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1. Curriculum vitae

Alexandre Harlé, né le 16/07/1980 a Paris 17¢me

DIPLOMES

2014

2011

2009

2005
2005

2000
1998

Dipléome de Docteur de I'Université de Lorraine, Mention Sciences de la vie et de la santé,
Ecole Doctorale BioSe, Université de Lorraine, Nancy —« Marqueurs de réponse aux
thérapies ciblées et personnalisation thérapeutique dans les cancers colorectaux
métastatiques » sous la Direction du Pr. Jean-Louis Merlin.

Diplome d’études spécialisées de Pharmacie Industrielle et Biomédicale, Université Henri
Poincaré, Nancy — « Mise au point du dosage de I'lmatinib, du Norimatinib, du Dasatinib et
du Nilotinib par chromatographie liquide haute performance et détecteur a barrette de
diodes » sous la Direction du Pr. MJ Royer-Morrot.

Diplome d’Etat de Docteur en Pharmacie, Mention Trés Bien, Université Henri Poincaré,
Nancy.

M2 Ingénierie de la Santé, Science du Médicament, Mention Tres Bien, Université Henri
Poincaré, Nancy — « Mise au point de la recherche des mutations PIK3CA dans les cancers
colorectaux » sous la Direction du Pr. Jean-Louis Merlin.

DU Pharmacie Clinique Oncologique — Université Claude Bernard Lyon 1

DU Antibiothérapie en milieu hospitalier — Université Henri Poincaré Nancy

Concours national de I'internat — Pharmacie Industrielle et Biologie Médicale, zone Nord-est.
Sixieme année de Pharmacie, Université Joseph Fourier, Grenoble. UV Biologie médicale et
UV Communication, Université Joseph Fourier, Grenoble. Certificat MSBM : Conception et
structure des molécules d'intéréts thérapeutiques, Université Joseph Fourier, Grenoble.
Stage d’initiation a la recherche : Laboratoire de Chimie organique, Université Joseph
Fourier, Grenoble.

Concours de premiére année de Pharmacie, Université Joseph Fourier, Grenoble.
Baccalauréat série S option Physique-Chimie, Mention Assez-Bien, Lycée Berthollet, Annecy.

ACTIVITES PROFESSIONNELLES |

Depuis Septembre 2015 Maitre de Conférences des Universités — Praticien Hospitalier, Université de
Lorraine, CNRS UMR7039 CRAN, Institut de Cancérologie de Lorraine. lere classe depuis le 1/9/2019
Juillet 2018 a juillet 2019 Mobilité internationale (Visiting Scientist at The Francis Crick Institute,
London, United-Kingdom, Research fellow at The Royal Marsden Hospital, London, United-Kingdom)
2011 a 2015 Assistant Hospitalo-Universitaire, Université de Lorraine, CNRS UMR7039 CRAN, Institut
de Cancérologie de Lorraine.

2006 a 2011 Interne en Pharmacie PIBM, CHU de Nancy, Institut de Cancérologie de Lorraine

ACTIVITES D’ENSEIGNEMENT

Environ 100 HTD par an dans le domaine de la biologie cellulaire oncologique, de la théranostique et
le diagnostic des cancers pour les étudiants en Faculté de Pharmacie, en LMD, en DU ou en
formation continue.

Coordination de 'UEL DMC (Diagnostic Moléculaire en Cancérologie) en DFA-SP1, Faculté de
Pharmacie depuis 2017.

Coordination de 'UEL MCTC (Médicament, Ciblage et thérapeutique de précision en cancérologie),
en premiére année de Master parcours IS depuis 2018.



Coordination du DU « Pharmacie Clinique Oncologique a I'Officine » a la Faculté de Pharmacie de
Nancy, ouverture prévue pour I'année Universitaire 2021-2022.

ACTIVITES D’INTERET COLLECTIF

Groupe de Travail validation de méthode NGS et base de variants somatiques : Membre du groupe
de travail de I'Institut National du Cancer (INCa) pour la validation des méthodes de Next Generation
Sequencing et la mise en place d’'une base de données Nationale de variants somatiques rares.

Groupe de Travail validation des pipelines bioinformatiques pour I'analyse NGS du COFRAC :
Membre du groupe de travail du Comité Francais d’Accréditation.

Association Gen&Tiss (Assurance Qualité en génétique somatique) : Membre du comité de pilotage
de Gen&Tiss pour la mise en place de programmes d’évaluation externe de la qualité en génétique
somatique.

GFCO : Membre du bureau du Groupe Francophone de Cytogénomique Oncologique (GFCO).

DGOS : Expert génétique tumorale (commission n°9) pour la sélection des Laboratoires de Biologie
Médicale de Référence (LBMR) pour la Direction Générale de I'Offre des Soins.

UCGI : Responsable du bureau recherche translationnelle pour le groupe Unicancer des cancers
gastrointestinaux.

Membre de la Commission Recherche de la Faculté de Pharmacie de Nancy.

Membre de I’American Society of Clinical Oncology (ASCO)

Membre de I’American Association for Cancer Research (AACR)

Membre de I’Association Francaise d’Assurance Qualité en Anatomie Cytologie Pathologique
(AFAQAP)

Membre du Groupe Francophone de Cytogénomique Oncologique (GFCO)

Membre de I’'European Liquid Biopsy Society (ELBS)

ACTIVITES D’EXPERTISE

Activité de reviewing pour des périodiques internationaux et nationaux : Archives of Medical
Research, BMC Medical Notes, British Journal of Cancer, Bulletin du Cancer, Cancer Investigation,
Expert Review of Anticancer Therapy, Internal Medicine: Open Access, Journal of Carcinogenesis &
Mutagenesis, Journal of Clinical Pathology, Journal of Clinical Laboratory Analysis, Nature, PlosOne,
The International Journal of Biological Markers, The Lancet Oncology, Theranostics, Tropical
Medicine & Surgery, World Journal Of Surgical Oncology.

Membre du comité de rédaction de la Revue Scientifique d’Unicancer : Innovation & Thérapeutique
en Oncologie

Evaluations scientifiques pour le Cancéropoéle de I'Est, le GEFLUC Flandres-Artois et Normandie et
Cancéropéle Nord-Ouest, I’AIFA (Agence Italienne de Pharmacie).

Expertise et séminaires pour I'industrie pharmaceutique.



PUBLICATIONS ET COMMUNICATIONS

42 publications dont 35 dans des journaux internationaux a comité de lecture et 7 dans des journaux
nationaux a comité de lecture.

14 publications en premier auteur, 5 en deuxiéme auteur, 2 en avant dernier auteur, 16 en dernier
auteur et 5 en rang non-utile (cf. liste des publications)

Plus de 80 communications (51 communications orales dont 30 sur invitation, et 33 communications
sous forme de poster).

Points SIGAPS : 529

Indices bibliométriques au 03/12/2020

Toutes Depuis 2015

Citations 335 305
indice h 10 10
indice i10 1 1
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2. Activités d’enseignement

La partie Universitaire de mon travail consiste en I'enseignement de la biologie cellulaire
oncologique et de ses applications en cancérologie. Une grande importance est donnée au
diagnostic moléculaire et aux thérapies ciblées, dans un but de développement de Ila
personnalisation thérapeutique des traitements anticancéreux. L’enseignement est ainsi adapté aux
différentes disciplines pharmaceutiques : biologie, pharmacie hospitaliere, pharmacie industrielle,
officine. Je participe aux enseignements de la Faculté de Pharmacie de Nancy (Université de
Lorraine), mais également aux enseignements de la Faculté des Sciences (Licence et Master), a
certains Diplomes Universitaires ainsi qu’a des actions de formation continue.

Participation a la réalisation des sujets pour le Certificat de Synthése Pharmaceutique (CSP) depuis 4
ans pour la partie biologie cellulaire et cancérologie.

Depuis I'année Universitaire 2017/2018, je suis responsable de I'UE libre DMC (Diagnostic
Moléculaire en Cancérologie) et responsable de I'UE de M1 MCTC (Médicament, Ciblage et
Thérapeutique en Cancérologie) depuis la rentrée 2018.

Depuis la rentrée 2020, je suis membre du jury de délibération de DFA-SP1.

Nombre d’heures ETD pour I’'année universitaire 2017-2018 : 95,75

Score SIAPS (Période 2011 a 2019) : 685 (grille détaillée ci-apres).

Pas d’activité d’enseignement sur I'année Universitaire 2019-2020 compte tenu de mon départ en
mobilité au Crick Institute de Londres (équipe du Pr. Charles Swanton). Lauréat d’une bourse a la
mobilité de la Fondation de France.

Nombre d’heures ETD pour I'année universitaire 2019-2020 : 76,5

Les enseignements auxquels je participe de maniére réguliere sont détaillés ci-dessous :

Préparation au Diplome d’Etat de Docteur en Pharmacie, Faculté de Pharmacie de Nancy, Université de
Lorraine

DFA SP1 : UEL Evaluation du Principe Actif (3h de TD et 6h de TP par an)

DFG SP2 : UEL Instrumentation et Techniques Médicales pour le Diagnostic et la Thérapie (1h de TP par an)
DFG SP3 : UEL Pharmacogénétique et Pharmacogénomique (2h de CM par an)

DFA SP1 : UEB Cancérologie (3h30 de CM par an)

DFA SP1 : UEB Connaissances Intégrées Pharmaceutiques (10h de TD par an)

DFA SP1 : UEL Diagnostic Moléculaire en Cancérologie (5h30 de CM, 6h de TD et 1h30 de TP par an)

DFA SP1 : UEF Développement clinique (3h30 de CM par an)

DFA SP2 : UEB Assurance Qualité a I'Officine (4,5h de TD par an)

DFA SP2 : UEH Fonctions hospitaliéres (2h de TD par an)

DFA SP3 : UEO Cancérologie a I'officine (2h de CM par an)

DES de Pharmacie Hospitaliére (3h de CM par an)

DES de Biologie Médicale (1h30 de CM par an)

Participation au systeéme LMD, Université de Lorraine

Licence Pro : Génie Moléculaire et Cellulaire (6h de CM par an)
M1 Biolngénierie et Médicaments (6h de CM par an)

M1 Biologie Cellulaire et Physiologie (2h de CM par an)

M2 BioSciences et Ingénierie de la Santé (10h30 de CM par an)

Participation a des Diplomes Universitaires
DU Pharmacie Clinique Oncologique — Faculté de Pharmacie — Université de Lorraine (6h30 de CM par an)



Participation a la formation continue
DU Pharmacie Clinique Oncologique — Faculté de Pharmacie — Université de Lorraine (6h30 de CM par an)

Projets pédagogiques

En accord avec le Doyen de la Faculté de Pharmacie, dans une volonté de développement de
la formation continue, je proposerai en 2021, la création d’un Dipldme Universitaire de cancérologie
destiné aux pharmaciens d’officine pour une ouverture a la rentrée universitaire 2021.

Les objectifs de ce DU est de maintenir les compétences de nos collégues officinaux de plus
en plus amenés a prendre en charge a I'officine les patients atteints de cancer. Ce DU reprendra
ainsi les bases de I'oncogenese, des rappels concrets sur les grandes pathologies, et bien entendu
des mises a jour pratique sur les nouveaux médicaments disponibles a |'officine, notamment les
anticancéreux per os. Ce nouveau DU sera totalement d’actualité, compte tenu du 21 avenant a la
convention pharmaceutique qui ouvre un nouvel entretien pharmaceutique pour les patients sous
anticancéreux oraux. Le suivi de ces médicaments en officine représente donc un enjeu important
notamment en matiere de formation.
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3. Activités de recherche

Je développe mon activité de recherche dans I'Unité Mixte de Recherche 7039 CNRS
CRAN Université de Lorraine, dirigée par le Professeur Didier Wolf.

Les recherches développées par le laboratoire sont a caractére tant fondamental
gu’appliqué, a finalité industrielle ou sociétale (santé et environnement notamment, cf
Organigramme ci-dessous). Une originalité de I'unité est de développer également une
recherche interdisciplinaire associant la biologie et les sciences de I'automatique au sens
large appliquée a la santé (cancérologie et neurologie). Les thémes de recherche couvrent
les secteurs de I'automatique et de la productique, du traitement du signal et des images,
de la biologie en cancérologie et en neurologie, du génie informatique et des réseaux de
communication et de la s(ireté de fonctionnement des systemes.

RAA
I
Conseil de laboratoire gll Commission du personnel Jif Equipe de direction Commission « ATER »

Directeur : D. Wolf

Directeurs-adjoints : T. Divoux, G. Millérioux

CID
Contrdle - Identification -
Diagnostic
M. Boutayeb & M. Jungers

ISET
Ingénierie des Systémes
Eco-Techniques
H. Bril El Haouzi & B. lung

BioSiS
Biclogie, Signaux et Systémes
en Cancérologie et
Neurosciences
M. Barberi-Heyob & EH. Diermoune

Chargés de mission

International
H. Panetto

Prospectivescientifique
R. Postoyan

Attractivité
D. Maquin

Service Informatique &
Développement

Resp.: P. Gend (IGR,UL)

Systeme et Réseaux
0. Cervellin (IGE, UL)

Systeme d'Information
P. Gend(IGR, UL)

Développement

0. Cervellin (IGE, UL)
P. Gend(IGR , UL)

Service d'appui
ala recherche

Sciences pour I'ingénieur et
instrumentation scientifique
Resp.: R. Pannequin (IGR, UL)

J. Daouk(IR, CNRS)

A Delconte (IE, CNRS)

C. Fauvel (IGR, UL, 50%)
C. Perrin-Mozet (Al, CNRS)

Sciences du vivant
Resp.: V. Jouan-Hureaux (IGE, UL)

M. Amouroux (IGR, UL)

Y. Bailly (TCH, UL)
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E. Brunner (TCH, UL , 80%)
A Chateau (ASI, UL)

E. DeFays (ADT, UL)

A Francois (IE, ICL, 20%)
M. Husson (CTB,ICL, 10%)
L Lamy (CTB, ICL, 10%)

J. Pierson (Al CNRS)

M. Rouyer (CTB, ICL, 10%)

Administration & gestion financiére
Resp.: M. Bilon (IGE, UL)

Gestion financiére & Ingénierie
d’exécution budgétaire
Responsable du Service Financier

V. Tisserat(ASI, CNRS, CDD)

Gestionnaires financiéres et comptables
C. Lejars-Gros (T, CNRS, 80%),

C. Olivier (ADT, CNRS)

P. Seiler (ADT, UL, CDD)

Appui administratif aux départements
S. Génin (ADT, UL, CDD 20%)

D. Leprince (ADT, ICL, 30%),

C. Pierson (ADT, UL, 30%)

Ressources humaines
S. Heissler (ADT, UL), L. Sassi(ATP, CNRS)

Correspondante formation et écoles
doctorales
C. Pierson (ADT, UL, 20%)

Chargée de communication
M.S. Nourdin (IGE, UL, CDD 33%)

@ @ UNIVERSITE
DE LORRAINE

Ma thématique principale est centrée sur la recherche de biomarqueurs prédictifs de
réponse aux thérapies ciblées dans les cancers digestifs au sein du département BioSIS du
CRAN (Biologie, Signaux et Systémes en Cancérologie et Neurosciences) sur le site de
I'Institut de Cancérologie de Lorraine au sein duquel je suis responsable de |'axe de
recherche translationnelle « Diagnostic moléculaire approfondi, Biomarqueurs et réponse
thérapeutique ». Il existe au sein du Département BioSis plusieurs équipes de recherche,
elles aussi dédiées au cancer, avec notamment des travaux étudiant les cancers du sein ainsi
que les tumeurs cérébrales.
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Mon activité de recherche s’appuie sur différentes infrastructures et collaborations :

- L’Unité de Recherche Translationnelle de I'ICL pour les projets précliniques : avec deux
enseignants chercheurs (Dr. Pauline Gilson et moi), 2 techniciens de laboratoire, 0,5 ETP
d’assistant administratif, 2 étudiants en PhD (Andréa Witz et Julie Dardare), 1 étudiant en
Master et un étudiant en Licence Professionnelle. Cette unité est intégrée au sein du CRAN.
Viennent s’ajouter dans cette unité les Dr. Lina Bolotine Lina (MCU-PH), Dr. Henri-Pierre
Lasalle (MCF) et le Dr. llya Yakavets (post-doc) travaillant sur une thématique «
Nanovectorisation et évaluation préclinique de molécules a activité photodynamique ».

- La Direction de le recherche clinique de I'ICL pour la partie clinique, constituée d’une
cellule de data biostatistiques (1 Biostatisticien), un centre de promotion des essais
cliniques (3 chefs de projet, 2 ARC et 0,5 assistant administratif) et un centre de recherche
clinique (1 cadre, 7 ARC, 2 IRC, 0,8 Assistant administratif).

- Le Réseau Biopsie liquide du Cancéropole de I'Est, coordonné par le Professeur Jean-Louis
Merlin, regroupant les acteurs en biopsie liquide au sein du cancéropole Est (régions Grand-
Est et Bourgogne Franche Comté).

- Des Groupe Nationaux auxquels je participe, notamment |"UCGI (Unicancer
gastrointestinal), I'ELBS (European Liquid Biopsy Society), le groupe PRODIGE de la FFCD
(Fédération Francaise de Cancérologie Digestive) et le GFCO (Groupement Francais de
Cytogénomique en Oncologie).

- Des collaborations internationales, en particulier les équipes du Pr. Charles Swanton et du
Dr. Samra Turajlic au Francis Crick Institute de Londres, I'équipe du Dr. Kevin Litchfield de
I'UCL a Londres, et I'équipe du Pr. Nikolas von Bubnoff de I'Université de Freiburg en
Allemagne.

- Des collaborations industrielles avec des fabricants d’instruments et/ou de réactifs,
notamment Biocartis (Belgique), BioRad (USA), IT Solutions (France), Sophia Genetics
(Suisse) et Nonacus (Royaume-Uni).

3.1. Travaux de recherche dans le cadre de mon dipléme de Doctorat
d’Université

Récepteurs HER, voies de signalisation et prescription des thérapies ciblées chez les patients
atteints d’un cancer colorectal métastatique

Le développement des thérapies personnalisées et plus récemment de la
théranostique a completement modifié I'approche biologique de la maladie cancéreuse.
Ainsi, aux marqueurs sériques classiques et parfois peu spécifigues comme par exemple le
CA-125, I'ACE, le CA 19-9 ou encore le CA 15-3 viennent aujourd’hui s’ajouter de nombreux
marqueurs tissulaires tumoraux, plus représentatifs de la maladie et surtout prédictifs de la
résistance ou de la réponse a une thérapie ciblée, associée ou non a une chimiothérapie
traditionnelle.

Les récepteurs a tyrosine kinase de la famille de I'Epidermal Growth Factor (EGFR ou
HER) constituent un domaine d’intérét démontré en cancérologie. De nombreuses
molécules de cette classe font I'objet d’une utilisation thérapeutique chez ’lhomme dans le
cadre d’'une AMM. C’est le cas de médicaments comme les anticorps monoclonaux anti-
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EGFR (cetuximab, panitumumab) ou les inhibiteurs de kinase (regorafenib) utilisés dans le
traitement des cancers colorectaux.

On trouve en aval de ces récepteurs des voies de signalisation majeures ayant
démontré leur impact dans le développement de la maladie cancéreuse. C'est le cas par
exemple de la voie PI3K/AKT/mTOR ou encore de la voie des MAP-kinases qui jouent un role
important dans le contréle de la prolifération et de la mort cellulaire. Ces voies de
signalisation font intervenir des protéines effectrices, pouvant faire office de cibles
thérapeutiques intéressantes, notamment en cas de présence d’'une anomalie somatique ou
fonctionnelle, ce qui est souvent le cas en cancérologie.

L'étude des biomarqueurs prédictifs de réponse aux thérapies ciblées dans les
cancers colorectaux métastatiques a constitué le sujet de ma these d’Université, soutenue
publiqguement le 13 Novembre 2014.

Le cancer colorectal est I'un des cancers le plus diagnostiqué avec plus d’un million de
nouveaux cas a travers le monde chaque année. En France, cette maladie concerne 35 000
nouveaux patients chaque année et est responsable de plus de 16 000 déces. On estime
gu’environ 60% des patients ont une évolution métastatique de leur maladie.

Depuis le début des années 1980, on connait le réle de I'oncogéne RAS dans la voie
de signalisation cellulaire des MAPKinases. Les mutations sur les codons 12 et 13 du
gene KRAS ont été identifiées en 2008 comme des marqueurs prédictifs de résistance aux
anticorps monoclonaux anti-EGFR associés a une chimiothérapie de type FOLFOX ou FOLFIRI
chez les patients atteints d’un cancer colorectal métastatique. En 2013, des études cliniques
ont démontré que la connaissance du statut mutationnel des codons 12 et 13 du
gene KRAS ne suffisait pas a expliquer tous les échecs thérapeutiques aux anticorps anti-
EGFR. Il s'avere que la présence d’une mutation sur les exons 2, 3 et 4 de KRAS ou sur les
exons 2, 3 et 4 du gene NRAS, est également prédictive de la réponse aux traitements par
anticorps anti-EGFR. Il est ainsi rendu obligatoire par 'EMA d’effectuer un génotypage des
exons 2, 3 et 4 des geénes KRAS et NRAS avant toute prescription d’un anti-EGFR. Ces
recherches de mutations peuvent s’effectuer de différentes facons, notamment en utilisant
des techniques de PCR temps-réel.

Les mutations les plus fréquemment rencontrées dans les cancers colorectaux
métastatiques se situent sur les codons 12, 13 (exon 2), 59, 61 (exon 3), 117 et 146 (exon 4)
de KRAS et NRAS et sont présentes dans environ 50% des cas. Parmi les patients « sauvages
», c'est a dire dont les tumeurs ne portent pas de mutations sur les genes KRAS et NRAS, on
rencontre dans environ 10% des cas, une mutation du géne BRAF. La présence d’une
mutation (essentiellement sur le codon 600, exon 15 du géne) est synonyme de mauvais
pronostic mais il nexiste pas de lien entre la réponse aux thérapies ciblées anti-EGFR et la
mutation de BRAF dans les cancers colorectaux métastatiques. Au méme titre que les
mutations de BRAF, les mutations du gene PIK3CA, codant pour la sous-unité catalytique de
PI3K (Phosphatidyl-inositol-3-kinase), enzyme intervenant directement en aval des
récepteurs EGFR au niveau de la voie PI3K/AKT/mTOR, pourraient avoir un role pronostique,
mais ne démontrent a priori pas d’'intérét dans la prédiction a la réponse aux thérapies
ciblées actuellement sur le marché. Cependant, I'étude de ces mutations pourraient avoir
un intérét a court terme, notamment si |'utilisation d’inhibiteurs de PI3K venait a montrer
un intérét dans le traitement des cancers colorectaux métastatiques.
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L’étude de I'expression des formes phosphorylées des protéines intervenant dans les
voies de signalisation en aval des récepteurs a I'EGF peut également étre d’intérét dans la
prédiction de la réponse aux thérapies ciblées anti-EGFR apportant une vision fonctionnelle
aux données de génétique. Lors de mon travail de thése, j’ai étudié I'impact de I'expression
de certaines phosphoprotéines, impliquées dans les voies de signalisation
RAS/RAF/MAPKinases et PI3K/AKT/mTOR sur des échantillons de tumeurs prélevées chez
cent patients atteints d’un cancer colorectal métastatique et ayant recu un traitement anti-
EGFR en association a une chimiothérapie. Ce travail effectué en collaboration avec le Pr.
Pierre Laurent-Puig (HEGP, INSERM, Université Paris Descartes) a permis de mettre en
évidence, chez les patients dont les tumeurs étaient sauvages pour les exons 2, 3 et 4
de KRAS et NRAS, que la surexpression de pEGFR et de pAKT était prédictive d’une meilleure
réponse aux anticorps monoclonaux ciblant 'EGFR au seuil fixé (Harlé et al., Br J Cancer,
2015). Ainsi, les données recueillies lors de cette étude mettent en évidence l'intérét
potentiel d’une association anti-EGFR et anti-AKT chez les patients atteints d’un
cancer colorectal métastatique et dont les tumeurs sont RASsauvage. Ces données
suggerent également que I'étude de I'expression des phosphoprotéines en aval des voies de
signalisation RAS/RAF/MAPKinases et PI3K/AKT/mTOR, permettrait de mieux sélectionner
les patients pouvant bénéficier des anticorps monoclonaux anti-EGFR, puisque d’apres les
études actuelles, on estime que 40 a 60% des patients avec des tumeurs RAS sauvage ne
sont pas ou peu répondeurs a ces thérapies (cf. Publication 3).

3.2. Activités de recherche depuis I’obtention du Doctorat d’Université

Depuis I'obtention de mon Doctorat d’Université en 2014, nous avons poursuivi au
laboratoire nos travaux dans le cancer colorectal, mais également diversifié nos travaux de
recherche en les consacrant au développement du diagnostic moléculaire dans différents
types de cancers, que ce soit sur tissu ou en biopsie liquide.

Cancer colorectal

Il a été précédemment décrit qu’un certain nombre de mutations dites « hotspot » des
génes KRAS et NRAS étaient responsables de résistances au traitement par anticorps
monoclonaux anti-EGFR chez les patients atteints d’un cancer colorectal métastatique. Nous
avons alors voulu nous poser la question de l'intérét des autres mutations de KRAS, NRAS
mais également du géne BRAF chez ces patients. Nous avons ainsi pu démontrer que chez
ces patients, des mutations du genes KRAS plus rares que les mutations hotspots, pouvaient
potentiellement induire une résistance aux anti-EGFR (Harlé et al., Target Oncol, 2016).
Grace a des modeles prédictifs in silico, nous avons également pu démontrer l'intérét de
I’étude des mutations des génes KRAS, NRAS et BRAF et leur implication dans la résistance
aux anti-EGFR (Franczak et al., Sci Rep, 2019).

Développement du diagnostic moléculaire
Compte tenu de [I'importance grandissante du diagnostic moléculaire en

cancérologie, nous avons également voulu ces derniéres années évaluer les nouvelles
technologies disponibles. Nous avons ainsi pu évaluer et comparer un certain nombre de
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nouvelles techniques de biologie moléculaire, PCR ou NGS, notamment pour la
détermination fiable et rapide, sur tissu FFPE, des mutations du gene BRAF (Harlé et al.,
PLoS One, 2016, Franczak et al., Mol Diagn Ther, 2017, Serre et al., Oncotarget, 2018),
PIK3CA (Lambert et al., Pathol Oncol Res, 2019) ou KRAS, NRAS (Chen et al., Oncol Lett,
2016, Franczak et al., PLoS One, 2019). Des études concernant I’ADN tumoral circulant ont
été également effectuées pour la détermination fiable des mutations des genes KRAS, NRAS
et BRAF en biopsie liquide (Franczak et al., PLoS One, 2020).

3.3. Activités de recherche au cours de mon année de mobilité internationale

Pendant mon année de mobilité internationale au Francis Crick Institute, sous la
Direction du Professeur Charles Swanton et du Docteur Samra Turajlic, j’ai pu participer aux
recherches déja en cours dans le domaine de I’'hétérogénéité tumorale et de I’évolution
clonale des tumeurs. J'ai ainsi participé au programme TRACERx renal et TRACERx
melanoma. Ces travaux sont toujours en cours. Nous avons cependant pu mettre en
évidence l'intérét d’une nouvelle approche, le Representative Sequencing (RepSeq).

Dans I’étude TRACERX, le recours au multi-échantillonnage des lésions primitives ou
tumorales a pu démontrer I'importance de I'évolution clonale des tumeurs au cours de la
maladie. Le multi-échantillonnage, c’est-a-dire parfois plus d’'une centaine de biopsies
tissulaires par patient, n’est pas réalisable en routine clinique, pour des raisons de temps,
mais également financiéres. Il a ainsi été développé une approche innovante consistant a
substituer le multi-échantillonnage par le recours a un broyat des tissus tumoraux (Figure 1).
Cette approche permet ainsi de ne séquencer qu’un seul échantillon par patient au lieu de
plusieurs dizaines, afin de reconstituer I'arbre phylogénétique de la tumeur.

Rep-Seq1 sampling strategy: comparison of Rep-Seq vs single biopsy vs ctDNA

Rep-Seq
Primary
(x4 replicates)

Slice 1

High depth
custom panel
sequencing of
known somatic
non-synomous
variants to assess:

Slice 2

Slice 3 S
- x60 primary

biopsies

Slice 4

1) Variant detection sensitivity
2) Reproducibility
3)
cl

Primaryi"tlmor Rep-Seq
- BER }

(x3 LNs) SN Siase
Accuracy in distinguishing
Q /s» 1 ,,,, @iw onal vs subclonal mutations
x9 lymph node
Metastases biopsies
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- - - E - -
Primary Time 2.3 years

diagnosis

Figure 1 : Principe du RepSeq. La technique a été appliquée aussi bien sur la Iésion primitive que sur la biopsie,
et a été comparée a une approche de multi-échantillonnage de 60 prélevements pour le primitif et de 9 pour
les lésions métastatiques (d’apres Litchfield et al.).
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L’étude publiée dans Cell Repors en 2020 démontre ainsi tout I'intérét de cette technique
(Litchfield et al., Cell Rep, 2020). En effet, la quasi-totalité des mutations retrouvées en
multi-échantillonnage sont retrouvée par I'approche RepSeq. Il a également été possible
d’identifier les mutations clonales des mutations sous-clonales, ainsi que les variations du
nombre de copies somatiques des différents génes (Figure 2). Dans cette publication, nous
avons pu également mettre en évidence que I'analyse de I’ADN tumoral circulant extrait du
plasma de ces patients permettait de retrouver plus de 80% des mutations, qu’elles soient
clonales ou sous clonales (cf. Publication sélectionnée n° 1).

C <-- Regional Biopsies -—> NA

F
:

9ld
0Zd

ARRRRRRRRRRRNRARRRRRRRRENRNN| naDov3d

BONN| 3143034
Il 1basday
Il | zbasday
0l | sbasday
Bl | pbasday

<-- Variants detected —>

Figure 2 : Résultats obtenus pour I'étude d’un patient en RepSeq. Les quatre analyses en RepSeq donnent des
résultats équivalents entre eux, et permettent également d’identifier la grande majorité des mutations
identifiées en technique de multi-échantillonnage. Les données obtenues en biopsie liquide permettent
également de retrouver une majorité des anomalies identifiées en RepSeq et en multi-échantillonnage
(d’apreés Litchfield et al.).

J'ai pu également apprendre beaucoup dans le domaine des signatures génomiques
et mettre ces nouvelles connaissances a profit pour 'identification de I'origine pulmonaire
des tumeurs lorsque I'analyse anatomopathologique ne permettait pas leur identification de
maniére directe. Dans le travail publié dans Scientific Reports en 2019 (Busca et al., Sci Rep,
2019), nous montrons, a I'aide d’une signature génomique simple et peu colteuse, que
I'origine pulmonaire sur d’autres origines, est possible avec une sensibilité de 83%. Pour
cela, nous avons utilisé les données publiques du TCGA, puis testé de maniére indépendante
et prospective cette signature sur un set de données provenant du Centre Georges Francois
Leclerc de Dijon (Figure 3, cf. publication sélectionnée n°2).
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Figure 3 : Description du score EASILUNG sur le set de données de développement. Cette analyse inclus 4908
tumeurs avec une proportion de mutations somatiques supérieure a 1 substitution par mégabase. Ce
graphigue montre la probabilité que le cancer soit d’origine pulmonaire en fonction du score calculé (d’apres
Buscat et al.).

3.4. Activités de recherche en cours

Mes activités de recherche en cancérologie s’inscrivent dans un contexte hospitalo-
universitaire et me permettent de développer une thématique préclinique, notamment sur
le réle de la protéine DDB2 dans la cancérogénése des cancers du pancréas, et une
thématique translationnelle centrée sur I'apport de I’étude de 'ADN tumoral circulant dans
I’évaluation de I'hétérogénéité tumorale et |’évolution clonale.

3.4.1. Réle de la protéine DDB2 dans la cancérogenese des cancers du
pancréas exocrines

Contexte

Les adénocarcinomes canalaires pancréatiques (PDAC) représentent un probléme
majeur de santé publique en raison de leur taux de survie a 5 ans inférieur a 6% (Conroy et
al., Eur J Cancer, 2016) et de l'inefficacité des thérapies ciblées actuelles pour ce type de
cancer (Moore et al., Cells, 2020). D’ici 2030, les PDACs pourraient représenter une des
causes majeures de déces liées au cancer (Rahib et al., Cancer Res, 2014). Chez les patients
non opérables d’emblée, les seules options thérapeutiques a disposition des cliniciens sont
les chimiothérapies de type FOLFIRINOX ou gemcitabine (Conroy et al., N Engl J Med, 2018)
et a ce jour aucun biomarqueur pronostique et prédictif de réponse au traitement n’a
encore été identifié. Dans ce contexte, les PDACs représentent aujourd’hui un des
principaux axes de recherche développés a I'Institut de Cancérologie de Lorraine (Pr. T.
Conroy) et par le Cancéropoéle Est.

La protéine DDB2 (DNA-Damaged Binding Protein 2) est une protéine nucléaire de 48
kDa, historiquement connue pour son implication dans l'initiation de la réparation de I’ADN
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endommagé via le systeme NER de réparation par excision de nucléotides (Luijsterburg et
al., J Cell Biol, 2012). La protéine DDB2 intervient dans ce systeme de réparation en
interagissant avec la protéine DDB1 pour former le complexe UV-DDB (Scrima et al., Cell,
2008). DDB2 est également impliqué dans d’autres processus cellulaires essentiels tels que
le remodelage de la chromatine (Kattan et al., PLoS One, 2008, Zhao et al., J Biol Chem,
2009), la transcription de certains genes (Nag et al., J Virol, 2001), la régulation du cycle
cellulaire et la dégradation de certaines protéines (Yan et al., Cell Cycle, 2011).

Nos collegues de 'UMR CNRS 7039 CRAN (équipe du Pr Becuwe) et d’autres chercheurs
ont mis en évidence l'intérét de la protéine DDB2 dans le développement et la progression
de divers cancers (tels que les cancers du sein, de I'ovaire, colorectal, de la prostate, de la
peau, de la téte et du cou) (Gilson et al., Int J] Mol Sci, 2019) (Figure 4). Des études sur
différentes modeles de cancers humains ont permis de mieux définir I'activité biologique de
DDB2 dans les cellules tumorales et de mettre en évidence sa dualité de réle dans ces
cancers, ayant parfois des propriétés de suppresseur de tumeurs et fonctionnant parfois
comme un oncogéne (Gilson et al., Int J Mol Sci, 2019). DDB2 exerce une régulation a
plusieurs niveaux, modulant la prolifération, la survie, la migration et l'invasion des cellules
cancéreuses, l'angiogenése et la formation de cellules souches cancéreuses ainsi que la
sensibilité aux chimiothérapies et aux thérapies ciblées.

DDB2
\’\ Decrease T - /\/ Increase
Anti-oncogenic roles / Pro-oncogenic roles

Breast cancer Breast cancer
. Activation of IkBa expression Proliferation Repression of MnSOD expression
Migration/invasion Interaction with TGFB1 signalling pathway
Ovarian cancer Gastric cancer
Proliferation Repression of NEDD4L expression Migration/Invasion  Degradation of PAQR3

Resistance

to therapy Repression of Bcl-2 expression

Repression of ALDH1A1 expression

CSC lati
popuiation Activation of IkBa expression

Colon cancer
EMT Repression of Snail, Zeb1 expression

Angiogenesis Repression of VEGF expression

Prostate cancer
Proliferation Degradation of AR

Figure 4 : Role de la protéine DDB2 sur différents cancers solides et ses partenaires identifiés (Gilson et al.,
2019). Abréviations: AR (Androgen Receptor), ALDH1A1 (Aldehyde dehydrogenase 1 family, member A1), Bcl-2
(B-cell lymphoma 2), c-Flip (Cellular FLICE-like inhibitory protein, EMT (Epithelial-mesenchymal transition),
HEKs (Human epidermal keratinocytes), |_B_ (nuclear factor of kappa light polypeptide gene enhancer in B-
cells inhibitor, alpha), MEFs (Mouse embryonic fibroblasts), MnSOD (Manganese superoxide dismutase),
NEDDAL (Neural precursor cell expressed developmentally downregulated gene 4-like), PAQR3 (Progestin and
adipoQ receptor family member 3), TGF-_1 (Transforming growth factor beta 1), VEGF (vascular endothelial
growth factor), Zeb1 (Zinc finger E-box-binding homeobox 1). (Gilson et al., Int J Mol Sci, 2019)

A ce jour, aucune donnée de la littérature ne mentionne le réle de DDB2 dans la
cancérogenése pancréatique. Or DDB2 a été décrite comme capable de réguler la voie du
TGF-B (Zhao et al., Int J Clin Exp Pathol, 2015) et I'analyse transcriptomique du TCGA a mis
en évidence que cette voie de signalisation est activée dans prés de la moitié des
adénocarcinomes pancréatiques (Bailey et al.,, Nature, 2016). Notre objectif est donc
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d’étudier cette hypothése et d’étendre la connaissance de la protéine DDB2 aux cancers du
pancréas (Dardare et al., Int J Mol Sci, 2020).

Résultats préliminaires et recherche en cours

Dans le cadre de cette étude, 3 modeles cellulaires de PDAC (BxPC-3, Capan-2 et
T3M4) sont utilisés. Ces lignées présentent des profils mutationnels et un potentiel de
prolifération, de différenciation, de migration et d’invasion variés (d’apres les données de la
littérature et confirmation par données préliminaires réalisées au laboratoire, tableau 1).
Les cellules Capan2, bien différenciées, KRAS et CDKN2A mutées, présentent une
prolifération lente avec un temps de doublement cellulaire de 75,3h ainsi qu’un potentiel
métastatique important. Les cellules BxPc3 et T3M4 ont un état de différenciation modéré a
faible et un temps de prolifération plus faible (57,7h et 36,3h respectivement). Les cellules
BxPC3 présentent une mutation homozygote du gene TP53 ainsi que des délétions des
genes SMAD4 et CDKN2A et ont des capacités d’invasion importantes tandis que les cellules
T3M4, mutées au niveau des genes TP53, KRAS et SMADA4, sont peu invasives.

Tableau 1. Caractéristiques des lignées cellulaires de PDAC Capan-2, BxPc3 et T3M4 : profil mutationnels,
potentiel de prolifération, de différenciation, de migration et d’invasion

L . L . el - prolifération . . . . . " .
lignée cellulaire origine état de différenciation potentiel migratoire et invasif profil mutationnel
(temps de doublement en heures)
TP53  c.659A>G p.(Tyr220Cys) (homozygote)
BxPC3 tumeur primaire de PDAC modéré a faible 57,7h ++ CDKN2A c.-10_458del p.(Met1_*157del) (homozygote)
SMAD4  ¢.905-10_1448del  p.(Trp302_*553del) (homozygote)
o . " ) KRAS c.35G>T p.(Gly12Val) (hétérozygote)
-2 D,
Capan tumeur primaire de PDAC bien différencié 75,3h ++ CDKN2A ¢.52_57dupACGGCC p.(Thr18_Ala19dup) (homozygote)
SMAD4  c.1139+2T>A p.? (homozygote)
T3M-4 tumeur primaire de PDAC faible 36,3h - TP53 c.659A>G p.(Tyr220Cys) (homozygote)
KRAS .183A>C p.(GIn61His) (hétérozygote)

Le niveau d’expression protéique et transcriptionnel de DDB2 a été déterminé dans
ces différentes lignées par western blot et RT-PCR respectivement. Les données
préliminaires montrent une faible expression de DDB2 dans la lignée Capan2 et une forte
expression de DDB2 dans les lignées BxPC3 et T3M4. Ces résultats suggerent une relation
entre niveau d’expression de DDB2 et potentiel prolifératif (figure 5).
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Figure 5. Temps de doublement des cellules de PDAC (Capan-2, BxPc3, T3M4) en fonction du niveau
d’expression protéique de DDB2 dans ces cellules.

Afin de confirmer cette hypothése et établir le lien entre expression de DDB2 et
propriétés des lignées de PDAC, nous avons réalisé le knock-out de DDB2 (KO DDB2) sur les
cellules exprimant fortement cette protéine (BxPc3 et T3M4) par techniques de shRNA et
CRISPR-Cas9 (Figure 6).

BXPC3 3M4 Capan-2  Capan-2 3Ma BXPC3

shDDB2 CRISPR shDDB2

sh DDB2
2011 NT 1E10 202 KO Cul NT 2€11 1C8

sh DDB2
shatl NT  ghowl
1o h Ct NT

Tubuline a (55kDa) — || —————————— —

DDB2 (48kDa) ——— S ——— — — ——

e o »
° @ °

o
o
Ratio DDB2/Tubuline-u

Ratio DDB2/Tubuline-a

Figure 6. Semi-quantification de la protéine DDB2 dans les lignées BxPC3 et T3M4 transfectées et non
transfectées (**p=0,0048 ; n=3).

Nous avons ensuite comparé les capacités prolifératives, migratoires et invasives des
cellules KO DDB2 comparativement a des cellules contrdles par tests de croissance, tests de
blessure et tests d’invasion (transwell) respectivement. L'expression de DDB2 était
synonyme d’un caractére moins prolifératif et moins invasif.

L’étude morphologique des cellules KO DDB2 par microscopie n’a pas montré de
différences significatives.

Le niveau d’expression des facteurs impliqués dans la TEM a été étudié par Western
Blot. Une différence significative de I'expression de ces marqueurs en fonction de
I’expression de DDB2 a été retrouvée, montrant une potentielle implication de la protéine
DDB2 dans le phénomene de TEM.
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Nous avons également évalué par des tests de cytotoxicité la sensibilité des cellules
KO DDB2 aux différentes chimiothérapies utilisées pour le traitement des PDAC, notamment
le protocole FOLFIRINOX, la gemcitabine et I'olaparib (exemples avec les figures 7 et 8).
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Figure 7. A) Courbe de viabilité cellulaire des lignées T3M4 NT, T3M4 CRISPR KO, T3M4 CRISPR Ctrl sous |'effet
de doses croissantes d'oxaliplatine [0-25uM] (n=3) B) Concentrations inhibitrices 50 d'oxaliplatine obtenues
pour les lignées T3M4 (n=3) ; * p=0,0433 ; NS : non significatif.
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Figure 8. A) Courbe de viabilité cellulaire des lignées T3M4 NT, T3M4 CRISPR KO, T3M4 CRISPR Ctrl sous I'effet
de doses croissantes de gemcitabine [0-20nM] (n=3) B). Concentrations inhibitrices 50 de gemcitabine
obtenues pour les lignées T3M4 (n=3) ; ***p=0,0005 ; **p=0,0076

Nos résultats préliminaires sont donc en faveur d’une plus grande chimiosensibilité
lorsque les cellules expriment DDB2.

L’activation transcriptionnelle de DDB2 dans les cellules exprimant faiblement DDB2
(Capan2) a été réalisée par technique CRISPRa et le modeéle cellulaire maintenant disponible
au laboratoire. Les conséquences de cette surexpression de DDB2 sont en cours
d’évaluation selon les mémes modalités que celles décrites précédemment.
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Nous estimons que les résultats finaux de ces travaux pourront étre soumis a
publication d’ici fin 2020 (cf. Publications sélectionnées 4 et 5)

Collaborateurs : Dr. A. Harlé, Dr. P. Gilson, Pr JL. Merlin, A. Witz (PhD débuté en Novembre
2019), J. Dardare (PhD débuté en Novembre 2020) et un étudiant en M2R
Financement : Actions incitatives du CRAN et Institut de Cancérologie de Lorraine.

3.4.2. Activités de recherche translationnelle

Une part importante de mon activité de recherche consiste en I'élaboration et a la
coordination biologique d’essais thérapeutiques. Les différents essais en cours sont ont en
commun la détection d’ADN tumoral circulant, I’exploration génomique des tumeurs et
de I’hétérogénéité tumorale.

Nous étudions également, dans une moindre mesure, les cancers HPV-induits et I'apport
de la biopsie liquide pour ces patients.

ADN tumoral circulant et hétérogénéité tumorale

La présence d’acides nucléiques dans le sang est décrite depuis 1948 (Mandel et al.,
C R Seances Soc Biol Fil, 1948), mais c’est seulement depuis quelques années, que I'on sait
qgue les tumeurs sont capables de diffuser activement ou passivement leur ADN dans les
fluides biologiques (Franczak et al., Arch Med Res, 2018). Les progrés technologiques,
notamment dans le domaine de la biologie moléculaire ont permis leur détection en vue
d’applications dans le domaine de I'oncologie médicale. La détection de I"ADN tumoral
circulant, matériel génétique tumoral relargué par la tumeur lors de la nécrose, de
I'apoptose ou encore de phénomeénes cellulaires actifs, est ainsi envisagée pour des
applications de détection précoce, de théranostique, de suivi des patients, d’évaluation de
la qualité d’un acte chirurgical ou encore de détection précoce de la rechute des patients
atteints de cancer (Franczak et al., Arch Med Res, 2018).
Nous avons développé depuis 2015 au laboratoire une expertise dans la détection de ’ADN
tumoral circulant en utilisant a la fois des techniques de PCR (temps-réel, digital droplet,
BEAMIing) et de séquencage haut-débit (NGS).
Différents objectifs sont affichés pour [Iactivité biopsie liquide du laboratoire :
L’amélioration des techniques de détection afin d’en améliorer leur sensibilité au travers de
programmes techniques et leur application dans le domaine de la théranostique et du suivi
des patients atteints de cancer au travers d’essais cliniques. Ces programmes de recherche
ont pour finalité de déterminer la place de la détection de ’ADN tumoral circulant comme
marqueur substitutif, exhaustif, dynamique et moins invasif a la biopsie tissulaire dans la
prise en charge des patients atteints de cancer.

Nous travaillons également plus récemment sur des projets de recherche visant a étudier
dans quelle mesure I’ADN tumoral circulant pourrait étre un bon support pour prédire
I’évolution clonale et sous clonale de la maladie. En effet, il est décrit depuis quelques
années que le cancer est une maladie clonale avec une évolution de type Darwinien
(Greaves et al., Nature, 2012) et des programmes ambitieux, comme les programmes
TRACERX sur lesquels j'ai eu I'opportunité de travailler sous la direction du Pr C Swanton
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pendant mon année de mobilité au Francis Crick Institute de Londres, ont permis de mieux
décrire et comprendre les aspects évolutifs du cancer.

Le programme biopsie liquide implique une partie du personnel du service de biologie
moléculaire des tumeurs de I'ICL ainsi que des médecins oncologues ou spécialistes
d’organes. Des sujets relatifs a la détection de I'ADN tumoral circulant sont aussi
régulierement proposés aux étudiants souhaitant valider un Master2 Recherche. Les
collaborations sont ensuite détaillées par projet. Tous les projets sont systématiquement
discutés, élaborés et suivis par la cellule méthodologie data-biostatistiques et le service de
promotion des essais cliniques de I'ICL en respect des bonnes pratiques cliniques et de la
réglementation en vigueur (loi Jardé) dans un environnement certifié vis a vis de la norme
ISO9001:2015.

TransPANDAS (2016-en cours)

L’étude TransPANDAS est une étude translationnelle a I'’étude PANDAS — PRODIGE 44, étude
nationale (Pl Pr T Conroy) supportée par un PHRC et la Ligue Nationale contre le Cancer.
L’essai clinique PANDAS s’adresse aux patients atteints d’adénocarcinome du pancréas a la
limite de la résécabilité. L'objectif est d’évaluer chez ces patients I'apport avant chirurgie
d’'une radiochimiothérapie concomitante a une chimiothérapie néoadjuvante par
mFolfirinox. Cette combinaison de traitements devrait permettre une chirurgie sans résidus
et donc d’éviter la récidive locale. Les patients ayant consentis a la participation a la
collection biologique sont inclus dans TransPANDAS, étude ancillaire translationelle dont le
but est de déterminer I'apport des biopsies liquides dans cette cohorte de patients (analyse
de I’ADN et de I’ARN circulant). L’étude est toujours en cours de recrutement et les analyses
n’ont pas encore débuté.

Collaborateurs : Pr. J.L. Merlin (PI), Pr. T. Conroy, Dr. A. Harlé (ICL, Nancy).

Financement : Ligue contre le cancer inter-régional Grand Est Bourgogne Franche Comté

Pancréas CGE (2016-en cours)

Notre laboratoire participe en collaboration avec le Cancéropoéle de I'Est a I'analyse de ’ADN
tumoral circulant des préléevements sanguins recueillis dans la cohorte « Pancréas CGE ».
Cette cohorte est constituée de patients atteints d’un adénocarcinome pancréatique
résécable. Le but est d’évaluer la place de la biopsie liquide comme marqueur pronostic et
comme marqueur de suivi des patients. L'étude est toujours en cours de recrutement mais
je viens d’obtenir un financement pour débuter I'analyse des échantillons des 24 premiers
patients (séquencage de la tumeur et des 4 premiers prélévements sanguins).
Collaborateurs : Pr. B. Heyd (Pl, CHU Besancon), Pr. C. Borg (CHU, Besangon), Pr. F.
Ghiringhelli (CGFL, Dijon), Pr. P. Rat (CHU, Dijon), Pr. A. Ayav (CHRU, Nancy), Pr. T. Conroy
(ICL, Nancy), Pr. A. Kianmanesh (CHU, Reims), Pr. P. Dufour (CPS, Strasbourg), Pr. P.
Bachellier (CHU, Strasbourg), Dr. R. Boidot (CGFL, Dijon), Dr. E. Pancreach’ (CHU,
Strasbourg), Dr. A. Harlé (ICL, Nancy).

Financement : Cancéropble Est

ColoBEAM (2016-2018)

278 patients atteints d’un cancer colorectal métastatique ont été inclus dans I'étude
prospective multicentrique ColoBEAM. Le but de cet essai clinique était de déterminer la
place de la biopsie liquide et de la technique OncoBEAM (PCR BEAMing) comme substitut a
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la biopsie tissulaire pour I'évaluation des statuts KRAS, NRAS et BRAF a des fins
théranostiques. Les premiers résultats ont été soumis sous forme d’abstract a I’ASCO 2019.
La publication définitive des résultats sera soumise fin 2020.

Collaborateurs : Dr. C. Gavoille (PI, ICL, Nancy), Pr. O. Bouché (CHU, Reims), Pr. M. Ben
Abdelghani (CPS, Strasbourg), Dr. J. Plaza (CHR, Metz), Dr. Lambert (ICL, Nancy), Dr. D.
Spaeth (Polyclinique Gentilly, Nancy), Dr. A. Boudrant (CHR, Chalon sur Saéne), Pr. F.
Ghiringhelli (CGFL, Dijon), Dr. A.L. Villing (CH, Auxerre), Pr. C. Borg (CHU Besancon), Dr. F. S.
Jones (Sysmex Inostics, USA), Dr. D. Edelstein (Sysmex Inostics, USA), Pr. J.L. Merlin (ICL,
Nancy), Dr. A. Harlé (ICL, Nancy).

Financement : Merck, Sysmex-Inostics, Institut de Cancérologie de Lorraine

CICLADES (2017-en cours)

L'étude prospective multicentrique CICLADES propose d’évaluer l'intérét de la biopsie
liguide pour le monitoring notamment des mutations des genes ESR1, PIK3CA et AKT ainsi
que de genes impliqués dans la résistance aux anti CDK4/6 et dans les voix de signalisations
des MAPKinases, pendant le suivi en soin courant de patientes atteintes d’un cancer du sein
métastatique traitées par un inhibiteur de 'aromatase associé ou non a un anti CDK4/6.
Collaborateurs : Dr. V. Massard (PI, ICL, Nancy), Dr. M. Gardner (Hopital Claude Bernard,
Metz), Dr. R. Longo (CHR, Metz-Thionville), Dr. C. Becuwe (Centre d'oncologie Gentilly,
Nancy), Dr A.M. Savoye (Institut Jean Godinot, Reims), Dr. K. Prulhiere (Polyclinique de
Courlancy, Reims), Dr. F. Clatot (Centre Henri Becquerel, Rouen), Dr. M. Achille (Polyclinique
de I'Orangerie, Strasbourg), Dr. Y. Tazi (Clinique Saint Anne, Strasbourg), Dr. P. Barthelemy
(CHU, Strasbourg), Pr. J.L. Merlin (ICL, Nancy), Dr. P. Gilson (ICL, Nancy), Dr. A. Harlé (ICL,
Nancy).

Financement : Astra Zeneca, Institut de Cancérologie de Lorraine

OPTIMEL (2018-en cours)

L'étude prospective multicentrigue OPTIMEL vise a étudier l'intérét du suivi de 'ADN
tumoral circulant ainsi que le suivi thérapeutique pharmacologique comme marqueurs de
réponse et de rechute chez les patients atteints d’'un mélanome métastatique BRAF muté et
traités par l'association d’inhibiteurs de kinase dabrafenib et trametinib. L’analyse
intermédiaire des résultats est programmeée pour fin Octobre 2020.

Collaborateurs : Dr. L. Geoffrois (PI, ICL, Nancy), Dr. F. Granel-Brocard (CHRU, Nancy), Dr. N.
Gambier (CHRU, Nancy), Dr. J. Scala Bertola (CHRU, Nancy), Pr. J.L. Merlin (ICL, Nancy), Dr. P.
Gilson (ICL, Nancy), Dr. A. Harlé (ICL, Nancy).

Financement : Novartis, Institut de Cancérologie de Lorraine

ITMO Cancer (2017-en cours)

Le programme ITMO Cancer (“Mathematical modelling for targeted therapies resistance
prediction”) est une étude sur 3 ans en collaboration avec les mathématiciens et les
statisticiens de I'INRIA et de I'Institut Elie Cartan de Lorraine (IECL). Cette étude vise a
mettre au point un modeéle mathématique capable de prédire la sensibilité a une molécule
de thérapie ciblée ou la survenue d’une résistance chez les patients atteints de cancer a
partie de données biologiques obtenues par le séquencage d’ADN tumoral circulant en
biopsie liquide veineuse. La preuve de concept sera réalisée sur une cohorte de 60 patientes
atteintes d’un cancer du sein et 50 patients atteints d’'un mélanome métastatique.

24



Collaborateurs : Dr. N. Champagnat (INRIA, IECL, Nancy), Pr. P. Vallois (IECL, Nancy), Dr. A.
Gegout-Petit (IECL, Nancy), Dr. U. Herbach (IECL, Nancy), Dr. A. Kurtzmann (IECL, Nancy), Dr.
A. Gueudin (IECL, Nancy), Dr. C. Fritsch (INRIA, Nancy), Pr. J.L.. Merlin (ICL, Nancy), Dr. P.
Gilson (ICL, Nancy), Dr. A. Harlé (ICL, Nancy).

Financement : Appel d’offre ITMO Cancer INSERM

BOVARY Pilot (2020 — en cours)

Le protocole BOVARY-pilot est une étude monocentrique de faisabilité dont le but est Ia
détection d’anomalies moléculaires au niveau de I’ADN tumoral circulant (SNV, indels,
grands réarrangements, perte d’hétérozygotie, translocations et CNV) chez les patientes
atteintes d’un cancer de I'ovaire de haut-grade et potentiellement éligible a un traitement
par inhibiteur de PARP. Les genes BRCA1 et BRCA2 ainsi que les genes impliqués dans la
déficience de la recombinaison homologue seront analysés a la fois sur des prélevements
sanguins et tissulaires. En cas de résultats positifs, I'’étude multicentrique BOVARY sera mise
en place afin d’inclure plus de patientes et ainsi valider la possibilité de |'utilisation en
théranostique de la biopsie liquide pour la mise en place d’un traitement par anti-PARP.
Collaborateurs : Dr. C. Gavoille (PI, ICL, Nancy), Dr. A. Harlé (ICL, Nancy), Dr. P. Gilson (ICL,
Nancy), Pr. J.L. Merlin (ICL, Nancy).

Financement : Tesaro-GSK, Institut de Cancérologie de Lorraine

MOSAPAC (2020 — en cours)

MOSAPAC - Etude translationnelle PRODIGE 24 - ACCORD 24 (2019-2022)

493 patients ayant bénéficiés d’une résection RO ou R1 d’un adénocarcinome du pancréas
dans les 3 a 12 semaines précédentes ont été randomisés entre FOLFIRINOX (12 cycles) et
Gemcitabine (6 cycles) dans I’étude franco-canadienne de phase Ill PRODIGE 24 avec
comme obijectif principal le taux de survie sans récidive a 3 ans. Pour chaque patient ayant
consenti a I'étude translationnelle, un bloc de tissu FFPE a été archivé et centralisé. 428
prélevements de tissus tumoraux fixés au formol et inclus en paraffine sont attendus pour
cette étude. Pour chaque prélévement, une étude en tissue micro-array, RNA seq et DNA
Seq d’un panel de plus 400 genes est prévu. L'objectif de ce travail est d’améliorer les
connaissances des aberrations moléculaires des PDAC afin de développer de nouvelles
stratégies thérapeutiques, notamment des thérapeutiques ciblées et de I'immunothérapie,
et également d’étre en mesure de mieux identifier les patients avec les meilleures chances
de réponse aux traitements.

Collaborateurs : Pr. T. Conroy (PI, ICL, Nancy), Dr. J. Cros (Hopitaux Universitaires Paris Nord
Val de Seine, Clichy), Pr. J.B. Bachet (Université Paris Sorbonne Cité, Centre Universitaire des
Saints-Peéres, Paris), Dr. Juan lvanova (IPC, Marseille), Dr. E. Lonchamp (Unicancer, Paris), Pr.
D. Malka (IGR, Villejuif), Dr. K. Litchfield (Francis Crick Institute, Londres, Royaume-Uni), Dr.
R, Nicolle (CIT, Paris), Dr. A. Harlé (ICL, Nancy) et Groupe Unicancer UCGI.

Financement : PRTK 2019

Tous ces projets sont en cours ou en cours de finalisation, aussi les données seront soumises
a publication fin 2020 pour I'étude ColoBEAM, courant 2021 pour I'étude OPTIMEL et fin
2021 pour MOSAPAC. Les autres résultats devraient étre disponibles a I’'horizon 2022.
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Cancers HPV-induits

Le papillomavirus humain est un virus impliqué dans un nombre croissant de

tumeurs des voies aéro-digestives supérieures (VADS) et des voies génitales. A ce jour, plus
de 245 types d’HPV ont été décrits dont certains dits de haut-risque sont identifiés comme
facteur de risque de cancer des VADS ou des voies génitales (Harlé et al., Sci Rep, 2018).
L'étude de la littérature retrouve une implication d'HPV dans 50 % des tumeurs
amygdaliennes et dans une grande majorité des cancers du col. Les génotypes d'HPV les
plus retrouvés dans ces cancers en Europe sont HPV16 et HPV18, a hauteur de 90 %. Les
modes de transmission des HPV au niveau des VADS et plus particulierement de la cavité
buccale sont encore mal connus. Toutefois, il est admis que les femmes ayant un
antécédent de cancer du col utérin, ainsi que leurs partenaires, présentent un risque plus
élevé de développer un cancer de la cavité buccale.
L'ICL a initié en 2015 un programme d’études faisant appel au séquencage de nouvelle
génération pour la détermination exhaustive des infections a HPV dans les cancers viro-
induits aussi bien a partir de biopsies tumorales ou de biopsie liquide, la technique CatpHPV,
développée en collaboration avec I'Institut Curie et le CERBA.

Le programme consacré a l’analyse viro-moléculaire des cancers HPV induits
implique une partie du personnel du Département de Biopathologie de I'ICL, ainsi que des
médecins oncologues ou spécialistes d’organes et des chirurgiens. Les collaborateurs sont
ensuite détaillés par projet. Tous les projets sont systématiquement discutés, élaborés et
suivis par la cellule data-biostatistiques et le service de promotion des essais cliniques de
I"ICL.

CaptHPV (2015-2018)

Le protocole CaptHPV repose sur l'utilisation de la technique de NGS double capture «
CaptHPV » mise au point a I'Institut Curie permettant la détection exhaustive de 245
génotypes différents d’"HPV mais également du ou des sites d’insertion du génome viral
dans les cellules infectées (Holmes et al., NPJ Genom Med, 2016). Cette technique permet la
caractérisation compléete du génome viral et de son interaction avec la cellule cancéreuse.
Cette technique fonctionne a la fois sur ADN extrait de tissus cryopréservées mais
également fixés au formol et inclus en paraffine (FFPE). La technique a également été
montrée suffisamment sensible pour la détection d’ADN HPV a partir de prélevements
sanguins. Cent patients atteints d’un cancer potentiellement HPV-induit (cancer de
I’'oropharynx, du col de I'utérus, de la vulve, du canal anal ou du pénis) ont été inclus dans le
protocole CaptHPV. L’'objectif de I'étude est de déterminer la concordance entre le statut
HPV retrouvé dans le tissu tumoral et au niveau plasmatique, incluant la signature
insertionnelle du virus. La publication est en cours de soumission.

Collaborateurs : Dr. X. Sastre-Garau (anciennement ICL, Nancy et CH, Créteil), Dr. A. Harlé
(ICL, Nancy), Dr. J. Thomas (ICL, Nancy), Dr. A. Leroux (ICL, Nancy), Pr. G. Dolivet (ICL,
Nancy), Dr. J. Guillet (ICL, Nancy), Dr. R. Mastronicola (ICL, Nancy), Dr. L. Leufflen (ICL,
Nancy), Dr. C. Charra (ICL, Nancy), Dr. J.M. Costa (CERBA), Dr. F. Martin (CERBA).
Financement : Institut National du Cancer, CERBA, Institut de Cancérologie de Lorraine
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CaptHPV vulves (2016-2018)

Cette étude repose également sur l'utilisation de la technique CaptHPV pour proposer
d’établir de nouvelles connaissances sur I'implication d’HPV et son insertion dans le génome
humain chez les patientes atteintes d’un cancer de la vulve. 65 patientes ont été incluses
dans cette étude. Les données ont été analysées et I'article publié (Thomas et al., J Low
Genit Tract Dis, 2020).

Collaborateurs : Dr. X. Sastre-Garau (anciennement ICL, Nancy et CH, Créteil), Dr. A. Harlé
(ICL, Nancy), Dr. J. Thomas (ICL, Nancy), V. Chesnais (Life&Soft), S. Diry (Life&Soft).
Financement : Institut National du Cancer, CERBA, Institut de Cancérologie de Lorraine

CapthHPV DK

Cette étude repose également sur [l'utilisation de la technique CaptHPV pour la
caractérisation de cancers gynécologiques HPV-induits de patientes de Dakar avec
notamment les données de génotypes viral et les particularités d’insertions. L'intérét
principal est de pouvoir analyser des échantillons tumoraux autres que HPV16 ou HPV18
induits, la prévalence des souches HPV au Sénégal étant différentes de celles rencontrées en
Europe.

Collaborateurs : Pr. M. Diop (PI, institut Joliot-Curie de I'hOpital Aristide le Dantec, Dakar,
Sénégal), Dr. X. Sastre-Garau (anciennement ICL, Nancy et CH, Créteil), Dr. A. Harlé (ICL,
Nancy), Dr. J. Thomas (ICL, Nancy), Dr. A. Leroux (ICL, Nancy), Dr. J.M. Costa (CERBA), Dr. F.
Martin (CERBA).

Financement : Institut National du Cancer, CERBA, Institut de Cancérologie de Lorraine

Les données de ces différentes études ont donné lieu a plusieurs publications,
notamment l'identification de NFIX comme gene préférentiel d’insertion d’'HPV16 dans les
cancers du canal anal (Jeannot et al., Genes Chromosomes Cancer, 2018), ou encore de
signatures moléculaires spécifiques d’insertion d’"HPV dans les cancers de la vulve (Thomas
et al.,, J Low Genit Tract Dis, 2020). Nous avons également démontré l'intérét de la
technique CaptHPV dans le diagnostic de récidive de cancer, notamment en publiant en
2019 le cas cliniqgue d’un patient atteint d’un cancer du canal anal, traité en 2017, puis
souffrant d’un cancer de la langue en 2018 (Harlé et al., BMC Cancer, 2019). L’analyse
exhaustive des séquences virales d’HPV insérées dans les cellules tumorales a ainsi pu
démontrer que cette nouvelle tumeur de la langue était en réalité une métastase du cancer
du canal anal traité un an plus toét, les deux tumeurs partageant toutes deux exactement la
méme signature insertionnelle du virus dans le génome tumoral (Figure 6).
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Figure 6. a) Aspect clinique du cancer localisé sur le c6té gauche de la langue. b) image IRM montrant la masse
de 11x11mm. c) Signature insertionnelle d’HPV16 dans le génome des cellules tumorales. Ici, I'insertion
d’HPV16 retrouvée aussi bien au niveau de la tumeur du canal anal que de la langue, fait apparaitre des
breakpoints communs aux deux localisations, avec une délétion des génes indiqués entre les deux traits
rouges.

Plus récemment, nous avons discuté de I'intérét de I’étude d’"HPV et son implication dans les
cancers ORL dans une publication invitée dans le journal Frontiers in Oncology (Sastre-Garau
et al., Frontiers in Oncology, 2020).

Enfin, les résultats de I'analyse des données de I'étude CaptHPV visant a évaluer l'intérét de
la biopsie liquide dans le diagnostic de cancer invasif HPV-induit ont été soumis et I'article
en cours de reviewing. L'étude des données a permis de mettre en évidence, en plus d’'une
caractérisation exhaustive des insertions d’"HPV dans le génome des cellules tumorales, une
trés bonne sensibilité et une trés bonne spécificité du test CaptHPV pour la détection d’ADN
d’HPV dans le sang. Les données font ainsi état d’une sensibilité de 72% pour les cancers de
Stade | et de plus de 94% pour les cancers de stades Il a IV (Tableau 2).
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Population Nb of HPV positive cases Sensitivity Specificity
cases Tumors Blood
All cases 134 80 77 95.0% (76/80) 98.1% (53/54)
Cervix 73 62 60 96.8% (60/62) 100% (11/11)
Oropharynx 25 3 4 100% (3/3) 95.5% (21/22)
Oral cavity 19 2 2 100% (2/2) 100% (17/17)
Anal canal 12 12 10 83.3% (10/12) -
Vulva 5 1 1 100% (1/1) 100% (4/4)
T1 19 11 8 72.7% (8/11) 100% (8/8)
T2 65 47 46 97.9% (46/47) 100% (18/18)
T3 30 18 19 100% (18/18) 91.7% (11/12)
T4 16 3 3 100% (3/3) 100% (13/13)
Tx 4 1 1 100% (1/1) 100% (3/3)
NO 47 29 26 89.7% (26/29) 100% (18/18)
N+ 38 12 13 100% (12/12) 96.1% (25/26)
Nx 4 1 1 100% (1/1) 100% (3/3)
MO 126 79 76 94.9% (75/79) 97.9% (46/47)
M1 5 1 1 100% (1/1) 100% (4/4)
Mx 3 0 0 - 100% (3/3)

Tableau 2 : Résultats de sensibilité et de spécificité du test CaptHPV en biopsie liquide selon la localisation du
cancer et le stade de la maladie.

29



4. Projet scientifique 2021-2025

Jenvisage de continuer a développer mes programmes de recherche préclinique et
translationnelle, dans le domaine de la génétique du cancer, et de I’"hétérogénéité clonale,
en particulier chez les patients atteints d’'un cancer du pancréas. Par ailleurs, la coordination
biologique du groupe de recherche « Génétique et Cancer » de I'Institut de Cancérologie de
Lorraine m’a été confiée en septembre 2020. Parmi les missions attachées a cette
coordination, I'accent sera mis sur l'intégration des apports de la génétique moléculaire
dans la pratique quotidienne de I'oncologie médicale et la mise en place d’'un continuum
soin-recherche.

Cette activité permettra la constitution de collections biologiques, qui, a moyen terme,
serviront a mieux documenter les données de génétique moléculaire de différents types de
cancers, avec, d'une part, I'analyse exhaustive des tissus tumoraux, et d’autre part, par
analyse de I’ADN tumoral libre circulant (concept de « biopsie liquide »), I"évaluation de
I’'hétérogénéité tumorale, ainsi que la recherche de maladie résiduelle chez les patients
atteints de cancer en cours de traitement ou en cours de surveillance.

4.1. Implication de la protéine DDB2 dans les cancers du pancréas

Les travaux fondamentaux sur l'intérét de la protéine DDB2 dans les cancers du
pancréas font partie intégrante du sujet de la thése d’Université de Madame Andréa Witz
de Madame Julie Dardare dont je codirige les travaux de theése a I'école Doctorale BioSE.
Nous avons démontré au laboratoire que I'expression de DDB2 dans des lignées de cellules
tumorales pancréatiques, avait un réle dans le doublement cellulaire, la migration et
I'invasion cellulaire, I'expression de marqueurs de la transition épithélio-mésenchymateuse,
ainsi que sur la sensibilité a la chimiothérapie. Ces résultats questionnent sur le réle de cette
protéine au niveau de la régulation de voies de signalisation, mais également sur les
applications thérapeutiques qui pourraient en découler a moyen terme (cf. Publications
sélectionnées n°4 et 5).

4.1.1. Exploration des voies de signalisation impliquées, voie du TGFf3 et
protéine DDB2

Nous souhaitons étudier le rbéle de I'expression de la protéine DDB2 dans la
régulation de différentes voies de signalisation. Il est prévu dans un premier temps
d’explorer la voie du TGFP et de la voie des MAPKinases compte tenu des données
disponibles actuellement dans la littérature reprises dans I’article de revue rédigé par notre
étudiante (Dardare et al., Int J Mol Sci, 2020). Pour cela, nous commencerons par une étude
in vitro sur les modeéles cellulaires déja établis au laboratoire (CRISPR KO et CRISPR
activateur) avec une approche en RNAseq et des validations en RT-PCR. Notre hypothése est
que DDB2 pourrait jouer un réle dans la régulation de ces deux voies de signalisation,
particulierement dans le cancer du pancréas et que cette expression viendrait modifier les
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capacités de prolifération, de migration et de transition épithélio-mésenchymateuse. Il nous
parait ainsi utile d’étudier les connexions potentiellement existantes entre la régulation de
DDB2 et ces deux voies de signalisation.

La seconde étape sera de mettre au point une étude translationnelle rétrospective
visant a évaluer le niveau d’expression de DDB2 et de ses cofacteurs, toujours au niveau des
voies du TGFB et des MAPKinases, en utilisant des échantillons tumoraux cryopréservées ou
FFPE de patients atteints d’'un PDAC de différents stades issus de la tumorothéque de
I'Institut de Cancérologie de Lorraine, mais également des différents programmes « cancer
du pancréas » dont je coordonne la partie biologique (MOSAPAC, TransPANDAS, Pancréas-
CGE) et ainsi de confirmer ou non nos observations réalisées in vitro. Cette étude tres
exploratoire a pour but avant tout de mieux comprendre les différents mécanismes de
régulation et la place de la protéine DDB2 dans les voies de signalisation particulierement
impliquées dans le cancer du pancréas.

4.1.2. Activation de DDB2 comme cible thérapeutique dans les cancers
du pancréas

Nos observations actuelles au laboratoire nous permettent d’établir qu’une
expression de la protéine DDB2 dans les cancers du pancréas serait plutot synonyme d’un
cancer au pronostic plus favorable, avec notamment un caractére moins prolifératif et
moins agressif, ainsi qu’une meilleure réponse a la chimiothérapie. La question d’utiliser
DDB2 comme cible thérapeutique se pose alors. Il n’est aujourd’hui techniquement pas
possible chez 'homme d’administrer un traitement permettant de modifier directement
I’expression d’'un gene au niveau d’une tumeur. De récents travaux, notamment dans les
pathologies oculaires ont utilisé la technique CRISPR-Cas9 dans le cadre d’un essai clinique
et d’autres essais, notamment dans le domaine des syndromes génétiques sont en cours.
Dans l'attente de pouvoir utiliser cette approche en toute sécurité chez ’homme, il nous
parait plus probable et plus immédiat d’identifier les protéines responsables de la régulation
de DDB2 et qui pourraient étre ciblée : Il serait en effet plus simple, dans I'état actuel des
connaissances, de développer un « inhibiteur de I'inhibiteur de DDB2 ». Cela implique donc
d’améliorer les connaissances sur la régulation de DDB2 ou voire si DDB2 n’est finalement
pas la cible finale responsable des phénoménes que nous observons, mais simplement un
intermédiaire servant de simple régulateur. Nous souhaitons donc, dans le cadre de cette
thématique, pousser les investigations et dans la mesure du possible, mieux comprendre la
biologie de DDB2.

4.1.3. Evaluation de DDB2 comme marqueur pronostique et
diagnostique des cancers du pancréas

Au vu des résultats expérimentaux obtenus au laboratoire, nous pensons que I'étude
de I'expression de DDB2 pourrait potentiellement étre utile en routine cliniqgue comme
marqueur pronostic et/ou prédictif de réponse aux chimiothérapies chez les patients
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atteints de cancer du pancréas. Nous faisons I’hypothése que I'absence d’expression de
DDB2 est synonyme de moins bon pronostic et de moins bonne réponse a la chimiothérapie
et inversement. Pour répondre a cette question, nous disposons de plusieurs cohortes de
patients (TransPANDAS, MOSAPAC et Pancréas-CGE). L'étude rétrospective des résultats
génomiques tumoraux mis en regard des données de survies sans-progression et globales
devraient nous permettre d’affirmer ou non cette hypothéese. Si les résultats de cette étude
se révele positifs, alors il serait envisagé d’étendre I’étude de ce biomarqueur a d’autres
cohortes et potentiellement en faire un biomarqueur de routine, permettant de distinguer
d’une part les patients qui seront de bon pronostic et bons répondeurs a la chimiothérapie,
et les patients de mauvais pronostic avec a priori une mauvaise réponse a la chimiothérapie.
Il deviendrait ainsi envisageable a plus long terme d’imaginer un essai clinique prospectif
avec intensification ou désintensification des doses de chimiothérapie en fonction de
I’expression de la protéine DDB2.

4.2. Hétérogénéité tumorale, évolution clonale et marqueurs prédictifs de
réponse aux thérapeutiques chez les patients atteints d’un cancer du
pancréas

Lors de ma mobilité internationale au Francis Crick Institute de Londres dans I'équipe
du Professeur Charles Swanton (juillet 2018-juilet 2019), j’ai eu I'opportunité d’élargir mes
connaissances dans le domaine de I'hétérogénéité tumorale et de I'évolution clonale des
tumeurs selon un modeéle Darwinien. Jai ainsi pu participer aux programmes TRACERx
notamment dans les cancers bronchiques, les cancers rénaux et les mélanomes. Il n’existe
pas a ce jour de programme similaire pour les patients atteints d’un cancer du pancréas. Je
souhaite ainsi, en collaboration avec I'équipe du Crick Institute, développer les
connaissances sur ces différents aspects dans le cancer du pancréas.

4.2.1. Exploration de I'hétérogénéité tumorale et de I’évolution clonale
par I’ADN tumoral circulant

Dans le programme TRACERX, une stratégie de multi-échantillonnage tissulaire a été
appliquée aussi bien au niveau du tissu primitif qu’au niveau des lésions métastatiques
(Jamal-Hanjani et al., PLoS Biol, 2014). Bien que trés informatif sur les clones et les sous-
clones présents au niveau de la tumeur primitive et des métastases, cette approche de
multi-échantillonnage n’est pas applicable en routine clinique, aussi bien compte tenu du
caractere invasif de la procédure de biopsie, qu’au niveau financier pour les laboratoires.
Dans une étude récente, en collaboration avec le Crick Institute (Litchfield et al., Cell Rep,
2020), nous avons démontré qu’il était possible d’approcher I’'hétérogénéité tumorale sans
avoir recours au le multi-échantillonnage tissulaire, mais en utilisant la technique dite du
RepSeq (Representative Sequencing). Cette technique consiste a analyser I'intégralité des
résidus opératoires, en les mixant et en extrayant I’ADN, aprés diagnostic par les
anatomopathologistes. Ainsi, nous avons pu démontrer qu’il est possible d’identifier les
populations clonales et sous-clonales en une seule analyse et ce, avec une trés bonne
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concordance. Dans cette étude, nous avons également analysé plusieurs prélévements
sanguins des patients ayant participé a cette étude, et environ 80% des variants détectés au
niveau du tissu et a été détecté également au niveau du plasma.

Pour aller plus loin, nous développons actuellement au laboratoire une stratégie
permettant d’augmenter le nombre de variants détectables au niveau plasmatique, afin de
rendre aussi fidelement possible, la composition clonale des tumeurs. C'est notamment ce
qgue je propose dans le protocole Pancréas-CGE, pour lequel jai obtenu en Septembre un
financement suite a I'appel a projet du Cancéropodle de I’Est. Nous allons ainsi procéder, en
collaboration avec le Dr. Chris Sale (Nonacus, Birmingham, UK) au séquencgage de la tumeur
initiale a I'aide d’un panel de plus de 500 génes, puis nous allons sélectionner 25 loci par
patient, sélectionnés parmi les altérations clonales et sous clonales, pour créer un panel
personnalisé par patient. Le recours a un panel de petite taille par patient devrait a priori,
nous permettre d’améliorer considérablement la capacité de détection des altérations
clonales et sous clonales et ainsi observer la dynamique des clones tumoraux au cours de la
maladie. Pour ce programme, j'ai sollicité mon ancien colléegue du Crick Institute, le Dr.
Kevin Litchfield, ainsi que mes collaborateurs de l'Institut Elie Cartan de Lorraine (UMR
CNRS 7502 Université de Lorraine) avec lesquels nous travaillons déja sur la modélisation
mathématique de la dynamique clonale chez les patients atteints de cancer.

4.2.2. Prédiction du retentissement antigénique des altérations
somatiques et réponse a I'immunothérapie

L'immunothérapie a été une véritable révolution dans le traitement de certains
cancers comme les cancers bronchiques (Carbone et al., N Engl J Med, 2017) ou le
mélanome (Larkin et al., N Engl J Med, 2019). Les résultats sont cependant décevant dans le
traitement des patients atteints d’'un cancer du pancréas a I'exception de quelques cas
cliniques publiés dans la littérature. En routine clinique, seule I'expression de PD-L1 est
aujourd’hui utilisée, dans certaines indications, comme marqueur potentiel de réponse a
I'immunothérapie et la validation de I'utilisation du TMB (Tumour Mutational Burden) a été
présenté en Septembre 2020 au congres de 'ESMO.

Il existe cependant des études publiées prometteuses, notamment par I'équipe du
Crick Institute avec laquelle j'ai collaboré, démontrant que les altérations somatiques
présentes au niveau tumoral et leur retentissement antigénique sont prédictives de la
réponse a I'immunothérapie (Turajlic et al., Lancet Oncol, 2017). Ainsi, la présence d’indels,
plutot que de SNVs au niveau du génome tumoral, est prédictive de la production d’un plus
grand nombre de néoantigenes, ce qui entraine un phénotype immunogénique plus fort,
plus a méme de stimuler le systeme immunitaire, et donc permettre une meilleure réponse
a 'immunothérapie. De plus, il pourrait exister un lien entre ces néoantigénes et invasion
immunitaire, ce qui, la aussi permettrait de mieux identifier les patients qui pourraient
bénéficier d’un traitement par immunothérapie (Rosenthal et al., Nature, 2019).

Ces aspects sont inconnus aujourd’hui dans le cancer du pancréas, aussi, je souhaite
explorer ce domaine de recherche chez ces patients. L'analyse génomique des tumeurs des
patients inclus dans I'étude MOSAPAC, TransPANDAS et Pancréas-CGE devrait étre
particulierement informative sur ce sujet. Ainsi, en collaboration avec le Dr. Jérédme Cros de
I’APHP et le Dr. Kevin Litchfield du Francis Crick Institute, je souhaite également développer
cette thématique au sein du laboratoire.
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4.2.3. Détermination de la maladie résiduelle et prédiction précoce des
rechutes chez les patients atteints de cancer

L'un des apports de I'étude de I’ADN tumoral circulant est la possibilité de tester de
facon itérative les patients. En effet, il n’est ni éthique ni cliniquement possible de recourir
de facon systématique a une biopsie tissulaire ou dans une moindre mesure a un examen
d’imagerie pour la surveillance d’un patient atteint de cancer et présentant une réponse au
traitement. La biopsie liquide est donc un moyen idéal et peu invasif, pouvant étre répété
mensuellement.

I a été démontré que I'’ADN tumoral circulant était le candidat idéal pour la
détection de maladie résiduelle ou pour prédire une rechute, parfois jusqu’a 6 mois avant
I'imagerie (Abbosh et al., Nat Rev Clin Oncol, 2018). Le défi principal pour la détection de la
maladie résiduelle réside en la détection de tres faibles quantités d’ADN tumoral circulant
dans le plasma ou dans les autres liquides biologiques. Il est ainsi estimé que la fréquence
alléligue maximale détectable lors de la présence d’un nodule de 1cm? est de 0,008%, ce
qui, a I'heure actuelle n’est pas réalisable en routine. Nous souhaitons donc pour cette
raison développer I'approche technique décrite dans le paragraphe 4.2.1. de sélection de
loci apres séquengage large du tissu, afin d’améliorer au maximum la possibilité de
détection de la maladie résiduelle et également prédire de maniére tres précoce la rechute.
Nous pensons que ce nouvel outil sera utile pour les oncologues, qui pourront alors
anticiper la reprise d’un traitement. Une anticipation de reprise de traitement devra étre
validé par un essai clinique prospectif randomisé, que je proposerai au groupe
gastrointestinal d’Unicancer (UCGI) au sein duquel je suis responsable du bureau de
recherche translationnel.

4.2.4. Evolution métastatique du cancer du pancréas

Les mécanismes d’évolution métastatique des cancers du pancréas sont aujourd’hui peu
connus. Le pancréas étant un organe profond, la majorité des patients sont diagnostiqués a
un stade métastatique, ce qui est associé a un pronostic sombre. C’est dans ce contexte
gue je souhaite développer un programme permettant de mieux comprendre les
mécanismes moléculaires impliqués chez les patients atteints d’un cancer du pancréas et
notamment le phénomene de doublement de génome (Bielski et al., Nat Genet, 2018). Le
doublement de génome a été décrit comme particulierement important dans I’évolution et
le pronostic des cancers avancés, mais également plus récemment dans |'accumulation
d’altérations délétéres au niveau du génome tumoral et I’évolution clonale (Lépez et al., Nat
Genet, 2020).

La cohorte de 350 patients que nous allons étudier dans I’étude MOSAPAC permettra de
mieux documenter ce phénomene, en particulier d’identifier I'intérét du doublement de
génome sur la survenue ou non d’une récidive chez les patients atteints d’un cancer du
pancréas traités par chimiothérapie FOLFIRINOX ou Gemcitabine puis opérés.

Il faudra par la suite déterminer les mécanismes moléculaires mis en ceuvre et dans
quelle mesure ces résultats pourront étre appliqués prospectivement en clinique,
notamment pour la détection précoce du cancer du pancréas par des moyens non-invasifs
comme la biopsie liquide.
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5. Financements

Période Titre du projet Porteur Co-porteur Source Montant
2021- Pancréas CGE - Exploration génomique des cancers du pancréas : | A. Harlé Cancéropole de I'Est 15,000€
2023 Evaluation de la biopsie liquide comme outil de mesure de I'évolution

clonale et de I'hétérogénéité
2021- CICLADES CE - Biopsie liquide pour I'évaluation de I'hétérogénéité | A. Harlé Cancéropdle de I'Est 20,000€
2022 clonale et de I'évolution tumorale chez les patientes atteints d'un

cancer du sein hormono-dépendant traité par anti-CDK4/6
2020- BOVARY Pilot - Determination of the feasibility of tumour somatic | A. Harlé Tesaro-GSK 54,000€
2022 mutations detection in blood of patients with ovarian cancer
2020- MOSAPAC - Signature moléculaire des adénocarcinomes du pancréas J. Cros A. Harlé (Coordination des PRTK 2019 400,000€
2023 analyses génomiques)
2018- DDB2 Pancréas — Etude de l'intérét de la protéine DDB2 dans les | A. Harlé CNRS CRAN 6,000€
2020 cancers du pancréas
2017- ITMO Cancer — Modélisation mathématique de I'évolution clonale en | N. Champagnat A. Harlé (Coordination des ITMO Cancer 300,000€
2021 ADN tumoral circulant analyses génomiques)
2017- CICLADES — Circulating DNA ESR1 Gene Mutations Analysis J.L. Merlin A. Harlé (Coordination des Astra Zeneca 226,000€
2020 analyses génomiques)
2017- OPTIMEL - Therapeutic Drug Monitoring of BRAF-mutated Advanced | A. Harlé Novartis 30,000€
2020 Melanoma
2016- ColoBEAM - Detection of KRAS, NRAS et BRAF Mutations in Plasma | J.L. Merlin A. Harlé (Coordination des Sysmex-Inostics, 270,000€
2020 Circulating DNA From Patients With Metastatic Colorectal Cancer analyses génomiques) Merck
2016- CaptHPV - Validation of the Method "CaptHPV" for the Diagnosis of | X. Sastre-Garau A. Harlé (Coordination des Institut National du | 50,000€
2020 Human Papillomavirus Associated Infiltrating Carcinomas analyses génomiques) Cancer (INCa)
2016- TransPANDAS — Etude ancillaire PRODIGE44 J.L. Merlin A. Harlé (Coordination des Ligue contre le cancer | 150,000€
2020 analyses génomiques) 54
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6. Liste des encadrements d’étudiants

Stage d'initiation a la recherche

Date Nom Prénom Direction Co- Sujet Publication
direction
22/02/2016 Billard Pauline X Etude de I'expression de -
ERa36 et impact sur la
signalisation cellulaire dans
les cancers du sein
30/05/2016 Flammang Myléne Détermination de la -
sensibilité analytique de la
plateforme Idylla pour la
détermination des mutations
BRAF sur ctDNA
15/06/2015 Franczak Claire X Rechercher des mutations Franczak C., Salleron J., Dubois C.,
BRAF en technique Idylla Filhine-Trésarrieu P., Leroux A., Merlin
J.L., Harlé A. Comparison of five different
assays for the detection of BRAF
mutations in formalin-fixed paraffin
embedded tissues of patients with
metastatic melanoma. Mol Diagn Ther.
2017 Apr;21(2):209-216.
01/12/2017 Geoffroy Karen X Détermination de la Franczak C., Witz A., Geoffroy K.,
sensibilité de la technique Demange J., Rouyer M., Husson M.,
Idylla pour la détection des Massard V., Gavoille C., Lambert A.,
ctDNA dans le mélanome Gilson P., Gambier N., Scala-Bertola J.,
Merlin J.L., Harlé A. Evaluation of KRAS,
NRAS and BRAF mutations detection in
plasma using an automated system for
patients with metastatic colorectal
cancer. PLoS One. 2020 Jan
15;15(1):e0227294.
15/06/2015 Larcher Lise X Etude des récepteurs ERa36 -
dans les cancers du sein
23/08/2011 Lion Maéva X Les mutations PIK3CA dans Harlé A., Lion M., Lozano N., Husson M.,
les cancers du sein infiltrant Harter V., Genin P., Merlin J.L. Analysis
HER2+, intérét des techniques  of PIK3CA exon 9 and 20 mutations in
PCR-ARMS Scorpion et PCR- breast cancers using PCR-HRM and PCR-
HRM ARMS: correlation with
clinicopathological criteria. Oncol Rep.
2013 Mar;29(3):1043-52.
Harlé A., Lion M., Lozano N., Merlin J.L.
Signification clinique, diagnostique et
intérét théranostique des mutations du
gene PIK3CA dans le cancer du sein. Bull
Cancer. 2013 Oct;100(10):947-54.
18/05/2015 Rogerat Laurann X Détection des ADNct dans les -
e cancers colorectaux
métastatiques
07/10/2019 Rouzé Valentin X Etude de la méthylation du -

prmoteur de MGMT en
technique de PCR HRM
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29/03/2017 Witz Andréa X Mise au point de CIQ pour Franczak C., Witz A., Geoffroy K.,
I'analyse des ctDNA dans les Demange J., Rouyer M., Husson M.,
tumeurs solides Massard V., Gavoille C., Lambert A.,
Gilson P., Gambier N., Scala-Bertola J.,
Merlin J.L., Harlé A. Evaluation of KRAS,
NRAS and BRAF mutations detection in
plasma using an automated system for
patients with metastatic colorectal
cancer. PLoS One. 2020 Jan
15;15(1):e0227294.
Licence
Professionn
elle
Date Nom Prénom Direction Co- Sujet Publication
direction
28/08/2015 Cavazza Elisa X Caractérisation moléculaire Chen S., Cavazza E., Barlier C., Salleron J.,
de carcinomes ovariens de Filhine-Tresarrieu P., Gavoille C., Merlin
haut-grade: vers J.L., Harlé A. Beside P53 and PTEN:
I'identification de cibles Identification of molecular alterations of
thérapeutiques the RAS/MAPK and PI3K/AKT signaling
pathways in high-grade serous ovarian
carcinomas to determine potential novel
therapeutic targets.
Oncol Lett. 2016 Nov;12(5):3264-3272.
18/08/2017  Demange Jessica X Mise au point de la technique  Thomas J., Leufflen L., Chesnais V., Diry
CaptHPV sur des S., Demange J., Depardieu C., AmineBani
prélevements de cancer de la M., Marchal F., Charra-Brunaud C.,
vulve Merlin J.L., Leroux A., Sastre-Garau X.,
Harlé A. Identification of Specific Tumor
Markers in Vulvar Carcinoma Through
Extensive Human Papillomavirus DNA
Characterization Using NGS Method. J
Low Genit Tract Dis. 2020 Jan;24(1):53-
60.
Harlé A, Guillet J, Thomas J, Demange J,
Dolivet G, Peiffert D, Leroux A, Sastre-
Garau X. HPV insertional pattern as a
personalized tumor marker for the
optimized tumor diagnosis and follow-up
of patients with HPV-associated
carcinomas: A case report. BMC Cancer.
2019 Mar 28;19(1):277.
26/08/2014  Julien Amélia X Optimisation et validation -
d'une PCR HRM pour la
détection des mutations des
exons 2, 3 et 4 des génes
KRAS et NRAS chez les
patients atteints d'un cancer
colorectal métastatique
16/11/2017 Meras Morgane X Role de la protéine DDB2 Gilson P., Meras M., Ariztegui M.,
dans la cancérogenése Becuwe P., Merlin J.L., Harlé A. Exploring
pancréatique the role of the DDB2 protein as a potent
molecular target in pancreatic ductal
adenocarcinoma. MAP 2019, November
7th-9th 2019, London, United Kingdeom,
Annals of Oncology 30 (Supplement_7),
mdz413. 044
12/08/2016  Wilhelm Cassandr X Détection de I'AND tumoral -
a circulant dans les cancers

colorectaux métastatiques
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Masterl

Date Nom Prénom Direction Co- Sujet Publication
direction

31/8/2020 Coste Mathilde X Intérét de I'ADN tumoral -
circulant dans la prise en
charge des patients atteints
d'un mélanome en stade
précoce ou avancé

Master2
Date Nom Prénom Direction Co- Sujet Publication
direction

31/08/2020 Dardare Julie X Recherche de nouvelles cibles  Dardare J., Witz A., Merlin J.L., Gilson P.,
thérapeutiques dans les Harlé A. SMAD4 and the TGFB pathway
adénocarcinomes canalaires in patients with pancreatic ductal
pancréatiques adenocarcinoma. Int J Mol Sci. 2020 May

16;21(10):E3534.
20/06/2019 Franczak Claire X Qualification et quantification -

de I’ADN libre circulant extrait
de plasma et de culot
globulaire : optimisation de
I'extraction des ADN
tumoraux circulants

19/06/2018 Lambert Aurélien X Induction de mutations BRCA -
pouvant étre ciblées par des
thérapies existantes dans les
lignées cellulaires de cancer
du pancréas exocrine avec la
méthode CRISPR-Cas9

30/06/2016 Massard Vincent X Etude prospective -
monocentrique
d'optimisation technique de
la détection des mutations
KRAS, NRAS et BRAF par
séquencage de nouvelle
génération sur AND tumoral
circulant

30/06/2017 Pflumio Carole X Mise au point de la détection -
d'ADN tumoral circulant en
séquengage haut-débit
méthode de capture :

Patients présentant un cancer
du pancréas a la limite de la
résécabilité

19/06/2018  Serre Delphine X Mise au point de la détection -
d'ADN tumoral circulant en
séquengage haut-débit par
méthode de capture

30/08/2019 Witz André X Mise au point de la technique -
crispr-cas9 pour l'induction
de mutations deleteres des
genes BRCA1 et BRCA2 dans
des modéles cellulaires de
cancer du pancréas

Theése d'exercice

Pharmacie

Date Nom Prénom Direction Co- Sujet Publication
direction

10/09/2018  Becker Nataléne X La prise en charge du patient -

atteint d'un cancer de la
prostate et traité par thérapie
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anticancéreuse orale délivrée
a l'officine ou a I'nopital

28/11/2016 Beurrier Mathilde X Diététique et nutrition chezle  Prix de these Pharmagest

patient atteint de cancer :

Importance de la prise en

charge et réle du pharmacien

d'officine

25/05/2018 Filhine- Pierre X Les ADN tumoraux circulants:  Harlé A, Filhine-Tresarrieu P., Husson
Tresarieu rappel bibliographique et M., Boidot R., Rouyer M., Dubois C.,

mise en place d'un pipeline Leroux A., Merlin J.L. Rare RAS mutations

bioinformatique in metastatic colorectal cancer detected
during routine RAS genotyping using
next generation sequencing. Target
Oncol. 2016 Jun;11(3):363-70.
Chen S., Cavazza E., Barlier C., Salleron J.,
Filhine-Tresarrieu P., Gavoille C., Merlin
J.L., Harlé A. Beside P53 and PTEN:
Identification of molecular alterations of
the RAS/MAPK and PI3K/AKT signaling
pathways in high-grade serous ovarian
carcinomas to determine potential novel
therapeutic targets.
Oncol Lett. 2016 Nov;12(5):3264-3272.
Franczak C, Filhine-Tressarieu P, Broséus
J, Gilson P, Merlin JL, Harlé A. Clinical
interests of circulating tumor DNA in
oncology. Arch Med Res. 2018
Jul;49(5):297-305.
Franczak C., Filhine-Tressarieu P., Gilson
P., Merlin J.L., Au L., Harlé A. Technical
considerations for circulating tumor DNA
detection in oncology. Expert Rev Mol
Diagn. 2019 Feb;19(2):121-135.

15/05/2020 Floquet Shadé Carcinome Epidermoide -

Cutané : changement de

paradigme grace a

'immunothérapie ?

20/09/2019 Franczak Claire X Tumeurs solides et circulation  Franczak C, Filhine-Tressarieu P, Broséus
sanguine : Influence des J, Gilson P, Merlin JL, Harlé A. Clinical
composants sanguins dans le interests of circulating tumor DNA in
processus tumoral et oncology. Arch Med Res. 2018
optimisation de I'analyse des Jul;49(5):297-305.

ADN tumoraux circulants Franczak C., Filhine-Tressarieu P., Gilson
P., Merlin J.L., Au L., Harlé A. Technical
considerations for circulating tumor DNA
detection in oncology. Expert Rev Mol
Diagn. 2019 Feb;19(2):121-135.

En cours Gaggioli Antoine X Traitement et prise en charge -

a I'officine des patients

atteints de tumeurs solides

avec fusion du géne NTRK

27/05/2020 Geoffroy Karen X Création et utilisation de virus -
oncolytiques antagonisant la
protéine immunosuppressive
MFGES8 pour le traitement
immunothérapeutique du
glioblastome

14/06/2019 Giannelli Anabelle X Le dépistage du cancer -
broncho-pulmonaire

04/09/2015 Gillotin Emmanu Les dérivés de la vitamine A : -

elle Intérét en dermatologie et en

oncologie
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20/04/2018

Hauvuy

Jean-
Hughues

Les effets de I'activité
physique en cancérologie

En cours

Humbert

Geoffrey

Cancer bronchique non a
petites cellules de stade
avance et avec
rearrangement alk : comment
une meilleure caracterisation
de la tumeur, au diagnostic
comme a progression,
permettra de definir une
sequence therapeutique
personnalisee. proposition
d’un algorithme de
traitement.

24/06/2017

Huntzinger

Cécile

Role du pharmacien d'officine
dans la prise en charge des
cancers de I'enfant

29/06/2020

Marotel

Ludovic

L’histoire des gaz moutarde,
de la substance toxique a la
substance therapeutique,
exemple du
cyclophosphamide

En cours

Moncada

Julien

Les nouveaux challenges de
I'industrie pharmaceutique en
quete de performance : Le cas
de la promotion du
medicament a I'ere du digital
et de son pilotage en france
dans le cadre d’une
pathologie : le cancer
colorectal

03/02/2020

Rogerat

Laurann
e

Intérét de I'ADN tumoral
circulant dans la prise en
charge clinique des cancers :
dépistage, diagnostic, suivi de
traitement et risque de
récidive

21/09/2017

Saribekyan

Mariann
a

Les ADNs tumoraux circulants
et leur role dans les cancers
colorectaux métastatiques :
Applications en théranostique

28/05/2018

Thibo

Orlane

L'amélioration de la survie
des patientes atteintes d'un
cancer du sein a travers
I'évolution des thérapies
ciblées : de
I'hormonothérapie a
I'immunothérapie

29/05/2017

Thirion

Anais

Prise en charge des effets
indésirables chez les patients
atteints de cancer et traités
par radiothérapie

08/01/2018

Vaucourt

Jérome

Education thérapeutique du
patient sur les anticancéreux
par voie orale en hématologie
a I'hopital de Mercy :
Participation a la préparation
et a la mise en place d'outils
éducatifs
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Thése d'exercice Médecine

Date Nom Prénom Direction Co- Sujet Publication
direction
21/12/2018 Busca Stéphan X Utilisation de la fréquence Busca S., Salleron J, Boidot R., Merlin J.L.,
e relative des substitutions Harlé A. Somatic substitution signature
somatiques d'un résultat de as an innovative tool in lung cancer
séquencgage exomique diagnosis. Sci Rep. 2019 Oct
comme nouvel outil 10;9(1):14561.
diagnostique des cancers
d'origine pulmonaire
Thése de Doctorat
d'Université
Date Nom Prénom Direction Co- Sujet Publication
direction
Novembre Witz Andréa X Recherche de nouvelles cibles  Gilson P., Drouot G., Witz A., Merlin J.L.,
2019 thérapeutiques dans les Harlé A. Emerging roles of DDB2 in
adénocarcinomes canalaires cancer. Int J Mol Sci. 2019 Oct 18;20(20).
pancréatiques (PDAC). pii: E5168.
Novembre Dardare Julie X Identification de signatures -
2020 génomiques de réponse a la

chimiothérapie dans les
cancers du pancréas
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10

11

12

13

14

7. Liste des publications et communications

Publications dans des journaux internationaux a comité de lecture

Sastre-Garau X., Harlé A. Pathology of HPV-associated Head & Neck Carcinomas: Recent Data and
Perspectives for the Development of Specific Tumor Markers. Front. Oncol. 10:528957. — Rang C, IF 4.137 —
16 points SIGAPS

Gilson P., Levy J., Rouyer M., Demange J., Husson M., Bonnet C., Salleron J., Leroux A., Merlin J.L., Harlé A.
Evaluation of 3 molecular-based assays for the detection of microsatellite instability in formalin-fixed paraffin
embedded tissues of patients with endometrial and colorectal cancers. Sci Rep. 2020 Oct 2;10(1):16386.
—Rang B, IF4.011 — 24 points SIGAPS

Suybeng V., Koeppel F., Harlé A., Rouleau E. Comparison of pathogenicity prediction tools on somatic
variants. J Mol Diag, 2020, in press - Rang B, IF 4.426 — 24 points SIGAPS

Dardare J., Witz A., Merlin J.L., Gilson P., Harlé A. SMAD4 and the TGF pathway in patients with pancreatic
ductal adenocarcinoma. Int J Mol Sci. 2020 May 16;21(10):E3534 - Rang C, IF 4.183 — 16 points SIGAPS

Litchfield K., Stanislaw S., Spain L., Gallegos L. Rowan A., Schnidrig, D., Rosenbaum H., Harlé A., Au L., Hill S.,
Tippu Z., Thomasc J., Xu H., Horswell S. Barhoumi A. Jones C., Leith K., Burgess D., Watkins T., Lim E., Birkbak
N., Lamy P., Nordentoft I., Dyrskjgt L., Hazell S. Jamal-Hanjani M., Larkin J., Swanton C., Alexander N., Turajlic
S. Representative Sequencing: Unbiased Sampling of Solid Tumor Tissue. Cell Rep. 2020 May 5;31(5):107550 -
Rang B, IF 7.815 — 6 points SIGAPS

Franczak C., Witz A., Geoffroy K., Demange J., Rouyer M., Husson M., Massard V., Gavoille C., Lambert A.,
Gilson P., Gambier N., Scala-Bertola J., Merlin J.L., Harlé A. Evaluation of KRAS, NRAS and BRAF mutations
detection in plasma using an automated system for patients with metastatic colorectal cancer. PLoS One.
2020 Jan 15;15(1):e0227294 - Rang C, IF 2.776 — 16 points SIGAPS

Thomas J., Leufflen L., Chesnais V., Diry S., Demange J., Depardieu C., AmineBani M.,Marchal F., Charra-
Brunaud C., Merlin J.L., Leroux A., Sastre-Garau X., Harlé A. Identification of Specific Tumor Markers in Vulvar
Carcinoma Through Extensive Human Papillomavirus DNA Characterization Using NGS Method. J Low Genit
Tract Dis. 2020 Jan;24(1):53-60 - Rang D, IF 1.458 — 12 points SIGAPS

Harlé A. Cell-Free DNA in the Management of Colorectal Cancer. Recent Results Cancer Res. 2020;215:253-
261. — Pas de rang, pas d’IF, 4 points SIGAPS

Gilson P., Drouot G., Witz A., Merlin J.L., Harlé A. Emerging roles of DDB2 in cancer. Int J Mol Sci. 2019 Oct
18;20(20). pii: E5168. - Rang C, IF 4.183 — 16 points SIGAPS

Busca S., Salleron J, Boidot R., Merlin J.L., Harlé A. Somatic substitution signature as an innovative tool in
lung cancer diagnosis. Sci Rep. 2019 Oct 10;9(1):14561 - Rang B, IF 4.011 — 24 points SIGAPS

Gilson P., Franczak C., Dubouis L., Husson M., Rouyer M., Demange J., Perceau M., Leroux A., Merlin J.L.,
Harlé A. Evaluation of KRAS, NRAS and BRAF hotspot mutations detection for patients with metastatic
colorectal cancer using direct DNA pipetting in a fully-automated platform and Next-Generation Sequencing
for laboratory workflow optimisation. PLoS One. 2019 Jul 2;14(7):e0219204 - Rang C, IF 2.776 — 16 points
SIGAPS

Thiebaut C., Chesnel A., Merlin J.L., Chesnel M., Leroux A., Harlé A., Dumond H. Dual epigenetic regulation of
ERa36 expression in breast cancer cells. Int. J. Mol. Sci. 2019, 20(11), 2637 - Rang C, IF 4.183 — 12 points
SIGAPS

Franczak C., Kandathil S.M., Gilson P., Husson M., Rouyer M., Demange J., Leroux A., Merlin J.L., Harlé A.
Uncommon mutational profiles of metastatic colorectal cancer detected during routine genotyping using
next generation sequencing. Sci Rep. 2019 May 8;9(1):7083 - Rang B, IF 4.011 — 24 points SIGAPS

Harlé A, Guillet J, Thomas J, Demange J, Dolivet G, Peiffert D, Leroux A, Sastre-Garau X. HPV insertional
pattern as a personalized tumor marker for the optimized tumor diagnosis and follow-up of patients with
HPV-associated carcinomas: A case report. BMC Cancer. 2019 Mar 28;19(1):277 - Rang D, IF 2.933 — 12
points SIGAPS
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29

Franczak C., Dubouis L., Gilson P., Husson M., Rouyer M., Demange J., Leroux A., Merlin J.L., Harlé A.
Integrated routine workflow using Next-Generation Sequencing and a fully-automated platform for the
detection of KRAS, NRAS and BRAF mutations in formalin-fixed paraffin embedded samples with poor DNA
quality in patients with colorectal carcinoma. PLoS One. 2019 Feb 27;14(2):e0212801 - Rang C, IF 2.776 — 16
points SIGAPS

Franczak C., Filhine-Tressarieu P., Gilson P., Merlin J.L., Au L., Harlé A. Technical considerations for circulating
tumor DNA detection in oncology. Expert Rev Mol Diagn. 2019 Feb;19(2):121-135 - Rang C, IF 3.099 — 16
points SIGAPS

Lambert A, Salleron J, Lion M, Rouyer M, Lozano N, Leroux A, Merlin JL, Harlé A. Comparison of three real-
time PCR assays for the detection of PIK3CA somatic mutations in formalin-fixed paraffin embedded tissues
of patients with breast carcinomas. Pathol Oncol Res. 2018 Nov 13 - Rang D, IF 2.433 — 12 points SIGAPS
Franczak C, Filhine-Tressarieu P, Broséus J, Gilson P, Merlin JL, Harlé A. Clinical interests of circulating tumor
DNA in oncology. Arch Med Res. 2018 Jul;49(5):297-305 - Rang D, IF 1.895 — 12 points SIGAPS

Jeannot E., Harlé A., Holnes A., Sastre-Garau X. Nuclear factor | X is a recurrent target for HPV16 insertions in
anal carcinomas. Genes Chromosomes Cancer. 2018 Dec;57(12):638-644 - Rang C, IF 2,490 — 12 points
SIGAPS

Vogin G., Merlin J.L., Rousseau A., Peiffert D., Harlé A., Husson M., El Hajj L., Levitchi M., Simon T., Simon J.M.
Absence of correlation between radiation-induced CD8 T-lymphocyte apoptosis and sequelae in patients
with prostate cancer accidentally overexposed to radiation. Oncotarget. 2018 Aug 24;9(66):32680-32689 —
Pas de rang, pas d’IF, 4 poins SIGAPS

Serre D., Salleron J., Husson M., Leroux A., Gilson P., J.L. Merlin, Geoffrois L., Harlé A. Accelerated BRAF
mutation analysis using a fully automated PCR platform improves the management of patients with
metastatic melanoma. Oncotarget. 2018 Aug 14;9(63):32232-32237 - Pas de rang, pas d’IF, 4 poins SIGAPS
Harlé A., Guillet J.,, Thomas J., Sastre-Garau X., Rouyer M., Ramacci C., Gilson P., Dubois C., Dolivet G., Leroux
A, Salleron J., Merlin J.L. Evaluation and validation of HPV real-time PCR assay for the detection of HPV DNA
in oral cytobrush and FFPE samples. Sci Rep. 2018 Jul 27;8(1):11313 — Rang B, IF 4.011 — 24 points SIGAPS
Harlé A., Franczak C. Authors' Reply to Uguen: "Comparison of Five Different Assays for the Detection of
BRAF Mutations in Formalin-Fixed Paraffin Embedded Tissues of Patients with Metastatic Melanoma". Mol
Diagn Ther. 2017 Dec;21(6):695-696 — Rang C, IF 3,058 — 16 points SIGAPS

Franczak C., Salleron J., Dubois C., Filhine-Trésarrieu P., Leroux A., Merlin J.L., Harlé A. Comparison of five
different assays for the detection of BRAF mutations in formalin-fixed paraffin embedded tissues of patients
with metastatic melanoma. Mol Diagn Ther. 2017 Apr;21(2):209-216 — Rang C, IF 3,058 — 16 points SIGAPS
Chen S., Cavazza E., Barlier C., Salleron J., Filhine-Tresarrieu P., Gavoille C., Merlin J.L., Harlé A. Beside P53
and PTEN: Identification of molecular alterations of the RAS/MAPK and PI3K/AKT signaling pathways in high-
grade serous ovarian carcinomas to determine potential novel therapeutic targets. Oncol Lett. 2016
Nov;12(5):3264-3272 — Rang E, IF 1,871 — 8 points SIGAPS

Lion M., Harlé A., Salleron J., Ramacci C., Campone M., Merlin J.L. Trastuzumab as pre-operative
monotherapy does not inhibit HER 2 downstream signaling in HER 2 positive breast cancer. Oncol Lett. 2016
Sep;12(3):2028-2032 — Rang E, IF 1,871 — 6 points SIGAPS

Rauch P, Merlin JL, Leufflen L, Salleron J, Harlé A, Olivier P, Marchal F. Limited effectiveness of patent blue
dye in addition to isotope scanning for identification of sentinel lymph nodes: Cross-sectional real-life study
in 1024 breast cancer patients. Int J Surg. 2016 Aug 5. pii: $1743-9191(16)30285-0 — Rang C, IF 3,158 — 4
points SIGAPS

Harlé A., Salleron J., Franczak C., Dubois C., Filhine-Tressarieu P., Leroux A., Merlin J.L. Detection of BRAF
mutations using a fully automated platform and comparison with High Resolution Melting, Real-time allele
specific amplification, immunohistochemistry and Next Generation Sequencing assays, for patients with
metastatic melanoma. PLoS One. 2016 Apr 25;11(4):e0153576 0 — Rang C, IF 2,776 — 16 points SIGAPS

Pape E., Michel D.,Scala-Bertola J.,Schiestel T., Harlé A.,Bouchet S., Contet A.,Pochon C., Gambier N. Effect of
esomeprazole on the oral absorption of dasatinib in a patient with Philadelphia-positive acute lymphoblastic
leukemia. Br J Clin Pharmacol. 2016 Jun;81(6):1195-1196 — Rang B, IF 3,867 —6 points SIGAPS
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Harlé A., Filhine-Tresarrieu P., Husson M., Boidot R., Rouyer M., Dubois C., Leroux A., Merlin J.L. Rare RAS
mutations in metastatic colorectal cancer detected during routine RAS genotyping using next generation
sequencing. Target Oncol. 2016 Jun;11(3):363-70 — Rang C, IF 3,683 — 16 points SIGAPS

Harlé A., Salleron J., Perkins G., Pilati C., Blons H., Laurent-Puig P., Merlin J.L. Expression of pEGFR and pAKT
as response-predictive biomarkers for RAS wild-type patients to anti-EGFR monoclonal antibodies in
metastatic colorectal cancers. Br J Cancer. 2015 Aug 11;113(4):680-5 — Rang B, IF 5,416 — 24 points SIGAPS
Merlin J.L., Harlé A., Lion M., Ramacci C., Leroux A. Expression and activation of P38-MAP kinase in invasive
ductal breast cancers: relation with estrogen receptor, HER2 expression and downstream signaling
phosphorylated proteins expression. Oncol Rep. 2013 Oct;30(4):1943-8 — Rang D, IF 3,041 — 9 points SIGAPS
Chretien A.S., Harlé A., Meyer-Lefebvre M., Rouyer M., Husson M., Ramacci C., Leroux A., Genin P., Merlin
J.L. Optimization of routine KRAS mutation testing procedure for rational individualized first line targeted
therapy selection in metastatic colorectal cancer. Cancer Med. 2013 Feb;2(1):11-20 - Rang D, IF 3,357 -9
points SIGAPS

Harlé A., Lion M., Lozano N., Husson M., Harter V., Genin P., Merlin J.L. Analysis of PIK3CA exon 9 and 20
mutations in breast cancers using PCR-HRM and PCR-ARMS: correlation with clinicopathological criteria.
Oncol Rep. 2013 Mar;29(3):1043-52 — Rang D, IF 3,041 — 12 points SIGAPS

Harlé A., Rouyer M., Harter V., Genin P., Leroux A., Merlin J.L. Comparison of COBAS 4800 KRAS, TagMan PCR
and High-Resolution Melting PCR assays for the detection of KRAS somatic mutations in formalin-fixed
paraffin embedded colorectal tumors. Virchows Arch. 2013 Mar;462(3):329-35 — Rang C, IF 2,868 — 16 points
SIGAPS

Publications dans des journaux nationaux a comité de lecture

Massard V., Harlé A., Uwer L., Merlin J.L. ESR1 Mutations: From Benchside to Bedside. Oncologie (2019)
21:29-32 —Rang E, IF 0,043 — 6 points SIGAPS

Loriot MA, Ciccolini J, Thomas F, Barin-Le-Guellec C, Royer B, Milano G, Picard N, Becquemont L, Verstuyft C,
Narjoz C, Schmitt A, Bobin-Dubigeon C, Harle A, Paci A, Poinsignon V, Quaranta S, Evrard A, Hennart B, Broly
F, Fonrose X, Lafay-Chebassier C, Wozny AS, Masskouri F, Boyer JC, Etienne-Grimaldi MC. Dihydropyrimidine
dehydrogenase (DPD) deficiency screening and securing of fluoropyrimidine-based chemotherapies: Update
and recommendations of the French GPCO-Unicancer and RNPGx networks. Bull Cancer. 2018 Feb 24. pii:
S0007-4551(18)30053-5 — Rang E, IF 0,729 — 2 points SIGAPS

Harlé A., Merlin J.L. Biomarqueurs prédictifs de réponse aux thérapies ciblées en oncologie. Ann Biol Clin
(Paris). 2013 Nov;71:89-97 — Rang E, IF 0,503 — 8 points SIGAPS

Harlé A., Lion M., Lozano N., Merlin J.L. Signification clinique, diagnostique et intérét théranostique des
mutations du géne PIK3CA dans le cancer du sein. Bull Cancer. 2013 Oct;100(10):947-54 — Rang E, IF 0,729 —
2 points SIGAPS — Rang E, IF 0,729 — 8 points SIGAPS

Harlé A., Lion M., Husson M., Dubois C., Merlin J.L. Validation de méthode selon la norme 1SO 15189 et le SH
GTA 04 : Application a I'extraction et au dosage quantitatif de ’ADN par méthode spectrophotométrique.
Ann Biol Clin (Paris). 2013 Sep-Oct;71(5):608-14 — Rang E, IF 0,503 — 8 points SIGAPS

Harlé A., Dubois C., Rouyer M., Merlin J.L. Validation de méthode selon la norme ISO 15189 et le SH GTA 04
: Application a la détection des mutations KRAS par méthode TagMan. Ann Biol Clin (Paris). 2013 Sep-
Oct;71(5):603-7 — Rang E, IF 0,503 — 8 points SIGAPS

Harlé A., Chapelle D., Merlin J.L. Réle du pharmacien d’officine dans la prise en charge des patients atteints
de tumeurs solides et traités par un inhibiteur de kinase. Journal de Pharmacie Clinique. 2013 ;32(2):71-8 -
Pas de rang, pas d’IF, non référencé SIGAPS.
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24

Communications orales invitées

A NGS-based blood test for the diagnosis of invasive HPV-associated carcinomas with extensive viral
genomic characterizations. Genomics Live, 10 au 12 Novembre 2020, London, United-Kingdom (online).
Microsatellite instability (MSI) status assessment in patients with colorectal and endometrial cancers.
BioRad webinar, 5 Novembre 2020.

A NGS-based blood test for the diagnosis of invasive HPV-associated carcinomas with extensive viral
genomic characterizations. 3" International Liquid Biopsy Symposium, 30 Octobre 2020, Freiburg, Germany
(online).

Adoption of broad NGS profiling for HRR Deficiency: Looking beyond BRCA, SNPs and indels. Genomeweb,
22 Octobre 2020.

Anti-PARP et signatures de deficit en recombinaison homologue. OncoStream, 8 Octobre 2020.

Somatic substitution signature s an innovative tool in lung cancer diagnosis. Journée R2CL, 17 Janvier 2020,
Nancy, France

How to integrate Liquid Biopsies into Routine care. Genomics Live, 4th and 5th December 2019, Basel,
Switzerland.

Mode d'action des anti-PARP. Symposium Tesaro, 14 Novembre 2019, Nancy, France.

Mode d'action des anti-PARP. Symposium Tesaro, 23 Octobre 2019, Reims, France

ADN tumoral circulant : Applications cliniques et hétérogénéité tumorale. Modélisation de I'hétérogénéité
tumorale et thérapies ciblées, 21 Octobre 2019, Nancy, France.

Marqueurs de réponse a l'immunothérapie dans les cancers des voies aérodigestives supérieures.
Symposium BMS, 11 Octobre 2019, Dijon, France.

Turning ctDNA in routine practice. Liquid biopsy congress, 10 Octobre 2019, London, United-Kingdom

Translocations ALK et recherche de mutations de résistance aux anti-ALK en biopsie liquide. Symposium
Merck-Pfizer, 2 Avril 2019, Nancy, France.

Détection des mutations des genes KRAS, NRAS et BRAF chez les patients atteints d'un cancer colorectal
métastatique. Journée de formation Merck Afrique du Nord, 28 Mars 2019, Alger, Algérie

Détection des mutations des genes KRAS, NRAS et BRAF chez les patients atteints d'un cancer colorectal
métastatique. Journée de formation Merck Afrique du Nord, 27 Mars 2019, Oran, Algérie

Détection des mutations des genes KRAS, NRAS et BRAF chez les patients atteints d'un cancer colorectal
métastatique. Journée de formation Merck Afrique du Nord, 26 Mars 2019, Constantine, Algérie

Detection of somatic alterations in FFPE and plasma samples of patients with solid tumours using capture-
based sequencing. Workshop Sophia Genetics, 13 Novembre 2018, Bruxelles, Belgique

L'ADN tumoral circulant outil d’évaluation de I'hétérogénéité tumorale et de la maladie résiduelle .
Médecine de précision et biopsise liquides Roche Diagnostics, 12 Octobre 2018, Paris, France.

Evaluation de la plateforme Idylla pour la détection des mutations des génes KRAS, NRAS et BRAF dans le
plasma de patients atteints d’'un mCRC. User meeting Biocartis, 4 Octobre 2018, Paris, France.

Place de I'ADN circulant en cancérologie digestive. Séminaire de cancérologie digestive, Réseau de
cancérologie ONCOLOR, 20 Octobre 2017, Vittel, France.

Chair de la session "Resistance to treatment, clonal evolution". Tumor Liquid Biopsy Symposium, 26 et 27
Septembre 2017, Nancy, France.

NGS for cfDNA detection: Let’s talk about sensitivity. Tumor Liquid Biopsy Symposium, 26 et 27 Septembre
2017, Nancy, France.

Biopsies liquides et cancer du pancras : vers un dépistage ? Actualités en cancérologie digestive, Institut de
Cancérologie de Lorraine., 30 Mars 2017, Nancy, France.

Aspects pré-analytiques en biologie moléculaire. Atelier de renforcement des capacités des pays
francophones de la région Africaine de 'OMS dans la lutte contre le cancer, 14 au 16 Mars 2017, Abidjan,
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8. Sélection de 5 publications

Publication 1 : Representative Sequencing: Unbiased Sampling of Solid Tumor Tissue
(Cell Rep 2020, Litchfield et al.)

J’ai choisi tout d’abord cette publication, réalisée en collaboration avec les chercheurs du
Crick Institute lors de ma mobilité. Ce travail est en lien avec la thématique « hétérogénéité
tumorale et évolution clonale » que je souhaite développer dans le cadre de mes projets de
recherche translationnelle.

Publication 2 : Somatic substitution signature as an innovative tool in lung cancer
diagnosis (Sci Rep 2019, Busca et al.)

Cette publication a été rédigée par un de mes étudiants, encadrée lors de sa thése d’exercice
en Médecine. Cet article est en lien également avec la thématique « hétérogénéité tumorale et
évolution clonale » que je souhaite développer dans le cadre de mes projets de recherche
translationnelle.

Publication 3 : Expression of pPEGFR and pAKT as response-predictive biomarkers for
RAS wild-type patients to anti-EGFR monoclonal antibodies in metastatic colorectal
cancers (Br J Canc 2014, Harlé et al.)

Cette publication a été écrite pour 1’obtention de mon diplome de Docteur d’Université. Cette
étude fait, je pense, le lien entre ce qui peut étre fait en recherche translationnelle et en
recherche plus fondamentale, notamment 1’exploration des voies de signalisation chez les
patients atteints de cancer.

Publication 4 : SMAD4 and the TGFB pathway in patients with pancreatic ductal
adenocarcinoma (Int J Mol Sci 2020, Dardare et al.)

Cette publication a été rédigée par une de mes étudiantes, encadrée lors de son Master2
Recherche. Ce papier de revue est en lien avec la thématique de recherche fondamentale que
je souhaite continuer a développer au laboratoire.

Publication 5 : Emerging roles of DDBZ2 in cancer (Int J Mol Sci 2019, Gilson et al.)

J’ai coordonné I’écriture de cet article de revue qui est en lien avec la thématique de
recherche fondamentale que je souhaite continuer a développer au laboratoire.
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In Brief

Solid tumors are under-sampled in the
clinic, such that only 0.0005% of initial
tumor volume is used as input for
diagnostic testing. Litchfield et al. apply
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sampling approach that improves the
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SUMMARY

Although thousands of solid tumors have been sequenced to date, a fundamental under-sampling bias is
inherent in current methodologies. This is caused by a tissue sample input of fixed dimensions (e.g., 6 mm
biopsy), which becomes grossly under-powered as tumor volume scales. Here, we demonstrate representa-
tive sequencing (Rep-Seq) as a new method to achieve unbiased tumor tissue sampling. Rep-Seq uses fixed
residual tumor material, which is homogenized and subjected to next-generation sequencing. Analysis of in-
tratumor tumor mutation burden (TMB) variability shows a high level of misclassification using current single-
biopsy methods, with 20% of lung and 52% of bladder tumors having at least one biopsy with high TMB but
low clonal TMB overall. Misclassification rates by contrast are reduced to 2% (lung) and 4% (bladder) when a
more representative sampling methodology is used. Rep-Seq offers an improved sampling protocol for tu-
mor profiling, with significant potential for improved clinical utility and more accurate deconvolution of clonal
structure.

INTRODUCTION paraffin embedding is considered surgical waste and is inciner-

ated. The pitfalls of using a non-representative sampling method

Over the past decade, clinical researchers have demonstrated
the inability of an individual biopsy or formalin-fixed paraffin-
embedded (FFPE) block to capture the genetic diversity of a
solid tumor (Turajlic et al., 2018; Jamal-Hanjani et al., 2017; War-
rick et al., 2019). This issue stems from the reliance on single-site
samples, which are used as the cumrent standard protocol for tu-
mor sequencing in both research and clinical contexts. Sampling
only once, from a single spatial location, will miss major expand-
ing tumor subclones in other distant tumor locations, creating a
bias that cannot be resolved through excess sequencing depth.
Moreover, this widespread sampling bias is inherently obscured
because the unsampled fixed tumor tissue not submitted for

-

are well documented in the “theory of sampling” developed by
Pierre Gy (Gy, 1988) and have been practically demonstrated
across multiple fields, ranging from food contamination to elec-
toral polling and the mining industry (Rohde et al., 2015; Crespi,
1988; David, 1988). In the case of tumor sequencing, this
bias arises within the context of spatially biased intratumor
heterogeneity (ITH) as an important feature of cancer, combined
with the increasing utility of molecular profiling as a tool to
stratify patients for therapy (AACR Project GENIE Consortium,
2017). Failure to address this issue risks undermining the
clinical utility of genomic medicine in cancer, through reduced
sensitivity to detect prognostic and predictive markers, a lack
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Figure 1. Current Tumor Sequencing Methods Lead to Under-sampling, Which Can Be Resolved through a Wider Sampling Frame

(A) Top: a density plot of the distribution of tumor volumes from The Cancer Genome Atlas (TCGA), with tumor volume (cubic centimeters) plotted on the x axis
with log scale. Middle: a density plot of the volume of biopsy tissue used as input material for sequencing in the same cohort of TCGA samples. Bottom: the

proportion of tissue sampled (i.e., values from the middle panel divided by those from the top panel for each case), split by tumor stage.

(B) Left: the estimated tumor volume (cubic centimeters) from a clinical audit, split by tissue site. Right: the proportion of tissue sampled, split by tissue site, in the

clinical audit.
(C) The experimental design used for pilot experiment of pooled “cocktail” samples.

(D) Left: the variant allele frequency (VAF) correlation between cocktail sequencing (x axis) compared with true VAFs estimated from multi-biopsy sequencing
(y axis); right: the variant allele frequency (VAF) corelation between single-region sequencing (x axis) compared with true VAFs estimated from multi-biopsy

sequencing (y axis).
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of reproducibility in sequencing results among samples, misas-
signment of subclonal variants as clonal (Pearson et al., 2016),
and unreliable estimates of tumor mutation burden (TMB). A
frequently proposed solution is to conduct multi-region sampling
and profiling, which although able to address these issues in a
research setting is cost prohibitive and too labor intensive for
wide-scale adoption in clinical practice. Furthermore, the recur-
rent question of how many biopsies should be taken is unan-
swerable because of the high variability in ITH among patients
(Turajlic et al., 2018). We hypothesized that a new sampling
methodology could be implemented to circumvent these limita-
tions, through the use of residual tumor tissue to create a more
representative sample that captures the heterogeneity of the to-
tal tumor mass. We show that this new method better captures
the diversity of the tumor and leads to improved biomarker re-
sults, without the need for increased sequencing depth or for
multiple samples to be profiled per tumor. Furthermore, as the
method described herein removes the physical bias of single-
sample profiling and makes use of residual fixed tumor material
that would otherwise be clinical waste, it empowers clinicians
and researchers with a practical solution to overcome sampling
bias within current tumor sequencing protocols.

RESULTS

Audit of Current Sampling Protocols

To examine the extent of current under-sampling bias in cancer
genomics, we first analyzed pan-cancer sequencing data from
The Cancer Genome Atlas (TCGA). Clinical annotation files
were extracted for each solid tumor cohort from the Broad Insti-
tute’s TCGA GDAC Firehose repository, from which tumor length
and width data were available for 1,667 samples across six tu-
mor types (STAR Methods). For each sample, total tumor tissue
volume and research sample volume were estimated from the
clinical data, and the two values were compared to assess the
proportion of total tumor mass sampled for each case (STAR
Methods). This revealed that current research protocols sample
on average only 2.3% of the tumor mass (median value for all
stages, n = 1,667 samples), decreasing to 0.5% for stage IV tu-
mors (median value, n = 181) (Figure 1A). We next investigated
this pattern within a routine clinical context, through audit of
randomly selected cases undergoing molecular profiling as
part of standard of care at a major cancer center (see STAR
Methods). In total, 76 cases were audited, across three different
solid tumor types. This revealed a median clinical tumor sam-
pling proportion of only 0.0005% (range 0.000001 %-0.2%) (Fig-
ure 1B), reflecting the minimal input material provided from stan-
dard FFPE tumor sections. The remaining >99.9% of tumor
tissue is left unsampled for molecular profiling purposes, leading
to a high level of under-sampling in a clinical context. Thus,
within both research and clinical settings, current tumor
sequencing protocols are associated with a high under-sampling
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bias. Furthermore, we note that sampling bias is also likely to be
affected by the level of heterogeneity and the purity of tumor cells
in the sample (Figure S1).

A More Representative Sample Leads to Increased
Ability to Detect Variants and Improved Accuracyin TMB
Estimation

Toinvestigate the effect of spatial bias in single-biopsy sampling,
we first conducted a pilot experiment, creating a single, more
representative sample by pooling extracted DNA from 1,184
multi-region biopsies, taken from 79 primary renal cell carci-
nomas (RCCs), to create “cocktail” solutions per tumor (Fig-
ure 1C). Pooled cocktail samples were subject to next-genera-
tion sequencing (NGS) (median depth 674x), and mutation
calls were compared with previously generated single-biopsy
(reflecting current clinical practice; median depth 608%) and
multi-region biopsy (truth set) data (median depth 612 x) (Turajlic
et al., 2018). Multi-region variant allele frequencies (VAFs) were
determined by taking the mean across all regions per tumor,
and single-region samples were selected by random sampling
(see STAR Methods). All samples were processed through an
identical protocol (see STAR Methods). Across all 79 tumors,
the cocktail samples discovered a median of 100% (range
30%-100%) of the truth-set mutations compared with single bi-
opsies, which achieved a median discovery rate of 73% (range
15%-100%), supporting the hypothesis that a more representa-
tive sample leads to improved ability to detect variants (p =6.6 x
10", paired Wilcoxon test; Figure S2). In addition, VAFs derived
from cocktail samples demonstrated a strong correlation with
true VAF values from multi-region sequencing (r = 0.97), a supe-
rior correlation compared with that achieved by single-biopsy
sampling (r = 0.69) (Figure 1D). This suggests that using a single,
more representative sample provides a more accurate estima-
tion of true cellular mutational prevalence across the total tumor
mass (the true search space), an important consideration for
both prognostic and predictive biomarkers. Within this context,
TMB is emerging as a robust predictive biomarker for immune
checkpoint inhibitor (CPI) therapy, validated across multiple tu-
mor types (Forde et al., 2018; Hellmann et al., 2018; Snyder
et al., 2014; Mariathasan et al., 2018). In particular clonal muta-
tion load (clonal TMB) has been shown to be the key driver of
CPI response (McGranahan et al., 2016; Miao et al., 2018),
with subclonal mutations likely playing a neutral or negative
role in achieving a sustained anti-tumor immune response (Gej-
man et al., 2018). To explore this further in the context of tumor
sampling, we analyzed multi-region TRACERx non-small cell
lung cancer (NSCLC) (Jamal-Hanjani et al., 2017) and urothelial
carcinoma (UC) (Lamy et al., 2016; Thomsen et al., 2016) data-
sets and found high levels of intratumor TMB variability. In total,
20% of NSCLC cases (n = 100) and 52% of UC cases (n = 23) had
one or more single biopsies with high TMB but low clonal TMB
overall (on the basis of the prospectively validated 10.0

(E) Left: data from 100 non-small cell lung cancer cases, with clonal tumor mutation burden (TMB) values compared with single-biopsy TMB values (paired values
withinthe same case arejoined by gray line). Right: the same data, this time with clonal TMB compared with TMB estimates from in silico “cocktail" sampling. Red
lines denote cases for which one paired value is below the 10 muts/Mb threshold and one is above. The 10 muts/Mb threshold is defined as 200 missense

mutations.

(F) Urothelial carcinoma data from 23 patients, following the same format as (E).
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Figure 2. Representative Sequencing Method
(A) The methodological workflow for Representative Sequencing (Rep-Seq).
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(B) The sampling strategy for case RS1, for validation of the Rep-Seq method against extensive biopsy sampling.

(C) The map of r ynony variants di

d in RS1, across tumor biopsies, ctDNA samples, and Rep-Seq biological replicates. PEACPLF is a cflDNA

taken from pleural fluid, and PEACPTF is a cfDNA taken from peritoneal fluid, both at the time of rapid autopsy, and ctDNA is a pooled sample of P1/P10/P16/P20

timepoints.

(D) Jaccard similarity index results, as ameasure of reproducibility, for single-biopsy sequencing versus Rep-Seq (left) and ctDNA sequencing versus Rep-Seq (right).
(E) The variant allele frequency (VAF) of mutations detected in RS1 Rep-Seq (dark blue) compared with VAF for the same mutation in the whole RS1 tumor

(calculated as an average across all biopsies).

mutations/Mb threshold for CPI therapy; Forde et al., 2018; Fig-
ures 1E and 1F). These variability rates, in contrast, were
reduced to 2% (NSCLC) and 4% (UC) when we generated in sil-
ico “cocktail” solutions and predicted clonal TMB (from the sin-
gle cocktail sample; see STAR Methods), highlighting the poten-
tial clinical utility of a more representative sample in reducing the
risk for TMB misclassification (Figures 1E and 1F). Finally, we as-
sessed the ability of cocktail sequencing to determine clonal
versus subclonal somatic copy number alterations (SCNAs), us-
ing the primary RCC dataset (n = 79). Known RCC clonal events
(Turajlic et al., 2018) (e.g., loss of 3p25.3 and gain of 5q35.3) were
found to have higher logR (log, ratio of coverage for tumor versus
matched normal samples) than other (predominantly) subclonal
alterations (Figure S2), indicating that clonal and subclonal
SCNA events may be distinguishable in a pooled sequencing
approach.

4 Cell Reports 31, 107550, May 5, 2020

H g of Residual Tumor Material to Create a
Truly Representative Sample

Next, we next sought to develop an updated tumor sampling
methodology that was consistent with the theory of sampling
(Gy, 1988) and suitable for clinical adoption (i.e., not reliant on
resource-intensive multiple-biopsy sampling and DNA extrac-
tion, as required for cocktail sampling). Here we demonstrate a
new method called “representative sequencing” (Rep-Seq),
which comprises homogenization of solid tumor masses into
well-mixed solutions, coupled with NGS (Figure 2A). Tumor
masses were sourced as the entire residual tumor material not
taken for pathology assessment following surgery, material
that would otherwise have been treated as clinical waste and de-
stroyed (per College of American Pathologists and Royal College
of Pathologists guidelines) or bio-banked. Residual samples
represented on average 54.8% of the total tumor volume and
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provided on average 223.5 g of tissue per tumor (on the basis of
our pilot cohort of cases; see Table S1). These values are a sig-
nificant increase over the average of 0.0005% sampled, and
0.0001 g of tumor tissue, currently used as sampling input in
standard molecular profiling approaches. Following dissection
of the formalin-fixed residual tumor tissue away from the sur-
rounding normal tissue, the residual tumor mass is homogenized
into a representative solution. From this well-mixed solution,
samples are drawn for DNA extraction, library preparation, and
sequencing (Figure 2A). Rep-Seq was implemented on a proof-
of-concept basis in 11 tumors, from four different cancer types
(Table S1).

Reproducibility and Sensitivity of Rep-Seq Compared
with Biopsy Sequencing

The first tumor processed was RS1, a large clear cell RCC
(ccRCC) tumor (17 cm maximal dimension), selected to allow
extensive sampling for cross-validation purposes. In total, 64
fresh-frozen individual biopsies were taken from the primary tu-
mor, and the remaining formalin-fixed residual mass (1,258 g of
tissue) was homogenized under the Rep-Seq protocol. To define
the variant landscape in this tumor, whole-exome sequencing
(WES) was first conducted on a selection of 7 spatially disparate
primary biopsies and an aliquot of the Rep-Seq sample (median
depth 162x), leading to the discovery of a total of 76 non-synon-
ymous mutations (single-nucleotide variants [SNVs] and small-
scale insertion/deletions). These 76 mutations were subse-
quently captured in a targeted custom panel and successfully
sequenced to high depth (median depth > 10,000 ) in the 64 pri-
mary biopsies, 11 biopsies taken from two lymph node (LN) me-
tastases, four separate aliquots drawn from the representative
homogenate of the primary tumor sample (biological replicates),
six circulating tumor DNA (ctDNA) samples collected at different
time points, and three homogenized LN Rep-Seq samples (one
LN was not biopsied) (Figure 2B). This integrated dataset was
used to comprehensively evaluate the Rep-Seq methodology
(Figure 2C). First we evaluated the reproducibility of each
method, comparing the Jaccard similarity index between pair-
wise combinations of tumor biopsies, versus pairwise biological
replicates of Rep-Seq, and pairwise combinations of ctDNA time
points. Median pairwise similarity between biopsies was 0.78,
suggesting that approximately 20-25% of mutations discovered
in individual biopsies cannot be reproduced in subsequent bi-
opsy samples. In contrast, median similarity among Rep-Seq
replicates was higher at 0.95 (Figure 2D), with almost identical
mutation lists discovered by each replicate (Figure 2C). Pairwise
similarity among plasma ctDNA samples was low (overall median
similarity index = 0.24; Figures 2C and 2D), reflecting the tech-
nical challenges of ctDNA profiling. The ongoing temporal evolu-
tion of the tumor across ctDNA time points should also be recog-
nized, but we note substantial difference even among samples
drawn close time points (e.g., P16 and P20 were only 21 days
apart but shared no mutations in common). Last, we assessed
the sensitivity of variant detection in case RS1 and note that var-
iants as low as 0.15% VAF were successfully detected in the
Rep-Seq sample (Figure 2E). In addition, the VAFs from Rep-
Seq closely followed the overall tumor VAFs, as measured
from the set of 64 biopsies (overall tumor VAF was calculated
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as total alt read count/total read count, summed across all bi-
opsies) (Figure 2E). Only 3 mutations (of the 76 captured) were
not detectable in the Rep-Seq sample, all with VAFs below
0.3%, close to the technical limit of ~0.1% VAF for variant detec-
tion using NGS protocols.

Clonal Structure Prediction from Rep-Seq Compared
with Biopsy Sequencing

Next, we investigated the utility of Rep-Seq in determining clonal
structure, given that measures of clonal diversity have been
shown to associate with prognosis (Turajlic et al., 2018; McGra-
nahan et al., 2016). Cancer cell fraction (CCF) estimates were
first calculated for all mutations (n = 76) within the RS1 primary
tumor biopsy set (n = 52 biopsies used, n = 12 excluded because
of low purity; see STAR Methods) and grouped together into
mutational clusters to infer a high-confidence benchmark clonal
structure. Four distinct tumor clones were detected: clone A
(truncal clone, mutations in every cancer cel, CCF = 100.0%,
n =41 mutations) and (sub)clones B (CCF = 45.6%, n = 2 muta-
tions, and 14q loss as a known RCC driver SCNA event; Turajlic
etal., 2018), C (CCF = 52.8%, n = 6 mutations), and D (CCF =
17.1%, n = 2 mutations) (Figure 3A). The remaining mutations
were predominantly lower frequency and could not be reliably
clustered into subclones. The clustering process was repeated
for the Rep-Seq sample alone (n = 1), and the clonal solution
was then compared between methods (Figure 3A). Rep-Seq
correctly clustered all 41 clonal mutations together into truncal
clone A (CCF = 100.0%), as well as identifying two major (sub)
clones, B (CCF = 40.6%) and C (CCF = 33.3%) (Figure 3A) (we
note that the sets of mutations in subclones B and C were not
fully identical between the multi-region and Rep-Seq solutions).
The remaining mutations in the Rep-Seq sample were again pre-
dominantly lower frequency and could not be reliably clustered,
reflecting the challenge in accurately grouping together low-CCF
mutations. CCF estimates from both methods were validated
against physical mapping of spatial biopsy locations and muta-
tional presence back to images of the sampled tumor: (sub)clone
Bwas found in 20 of 52 primary biopsies (38.4%), and (sub)clone
C was found in 32 of 52 (61.5%) (Figure 3B). This confirmed the
presence of two major, spatially distinct subclones. Intriguingly,
LN metastases LN1 and LN2 were exclusively seeded by clone
B, whereas spatially proximal peri-renal LN sample LN(PR) was
polyclonal, with clones B and C present. Individual mutation
CCFs within each sample were next considered, in order to
assess how well separated truncal events (clone A) were from
subclonal mutations (clones B and C). Within the Rep-Seq sam-
ple, CCF estimates for clonal events (clone A) were clearly sepa-
rated from (sub)clones B and C, reflecting the rapid convergence
of CCF estimates in Rep-Seq toward true values (Figure 3C,
right). In contrast, CCF distributions in single-sample biopsies
overlapped among clones A, B, and C, with sub(clones) B and
C frequently appearing (incorrectly) as clonal in individual bi-
opsies with CCFs of ~100% (“illusion of clonality”; Burrell and
Swanton, 2016). On average across the 52 primary biopsies,
17% (range 6%-35%) of clonal variants suffered from an illusion
of clonality, if they were considered a single-region sample (Fig-
ure 3D) (all 76 mutations included; see STAR Methods). An illu-
sion of clonality persisted even with multi-region biopsy
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Figure 3. Clonal Tracking by Rep-Seq and ctDNA in Renal Cell Carcinoma

(A) The phylogenetic tree for case RS1, as derived using extensive multiple-biopsy sequencing (left) and a single Rep-Seq sample.

(B) The clonal distribution across the four slices of the primary RS1 tumor and lymph node metastases.

(C) The cancer cell fraction (CCF) estimates for mutations in tumor clones A, B, and C in each biopsy sample (left) and in the Rep-Seq sample (right).

(D) The illusion of clonality simulation data, with the number of simulated biopsy samples plotted on the x axis and the percentage of variants that incorrectly
appear to be clonal (illusion of clonality) on the y axis (from 100 simulated sample combinations).

(E) ctDNA data for RS1, with the VAFs plotted (y axis) for mutations in clones A, B, and C.

sampling, with simulation showing that two random biopsies
yielded an illusion of clonality rate of 9% (range 0%-25%), three
of 6% (range 0%-25%), four of 4% (range 0%-15%), and five of
3% (range 0%-15%) (Figure 3D). Furthermore these results are
likely to represent a conservative under-estimation of true illu-
sion of clonality rates, as 3-dimensional sampling was conduct-
ed along the z axis in this case. We note that if standard 2-dimen-
sional tumor slice sampling had been conducted only on slice 4,
which was monoclonal for clone C, no number of biopsies would
have prevented clonal illusion (Figure 3B), and critically, clone B
(which metastasized to the LNs) would have been completely
missed.

Given the broad applicability of liquid biopsies, and previous
work demonstrating that both clonal and subclonal mutations
can be identified (Abbosh et al., 2017), a pertinent question is

6 Cell Reports 31, 107550, May 5, 2020

to what extent ctDNA samples from plasma represent true clonal
diversity compared with a more representative sampling of the
primary tumor. Taking advantage of a well-characterized primary
tumor, and five longitudinal ctDNA time points, we investigated
this question. At pre-surgery time points (P1 and P10), variants
from clones A, B, and C were all detectable at VAFs of 0.1%-
1.0%, but many variants were missed, including some clone A
truncal events, reflecting the technical challenges of profiling
ctDNA. Mean VAF within clone A was overall higher than within
(sub)clones B and C, but large inconsistency was observed in
terms of individual variants analyzed across time points (Fig-
ure 3E). At post-surgery time point P16, the highest VAF variant
was from clone C, and similarly at time point P20, a clone B mu-
tation was highest, both above any clone A truncal mutations
(Figure 3E). At later stage time points, however (post-mortem
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sampling), all clonal mutations were detected, with highly
consistent VAF frequency (Figure 3E). Correlation coefficients
of VAFs from ctDNA, compared with the count of how many bi-
opsies a mutation was present in, ranged fromr = —0.17 (time
point P16) to r = 0.78 (pleural fluid obtained post-mortem).
Rep-Seq CCFs had the highest correlation with biopsy count
data (r = 0.90). This suggests that inferring de novo clonal struc-
ture from ctDNA alone remains challenging, but tracking clonal
markers that have been previously identified from tumor tissue
remains highly informative (e.g., for minimal residual disease
[MRD] tracking). We note, in the context of MRD tracking, that
alarger panel of variants is likely to increase sensitivity to detect
relapse at earlier time points (e.g., in the RS1 data at time point
p16, an MRD panel based on mutations from a single biopsy
would have missed disease relapse 53% of the time, compared
with a 0% miss rate using a Rep-Seg-based panel; Table S2). In
terms of the clonal dynamics of RS1, an interesting pattern was
observed, with clone C dying out at later ctDNA time points and
becoming undetectable (Figure 3E). This supports the predicted
metastatic seeding pattern, as determined by biopsy and Rep-
Seq profiling, that is, that clone B achieved distal metastatic
seeding, whereas clone C was contained within the (peri-)renal
area (Figure 3B). As an additional validation, copy number anal-
ysis was conducted on 31 further biopsies sampled from 20
distinct anatomical sites of metastatic disease present at the
time of RS1 autopsy. All sites contained loss of 14q, a driver
event found only in clone B in the primary tumor (Figure S3).
We note that in single-region biopsy sequencing, metastasizing
clone B would have been missed 32 times out of 52 (61.5%).

Rep-Seq Implemented on Lymph Node Samples in the
Context of Metastatic Melanoma

To understand the utility of Rep-Seq profiling on LN residual ma-
terial (asopposed toRS1, for which alarge primary tumorwas also
available), we homogenized two LN samples (internal iliac LN and
right inguinal LN) from a patient with metastatic melanoma (case
RS2). In parallel, single-biopsy LN (right inguinal LN) sequencing
was additionally conducted (biopsy taken prior to homogeniza-
tion), as well as multi-region biopsies sequenced from a further
eight distinct anatomical sites of metastases, in order to validate
the Rep-Seq methodology (total n = 17 samples). All samples un-
derwent WES (median coverage ~200x), with tissue sampled at
the time of rapid autopsy (STAR Methods). The first question
was to compare the results from LN Rep-Seq with those from sin-
gle-sample LN sequencing, which would be the standard sam-
pling approach in the context of a LN dissection. CCF clustering
analysis was completed for the LN single sample (see STAR
Methods; Figure 4A), and the calculated tree was monoclonal in
structure (100% of mutations were predicted clonal, n = 90). Re-
sults from the homogenized Rep-Seq LN sample, in contrast,
calculated a polyclonal tumor structure, with only 63% of muta-
tions (n = 58) being clonaland the remaining mutations (n =34) be-
ing subclonal, clustered into four distinct subclones (Figures 4B
and 4C). To verify which solution was comrect (mono- versus poly-
clonal), a joint clustering analysis was completed across all biopsy
samples (n = 16 from LN and eight distal metastases) to yield a
high-confidence clonal solution (Figure 4D). The tumor was
indeed found to be polyclonal, with a total of seven distinct tumor
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subclones detected (Figure 4D). A major branch encompassing
multiple distinct subclones (Figure 4D, far left of tree) was found
to be shared across pelvic, liver, paravertebral, abdominal wall,
loin soft tissue, and supra-renal metastases but was absent in
two distinct right groin soft tissue masses (Figure 4D). The right
groin masses were each characterized by distinct tumor sub-
clones (Figure 4D). A number of individual sites were also found
to be polyclonal in nature (e.g., liver, paravertebral mass) contain-
ing both the major left-hand subclone branch and the distinct sub-
clones present in the right groin masses (Figure 4D). These poly-
phyletic pattems would be consistent with either polyclonal
dissemination from the primary or metastasis-to-metastasis
seeding. We note that not all tumor subclones were detectable us-
ing the Rep-Seq LN methodology, but the representative sam-
pling methodology was accurate enough to clearly distinguish
this as a polyclonal tumor, with alower proportion of mutations be-
ing clonal. This finding was supported by extensive sampling of
multiple metastases. The single-site sample, in contrast, incor-
rectly predicted a monoclonal tumor structure, with all mutations
being clonalin nature. Clinically, we note that this patient received
three lines of immune CPI therapy (adjuvant nivolumab, ipilimu-
mab, and pembrolizumab) and failed to respond throughout,
with progressive disease recorded for all rounds and sites of
CPI treatment (Figure 4E). Although only descriptive in nature,
this lack of response would be consistent with the hypothesis of
a heterogeneous subclonal neoantigen repertoire being associ-
ated with poor response to immunotherapy (Wolf et al., 2019).
For completeness, we additionally obtained archival FFPE blocks
for the RS2 primary tumor sample, and at median ~200x
sequencing coverage, none of the metastasizing clones were
detectable, highlighting the challenge of melanoma primary tissue
sampling where the tumor size is so small.

Rep-Seq Implemented on an Extended Cohort of

Primary Solid Tumors across Four Tissue Types

The Rep-Seq method was additionally conducted in a further ten
cases as a technical feasibility exercise. Cases RS3 and RS4
were ccRCC tumors and predominantly monoclonal in structure
(Figure S4). Cases RS5-RS11 were tumors of breast, colorectal,
and lung origin, and tumor-specific driver mutations were suc-
cessfully detected in all specimens (Table S3). The highest
mutation burden was observed in RS8 (colon), with 980 and
251 non-synonymous SNVs and indels and presence of cosmic
mutational signatures 6 and 15 associated with mismatch repair
deficiency (Figure 5A), which was confirmed by immunohisto-
chemistry staining showing loss of MLH1. Signature analysis of
the three NSCLC tumors (RS9, RS10, and RS11) showed evi-
dence of signature 4 (smoking associated) uniquely in these
three tumors only (Figure 5A). Hence the mutational signatures
derived from Rep-Seq were consistent with expected patterns.

Tumor Purity-Enriched Rep-Seq Protocol

Finally, an additional benefit of tissue homogenization is the
preservation of the cellular integrity of the tissue and therefore
the ability to add a cell-sorting step prior to DNA purification,
to enrich for higher tumor purity. As a proof of principle, flow sort-
ing was conducted on RS12 (colorectal tumor), preferentially
selecting isolated tumor nuclei on the basis of the presence of
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(A) The phylogenetic tree for case RS2 using single-biopsy lymph node sequencing (right inguinal LN).

(B) The phylogenetic tree for case RS2 using Rep-Seq LN sequencing.

(C) The proportion of mutations, clonal and subclonal, in RS2 on the basis of single-biopsy (top) and Rep-Seq (bottom) profiling.
(D) The extended phylogenetic tree for case RS2, on the basis of joint clustering of LN and eight distal metastases samples. Clone presence is marked onthe basis

of anatomical site of disease, with absent clones in a given site shaded in lighter color. Note that the right inguinal LN now b

subclonal in

because of the benefit of multi-region joint clustering. Previously in (A), these same mutations are incorrectly clustered to the truncal clone (illusion of clonality)

because of the limitations of single-biopsy sampling.

(E) The clinical history of case RS2. The best response by RECIST version 1.1 criteria is denoted in parentheses. SD, stable disease; PD, progressive disease.

cytokeratins 8 and 18 and high forward/side scattering. WES
was conducted, first on a standard sample from the Rep-Seq
protocol (non-sorted Rep-Seq, depth 221 x), which showed tu-
mor purity of 0.44. Strong enrichment was observed in the
flow-sorted Rep-Seq sample (depth 215x), with purity of 0.89,
which resulted in an approximate doubling of the effective tumor
cell sequencing coverage (from 90 x to 184 x), for the same over-
all bulk sample sequencing depth and cost (Figure 5B). In terms
of variant discovery, 365 non-synonymous SNVs were observed
in common between both standard and flow-sorted samples,
and then an additional 68 mutations (an increase of 19%) were
found uniquely in the flow-sorted sample, presumably because
of the increased sensitivity from higher effective tumor depth
(Figure 5B). Only 5 mutations (1.4% of the total, all with VAFs <
5%) were found with the opposite pattern (i.e., in the standard
sample but missing in the flow-sorted sample), which suggests
in this case that flow sorting did not create systematic bias

8 Cell Reports 31, 107550, May 5, 2020

such that certain tumor subclones are excluded. The additional
sensitivity in mutation detection enabled a larger set of sub-
clones to be defined (Figure 5C).

DISCUSSION

Here we present Rep-Seq as a new method to achieve unbiased
tumor sampling, drawing DNA molecules from a well-mixed ho-
mogenized solution of all residual surgical tumor material. This
method removes the spatial bias inherent in current single-
biopsy approaches and significantly increases the probability
of detecting the genomic heterogeneity of solid tumors in a single
sample protocol. Successful delivery of precision medicine in
oncology is contingent on a reliable identification of biomarkers.
ITH affects the interpretation of prognostic biomarkers and pre-
dictive biomarkers of response to targeted and immunotherapy,
most notably TMB. Rep-Seq offers a clear opportunity to
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overcome the issue of ITH in these contexts and could feasibly
be adopted in routine clinical practice.

In our analysis we first show the extent of under-sampling in
current research studies, with data from TCGA demonstrating
an average tissue sampling proportion of 2.3%. This bias is
evenmore pronounced ina routine clinical context, with our audit
data from standard molecular profiling at a major cancer center
demonstrating that only five cancer cells in every million
(0.0005%) are being sampled. This rate of under-sampling raises
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Figure 5. Extended Rep-Seq Cohort and Tu-
mor Purity Enrichment
(A) Non-synonymous mutation count for cases
RS5-RS11 (top), along with mutational signature
analysis results (bottom).
(B) Left: RS12 coverage data for the overall bulk
mixed cell population and then an estimated tumor
cell coverage, along with purity estimates. Data
are shown for standard Rep-Seq, and then tumor
purity-enriched Rep-Seq, for comparison pur-
poses. Right: the number of non-synonymous
variants detected in normal and purity-enriched
. Signature.7 Rep-Seq samples. Variant counts are color coded
. Signature.15 on the basis of either being “shared” (i.e., present
om" in both samples) or “private” (i.e., variant is pre-
sent in only that sample and absent from the
other).
(C) Phylogenetic trees for the nommal and flow-
sorted RS12 tumor subclones.
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the risk for misinterpreting clinically rele-
vanttumor sequencing results, as demon-
strated by a high level of variability in TMB
scores between single sites and the true
clonal mutation load. Indeed, in NSCLC
and UC, we show that 20% and 52% of
cases, respectively, have at least one bi-
opsy classified as high TMB, when the
overall clonal TMB is low. This misclassifi-
cationriskcanbe reduced throughusing a
more representative sample, with discor-
dance rates being reduced to 2% and
4%, respectively, usingin silico “cocktail”
analysis. We note, however, that the in sil-
ico “cocktail” samples may have slightly
higher tumor purity than the main Rep-
Seq methodology, as the latter takes all
residual tumor material as input rather
the biopsy-sampled regions.

To address the issue of spatial sam-
pling bias in a manner consistent with
the theory of sampling, as well as the
challenge of multiple-biopsy sampling
being too labor intensive for routine clin-
ical use, we next sought to develop an up-
dated tumor sampling methodology. We
demonstrate Rep-Seq as a new method
able to overcome both these points,
through sampling a large volume of tumor
tissue (average sampled proportion 55%), but maintaining a sin-
gle (n = 1) DNA sample for downstream NGS library preparation
and sequencing. The source of material in Rep-Seq is unique by
making use of excess residual tumor tissue from surgery, which
would otherwise be destroyed as clinical waste or bio-banked
for research use. Homogenization of this residual tissue makes
an ideal source for DNA extraction and sequencing, given the
more representative nature of the sample, and generates a sub-
stantial amount of material that can be retained for future

RS12 RS12
Standard Flow Sorted
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research use. Such practices of homogenized sampling have
been in routine practice in other fields for many decades, such
as the sampling of mineral deposits. This fact, combined with
the large amount tissue processed as clinical waste, highlights
the sub-optimal nature of current molecular profiling sampling
approaches in oncology. Here we demonstrate the utility of
Rep-Seq through extensive sampling in a cohort of pilot cases,
primarily as a proof-of-concept study. We show that the repro-
ducibility in variant detection between replicates in Rep-Seq is
high (Jaccard similarity index = 0.95) and superior to that of sin-
gle-biopsy sequencing (0.78). In case RS1, sampling of >50 bi-
opsies, from five tumor slices, validated the accuracy of Rep-
Seq clonality predictions. In contrast, single-biopsy sequencing
suffered from a high rate of illusion of clonality, with 17% of mu-
tations appearing clonal when in reality they were subclonal.
Conversely, single-biopsy sequencing also frequently missed
important events, with 62% of biopsies missing the metasta-
sizing clone. And notably all biopsies from tumor slice 4 missed
the lethal clone, indicating that even extensive multi-region sam-
pling is still susceptible to spatial bias, unless implemented on a
3-dimensional basis. Ultimately, any biopsy-based sequencing
approach will retain spatial bias to some degree when tumor tis-
sue is left unsampled, which hence emphasizes the benefit of a
homogenization-based sampling approach.

In case RS2, we used Rep-Seq to profile LN metastases from
a patient with primary melanoma, which revealed polyclonal
disease. This was confirmed by extensive biopsy sequencing
of eight further sites of distal metastases, which validated poly-
clonality, with multiple distinct subclones present across
anatomically separate sites. Results from single-biopsy LN
sequencing, in contrast, predicted a monoclonal tumor, which
was shown to be incorrect. With increasing evidence now sup-
porting clonal neoantigens as a key driver of immunotherapy
response (Miao et al., 2018; Gejman et al., 2018), the accurate
delineation of clonal versus subclonal alterations is of clinical
relevance. This is descriptively illustrated in case RS2, in which
lack of response to three lines of immunotherapy was
observed, in the context of a high subclonal neoantigen reper-
toire. We additionally implemented Rep-Seq on a further ten
cases (RS3-RS12), from lung, colorectal, and breast cancer
types, showing mutation rates and signatures in line with ex-
pected results. Finally, as a further extension of the Rep-Seq
protocol, we demonstrate flow sorting as a method to achieve
tumor purity enrichment. For case RS12, purity was increased
from 44% to 89%, with no observed shift or bias introduced
to the sequencing results. Purity enrichment complements
well the homogenization-based Rep-Seq approach and could
significantly reduce sequencing costs (the same equivalent
coverage of tumor cells could have been achieved in half the
cost for case RS12).

We acknowledge small cohort size as a limitation of this
work and confirm that a larger prospective study of Rep-Seq
(n = 500 cases) is under way (ClinicalTrials.gov identifier
NCT03832062). In addition, although Rep-Seq yields accurate
and unbiased estimates of clonal and major subclonal muta-
tions, this comes with the trade-off of losing resolution to
detect lower frequency tumor (sub)clones. This trade-off may
be acceptable in a clinical context, in which lower frequency
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mutations may be less directly actionable than widely
expanded clonal or major subclonal driver events. Furthermore,
we show with deep custom panel sequencing in case RS1 that
low-frequency mutations can be reliably detected in Rep-Seq
down to 0.3% VAF, with sensitivity determined by current limits
in NGS accuracy. As more sensitive sequencing assays (e.g.,
duplex sequencing) become adopted, it is likely that Rep-Seq
can be used to search for ultra-low-frequency events. We
also acknowledge that Rep-Seq will not be applicable in all pa-
tient contexts, for example, patients with advanced-stage dis-
ease who undergo only biopsy sampling (no other surgeries).
However, in metastatic cases undergoing resection, as well
as primary surgery, there is broad potential for bio-banking
and homogenization of residual material using the Rep-Seq
approach. Finally, there is also potential scope for hybrid ap-
proaches, in which a large part of the residual material is ho-
mogenized, but then a portion (e.g., a transverse section) is
also retained for spatially dependent analysis (e.g., imaging,
spatial transcriptomics).

In summary, here we implement Rep-Seq as a new tumor
sampling methodology combined with NGS, which adopts a
more representative sampling approach via homogenization of
residual tumor tissue. This method offers a clinically practical so-
lution to the dramatic under-sampling bias inherent in current
molecular profiling workflows. We find the reproducibility of re-
sults in Rep-Seq to be significantly higher than for current sin-
gle-biopsy sequencing approaches (at same equivalent
sequencing depth), and greater accuracy was also achieved in
determining clonal from subclonal variants. We note that these
results are predicted from the theory of sampling, a statistically
driven rule set for sampling solid masses that are heteroge-
neous. These results offer potential clinical utility in the context
of both prognostic (e.g., greater sensitivity to detect metastasis
driving subclones) and predictive biomarkers (e.g., improved
clonal TMB estimates).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-cytokeratin 8/18 antibody Ventana Medical Systems cat # 760-4344; RRID:AB_10583331
Goat-anti-Mouse antibodyconjugated with Invitrogen cat # A11001; RRID:AB_2534069
Alexa Fluor 488

Goat-anti-Mouse antibody conjugated with Invitrogen cat # A-21236; RRID:AB_141725
Alexa Fluor 647

Chemicals, Peptides, and Recombinant Proteins

BD FACS Aria Bectin Dickinson cat # 656700

CC1 buffer Ventana Medical Systems cat # 950-124

antibody diluent buffer Ventana Medical Systems cat # 251-018

autoMACS buffer Miltenyi Biotech cat # 130-091-221

phosphate buffered saline Fisher Scientific cat # 14190

Tween 20 Fisher Scientific cat # AC233362500

DAPI Sigma cat #D9542

Pepsin Sigma cat # P7012

Proteinase K VWR cat # 0706

Critical Commercial Assays

cobas cfDNA Sample Preparation Kit Roche 7247737190

AVENIO ctDNA Enrichment Kit Roche 8061041001

AVENIO ctDNA Library Prep Kit Roche 8061050001

HyperCap Target Enrichment Kit, 96 Reactions Roche 8286345001

SeqCap EZ MedExome Enrichment Kit Roche 7681330001

NimbleGen SeqCap Hybridization and Wash Kit Roche 5634253001

HiSeq Rapid SBS Kit v2 lllumina FC-402-4021

HiSeq SBS Kit V4 250 cycle kit lllumina FC-401-4003

xGen Dual index UMI Adapters IDT N/A

SeqCap EZ Prime Choice Probes- Onco Roche 4000030990- 08247498001
SeqCap EZ Share Choice- Onco Roche 4000007080- 08332975001
SeqCap EZ Custom Design Roche 8332975001

SeqCap Adaptor Kit A Roche 7141530001

HiSeq® 2500 Sequencing System lllumina SY-401-2501

cBot System lllumina SY-301-2002

20 micron cell strainer Pluriselect cat # 43-50020-03

IKA disposable grinding chamber IKA-Works cat # MT 40.100

IKA Works Tube Mill Control system IKA-Works cat # 0004180001

Deposited Data

Human reference genome NCBI build 37, Genome Reference Consortium https://www.ncbi.nlm.nih.gov/projects/
GRCh37 genome/assembly/grc/human/
Rep-Seq data for cases RS1-RS12 This paper Ei Ph Archive:

EGAS00001004246

Software and Algorithms

Burrows-Wheeler Aligner (BWA) v0.7.15
Samtools v1.3.1
Picard 1.81

el Cell Reports 31, 107550, May 5, 2020

Li and Durbin, 2009
Li and Durbin, 2009

http://bio-bwa.sourceforge. net/
http://samtools.sourceforge.net/
http://broadinstitute. github. io/picard/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mutect v1.1.7 Cibulskis et al., 2013 http://software.broadinstitute.org/
cancer/cga/mutect

VarScan v2.4.1 Koboldt et al., 2009 http://varscan.sourceforge.net/

Scalpel v0.5.3 Fang et al., 2016 https://github.com/hanfang/scalpei-protocol

Annovar Wang et al., 2010 http://annovar.openbioinformatics.org/envlatest/

CNVkit v0.7.3 Talevich et al., 2016 https://github.com/etal/cnvkit

R package ‘Copynumber' Nilsen et al., 2012 http://bioconductor. org/packages/release/
bioc/htmi/copynumber.himl

ABSOLUTE v1.0.6 Carter et al., 2012 http://software. broadinstitute.org/cancer/cga/
absolute

bedtools package Quinlan and Hall, 2010 https://bedtools.readthedocs.io/en/latest/

AlleleCounter N/A https://github.com/cancerit/alleleCount

ASCAT Van Loo etal., 2010 https://github.com/Crick-CancerGenomics/ascat

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Samra
Turajlic (samra.turajlic@crick.ac.uk). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Clinical studies

Cases RS1, RS3 and RS4 were diagnosed with renal cell carcinoma, and were consented for research under the TRACERx Renal
study (National Health Service Research Ethics Committee approval 11/LO/1996), as previously described®. Autopsy samples
from RS1 and RS2 were obtained through the PEACE Study (NIHR 18422), where samples are harvested within ~48 hours from death
(see secondary author list for the full list of PEACE consortium investigators). Residual surgical material for cases RS5, RS6, RS7,
RS8, RS9, RS10, RS11 and RS12 were was obtained from commercial providers of research specimens (GLAS Consultants, Win-
ston-Salem, NC. (IRB#: 120160685) and The MT Group, Van Nuys, CA (MTG-015)) from U.S. hospitals, under IRB approval. Sex/age
of each case is as follows: RS1M/54, RS2 M/41, RS3 M/75, RS4 F/75, RS5 F/55, RS6 F/81, RS7 F/90, RS8 M/65, RS9 M/83, RS10 F/
68, RS11 F/75, RS12 (n.a.).

METHOD DETAILS

Clinical audit of current molecular profiling practices
Institutional review board approval was obtained for a service evaluation to quantify the tumor volume routinely profiled as a diag-
nostic standard of care in resected colorectal, melanoma and sarcoma tumors (SE725), where surgery and molecular profiling
were both undertaken at the Royal Marsden NHS Foundation Trust was reviewed. Cases wereincluded if there were > 2 macroscopic
tumor dimensions recorded on the histopathology report and if information was available on the number and thickness of slides used
for molecular profiling. The audit data is shown in Table S4.

Regional biopsy and cocktail sample preparation

Multi and single region biopsy sampling of surgically resected tumor tissue was conducted using the same method as previously
described (Turajlic et al., 2018). Cocktail samples (as displayed in Figure 1) were created for each tumor, by pooling extracted
DNA taken from all single-regions taken for each tumor, in equimolar ratios. A median of 9 single—region samples were pooled
per cocktail. For the autopsy samples from RS1 and RS2, 3mm?® sections were dissected from snap frozen tumor core biopsies
(6mm diameter) and tissue disrupted using the Tissue Raptor. They were then processed through a QIAGEN QlAshredder and
DNA was purified using the QIAGEN All Prep DNA/RNA Mini kit according to manufacturer’s instructions. Germline DNA was ex-
tracted from whole blood or a buffy coat.

Y

Grossing and h genization of r | tumor ti
Following diagnostic histologic sampling and removal of fresh biopsies, three distinct clinical surgical waste tissues from a kidney
radical nephrectomy (RS1) containing: 1) a primary tumor, 2) para-aortic lymph node cluster, and 3) renal hilar nodes were fixed in
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10% neutral buffered formalin for 24 h to mimic the standard clinical workflow. After fixation, samples were exchanged into phos-
phate-buffered saline (PBS, 14190, Fisher Scientific, USA) for 24 h, then stored in ethanol for until dissected. Tumor tissue was
identified by a pathologist through macroscopic evaluation and physical palpation, and all identifiable tumor was dissected away
from the surrounding tissue. An area of normal tissue (at least 5 cm from the tumor) was also dissected by a pathologist and retained.
Lymph nodes detected during gross examination of the RS1 specimen included hilar and peri-renal nodes were also dissected asan
independent tissue samples. All dissected tissue was weighed prior to homogenization.

Residual primary tumor tissue was split into two-625 g portions; each portion was combined with 600 mL autoMACS Running Buffer
(Miltenyi Biotec Inc., 130-091-221) and homogenized in a liquidizer (Cookworks, BL9292E-GS) for 3 min at the highest setting. The pri-
mary tumorhomogenates (2.5 total) were manually combined and mixed ina plastic container, divided back and re-liquidized for addi-
tional homogenization and mixing, and pooled together into a large plastic container. Segregated tissues of renal hilar lymph nodes,
peri-renal node, normal kidney tissue, and para-aortic lymph nodes were each homogenized independently in autoMACS Running
Buffer (1:1, mass: volume) with an IKA Tube Mill IKA Works Inc. Wilmington North Carolina, 0004180001) for 2 min at 15,000 rpm using
single-use blending containers. When tissue mass exceeded the capacity of an individual blender container, homogenates for the
same sample were pooled by mixing as described above. Samples of each tissue homogenate were stored in methanol (1:1, v:v) at
4°C. Case RS2 was lymph-node material from a patient with primary melanoma, and cases RS3 and RS4 were primary renal tumors,
and all were processed through the same homogenization protocol as RS1. For RS2 primary melanoma tissue, the FFPE blocks were
trimmed by razor-blade to remove excess paraffin wax that did not contain any tissue. Remaining wax embedded tissue was removed
from FFPE plastic cassette and minced into approximately 1mm cubed pieces using razor blade. Tissue pieces were deparaffinised by
5 sequential 1.5 hour 52 degrees’ Celsius xylene washes until all but trace wax was removed and only tissue remained. Xylene was
removed from the sample using a room temperature 10 minute acetone wash followed by three sequential 20 minute 100% ethanol
washes. Ethanol was removed, and the sample hydrated for blending, in two 10 minute sequential washes of 1x PBS.

For cases RS5 to RS12, each specimen had been subjected to standard sampling for diagnosis and staging purposes. These
cases were considered surgical waste and slated for incineration, thus were stored in formalin for four to six weeks. Upon armival,
tissue was transferred to PBS for 12-24h. Tumor tissue was identified by a pathologist through macroscopic evaluation and physical
palpation, and all identifiable tumor was dissected away from the surrounding tissue. An area of normal tissue (at least 5 cm away
from the tumor) was also dissected by a pathologist and retained. All dissected tissue was weighed prior to homogenization.
Dissected tumor and normal tissue were homogenized separately in single-use blender containers (IKA Works Inc. Wilmington North
Carolina, 0004180001), or single use consumer grade blenders (Hamilton Beach, 51102, Glen Allen, VA) in autoMACS buffer (1:1, m:v)
for 2 min at 15,000 rpm or at the highest setting. Resulting homogenates were stored at 4°C until further processed.

Genomic DNA purification from tissue and cfDNA

An aliquot of each tissue homogenate (1200 pl) was collected by centrifugation at 5000 rcf. for 2 min, rinsed with TE buffer pH 8.0
(VWR, AAJ62745-EQE) twice, and incubated in 5 mL protease digestion buffer [9.75 mL TE buffer pH 8.0, 60 mg Proteinase K
(VWR, 0706), and 0.25 mL 20% SDS in aqueous solution (Amresco, 0837)] at 56°C for 2-16 h. Digested tissue (100 pl) was used
for genomic DNA purification by High Pure PCR Purification Kit (Roche Applied Sciences, Mannheim Germany, 11 732 668 001) ac-
cording to manufacturer’s protocol. Purified genomic DNA was quantified using a NanoDrop 8000 (Thermo Fisher Scientific) and
stored at —20°C. cfDNA was isolated from plasma using cobas cfDNA Sample Preparation kit (Roche, 07247737190).

Target-enriched NGS Library construction and sequencing

lllumina compatible indexed NGS libraries were constructed from genomic DNA from tissue using the SeqCap EZ HyperCap Work-
flow User’s Guide, v1.0 (Roche Sequencing Solutions) with notable parameters specified below. Briefly, 1 pg of purified genomic
DNA was enzymatically fragmented for 33-40 min at 37°C and prepared for adaptor ligation using the KAPA HyperPlus library
prep kit according to manufacturer’s instructions (Roche Sequencing Solutions, KK8514). SeqCap sequencing adaptor final reaction
concentration was 2 uM, and adaptor ligation reaction time was extended to 14-18 h, at 16°C. No pre-capture PCR was used
following ligation reaction purification. SeqCap EZ library probe baits for either MedExome (07681330001), Onco_EZ
(08333076001), or a custom RS1 specific (see data analysis section below for design criteria) target-enrichment panel (Roche
Sequencing Solutions) and 2 nM blocking oligos (Roche Sequencing Solutions), were incubated for 18-22 h at 47°C following manu-
facturer instructions. Post-capture PCR was performed using KAPA HiFi HotStart ReadyMix and LM-PCR oligos for 14 cycles. Post-
capture purified library concentrations were determined by Qubit (ThermoFisher) and fragment size distribution analyzed by Bio-
analyzer 2100 (Agilent). Amplified enriched libraries were each diluted to 2nM and stored at —20°C prior to pooling for sequencing.
Pooled libraries were sequenced using MiSeq and HiSeq instruments (lllumina) according to manufacturer’s recommendations for
paired-end sequencing using (lllumina) runs with 101 base paired-end reads. cfDNA sequencing libraries were constructed using the
AVENIO ctDNA Targeted Kit (Roche, 08061076001) by following the AVENIO ctDNA Analysis Kits Reagent Workflow User Guide
v1.0.0. Amplified, adaptor-ligated samples were concentrated together with the Hybridization Supplement using a Vacufuge plus in-
strument (Eppendorf). Each sample was resuspended in the appropriate Enhancing Oligo, the custom RS1-specific panel, and Hy-
bridization master mix. Enrichment, hybridization cleanup and amplification were performed according to manufacturer instructions.
Samples (equal mass) were pooled, and sequenced using Hiseq (lllumina), according to instructions, with 151 base paired-end reads.
Multi-region, cocktail and single regions samples, from 79 renal cell carcinomas as displayed in Figure 1, underwent renal driver
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Panel_v6 library preparation and sequencing, using methods as previously described (Turajlic et al., 2018). Multi-region whole exome
library preparation and sequencing for RS1 was conducted by external laboratory (Eurofins Scientific), using Agilent SureSelect Hu-
man All Exon v5 kits. Multi-region whole exome library preparation for RS2 was conducted at the UCL Pathogen Genomics Unit,
using Agilent SureSelect Human All Exon v5 kits, and sequenced by external laboratory (GENWIZ). Sequencing coverage metrics,
and library kits, for all samples profiled is provided in Table S5.

Flow sorting method to increase tumor purity

Arepresentative sample from formalin fixed residual tumor tissue from RS12 was generated by homogenization in an IKA blender in
autoMACS buffer (1:1 mass to volume). Aliquots of the homogenate (1 g) were further dissociated to individual nuclei by adapting a
previously described method (Hedley et al., 1983). Briefly, tissue was collected by centrifugation, resuspended in CC1 (Ventana Med-
ical Systems, Tucson, AZ) buffer (5:1 mass to volume), and heated at 80°C for 30 min. Tissue was washed once with PBS, and re-
suspended in PBS containing 1 mg/ml proteinase K (1:1 mass to volume) (VWR USA) and incubated at 50°C for 10 min. The sample
was exchangedinto 5 mg/ml pepsin in 150 mM NaCl, pH 1.5 (Sigma, USA) and incubated 30 min at 37°C. The sample was adjusted to
pH 8 with 5 M NaOH, and exchanged into PBS, 0.5% BSA and 0.5% Tween 20 (Fisher Scientific, USA (AC233362500) prior to filtra-
tion through a 20-um filter (Pluriselect, San Diego, CA) to collect nuclei.

Nuclei were then collected by centrifugation at 400 x g and exchanged into antibody diluent for 30 min at 20°C. Samples were
exchanged into mouse anti-cytokeratin 8/18 primary antibody (Ventana Medical Systems, Tucson, AZ) for 1 hour at 4°C, washed
three times in 0.5 mL PBS, 0.1% BSA and 0.1% Tween 20, and incubated for 30 min at 4°C in goat-anti-mouse antibodies conjugated
to Alexa Fluor 488 or Alexa Fluor 647 (2 pg/ml) (Invitrogen, San Diego, CA) and DAPI (3 pM) (Sigma, USA). Stained samples were
washed and filtered prior to analysis and sorting using a BD FACS Aria (656700, Bectin Dickinson) equipped with a 355 nm,
60 mW laser and 450/50 nm filter for DAPI; 488 nm, 60 mW laser and 530/30 nm filter for AF 488; and 633 nm, 100 mW laser and
670/30 nm filter for AF 647. No compensation was used. DAPI was used for doublet discrimination. RS11 tumor nuclei were enriched
by FACS after gating to include cytokeratin positive (CK+), high side-scatter (SSC) nuclei and exclude cytokeratin negative (CK-), low
SSC nuclei. The flow cytometry gating strategy is shown in (Figure S5).

QUANTIFICATION AND STATISTICAL ANALYSIS

Tumor volume sampling analysis
For the the clinical audit data, all samples had data on width (W) and length (L) dimensions available, and tumor volume (T_V) was
estimated using the following formula:

TV=(W xL)/2

(taken from the literature as the most accurate tumor volume measurement approach (Faustino-Rocha et al., 2013)).

Biopsy volume (B_V) was calculated based on the 2D surface area analysis of 8 typical slides, with each slide scanned using the
Aperio AT2 whole slide scanner at 40x. Each image was annotated by hand, following the perimeter of the tissue, and the surface area
calculated via using the Aperio ImageScope software. The average surface area was 3.37cm? and this value was multiplied by slide
thickness (10 um), and the total number of slides used, to obtain B_V estimates per tumor. We note that in cases where multiple slides
were used for molecular profiling, (up to 5 were used), each slide was taken from the same block (i.e., all from one fixed spatial loca-
tion). The proportion of total tumor volume sampled in each case is then simply calculated as B_V /T_V. For the cancer genome atlas
(TCGA) dataset analysis, we extracted summary clinical annotation files for each solid tumor cohort from the Broad Institute TCGA
GDAC Firehose repository. Tumor dimension data was available for n = 1667 samples, across 6 tumor types: ACC, KICH, KIRC,
KIRP, PAAD and THCA. Tumor volume (T_V) was calculated as per above using the formula: T_V = (W? x L) / 2. In cases where
only one dimension was given (i.e., the maximal dimension) this was assumed to be the tumor length, and the tumor width was esti-
mated using a L:W ratio of 1:0.8, with the 0.8 standard value estimated as the median ratio value observed across all cases with avail-
able length and width data. Biopsy sample volumes were calculated from exact length (L), width (W) and depth (D) dimensions,
as given in the clinical annotation files, with biopsy shape assumed to be cuboid and biopsy volume (B_V) calculated as B_V =
L x W x D. Where biopsy dimensions were missing in the clinical annotation files, a standard biopsy volume (B_V) of 0.48cm?®
was assumed, based on the median value from all other bases where data was available. The proportion of total tumor volume
sampled in each case is then simply calculated as B_V / T_V. In Figure 1A, significance was assessed with a Wilcoxon rank-sum
test. In Figure S1 the intratumor heterogeneity scores, for cases overlapping with the proportion of tumor sampled dataset, were
taken from (Raynaud et al., 2018) (number of clones score). Purity estimates, again for TCGA cases overlapping with the proportion
of tumor volume sampled analysis, were taken from (Aran et al., 2015) (consensus purity estimates).

Pr ing of seq ing data

Paired-end reads in FastQ format sequenced by MiSeq and Hiseq were aligned to the reference human genome (build hg19), using
the Burrows-Wheeler Aligner (BWA) v0.7.15. with seed recurrences (-c flag) set to 10000 (Li and Durbin, 2009). Intermediate process-
ing of Sam files was performed using Samtools v1.3.1, deduplication was performed using Picard 1.81 (http://broadinstitute.github.
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io/picard/) and local indel realignment with GATK v3.6. For whole exome and renal driver Panel_v6 sequencing datasets, single
Nucleotide Variant (SNV) calling was performed using Mutect v1.1.7 and small scale insetion/deletions (INDELs) were called running
VarScan v2.4.1 in somatic mode with a minimum variant frequency (-min-var-freq) of 0.005, a tumor purity estimate (~tumor-purity) of
0.75 and then validated using Scalpel v0.5.3 (scalpel-discovery in - -somatic mode) (intersection between two callers taken) (Cibul-
skis et al.,, 2013, Fang et al., 2016, Koboldt et al., 2009). SNVs called by Mutect were further filtered using the following criteria: i)
variant allele frequency (VAF) < 1% in the corresponding germline sample, ii) variants that falling into mitochondrial chromosome,
haplotype chromosome, HLA genes or any intergenic region were not considered, iii) presence of both forward and reverse strand
reads supporting the variant. For custom RS1 panel sequencing data, sequencing was conducted at high depth using unique mo-
lecular barcode (UMI) indexes, and UMI-tools (Smith et al., 2017) was used to group PCR duplicates and de-duplicate reads to yield
one read per group. SNVs were then called using deepSNV (Gerstung et al., 2012), as Mutect is known to not be calibrated for higher
sequencing depth levels. Varscan and Scalpel were used to call RS1 custom panel INDELs as described above. All variants were
annotated using Annovar (Wang et al., 2010). To estimate somatic copy number alterations, CNVkit v0.7.3 was performed with
default parameter on paired tumor-normal sequencing data (Talevich et al.. 2016). Outliers of the derived logR calls from CNVkit
were detected and modified using Median Absolute Deviation Winsorization before case-specific joint segmentation to identify
genomic segments of constant logR (Nilsen et al., 2012). Tumor sample purity, ploidy and absolute copy number per segment
were estimated using ABSOLUTE v1.0.6 (Carter et al., 2012). Neoantigen predictions were derived by first determining the 4-digit
HLA type for each patient, along with mutations in class | HLA genes, using POLYSOLVER (Shukla et al., 2015). Next, all possible
9, 10 and 11-mer mutant peptides were computed, based on the detected somatic non-synonymous SNV and INDEL mutations
in each sample. Binding affinities of mutant and corresponding wild-type peptides, relevant to the corresponding POLYSOLVER-in-
ferred HLA alleles, were predicted using NetMHCpan (v3.0) and NetMHC (v4.0) (Andreatta and Nielsen, 2016). Neoantigen binders
were defined as ICsp < 50 nM or rank < 2.0. Signature analysis was conducted on all non-synonymous mutations using package de-
constructSigs (Rosenthal et al., 2016). We additionally checked for evidence of formalin induced artifact variants in the Rep-Seqdata,
given the protocol involves formalin exposed material. Formalin fixed paraffin embedded (FFPE) samples can contain artifacts, typi-
cally arising due to hydrolytic deamination of cytosine to form uracil, or thymine if the cytosine is methylated. Such artifacts are nor-
mally visible as an excess of C > T/G > A mutations at lower variant allele frequency (Wong et al., 2014). Analysis of this in the whole
exome sequencing data from Rep-Seq cases showed no evidence of excess low frequency formalin induced artifact, with the pro-
portion of low frequency (below 5% VAF) C > T mutations being 34.0%, closely comparable to the average across all base changes
(33.3%) (Figure S5).

Analysis of pooled cocktail sequencing data

The final set of cocktail samples included 79 tumors with matched processed reference datasets from multi-region sequencing. The
number of biopsies per cocktail sample ranged from 2 to 75 with a median number of 8 biopsies per tumor and a total number of 1,184
individual biopsies. As areference dataset of true variants, we used previously published multi-region sequencing variant calls from
the same cases, which represented the sum of all variants detected in each tumor (Turajlic et al., 2018). In our analysis we compared
the overall performance of single-region and cocktail sequencing, in detecting somatic mutations from the known truth set. The single
region sample was selected as one random single-region biopsy per tumor, from the overall multi-region dataset. We first evaluated
the performance of the cocktail sequencing approach compared to multi-region and single region sequencing, by comparing the
number of somatic variants detected per tumor with each approach. To reflect the average performance of single region biopsies,
we calculated the mean number of variants detected through single-region sequencing per tumor. We next determined the detection
rates of true variants in the cocktail and the single-region samples using the multi-region sequencing dataas a reference. Significance
was assessed with a paired Wilcoxon Test. Finally, in order to establish the accuracy of the cocktail sequencing approach, we next
determined the correlation between the variant allele frequencies (VAF) of all somatic mutations detected through multi-region
sequencing and the VAFs from the cocktail samples as well as a randomly selected single-region biopsy per tumor. The multi-region
VAFs were calculated as the mean VAFs across all regions included in the cocktails. The correlations were calculated with a Spear-
man’s rank-order correlation test.

Analysis of in-silico pooled cocktail sequencing data

For the analysis presented in Figures 1E and 1F, we made use of two additional multi-region sequencing datasets: i) the TRACERx100
non-small cell lung cancer dataset (Jamal-Hanjani et al., 2017) and ii) a cohort of urothelial carcinomas (Lamy et al., 2016, Thomsen
et al., 2016). Each multi-region sample had undergone whole exome sequencing, as described previously described (Lamy et al.,
2016, Thomsen et al., 2016, Jamal-Hanjani et al., 2017). Sequencing reads were reverted back to fastq format using bam2fastq,
and alignment/variant calling was conducted as described above. The in-silico cocktail samples were created for each case by
down-sampling the reads in each biopsy sample using picard-tools “DownsampleSam,” and then remerging the down-sampled
BAM files to make a merged in-silico cocktail sample. The down-sampling proportion was selected to ensure the merged in-silico
cocktail sample had equivalent coverage to a single biopsy samples for that tumor (e.g., if a tumor had five different biopsy samples
sequenced, a proportion of 0.2 of each BAM was taken to create a merged file of equivalent depth to a single biopsy). For each data-
set, TMB was measured as the number of missense variants per tumor, with a high TMB threshold of 200 missense mutations used,
which prior analysis has shown is equivalent to the 10 mutations/Mb threshold (synonymous and non-synonymous) derived from
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higher coverage panel datasets (Budczies et al., 2019). The TMB values were calculated using three different methods: A) Single bi-
opsy-TMB, based on the number of mutations in each individual biopsy sample. B) clonal-TMB, based on the full multi-region data for
each tumor, with mutations being judged as clonal by simple ubiquity across all tumor regions. C) Cocktail-TMB, based on the num-
ber of predicted clonal mutations within the in-silico cocktail, with clonality determined by clustering variant allele frequency values
using R function daisy, with the distance matrix computed using Gower's formula, and the number of clusters set to two (such that
mutations were grouped into either clonal/subclonal groups).

Custom panel design

To conduct in-depth validation of the representative sequencing method high coverage profiling was conducted in case RS1, using a
custom panel. The panel design was based on whole exome sequencing results from: i) 7 biopsies taken from the RS1 primary tumor
(before homogenization) and ii) an aliquot of the RS1 homogenized solution. SNV and INDEL mutations were called across the 8 sam-
ples as described above, and a total of 76 non-synonymous mutations were detected (Table S6). These 76 mutations were success-
fully captured in a targeted custom panel, and sequenced to high depth (median > 10,000x) in the 64 primary biopsies, 11 biopsies
taken from 2 lymph node metastases, 4 biological primary Rep-Seq replicates, 6 circulating tumor (ct) DNA samples collected at
different time points, and 3 homogenized lymph node Rep-Seq samples. As an additional validation, all 76 RS1 variants were
also validated using lon Torrent sequencing, as orthogonal confirmation.

Jaccard reproducibility analysis

The reproducibility of variant discovery between RS1 tumor biopsies, Rep-Seq biological replicates and ctDNA samples was as-
sessed using the Jaccard similarity coefficient. Each pairwise combination between samples (within each group) was considered,
e.g., Biopsy1 (A) versus Biopsy2 (B), Biopsy1 (A) versus Biopsy3 (B), etc. Jaccard similarity coefficient was calculated using the stan-
dard formula (J):

J =M1 /(Moy + Myo + Myy)

where M, represents the total number of variants present in both samples A and B, Mg represents the total number of variants pre-
sent in A but not B and My, represents the total number of variants present in B but not A.

Clustering and phylogenetic analysis

Clustering analysis was performed on cases RS1 (custom panel data) and RS2 (whole exome data) using PyClone Dirichlet pro-
cess clustering (Roth et al., 2014). For each mutation, the observed alternative allele count, reference count and total local tu-
mor copy number was used as input, together with the purity for each sample. PyClone was run with 10,000 iterations and a
burn-in of 1000, and default parameters, with-var_prior total_copy_number. For RS1, two separate PyClone runs were conduct-
ed, the first for the primary multi-region biopsies dataset. Of the total n = 64 primary biopsies sequenced, n = 52 passed quality
control for clustering analysis, with n = 12 biopsies excluded due to lower purity (measured based on purity being too low to call
the known clonal 3p copy number loss event correctly). The second RS1 PyClone clustering run was conducted just for Rep-
Seq homogenate sample alone (n = 1), using the same parameters. Similarly, three separate PyClone runs were conducted for
case RS2, for single biopsy LN sample (alone), Rep-Seq LN sample (alone) and then all biopy samples (from LN and eight other
sites of metastases).

lllusion of clonality simulation

To assess the risk of illusion of clonality, a biopsy sampling approach was simulated, for 1 up to 20 biopsies taken, using the
RS1 datatset. For each biopsy number (n = 1-20), a random sample of biopsies of size n was drawn from the total set of 64
primary biopsies profiled for RS1. Within the random sampled set, the number of mutations which appeared to be clonal (based
on being ubiquitously present in all biopsies in the sampled set) was calculated. This list was then compared to the known list of
truly clonal mutations (from the full 64 set), and percentage of variants which were incorrectly classified as clonal was recorded.
This process was repeated for 100 iterations for each n, to give a distribution, from which mean and standard deviation values
were calculated.

Analysis of purity enriched data

For RS12, whole exome sequencing case conducted using the standard Rep-Seq protocol, and then repeated with the additional
step of flow sorted purity enrichment. Variant calling was completed, and purity estimates calculated in both samples in the same
way, as detailed above. The number of variants discovered in each sample, and then those in common across samples were calcu-
lated and plotted in Figure 5.

Statistical methods

Statistical package R v3.3.2 or higher was used for all analysis. All statistical tests were two-sided. The tests used for each analysis
are listed above in the relevant methods section.
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DATA AND CODE AVAILABILITY

Sequencing data that supports this study has been deposited at the European Genome-phenome Archive (EGA), which is hosted by
the European Bioinformatics Institute (EBI); under accession number EGAS00001004246. The TRACERx lung exome sequence data
used during the study is available through the Cancer Research UK & University College London Cancer Trials Centre (ctc.tracerx@
ucl.ac.uk) for non-commercial research purposes, and access will be granted upon review of a project proposal that will be evaluated
by a TRACERx data access committee and entering into an appropriate data access agreement subject to any applicable ethical
approvals.
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Somatic substitution signature as
an innovative tool in lung cancer
diagnosis

Stéphane Busca?, Julia Salleron?, Romain Boidot(?**, Jean-Louis Merlin'* &
Alexandre Harlé(H%®

Diagnosis of lung cancer can sometimes be challenging and is of major interest since effective
molecular-guided therapies are available. Compounds of tobacco smoke may generate a specific
substitutional signature in lung, which is the most exposed organ. To predict whether a tumor is of
lung origin or not, we developed and validated the EASILUNG (Exome And Signature LUNG) test
based on the relative frequencies of somatic substitutions on coding non-transcribed DNA strands
from whole-exome sequenced tumors. Data from 7,796 frozen tumor samples (prior to any treatment)
from 32TCGA solid cancer groups were used for its development. External validation was carried out
on a local dataset of 196 consecutive routine exome results. Eight out of the 12 classes of substitutions
were required to compute the EASILUNG signature that demonstrated good calibration and good
discriminative power with a sensitivity of 83% and a specificity of 72% after recalibration on the external
validation dataset. This innovative test may be helpful in medical decision-making in patients with
unknown primary tumors potentially of lung origin and in the diagnosis of lung cancer in smokers.

Current cancer therapies are generally based on anatomical site. Identifying a tumor’s origin is therefore crucial
for treatment selection. Lung cancer is the most common major cancer diagnosed worldwide' and is mostly
represented by two subtypes, small cell lung carcinoma and non-small cell lung carcinoma (NSCLC), accounting
for 15% and 85% of all lung cancer, respectively’. Squamous cell carcinoma (SCC) represents 25 to 30% of lung
cancers and adenocarcinoma is the most common histological subtype of lung cancer, representing 40% of all
lung cancers. A cancer diagnosed at a metastatic stage with no identifiable primary tumor is termed a cancer of
unknown primary origin (CUP). A diagnosis of CUP is evocated when the clinical picture of metastatic disease is
associated with one or more tissue biopsy results that are inconsistent with a determined primary tumor. Two to
four percent of newly diagnosed cases of carcinoma are CUP; histological subtypes of these CUP are adenocar-
cinomas (40-60%), undifferentiated carcinomas (15-30%), and SCCs (15-20%)". Patients with CUP syndrome
have a median survival of 8-11 months and only 25% surviveat 1 year".

The Human Genome Variation Society (HGVS) nomenclature defines 12 different somatic substitution classes
(C>A,G>T,C>G,G>C,C>T.G>A,A>C,T>G,A>G,T>C A>T,and T > A) that can be read on the
coding non-transcribed DNA strand. Some childhood cancers, like acute myeloid leukemia (AML), are reported
to carry very few somatic substitutions, whereas cancers such as lung carcinomas and malignant melanoma,
which are related to chronic exposure to mutagens such as tobacco or ultraviolet light, present with a high num-
ber of somatic substitutions®. The prevalence of somatic substitutions, quantified in substitutions per megabase
(sub/Mb), can be calculated by dividing the number of somatic substitutions by the size of the DNA sequence tar-
geted region in Mb; this is also known as the tumor mutational burden. A mutational signature is a characteristic
combination of mutation types arising from specific mutagenesis processes, such as DNA replication inﬁdelity,
exposure to exogenous and endogenous genotoxins, defective DNA repair pathways, and DNA enzymatic edit-
ing’. Tissues directly exposed to tobacco smoke (e.g., lung), as well as some tissues not directly exposed (e.g., blad-
der), show elevated levels of DNA adducts in smokers and thus evidence of exposure to carcinogenic components
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of tobacco smoke*’. Benzo[a] pyrene (BaP) present in tobacco smoke is the most extensively studied compound.
After two successive oxidation reactions mediated by cytochrome P450 enzymes (largely CYP1A1), BaP is con-
verted to benzo[a]pyrenediolepoxide (BPDE). BPDE is considered an ultimate carcinogen because, unlike its
BaP precursor, it has the ability to directly attack and form covalent adducts with DNA bases, which may then
generate G > T/C> A somatic substitutions. Importantly, exposure of a cell to polycyclic aromatic hydrocarbons
like BaP and other compounds of tobacco smoke increases synthesis of CYP1AL1, thereby accelerating these reac-
tions in cells'*"!, and may generate a specific substitutional signature in lung, which is the most exposed organ.

‘The aim of our study was to develop and validate an innovative genomics-based test, the EASILUNG (Exome
And SIgnature LUNG) test, able to predict whether or not a tumor is of lung origin using only the prevalence and
the relative frequencies of somatic substitutions from whole-exome sequencing (WES) results.

Methods

Development dataset. We used the full publicly available TCGA data where somatic mutations are pro-
vided as simple somatic mutations (SSM) from WES results. SSM consists of somatic substitutions, deletions
of <200bp, insertions of <200 bp, and multiple base substitutions (>2bp and <200bp). Mutation annotation
format (MAF) files containing open access SSM data of the cancer genomes used in this study were obtained from
all 33 TCGA groups (February 1, 2016). SSM data from all genome sequencing center (GSC) platforms available
were downloaded, corresponding to 130 MAF files containing somatic mutation data from 28,437 WES results
from 9,522 distinct tumors sequenced by one to seven GSCs. All TCGA data were generated from frozen tumor
samples prior to any treatment. The AML group (2 MAF files containing 394 WES results from 197 distinct
samples), WES results with any substitutions (35 WES results), and MAF files that did not include the size of the
targeted region of the exome (76 MAF files containing 16,514 WES results) were excluded from the development
dataset; these conditions were not mutually exclusive. All WES results from all TCGA solid cancer groups (32/33
TCGA groups) from all GSC platforms that included the size of the targeted region of the exome in MAF files or
in previously related TCGA publications were evaluated for the development dataset'>*’, corresponding to 54 of
the 130 MAF files containing somatic mutations in 11,720 WES results from 7,796 of the 9,342 distinct tumors.
Each TCGA tumor had a unique barcode; if several GSCs had sequenced the same tumor and there were multiple
WES results for the same tumor, a randomization was carried out to select only one WES result for each tumor.
In total, the development dataset indluded 7,796 WES results from 7,796 distinct tumor samples (745 lung cancer
and 7,051 non-lung cancer). All details are provided in Supplementary Methods.

Substitution classes and prevalence of somatic substitutions. Somatic substitutions were analyzed
on the coding non-transcribed strand and their absolute frequencies were dlassified into the 12 classes according
to the HGVS nomenclature (C>A,G>T,C>G,G>C C>T,G>A,A>CT>G,A>G, T>C,A>Tand
T > A). Targeted region size (in Mb) and absolute frequencies of the 12 somatic substitution classes read on the
coding non-transcribed strand were collected. Insertion, deletion, and multiple base substitutions were not con-
sidered. The total number of somatic substitutions was obtained by adding absolute frequencies of the 12 somatic
substitution classes. Prevalence of somatic substitutions for each tumor was quantified in sub/Mb and was calcu-
lated by dividing the total number of somatic substitutions by the size in Mb of the exome targeted region, which
varied between 36 to 64 Mb across TCGA GSCs and groups of solid cancers (Supplementary Methods).

Relative frequencies of substitution classes. Relative frequencies of somatic substitutions for each class
(%CA, %GT, %CG, %GC, %CT, %GA, %AC, %TG, %AG, %TC, %AT, and %TA) were determined as the absolute
frequency of each somatic substitution class (respectively C>A,G>T,C>G,G>C,C>TG>A,A>C,T>G,
A>G,T>C, A>T and T> A) divided by the total number of somatic substitutions.

External validation dataset. A total of 196 consecutive tumor samples sequenced between January 2015
and August 2017 available from the Molecular Tumor Board of Centre Georges-Frangois Leclerc (CGFL, Dijon,
France) was used for the external validation dataset. Informed consent was obtained for each patient and the
study was approved by the Centre Georges-Frangois Leclerc ethical board. All methods were performed in
accordance with the relevant guidelines and regulations.

All tumors had WES results and matched histopathological characteristics. All tumors and paired germline
DNA were sequenced in 2 x 150 cycles on NextSeq. 500 using the Agilent SureSelect XT Human All exon v5 kit
(targeted region = 50 Mb). All samples were FFPE or snap-frozen human tumors (primary or metastasis) from
different histological classes and localizations. Initial site and diagnoses were determined using histopathological
information. For all samples, normal DNA from the same individuals had also been sequenced to establish the
somatic origin of variants and exclude germline single nucleotide polymorphisms. For each tumor, a file con-
taining two columns with the allele of reference and mutated allele for each single-base substitution read in the
coding non-transcribed strand was sent to our institution (Institut de Cancérologie de Lorraine, France), blinded
of all other parameters.

Identification of the predictive model and establishing the EASILUNG signature.  Patients with
a somatic substitution prevalence of <1 sub/Mb were classified as having non-lung cancer. For patients with a
somatic substitution prevalence of >1 sub/Mb, the EASILUNG signature was computed using the 12 substitution
classes. They were described by the median and the interquartile range, since the distributions of these parameters
were not normal according to the Kolmogorov-Smirnov test. The log-linearity assumption of the logistic model
was checked. This was carried out by categorizing each classes of substitution into 10 groups (corresponding to
deciles) and by looking at the plot of the logit of observed percentages of lung cancer in each class. When this
assumption was not verified, the continuous parameter was transformed into binary variables. This was per-
formed by using the AUC. The threshold maximizing the Youden index was chosen.
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A multivariable logistic regression was performed with the 12 substitution classes as independent parameters
and the lung cancer as the dependent parameter (full model). The simplification of this full model to avoid over-
fitting was done using a multivariable logistic regression with backward selection at the level p = 0.2. The stability
of the selected model was investigated using the bootstrap resampling method™. A multivariable logistic regres-
sion was performed using the substitution classes selected by the bootstrap resampling method (final model).
Results of the final model were expressed as Odds ratio and 95% confidence interval. Odds ratio correspond to
the exponential function of the regression coefficient (e3). These regression coefficients (3) were multiplied by
100 and rounded to the nearest integer to obtain the EASILUNG score points. These integers were then added to
obtain an overall lung cancer signature for each patient, namely the linear predictor. The model’s discriminative
performance was assessed by the AUC, and the calibration by the Hosmer-Lemeshow chi-square test. The thresh-
old of the predicted risk score maximizing the Youden index was chosen and the sensitivity and the specificity
with their 95% confidence intervals were computed.

‘The overall performance of the classification was assessed by taking into account the patients with a somatic
substitution prevalence of <1 sub/Mb by classifying them as having non-lung cancer, because reports of lung
cancers with a <1 sub/Mb prevalence are rare in smokers®. The sensitivity and the specificity with their 95%
confidence intervals were computed on the total population. The sensitivity corresponded to the number of cases
with a score greater than the pre-specified threshold divided by the number of lung cancers. The specificity cor-
responded to the number of cases with a somatic substitution prevalence of <1 sub/Mb plus the number of cases
with a score less than pre-specified threshold divided by the number of non-lung cancer.

External validation. The EASILUNG score was computed on the validation set. The discriminative perfor-
mance of the EASILUNG test on the validation set was assessed by the sensitivity and the specificity using the
threshold identified with the development dataset. The calibration of the EASILUNG signature was assessed by
computing the logistic regression coefficients (the intercept A and the slope B of the regression) using a logis-
tic regression with the presence of lung cancer as dependent variable and unmodified EASILUNG signature as
independent parameter. Perfect predictions correspond to an intercept A of 0 and slope B of 1. If this condition is
not satisfied, a recalibration has to be performed by computed “A + B x EASILUNG score” giving a recalibrated
EASILUNG score®!. After the recalibration, the discriminative performance was assessed by the AUC and the
calibration by the Hosmer-Lemeshow chi-square test. A new threshold maximizing the Youden index was chosen
and the sensitivity and the specificity with their 95% confidence intervals were computed.

Results

Score development. The development dataset included 7,796 WES results from solid tumors from The
Cancer Genome Atlas (TCGA). Among the 7,796 samples, 745 (9.56%) were tumors where the primary origin
was lung, from the lung adenocarcinoma group ([LUAD]) or the lung SCC group ([LUSC]) and 7,051 (90.44%)
were from the 30 other non-lung primary location groups (Supplementary Table 1). Among these 7,796 samples,
2,888 samples had a somatic substitution prevalence of <1 sub/Mb, including 43 lung cancer cases (1.5%). We
considered one lung tumor with a somatic substitution prevalence lower than 1 sub/Mb to be non-lung cancer
(because reports of lung cancers with a <1 sub/Mb prevalence are rare). Table 1 describes the 12 substitution
classes for the 4,908 tumors with a somatic substitution prevalence of >1 sub/Mb, including 702 (14.3%) lung
tumors and 4,206 (85.70%) non-lung tumors. The bivariate analyses demonstrated that all dasses of substitutions
were predictive of lung cancer (Table 2). A relative frequency of C > A (%CA) greater than 12% or of G>T
(%GT) greater than 13% were associated with a greater risk of lung cancer (respectively with an odds ratio and
95%CI of 14.44 [11.95;17.46] and 9.17 [7.66;10.98]) whereas the presence of C > G or G > C were associated with
alower risk of lung cancer (respectively 0.45 [0.38;0.54] and 0.50 [0.42;0.60]). The full multivariate model to pre-
dict lung cancer including the 12 substitution classes is reported in Table 2.

After backward selection with bootstrap validation, eight classes of substitutions were significantly associ-
ated with lung cancer and were retained for the EASILUNG test (Table 3). Thus, the final score is defined as
Score=+175(if %CA > 12) 4 62(if %GT > 13) — 9*(%CT) — 6*(%GA) — 17¥(%AC) — 74(if %AG > 5) —73(if
%TC > 5). Table 4 details the signature based on these eight classes of substitutions with two examples of how
it was calculated. To illustrate the application of the EASILUNG test (Example 1, Table 4), when we consid-
ered a tumor with %CA =27, %GT =19, %CT =8, %GA = 12, $AC=0, %TG =0, %AG =3, and %TC=35,
the EASILUNG score was 93 and the estimated predicted probability that the tumor was lung cancer was 0.89,
according to Fig. 1.

EASILUNG test performance on an TCGA development dataset. 'The median EASILUNG score
was —485 (IQR from —582 to —353). The score was significantly higher for lung cancer: 0 (from —139to 2) vs
—511 (from —597 to —411) for non-lung cancer (p < 0.0001). Area under the ROC curve (AUC) of the final
model was 0.931 [95%CI 0.920; 0.942]. Descriptive characteristics of the EASILUNG score on the develop-
ment dataset and the probability of lung cancer are provided in Fig. 1. The calibration assessed by the Hosmer-
Lemeshow chi-square test was equal to 10.89 (p = 0.2079). The best EASILUNG score threshold to separate lung
and non-lung cancer was set at —303: a score greater than —303 favored lung cancer. The associated sensitivity
and specificity were respectively 85.7% [83.2%; 88.3%] and 89.6% [88.7%; 90.6%].

Among the 7,796 samples, when we considered the 2,888 samples with a somatic substitution prevalence of
<1 sub/Mb to be non-lung cancer, the respective overall sensitivity and overall specificity of the EASILUNG-test
were 80.0% [77.1%; 82.8%)] (596/745) and 94.3% [93.7%; 94.8%)] (6,646/7,051).

Performance of the EASILUNG test thresholded at —303 on the development dataset are presented for lung
adenocarcinoma and lung SCC according to patients’ smoking status, and for all other solid cancer groups and
subgroups in Supplementary Table 2.
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%CA >12 13.47% (661) 7.01% (295) 52.14% (366) <0.0001
%GT >13 15.14% (743) 9.49% (399) 49% (344) <0.0001
%CG =1 82.46% (4047) 84.38% (3549) 70.94% (498) <0.0001
%GC =1 81.32% (3991) 83.05% (3493) 70.94% (498) <0.0001
%CT, median (IQR) 22(15;30) 24(18;31) 11(0; 16) <0.0001
%GA, median (IQR) 22 (15; 30) 25(18;32) 11(0; 16) <0.0001
%AC, median (IQR) 1(0;2) 1(0;3) 1(0; 1) <0.0001
%TG, median (IQR) 1(0;3) 1(0;3) 0(0; 1) <0.0001
%AG >5 43.44% (2132) 47.81% (2011) 17.24% (121) <0.0001
%TC>5 42.97% (2109) 47.0% (1977) 18.8% (132) <0.0001
AT >3 26.67% (1309) 24.82% (1044) 37.75% (265) <0.0001
%TA >3 26.55% (1303) 24.37% (1025) 39.6% (278) <0.0001

Table 1. Distribution of the relative frequencies of the 12 substitution classes in the development dataset

for the 4,908 tumors with a somatic substitution prevalence of >1 sub/Mb. Results presented as percentage
and frequency %(n) unless otherwise indicated. IQR: interquartile range; %CA = relative frequency of

C > A substitutions (%); %GT = relative frequency of G > T substitutions (%); %CG = relative frequency

of C > G substitutions (%); %GC= relative frequency of G > C substitutions (%); %CT = relative frequency of
C > T substitutions (%); %GA = relative frequency of G > A substitutions (%); %AC = relative frequency

of A > C substitutions (%); %TG = relative frequency of T >>G substitutions (%); %AG = relative frequency
of A > G substitutions (%); % TC = relative frequency of T >C substitutions (%); %AT = relative frequency of
A>T substitutions (%); %TA = relative frequency of T > A substitutions (%).

%CA >12vs <12 14.44 [11.95; 17.46] 0,001 4.86 [3.59;6.58] 0.001
%GT >13vs <13 9.17 [7.66; 10.98] <0001 162(1.2:2.19] 0.001
%CG >1vs0 0.45 [0.38;0.54] <0001 1.52(0.75:3.06] 0.24
%GC >1vs0 0.50 (0.42; 0. <0.001 158 (0.78;3.22] 0.20
%CT 0.84[0.83; 0. <0001 091 0.88; 093] <0.001
%GA 0.84[0.83; <0001 0.93 [0.91;095) <0.001
%AC 0.67 [0 <0.001 0.82 [0.76: 0.90] <0001
%TG 0.65 (0.6150.70) <0.001 0.83 0.76;0.90] <0.001
%AG >5vs <5 0.23[0.19;0.28) <0001 043 [0.33;0.58) <0.001
%TC >5vs <5 0.26(0.21;0.32) <0001 044 [0.33;0.59] <0.001
%AT >3vs <3 1.84[155;2.17] <0.001 099 (0.74; 1.33] 096
%TA >3vs <3 2.04 [1.72;2.40] <0.001 1.150.86; 1.53] 036

Table 2. Bivariate analysis and full multivariate model with the 12 substitution classes using logistic regression

for the 4,908 tumors with a somatic substitution prevalence of >1 sub/Mb. Cl = confidence interval; vs=versus;
%CA = relative frequency of C > A substitutions (%); %GT = relative frequency of G > T substitutions (%); %CG =
relative frequency of C > G substitutions (%); %GC = relative frequency of G > C substitutions (%); %CT = relative
frequency of C > T substitutions (%); %GA =relative frequency of G > A substitutions (%); %AC = relative frequency
of A> Csubstitutions (%); % TG = relative frequency of T > G substitutions (%); %AG = relative frequency

of A> G substitutions (%); %TC= relative frequency of T > C substitutions (%); %AT = relative frequency of A>T
substitutions (%); % TA = relative frequency of T > A substitutions (%).

Test performance on external validation dataset. Characteristics of 196 samples and distribution of
the relative frequencies of the 12 substitution classes are pr din Suppl tary Tables 3 and 4. Among 196
available tumors with WES data, we considered one lung tumor with a somatic substitution prevalence lower
than 1 sub/Mb to be non-lung cancer. The EASILUNG score was computed on the remaining 195 samples. Before
recalibration by using the threshold of —303, the associated sensitivity and specificity were respectively 48.9%
[34.6%; 63.2%] and 95.3% [91.8%; 98.7%]. Descriptive characteristics of the EASILUNG score on the validation
dataset and the probability of lung cancer are provided in Fig. 2. The new calibration of EASILUNG score was
2.094+0.008 x EASILUNG score. After calibration on the validation dataset, the AUC of the EASILUNG score
was 0.849 [0.781; 0.917]. The calibration assessed by the Hosmer-Lemeshow chi-square test was equal to 8.63
(p=0.3745) with close agreement between predicted and observed risk of lung cancer, with no apparent over- or
underprediction (Supplementary Fig. 1). When using the new threshold of —467 calculated after the calibra-
tion, the associated overall sensitivity and specificity were respectively 83.0% [72.2%; 93.7%] and 72.3% [65.1%;
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%CA >12vs<12 | 5.78 [4.36; 7.66) 1.7547 175
%GT >13ws <13 | 1.86 [1.4; 2.47) 06209 62
%CT 092 (0.9; 0.94] ~0.0863 -9
%GA 0.94 [0.92; 0.96] —0.0631 -6
%AC 084 [0.77; 092) ~0.1719 -17
%TG 084 [0.78; 0.92] ~0.1704 -17
%AG >5vs<5 | 048[036;0.63] —0.7433 —74
%TC >5vs <5 0.48 [036; 0.64] —0.7317 —73

Table 3. Final logistic regression defining the EASILUNG score. *Odds ratio correspond to the exponential
function of the regression coefficient (¢*). 93 Coefficient*100 rounded to the nearest integer CI = confidence
interval; %CA = relative frequency of C > A substitutions (%); %GT = relative frequency of G > T substitutions
(%); %CG = relative frequency of C > G substitutions (%); %GC = relative frequency of G > C substitutions
(%); %CT = relative frequency of C >T substitutions (%); %GA = relative frequency of G > A substitutions
(%); %AC = relative frequency of A > C substitutions (%); %TG = relative frequency of T > G substitutions
(%); %AG = relative frequency of A > G substitutions (%); %TC = relative frequency of T > C substitutions (%);
%AT = relative frequency of A > T substitutions (%); % TA = relative frequency of T > A substitutions (%).

Example 1'¥

Relative frequency 27 19 8 12 0 0 3 &

EASILUNG score= | +175 +62 -72 —72 +0 +0 +0 +0 =93
Example 2%

Relative frequency 2 2 27 37 4 1 6 5

EASILUNG score= | +0 +0 —243 —222 —68 =17, -74 +0 =—624

Table 4. Calculating the EASILUNG score with two examples from the TCGA. %CA = relative frequency of
C > A substitutions (%); %GT = relative frequency of G > T substitutions (%); %CT = relative frequency of

C > T substitutions (%); %GA = relative frequency of G > A substitutions (%); %AC = relative frequency of

A > C substitutions (%); %TG = relative frequency of T > G substitutions (%); %AG = relative frequency of

A > G substitutions (%); %TC = relative frequency of T > C substitutions (%). *For samples with %CA > 12.
OFor samples with %GT > 13. *For samples with %AG > 5. ‘For samples with %TC > 5. “Example 1/Tumor
sample barcode = TCGA-75-7027-01A-11D-1945-08 (lung cancer) with 27% C > A substitutions (+175
since > 12), 19% G > T substitutions(+62 since > 13), 8% C > T substitutions (—9*8), 12% G > A substitutions
(—6%12),0% A > C substitutions (—17*0), 0% T > G substitutions (—17*0), 3% A > G substitutions (0 since
<5),5% T > C substitutions (0 since <5). ®Example 2/Tumor sample barcode = TCGA-75-7027-01A-
11D-1945-08 (non-lung cancer) with 2% C > A substitutions (+0 since <12), 2% G > T substitutions(+0 since
< 13),27% C > T substitutions (—9*27), 37% G > A substitutions (—6*37), 4% A > C substitutions (—17*4),
1% T > G substitutions (—17*1), 6% A > G substitutions (—74 since>>5), 5% T > C substitutions (0 since <5).

79.5%). Se and Sp were respectively 88.2%[77.4%; 99.1%] and 70.9%(62.9%; 78.8%] for the 161 FFPE samples and
64.3%[39.2%; 89.4%)] and 80.9%[64.2%; 97.7%] for the 35 fresh frozen samples without any difference on sensitiv-
ities (p=10.095) nor specificities (p =0.339). The associated performance of the EASILUNG test on the validation
d is detailed in Suppl y Table 5.

Discussion

Lung carcinogenesis by tobacco smoke induce a characteristic pattern of substitutions, our goal was to focus on
somatic substitutions to exhibit how these parameters may be helpful to discriminate lung cancer from other
cancers, especially in patient exposed to tobacco smoke. EASILUNG test use the relative frequency of somatic
substitutions from WES results as a diagnostic tool. Using TCGA data, Alexandrov et al.® published a comprehen-
sive signature dassification based on the different patterns of genomic substitutions in cancer. In their study, they
describe signatures with 96 parameters, corresponding to the type of substitution in their trinucleotide context,
and in particular a tobacco-induced signature. These 96-parameter signatures are descriptive and are not actually
used clinically in diagnosis, because each is present in several classes of cancer, e.g. the signature proposed for
tobacco is present in the same way in lung cancers, head and neck SCCs, and in liver hepatocellular carcinoma®,
without specified thresholds and therefore without assessment performed for the sensitivity and specificity of
these signatures. Based on only 8 variables, here we propose a score that can be easily applied to whole-exome
results in cases where the somatic substitution prevalence is > 1 sub/Mb. The 8 substitutions retained for the score
are the signature of tobacco related lung cancer.
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Figure 1. Description of the EASILUNG score in the development dataset. This includes the 4,908

tumors with a somatic substitution prevalence of >1 sub/Mb and shows the estimated probability of

lung cancer calculated from the EASILUNG score according to the values of the score. Logit (lung

cancer) = 1.216 4 0.010 x EASILUNG score. Probability of lung cancer = 1/(1 + exp [ —logit(lung cancer)]).
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Figure 2. Description of the EASILUNG score in the validation dataset. This includes the 195 tumors

with a somatic substitution prevalence of >1 sub/Mb and shows the estimated probability of lung

cancer calculated from the EASILUNG signature according to the values of the score. Logit (lung

cancer) =2.094 +0.008 x EASILUNG score. Probability of lung cancer = 1/(1 + exp [ —logit(lung cancer)]).

We stated the threshold of 1 sub/Mb as a hypothesis for this work, as we assumed that tobacco related cancers
were more likely to carry at least one somatic mutation per megabase, as described in several publications. This
threshold allows an easy selection of potential candidate tumors for the application of the score. The interest of
this threshold is to have a minimal number of substitutions allowing a statistical analysis using 12 variables (at
least 40 substitutions considering exome targeted region >>40 Mb). Furthemore, tobacco-induced lung cancer
with <1 sub/Mb is uncommon, in opposite to lung cancer in non-smokers. Finally, this threshold minimizes the
artifacts of non-smokers lung tumors data in a score which is related to tobacco smoke. By a posteriori assess-
ment, we noticed that this threshold is the value that allows to reach the best NPV (98.5%). Moreover, the thresh-
old of 1 sub/Mb on an exome sequence makes possible to have an acceptable number of substitutions - at least
forty if the exome targeted region is >>40 Mb - making the analysis of the distribution of 12 variables statistically
significant.

. We decided to use the 12 somatic substitution classes in order to consider transcriptional strand biases which
is not possible with the regular 6-subtypes approach and also avoid to use the 96-subtypes model to develop a
tool easy to use in everyday practice. Strand bias of tobacco-induced mutagenesis could be indicative of spe-
cific repair processes that are active in the cell; the mutational signature associated with lung cancer exhibited
predominantly G >T/C > A substitutions with a transcriptional strand bias (more G > T transversions than
complementary C > A somatic substitutions in the coding non-transcribed strand), suggesting the formation
of bulky adducts on guanine and previously described by Alexandrov et al.®. The efficiency of DNA damage and
DNA maintenance processes differ between the transcribed and non-transcribed gene strands. A well-known
cause of this phenomenon is transcription-coupled nucleotide excision repair (NER) that operates predomi-
nantly on the transcribed strand of genes and is initiated by RNA polymerase II when it encounters bulky DNA
helix-distorting lesions*. The high rate of G > T/C > A somatic substitutions in lung cancer is probably an
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imprint of the bulky DNA adducts generated by polycyclic hydrocarbons found in tobacco smoke and their
removal by transcription-coupled NER™. Furthermore, in our study high C > A relative frequency (%CA > 12%)
was the most discriminative parameter, with the highest odds ratio, followed by high G > T relative frequency
(%GT > 13%). The higher prevalence of G > T substitutions on the non-transcribed strand compared to comple-
mentary C > A substitutions in lung cancer reflects this strand bias and confirms that bulky adduct damage to
guanine may be the cause of the observed mutations.

The AML cancer group was not included simply because there is no possible diagnostic confusion between
AML and solid cancers in routine clinical practice. Furthermore, AML genomes have fewer mutations than most
other adult cancers, with an average of only 13 mutations found*'. Because of the low density of somatic substi-
tutions in AML (<1 sub/Mb), to reject AML the specificity of our test would have be equal to 100%. Inclusion of
AML would have caused inflation of the specificity of our test without any clinical relevance.

No somatic substitution was described in 35 tumors (1 lung SCC and 34 non-lung tumors), accounting for
approximately one tumor out of 1000 in TCGA. We assumed that these tumors were simply carrying too few
mutations or may have somatic mutations with low allele frequencies that may be excluded from the variants
list***, We thus decided to exclude these 35 tumors from our validation dataset, even though our calculated
specificity would have been artificially better, since all of these 35 tumors would have been considered as negative
by the EASILUNG test (<1 sub/Mb).

We chose to make distinct TCGA histological subgroups, smoking status subgroups and immunophenotypical
subgroups (see Supplementary Table 2) relevant in the differential diagnosis, because some TCGA groups are very
heterogeneous. Heterogeneity of the results in lung cancer subgroups according to smoker status (Supplementary
Table 2) suggest a high potential for our test in smokers: in lung adenocarcinoma group, positivity of the test is
higher than 90% in current reformed smoker for <15 years and current smoker (includes daily smokers and
non-daily smokers or occasional smokers) subgroups and decrease to 38% in lifelong Non-smoker subgroup
(less than 100 cigarettes smoked in lifetime). We also specified anatomical subdivision in the head and neck SCC
group because epidemiological and etiological heterogeneities exist in these subgroups although the histological
type is still SCC. The larynx is the anatomic region closer to the trachea than other anatomic regions of head
and neck SCC. It is therefore clinically relevant to evaluate the results of our test in these different anatomical
subgroups. Positive EASILUNG tests in SCCs localized in the larynx (30/61; 49%), which suggests this location is
more closely similar to lung SCCs than other head and neck SCC locations: oral cavity (6/153; 4%), oropharynx
(2/27; 7%), and hypopharynx (0/3; 0%). The gradient in test positivity through the airways in the head and neck
SCC group may reflect the existence of an underlying, parallel gradient in the extent of exposure of cells of the
respiratory tract to BaP and other tobacco smoke carcinogens. These results can be linked with a previous study™
about a gradient in the prevalence of TP53 G > T transversions in cancers of smokers, from low in the oral cavity,
to intermediate in the larynx, and high in various histological types of lung cancers. The EASILUNG score is not
limited in discriminating smoking lung cancer from non-smoking cancers. This score is also able to discriminate
smoking lung cancer from other localizations independently of the tobacco status. For example (Supplementary
Table 2), patients with lung cancer that are current reformed smoker for <15 years or current smoker (includes
daily smokers and non-daily smokers or occasional smokers) have a positive score in 93% and 91% respectively
and patients with head and neck cancer or bladder which are also often smoking-related have a positive score in
only 14% and 6% respectively.

Some RNA-based molecular tests studying mRNA expression exist to help identify cases not resolved by
immunohistochemistry and classified as CUP. More recently, an alternative strategy was to propose a treatment
targeting the supposed primary tumor according to the molecular signature, based on gene expression analyzed
by a92-gene RT-PCR assay”. In this study, the sensitivity was 63% for lung adenocarcinoma from frozen samples
and 0% for formalin fixed paraffin-embedded (FFPE) samples. One of the hypotheses explaining the limitations
of diagnostic methods studying mRNA expression is that a genetic signature predisposing to metastasis coexists
in primary tumors with the tissue-specific genetic signature. This “metastatic” genetic program that transcends
distinctions between the original tissues has been described and could lead to errors in the molecular classifi-
cation of various tumors at primary sites such as breast or bladder”. The selection of genes relies heavily on the
number and type of primary solid tumors studied. In most published series, the “training set” included fewer than
1000 tumor specimens (typically 100-400). In addition, gene expression profiles are heterogeneous in pulmo-
nary adenocarcinomas™. By studying DNA, our approach is not impacted by these limitations; this explains our
good results and suggests the superiority of our approach in lung cancers, particularly in adenocarcinomas. By
analyzing lung adenocarcinomas and lung SCC, we cover the two most prevalent lung cancer histologies and our
results suggest that the EASILUNG test remained acceptably sensitive and strongly specific on FFPE samples. The
mutational artefact potentially generated by formalin fixation*’ was not a limitation for our test, as demonstrated
by our local sample results. Indeed, formalin crosslinking with cytosine nucleotides on either strand can result
in incorrect incorporation of adenine in place of guanosine, causing an artificial C > T/G > A mutation*'* that
could impact negatively the score (Table 2).

A known major issue of external validation studies is that they are often based on small and local datasets.
This means that there is often heterogeneity in the performance of prediction models and that multiple external
validation studies are needed to fully appreciate the generalizability of a model. Our external validation shows
that the EASILUNG test will be suitable for other datasets in different platforms without modifying the signature
but after a recalibration in each platform before a routine use: this recalibration per platform is required to define
the specific threshold to be used. Our diagnosis approach could allow the detection of lung cancer using circulat-
ing tumor DNA (ctDNA) detection. ctDNA is a promising biomarker for noninvasive assessment of cancer. In a
previous study, ctDNA have been detected in 100% of patients with stage II- to IV NSCLC and in 50% of patients
with stage I, with 96% specificity for mutant allele fractions down to ~0.02%*'. Exome-wide analysis of circulating
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tumor DNA could complement current invasive biopsy approaches to identify single somatic substitutions spec-
tra and density associated with lung cancer in a future blood-based screening strateg

In conclusion, we developed an innovative genomics-based tool which may be helpful in diagnosis of lung

cancer and in medical decision-making for patients with a history of tobacco smoking with unknown primary
tumors potentially of lung origin. The external validation of our test confirmed its great potential. Multiple exter-
nal validation studies and prospective validation studies on exome results are needed to fully realize the general-
izability of our model. Clinical trials are required to evaluate its benefits to patients.

Data Availability

The local validation sample datasets analyzed during the current study are not fully publicly available: due to
reasonable privacy and security concerns, the data are not easily redistributable to researchers other than those
engaged in Institutional Review Board-approved research collaborations with the named medical center.
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Expression of pEGFR and pAKT as
response-predictive biomarkers for RAS
wild-type patients to anti-EGFR monoclonal
antibodies in metastatic colorectal cancers
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de la Recherche Médicale (INSERM), Unité Mixte de Recherche (UMR)-S1147, Personalized Medicine, Pharmacogenomics,
Therapeutic Optimization, Université Paris Descartes, 45 rue des Saints Péres, 75006 Paris, France

Background: RAS wild-type (RAS,,x) tumours have been associated with better outcomes in patients with metastatic colorectal
cancer (MCRC) treated with anti-EGFR monoclonal antibodies (mAb). We investigated the expression of EGFR downstream
proteins under their active phosphorylated forms as potential markers in response to these patients.

Methods: One-hundred tumour samples were collected from patients with mCRC refractory to FOLFOX and/or FOLFIRI and
treated by a combination of chemotherapy with anti-EGFR mAb. The outcomes were measured on response evaluation criteria in
solid tumour (RECIST), progression-free survival (PFS) and overall survival (OS). All samples were assessed for RAS and BRAF
mutations, and the key phosphorylated proteins of EGFR downstream signalling were quantitatively analysed using the BioPlex
Protein array.

Results: Among the 60 RAS, patients, 45.0% achieved a complete or partial response when treated with anti-EGFR mAb.
Expression of pAKT, pERK1/2 and pMEK1 was significantly lower in RAS,, patients (P=0.0246; P=0.004; P=0.0110, respectively).
The response rate was significantly higher for RAS,; patients who express pEGFR and pAKT (P=0.0258; P=0.0277, respectively).

Conclusions: Overexpression of pEGFR and pAKT may predict the response rate in RAS,,; patients treated with anti-EGFR mAb.
On the basis of our results, we hypothesise that the association of anti-EGFR mAb and anti-AKT therapies could be of interest.

Colorectal cancer is the third most common cancer worldwide with
more than one million patients diagnosed each year, among 50% of
whom will develop metastatic disease (Jemal et al, 2011; Tougeron
et al, 2013). Recent efforts to improve the treatment of metastatic
colorectal cancer (mCRC) have led to the development of
monoclonal antibodies (mAbs) such as cetuximab and panitumu-
mab that inhibit the activation of the epidermal growth factor
receptor (EGFR) and its downstream pathways (namely RAS/RAF/

MAPK and PI3K/AKT/mTOR) that promote cell growth, prolifera-
tion, inhibition of apoptosis, invasion and metastasis. Evidence has
first showed that patients with codon 12 or 13 KRAS-mutant
tumours receive little or no benefit from anti-EGFR therapies as
single agents or combined with chemotherapy (Di Fiore et al, 2007;
Khambata-Ford et al, 2007; De Roock et al, 2008; Lievre et al,
2008). More recent studies revealed that the presence of mutations
on exons 2, 3 and 4 of KRAS or NRAS were also predictive of

*Correspondence: Dr A Harlé; E-mail: a.harle@nancy.unicancer.fr
Received 13 January 2015; revised 3 April 2015; accepted 16 June 2015
© 2015 Cancer Research UK. All rights reserved 0007 - 0920/15

www.bjcancer.com | DOI:10.1038/bjc.2015.250

Advance Online Publication: 14 July 2015 1

82



BRITISH JOURNAL OF CANCER

resistance to anti-EGFR therapies (Douillard et al, 2013; Sorich
et al, 2014). In other words, cetuximab or panitumumab shows
benefits only to ‘RAS wild-type’ patients, that is, patients with
tumours that are not bearing mutations on exons 2, 3 and 4 of
KRAS and NRAS. These findings led the European Medicine
Agency to the use of cetuximab and panitumumab for patients
with RAS wild-type tumours.

However, from studies including RAS wild-type patients, the
response rates to cetuximab or panitumumab therapy ranged from
only 40 to 60% (Linardou et al, 2008), which results in a large
fraction of patients being without any known causes for treatment
failure. The presence of alterations in other genes such as PIK3CA
or BRAF in the EGFR-dependent signalling pathways (Laurent-
Puig et al, 2009; Custodio and Feliu, 2013; Douillard et al, 2013) is
responsible for some of the non-responding cases. Moreover,
overexpression or alterations on proteins such as PTEN, PI3K and
AKT, involved in the RAS/RAF/MAPK or PI3K/AKT/mTOR
signalling pathways, can have a significant impact on cell
proliferation or apoptosis. Absence or overexpression of proteins
under their phosphorylated forms may be of interest to predict
response to anti-EGFR mAb. Ligand fixation of the EGF receptor
activates the pathway. The fixation of ligand on the receptor
activates the kinase activity that is responsible for the activation of
downstream proteins by phosphorylation. The study of the
expression of the downstream proteins under their phosphorylated
forms is important to understand mechanisms of resistance to
anticancer drugs and more precisely in our study of anti-EGFR
drugs. In a previous study, we showed that the expression level of
EGFR downstream signalling phosphoproteins (pMEK1 and
pP70S6K) could predict longer progression-free survival (PFES)
and overall survival (OS) in KRAS exon 2 wild-type mCRC using
multivariate analysis (Perkins et al, 2010).

In this paper, we describe the impact of RAS mutations (that is,
KRAS and NRAS exon 2, 3 and 4 mutations) and of the expression
of proteins involved in RAS/RAF/MAPK and PI3K/AKT/mTOR
pathways in their active phosphorylated forms on the response to
anti-EGFR mAbs in RAS wild-type patients with an advanced
colorectal cancer. The 42 patient population described in our
previous study (Perkins et al, 2010) has been extended to 100
patients, and the research of mutations has been also extended
from KRAS exon 2 to RAS (KRAS, NRAS) exons 2, 3 and 4.

PATIENTS AND METHODS

Patients. We analysed total protein extracts prepared from 100
frozen tumour samples from patients with mCRC treated by a
combination of chemotherapy with anti-EGFR therapy, from the
collection that has been already described (Lievre et al, 2008;
Laurent-Puig et al, 2009). Characteristics of the patients are shown
in Table 1. All patients were refractory to FOLFOX and/or
FOLFIRI regimen and were treated with anti-EGFR antibodies.
In summary, 95% of the patients were treated by a combination
of anti-EGFR and irinotecan, 2% were treated by a mono-
therapy using cetuximab or panitumumab, 1% were treated by a
combination of anti-EGFR with a chemotherapy associating
5-fluorouracil and oxaliplatin and 1% were treated by 5-fluorouracil.
The outcomes were measured on RECIST, PFS and OS. Evaluation
was measured every 2 to 3 months according to French standard of
care. Patients with complete and partial responses were considered
as responders and patients with stable disease or progression as
non-responders. Tumours were collected at the time of surgery.
All samples were available either as frozen samples or as formalin-
fixed paraffin-embedded tissues. This study has been approved
by the Ile-de-France ethical committee number 2 (ID-RCB-
AO1058-47/2008-135).

Table 1. Characteristics of patients analysed for EGFR

pathway protein using the Bioplex protein assay

Median age (years; range) 61 (22-80)
Gender

Male 58
Female aM
NA 1
Number of chemotherapy line used before anti-EGFR
0 0%

1 5%

2 46%

3 36%

a 8%

5 3%

6 2%
Death

Yes 83%
No 17%
Median OS (month-range) 10.0 (0.1-48.1)
Median PFS (month-range) 4.1 (0-20.0)
Response

Complete response 2%
Partial response 26%
Stable disease 34%
Progressive disease 37%
NA 1%
WHO

0 28%

1 48%

2 1%

3 1%
NA 12%
Mutation

KRAS 36%
NRAS 4%
BRAF 2%

Abbreviations: EGFR = epidermal growth factor receptor; PFS = progression-free survival;
0OS = overall survival, WHO = World Health Organization.

Protein extraction. Whole-cell protein extraction was performed
from 5-mm frozen tumour tissues using the Kit RIPA lysis Buffer
1X (Tebubio, Le Perray en Yvelines, France) prepared with
inhibitors (PMSF, protease inhibitor cocktail and sodium ortho-
navate; Dutscher, Brumath, France) according to the manufac-
turer’s recommendations.

Phosphoprotein analysis. The expression of phosphorylated-
EGFR (pEGFR(1y;)) and the key phosphorylated proteins
of EGFR downstream signalling pathway such as pAKT(s..73)
PERK1-2(1he20271y204, Thrissiryris7y PGSK3(ser21/5er0) PIGFIR(rye1131)
PMEKI(Serzmsﬂzzw PPmSGK(I'hle/SeMZ-l) and PP90RSK(Thr359/Se'363)
were quantitatively analysed in freshly frozen samples using
BioPlex Protein assay (BPA; Bio-Rad, Marnes-la-coquette, France)
as previously described and validated (Chergui et al, 2009). This
technique is on the basis of multiplex sandwich bead immuno-
assays. Protein extracts were transferred into 96-well dishes and
diluted with buffered solution. Fluorescent capture beads coupled
to antibodies directed against the phosphoproteins pEGFRryy),
PAKT (seraz3p PERKL-2(1hr202/1y204, Thrrss/ryris7)y PGSK3(ser21/ser0)s
PIGFIR(1ye1131)y PMEKI(ser217/8er221)  PP70S6K(rhedz1/sera2a) and
PPOORSK (1h350/5er363) Were mixed and added into each well and
incubated overnight. Following incubation, the plates were washed
and incubated with biotinylated antibodies fixing each target
protein. Streptavidin-phycoerythrin solution was then added. The
analysis consisted of a double laser fluorescence detection allowing
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simultaneous identification of the target protein through the red
fluorescence emission signal of the bead and quantification of the
target protein through the fluorescence intensity of phycoerythrin.
Results were recorded as the mean fluorescence intensities and
compared with negative controls. Positive controls consisting of
standard protein extracts from cell lines were added to each series.
All results were normalised through the different batches of
analyses by the same mutated tumour sample. The expression level
of each phosphoprotein was recorded as fluorescence arbitrary
unit. BPA assay requires 15-20 mg of tissue containing more than
50% of tumour material or equivalent amount of protein extract
(that is, 25mg total protein per assay in triplicate). All samples
were assessed in triplicate to ensure reproducibility of the data.

Determination of KRAS, NRAS and BRAF mutations. KRAS
exon 2and 3 and BRAF exon 15 mutation statuses were assessed by
allelic discrimination using TagMan qPCR probes as previously
described (Lievre et al, 2008; Laurent-Puig et al, 2009). KRAS exon
4 and NRAS exon 2, 3 and 4 mutation statuses were assessed using
Sanger sequencing and next-generation sequencing Patients with
wild-type tumours for exons 2, 3 and 4 of KRAS and NRAS were
considered as «RAS wild-type».

Statistical analysis. Statistical analysis was performed using the
SAS software (SAS Institute, Cary, NC, USA 25513; version 9.2). A
P-value <0.05 was considered as statistically significant.

Quantitative variables were described by the mean, median and
interquartile range, and qualitative variables by frequency and
percentage. The normality of the distribution of the expression of
each phosphoprotein was assessed with the Shaprio-Wilk test.

Overall survival and PFS were described using the Kaplan-
Meier method and compared between RAS mutation status with
bivariate Cox proportional hazard model. Comparisons of each
phosphoprotein according to the RAS mutation status were
performed by a Mann-Whitney U-test.

In the subgroup of RAS wild-type patients, the discriminant
power of each phosphoprotein to predict the response rate was
estimated with the area under the receiver operating characteristic
(AUC) and their 95% confidence intervals. An AUC equal to 0.5
corresponds to no discrimination; an AUC between 0.5 and 0.7
means a low discriminant power; an AUC between 0.7 and 0.8
corresponds to an acceptable discrimination and above 0.8 to an
excellent discrimination. Each phosphoprotein was then dichot-
omised according to the best cutoff maximising the sensitivity and
the specificity. These thresholds were computed owing to the
Youden Index.

The percentage of response rate was calculated for each level of
the new binary variables and compared with a z’-test or a Fisher
Exact test. The odds ratio and their 95% confidence interval were
computed with a bivariate logistic regression.

The phosphoproteins with a P-value less than 0.2 in bivariate
analysis were introduced in a multivariate logistic regression with
backward selection (Harrell et al, 1996). The stability of the
selected model was investigated using the bootstrap-resampling
method (Sauerbrei and Schumacher, 1992). The discriminant
power of the final model was estimated using the AUC with 95%
CI. We addressed the optimism bias using a bootstrap-resampling
method. The stability of the score was estimated by cross-
validation (Altman and Royston, 2000).

Among the 100 tumour samples, 40 were found with a RAS
mutation (36% with KRAS mutation and 4% with NRAS mutation)
and 60% were RAS wild type. Among the RAS wild-type patients,
45.0% achieved a complete or partial response, and 55.0% had a
stable disease or progression (P <0.001) when treated with anti-

EGFR. Patients with a RAS mutation had significant lower PFS
(HR=3.04 (1.91; 4.83)) and OS (HR=249 (1.56; 3.97)).
Progression-free survival and OS were significantly higher in
RAS wild-type patients (Figure 1). Expression levels of pAKT,
pERK1/2 and pMEKI were significantly lower in RAS wild-type
patients than in RAS-mutated patients (P=0.0246; P=0.004;
P=0.0110, respectively), and no significant difference was
observed between RAS wild-type and RAS-mutated tumours in
the expression of pEGFR, pGSK3, pIGFR, pP70S6K and pP90SRK
(Table 2).

In RAS wild-type patients, the AUC of the expression of each
phosphoprotein according to the response rate were under 0.80.
After dichotomising the expression of each phosphoprotein with
the best threshold to maximise the sensitivity and the specificity,
the response rate was significantly higher for tumours that express
pEGFR and pAKT above the calculated threshold (P =0.0258 and
P=0.0277, respectively). No significant relation was found
between the response rate and the level of expression of the other
phosphoproteins (Table 3a).

These two phosphoproteins remained statistically significant in
multivariate analysis to predict response after bootstrap validation
(Table 3b). The AUC of the final model was 0.673 (95% CI (0.540;
0.805)). After correction for the optimism bias, the AUC was 0.654.
The cross-validation covariate was associated with a (beta) value of
1.08 close to 1.

No statistically significant difference was found between
expression of phosphoproteins and PFS or OS in RAS wild-type
tumour-bearing patients (data not shown).

DISCUSSION

The development of molecular biology and knowledge about
signalling pathways in cancer have been a real opportunity to
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Figure 1. Kaplan-Meier’s curve of RAS wild-type and RAS-mutated
patients for PFS (A) and OS (B).
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Table 2. Expression of phosphoproteins in all samples, RAS-mutated samples and RAS wild-type samples

All* RAS mutated* RAS wild type* P

PAKT 104.01; 98.5 (86.04; 124.55) 110.79; 109.46 (93.31; 126.27) 99.49; 92.83 (82.10; 122.07) 0.0246
PEGFR 139.35; 109.39 (86.69; 141.04) 174.69; 105.38 (88.58; 146.54) 115.80; 110.11 (85.16; 139.13) 0.9355
PERK1/2 245.73; 138.98 (101.59; 263.85) 350.22; 178.23 (137.87; 395.01) 176.07; 113.83 (92.04; 169.58) 0.0004
pGSK3 133.03; 101.05 (66.38; 183.82) 135.62; 97.79 (66.38; 168.41) 131.30; 105.88 (65.32; 184.71) 0.7676
pIGFR 83.65; 74.83 (64.29; 96.68) 83.52; 70.81 (63.89; 91.62) 83.74; 77.13 (64.70; 101.09) 0.4024
PMEK1 272.19; 131.82 (80.42; 280.74) 411.25; 209.52 (87.89; 402.14) 179.48; 104.09 (77.70; 201.28) 0.0110
pP70S6K 123.31; 11249 (89.14; 135.21) 131.39; 124.47 (93.58; 136.83) 117.93; 105.24 (85.00; 135.21) 0.1690
pPOSRK 74.37;75.61 (49.71; 95.38) 81.03; 80.27 (48.73; 101.78) 69.93; 71.78 (50.11; 88.26) 0.1303
Expression of pAKT, pERK1/2 and pMEK1 is significantly lower in RAS wild-type patients. *Mean; median (lower quartile; upper quartile)

Table 3. Expression of phoshoproteins and response rate

(a)
pProt AUC and 95% Cl Threshold® CR or PR P-value OR and 95% ClI
PAKT 0.588 (0.436; 0.74) <120 36.36% (16) 0.0258 1

=120 68.75% (11) 3.85(1.13; 13.07)
PEGFR 0.634 (0491;0.776) <100 25.00% (5) 0.0277 1

=100 55.00% (22) 3.67 (1.12;12.03)
PERK1/2 0.497 (0.348; 0.646) <110 3845% (10) 0373 1

=110 50.00% (17) 1.60 (0.57; 4.51)
pGSK3 0.504 (0.355; 0.653) <130 3824% (13) 0228 1

2130 53.85% (14) 1.88 (0.67; 5.31)
pIGFR 0.513 (0.365; 0.662) <60 3333% (3) 0445 1

=60 47.06% (24) 1.78 (0.40; 7.89)
PMEK1 0.497 (0.348; 0.646) <100 3846% (10) 0373 1

=100 50.00% (17) 1.60 (0.57; 4.51)
pP70S6K 0.585 (0.439; 0.731) <105 36.67% (11) 0.194 1

=105 53.33% (16) 1.97 (0.70; 5.54)
pPOSRK 0.577 (043;0.723) <70 35.71% (10) 0.176 1

=70 53.13% (17) 2.04 (0.72; 5.77)
(b)
Multivariate
pProt OR and 95% CI
PAKT 1

3.70(1.04;13.18)
PEGFR 1
3.53(1.03;12.11)

Abbreviations: AUC = area under the receiver operating characteristic; Cl = confidence interval; CR= complete response; OR = odds ratio; PR = partial response. (a) Patients with expression of
PAKT over 120 and pEGFR over 100 achieved significantly better response rate. (b) These two phosphoproteins remained statistically significant in multivariate analysis to predict response after
bootstrap validation. Statistically significant p-values are presented in bold
®Optimal threshold according to the Youden index.

improve treatment for patients with mCRC. The history of RAS
and the use of anti-EGFR therapies are characteristic of the
importance of identifying response-predictive biomarkers and
molecular testing. Unluckily, a large proportion of RAS wild-type
patients do not reach benefit from anti-EGFR-targeted therapies
and it is important to explore new targets and identify patients who
will benefit from targeted therapies. The selection of these patients
is crucial to avoid unworthy toxicities or inefficient treatment, but
also for economic issues.

In our study, the repartition of RAS mutation in the studied
population is consistent with previously published data (Sorich
et al, 2014). The observed response rate is also consistent with
known data with few or no response in RAS-mutant tumour
(Bokemeyer et al, 2012). Complete or partial responses were
achieved in ~45.0% of RAS wild-type tumour-bearing patients,
which is higher than that described in previously published data for

patients treated for second or further line with an association for
anti-EGFR and FOLFIRI (Iwamoto et al, 2014). This difference can
probably be related to the lower median age of our population and
the better WHO status.

The level of expression of phosphoproteins in the RAS-mutated
patients was found to be significantly higher than in RAS wild-type
patients as we expected. The accumulation of RAS protein under
its activated form causes the activation of RAF/RAS/MAPK and
PI3K/AKT/mTOR signalling pathways, resulting in an overexpres-
sion of the downstream proteins involved in these pathways
(Newbold, 1984).

In our study, the level of expression of phosphoproteins was
measured with the BPA and not with immunohistochemistry. BPA
is a validated method and is comparable to western blot analysis
(Chergui et al, 2009). Most of the studies published in the literature
are using western blot or immunohistochemistry, which are
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qualitative and semiquantitative assays, respectively. BPA is a
quantitative assay and allows more precision in the measurement
of the level of phosphorylated proteins. However, immunohisto-
chemistry allows the determination of the expression according to
the localisation of the target—that is, nucleus, cytoplasm, stroma
and so on—whereas BPA is using the whole tumour and is unable
to determine the localisation of the overexpression in the cell. This
difference of technical approach may be responsible to the
discrepancies we will discuss further in this paragraph.

Overexpression of pEGFR and pAKT was significantly asso-
ciated with higher response rate in RAS wild-type patients;
however, no statistically significant relation was found between
the expression of phosphoproteins and PFS and OS. These date do
not confirm our previously published data (Perkins et al, 2010). In
the study published by Perkins et al (2010), PFS was related to a
lower expression of pMEK and pP70S6K in wild-type KRAS exon 2
tumour-bearing patients. Among the 42 patients included in this
study, only 23 were wild-type KRAS tumour-bearing. The lack of
subjects in the wild-type KRAS class and the impact of KRAS exon
3, 4 and NRAS exon 2, 3 and 4 mutations may explain this
difference with our present data. Moreover, although being in the
same order as sample sizes in other papers investigating
phosphorylated proteins as putative response-predictive biomar-
kers in mCRC (Scartozzi et al, 2012; Cejas. et al, 2012), the
statistical power would have been better with a larger sample size
and these results have to be confirmed in the future on a largest
population.

In our paper, phosphoproteins have been extracted and
analysed from primary tumours; however, some studies suggest
that the correlation of the expression of EGFR and AKT between
the primary and the metastasis does not appear in 20-40% of cases
(Scartozzi et al, 2012; Cejas. et al, 2012). However, in these two
papers pEGFR and pMAPK have been investigated using IHC
considering weakly stained samples as negative. In our paper,
phosphorylated protein expression was quantified in frozen-
specimen protein extracts and considered as positive when
exceeding 3 x the background noise value, as validated in
Chergui et al (2009). In addition, in these two papers, the analyses
were performed in FFPE specimens, which does not warrant
optimal preservation of phosphoproteins as the freezing procedure
we used. According to these published data, it would be of interest
to compare the expression of pEGFR and pAKT in primary and
metastasis in a larger series of samples and to compare these data
to response rate, PFS and OS.

The relation between the overexpression of pEGFR and
response rate has already been described (Razis et al, 2014) and
can be explained by the avidity of the tumour cell for its ligand: the
more the cell is dependent on its ligand, the more EGFR will be
expressed and the more anti-EGFR will be effective against tumour
cells. Considering this ligand avidity, it is not surprising that a
better response rate was achieved with anti-EGFR with RAS wild-
type tumours overexpressing pEGFR. More surprisingly, a
significant relation has been found between higher response rate
and overexpression of pAKT. It is known that activation of AKT is
dependent on the activation of EGFR (Mirzoeva et al, 2009). It has
also been described that expression of pAKT was associated with
lower response rate and lower PFS (Scartozzi et al, 2012); however,
the studied population was selected between 2007 and 2011, and
no indication mentions whether the patients treated by anti-EGFR
were only RAS wild-type or not. In our study, the expression of
PAKT was associated with a higher response rate, but no
statistically significant difference in PFS and OS was found
(HR=1.004; 95% CI (0.995; 1.013) and HR=1.006; 95% CI
(0.996; 1.016), respectively). In the study of Saglam et al (2007), an
increasing in the pAKT expression has been described during
colorectal cancer progression. We hypothesise that the over-
expression of pEGFR induces better response rate for RAS wild-

type patients treated with anti-EGFR; however, this overexpression
of pEGFR induces an overexpression of pAKT that leads to
progression and annihilates anti-EGFR benefits and explains that
no statistically significant difference in PFS was found. As already
suggested, AKT may be an interesting target in colorectal cancers
(De Roock et al, 2011; Jeong et al, 2014). Ongoing trials are
currently testing an allosteric inhibitor of AKT, the MK-2206
(Agarwal et al, 2014; Jeong et al, 2014) in patients with mCRC. On
the basis of our results, we hypothesise that associating anti-EGFR
and anti-AKT therapies may be of interest in RAS wild-type
patients,

In conclusion, these data suggest that the overexpression of
pEGFR and pAKT may be response-predictive biomarkers for RAS
wild-type patients treated with anti-EGFR, and, on the basis of our
results, we hypothesise that the association of anti-EGFR and anti-
AKT therapies could be of interest.
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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer death
worldwide. PDAC is an aggressive disease with an 11-month median overall survival and a
five-year survival of less than 5%. Incidence of PDAC is constantly increasing and is predicted to
become the second leading cause of cancer in Western countries within a decade. Despite research
and therapeutic development, current knowledge about PDAC molecular mechanisms still needs
improvements and it seems crucial to identify novel therapeutic targets. Genomic analyses of
PDAC revealed that transforming growth factor B (TGEp) signaling pathways are modified and the
SMAD4 gene is altered in 47% and 60% of cases, respectively, highlighting their major roles in
PDAC development. TGF can play a dual role in malignancy depending on the context,
sometimes as an inhibitor and sometimes as an inducer of tumor progression. TGF@ signaling was
identified as a potent inducer of epithelial-to-mesenchymal transition (EMT), a process that confers
migratory and invasive properties to epithelial cells during cancer. Therefore, aberrant TGF@
signaling and EMT are linked to promoting PDAC aggressiveness. TGFf3 and SMAD pathways
were extensively studied but the mechanisms leading to cancer promotion and development still
remain unclear. This review aims to describe the complex role of SMAD4 in the TGFf3 pathway in
patients with PDAC.

Keywords: SMAD4; TGFf; pancreatic cancer; PDAC; EMT

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most common malignancy of the pancreas,
with an extremely poor prognosis with a five-year survival rate of 5% and a median survival of less
than 11 months [1]. Due to the lack of specific clinical symptoms and biomarkers for PDAC
detection, as well as the difficulty in imaging the tumors in early stages, PDAC is often diagnosed in
the later stages [2]. PDAC is currently the fourth leading cause of cancer death worldwide and is
projected to become the second leading cause of cancer-related deaths before 2030 in the United
States [3].

PDAC is an aggressive disease with early distant metastasis, as well as perineural and vascular
local growth, making it eligible for surgical resection in only 10%-20% of patients [4]. Moreover, 69%
to 75% of patients that benefitted from surgery finally relapse within two years, and 80% to 90%
relapse within five years [4]. For patients with unresectable or potentially resectable PDAC, most
common therapies used in cancer treatment including chemotherapy or radiotherapy are limited
due to a remarkable treatment resistance. Gemcitabine was the standard of care for more than two
decades in patients with pancreatic cancer, after demonstrating significant improvement in overall
survival (5.6 months as compared with 4.4 months for fluorouracil-based regimen; p = 0.0022) [5].
The FOLFIRINOX protocol including fluorouracil, leucovorin, irinotecan, and oxaliplatin is now the
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first-line option for patients with metastatic pancreas cancer or in adjuvant settings with a better
efficacy compared to gemcitabine [6,7]. Nab-paclitaxel also represents an alternative in association
with gemcitabine in metastatic PDAC patients, with a median overall survival of 8.5 months (hazard
ratio (HR) 0.72; 95% confidence interval (CI) 0.62, 0.83; p < 0.001) [8].

The POLO clinical trial (Pancreas Cancer Olaparib Ongoing) evaluated the efficacy of
maintenance therapy with olaparib, a poly(adenosine diphosphate-ribose) polymerase (PARP)
inhibitor, in patients with germline BRCA mutation and metastatic pancreatic cancer. Median
progression-free survival was significantly better in the olaparib group compared to placebo (7.4
months versus 3.8; HR 0.53; 95% CI 0.35, 0.82; p = 0.004) [9]. However, targeted therapies still have a
limited role due to the lack of understanding of the complex molecular biology of PDAC.

Genomic analyses of PDAC revealed a large panel of molecular alterations particularly
affecting Kirsten rat sarcoma viral oncogene (KRAS), tumor protein P53 (TP53), Mothers Against
Decapentaplegic Homolog 4 (SMAD4), and cyclin-dependent kinase inhibitor 2A (CDKN2A) genes
[10,11]. SMAD4 gene is inactivated in approximately 60% of PDAC cases [12], and it is an effector of
the transforming growth factor B (TGFp) signaling pathway which is also altered in 47% of PDAC
cases [13]. Given the multiple roles of TGFf in cancer and its impact on PDAC, it seems interesting to
focus on its effector SMAD4. This review aims to summarize current knowledge concerning SMAD4
in TGFp pathway in patients with PDAC and to discuss the potential SMAD4 molecular targeting in
therapeutic.

2. Methods

2.1. Search Strategy

This review was conducted through a systematic review according to the directions denoted by
the Preferred Reporting Items for Systematic reviews and Meta-Analysis (PRISMA). To investigate
the entirety of the published studies on SMAD4 and the TGFf pathway in patients with pancreatic
ductal adenocarcinoma, a comprehensive literature search of the electronic database PubMed was
performed up to April 2020. Studies were selected using the following search terms: “PDAC” and
“TGFB” and “SMAD4".

3. Results

3.1. TGFf3 Signaling Pathways

TGFB is a ubiquitously expressed cytokine belonging to a family composed of two branches: the
TGFp branch, represented by ligands such as TGEp, activin, nodal, or myostatin, and the bone
morphogenetic protein (BMP) branch, represented by ligands such as BMP, and growth and
differentiation factor (GDF) [14]. TGFp firstly provides a versatile means of driving developmental
programs in mammalian; then, it acts in adult homeostasis with regulation of tissue repair, wound
healing, and immune response. There is also a wide panel of cell-type specific biological TGF}
activities such as differentiation, cell-cycle arrest, migration, adhesion, apoptosis, or cancer biology
[15-17]. TGFB is also a potent inducer of epithelial-to-mesenchymal transition (EMT), a
well-coordinated process during embryonic development and a pathological feature in neoplasia
and fibrosis [15]. TGFp signaling pathway is activated through either a SMAD-dependent or a
SMAD-independent process.

3.1.1. The Canonical TGFJ Signaling Pathway

TGFp signaling is mediated in most cells through three cell-surface proteins: the two
serine/threonine kinase receptors TGF receptor I (TBR-I) and TGFp receptor II (TBR-II), and the
TGEFp receptor IIT (TBR-III). TGFP ligands can bind directly to TBR-II. TRR-II is constitutively active
and can phosphorylate TBR-I, leading to its activation and the propagation of the signal through the
phosphorylation of SMAD proteins in their C-terminal serines (SXS) motif [16]. The protein
phosphatase 2a (PP2a) can be recruited to dephosphorylate TBR-I, thereby preventing further
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signaling [18]. TBR-I is able to activate different members of the receptor regulated SMAD
(R-SMAD) family [19]. In the presence of ligands from the TGFf branch, TBR-I induces the activation
of SMAD2 and 3, whereas it activates SMAD1, 5, and 8 in the presence of ligands from the BMP
branch [20]. Recognition of R-SMADs may be facilitated by auxiliary proteins, such as the SMAD
anchor for receptor activation (SARA) that immobilizes SMAD2 and SMAD3 near the cell surface
[21]. Once activated, the R-SMADs undergo a change of conformation that increases their affinity for
SMAD4, a co-mediator SMAD (Co-SMAD) distributed throughout the cytoplasm. R-SMAD and
Co-SMAD form a heterotrimeric complex, which is translocated and accumulated into the nucleus.
SMAD proteins act as transcription factors by binding to the SMAD binding element (SBE) due to
their Mad-Homology 1 (MH1) domain [21]. SMAD activates transcriptional TGFB responses
through the Mad-Homology 2 (MH2) domain [22] in association with a transcriptional co-activator,
such as CREB Binding Protein (CBP)/p300 (Figure 1) [20,21,23].

Activated R-SMADs can be submitted to a second phosphorylation in their interdomain linker
region by cyclin-dependent kinases (CDK) 8 and 9, which favors interactions with a co-activator and
enhances their transcriptional activity [19]. On the other hand, CDK8 and CDK9 negatively regulate
SMAD levels by recruiting glycogen synthase kinase 3 (GSK3) for proteasomal degradation by E3
ubiquitin ligases [24]. This SMAD-dependent signaling pathway can also be negatively regulated by
the inhibitory SMAD (I-SMAD) family, including SMAD6 and 7. -SMADs are expressed through
ligand-induced signaling and act as an auto-inhibition feedback to regulate TGFp signaling pathway
[14]. SMAD7 expression can also be regulated through activation of epidermal growth factor
receptor (EGFR), interferon y signaling by STAT (signal transducer and activator of transcription)
protein, or activation of NF-kB by Tumor Necrosis Factor o. (TNFa) [14,25,26]. SMAD? binds to the
activated receptors in competition with R-SMADs and leads to ubiquitination and degradation of
the receptors with the help of E3 ubiquitin ligases termed SMAD ubiquitination regulatory factors
(Smurfs) 1 and 2 [21]. Smurfs also interact directly with R-SMADs in the cytoplasm; Smurf 1 is more
specific to BMP responses by targeting SMAD1 and SMADS5, whereas Smurf 2 has the ability to
interact with all R-SMADs [25]. SMADG6 can also negatively regulate TGFB signaling pathway
through interfering with the heterotrimerization of the BMP-activated SMADs and SMAD4 [25].

3.1.2. Non-canonical TGFf Signaling Pathway

SMAD signaling is crucial for most but not all TGFB-regulated transcriptional responses.
SMAD-independent signaling cascades can also operate in a context-dependent manner including
the mitogen-activated protein kinase (MAPK) and the phosphatidylinositol 3-kinase (PI3K)
pathways, as well as small GTPases [25,27,28].

The activation of TPR-I phosphorylates Src homology domain 2-containing protein (Shc) and
induces its association with the adaptor protein growth factor receptor-binding protein 2 (Grb2) and
the GTP exchange factor SOS. This complex enables Ras to become its active form that can enhance
the kinase cascade with c-Raf, MEK1 or MEK2, and Erk1 or Erk2 [29]. TGFp also induces p38 and
JNK pathways through the activation of the MAP kinase kinase kinase (MAP3K) TGFp-activated
kinase 1 (TAK1), which activates the MAP kinase kinases (MKKs) MKK3/6 and MKK4, respectively.
TGEFp receptors induce the ubiquitination of the TNF receptor-associated factor 6 (TRAF6), which is
a critical activator of TAK1. Then, TAK1 can activate p38 and JNK MAPK pathways [30,31]. TGEB
signaling pathway may induce NF-kB signaling due to TAK1 phosphorylation and activation of
inhibitor of nuclear factor kappa B (IxB) [25]. TBR-II was shown to be a target for Src, which is an
oncoprotein able to phosphorylate TBR-II on a tyrosine residue. Src coordinates the docking of Grb2
and Shc, and it contributes in this manner to TGFB-induced activation of the p38 MAPK pathway
[30,32].

In response to TGF, TPR-I was shown to interact with the catalytic subunit of PI3K, leading to
the activation of Akt and mTOR (mammalian target of rapamycin) downstream proteins [18,27].
mTOR serine/threonine protein kinase can phosphorylate the two principle effectors S6 kinase 1
(S6K1) and the eukaryotic initiation factor 4E-binding protein 1 (4E-BP1), both acting on the
translation of proteins that contribute to EMT [33].
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TGFp can activate Rho-like GTPases including RhoA, Racl, and Cdc42 [25]. Rac and Cdc42
interact with MAP3K, which regulates JNK and p38 signaling [25]. Rho GTPases are required for the
organization of the microtubules and actin cytoskeletons. Therefore, the TGFB-induced activation of
the small GTPases seems to contribute to the regulation of cell adhesion and migration [18]. Indeed,
Rho and Rac were identified to mediate the pro-EMT, pro migratory, and invasive effects of TGFf in
normal and in cancer epithelial cells [34].

It appears clear that the non-canonical TGFB pathway is linked to cancer features such as
migration, invasion, and EMT. Interestingly, it was described that the non-canonical TGFf} pathway
is inappropriately activated in metastatic cancer cells and interferes with the SMAD2/3-mediated
tumor suppressing message [17].
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Figure 1. TGFf} signaling is activated through BMP or TGFp ligands. Ligands bind the TGF [} receptor
II (TPR-II) which recruits and phosphorylates TGFpB receptor I (TBR-I). In the canonical TGFf
pathway, TBR-I phosphorylates regulated SMAD (R-SMAD), SMAD2 and 3, or SMAD], 5, and 8.
SMAD4 forms a heterotrimeric complex with R-SMAD. Once translocated to the nucleus, SMAD
proteins interact with transcription factors (TF) and a co-activator/co-repressor to regulate gene
transcription. Signaling is stopped through inhibitory SMADs (I-SMAD), SMAD6 and 7, with the
help of SMAD ubiquitination regulatory factors (Smurfs) 1 and 2. Phosphatase PP2A
dephosphorylates receptors to stop the signal. Non-canonical TGFB signaling regroups MAPKs
including Erk, p38, ]NK, PI3k/Akt, and the small GTPase pathway.

3.2. TGFfand PDAC

TGFp was identified as a major signaling pathway in PDAC. Recently, a study indicated that
elevated serum soluble TGFp levels at diagnosis predict poor progression-free survival (PFS) and
overall survival (OS) in unresectable pancreatic cancer compared to patients with a low level of
soluble TGFp (OS 13.7 vs. 9.2 months; HR 2.602; p = 0.004; PFS 9.0 vs. 5.8 months; HR 2.010; p = 0.034)
[35]. Another study in patients with locally advanced and metastatic pancreatic cancers reported
that higher soluble TGF level exhibited poor OS than lower serum soluble TGFp (HR 1.35; 95% CI
1.07, 1.69; p = 0.011) [36]. These observations corroborate the “TGF} paradox”; TGFp can be both a
powerful tumor suppressor and a tumor promoter in a context-dependent manner [15].

3.2.LTGFp as a Tumor Suppressor

In normal and premalignant cells, TGFp plays a role in homeostasis and promotes tumor
suppression directly through cellular autonomous effects such as cytostasis, differentiation, or
apoptosis (Figure 2) [15]. When cell proliferation rate is high, the TGFB pathway is involved in
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cytostatic effects, stimulates cellular differentiation, or triggers proapoptotic mechanisms. In
cell-cycle regulation, TGFp} suppresses the expression of CDKs that are crucial for Gap 1 (G1) phase
progression, TGFP also enhances the expression of CDK inhibitors (CDKIs) such as p15 and p21.
TGEFp represses the expression and function of c-Myc, a well-known transcription factor implied in
cell proliferation [15,16]. TGFp also drives precursor cells into a less proliferative stage, or it can lead
cells to apoptosis [37].

It was suggested that the tumor-suppressive role of TGFp is only effective when the TGFf
signaling pathway is not defective [38]. However, in PDAC alterations of TGFp signaling through
the mutation of genes involved in the pathway (e.g., SMAD4, SMAD3, T/R-I, TSR-II, ACVR1B, and
ACVR2A), this role is present in 47% of cases [13], highlighting that TGFB can sometimes acts as a
tumor promoter.

3.2.2. TGFP as a Tumor Promoter

TGFp signaling was identified as a tumor suppressor in normal pancreatic cells and in stages I
and II PDAC by inhibiting cell proliferation, but it also showed tumorigenic activity in late-stage
malignancy [39]. A high level of TGFB signaling in PDAC was associated with poor prognosis
despite its clear tumor-suppressive effect [40].

In non-cancer situations, TGFp initially prevents premalignant cells through its tumor
suppressor activities; however, in advanced stages of malignant cancer, cells can turn TGFj
signaling to their advantage [15]. TGFp indirectly promotes tumor suppression by acting on the
cellular micro environment; however, in PDAC, TGFf3 was shown to induce stromal proliferation in
the tumor microenvironment and promote EMT (Figure 2) [41-43].

Pancreatic cancer is characterized by a desmoplastic stroma enriched with small blood vessels
and extracellular matrix proteins partly produced by cancer-associated fibroblasts (CAFs) and
inflammatory cells [44]. TGFB contributes to PDAC desmoplasia by enhancing the conversion of
fibroblasts or endothelial cells into myofibroblasts also known as CAFs [45,46]. Aggressiveness is
amplified by immune cells and fibroblasts in the tumor microenvironment, which can produce high
levels of TGFp in a paracrine manner [46,47]. TGFp can induce proangiogenic factors such as
vascular endothelial growth factor (VEGF), allowing PDAC progression, invasion, and metastases
[46].

PDAC-infiltrating lymphocytes were shown to improve prognosis for patients with high rates
of cluster of differentiation 4 (CD4), CD8, and dendritic cells [48]. As an immunosuppressive
cytokine, TGFB inhibits the function and development of innate and adaptive immune systems
including macrophages, natural killers, dendritic cells, and T cells. TGFf also stimulates regulatory
T cells, which inhibit the function of other lymphocytes [15,47,49]. These suppressive functions
confer to TGFP one of many cancer hallmarks with avoiding immune destruction. On the other
hand, others suggested that defective TGFf signaling, as observed in PDAC, could contribute to an
excessive inflammation in favor of tumor progression [15,47].

TGFB triggers EMT through induction of the expression of specific transcription factors Snail
and Zebl/2 [50]. EMT provides migratory and invasive behaviors to the cells due to cell adhesion
modifications. This process involves a loss of epithelial features (i.e., E-cadherin and other
components of epithelial cell junctions) and the acquisition of mesenchymal features leading to
motility and invasive properties [50]. In PDAC, EMT represents an important process leading to the
progression and metastasis of cancer cells.
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Figure 2. Effects of TGFB depending of pancreatic ductal adenocarcinoma stages. At early stages,
TGFB acts as a tumor suppressor, by promoting cell-cycle arrest through repression of c-Myc
expression and cyclin-dependent kinase (CDK), and through enhancement of CDK inhibitor (CDKI)
expression, thereby enhancing apoptosis and stimulating differentiation of precursor cells into a less
proliferative stage. At late stages, TGF[} acts as a tumor promoter through immune evasion by
stimulation of regulatory T cells and by inhibition of natural killers (NKs), macrophages, T cells, and
dendritic cells (DCs). TFGB acts also on the microenvironment by promoting desmoplasia and
angiogenesis, and it triggers epithelial-to-mesenchymal transition (EMT) through induction of
expression of transcription factors Snail and Zeb1/2.

3.3. SMAD4

SMAD4 or DPC4 (deleted in pancreatic cancer locus 4) is an intracellular transcriptional
mediator of the TGFB signaling pathway encoded by the SMAD4 gene which is located on the
18q21.2 human chromosome locus and is composed of 12 coding exons and 10 introns (GRCh38,
NM_005359.5). The SMAD4 protein has a molecular weight of 60 kDa and is composed of 552 amino
acids [12,51]. SMAD4 is composed of MH1 and MH2 domains connected by a linker region involved
in DNA binding and its transcriptional activity [51].

SMAD4 activity and stability are regulated by three major signaling pathways through its
linker region that contains a growth factor-regulated transcription activation domain integrating
Wnt, fibroblast growth factor (FGF)/epidermal growth factor (EGF), and TGFp signaling [52].
SMAD4 can be phosphorylated and activated through the Erk pathway in response to FGF and EGF.
However, this MAPK pathway triggers phosphorylation of SMAD4 by GSK3, which creates a
phosphodegron leading SMAD4 to its polyubiquitination and degradation by the E3-ligase B-TrCP.
The Wnt pathway can regulate the phosphodegron, and it inhibits the binding of -TrCP to SMAD4.
In the presence of Wnt, SMAD4 phosphorylation by GSK3 is inhibited and TGFp signaling is
consequently prolonged [52].

3.4. SMAD4 and PDAC

The most common driver mutational events in PDAC occur in four cancer genes KRAS, TP53,
SMAD4, and CDKN2A. KRAS is activated by mutation in almost 90% of cases, TP53 is inactivated in
50%-75% of cases, and CDK2NA is inactivated in about 30% of patients with PDAC [10,53]. SMAD4
was firstly identified as a tumor suppressor gene that is inactivated in 60% of PDAC cases due to
homozygous deletion or mutation [12]. The SMAD4 gene is located on the q arm of chromosome 18,
which is frequently deleted hemi- or homozygously in PDAC [54]. Alterations of the SMAD4 gene
occur in late stages when the carcinoma is histologically recognizable [55]. In pancreatic cancers,
homozygous deletion of SMADA4 is found in approximately 30% of cases, inactivation is found in
20% of cases, and allelic loss of chromosome 18q is found in almost 90% of cases [56]. Hotspot
mutations (i.e., nonsense, missense, or frameshift indels) in the C-terminal MH2 domain of SMAD4

93



Int. J. Mol. Sci. 2020, 21, 3534 7 of 13

were described [56]. Nonsense substitutions were identified in 25% of cases, missense substitutions
were identified in 37% of cases, and frameshift insertion and deletion were identified in 7% and 5%
of cases, respectively (GRCh38. COSMIC v91). SMAD4 mutations lead to a non-functional or
truncated SMAD4 protein or to the protein degradation through the ubiquitin-proteasome pathway
[57]. Notably, two SMAD4 missense mutations (Pro130Ser and Asn351His) were found to increase
SMAD4 phosphorylation by GSK3 and lead to protein degradation [57].

3.4.1. SMAD4 and EMT

Loss of SMAD4 inhibits the tumor suppressor effects of TGFf without affecting tumor
response, promoting a more aggressive phenotype [58]. SMAD4 knockdown in PDAC cell lines
showed SMAD4 as a regulator of genes involved in cell proliferation, adhesion, and motility [59]. In
another study using SMAD4 silencing, SMAD4 was required in TGFB-induced cell-cycle arrest and
migration. Regarding EMT, authors found that SMAD4 silencing did not abolish EMT, suggesting
that EMT can be conducted not only through SMAD4 signaling [58].

TGFp can induce EMT in a SMAD4-dependent manner through the expression of Snail and
Zebl transcription factors and the decrease of E-cadherin epithelial marker [60]. SMAD4 deficiency
in PDAC cells induces E-cadherin expression and is associated with an ineffectiveness of TGFp to
induce EMT [61]. However, a study of patients with PDAC examined the clinical association
between SMAD4 expression and EMT status and revealed that SMAD4 suppression was associated
with a mesenchymal phenotype [62], highlighting the complex mechanistic of EMT. An increase in
in the non-canonical TGFP pathways was demonstrated in SMAD4-defective PDAC cells [63]. This
SMAD4-independent pathway activates the PI3K/Akt/mTOR pathway and induces small GTPases,
which can contribute to EMT [33,34,53]. SMAD4 can suppress JNK activation; therefore, in the case
of SMAD4 deletion, JNK activity is subsequently enhanced [64] and can be required in the EMT
response [65].

TGFB-induced EMT is commonly linked with tumor progression; however, a study
demonstrated that TGFp can also induce a SMAD4-dependent lethal EMT in PDAC cells. In SMAD4
wild-type cells, TGFf} induces the conversion of the transcription factor Sox4 from an enhancer of
tumorigenesis into a promoter of apoptosis. In this process, Snail induces the repression of KIf5,
which is associated with Sox4 to prevent Sox4-mediated apoptosis in oncogenesis [42]. This
SMAD4-dependent mechanism can provide an explanation about the dual role of TGFp in tumors.

3.4.2. Effect of SMAD4 Expression in Patients with PDAC

Loss of SMAD4 expression occurs late in PDAC tumor progression [62] and is correlated with a
higher metastatic burden [66], as well as malignant phenotypes of PDAC, including degree of
differentiation, tumor size, and lymph node metastasis [67]. Patients with SMAD4 loss are
commonly associated with distant disease progression, whereas patients with wild-type SMAD4
harbored a local tumor pattern of progression [62].

The prognostic effects of SMAD4 loss in PDAC patients are controversial. It was found that
SMAD4 gene inactivation, by intragenic mutation or homozygous deletion, leads to poor prognosis
for patients with surgically resected pancreatic adenocarcinoma [68]. SMAD4 loss was associated
with shorter OS (18.3 months versus 30.1 months for preserved SMAD4; p < 0.001) and disease-free
survival (DFS) (6.0 months versus 13.5 months for preserved SMAD4; p < 0.001) in patients with
resectable pancreatic cancer [69]. In advanced pancreatic cancers treated by gemcitabine, SMAD4
loss had no impact on OS (HR 1.008; p = 0.656) but was associated with a prolonged PFS (HR 1.565, p
= 0.038) [70]. Recently, an analysis of publicly available datasets from The Cancer Genome Atlas
(TGCA) indicated that PDAC patients with a deleted SMAD4 gene had poorer DFS; however,
SMAD4 alterations did not predict the OS [71]. In another study, SMAD4 expression status was
neither associated with early death (OR 0.5; p = 0.15) nor associated with recurrence pattern (OR 0.9;
p = 0.9) in patients with resected PDAC [72]. Further investigations are needed to understand the
prognostic value of SMAD4.
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4. Discussion

SMAD4 as a Potential Target in Patients with PDAC and Impact on Other Therapies

SMAD14 plays a central role in TGFP signaling and seems to regulate the interruption of the cell
cycle; it also improves apoptosis, decreases invasion and metastasis, and indirectly affects the
prognosis of patients with PDAC. SMAD4 is, thus, designated as a potential target in the
management of patients with PDAC.

A study showed that SMAD4-deficient cell lines are modestly less sensitive to gemcitabine and
2.0-fold and 4.5-fold more sensitive to cisplatin and irinotecan, respectively [73]. Controversially, a
recent study found that SMAD4-deleted PDAC cells are more sensitive to gemcitabine, while
SMAD4 mutated cells had similar sensitivity to gemcitabine as SMAD4 wild-type cells, suggesting
that the SMAD4 copy number could be used as a therapeutic biomarker for PDAC treatment with
gemcitabine [71]. This study also found that SMAD4-deleted PDAC cells are sensitive to other
agents modulating the cell cycle including cytarabine, clofarabine, darinaparsin, and olaparib, due
to the upregulation of cell cycle-related genes such as CDK1 [71]. Synthetic lethality-based screening
methodologies identified two compounds (UA62001 and UA62784) to selectively target
SMAD4-negative cells. In SMAD4-negative pancreatic cancer cells treated with the compound
UA62001, the cell cycle was interrupted in synthesis (S) and Gap 2 (G2) — mitotic (M) phases [74],
whereas UA62784 activated CDK1 and induced mitotic cell-cycle arrest and apoptosis [75]. These
results confirmed results from Hsieh et al. and supported that SMAD4 determination status at initial
diagnosis may be valuable to stratify patients for personalized chemotherapy (Figure 3).

SMAD¢4 deficiency can enhance the glycolytic capacity of cancer cells with upregulation of
glucose transporter expression contributing to aerobic glycolysis, which is the main metabolic
pathway in PDAC [76]. PDAC harboring mutant SMAD4 exhibited a high metabolic tumor burden
[66]. A subsequent study identified the glycolytic enzyme phosphoglycerate kinase 1 (PGK1) as a
target for TGFB/SMAD4. In PDAC, SMAD4 loss mediates PGK1 upregulation, which enhances
glycolysis and contributes to aggressive tumor behavior. This study identified PGK1 as a decisive
oncogene in patient without SMAD4 and, therefore, a potential target in the development of
therapeutics for SMAD4-deficient PDAC (Figure 3) [77].

Different studies used a microarray-based strategy and identified miR-301a-3p, miR-483-3p,
and miR-421 to target SMAD4 in PDAC. Overexpression of these microRNAs (miRNAs) promoted
cell invasion, migration, and colony formation [78-80]. miRNA inhibitors that prevent the binding of
miRNA to their mRNA targets, may have a promising effect on PDAC progression (Figure 3).
Further researches need to be conducted to evaluate the therapeutic and diagnostic potential of these
SMAD4 miRNA regulators.

SMAD4 mutations can interfere with its regulation associated with the Wnt/GSK3 and Erk
pathways. Mutations can enhance phosphorylation by GSK3 and lead to a loss of function by protein
degradation. A study suggested a therapeutic approach with GSK3 inhibitor in order to stabilize
SMAD4 and restore TGFB signaling [57]. The authors demonstrated that GSK3 inhibition reactivated
TGFp signaling in SMAD4 mutated cells in colon cancer. The potential therapeutic application of
GSK3 inhibitors may be promising and requires further study in PDAC models.
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Figure 3. Effects of SMAD4 loss and potential therapeutic strategies in SMAD4 signaling. In normal
cells, SMAD4 acts as an intracellular mediator of TGFp. In SMAD4-null cells, loss of SMAD4 leads to
upregulation of the cell cycle and phosphoglycerate kinase 1 (PGK1), leading to tumor promotion.
Therapies based on SMAD4 can be direct by targeting SMAD4 miRNA regulators to modulate
SMAD4 or indirect by targeting a downstream component. SMAD4 loss leads to the enhanced
efficacy of agents modulating the cell cycle, whereby SMAD4 as a biomarker could be useful to
stratify therapies.

5. Conclusions

PDAC is projected to become the second leading cause of cancer-related death in the next
decade. This alarming situation prompts the need to understand molecular mechanisms of PDAC to
develop new therapies. The TGFp signaling pathway is a powerful tumor suppressor in early stages,
promoting cell-cycle arrest, differentiation, and apoptosis through SMAD-dependent signaling. In
late stages, TGFp switches its role to become a tumor promoter, favoring desmoplasia, angiogenesis,
immune evasion, and EMT through MAPK, PI3K, or small GTPase pathways. SMAD4 is a key
partner to TGFp canonical signaling. In PDAC, the SMAD4 gene is inactivated through homozygous
deletion or mutation in 60% of cases. Inactivation of SMAD4 leads to a modification in TGFf
responses, promoting non-canonical TGFf signaling which is linked to pro-tumorigenic responses.
It is still controversial whether SMAD4 loss has a real influence on the prognosis of patients with
PDAC, and further investigations are needed. SMAD4 is a potential direct or indirect therapeutic
target for the management of patients with PDAC, and it may also have a potential role as a therapy
stratification biomarker. Patients with PDAC may benefit from SMAD4-based therapeutic strategies,
but the SMAD-independent TGFp signaling pathway may bypass strategies, leading to an innate
resistance mechanism.
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Abstract: Damage-specific DNA-binding protein 2 (DDB2) was originally identified asa DNA damage
recognition factor that facilitates global genomic nucleotide excision repair (GG-NER) in human
cells. DDB2 also contributes to other essential biological processes such as chromatin remodeling,
gene transcription, cell cycle regulation, and protein decay. Recently, the potential of DDB2 in the
development and progression of various cancers has been described. DDB2 activity occurs at several
stages of carcinogenesis including cancer cell proliferation, survival, epithelial to mesenchymal
transition, migration and invasion, angiogenesis, and cancer stem cell formation. In this review,
we focus on the current state of scientific knowledge regarding DDB2 biological effects in tumor
development and the underlying molecular mechanisms. We also provide insights into the clinical
consequences of DDB2 activity in cancers.
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1. Introduction

DDB2 (damage-specific DNA-binding protein 2, also known as p48 subunit) is a 48-kDa protein
exclusively localized in the nucleus of mammalian cells. DDB2 is ubiquitously present in human tissues,
albeit differentially expressed. High DDB2 expression level has been described in liver, thymus, kidney,
and testes, and a low expression level has been described in brain, lung, skin, heart, and muscles [1].
DDB2 is composed of seven WD40 repeat domains and a N-terminal helix-loop-helix motif [2].
The WD40 domains play a role as a module for sequence-specific protein-DNA or protein-protein
interactions. Both domains appear critical for the biological functions of DDB2.

Numerous overlapping mechanisms have been found to be involved in the regulation of DDB2
expression. DDB2 basal expression is cell cycle-dependent in normal dividing cells with a DDB2
level that gradually increases in the mid-G1 phase and reaches a maximum at the G1/S boundary
before dropping in the S-phase [3]. DDB2 transcription was shown to be transiently increased
after UV-induced DNA damage in a p53-dependent manner [1]. The p53 protein cooperates with
BRCAL (Breast Cancer Associated protein 1) for its binding to the ddb2 promoter and inducing ddb2
transactivation [1] (Figure 1). The TAp63y (Tumor protein 63 isoform gamma) isoform of the p63
protein that belongs to the p53 family and shares strong structural similarity with p53 is also able
to activate DDB2 expression through recognition of the same region upstream of the transcription
initiation site [4]. Structural analysis of the ddb2 promoter shows multiple Sp1 (Transcription factor
Sp1) -specific binding sites as usually found in gene promoters with a G-C rich sequence lacking a
TATA box and suggesting a critical role for Sp1 for the basal expression of DDB2 [5] (Figure 1). NF1
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(Neurofibromin 1) and E2F (Transcription factor E2F) elements are also identified, although probably
having a smaller impact on DDB2 regulation [5]. Moreover, DDB2 activity is finely adjusted through
post-transcriptional and post-translational mechanisms. An IRES (internal ribosome entry site) element
located at the 5" end of DDB2 mRNA stimulates the translational process of DDB2 in stress conditions
such as serum starvation or exposure to doxorubicin [6]. Moreover, the 3’ untranslated region (3'UTR)
of DDB2 mRNA harbors an uracil-rich sequence enabling its prompt export to the cytoplasm and
thus DDB2 translational upregulation. During the DNA repair process, the Cul4A (Cullin4A) protein
regulates DDB2 protein lifespan by means of its ubiquitin ligase functions [3]. The PARylation (Protein
poly ADP-ribosylation) of the DDB2 protein in a PARP1-dependent (Poly [ADP-ribose] polymerase
1) manner stabilizes DDB2 and delays its degradation [7]. A PIP (PCNA-interacting protein) box
sequence located in the N-terminal region of DDB2 enables the interaction between DDB2 and PCNA
(proliferating cell nuclear antigen) for DDB2 proteolytic degradation even in the absence of DNA
damage [8,9].

‘—TTGG(A(U\( CCCTCCCCGCGLCCCCGLLTTCCAGGAAGGGGCGGGTCTCCGAGAC

CGGAGCTCCAAGCTGGTTTGAACAAGCCCTGGGCATGTTTGGCGGGAA

-68 -56 ~44 -39 ~29 -22 +18 430 +36 +43

Figure 1. Schematic representation of the regulation of the gene encoding the DDB2 (Damage-specific
DNA-binding protein 2) protein. The proximal promoter of ddb2 gene harbors response elements for
the transcription factors NF-1 (Neurofibromin 1) (orange) and Sp1 (Transcription factor Sp1) (green)
upstream of the transcription initiation site. The proximal promoter also contains a response element
for p53, in association with BRCA1 (Breast cancer type 1 susceptibility protein), or Tap63y (Tumor
protein 63 isoform gamma) (blue) proteins and the E2F (Transcription factor E2F) transcription factor
downstream of the transcription initiation site. The binding of these proteins leads to the regulation of
ddb2 gene expression.

DDB2 was originally identified as a component of the UV-DDB human damage-specific
DNA-binding heterodimeric complex along with DDB1 (damage-specific DNA-binding protein 1, also
named p127 subunit) [2]. The X-ray structure of the UV-DDB complex showed that the interaction
between DDB1 and DDB2 is mediated by the contact between the helix-loop-helix domain of DDB2
and two short repetitive -propeller domains (WD40) of DDB1 [2]. UV-DDB forms a larger complex
through the association of the DDB1 adaptor with the CRL ((CUL4A)-Regulator of Cullins-1 (ROC1 or
RBX1) E3 ubiquitin ligase) complex [10]. In this structure, DDB1 serves as an adaptor molecule while

DDB2 functions as a substrate receptor module that determines the specificity of targeted substrate [10].

DDB2 locally recognizes DNA damage sites and initiates the global genome nucleotide excision
repair process (GG-NER) [2]. DDB2 specifically binds to the most frequent UV-damaged DNA lesions
including (6-4) pyrimidine-pyrimidone photoproducts (6-4PPs) and cyclobutane pyrimidine dimers
(CDPs) and appears essential for the repair of this latter [11]. The WD40 motifs of DDB2 facilitate the
access of XPC (Xeroderma Pigmentosum group C) and other repair proteins to DNA lesions through

histone modifications and chromatin decondensation that weaken DN A-histones interactions [10,12,13].

DDB2 fulfils this function through the recruitment of poly(ADP-ribose) polymerases (PARP) that
append several units of ADP-ribose on histones [7]. As a part of the NER system, DDB2 also contribute
to the repair of bulky DNA adducts other than UV-induced ones. For example, DDB2 was shown to
recognize many forms of DNA damages, including those induced by platin-derived products, nitrogen
mustard, psoralen, abasic sites, as well as single-stranded DNA [14]. However, less is known about the
specific role of DDB2 in the repair of these DNA damages.

Beyond its most-studied role in DNA repair pathways, DDB2 appears as a multifunctional
protein that participates in other essential biological processes such as gene transcription, cell cycle
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progression, and protein degradation. Since DDB2 exhibits chromatin-remodeling functions, DDB2 has
come to be recognized as a transcription regulator for a wide range of target genes. DDB2 especially
participates in the activation of SWI/SNF (SWltch/Sucrose Non Fermenting) remodeling complexes [15]
as well as STAGA (SPT3-TAFI1I31-GCN5L acetylase) and CBP (CREB (cAMP-response-element-binding
protein)-binding protein)/p300histone acetyltransferase complexes [16] that contribute to chromatin
unfolding and facilitate the recruitment of RNA polymerase to specific regions. DDB2 also stimulates
the transcriptional activity of the transcription factor E2F1 and thus the expression of multiple target
genes involved in cell cycle progression [3]. As a recognized member of the DDB1 and CUL4-associated
factors (DCAF), DDB2 is in a close contact with the E3 ubiquitin ligase of the Cul4A protein and hence
participates in the degradation of various proteins such as the cyclin-dependent kinase (CDK) inhibitor
P27, a well-known negative regulator of the cell cycle [17]. DDB2 also contributes to the decay of p53
protein to maintain low levels of the CDK inhibitor p21f/Cip [18].

Several studies reported DDB2 as playing a novel function in the development and progression of
various cancers. Herein, we focus on the current state of scientific knowledge regarding the biological
effects of DDB2 in tumor development and the underlying molecular mechanisms. We also provide
insights into the clinical consequences of DDB2 activity in cancers.

2. DDB2: A New Potent Tumor Suppressor?

DDB2 was first considered as a novel tumor suppressor based on the findings that mutations in the
ddb2 gene result in an impairment in DDB2-DNA or DDB2-DDBI interactions and subsequent NER
activity defects [2]. Such deficiencies are observed in a subset of Xeroderma pigmentosum hereditary
disease (Xeroderoma pigmentosum group E, XP-E) that displays an extreme sensitivity to UV radiation
and a high predisposition to skin cancers [7]. Moreover, DDB2-deficient mice are prone to developing
a wide panel of tumors, even in the absence of UV exposition [19]. Several studies highlighted an
altered DDB2 expression, compared to non-malignant tissues, in many types of cancers [20], including
prostate [21], colorectal [22,23], skin [24], head and neck [25], and ovarian [26] cancers. Furthermore,
a correlation between low DDB2 expression level and poor outcomes was established among patients
with melanoma, colon, ovarian, lung, breast, brain or head, and neck cancers, suggesting a critical role
for DDB2 in tumor suppression [22,25-27].

3. DDB2 Has a Dual Activity on Cancer Cell Proliferation

High levels of DDB2 protein and mRNA are reported in ER (Estrogen receptor)-positive and
non-invasive breast cancer models compared to ER-negative aggressive breast cancer cells and
mammary non-malignant cells [16]. Enhanced DDB2 expression in DDB2-low level models upregulates
in vitro cancer cell growth rate and clonogenicity. Such effects are abrogated by DDB2 knockdown
in DDB2-overexpressed breast cancer models, suggesting the oncogenic role of DDB2 in mammary
cancer cell growth [16]. DDB2 facilitates cell cycle progression, especially the entry in the S-phase,
through the binding of the C-terminal domain and the co-activation of the transcription factor E2F1 [3].
By means of E2F1 transcriptional abilities, DDB2 indirectly regulates the expression of key genes
involved in DNA replication and G1/S transition. The stimulating effect of DDB2 on cancer cell growth
also involves the downregulation of manganese superoxide dismutase (MnSOD) [16]. MnSOD is a
mitochondrial enzyme that detoxifies reactive oxygen species (ROS) to protect cells from oxidative
damage. DDB2 interacts with the proximal SOD2 (Superoxide dismutase 2) promoter, resulting in the
loss of H3 histone acetylation, and in the recruitment of the AP-2 transcription factor, which is well
known in the repression of the SOD2 gene and downregulation of the encoded MnSOD [28]. By this
mechanism, DDB2 attenuates the elimination of ROS that are known to activate several signaling
pathways involved in breast cancer cell growth [28].

In contrast, DDB2 has shown antiproliferative properties in ovarian and prostate cancers in vitro.
In an ovarian cancer cell model, DDB2 is reported to negatively regulate NEDD4L (Neural precursor
cell expressed developmentally downregulated gene 4-like) cellular levels by inducing histone H3

103



Int. J. Mol. Sci. 2019, 20,5168 40f 10

trimethylation at the NEDD4L promoter region [29]. This limits the NEDD4L-dependent proteolytic
degradation of the effector proteins SMAD2 (Mothers against decapentaplegic homolog) and SMAD3
and enhances the TGF-f (Transforming growth factor beta) signal transduction downstream, finally
contributing to the inhibition of cancer cell proliferation [29].

NRIP/DCAF6 (Nuclear receptor-interacting protein 1/DDB1- and CUL4-associated factor 6) and
DDB2 proteins are both members of the DDB1 and CUL4-associated factors DCAF family and androgen

receptor (AR)-interacting proteins that physiologically compete to maintain AR expression level.

DDB2 mediates the contact between AR and CUL4A-DDB1 E3 ligase complex for AR ubiquitination
and proteasomal degradation in a p53-independent manner [30], while NRIP displaces DDB2 from
the complex and stabilizes AR [21]. As the DDB2 expression level is found to be lower in prostate
cancer tissues compared to non-neoplastic ones, this could interfere with AR homeostasis and induce
subsequent AR-dependent prostate cancer growth.

Deregulation in the Wnt signaling pathway is usually co-opted during colon cancer development
and is sought to be a driver event in this process. Negative regulatory effects of DDB2 in the Wnt
signaling are mediated by the recruitment of -catenin and the H3K27 methylase EZH2 (Enhancer
of zeste homolog 2) to Rnf43 (Ring Finger protein 43) promoter. This facilitates the activation of the
RNF43 enzyme that eliminates Wnt receptors at the cell surface and downregulates Wnt signaling in
colorectal cancer cells [31].

4. DDB2 Confers Resistance to Radiation and PARP Inhibitors and Sensitizes Cancer Cells to
Chemotherapy-Induced Apoptosis

DDB2 participates in cellular responses to radiation-induced DNA damages [32]. Upon ionizing
radiations, the DDB2 level transiently increases and facilitates homologous recombination repair of
DNA double-strand breaks and prevents apoptosis. This is mediated by the phosphorylation of
the G2-arrest-mediating factor Chk1 and confers radioresistance in the NSCLC (Non-small-cell lung
carcinoma) cell model. A recent study shows that DDB2 also protects triple negative breast cancer
cells from PARP inhibition and apoptosis through the regulation of DNA double-strand break repair
by homologous recombination pathway [33]. DDB2 deficiency could thus sensitize TNBC cells to
PARP inhibitors.

Given the role of DDB2 in DNA repair pathways, it could be argued that tumors with DDB2
deficiency should be more sensitive to DNA damaging treatments, such as platin products, as they lack
some repair. However, DDB2 activity seems not needed to repair cisplatin-induced DNA crosslinks [34].
Besides, DDB2 participates in sensitizing ovarian cancer cells to cisplatin-mediated apoptosis through
the downregulation of the bcl-2 (B-cell lymphoma 2) transcriptional machinery ina HDACI-dependent
(Histone deacetylase 1) manner and the ubiquitylation of the antiapoptotic protein bcl-2 [34].

In the context of NER, DDB2 has a significant role in apoptotic processes through the regulation
of p53 activity [35]. Upon exposure to DNA-damaging agents, DDB2-deficient cells fail to undergo
apoptosis due to the implication of DDB2 as a member of the UV-DDB complex in the degradation of
the CDK (cyclin-dependent kinase) inhibitor p21Waf/CiPl [20]. In case of DDB2 depletion, p21Wafl/Cip
accumulates in cells associated with a blockade of apoptosis and cell cycle arrest. Cisplatin-resistant
Hela cells are found to survive UV-induced apoptosis due to the accumulation of DDB2 associated
with the upregulation of the antiapoptotic protein c-Flip (Cellular FLICE-like inhibitory protein) [36].

5. DDB2 Influences Epithelial to Mesenchymal Transition (EMT) and Cancer Cell Migration
and Invasion

Severalstudies reported DDB2 as a negative regulatory factor of cancer cell migration and invasion.
This notion is supported by the findings that DDB2 associates with the NFKBIA (NFKB Inhibitor Alpha)
promoter region and enhances the expression of the encoded protein [kBa (nuclear factor of kappa
light polypeptide gene enhancer in B-cells inhibitor, alpha), a cytoplasmic inhibitor of NF-kB (nuclear
factor kB) [28]. Thus, DDB2 may reduce the NF-kB activity and its associated cancer-invasion effects in
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breast cancers. DDB2 also modulates nanomechanical properties and stiffness of the mammary cancer
cells associated with changes in the cortical actin—cytoskeleton organization and a loss of adhesion
capacity [37].

DDB2 also represses head and neck squamous cell carcinoma and colon cancer progression by
recruiting the histone H3K9 methylase suv39h (suppressor of variegation 3-9 homolog 1) to limit the
transcriptional activity of Snail and ZEB1 (Zinc finger E-box Binding homeobox 1) factors and their
epithelial-to-mesenchymal functions [25]. Upregulation of DDB2 levels induces the conversion of
colon cancer cells with mesenchymal-type to epithelial-type. Conversely, the depletion of DDB2 in
epithelial-type cells induces a morphological change in these cells with the appearance of mesenchymal
characteristics. In the same way, DDB2 restricts the transcription of the pro-angiogenic growth factor
VEGF (vascular endothelial growth factor) [25] and thus contributes to the inhibition of cancer cell
invasion and metastasis formation.

However, another recent study suggests that DDB2 exerts migration and invasion stimulatory
functions in gastric cancers. It reveals that DDB2 promotes the ubiquitination and degradation of a
newly identified tumor suppressor PAQR3 (progestin and adipoQ receptor family member I1I) that
limits cancer development and progression, notably inhibiting cancer cell migration, invasion, and
angiogenesis [38].

6. DDB2 Affects Cancer Stem Cell Populations

Some studies reveal the protective role of DDB2 for ovarian cancer progression and recurrence by
limiting the cancer stem cell (CSC) population. High levels of DDB2 are shown to halt the formation
of ovarian tumor xenografts in vivo [26]. DDB2 exerts this regulatory function through the increase
of IkBx protein levels, which results in the repression of the NF-kB signaling pathway and impinges
the capacity of CSC to self-renew [26]. DDB2 also represses ovarian cancer cell dedifferentiation
by inhibiting the transcription of aldehyde dehydrogenase 1 family member A1 (ALDH1A1) [39].
The impact of DDB2 on cancer stem cell populations is still under investigation in other cancer models
and need to be explored.

7. Concluding Remarks and Perspectives

DDB2 was originally identified as a sensor of DNA damage that plays a critical role in DNA repair
pathways. Sequence-specific interactions of DDB2 with DNAs or proteins make it a multifunctional
protein with various functions in chromatin remodeling, gene transcription, cell cycle progression,
and protein decay. More recently, the emerging role of DDB2 in the regulation of carcinogenesis has
been established. DDB2 was first considered as a new tumor suppressor based on the finding that
DDB2 deficiency leads to tumor formation. However, growing evidence about DDB2 activity suggests
a regulatory mode more complex than envisioned. Actually, DDB2 seems to have a dual function in
cancers, sometimes having tumor-suppressive properties and sometimes functioning as an oncogene.
DDB2 exerts multilevel regulation of cancer development and progression, modulating cancer cell
growth, migration and invasion, angiogenesis, and CSC formation (Figure 2)

These data suggest that DDB2 may have a potent role as a prognosis and predictive biomarker
in cancers. However, they emphasize the need to improve our knowledge on DDB2 functions in the
different cancer types, owing to the fact that DDB2 behaves differently according to cancer localization
(Figure 3). Considering the importance of DDB2 in cancers, it becomes crucial to better understand
its regulation and expression. The potent role of DDB2 as a direct or indirect drug target for the
management of patients with cancer needs to be investigated.
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Figure 2. Roles of the DDB2 (Damage-specific DNA-binding protein 2) protein and its identified
partners. AR (Androgen Receptor), ALDH1A1 (Aldehyde dehydrogenase 1 family, member A1), Bel-2
(B-cell lymphoma 2), c-Flip (Cellular FLICE-like inhibitory protein, EMT (Epithelial-mesenchymal
transition), HEKs (Human epidermal keratinocytes), IkBa (nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor, alpha), MEFs (Mouse embryonic fibroblasts), MnSOD (Manganese
superoxide dismutase), NEDDA4L (Neural precursor cell expressed developmentally downregulated
gene 4-like), PAQR3 (Progestin and adipoQ receptor family member 3), TGF-B1 (Transforming growth
factor beta 1), VEGF (vascular endothelial growth factor), Zeb1 (Zinc finger E-box-binding homeobox 1).
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Figure 3. Identified impacts of the DDB2 protein activity in different solid tumors.
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Abbreviations

6-4PPs
ALDHI1A1
AR

Bcl-2
BRCA1
c-Flip
CBP
CDK
CDPs
CREB
CRL
CsC
CuldA
DCAF
DDB1
DDB2
E2F
EMT

ER
EZH2
GG-NER
HDAC1
HEKs
IkBa
IRES
MEFs
MnSOD
NEDD4L
NF-kB
NFKBIA
NF1
NRIP
NSCLC
PAQR3
PARP
PARP1
PARylation
PCNA
PIP
Rnf43
ROC1
ROS
SMAD
SOD2
Spl
STAGA
Suv3%h
SWI/SNF
TAp63y
TGF-B
UV-DDB
VEGF

6-4 pyrimidine-pyrimidone photoproducts
Aldehyde Dehydrogenase 1 family member A1
Androgen receptor

B-cell lymphoma 2

Breast Cancer Associated protein 1
Cellular FLICE-like inhibitory protein
CREB-binding protein

Cyclin-dependent kinase

Cyclobutane pyrimidine dimers
cAMP-response-element-binding protein
Cullin4A-Regulator of Cullins-1 E3 ubiquitin ligase
Cancer stem cells

Cullin4A

DDB1 and CUL4-associated factors
Damage-specific DNA-binding protein 1
Damage-specific DNA-binding protein 2
Transcription factor E2F

Epithelial to mesenchymal transition
Estrogen receptor

Enhancer of zeste homolog 2

Global genomic nucleotide excision repair
Histone deacetylase 1

Human epidermal keratinocytes

Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha
Internal ribosome entry site

Mouse embryonic fibroblasts

Manganese superoxide dismutase

Neural precursor cell expressed developmentally downregulated gene 4-like
Nuclear factor kB

NEKB Inhibitor Alpha

Neurofibromin 1

Nuclear receptor-interacting protein 1
Non-small-cell lung carcinoma

Progestin and adipoQ receptor family member III
Poly(ADP-ribose) polymerases

Poly [ADP-ribose| polymerase 1

Protein poly ADP-ribosylation
Proliferating cell nuclear antigen
PCNA-interacting protein

Ring Finger protein 43

Regulator of Cullins-1

Reactive oxygen species

Mothers against decapentaplegic homolog
Superoxide dismutase 2

Transcription factor Sp1
SPT3-TAFII31-GCN5L acetylase
Suppressor of variegation 3-9 homolog 1
SWitch/Sucrose Non Fermenting

Tumor protein 63 isoform gamma
Transforming growth factor beta
UV-damaged DN A-binding protein
Vascular Endothelial Growth Factor
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XPC Xeroderma pigmentosum group C

XP-E Xeroderma pigmentosum group E

ZEB1 Zinc finger E-box Binding homeobox 1
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