
MCT protocols [43] between 1996 and 2010 at the Jean
Parrin Cancer Center (Clermont-Ferrand, France).
Following MCT, patients underwent appropriate surgery
and radiotherapy. Those with 1mportant residual disease
recerved adjuvant chemotherapy. Menopausal patients
with hormone receptor-positrve tumors received tamoxifen
for 5 years. The mean follow-up was 9.1 vears (rangs,
1.1-15.9 vears). Duning this peried, 20 {44.4%) patients
relapsed and 14 (31.1%3) died from breast cancer. In cohert
#], the study was performed on pre-treatment tumor
biopsies and m cohort #2 cn post-NCT residual tumor
samples cryopreserved in the Biological Resources Center
BB-0033-00075. DNA and RINA were simultanecusly
extracted with the AllPrep DMNAFRNA/miIFNA Unrversal
Kit (Qiagen, Cowtaboenf, France) accordng to the
manufacturer’s mstructions. The study was approved by
the institutional review board.

Gene expression analysis

Total FNA was comverted to cDMNA by reverse
transcription with Supersenipt II reverse tramscriptase
(Invitrogen, Cergv-pontoise, Framce) according to the
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manufacturer’s mstructions. The expression of TERT was
quantified by real-ime RET-PCE. i the Lightcycler 480
System (Foche Diagnostics, Meyvlan, France) as described
previously [44, 45]. MFC was quanthed with primers
described m the Iiterature [46]. The nommalized copy
mambers were sxpressed as the ratio between tramsenpt

copy mumbers of the target and control (B2M) zenes
mltiplied by 100.

TERT promotor sequencing

The amplification of genomic DA for the TERT
promoter region (267 ph) was performed with the followmsz
primers:  forward 5-CCGGGCTCOCAGTGGATT-3°
and reverse 3-TTCCCACGTGCGCAGCAG-3'. PCE
conditions consisted of an 1mtal heating at 95°C for 15
minutes followed by 40 cyeles at 95°C for 30 seconds,
G60°C for 20 seconds and 72°C for 30 seconds. Amplifisd
PCE products were sequenced with BigDwve v1.1 omn
the ABI 3500 Genetic Analyzer (Applied Biosystems,
Cowrtaboeuf, France).

TERT copy number gquantification

TERT gene copy oumber was quantified by
Cruantitative Multplex Fluorescent Polymerase Cham
Beaction (QMF-PCR) analysis. QMF-PCE was performed
on a TProfessional thermoeyeler (Biometra, Archamps,
France) as previously described [47, 48], Pomers wers
designed for three fragments of the TERT gene om
chromosome 5p (3UTE, Exon 9 and 3'UTE) to cover the
entire gene. The 5UTR region 15 very GC-rich and was
dafficult to amplhify. We therefore had to lmit the analysis
to exon 9 and 3'UTE. Seven genes on chromosomes
2p, 4p, Ta. 10q 1lp, llq (PFRLI, BODIL, RET,
ZNFG38, AGEL2, CFIR and POR) were co-amplified as
controls. Primers and techmical details are deseribed m
Supplementary Meathods. The fi intensities of
PCE products were comelated with the copy nomber of
the relevant exens. Fourteen contral DM As were inchuded
in each expenment: 12 normal DNAs and 3 DINAs with
known TERT copv mumber (loss, normal and gam, as
determuined by amay-comparative genomuc hybridization).
A dosage quotient was caleulated relatrve to all the other
amplified exons m patients and controls. The range of
ratios corresponding to two copies of TERT gene was sat
between 0.8 and 1.2 {mean +/- 3 standard deviations of
valees obtained in normal DINA samples). Ratios = 1.2
were considered as gains and < 0.8 as losses.

Statistical analysis

Standard tests (Kruskal-Wallis H test, AWNOVA,
Student’s t-fest, chi-sguared test, Pearsen’s comelation)
were usad to study the relationship between characteristics.
Dizeaze-fres survival (DFS) was measurad from diagnosis
untl the first relapse (local or distant) and overall swrvival

(05) from the start of WCT wntil the last follow-up report.
Survival curves were established by the Kaplan-Meler
methed and compared with the log-rank test.
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Simple Summary: Short, dysfonctional telomenes represent the genebic biomarke m of cancer. Shudies
in early-stage nof-small-cell lung cancer (NSCLC) have shown that e lomen: length and telome rase
levels are cormelated with survival In patients with advanoed NSCLC, telomens status has not yet
been investigated, and its clinical significance remains unknown. We studied telomere length and
the ex pression of telomerase and shelterin genes in a cohort of 79 patients with advanced NSCLC,
and evaluated these parameters as potential prognostic and predictive factors. Felomere shorening,
high levels of elomerase and aberrant expression of shelberin genes TRFL EATT and TIN2 wene
gigniticantly cormelated with shorter survival Furthermon, a worse meponse to immunotherapy was
obsery ed in patients with shorker telomeres, The defe rmdnation of elomens parameters in advanced
MNSCLC could be wseful for individualized treabment decisiona.

Abstrack Telomern kngth appears to cormlate with survival in early noo-small-cell lung cancer
(MSCLC), but the prognostic impact of telomere status in advanced NSCLC remains undetermined.
Our purpose was toevaluate telomems parameters as prognestic and predictive biomarkers in ad-
vanced NSCLC In 7% biopsies obtained before treatment, we analyzed the telomens kength and
expression of TERT and shelierin complex genes (TRFI, TRF2, POT1, TPPI, RAFI, and TINI), using
guantitative PCE. Non-responders bo first-line chemotherapy were characerized by shorier telomenes
and low RAPI expression (p = MWKE5 and p = 0.0069), and tended to show higher TERT kevels
{p = 0.058). In multivarate analysis, short telomers were associated with reduced event-free
(EFS, p= 0.0023) and overall survival (05, p = (W01} TERT and TRF2 overexpression corme-
lated with poor EFS {p = 00062 and p = (LO0041) and OF (p = 00051 and p= 0OF) Lew RAPI
and TIND expression-levels wene linked to reduced EFS (p = 000032 and p = 0.0069) and OS5
(p= 0000051 and p = 0.02). Short telomenes wene also associated with decreased survival after
nivolumab therapy (f = 097}, Bvaluation of telomere status in advanced NSCLC emerges as a useful
bionmarker that allows for the salection nd‘patient proups w ith different dinical evolutions, to establish
personalized reatiment.

Keywords: advanced NSCLC; telomers kength; TERT; shelierin complex; prognesis

Cancers MIES, 15, 200, hrrpe:.l'.l'dl:ﬁ.mg,l' 105300 cancers LR010200 }erpe:.l'.hnnv.mdpd.cum.l'j:malfﬂnn:n

104



Cancers MYZ3, 15, 200

2ofl3

1 Introduction

Lung cancer is the leading cause of cancer-related deaths worldwide [1]. Mon-small-
cell lung cancer (WSC1LC) is the most frequent lung cancer, accounting for 85% of all cases.
MNSCLC is frequently diagnosed at an advanced stage, and the overall prognosis is poor.
Mevertheless, treatment responses and survival times are different in individual patients,
which could be explained by biological heterogeneity of NSCLC [2]. This underlines the
importance of biomarkers to identify subjects at higher risk of drug resistance and disease
progression, who would benefit from more specific therapies. Furthermore, therapies
targeting immune checkpoints have changed the treatment of NSCLC, enabling longer
survival for patients with advanced disease. However, progression rates reported with
nivolumab are above 30 [3,4], and approximately 14%. of cases have hy perprogressive
disease [5]. An early switch to salvage treatment in these patients should be considered,
but no predictive factor has yet been identified.

Dysfunctional telomeres represent the genetic biomarkers of cancer [67]. Telomeres
amre nucleoprotein complexes essential for the protection of chromosomal ends. e to in-
complete DMA replication, elomemes shorten with every @l division [8]. Critical telomere
shortening contributes to genomic instability and promotes cancerogenesis [9]. To main-
tain shortened telomeres, cancer cells activate telomerase, a specialized ribonucleoprotein
that regenerates telomeric PNA, which enables survival and the limitless proliferation
of tumors [10]. Upregulation of TERT (telomerase reverse transcriptase) gene leads to
telomerase activation in cancers [11). Telomeric IXNA is protected by the shelterin protein
complex, which regulates telomem length (TL) and prevents the inappropriate DNA dam-
age response at chromosomal ends [12]. Shelterin contains sic proteins: POT1 (protection
of telomeres 1), TRF1 and TRF2 (telomeric repeat-binding factor 1 and 2), TINZ (TRF1-
interacting nuclear protein 2}, RAF {repressor factivator protein 1) and TPP1 (TIN2 and
POT1-interacting protein). Severe telomene shortening and abnormal expression of TERT
and shelterin-complex genes wene previously correlated with cancer prognosis [6,13,14].

Although relatively rare, telomere studies in NSCLC have shown that TL and telom-
erase levels were correlated with survival [15,16). However, these clinical cormelations
have been evaluated only for early-stage surgically resected NSCLC. Moreover, only one
study explored the prognostic value of shelterin gene expression in early-stage tumors [17].
In patients with advanced NSCLC, telomere status has not yet been investigated and its
clinical significance remains unknown. In the present study, we measured TL and the
expression of TERT and shelterin genes in a cohort of 79 patients with advanced NSCLC,
and evaluated these parameters as potential prognostic and predictive factors.

2 Materials and Methods
11. Patients and Samples

This retrospective study was performed on 79 patients with histologically proven
NSCLC from the Pulmonology Department of the University Hospital of Clermont-Ferrand.
For this cohort, we collected the data on demographic characteristics, performance and
smoking status, histological diagnosis, mutation status, TNM stage, treatment modalities,
tumor-response evaluation, and follow-up. Tumor tissue samples were cbtained using
fibroscopy or transparietal biopsy and snap frozen until molecular analysis. Each sample
was analyzed using histology, for diagnostic purposes, which also enabled us to verify the
adequate tumor-cell content (=30%).

22 DNA and ENA Extraction

DNA and ENA were simultaneously extracted from snap-fromen tumor biopsies
with the AllPrep DNA/ENA /miENA Universal Kit (Qiagen, Courtaboeuf, France), in
accordance with the manufacturer’s instructions.
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13 Assessment of Telomere Length Usng Quantitative PCE

Average telomere kength in tumor DNA was evaluated with quantitative real-time
PCR in a LightCycler 480 System (Roche Diagnostics, Meylan, France) using SYBE Green |
techmology (SYBR Green Kit, Roche Diagnostics), as described elsewhere [ 18], This method
measures the template amounts of telomerne repeat (T) and a reference single-copy gene
(S), which are then used to determine the relative telomeme length as the T /S ratio [19].
Glyceraldehyde-3-phosphate dehydrogenase gene was used as the reference gene. Each
PCR series also included normal DNA control. The T/5 ratio of tumor samples was
normalized relative to the ratio obtained in the control DNA. The normalized T/5 ratio of
1 corresponds to the average length of tlomeres which is identical to that of the normal
control DN A, whereas ratios T/5 < 1 indicate different degmees of telomeric shortening,

24 Qumntitative RT-PCR for TERT and Shelterin Complex GENE expression

Total BMA was converted to complementary DINA by reverse transcription, using Su-
perscript [ everse transmriptase (Invitrogen, Cergy-Fontoise, France ), in accordance with the
manufacturer's instructions. The expression of TERT and the shelterin complex genes TRFI,
TRF2, POT1, TPP1, RAF1, and TIN2 wem quantified using real-time KT-PCR in a LightCyoler
480 System (Roche DHagnostics, Meylan, Frane ), as desaibed previowsly [18,20]. The normal-
wed copy numbers (NCN) wene expressed as the ratio of the numbers of transcript copies of
the target and control (beta?-microgiobuling genes, multiplied by 100.

25, Statistical Analysis

Statistical analysis was performed using SEM software W1 [21]. The Student’s, Kruskal-
Wallis, and Mann—W hitney tests were used for comparisons between the telomene data
and clinical parameters. Event-free survival (EFS) was defined as the time between the
date of diagnosis and the date of ococurrence of the first event. The events were death
from any cause, or clinical and / or radiological progression evaluated according to RECIST
criteria [22]. Owerall survival (05) was defined as the time between the date of diagnosis
and the dat of death from any cause. Survival analysis was performed using the univariate
Cox regression models, and survival curves were established in accordance with the
Kaplan—Meier method and compared using the log-rank test Multivariate Cox regression
models were used to test the independent prognostic valee of the telomemne parameters. A
sensitivity analysis was used to determine the best cutoff values associated with EFS and
(05 for the telomere parameters. To be precise, for each parameter value, EFS and OS5 were
compared between cases that were below and above thisvalue, using the Cox proportional
hazards regression. The proportional hazard hypothesis was studied using Schoenfeld's
test. A sensitivity analysis was realized to find the best cutoff value for each parameter. An
example of the best cutoff determination for TL is presented in Figure 51. An unsupervised
hierarchical clustering was performed with SEM software [21). Distances between clusters
wemne calculated using 1- Pearson's- comrelation-coefficient values, and the dendrogram was
constructed in accordance with to Ward's algorithmm.

3. Results
11. Patient Charadt eristics

The characteristics of the study cohort are presented in Table 1. Male smokers (active
smokers or ex-smokers) represented the majority of the population. Adenccarcinoma
was the most frequent type (58.2%) followed by squamous-cell carcinoma (31.7%). Eight
patients had other histological types (six large-cell neurcendocrine carcinomas and two
large-cell lung undifferentiated cardinomas). Two-thirds of NSCLC [70LE%) were metastatic
at diagnosis. Thirteen patients had a KRAS-activating mutation, and four patients an EGFR
mutation. Twenty-one patients with early N5CLC received primary local treatment with
surgery (eleven patients), concomitant or sequential radiochemotherapy (eight patients)
or radiotherapy alone (two patients). In advanced NSCLC, the first-line regimen was
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platinum-based chemotherapy (cisplatin or carboplatin) for fifty-two patients, and anti-
ECFR tyrosine-kinase-inhibitor therapy for four patients with mutated EGFE.

Table 1. Demographic and disease characteristics of the NSCLC colwort (1 =790,

Characteristics Median (Range) or No. (%)
Median age, years 65 (43-82)
M 38 (48.1)
Smeking 74937
Adenocancinoma 46 (58.2)
Squamous cell carcinema 25(317)
Other types B (11}
Stages
land II 11 (13.9)
I with Local treatment 10 (127}
I with chemotherapy 1(L.3)
v 56 (70.8)
Mot knonen 1 1.3
Genetics
ERAS mutation 13 (16.5)
EGF R mutation 4i5.1)
ALK translocation 1(L.3)
Treabments
Neme ! 1(zs)
1=t line treatment
Loscal
Surgery 11 (13.9)
Radiotherapy alome 2(L5)
Radicchemotherapy B (1)
Chemaotherapy 52 (B5.8)
Ty rosine kinase inhibitors 4(51)
Ind line nivolumab 36 (d5.6)
3nd Line mivolomak 2(25)
Ath line: nivolunmal 1{L3)
T Early death.

3.1 Telomere Parameters i Early and Advanced NSCLC

We compared telomere characteristics at diagnosis between early (n = 21) and ad-
vanced MSCLC (n = 56) patients. TL was significantly shorter in advanced than in early
NSCLC tumors (median T/5 ratios: 04 va. 0.5% p = 0L025). Expression levels of RAF] and
TFFP1 were significantly lower in advanced NSCLC cases (median NCN: 11.65 vs. 30.74;
p= 0.0020 and 33.7 vs. 106.3; p = 0.012, respectively). TIN2Z and TRF1 tended to be more
weakly expressed in advanced NSCLC cases (68.2 vs. Z18.7; p = 01054 and 49.5 vs. 177.6;
p = 0.070, respectively). There was no significant difference in expression levels of TERT,
TRF2, and POT1 between early and advanced NSCLC cases.

1.3 Assoaation of Telomere Parameters with the B seto First-Line Therapy m
Advanced N SE'I‘_E{ e FF

Fifty-six patients with advanced NSCLC were treated with first-line chemotherapy.
A scanmer assessment of response was performed after three months of treatment. TL
was significantly shorter (p= 0.0035, Figure 1a) and TERT expression tended to be higher
(p = 0.058, Figure 1b) in cases with progessive disease, in comparison to patients who
mesponded to therapy or had stable disease. The expression of all shelterin complex genes
except TRF? tended to be lower in the group of patients who progressed after first-line
chemotherapy (Figure 1c-h). In particular, a very significant decrease was observed for
RAP] expression (p = 0.0064, Figure 1g).
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Figume L Comparison of kelomere parameters, inclueding telomen: keagth (TL) (a), TERT (b}
TRFI (¢}, TRF2Z (d), FOTT {e), TPPI (f), RAFI {g) and TIN2 (h) expressions, depending on the
s ponse to the first-line chemotherapy for advanced NSCLC, in accondance with RECIST 1.1 criteria
progessive disease (P versus stable disease (5D, partial response (PR) or complete nesponse (CEL

14, Assoaation of Telomere Parameters with Suroroal i Advanced NSCLC

For 56 patients who received first-line chemotherapy for advanced NSCLC, the associ-
ations of telomere parameters with EFS and OS5 were tested in univariate analyses, and the
mesults are summarized in Table 2.
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Table L Univariate analyses for event-free and overall survival in the advanced NSCLC colort.

Univariate Cox for EFS

Univariate Cox for 05

Variable HR (95% CT) p-Value HE (95% CT) p-Value
Telomee length
Decreased («0.34; madian) 1.85 {1.03-3.33) 049 192 {1.03-3.57) 004
Sheort (<0L23; best cutoff) B.A7 (2.86-14.29) (LOO0E2 6.25 (303-14.29) (L0007
TERT expression
Increased (=12.8; median) 1,95 (0 EH-4.34) il 301 (1.24-703) o1l
High (>18.4; best cutoff) 484 (1.81-1293) L0016 475 (202-11.21) (LO00GT
Shelterin gene expression
Decreased TRFT (<18.2; median) 139 (0682 B4) ik~ 172 {077-3.85) 018
Increased TRF2 (»2004; median) 1.11 (0.53-2.32) 078 1.28 (0.57-2.21) (.55
High TRF2 (=2%; best cutoff) 940 (343-25.76) LOO013 B.68 (277-17.25) (L00021
Decreased POTT (=11; madian) 1.25 ((L6k-2.55) (.54 1.54 [0.68-3.45) 03
Decreased TPPD (<245 median) 213 j0u0s1) 051 143 (0.61-3.23) 0d
Decreased RAPT (<7; median) 270 (1.22-6.25) s 161 (073-3.57) 0035
Linw RAPT {=1.4; best cutodf) B.A3 (2 70-25.00) (00022 1425 (L.00-50.00) L&
Decreased TINZ (<31.9; median) 263 (1.22-5.58) 013 204 [0E7-4.76) L&
Linar TIN2 i 36; best cuboff) 294 (1.35-6.25) (L0ES 385 (1L61-9.09) (L0026

EFS event-free survival; O pverall survival; HE: harard ratio, 95% C- 95% confidence interval

Advanced NSCLC with short telomeres (<0.23) had significantly reduced EFS and
05, with a median EFS and O5 of 4 months vs. 9 and 25 months, respectively, in the
subgroup with longer telomeres (Figure 2a; p <= 107%). High TEET expression (=15.4)
negatively affected EFS, with a median EFS and 05 of 5 months compared with 10 and
32 months, respectively, in patients with low TERT expression (Figure 2b; p = 0.0018
and p = 0.00035). High tumor TRF2 expression (=29) was significantly associated with
reduced survival, with a median EFS and OS of 2 and 4 months vs. 8 and 29 months,
tespectively, in cases showing low TRFZ expression (Figure 2¢; p < 1075 and p = 0.000071).
Patients with low RAP] expression in their tumors (<1.4) showed a median EFS and 08 of
4 months, whereas the median EFS and OS5 weme 8 and 32 months, respectively, when EAFPT
expression was high (Figure 2d; p = 0.00023 and p = 0.0000018). Matients with low tumor
TIN2 expression (<36) also had a significantly worse clinical evolution (an EFS of 5 and 05 of
& months) compared with patients with high TIN2 (Figure 2e; EFS of 11 and 05 of 32 months;
p=0.015 and p= 0.0018).

A multivariate analysis, including age and performance status, indicated that short
telomeres (<0.23), high TERT (>18.4), high TRF2? (>29) and low levels of RAPT (<1.4) and
TIN2 {«36) expression memained significant prognostic factors (Table 3).

In addition, an unsupervised hierarchical-clustering analysis was performed, to
identify patient subgroups in accordance with the distribution of the telomeric markers
(Figures 52 and 3a). Survival analysis showed that the profiles of the telomeric biomarkers
were highly comelated with EFS and 05 (Figure 3b,c; p < 107%). In particular, cluster #1
patients with negative telomeric markers had a longer EFS and OS5 (a median of 14 and
M months). In cluster #2, the main features were low TIN2? and high TERT, and patients
had an intermediate prognosis (an EFS of 7.4 months and 05 of 16.7 months). In clusters
#3 and #4, tumors had multiple telomeric markers, and patient survival was considerably
shortened (am EFS of 4.3 and 2.2 months and an O of 5.5 and 2.5 months, respectively ).

1.5, Correlation of Telomere Length with Suroioal in Adovanced NSCLC Treated
with Inramot herapy

In advanced NSCLC, nivolumab was given after the failure of at least one prior
platinum-based chemotherapy regimen. Most patients received nivolumab in the second-
line setting, To assess the impact of TL on the survival of patients treated with nivolumab,
(05 was defined as death from any cause, and determined from the date of the first infusion
of nivolumab. In advanced NSCLC treated with nivolumab, short telomeres (<0.23) nega-
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tively affected owerall survival, with a median O5 of 4 months ve. 12 months when TL was
=0.23 (Figure 4 HR = 2.33 [0.80-5.88), p = 0.097).
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Figure 2. Event-free (keft) and overall (right) survival from the date of diagnosis in advanced NSCLC
as & hunction of kelomens length (a), TERT expression (b), TRF2 expression (2], RAPT expeession (d)
and TIN2 expression (&)
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Table 3. Multivariate analyses for EFS and O in the advanoed NSCLC colort.
Vasiable Multivariate Cox for EFS * Multivariate Cox for O5*
At
HR (95% CI) p-Value HR {95% CI) P-Value
Shiort e bomenes 435 (Lae-11.11) LT k] 5.26 (LOB-11.5) 00041
High TERT 412 (147-11.53) LiXL 3.99 (1.51-10.50 00051
High TRF2 731 (243-22.01) 041 B2 (243-I793) [LELi g
Low RAFI @09 (270-31.33) 000032 14249 [3.85- 500000 QU005
Lo TINZ 333 (1.39-8.33) L] 308 (1.19-7.69) 002
* Adjusied for age and performance status.
a b €
W oabed TL L L [ —
=
% g —mu:- Z —Maem
s \ H — =il i - = l'z-::l!l
I'm -5 ]
k ta — sy 2 i
&1 | iw powt E CRELN
L T T T T T 1 3 T T T T T 1
3 = @ B @ & M W B LI MW B &
I ?HI'FI " Marths Montia

Figure 3. Telomeric markers combined together (a), statistically corn lated with event-free (b) and
overall survival ().
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Figure 4. Overall survival from the date of the iniiation of immunotherapy in advanced NSCLC asa
function of telomen: length.

4 Discussion

Telomere attrition is one of the initiating events in lung cancerogenesis [23]. Sub-
sequent activation of telomerase activity favors cancer-cell immortality and tumor pro-
gression. Short elomees and the presence of telomerase activity in tumor tissue were
significantly associated with reduced disease-free survival after curative surgery in early-
stage MSCLC [15,16,24). However, it is unknown whether telomene parameters may have
prognostic value in advanced NSCLC. To addmess this issue, we assessed the impact of
tumor telomere characteristics on treatment esponse and survival in advanced NSCLC
patients, who represented the large majority of our cohort.

We found that telomeres were significantly shorter in advanced than in localized
stages, which is in line with a previous report showing that telomeres were significanthy
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shorter in the IIB-IV stage than in the LA tumors [24]. We correlated telomene status
with treatment response and survival for patients at advanced stages. At diagnosis, we
identified approximately 35% of patients whose tumors displayed very short telomeres.
In this sub-group, the response to first-line chemotherapy was considerably worse, and
EFS, as well as OF, was significantly shorter than in patients with longer telomeres in their
tumnors. Thus, enhanced felomere shorening was strongly assodated with tumor resistance
and a worse prognosis in advanoeed NSCLC

Among lung-cancer cases, 85% of tumors express telomerase independently of the
disease stage [16]. We did not observe any significant difference in TERT expression levels
between early and advanced cases. In early, resectable NSCLC, the presence of telomerase
activity was shown to negatively affect survival after surgery [24,25]. In advanced NSCLC,
we found that the EFS and OS5 of patients with higher TERT levels were significanthy
worse. Also, higher TERT expmression was detected in patients w ho were msistant to first-
line chemotherapy. Thus, telomerase overexpression is strongly associated with tumor
aggressiveness in advanced NSCLC

Expression levels of shelterin complex genes were previously studied in lung cancer,
but only TRF1, TRF2, POT1, and RAP1 mRNA were measured in earty NSCLC, and no
consistent pattern of expression was identified [17,24,26). We examined the expression of
all six core members of shelterin in early and advanced disease, and found significanthy
lower expression of KA P1 and TPF] and reduced expression of TIN2 and TRF] in advanced
NSCLC. Mo change was found for TRFZ and POT] expression. Interestingly, RAF1 expres-
sion was significantly lower in patients who did not respond to chemotherapy. Moreover,
we found that expression levels of TRF2, EAFPL, and TIN2 were significantly cormelated with
the survival of patients with advanced NSCLC

High TRF2 expression was significantly associated with shorter PFS and 05 TREF2
has been increasingly recognized as involved in telomene maintenance and DNA damage
mresponse (IMIR) [27]. Short telomeres are perceived as double-strand DNA breaks and
induce DDE mediated by p53/ATM (ataxia-telangiectasia mutated) proteins. TEFZ? has
been shown to inhibit the action of the ATM protein [28,29). Increased expression of TRF2
in response to short telomeres is a factor of poor prognosis, because ATM-dependent
apoptosis may be mome strongly inhibited, and this allows the cell to survive and cancer to
progress [30]. High expression of TRF2 is associated with poor prognosis in other cancers
such as hepatocellular carcinomas or advanced-stage cervical cancers [31,32].

Low expression of RAF] at diagnosis was a poor-prognostic factor, with reduced EFS
and (5. RAP1 protects the telomere ends from the attacks by the DNA repair mechanisms
similarly to other proteins of the shelterin complex, but by different mechanisms [33]. In
particular, KAF1 plays an important role in the repression of aberrant homology-directed
DNA repair at the telomenes, which prevents tumor cells from further telomere loss and
genomic rearrangements [34]. Altered RAP] expression has been found in multiple types of
human cancer, including NSCLC [35-38]. In early NSCLC, low RAF1 expression has been
previously correlated with short survival [17]. Our observation shows that the decreased
RAF1 expression is correlated with the resistance to first-line chemotherapy and poor
survival, in advanced NSCLC.

We found that low TIN 2 expression was associated with reduced EFS and OS. To our
knowledge, this is the first study showing the prognostic impact of low TINZ in NSCLC.
TIN2 binds to TRF1, TRFZ and TPP, thus forming a bridge between the double-stranded
telomeric DN A-melated proteins and those related to single-stranded sequences [12]. The
TEF1-TINZ interaction is mediated by the TRFH domain and a pattern specific for the
C-terminal region of TINZ, while the N-terminal region of TIN2 associates with the hinge
domain of TRFZ [39]). When these interactions are simultanecus, TIN2Z connects TRF1
to TRF2, and this link contributes to the stabilization of TRF2 on telomeres. TIN2 also
recruits TPP1 {and thus POT1) wia a third interaction site located in its N-terminal re-
gion [40]. TIN2 is a ke y component of the shelterin complex, and depletion of TINZ has
a powerful destabilizing effect [41]. TIN2 deficiency in aging mice was shown to lead to
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telomeme fragility, accumulation of DNA damage at chromosomal ends and an enhanced
lymphoma formation [42]. This mechanism may be relevant to the development of human
malignancies. As compared to normal tissue, TIN2 transcription kevels are lower in tumor
tissue in breast cancer [43], gastric cancer [44] and chronic lymphocytic leukemia [20]. Low
TINZ expression was also shown to be a factor of poor prognosis in chronic lymphocytic
leukemia [45-47].

Immune checkpoint inhibitors have changed the management of treatment of ad-
vanced NSCLC, with improved survival and better tolerance compared with standard
chemotherapy Mivolumab is a humanized monoclonal antibody against programmed
death 1 (PI31), approved as second-line treatment in patients with advanced NSCLC [48].
Curment tests to predict the response to immunotherapy such as tumor PD-L1 ovenex-
pression or mutation burden have so far yielded inconsistent results [49]. We found that
in patients treated with nivolumab, short telomeres negatively affected survival To our
knowledge, this is the first evidence that telomere length could be a prognostic factor and,
possibly, a response predictor in advanced N5CLC treated with immunotherapy Fecently,
genomic instability involving arm and whole-chromesome copy-number aberration has
been proposed as a predictive biomarker for cancer immunotherapy [50]. Telomene dys-
functions can kead to the formation of cancer with a heavily rearranged genome [9]. Indeed,
the unprotected chromosome ends generate end-to-end fusions and dicentric chromosomes,
leading to many forms of genome instability, including global chromosomal copy-number
alterations [51]. Therefore, the presence of short telomeres is consistent with enhanced
genome instability of this particular type, which could lead to a poor response to nivolumab
inadvanced NSCLC.

Patients with newly diagnosed advanced NSCLC are currently tested for the presence
of actionable mutations in tumor DNA [52). In patients with no identified driver, RNA-
based testing is considened, to search for druggable fusion genes. Including the telomeric
biomarkers into the clinical-routine setting would be relatively easy, since the tests can
be performed on very small amounts of aleady available DMA and RNA samples. The
analytical performance of the tests has to be certified in accordance with medical labo-
ratory quality-requirements. The tests can be recommended for all patients, to provide
prognostic and predictive information. In addition, e lomere targeting has been proposed
for prolonging disease control of therapy-resistant NSCLC patients, and clinical benefits
from telomerase inhibition seem to be greater in patients with tumors showing a more
pronounced telomere dysfunction [53,54].

5 Conclusions

We have shown that short telomere-length, high levels of TERT and TRF2, and low
expression of KAPT and TIN? are significantly associated with poor EFS and 05 in advanced
NSCLC Moreover, enhanced telomere shortening in tumors could be a biomarker forw orse
survival in patients treated with nivolumab. Thus, evaluation of telomee status emerges
as a useful molecular tool that allows for the selection of groups of NSCLC patients with
different clinical evolutions, to establish personalized therapy protocols,

Supplementary Materials The following supporting information can be downloaded at: hitps
! Pensnacmd picomy article /1003380 cancers1 5010290/ 51, Figuee 51: The best cutoff determination
for telomen length values. Fomst-plot for hazard ratios (HE) and 95% confidence intervals {(95%
Ty associated with the overall survival (O5) for each value of telomere length (between 0.17 and
0.39). This sensitivity analysis shows that the best cutoff of TL associated with the 05 is (.23
Figume 52 An unsupervised hierarchical clustering was pecformed by combining telomene length
(TL) and TERT, TRFZ, RAF] and TIN2 gene expresgion ag dichotemic parameters relative to beat
cutoff vahes used for survival analysis. Negative prognostic factors (short TL, high TERT and TEFZ
low RAP] and TIN2} ane shown in med and their absence is indicated an gren The diffeent color
intensities of dichotomic parameters e flect normalized vahes and not original binary (0/1) valwes.
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Genetic events associated with venetoclax resistance in
CLL identified by whole-exome sequencing of patient
samples
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Although BCL2 mutations are reported as later occurring events leading to venetoclax
o Clond resistance, many other mechanisms of progression have been reported though remain
'mnz: “‘";"{ﬂ_ poarly understood. Here, we analyze longitudinal tumor samples from 11 patients with

disease progression while receving venetoclax to characterize the donal evolution of
resistance. All patients tested showed inoeased in vitro resistance to venetoclax at the
posttreatment time point. We found the previously described acquired BCL2-G101V
mutation in only 4 of 11 patients, with 2 patients showing a very low variant allele
fraction (0.039:-4.68%). Whole-exome sequencing revealed acquired loss(8p) in 4 of 11

Bp deletion, which
leads to incresed
wenetodax resistance
i witro.

® Elevated Erk signaling

:{:ﬂ:’: high patients, of which 2 patients also had gain (1921.2-21.3) in the same cells affecting the
associgted with MCL1 gene. In vitro experiments showed that CLL cells from the 4 patients with loss{8p)
wenetodax were more resistant to venetoclax than cells from those without it, with the cells fram 2
progression. ) patients also carrying gain (1921.2-21.3) showing increased sensitivity to MCL1 inhibi-

tion. Progression samples with gain (1921.221.3) were more susceptible to the com-
bination of MCL1 inhibitor and venetoclax. Differential gene expression analysis comparing bulk RMNA seguendng
data from pretreatment and progression time points of all patients showed upregulation of proliferation, B-cell
receptor (BCR), and NF-«xB gene sets including MAPK genes. Cells from progression time points demonstrated
upregulation of surface immunoglobulin M and higher pERK levelk compared with those from the preprogression
time point, suggesting an upregulation of BCR signaling that activates the MAPK pathway. Overall, our data sug-
gest several medhanisms of acqguired resistance to venetoclax in CLL that could pave the way for rationally designed
combination treatments for patients with venetoclax-resistant CLL.

. manthe® However, some patients fail to respond, and others
Introduction initially respond but relapse soon after.
Chronic lymphocytic leukemia {CLL) remains largely incuralble’
dempite the dewelopment of targeted agents including BCL2

inhibitors. The first-indas BCLZ inhibitor venstodax” i a

Mechaniems of acquired resistance to venetod ax remain poory
understond. The primary identified medhanism of venstoclax

highly selecive US Food and Drug Administration—epproved
small molecule that acts &= a BH3 mimetic inhibiting BCL2.S
In patients who are heavily pretrested, venstods: ghen
continuously showed a median progression-free survival of 28.2

resistance is mutation of the venetodax—binding site of BCL2
Howvewer, these mutations were obsened in patients with late
disease progression, at a median of 32 months, and were only
found in 7 of 15 (50%) patients, often at very low variant allele
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fractions (WAFs) (WAF <2% at progression in & of 7 patients
tested positive for BCLZ p G101V mutation). Most patients with
this BCLZ mutation aleo have other mutations in BOL2%7 Other
resistance mechaniems have ako been proposd A whaole-
exome sequendng (WES] study of & patients with disesse
progresson on venetod ax with loss{17g), including several who
developed Richter tansformation, identified the los of
CDENZAE and mutations in the antiproliferathee BTG T gens as
resistance-ssodated genetic abemations, along with acquired
nonfecuTing mutations in known CLL driver genes % Other
studies have identified the upregulation of MCLT and NF-8, ™
incresed BOL-XL in venetoclaresstant ymphoma cell lines
and samples fom patients with CLL,"" and increased AMP-
activated in  kinzse signaling as= medhanisms of
resistance <15

Howewer, detsiled genomic clonal evolution analysis, which
could help identify growing resistant clones, has not been
perfomed on dinical samples collected through the course of
wenetoclax treatment. Hemce, in this study, we characterized the
clonal evolution of resistance via WES and RNA sequendng
{RMA-seq) data analysi wsing longitudinal samples from
patients with CLL who had developing progressive disse
while receiving venetoclax. Furthemare, we perfomsed in vitro
validation of the key findings using CLL cells fram patien ts with
CLL collected at pre and postprogression time points on
e b |

Methods

Patient sample preparation

Matched peripheral Blood {tumes) and saliva thaalthy) samples
were collected from patients who consented to owr Dana-
Faber Harwrd Cancer Center institutional review board-
approved CLL tissue banking protocol. All patients provided
wiritten informed consent before any samples were drawn.

Identification of somatic mutations

WES was periormed at the Broad Institute 2 detailed in the
supplensental Methods, available an the Blood website. High
confidence somatic mutations were identified using previoushy
published pipelines’"* developed in the Cancer Genome
Analysic group at the Broad Institute (hittpey/softwarne.
broadinstitute. orgfcancen’cgaf). The somatic single nud ectide
variants @SNVE) were detected usng MuTect], and somatic
short insertions and delstions were detected usng Strelka and
annotated MuTect2. The somatic mutation calls were filkered
using a realighment fiker, removing vanants supported by
ambiguously mapped reads.’” All the filtered mutation events
wiere manually visualzed and reviewed using the Integrathe
Genomics Viewer. " Total copy number analysis was performed
using Genome Analysis Toolkit and segmented into allelic copy
number using AllelicCapSeg.'®

Estimation of clonality using ABSOLUTE

The local copy number and the cancer cell fraction of each
mutation fthe fraction of cancer cells harboring the mutation)
were estimated using ABSOLUTE," which caloulates the sam-
ple's purity {fraction of tumor cells) and ploidy (average DNA
per cancer cell in units of haploid human genome) and local
absolute copy number.

42 & blood® 3 AUGUST 2023 | VOLUME 142, NUMBER 5

Additional methods can be found in supplemental Methods.

Results
WES and evaluation of BCL2 mutations in patient
samples before and after progression with

venetockx

To determine whether recument genetic alterations result in
venetoclas resistance, we evaluated maetehed sera CLL and
gem line samples from 11 patients whose disease progressed
while receiving venetocla Semples were taken before wen-
etodax and at progression from 10 patients with acoquired
resistance and 1 patient with primary refractory disease. A
median of 3 longitudinal tunvor samples frange, 2-5 samples)
were sequenced per patient N, ., = 35). The patients had
received a median of 2 prior therapies, including & patients
with prior chemoimmunotherapy and 5 patients treated with
prior Bruton tyrosine kinase (BTK) inhibitors (Figure 14
supplemental Tables 1 and 2). Before initiation of venetodax,
del17p) as well as complex karyotype (>3 abemations) was
observed in 4 of 11 34%) patients (supplemental Table 3). Our
cohort was also enriched in patients with CLL with TP53 (63%;
7 of 11) and 5F381 mutations (45%,; 5 of 11) Eupplemental
Table 3). The best response to venetoclax in all patients
wa partial remission per the criteria of the Intemational
Warkshop an CLL, with & median time to progression of 3576
maonths frange, 1.2-89.6 months] while receiving venetodas
fsupplemental Table 2).

We ssessed the presence of G101V mutation in the BCL2
gene.” In our WES data, usng MuTect,” we did not identify any
s5NVs in BCL? or BOL2-family genes at baseline, as in previous
reports. % On further viaualization of the sequendng data
wsing the Integrative Genomics Viewer, " 2 jpatients {CLLE and
CLLY) had BCLZ G101V mutation at progression while receiving
venetoclax CLL3 and CLLY aleo had 1 read eadh (1 0f 63 and 1
of 71, respactively) for the mutation, in the progression samiples
fsupplemental Figure 14). Because of the extremely low allelic
fequency of the mutation in CLLZ and CLL4, we perfomed a
droplet digital polymerase chain reaction assay (ddPCR) using
previously described probes,” in peripheral blood monanuclasr
cell {PBMO) andfor bone mamow DA from prevenetoclax and
[postprogression samples from ourcohort. G101V mutation was
detected wvia ddPCR in CLLE and CLL? at progression. In
addition, G101V mutation was detected, st progression, in
CLLT amd CLLA at low VAFs of 0.03% and 4.68%, respactively
O, 4 of 18064 droplets; CLLA, &40 of 13580 droplets;
supplemental Table 4). We detected 1 droplet positive for
G101Y mautation in 2 other patients in bone mamow samples at
venetoclax progression (CLLZ and CLL3). To confimn these very
low frequency events, we examined postprogresion PEMC
RA. W could not detedt the mutations in RNA-seq data but
were able to deted the G101V mutations via ddPCR using the
complementary DA from 2 patients {CLL1 and CLLY), jor
whom we detected mutations in DNA supplemental Table 4).
However, we could not confimn the mutations in patients OLL2
and CLL2 via ddPCR of the complementary DNA derived from
the RMA. Similar to the findings from 2 recent report,” we did
not observe any G101V mutations in the BCLZ gene in patients
wha anly had priar BTK inhibitor (ibautinil) therapy (CLLS and
CLL7). Because of the absence or very low VAF of the BCL2
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G101V mwtations in 9 of 11 patients, other mechaniams of

Genetic alterations acquired while receiving
venetodax therapy

To evaluate for recument somatic alterations leading to wen-
etoclax resistance, we perfiomed WES and copy number anal-
ysis on samples from 11 pati ents (Masegies = 35). MutSig analysis
of WES data {g < .1) showed recument nonsynonymous clonal
mutations in TP53 and BTK genes (Figure 1B). Three patients
had PCLO {picealo presynaptic cytomatrix protein) mutation, as
previously l'q:n:l'ted,m with CLL10 and CLL11 acquiring this
mnitation at progression while recehving venetoclas. (Figure 18]
GainfBg) and loss{17p), kmown CLL driver events, were
observed in 2 and 5 patients, respectively, bafore venetodax
treatment, and gainBq) was acquired in 1 patient receiving
venetoclax Focal gain{9p24.2-21.3) aflecting the CDKNZA/B
gene was acquired in CLL2, whereas CLL4, CLLE, and CLLY
showed acquired loss{Ppl42-21.3).

GISTIC2.0°" analysis of the copy number data fom all
11 patients in this cohort detected some known CLL drivers,
such as loss{17g), loss{lig), and loss{13g)™ along with
lossfp2 1.3) [COKMNZAE) and losa 10g24. 33){PTEN) (Figure 1C).
GISTIC alw reveaed 1g21 2 as significantly amplified and amn-
level Bp deletion as well as focal Bp2 1.3 deletion as significanthy
deleted regions in venstods: progression samples {Figure 1C-
D supplemental Figure 1B). Six patients showed lossiBp), of
which 2 patients {CLLF and CLL10) had this genetic ewent
before venstodax initiation, whereas 4 patients (CLL1, CLLZ,
CLLA, and CLLY), acquired it during venetoclax treatment. In
addition, CLL11 appeared to acquire a focal &8kb lossiBp)
affecting the TNFRSF10A gene. Because of its subdonal nature
and small sre with limited probes in the region (Figure 18-D),
we could nat independently confirm this event. Am loss(8p),
containing the TRAIL tor genes, has been linked to ibu-
tinik resistance in CLL™ Furthenmore, acquired |ossiBp)
cooccumed with acquired gaind1g21.2-21.3) affecting the MCL1
gene in 2 ({CLL1 and CLL2) of 4 patients. MCL1 overexpression
as 8 medhanism of redstance to venetoclax'” has lbeen reported
l'l!fﬂ"lﬂ'gl’.m""

Patients with CLL who are resstant to venetoclax
exhibit donal evolution
Mext, we used PhylogicDT™ and Concerti™ to study the
subclonal architecture and expangion in 11 of our patients,
using between 2 and 5 serial CLL samples per patient. We
obsered that CLL progresion while receiving venetodax was
associated with marked clonal evolution in all patients
{Figure= 2 and 3; supplemental Figure 2). Clonal analysis of the
prevenetoclax and progression time points in patients with
long-termn venetod s treatment of neardy 4.5 years {[C1L1 and
CLL2?) showed that teatment with venstodsx resulted in
large donal expansions of a clane containing am-level lossiBg)-
and gain{1g21. Z}containing MCLT (Figure 24-B). The pre-
venetoclax CLL populstion in CLL1 was predominanthy
of a done harboring mutation in known CLL drivers
SF3B1, TP3, KRAS, XPO1, ard loss{l 7p), whersas in CLLZ the
clonal populstion contained the known diver TPS3 (Figure 2A-
B). To validate whether loss(Bpl and gein(lg2l.2) were
CODCCUTInG genatic events in the same celk, we perfomeed
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fluorescemes in situ ybrdization using telomernic Bp/Bg probes
and a locusspecific MCLT hybndization probe in pre- and
postprogression samples far CLL1 and CLL2 (Figure 2C
supplemental Table 5). Costaining with these probes confirms
Bp loss with concomitant MCLT gain in the same cell in
accordance with the PhylogichDT prediction.

CLLA and CLLY are the remaining 2 of 4 patients with acquired
am-level deletion of 8p, howewer, in the absence of MCL1
amplification at progression (Figure 3A-8). CLLA, like CLL1, was
treated with chemoimmunotherapy before wenetoclax and
had donal driver mutations in SF3BT and TP53. Howewver, in
CLLA, with relatively early relapse while receiving venetodax
(=14 years), loss{Bpl cooccumed with gaein{Bg), losq17p),
boss{ 18q22.1-23), loss{10423.31), and loss{®p23-212) fcontain-
ing the MYC, TP53, BCLZ, PTEN, and COENZAB genes,
respectively) (Figure 2A). Venetoclax treatment in CLLY reaulted
in the espansion of CLL cells with loss®p) and loss{3 ), whereas
loss{ Bp) was acquired in a subclone alsoharboring BCLZ G101V
myutation {Figure 3B).

Copy number data confimed acquired losgBp) in 4 patients
fCLL1, CLL2, CLL4, and CLLY) in accordance with GISTICZ.0
anahsis (Figure 2A-B; supplemental Figure 24). Intriguingly, the
donal dynamics in all 4 patients with lossiBg showed a
branching evalution in which the done hatboring the loss{Bp)
and gain{1g21.2) in CLLT and CLL2, and lossBpl in CLLA and
1LY, was selected for and became the dominant clone at
progression. These clones all arcse from a background clone
with TP53 loss, in accordance megtevmmpcrﬁan
less{Bp) after administration of venetocla '

CLLE eshibited complex branching evolution in which several
TP5.3 mutations were acquired in dones that expanded during
venetoclax treatment = well as other subclones containing
TP53 and SFIBT mutations that initially expanded but then
relatively decressed during the evolution of wenetoclax resis-
tance supplemental Figure 24). CLLS eshibited linear evolution
with scquired 1RFS mutations (S283C and 4148fs) emenging as
the dominant subdones at the time of relapse {supplemental
Figure 2B). In 2 other patients {CLLS and CLLT), who were
chemornaive with prior progression while receiving ibrutinib,
the marked donal exparsion of & clone  containing
loss{ 10g23.31-24.1) that indudes FTEN was observed in CLLS,
wherneas the PTEN clone showed a dedine in CLLT at the
[progression time point {supple mental Figure 2C-0).

CLLE, previously treated with ibrutinib and acalabrutinib, had
TPE3 and SFIBT &= truncal mutstions with BTK pC4B15
mutation in a major subclone that regressed upon venetodax
therapy (supplemental Figure 2E). On ression, 8 new sub-
done emerged with 2 new SFIBT mutation R775G) and
MOTCHT mutation (F2514fs). This subclone had a8 daughter
subdone with 2 different BCLZ mutations: BRYR insertion
mutation st BCLZ pl09  (previously  reported’™™  and
BCL2 p G101V, another NOTCHT and BRAF mutation.

CLLT and CLL10 showed a clonal lessiBp), posibly scquired
earlier with ibrutinib resistance. CLL10 alao had the ibrutinib
resistance  matstion  at  BTK  pC4B1S  Bupplemental
Figure 200 F). The emerging dominant subdone at the time of
progression on venstodax in CLL10 harbors PCLO mutation as
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previously reported in patients with ibrutinib-relapsed CLL™
CLLI1 had the longest time to progression on treatment
{2724 days) with anly 1 prior therapy fbendamustin e-rituxinakb).
CLLIA, along with CLLE, had a BCLZ_pl0® mutation in their
growing dusters at the progresion time point upplenental
Figure 2E,G). Altogether, these results suggest that acquired
resigtance to venetoclax mey result from several medhanisms
induding lossiBpl (38%, 4 of 11), gain{ig) (16%, 2 of 11),

lossfPp2 1) (28%, 2 of 1), and losslPTEN) 28%, 3 of 11). Patients

in our cohort also acquired the kmown BCLZ mutations BCLZ
p G101V (18%, 2 of 1) and BCLZ_pl0% (18%, 2 of 11).

In vitro response to venetoclax is worse in a cohort
of patients with loss(8p)/gain(1q)

We evaluated the cellviability in prevenetoclax and progression
PEMC samples treated ex vivo for 24 hours with venetodax. We
found that in the 5 patients tested {CLLT, CLL2, CLL4, CLLS,
and CLLT), progresson samples were significantly more

Figurs 2 jeontinued) soquied patents witk losBp) and gainllg 21 2) LU and CLLT) Sea Figus 3 and supplamental Figus 2 for e mmaiing patents. 10 Muphaed
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e firat colurnn, MOL (red) ard OO igrsan) for s secared coluenn, and & comibination of MOLT (red) dearoned by red amowe, O0P-1 (green) deanated by whits amows ard
12Bp (g derotad by yallow aroves for tea thind coluenn
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resistant to venetodax compared with comesponding pre-
venatoclax tinve points acoss multiple concentrations of ven-
etoclax n= 5, P < 001) (Figure 44). Moreover, we found that
the progression samples of patients with los(8p) (CLL1, CLLZ,
and ClL4) were more wviable after wenetoclax treatment
compared with those from patients without loss{Bp) (CLLS and
CLLY) fFigure 4B), which suggests that patients with lossiBp)
have more resistant disease (P < 05).

The region los{Bp) includes TRAIL receptors (TMFRSF10AS
THFRSFI0B) {Figure 10 that medate the TRAIL apoptosis
pathway and have previowsly been implicated in iboutinib
resistance ™" To examine whether lossiBp) results in higher
resistance to TRAIL-mediated apoptosis, we compared TRAIL
susceptibility in Sp-intact preprogression samples and Bp-loss
postprogression samples {supplemental Figure 3). Cells were
activated with CD40L for 24 hours followed by exposune to
titrating concentrations of TRAIL for 24 hours. CLLE, a patient
without Bp-loss, did not show any diference in cell viability
betwean preprogression and  postprogression samples. In
contrag, cells from patient CLLY, who soquired Bp-loss during
progression, became mare resistant to TRAIL-mediated death.
Interastingly, cells from patient CLL11, which may harbor a focal
Ep-loss affecting TNFRSFI0A, ako showed a similar incressed
resistance to TRAIL-mediated klling at the progression time
point. These data are suggestive of the direct impact of lossiBg)
and incressed resitance to apoptosis that might explain pro-
gression of the disease in the=e patients.

428 & blood® 3 AUGUST 2023 | VOLUBAE 142, NUBMIBER 5

Gainflg) resulting in MCLT upregulation was previously linksd
with veneiodax resistance in CLL cell lines and patient cells™™*
= well as in acute myeloid leukemia (AML) cells ™ We per-
formsed RNA-seq using pre and postprogression samples for all
patients and found that the MCL] gene was upregulated at
progression in 2 patients (CLL2 and CLL7), induding CLLZ with
gain 1q), and marginally in CLL1 fthe other patient with gain[ig]),
CLLE, and CLLY fsupplemental Figure 44). We looked at the
gene expression of other anti tic genes BCLZ, BOL-XLY
BCLALT, BOL-W/BCLAL2, and BAL1A and found that all patients
had at least 1 antiapoptotic gene that was upregulated upon
progression, suggesting a compensatory mechanism in response
to BCL2 inhibition by venetodax supplemental Figure 44). We
confimed this finding via a westem blot for BOL-XL and BFL1A
in which postprogression samples had higher levek of these
antiapoptotic proteins (supplemental Figure 48).

Next, we examined the association of gainig) with viability. 'We
demonstrated that, after testment for 24 hours, the gain{lg)
group LU and CLL3) was mome resistant to venetocla
comparned with those without gaindlg) {CLL4, TLLS, and CLLT)
{F = .05 Figure 4C). Becasse the gainflg) region includes the
MCLT gena, we tested the viability of PEMC samples from pre-
and postprogression time points afer treatment with the MCL1
inhibitor, SA63B45, for 24 howrs. Progression samples of the
gain{1g) cohort showed enhanced susceptibility to the MCL1
inhibitor compared with their prevenstoclax patient-matched
time points (P < .05 Figure 40). Futhemore, we tesied the
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combination of venetodax and MCL1 inhibitor for 24 hours and
found that progression samples of the gainlq) cohort were moe
susceptible tothe combination (Figure 4E). These results auggest
that the combination therapy may be an effective teatment jor
some patients with gain{lg) venetodax resistance, and, if used
earlier, may have the potential to prevent the emermgence of
gain{lg), thus delaying resistance in some patients.

Transcriptomic changes associated with
venetoclax progression in patients with loss(Bp)
To undestand the expression changes associated with ven-
etods resistance in patients with |oss{Bp) with or without
gain{lg), we locked at RNA-seq data for the genes induded in
the Ep deletion in 4 patients (CLL1, CLL2, CLL4, and CLLY).
Postvenetoclax resistant samples fom patients with loss(Bg)
showed an overall downregulation of genes encaded by the Bp
region as compared with prevenetodax samples (supplemental
Figure 5A). The top 20 genes on Bp that showed differential
gene expression (DGE) am represented in Figure 5A. RNA-seq
analyss comparing prevenetoclax with posvenetodax resistant
samples from patients with lossiBp) showed a sgnificant
dowenrequlation of the TNFRSF10A/D8 genes (TRAIL-Rs; Limima-
Woom, P < .1; Figure 5A-B). Gene network analyds using differ-
entially expresed genes [P < 0.01; JlogFd) > 1 [FC, fold change]
in STRING, yielded multiple significantly altered gene ontology
termns related to death pathways inwhich TNFRSFI0A/ 108 genes
are cantral Eupplemental Figure 5. These indude the regul ation
of the extrinsic apoptotic signaling pathway via death domain
receptors Eength = 107, false discovery rate [FOR] = 0.021), the
apopiotic pathway trength = 0.55; FDR = 0024), and the
apopiotic process pathway Erength = 0.41; FDR = 0047,
marked in green) (aupplemental Table &)

[GE analysis showed the upregulation of CDKS that has been
identified a: a potential prognostic blomarker in AMLY
(Figure S5H. WNTS5A and FZDS, central to the noncanonical
Wit pathway, were upregulated in the loss{Bp) group
{Figure 5B). High levels of WNTSA have been reported in the
plesma of patients with CLL, and & recent showed that
WHNTSA enhances proliferation of CLL™ by binding to RORT,
which is overexpressed in CLL cells. Moreover, increased ROR1
and ROR1 signaling was observed in patients with CLL an
wenetoclax ﬂ\emﬁ.r.ﬁ' These results suggest that the poor
outcome of patients with loss{Bp) might be mediated via the
downregulation of TRAIL-R signaling and upregulation of
WHNTSA signaling pathways.

Patients with disease progression on venetoclax
show elevated ERK1/2 signaling

Mest, we periomed RhA-seq analysis of the entire cohaort to
evaluste transcriptomic adaptation of the cells during dewel-
opment of soquired resistance to venetadax. To detemine the
consequence of venetoclax inhibition in vivo, we profiled 11
[patients treated with venetoclax (both pre- and postvenstoclax
tine points) and pefomed DGE analysis (Figure &A). Gane set

enrichment analyss using the Staudt Lab gene set database
{hittps: Mymphochi ponih. govisignature db/) fwith FDR < 0.1) and
MSigDB* """ cursted hallmark gene sets showed positive
enrichment of several proliferation-related gene sets, suggest-
ing a higher proliferative capacity of cells on acquiting resis-
tance to venetoclax Eupplemental Tables 7 and B; Figure 4B).
WINTSA was transoiptionally upregulated in progression sam-
ples and WHNTSA s central to proliferation and upstream of
exracellular sgnal-regulsted kinmse (ERK) phosphorylation
{Figure &4). Gene set enrichment analysis showed the positive
enrichment of MYC targets and tumor necosie factor a
signaling wia NF-«B response gene set that are both down-
stream of ERK signaling (supplemental Table B). In melanomas,
the ERK pathway induces o-MYC stabilization via the attenua-
tion of its ublguitivmedisted protein degiadation mechs-
nism.*® MYC upregulation also leads to higher proliferation.
Genes related to B-call receptor (BCR) activation and STAT-3
upregulation {supplemental Table 7), both of which lead to B-
cell signaling upre gulation, were also overepresented. To test
this, we compared surface immunoglobulin M (slgh) levelks in
pre- and postprogre ssion PEMCs by flow ortometry. W found
consistently higher sighM levels at progression comparned with
that in preprogression samples §n = 9, P = 02; Figure &C),
suggestive of constitutively higher BCR signaling. CD19
expression did not differ, suggesting that the incease in Igh
surface receptor i specific (Figure &C). The PBMC samples fiom
pre- and postprogression time points were then profiled for
dowrstream BCR signaling proteine We observed higher
pPLOGE and pBTE expression in progression samples as
observed through western blot, although not statistically sig-
nificant because of the small sample sizm BEupplemental
Figure &). We slko observed that ERK phosphorylation (The
202 Tyr 204 showed a trend toward elevation in the venetod ax
progression tine points when compared with comesponding
prevenetoclax samples for all patients teged (n = 5; P = .05,
Figure 404 . ERK may be downstream of WNT5A or the BCR. In
sumimary, these data suggest that upregulation of the BCR
signaling pathway and extracellular signalregulated kinase
{ERK) phospharylation contribute to venetoclax resistance.

Discussion

In this study, we identified multiple potential mechaniams of
resistance in patients with CLL who progressed while receiving
venetoclax. The WES of 11 auch patient samples revealed no
recument sSMV imoleed in the resistance to venstodax, other
than BCLZ, as previowsly reported Howewer, we identified
several somatic copy-number alterations showing robust clonal
shifts and evolution in patients whose disease progressed while
rece ving venetodax. These include the scquired lossiBp) 35%;
4 of 11) and gain{lg) (18% 2 of 11) in particulsr but ako
acquired losg%p21.3) aflecting COKNZA 27%, 3 of 11) and
accquired los{ PTEN) (18%; 2 of 11). In patients with relapsed’
refractory disease who were previoudy esposd to chemo-
immunotherapy, loss®p21.3) wes particulady enfiched, as

Figure &. Patisnts with ditest s progred sion an venetedas shew slevated ERIC1 2 sigraling. () Valoars plot showirg d fleenially aprseed gerss batsesen pra ard
postrarsios ki progrsshon Tema poins fom BN Sy datawith edusied Pl < 05 ard log RO = 1.0 08 Errckemen plots abianed from gere el ervichenee andysis,
ik v pasdorrned on @ list of all gerss fom DEG aralysis ard erked hased on T3 Wt (0 s ard 0019 seinieg wes padormed on PEMC s colleced fom patents
= 5) @ pree- ard postprogr esinn an vermioc i tire point. Meaen Buomscant inereity was masered on gated CD17° cals. (D) Bap recsanitative wesl s kot image sheowineg
PER ared ERX for PEMC lysates fFom pre- and posvreraliock progeession Tma pains for 2 patiees, ogater with quant licatinn of pEC S8 aia o =5
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dexribed previously.”™* Furthermore, we identified constin-
tree pERK activation across many of our samples from patients
with venetodax resistance.

Previously identified venstoclax resistance mutations in BCL2
G101V were found in 3 of 11 patients {CLLE, CLLY, and CLL11)
in our cohort. We did not see these mutations in 2 patients who
had received prior treatment with ibeutinib {CLLS and CLLT),
raiging the possibility that the donal diversity at start of ven-
etoclax might be reduced in patients who hawve not receed
pior chemoimmunotherapy, although confounded by short
timses on venetodax for both of these patients. The estracrdi-
nafily low VAFs of 2 of the deteced mutations suggea that
other mechanisms are contributing to resistance.

By evaluating PBMC viability before and after ex vivo wen-
etoclax treatment, we found that in all the patients tested,
progression samples showed significantly higher sundval after
venetoclax treatment compared with cells from comesponding
prevenetoclax time points, congstent with acquired intrinsic
resistance. Moreower, in comparing the viability of venetoda
progression samples from the lossiBp) and without less{Bp)
groups, we found that progression samples from patients with
loss{Bp) better survived treatment with venetodax

with samples from patients without losgBp) (Figure ZB), sug-
gedting that patients with lossiBp) are more resistant and
therefore likely to have a worse nosis, as prewvioushy
dhserved in breast cancer cells *°* Loss of TRAIL-Rs has alsa
previously been linked with ibrutinih resistance in CLL™ A
recent study suggested that induction of cell death through
TRAIL & a BAX-independent mechanism for overcoming ven-
etoclax resistance, this abservation is potentially congistent with
our observation that deletion of TRAIL-Rs in CLL cells i an
atemative mechanism of venetadax resistance.

Similarly, at progression, cells from patients with gainllg) showed
higher wiability when companed with those from patients without
gain{lg), and treatment with a MCL1 inhibitor slone or in com-
bination with wenetodax significantly deceased viability in peo-
gression zamples only in patients with gain({lg), suggesting this
combrination therapy 8= an opfion for tresting this group of
patients. Thes findings support and expand prior work that
demonstrated 1g gain in patients who are resigant to ven-
etodax ¥ Futhemore, our results provide rationale for initial
combrination ferapy with venetodax and a MCL1 inhibitor 1
prevent the development of resitance via this mechanism
The aforementioned combination resensitived the cells to ven-
etocax despite uprequlation of other antispoptotic proteins
fupplensental Figure 3; Figure 3E). It k& inenesting that 1q gain in
our cohort accumed exdlusively in the same cells with 8p deletion;
this mechanian of potential synergy remains © be elucdated.

Wegem blot anahsi of pre- and postprogression samples
showed elevated pERK levels at the time of progression in all the
patient samples tesed {CLL1, CLL2, CLLY, CLLS, and CILLT7),
demonstrating a potentially significant role for MAPK signaling
in accuired resistance to venetodax in CLL Using veneiodax-
resistant domes Fom multiple miveloma cell lines, Chakraborty
et al showe d th at acquired resistance tovenetodax is mainly due
to the activation of pERK.™ They ako showed elevated
expression of MCLT and BCL-XL in the resistant clones ™
Furthemore, in venestodax-resgant AML cell lines, Zhang et al

RESETANCE TO WVENETOCLAY INCLL

demonstrated that resistance was primanily mediated by upre-
gulation of MAPK signaling, resulting in increased MCLT and
BCL-L expression.™ In follicular lymphoma cells, pERK and
pBIM 569 levels wer higherin cells reated with venencls ™

We also observed elevated dgM levels in patients with pro-
gressive disease, indicating that BCR sgnaling could be
partially contributing to elevated pERK levels. Anti-lghl stimu-
lation reportedly protects CLL cells fom vemetoclas-induced
apoptosis through MCL upreguilstion ™ in sccordance with
our obsensation.

In summnary, our findings identify potential targets to assess
therapeutic opportunities for the treatment of patients with CLL
wihio have scquired redstance to venstods. Our study shows
that & subset of BCL2 mutations occur at very low VAFs, sug-
gesting the exstence of other mechanisms of redstance. We
ientified upregulation of sigM and MAPK signaling as a
mechanism of scquired resistance to venetodax, suggesting
that treatment with MEK or ERK inhibitors of patients with
venetodax-resistant disease could be benefidal. Momeower, we
alko observed that celk from patients with certain genstic
abnomalities (ie, losgBp] and gain[ig]) are more resistant to
venstodax than those from patients without these genatic
abnomalities, possibly because of the loss of TRAIL receptors,
uprequlation of WNTSA, and MYC signaling. Treatment with
MCL1 inhibitor either aslone o with wenetoclax deoessed
vigbility in progression samples in patients with gain{1g), sug-
gesting that combining a2 MCLT inhibitor with wenetoclas might
prevent the outgrowth of clones with this genetic abnomnal ity
In addition, combination therapy may prevent the emergence
of gainflg), potentialy delsying onset of resistance in sme
patients. Owr results point to several future directions for
combination therapy in clinical tials, with the goal of over-
coming or avoiding venetodax resistance.
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