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Résumeé / Abstract

Remodelage génomique des sarcomes pléomorphes : caractérisation transcriptomique et agressivité tumorale

Résumé : Les sarcomes pléomorphes sont des tumeurs mésenchymateuses rares caractérisées par de nombreux rema-
niements chromosomiques. Leur processus d’oncogenese reste encore mal compris, aucune altération génétique motrice de
I’initiation tumorale n’a pu étre identifiée de facon récurrente et spécifique a ce jour. Les travaux que j’ai réalisés durant ma
these avaient pour but de mieux comprendre la biologie de ces tumeurs, notamment les conséquences transcriptomiques de leur
remodelage génomique. Nous avons caractérisé les transcrits de fusion exprimés dans ces tumeurs par séquencage haut-débit
(RNA-seq). Ceci nous a amené a identifier I’expression de plusieurs transcrits chimériques impliquant le géne TRIO (5,1%
des tumeurs). De plus, cette analyse ainsi que I’identification de variants exprimés nous ont permis d’identifier de fréquentes
mutations de génes suppresseurs de tumeurs tels qu’ATRX (16% des tumeurs) et plus généralement des membres du complexe
SWI/SNF (47% des tumeurs). Les altérations de ce complexe majeur de remodelage de la chromatine sont associées a une
plus grande instabilité génétique et a un phénotype plus agressif. Dans les sarcomes pléomorphes, ’instabilité génétique est
liée a la progression tumorale via I’expression d’une signature transcriptomique pronostique. Cette signature, nommée CIN-
SARGC, est impliquée dans le contrdle de la mitose et de la ségrégation chromosomique. Nous avons voulu déterminer 1’origine
de cette expression via une étude intégrant la génomique et des mécanismes de régulation épigénétique, transcriptionnelle et
post-transcriptionnelle. Si ces mécanismes ne semblent pas directement causals de I’expression de CINSARC, d’importantes
modifications ont pu étre mises en évidences. D’un point de vue clinique, nous avons démontré que I’expression de cette si-
gnature est un facteur pronostique universel de 1’agressivité tumorale dans de nombreux types de cancers. De plus, CINSARC
est un meilleur marqueur pronostique que le grade FNCLCC, actuel standard international d’évaluation du risque métastatique
des sarcomes des tissus mous. Nous avons ainsi développé une méthode permettant une application clinique routiniere de la
signature CINSARC afin d’améliorer la prise en charge thérapeutique de ces tumeurs.

Mots-clés : sarcome, génome, transcriptome, métastase.

Genomic remodeling of pleomorphic sarcomas: transcriptomic characterization and tumor aggressiveness

Abstract: Pleomorphic sarcomas are rare mesenchymal tumors characterized by many chromosomal rearrangements.
Their oncogenic process is still poorly understood, no recurrent and specific genetic alteration able to drive the tumor initiation
has been identified yet. The work I did during my thesis had the objective to better understand the biology of these tumors,
focusing on transcriptomic consequences of their genomic remodeling. We characterized fusion transcripts in these tumors by
high-throughput sequencing (RNA-seq). This led us to identify the expression of several chimeric transcripts involving TRIO
(5.1% of cases). Moreover, this analysis and the identification of expressed variants allowed us to identify frequent mutations of
tumor suppressor genes such as ATRX (16% of cases) and more generally members of the SWI/SNF complex (47% of cases).
Alterations of this major complex of chromatin remodeling are associated with higher genetic instability and more aggressive
phenotype. In pleomorphic sarcomas, genetic instability is linked to tumor progression through the expression of a prognos-
tic transcriptomic signature. This signature, termed CINSARC, is involved in mitosis control and chromosome segregation
pathways. We wanted to determine the origin of such expression by integrating genomics and epigenetics, transcriptional and
post-transcriptional regulation mechanisms. Though these mechanisms do not seem to directly regulate CINSARC expression,
important changes have been highlighted. From a clinical standpoint, we demonstrated that the signature expression is a global
prognostic factor of tumor aggressiveness in numerous cancer types. In addition, CINSARC is a better prognostic marker than
the FNCLCC grading system, the current international standard to evaluate the metastatic risk in soft tissue sarcomas. We
consequently developed a method allowing a daily clinical application of the CINSARC signature to improve the therapeutic
management of these tumors.

Keywords: sarcoma, genome, transcriptome, metastasis.
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« What more powerful form of study of mankind could there be than to read

our own instruction book? »

Francis Collins
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protein
BIRCS : baculoviral IAP repeat containing 5
BMI1 : BMII proto-oncogene, polycomb ring
finger
BORA : bora, aurora kinase A activator
BRCA2 : BRCA2, DNA repair associated
BUBI : BUBI mitotic checkpoint serine/threo-
nine kinase
BUBIB : BUBI mitotic checkpoint serine/threo-
nine kinase B

—C—
c-src : SRC proto-oncogene, non-receptor tyro-
sine kinase
CCNA2 : cyclin A2
CCNBI : cyclin Bl
CCNB?2 : cyclin B2
CCNB3 : cyclin B3
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CCNDI : cyclin D1

CCNEI : cyclin El

CDC6 : cell division cycle 6

CDC7 : cell division cycle 7

CDC20 : cell division cycle 20

CDC42 : cell division cycle 42

CDC45 : cell division cycle 45

CDCA2 : cell division cycle associated 2
CDCA3 : cell division cycle associated 3
CDCAS : cell division cycle associated 8
CDH18 : cadherin 18

CDKI1 : cyclin dependent kinase 1

CDKH4 : cyclin dependent kinase 4

CDKG6 : cyclin dependent kinase 6

CDKN2A : cyclin dependent kinase inhibitor 2A
CDKN2B : cyclin dependent kinase inhibitor 2B
CENPA : centromere protein A

CENPE : centromere protein E

CENPL : centromere protein L

CEP5S : centrosomal protein 55

CHEK] : checkpoint kinase 1

CITED? : Cbp/p300 interacting transactivator
with Glu/Asp rich carboxy-terminal domain 2
CKAPS : cytoskeleton associated protein 5
CKS2 : CDC28 protein kinase regulatory subunit
2

CLNK : cytokine dependent hematopoietic cell
linker

COLIALI : collagen type I alpha I chain
COLG6A3 : collagen type VI alpha 3 chain
CoREST : REST corepressor 1

CREB3L2 : cAMP responsive element binding
protein 3 like 2

CTNNA?2 : catenin alpha 2

CTNNBI : catenin beta 1

CTSD : cathepsin D

—D—
DDIT3 : DNA damage inducible transcript 3
DNAHS : dynein axonemal heavy chain 5
DNMT3A : DNA methyltransferase 3 alpha
DNMT3B : DNA methyltransferase 3 beta

—E—
E2F : E2F transcription factor
ECT2 : epithelial cell transforming 2
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EED : embryonic ectoderm development

EGR1 : early growth response 1

EMILIN? : elastin microfibril interfacer 2
ERCC?2 : ERCC excision repair 2, TFIIH core
complex helicase subunit

ESPLI : extra spindle pole bodies like 1, sepa-
rase

Etvl : ETS variant 1

ETV6 : ETS variant 6

EWSRI : EWS RNA binding protein 1

—F—
FAMS3B : family with sequence similarity 53
member B
FANCI : FA complementation group |
FBXLY7 : F-box and leucine rich repeat protein 7
FBXOS5 : F-box protein 5
FLII : Fli-1 proto-oncogene, ETS transcription
factor
FOXM1 : forkhead box M1
FOXOI1 : forkhead box O1
FUS : FUS RNA binding protein

—G—
GAPDH : glyceraldehyde-3-phosphate dehydro-
genase
GREBI : growth regulating estrogen receptor
binding 1

—H-—
H2AFX : H2A histone family member X
HER?2 : Erb-B2 receptor tyrosine kinase 2
HOTAIR : HOX transcript antisense RNA
HOXBI13 : homeobox B13
HPIBP3 : heterochromatin protein 1 binding
protein 3
HPRTI : hypoxanthine phosphoribosyltransfe-
rase 1
HRAS : HRas proto-oncogene, GTPase

— =
IFITM10 : interferon induced transmembrane
protein 10
IFTS2 : intraflagellar transport 52
IL17RB : interleukin 17 receptor B
IQUB : IQ motif and ubiquitin domain contai-
ning
—J—
JAZF1 : JAZF zinc finger 1
JJAZI : joined to JAZF1

JUN : Jun proto-oncogene, AP-1 transcription
factor subunit

—K—
KIF2C : kinesin family member 2C

Abréviations des genes et des protéines

KIF4A : kinesin family member 4A

KIF11 : kinesin family member 11

KIF 14 : kinesin family member 14

KIF 15 : kinesin family member 15

KIF18A : kinesin family member 18A

KIF20A : kinesin family member 20A

KIF23 : kinesin family member 23

KIT : KIT proto-oncogene receptor tyrosine ki-
nase Kras : KRAS proto-cncogene, GTPase

—L—
LINCO01504 : long intergenic non-protein coding
RNA 1504
LRFNS : leucine rich repeat and fibronectin type
11l domain containing 5
LSD1 : lysine demethylase 1A

— M-
MAD?2LI : mitotic arrest deficient 2 like 1
MAML3 : mastermind like transcriptional coac-
tivator 3
MAP3KS5 : mitogen-activated protein kinase ki-
nase kinase 5
MARCHI1
type finger 11
MCM?2 : minichromosome maintenance complex
component 2
MCM?7 : minichromosome maintenance complex
component 7
MDM?2 : MDM? proto-oncogene
MEDI?2 : mediator complex subunit 12
MELK : maternal embryonic leucine zipper ki-
nase
MGMT : O-6-methylguanine-DNA methyltrans-
ferase
MMP?2 : matrix metallopeptidase 2
MYC : MYC proto-oncogene, bHLH transcrip-
tion factor
MyfS : myogenic factor 5
MYOCD : myocardin
MyoD : myogenic differentiation 1

—N—
NAB?2 : NGFI-A binding protein 2
NCAPH : non-SMC condensin I complex subunit
H
NCOALI : nuclear receptor coactivator 1
NCOA?2 : nuclear receptor coactivator 2
NDE]I : nudE neurodevelopment protein 1
NEK? : NIMA related kinase 2
NF1 : neurofibromin 1
NTRKS3 : neurotrophic receptor tyrosine kinase
3
NUF2 : NDCS80 kinetochore complex component
NUF2

membrane associated ring-CH-
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—0—
OIPS5 : Opa interacting protein 5

—P—-
p53 : tumor protein p53
PAX3 : paired box 3
PAX7 : paired box 7
PBK : PDZ binding kinase
PD-1 : programmed cell death 1
PD-L1 : programmed cell death 1 ligand 1
PDGFB : platelet derived growth factor subunit
B
PDGFD : platelet derived growth factor D
PDGFRA : platelet derived growth factor recep-
tor alpha
PDGFRa : platelet derived growth factor recep-
tor alpha
PDGFRQ : platelet derived growth factor recep-
tor beta
PGKI1 : phosphoglycerate kinase 1
PIK3RI1 : phosphoinositide-3-kinase regulatory
subunit 1
PLK4 : polo like kinase 4
PPIA : peptidylprolyl isomerase A
PPP2RSE : protein phosphatase 2 regulatory su-
bunit B’epsilon
pRb : RB transcriptional corepressor 1
PRC1 : protein regulator of cytokinesis 1
PRDM10 : PR/SET domain 10
PTEN : phosphatase and tensin homolog
PTTGI : pituitary tumor-transforming 1

—R—
RADSIAPI : RADS1 associated protein 1
RBI : RB transcriptional corepressor 1
RCC2 : regulator of chromosome condensation 2
REST : RE] silencing transcription factor
RICTOR : RPTOR independent companion of
MTOR complex 2
RNASEH2A : ribonuclease H2 subunit A
RPLPO : ribosomal protein lateral stalk subunit
PO
RRM? : ribonucleotide reductase regulatory su-
bunit M2

—-S—
SDHA : succinate dehydrogenase complex flavo-
protein subunit A
SGO?2 : shugoshin 2
SLC9A3 : solute carrier family 9 member A3
SMARCA4 : SWI/SNF related, matrix associa-
ted, actin dependent regulator of chromatin, sub-
family a, member 4
SMARCBI1 : SWI/SNF related, matrix associa-
ted, actin dependent regulator of chromatin, sub-
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family b, member 1

SMQC?2 : structural maintenance of chromosomes
2

SNHG18 : small nucleolar RNA host gene 18
SPAGS : sperm associated antigen 5

SPC25 : SPC25, NDC80 kinetochore complex
component

SRC : SRC proto-oncogene, non-receptor tyro-
sine kinase

SS18 : SS18, nBAF chromatin remodeling com-
plex subunit

SSX1 : SSX family member 1

SSX2 : SSX family member 2

SSX4 : SSX family member 4

STAG?2 : stromal antigen 2

STATS3 : signal transducer and activator of trans-
cription 3

STATG : signal transducer and activator of trans-
cription 6

SUZ12 : SUZI2, polycomb repressive complex 2
subunit

—T—
TERT : telomerase reverse transcriptase
TET?2 : tet methylcytosine dioxygenase 2
TFE3 : transcription factor binding to IGHM
enhancer 3
TLE1 : TLE family member 1, transcriptional
corepressor
TLS : FUS RNA binding protein
TOP2A : DNA topoisomerase Il alpha
TP53 : tumor protein p53
TPX2 : TPX2, microtubule nucleation factor
TRIO : trio Rho guanine nucleotide exchange
factor
TRIP13 : thyroid hormone receptor interactor
13
TTK : TTK protein kinase

—U—
UBE2C : ubiquitin conjugating enzyme E2 C

UHRF?2 : ubiquitin like with PHD and ring fin-
ger domains 2

V-Src : tyrosine-protein kinase transforming pro-
tein Src

—W-—
WWTRI : WW domain containing transcription
regulator 1

_Y_

YAPI : Yes associated protein 1

_7Z_
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ZNF131 : zinc finger protein 131
ZNF558 : zinc finger protein 558
ZWINT : ZW10 interacting kinetochore protein
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1 | Introduction

1.1 — Descriptif clinique des sarcomes des tissus

mous

1.1.1 — Présentation

Les tumeurs des tissus mous sont une famille trés hétérogene de cancers, affectant 1’en-
semble des tissus conjonctifs non osseux de 1’organisme. Ces tissus de soutien comprennent
entre autres les muscles, les cellules adipeuses, les vaisseaux sanguins, efc. Selon le dernier
rapport en date de I’Organisation Mondiale de la Santé (OMS), ces tumeurs peuvent étre re-
groupées en 12 grandes lignes de différenciation comprenant un total de 113 sous-types histo-

logiques (table 1; Fletcher ef al., 2013).

Tumeurs Sous-types
Adipocytaires 13
Fibroblastiques/myofibroblastiques | 32
Fibrohistiocytaires 5
Musculaires lisses 2
Périvasculaires 3
Musculaires striées 5
Vasculaires 13
Chondro-osseuses 2
Stromales gastro-intestinales 1
Des gaines nerveuses 14
A différenciation incertaine 22
Indifférenciées 1

TABLE 1 - Lignes de différenciation des tumeurs mésenchymateuses des parties molles. Table adaptée
de Fletcher et al., 2013.

La grande majorité (99%) des cas diagnostiqués sont des tumeurs bénignes pour les-

quelles une résection chirurgicale seule conduit presque systématiquement a la rémission com-
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plete des patients. Le pourcentage restant sont des tumeurs agressives (localement ou rarement
métastatiques) ou hautement malignes (fort potentiel d’invasion locale et/ou a distance), portant
I’appellation de sarcomes des tissus mous (STM). Ils représentent pres de 80 sous-types histo-
logiques et posent un réel défi clinique, aussi bien par I’établissement d’un diagnostic que par

la prise en charge thérapeutique des patients (Casali ez al., 2018).

En France, 4000 nouveaux cas de STM de I’adulte (STMA ; 1 a 2 % des cancers totaux)
sont diagnostiqués par an, principalement retrouvés chez les personnes de plus de 60 ans (Duci-
metiere et al., 2011 ; Honoré et al., 2015). Ces tumeurs sont principalement localisées au niveau
des membres (60%), puis du tronc (30%) et enfin de la région de la téte et du cou (10% ; Guillou
& Aurias, 2010). Elles sont généralement tres agressives avec de fréquentes récidives locales
et/ou a distance (souvent pulmonaires) et dont 10% des patients présentent des métastases dé-

celables au moment du diagnostic initial.

1.1.2 — Etiologie

La grande majorité des STM se développent de novo, sans aucun facteur déclenchant

identifié. Néanmoins, plusieurs associations ont pu étre mises en évidence.

Agents chimiques : le risque de développement d’un STM a pu étre corrélé a une exposition
a des dioxines (carcinogenes) contenues dans certains herbicides ou produites par des
usines de transformation chimique (Eriksson et al., 1990).

Exposition aux radiations : 12a 5% des STMA sont diagnostiqués chez des patients traités par
radiothérapie pour un précédent cancer (Brady et al., 1992). Ils définissent le groupe de
sarcomes développés sur territoires irradiés. Ces tumeurs présentent des caractéristiques
cliniques spécifiques et sont plus agressives que les STMA sporadiques (développement
spontané). Les études cliniques montrent que ces sarcomes se développent principalement
sur des tissus fortement exposés aux radiations (50 Gy), par opposition aux carcinomes
qui se développent sur des tissus moins exposés (30 Gy ; Wiklund ez al., 1991 ; Lagrange
et al., 2000).

Infection virale : associés a une immunodéficience, les virus d’Epstein-Barr et Herpes-virus 8

sont respectivement reliés au développement de tumeurs des muscles lisses (Deyrup et al.,
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2006) et cutanés (sarcome de Kaposi; Blauvelt, 1999), dont I’initiation serait permise par

I’action des protéines virales oncogenes.

Prédisposition génétique : avec des mutations constitutionnelles de plusieurs genes (Fletcher
etal., 2013 ; Farid & Ngeow, 2016) tels que :

TP53 : syndrome de Li-Frauméni, ot la moitié des patients atteints de ce syndrome dé-
veloppent des tumeurs avant 30 ans et dont pres de 30% sont des STM et des ostéo-
sarcomes (Gonzalez et al., 2009).

RBI : rétinoblastome, associé au développement de STM et d’ostéosarcomes (Kleiner-
man et al., 2012).

APC : polypose adénomateuse familiale (ou syndrome de Gardner), prédisposant aux
tumeurs desmoides (Gurbuz er al., 1994).

NF1 : neurofibromatose de type 1, associée au développement de tumeurs malignes des
gaines nerveuses périphériques (MPNST pour malignant peripheral nerve sheath
tumors ;, Evans et al., 2002).

Autres prédispositions. Une large étude menée sur 848 patients atteints de STMA rap-
porte une corrélation entre certaines variations génétiques rares et le développement
de sarcomes. Ces polymorphismes pathogéniques constitutifs concernent principa-
lement les genes BRCA2 (5% des cas), ATM (3,1% des cas), TP53 (1,9% des cas),
ERCC2 (1,8% des cas) et ATR (1,7% des cas; Ballinger et al., 2016).

1.1.3 — Diagnostic

Le diagnostic des STM se réfere a la classification histologique publiée par I’OMS, se
basant sur I’observation de la ligne de différenciation tumorale (Fletcher ef al., 2013). On dis-
tinguera ainsi plusieurs sous-types histologiques correspondant a plusieurs lignes de différen-

ciation possibles (table 1 page 18).

Les criteres diagnostiques incluent les caractéristiques cliniques (localisation et taille de
la tumeur, age et sexe des patients, efc.), I’aspect macroscopique (sur biopsie ou piece d’exé-
rese), I’aspect microscopique sur une coupe de tissus fixés au formol et inclus en paraffine

(FFPE pour formalin-fixed, paraffin-embedded ; figure 1), ainsi que la présence de marqueurs
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génétiques détectés par différentes techniques de biologie moléculaire comme I’immunohisto-
chimie, le séquencage Sanger, I’hybridation fluorescente in situ (FISH pour fluorescence in situ
hybridization) ou encore 1’hybridation génomique comparative (CGH-array pour comparative

genomic hybridization array).

S Tum
; sToszag.r.' !

-------

LEGUELLE
HISTO ENZYMO

403485 3277

b}

FIGURE 1 — Examen microscopique d’un bloc FFPE. A : bloc FFPE. B : lame du bloc FFPE avec
coloration a I’hématoxyline et a I'éosine. C : visualisation au microscope (x200) de la coupe, correspond
a un sarcome pléomorphe indifférencié de haut grade. Crédit : Sophie Le Guellec.

En raison de la tres grande hétérogénéité de ces tumeurs, une double lecture des cas est
systématiquement effectuée dans 1’un des centres experts du Groupe Sarcome Francgais (GSF)
au travers du Réseau de Référence en Pathologie des Sarcomes des tissus mous et des visceres
(https://rreps.sarcomabceb.org ; Perrier ef al., 2018). La prise en charge des cas et leur suivi sont
assurés lors des réunions de concertation pluridisciplinaire, faisant intervenir les principaux
acteurs médicaux concernés par le traitement des patients (oncologues, chirurgiens, anatomo-

pathologistes, etc.).

En dehors de ces centres experts, le risque d’erreur diagnostique initiale critique (impli-
quant une erreur de prise en charge thérapeutique) est estimé entre 10 et 25% et est due a une
méconnaissance de la pathologie (Arbiser et al., 2001 ; Ray-Coquard et al., 2012). La relecture
d’un cas par un pathologiste expert permet ainsi de reclasser 40% des diagnostics initiaux en
reprécisant le sous-type histologique et le pronostic. Les données épidémiologiques démontrent

que, hors des centres experts, les dossiers de patients sont moins souvent revus en réunions
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de concertation pluridisciplinaire, qu’ils ont moins souvent une imagerie préopératoire de la
tumeur et une moindre probabilité d’avoir un diagnostic €tabli avant la résection chirurgicale

(Mathoulin-Pélissier et al., 2014).

1.1.4 — Pronostic

Ces cancers sont généralement de mauvais pronostic, avec des taux de rechute locale de
20 a 30%, des taux d’événement métastatique de 30 a 50% (souvent pulmonaires) et des taux
de survie globale d’environ 50% a 5 ans (variable selon le sous-type histologique; Fletcher
et al., 2013). Les trois principaux facteurs cliniques, en plus du sous-type histologique en lui-
méme, intervenant dans I’agressivité de ces tumeurs sont la qualité de la résection chirurgicale,
la localisation de la tumeur et sa taille. Classiquement, les tumeurs du rétropéritoine sont volu-
mineuses, rendant 1’acte chirurgical plus compliqué. A I’inverse les tumeurs des membres sont

généralement de meilleur pronostic.

Le facteur pronostique de référence des STM est celui défini par la Fédération Francaise
des Centres de Lutte Contre le Cancer (FNCLCC; Trojani et al., 1984 ; Coindre, 2006). Il
se base sur trois criteres qui sont : la différenciation tumorale, 1’'index mitotique et la nécrose
(table 2). L’association de ces trois critéres, sous forme d’un score, stratifie les tumeurs en 3
groupes représentant des niveaux d’agressivité significativement différents (figure 2). Ainsi, les
tumeurs de grade 1 sont de bon pronostic, celles de grade 3 sont de mauvais pronostic et le

grade 2 correspond a une agressivité intermédiaire.

Cependant, I’application clinique du grade FNCLCC est limitée par plusieurs facteurs : il
est difficilement applicable sur des micro-biopsies et/ou sur des tissus traités en situation néoad-
juvante, non applicable sur tous les sous-types histologiques, peu informatif pour les tumeurs de
grade 2 (40% des cas) et sa reproductibilité peut Iégerement varier entre pathologistes (Coindre

et al., 1986, 2001 ; Coindre, 2006).

De plus, si I’apport du grade FNCLCC a été majeur pour la prise en charge thérapeutique
des patients, il repose intégralement sur une observation phénotypique des cellules tumorales.

Il devient alors nécessaire de déterminer les causes de ces caractéristiques phénotypiques, per-
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Différenciation tumorale :

Score 1 | Forte ressemblance histologique avec du tissu mésenchymateux normal
Score 2 | Ressemblance histologique incertaine

Score 3 | Sarcome indifférencié€ ou certains types histologiques spécifiques
Index mitotique 2 :

Score 1 | 0 a9 mitoses pour 10 champs

Score 2 | 10 a 19 mitoses pour 10 champs

Score 3 | > 20 mitoses pour 10 champs

Nécrose tumorale " :

Score 0 | Absence

Score 1 | < 50%

Score 2 | > 50%

Grade histologique :

Grade 1 | Total : 2 0u 3

Grade 2 | Total : 4 ou 5

Grade 3 | Total : 6,7 ou 8

TABLE 2 — Critéres et seuils d’évaluation du grade FNCLCC. 2 : un champ représente 0.1734mm2. b :
évaluée au niveau histologique et macroscopique. Table adaptée de Trojani et al., 1984 et de Coindre,
2006.

©.76+

Grade 1

@.506-]

Grade 3 (n = 572)

Grade 2
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FIGURE 2 - Valeur pronostique du grade FNCLCC. A : premiére évaluation pronostique sur une cohorte
de 155 patients. B : seconde évaluation pronostique sur une cohorte de 1240 patients. Ces analyses
montrent des survies sans métastase (ordonnée) au cours du temps (abscisse) significativement diffé-
rentes selon le grade FNCLCC. Images adaptées de Trojani et al., 1984 et Coindre, 2006

mettant ainsi d’affiner le diagnostic mais aussi le pronostic par une meilleure compréhension
de la nature de ces tumeurs. Ceci permettrait par exemple de comprendre pourquoi le grade
FNCLCC est pronostique sur une grande variété de sous-types histologiques mais pas sur les

rhabdomyosarcomes (RMS) et les MPNST.

Il est a noter que le pronostic des tumeurs stromales gastro-intestinales (GIST pour gas-
trointestinal stromal tumors) n’est pas évalué par le grade FNCLCC mais par le systeme d’éva-

luation défini par I’Armed Forces Institute of Pathology (Miettinen et al., 2006). Ce systeme

1 — Introduction Page 23



est basé sur trois criteres : la taille de la tumeur, le nombre de mitoses observées et le site
anatomique tumoral. Il permet ainsi de classer les GIST selon quatre groupes associés a des

agressivités tumorales distinctes : tres faible, faible, intermédiaire et élevée.

1.1.5 — Traitements

La prise en charge thérapeutique des patients atteints de sarcomes est discutée au cas par
cas lors des réunions de concertation pluridisciplinaire mais les principales recommandations
sont données par les rapports réguliers de 1’ European Society for Medical Oncology (ESMO;
Casali et al., 2018). Les sarcomes étant un groupe de tumeurs aux caractéristiques cliniques tres
hétérogenes, de nombreux traitements peuvent tre envisagés. Néanmoins, cette pathologie a
relativement peu bénéficié d’opportunités thérapeutiques majeures depuis plusieurs décennies

(Demicco et al., 2012).

Quatre principales situations cliniques sont définies dans les recommandations thérapeu-
tiques des STM et dépendent de deux facteurs : si la tumeur est localisée ou métastatique et si
elle est résécable ou pas (Casali e al., 2018). Chacune de ces situations cliniques fait 1’objet
d’un protocole thérapeutique distinct et qui est ajusté au cas par cas, principalement en fonction
du sous-type histologique. La valeur pronostique du grade FNCLCC est utilisée dans le cadre
des tumeurs non métastatiques et résécables, ou elle constitue la premiere branche décisionnelle

associée au traitement (figure 3).

1.1.5.1 — La chirurgie

La résection, si possible avec marges chirurgicales saines a I’examen microscopique (dite
RO), reste le traitement de référence et ayant le meilleur impact pronostique pour ces tumeurs
lorsqu’elles restent localisées, ce d’autant si le chirurgien s’est spécialisé dans la chirurgie des
sarcomes (Toulmonde ez al., 2014). Ainsi, une premiere chirurgie inadaptée n’est pas rattrapée
par un quelconque traitement ultérieur (Honoré e al., 2015). Selon la localisation et/ou le vo-
lume de la tumeur et/ou la qualité de la chirurgie, une résection incomplete peut étre planifiée.

Ces résections incompletes sont de mauvais pronostic et une seconde chirurgie peut étre envisa-
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Localised, clinically resectable STS

1

$

Deep, > 5 cm lesions
|—’ Surgery or site specific (MDT risk
m,A] assessment needed)
RO resection
feasible l

feasible
- - -
MDT risk
Compartmental
RTa RT& 4 - -aESiSEm-en-t 7
m, [, B]
I 1

: MDT risk assessment .-
RO resection or selected > 5 cm or Superficial,
not feasible deep lesions < 5cm lesions S
urgery ‘_|
VAl
RO resection
MDT risk assessment or Deep or RO resection
superficial, < 5 cm lesions > 5 cm lesions not feasible
v
Follow-up 1J 0 : .
RT” (if not given preoperatively) [ll, B]
Optional: ChT®

(if not given preoperatively) [ll, C]

FIGURE 3 — Recommandations thérapeutiques des STM localisés et résécables. La premiére branche
décisionnelle correspond au grade FNCLCC, actuel facteur pronostique de référence de la pathologie.
MDT : équipe pluridisciplinaire, RT : radiothérapie, ChT : chimiothérapie. Image reprise de Casali ef al.,
2018.

gée par la suite. Une partie de I’agressivité des STM du rétropéritoine s’explique par la taille et
la localisation de ces tumeurs, qui ne permettent pas toujours une résection chirurgicale idéale

(RO).

Une erreur de diagnostic initial, notamment la confusion entre tumeur bénigne et ma-
ligne, entraine une mauvaise prise en charge chirurgicale dans les centres non spécialisés. En
amont, elle implique une absence d’imagerie pré-opératoire, sans biopsie et/ou sans prévision
de marges chirurgicales adéquates. Lors de 1’opération, cela se traduit par des chirurgies dites
"oups" (Whoops procedures) avec effraction tumorale dont les conséquences cliniques sont dé-
sastreuses pour les patients qui sont souvent opérés une seconde fois dans les centres experts

(Koulaxouzidis et al., 2015).
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1.1.5.2 — La radiothérapie

Elle est fréquemment proposée pour les sarcomes de haut grade en situation adjuvante
afin d’améliorer le contrdle local de la maladie (Toulmonde et al., 2014). Fractionnée, une irra-
diation totale de 50 a 66 Gy est administrée en fonction de la résection. Elle est recommandée
en situation néoadjuvante dans deux cas de figure : si les complications peuvent étre trop impor-
tantes pour une administration post-opératoire (elle est alors accompagnée de chimiothérapie),

ou dans le cas d’une résection incomplete (R1 ou R2) qui ne sera pas réopérée.

Certains sous-types histologiques sont bien connus comme étant de bons ou mauvais ré-
pondeurs vis a vis de la radiothérapie. Par exemple, les synovialosarcomes, les tumeurs fibreuses
solitaires et les liposarcomes (LPS) sont généralement radio-sensibles. Par opposition, la ma-
jorité des sarcomes pléomorphes répondent mal a la radiothérapie (Rhomberg, 2006 ; Casali

etal., 2018).

1.1.5.3 — La chimiothérapie

Elle est fortement recommandée pour les tumeurs métastatiques ou a risque élevé. Elle
est administrée en situation néoadjuvante pour réduire le volume tumoral et ainsi faciliter 1I’exé-
rese, et en situation adjuvante pour tuer les cellules tumorales circulantes. En premiére ligne,
une chimiothérapie a base d’anthracyclines est recommandée et peut €tre additionnée d’ifosma-
mide. Le cas échéant, une chimiothérapie spécifique au sous-type histologique de sarcome peut
étre envisagée (comme la combinaison doxorubicine et dacarbazine pour les Iéiomyosarcomes ;

LMS).

Néanmoins, une étude clinique de phase 3 sur des sarcomes de haut risque, comprenant
notamment des LMS et des sarcomes pléomorphes indifférenciés (UPS pour undifferentiated
pleomorphic sarcomas), démontre que ce type de chimiothérapie spécifique, en situation néoad-
juvante, n’apporte pas de bénéfice comparativement a une chimiothérapie standardisée (Gronchi
et al., 2017). Ces résultats poussent a redéfinir ce qui est alors considéré comme les traitements

de référence (Baldini et al., 2018).
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1.1.5.4 — La thérapie ciblée

Hormis les inhibiteurs de tyrosines kinases (ITK) approuvés dans les GIST (imatinib,
regorafenib et sunitinib), les sarcomes bénéficient de peu de thérapies ciblées (Nakano & Taka-
hashi, 2018a). Ceci inclut certains sarcomes qui posseédent pourtant des altérations génétiques
motrices et spécifiques (qui seront précisées dans la partie 1.2.2 page 35) mais qui restent ac-
tuellement sans traitement spécifique. Quelques molécules sont en cours d’essai, telles que des
inhibiteurs d’histone désacétylases qui restreignent la modification de la structure de la chro-
matine permise par le complexe protéique SS18-SSX/TLE1/ATF2 dans les synovialosarcomes
(Laporte et al., 2017), ou des anti-CDK4/6 dans les LPS bien différenciés et LPS dédifférenciés

(DDLPS pour dedifferenciated liposarcomas ; Dickson et al., 2016).

Elle n’est pour I’instant pas envisageable pour les sarcomes pléomorphes puisqu’aucun le-
vier thérapeutique récurrent n’a pu étre identifié dans ces tumeurs. Des premieres études de mé-
decine personnalisée rapportent que 20 a 40% des sarcomes seraient éligibles pour une thérapie
spécifique, ciblant une altération qui peut €tre identifiée par des analyses de biologie moléculaire
(Gounder et al., 2017 ; Ben Ami et al., 2018). Toutefois, de grosses limitations thérapeutiques
subsistent : une absence de molécule a tester, une inéligibilité des patients aux essais cliniques
et un résultat trop tardif au regard d’un traitement déja débuté ou du statut vital du patient. Cette
approche reste néanmoins possible si une association pathologie-altération-traitement est déja

connue (Tlemsani et al., 2018a,b).

1.1.5.5 — Limmunothérapie

Elle n’est pour I’instant pas un traitement de référence dans les STMA, excepté I’olara-
tumab pour les GIST (ciblant PDGFRa ; Tap et al., 2016). De nombreuses études cliniques,
surtout en phases 1 et 2 sont en cours pour évaluer la pertinence de I’immunothérapie dans le

traitement des STMA (NCT03463408, NCT03138161, NCT03116529, etc.).

Ces dernicres années, de nombreuses molécules ont été développées afin de bloquer la
liaison entre PD-L1 (exprimée a la surface des cellules cancéreuses) et PD-1 (récepteur présent

a la surface des lymphocytes T). Cette absence de liaison conduit a 1’activation des lympho-
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cytes et de nombreux essais cliniques y ont démontré un intérét thérapeutique (cancers du pou-
mon, gastriques, colorectaux, urothéliaux, lymphomes, efc. ; Gong et al., 2018). Des essais sont
en cours pour évaluer I’impact de ces molécules dans les sarcomes mais les premieres études

montrent un faible taux de réponse objective (Mir et al., 2017).
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1.2 — Descriptif génétique des sarcomes des tissus

mous

En plus de leur classification histologique (partie 1.1.3 page 20), les STM peuvent étre
catégorisés sur la base de leurs altérations génétiques (Guillou & Aurias, 2010 ; Fletcher et al.,
2013). La premiere catégorie regroupe différents sous-types histologiques mais dont les points
communs sont une anomalie génétique motrice de 1’oncogenese a la fois récurrente et spé-
cifique, ainsi qu'un remaniement génomique globalement mineur (voire intermédiaire). Ce
groupe est ainsi nommé "sarcomes a génétique simple" (SGS). La seconde catégorie regroupe
différents sous-types histologiques définis par une tres grande instabilité génétique, comprenant
de nombreux remaniements génomiques mais sans altération spécifique, récurrente et motrice
de I'oncogenese. Ce groupe est ainsi nommé "sarcomes a génétique complexe" (SGC) et re-

groupe les sarcomes pléomorphes.

Avant de définir ces deux groupes, il est intéressant de noter que les premieres grandes
découvertes concernant la génétique tumorale synthétisent les principales altérations retrouvées
dans les sarcomes (par ordre chronologique) : I’aneuploidie, les translocations et les mutations
ponctuelles. Nous verrons dans un premier temps dans quels contextes ces altérations ont été

identifiées puis comment ces altérations participent a définir la biologie des sarcomes.

1.2.1 — Génétique et cancer : des premiéres découvertes au hall-

mark du cancer

Des le début du XXeme siecle, Theodor Boveri est I’'un des premiers a faire 1’hypothese
que ’origine des cancers pourrait étre génétique (Boveri, 1914). Ce zoologiste allemand re-
marque en effet que la fécondation d’un ceuf d’oursin par deux spermatozoides aboutit a une
ségrégation chromosomique anormale dans les cellules filles (Boveri, 1904). Si la plupart de
ces cellules filles ne survivent pas a cette anomalie, celles qui y parviennent présentent des dé-
veloppements anormaux. Ces résultats font écho aux observations de David von Hansemann

qui, quelques années auparavant, rapporte que la plupart des divisions cellulaires de carcinomes
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n’aboutissent pas a une répartition équitable des chromosomes dans les cellules filles (von Han-
semann, 1890). Ces résultats conduisent ainsi Boveri a faire le lien entre altérations génétiques
et oncogenese. Il propose alors que des régulateurs chromosomiques existent (aujourd’hui nom-
més genes suppresseurs de tumeurs), hérités des cellules parentales, permettant un contrdle de
la prolifération cellulaire en condition normale (Boveri, 1914). L’inactivation de ces régula-
teurs lors de mitoses anormales permettrait aux cellules de proliférer sans cesse. Cette théorie
fondatrice posera les bases de la contribution chromosome-cancer et du concours potentiel de
I’aneuploidie (nombre anormal de chromosomes dans une cellule) sur I’oncogenese (figure 4;

Bignold et al., 2006).

ad Il
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FIGURE 4 — Premiéres observations de I'aneuploidie. A : illustration d’'une mitose anormale observée
dans un carcinome (von Hansemann, 1890). B : représentation de la répartition asymétrique des chro-
mosomes (représentés par les lettres a, b, ¢ et d) lors d’'une mitose tétra-polaire (pbles 1 a 4; Boveri,
1914). Images reprises de Bignold et al., 2006.

Les travaux de Boveri furent initialement accueillis avec scepticisme et il fallut attendre
plusieurs décennies avant que les anomalies génétiques ne deviennent un support d’étude majeur
afin de comprendre comment les cellules peuvent accéder a I’oncogenese (figure 5; Balmain,
2001). La découverte de la structure d’ ADN, par les efforts conjoints de James Watson, Francis
Crick, Maurice Wilkins et Rosalind Franklin (Watson & Crick, 1953 ; Wilkins et al., 1953
; Franklin & Gosling, 1953) puis I’amélioration des techniques de cytogénétique ont permis
d’initier des études ayant réhabilité les observations et théories de Boveri, constituant ainsi les

fondations de la génétique tumorale.

La premiere translocation identifiée dans les tumeurs humaines fut I’échange spécifique

entre les chromosomes 9 et 22, nommé chromosome de Philadelphie, dans les leucémies myé-
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FIGURE 5 — Histoire de la génétique tumorale, de Boveri au séquencage du génome humain. Image
reprise de Balmain, 2001.

loides chroniques (figure 6A ; Nowell & Hungerford, 1960 ; Rowley, 1973). Dans les tumeurs
solides, la premiere translocation identifiée fut celle entre les chromosomes 11 et 22 dans les
sarcomes d’Ewing (figure 6B ; Turc-Carel er al., 1983 ; Aurias et al., 1984). 1l faudra encore
attendre plusieurs années, grace a une meilleure compréhension de la génétique tumorale et
a I’établissement de techniques plus résolutives, avant de comprendre quelles sont les consé-
quences génétiques de ces deux translocations, avec respectivement la fusion des génes BCR

avec ABLI (Groffen et al., 1984) et EWSRI avec FLII (Delattre et al., 1992).

; 11 22

FIGURE 6 — Premiéres observations des translocations spécifiques. A : identification d’'une translocation
t(9;22) dans une cellule de leucémie myéloide chronique. Image adaptée de Rowley, 1973. B : identifi-
cation d’une translocation t(11;22) dans une cellule de sarcome d’Ewing. Image reprise de Aurias et al.,
1984).
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Fin des années 70, des travaux menés sur le virus du sarcome de Rous (Rous, 1910, 1911)
permettent d’identifier la premiere protéine virale oncogene (v-src) puis 1’analogue humain de
cette protéine (c-src; Stehelin et al., 1976 ; Oppermann et al., 1979 ; Czernilofsky ef al., 1980
; Smart et al., 1981). Ces travaux précurseurs ont ainsi permis d’identifier la premiere oncopro-
téine, donnant alors la définition formelle du premier oncogene (SRC) : une gene dont I’ expres-
sion contribue a I’initiation tumorale. L’ oncogéne HRAS sera identifié quelques années apres et
notamment sa mutation p.G12V qui participe a I’oncogenese des tumeurs de la vessie (Reddy
et al., 1982 ; Tabin et al., 1982 ; Taparowsky et al., 1982). D’autres découvertes viendront par
la suite étoffer les connaissances accumulées sur la génétique tumorale. Un exemple notable est
I’identification des délétions génomiques d’un locus (13q14), contenant notamment RB/ (gene
suppresseur de tumeur), altération récurrente retrouvée dans les rétinoblastomes (Friend ef al.,
1986). Ces études princeps ont collectivement montré que I’initiation tumorale était associée a

des altérations génétiques spécifiques.

En 1986, Renato Dulbecco déclare : « Nous avons deux options : soit essayer de découvrir
les genes importants dans la malignité par une approche au coup par coup, soit séquencer le gé-
nome entier d’une espece animale sélectionnée » (Dulbecco, 1986). Face aux enjeux médicaux
d’une telle importance, le gouvernement américain démarre le projet de séquengage du génome
humain (HGP pour the Human Genome Project) en 1990, alors principalement financé par son
département de la santé et de la recherche médicale (le National Institute of Health) qui planifie
sa durée a 15 ans. La réalisation de ce projet devient rapidement un objectif international et ce
ne sont pas moins de 20 laboratoires répartis dans six pays (Allemagne, Royaume-Uni, Chine,
France, Japon et les Etats-Unis d’ Amérique) qui contribueront a sa réalisation. La complétion de
ce projet en 2003 permit de pratiquement caractériser la totalité (99%) de notre génome, appor-
tant de nouvelles informations jusqu’alors inconnues telles que des événements de duplications
génomiques, des millions de polymorphismes, 1’identification de nouveaux genes, la diversité

des transcrits, efc. (International Human Genome Sequencing Consortium, 2001, 2004).

L’ obtention de ces informations a été capitale pour de trés nombreuses avancées dans la
génétique tumorale puisqu’elles ont permis de définir la premiere référence du génome humain
sur laquelle se baser (Bell, 2010 ; Wheeler & Wang, 2013). Au-dela des enjeux oncologiques,

tous les domaines reliés de pres ou de loin a la génétique ont profité de ces nouvelles connais-
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sances (génétique des populations, maladies héréditaires, immunologie, métabolisme, crimino-
logie, etc.). Ce projet a également été une preuve de concept de I’ utilisation de technologies de
séquencage haut débit (la premiere génération) pour une meilleure compréhension de la géné-

tique, a la base nucléique pres.

Bien que tres résolutif, le séquengage haut débit était initialement limité par un facteur
majeur : son coit. En effet, le HGP a coiité pres de $3.000.000.000 (soit $1 le nucléotide) mais
des améliorations successives de la technique ont permis de nettes diminutions budgétaires. Le
génome de Craig Venter, fondateur de Celera Genomics et concurrent du projet HGP dans la
course au séquengage du génome humain (Pennisi, 1999 ; Venter et al., 2001), fut obtenu pour
$100.000.000 (Levy et al., 2007). La seconde génération de séquencage haut débit fut amorcée
par la mise au point du séquengage 454 (Roche; Margulies ef al., 2005) et permit de séquencer
le génome de James Watson en deux mois pour $1.000.000 (Wheeler ez al., 2008). Ceci conduit
a la théorisation du séquencage du génome complet a $1.000 (Mardis, 2006). Cet objectif est
aujourd’hui proche d’étre atteint (figure 7), le colit de 1’analyse de ces données serait alors

supérieur a celui du séquencgage brut (Mardis, 2010).

(O]
o) RAi i I m Mesure
© Loi de Moore
8” $10M | H Génome a $1000
S
o $1M
‘O
w $100k —
()
©
— $10k —
<3
o
$1K —p=======cc==ccccccccccccccasccccccaccccccccnaccmcccanas -
O T T T T T T T T T T T T T T T T T

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Année

FIGURE 7 — Evolution du co(it du séquencage du génome humain. Ce graphique retrace I'évolution du
co(t depuis 2001, comparativement a I'adaptation de la loi de Moore (1975) selon laquelle la puissance
de calcul des ordinateurs double tous les deux ans. Ici, elle représente une diminution du colt de
séquengage d’'un facteur deux en deux ans a partir du premier point. Cette loi s’applique dans de
nombreux autres domaines et suivait effectivement la tendance du co(t de séquencage jusqu’a fin
2007. Le début de I'année 2008 marque la mise en service de la seconde génération de séquenceurs
haut débit. Données obtenues sur https://www.genome.gov/sequencingcostsdata.
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A partir du principe du séquencage ADN (DNA-seq pour DNA sequencing), de nom-
breuses variantes ont par la suite été développées afin d’étudier de facon toujours plus exhaus-
tive I’ensemble des facettes de la génétique tumorale (figure 8 ; Reuter ef al., 2015). On peut par
exemple citer le séquencage ARN (RNA-seq pour RNA sequencing) afin de quantifier I’expres-
sion génique (Bainbridge et al., 2006 ; Mortazavi et al., 2008) ou la capture de la conformation
des chromosomes a haute résolution (Hi-C) afin de modéliser 1’architecture spatiale en trois di-
mensions des chromosomes au sein des noyaux (Lieberman-Aiden et al., 2009). L’ accessibilité
de ces techniques, ainsi que d’autres méthodes permettant par exemple d’étudier les variations
du nombre de copies ou de la méthylation de I’ADN par le design de puces spécifiques, ont
contribué a I’émergence d’imposants projets, notamment au travers de deux groupes centraux
que sont I’International Cancer Genome Consortium (ICGC; https://icgc.org) et The Cancer

Genome Atlas (TCGA ; https://cancergenome.nih.gov).
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FIGURE 8 — Champs d’'étude couverts par le séquencage haut débit. Les points représentent chacun
une technologie de séquengage (RNA-seq, Hi-C, efc.) identifiée par son année de mise au point de
2006 a 2014 (abscisse), son nombre de citations scientifiques (ordonnée), ainsi que son taux de citation
par mois (taille des points). La coloration des points indique le champ d’étude correspondant parmi :
réplication, traduction, transcription, conformation chromosomique, séquengage ADN, régulation épigé-

nétique, biologie des ARN, expression génique et autres (respectivement de couleurs orange a bleu
foncé; Reuter et al., 2015).

L’implication des altérations génétiques sur le développement tumoral n’est aujourd’hui

plus a démontrer et elles constituent une caractéristique universelle de la cellule cancéreuse
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(Hanahan & Weinberg, 2000, 2011). Ces altérations sont ainsi capables de conférer des caracté-
ristiques majeures pour la survie cellulaire, la prolifération, la dissémination et pour la résistance
aux traitements des cellules tumorales (Vogelstein et al., 2013). 11 est donc d’un intérét majeur
d’identifier quelles sont les altérations génétiques présentes dans les tumeurs, y compris dans

les sarcomes, afin de mieux comprendre la biologie qui les animent.

1.2.2 — Principales altérations génétiques des sarcomes

Comme précédemment évoqué, les STMA peuvent étre classés en deux catégories en
fonction de leurs caractéristiques génétiques. Nous allons dans cette partie d’abord voir les sar-
comes dits "a génétique simple", puis ceux dits "a génétique complexe", pour enfin s’intéresser
a une caractéristique commune a ces deux groupes : I’instabilité génétique et sa répercussion

sur la progression tumorale.

Les SGS (50% des STMA) sont caractérisés par une altération oncogénique récurrente et
spécifique a chaque sous-type histologique (table 3; Taylor e al., 2011 ; Fletcher et al., 2013).
Ces altérations sont de deux principaux types : les ponctuelles et les translocations. On parle

"y

alors de sarcomes dit "a mutation" ou "a translocation".

1.2.2.1 — Les sarcomes "a mutation"”

"X

Les sarcomes dits "a mutation" (20% des STM) sont caractérisés par des altérations ponc-
tuelles tres spécifiques sur quelques genes cibles en permettant leur activation ou leur inactiva-
tion. Les altérations ponctuelles sont des modifications localisées de la séquence nucléique et
sont réparties en deux catégories : les substitutions, qui consistent a modifier un nucléotide par
un autre, et aux insertions/délétions de moins de 100pb, qui consistent a ajouter ou retirer des

nucléotides.

Le principal représentant de cette catégorie de tumeurs est le GIST par mutations activa-
trices d’un récepteur a tyrosine kinase, activant les voies MAP-kinases et Akt. Ces altérations
concernent soit KIT (85% ; Hirota et al., 1998), soit PDGFRA (10% ; Heinrich et al., 2003). La

plupart des mutations de KIT se produisent au niveau de ses exons 9 (15% des cas ; domaine ex-
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Type histologique Gene Fréquence Référence
" KIT? 85% Hirota et al., 1998
@ GIST
e PDGFRA' 10% Heinrich et al., 2003
= CTNNBI' 85% Shitoh et al., 1999
g Tumeur desmoide
o APC! 15% Miyaki et al., 1993
<
Tumeur rhabdoide SMARCBI* 30% Versteege et al., 1998
) SS18-SSX1°¢ 60% Clark et al., 1994
Synovialosarcome
SS18-S5X2° 35% Fligman et al., 1995
" Fibrosarcome C ETV6-NTRK3° >80% Knezevich et al., 1998
=
S ) PAX3-FOXO01° 65% Barr et al., 1993
= RMS alvéolaire
8 PAX7-FOXOI° 20% Davis et al., 1994
|72}
é DFS COLIAI-PDGFB*» >90% Pedeutour et al., 1996
Liposarcome myxoide FUS-DDIT3° >90% Rabbitts et al., 1993
Sarcome APM ASPSCRI-TFE3° >90% Ladanyi et al., 2001
Sarcome FBG FUS-CREB3L2° >90% Storlazzi et al., 2003

TABLE 3 — Exemples d’altérations génétiques motrices retrouvées dans les SGS. Alt : altérations, C :
congénital, DFS : dermatofibrosarcome de Darier-Ferrand, APM : alvéolaire des parties molles, FBG :
fiboromyxoide de bas grade. T : mutations activatrices.  : mutations inactivatrices. © : protéine chimérique
avec nouvelle fonction. © : oncogéne sous contrdle d’un promoteur fort.

tracellulaire) et 11 (70% des cas; domaine juxta-membranaire), quelques rares mutations étant
également rapportées au niveau des exons 13 et 17 (Heinrich ez al., 2003 ; Debiec-Rychter ez al.,
2006 ; Heinrich et al., 2008a). 11 a pu étre démontré que les mutations de I’exon 9 sont de plus
mauvais pronostic que celles de I’exon 11 (Heinrich ez al., 2003 ; Debiec-Rychter et al., 2006
; Heinrich ef al., 2008b) et qu’au sein méme de 1’exon 11, les délétions (méme en phase in-
frame) sont associées a des comportements cliniques plus agressifs que les substitutions (Miet-
tinen et al., 2006 ; Lasota & Miettinen, 2008). La réponse au traitement est également différente
selon la nature de 1’altération motrice. De hautes doses d’imatinib, un ITK, ont montré des ef-
fets bénéfiques sur les GIST mutés dans I’exon 9 de KIT par rapport a de plus faibles doses
(800mg et 400mg par jour; Debiec-Rychter ef al., 2006), alors qu’aucun bénéfice n’a pu étre
mesuré pour les mutations de I’exon 11. Aussi, les patients développant des tumeurs mutées
dans I’exon 9 répondent mieux au sunitinib (un autre ITK) que celles mutées dans I’exon 11

(Heinrich et al., 2008a).
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D’autres tumeurs mésenchymateuses, plus rares, présentent aussi des altérations ponc-
tuelles. Les tumeurs demoides présentent des mutations qui vont soit inactiver APC, soit activer
CTNNBI (Miyaki et al., 1993 ; Shitoh et al., 1999). Ces deux types d’altérations vont conduire
a ’accumulation de la S-caténine dans le noyau (codée par CTNNBI et dégradée par APC),
ce qui active la voie Wnt/[S-caténine impliquée dans la prolifération et la différenciation. Les
tumeurs rhabdoides (Versteege et al., 1998) et certaines tumeurs thoraciques indifférenciées
(Le Loarer ef al., 2015) présentent respectivement des mutations inactivatrices de SMARCB]1 et
de SMARCA4, deux membres du complexe SWitch/sucrose nonfermentable (SWI/SNF) du re-
modelage de la chromatine. Cette modification permet alors la reprogrammation de I’expression

génique.

1.2.2.2 — Les sarcomes "a translocation"

Les translocations sont des échanges inter-chromomiques jouant un rdle majeur
dans le processus d’oncogenese car on estime que pres de 20% des cancers se-
raient dus a des translocations (Mitelman er al., 2007 ; Mertens et al., 2015).
La Mitelman Database of Chromosome Aberrations and Gene Fusions in Cancer
(http://cgap.nci.nih.gov.gate2.inist.fr/Chromosomes/Mitelman) recense pres de 22000 genes de

fusion identifiés, tous cancers confondus.

Les translocations oncogéniques sont relativement rares dans les carcinomes mais sont en
revanche communes dans les tumeurs hématopoiétique (>60% ; Mitelman et al., 2007) et les
sarcomes, ou elles caractérisent pres de 20% des STMA. Ces sarcomes sont dits "a transloca-
tion" et correspondent a plus d’une dizaine de sous-types histologiques (Mitelman ez al., 2007
; Taylor et al., 2011 ; Fletcher et al., 2013 ; Mertens et al., 2016). Pres de 300 génes de fusion
(issus de tous types d’altérations structurales) sont rapportés dans les sarcomes "a transloca-
tion" (Nakano & Takahashi, 2018a). Si la majorité ne sont pas ou peu (<1% des cas; Mertens
et al., 2015) récurrents, certains sont tres spécifiques (figure 9) et leur validation constitue une

indication diagnostique.

Les translocations permettent I’expression d’un transcrit chimérique par la formation d’un

gene de fusion. Ces derniers sont de deux types : ils permettent soit de placer I’expression d’un
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FIGURE 9 — Genes de fusion récurrents retrouvés dans les sarcomes. Ce schéma inclut les génes
de fusion non issus de translocations (comme NAB2-STAT6 ou BCOR-CCNB3) et retrouvés dans les
sarcomes des tissus mous et tumeurs osseuses. Crédits : Olivier Delattre et Gaélle Pierron.

oncogene sous le controle d’un promoteur fort, soit de coder pour une protéine chimérique en

combinant des domaines d’intérét des deux genes (Mertens et al., 2015).

Les dermatofibrosarcomes de Darier-Ferrand (5% des STM) sont des tumeurs superfi-
cielles qui sont localement invasives mais rarement métastatiques (Saiag et al., 2015). Ces tu-
meurs présentent une translocation récurrente t(17;22)(q22;q13) qui permet I’expression d’un
gene de fusion spécifique : COLIAI-PDGFB (Pedeutour et al., 1996). La sur-expression de
PDGFB permise par le promoteur fort de COLIAI stimule de maniere autocrine PDGFR, un

récepteur a tyrosine kinase et puissant mitogene (Shimizu et al., 1999).

Parmi les sarcomes "a translocation", le synovialosarcome fait partie des entités les plus
communément rencontrées (5 a 10% des STM). 1l est principalement retrouvé chez les enfants
ainsi que les jeunes adultes et son agressivité semble corrélée a I’age au diagnostic car la survie
globale des enfants atteints de synovialosarcomes est estimée a 90% a 5 ans alors qu’elle est es-

timée a 60% a 5 ans chez les adultes (Ferrari et al., 2004, 2015). Ces tumeurs sont caractérisées
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par la présence (exclusive) de trois translocations t(X;18)(pl1;q11) aboutissant a I’expression
de SS18-SSX1 (65% des cas; Clark et al., 1994), SS18-SSX2 (35% des cas; Fligman et al.,
1995) ou SS§18-SSX4 (rares ; Skytting et al., 1999). Le message oncogénique délivré par la pro-
téine chimérique n’est pas encore totalement compris, SS18-SSX ne possede pas de domaine
de liaison a I’ADN mais permet la reprogrammation cellulaire en modifiant les propriétés de la
chromatine via le complexe SWI/SNF de remodelage de la chromatine. En effet, SS18 est un
membre de ce complexe et la protéine chimérique SS18-SSX qui s’y integre conduit a I’exclu-
sion de BAF47, protéine codée par SMARCBI (gene suppresseur de tumeurs), modifiant ainsi
I’action du complexe (différence d’accessibilité a la chromatine, de méthylation des histones et

de I’ADN, etc. ; Banito et al., 2018 ; McBride et al., 2018).

On attribue souvent la génération de genes de fusion aux translocations car elles ont été les
premieres altérations identifiées (Nowell & Hungerford, 1960 ; Aurias et al., 1984). Toutefois,
d’autres altérations structurales peuvent aussi conduire a I’expression d’un gene de fusion telles
que les délétions, les duplications et les inversions (figure 10; Annala er al., 2013 ; Mertens
et al., 2016). Dans les sarcomes, plusieurs inversions ont pu étre reliées a I’expression de génes
de fusion : inv(X)(pl11.4;p11.22) dans les sarcomes indifférenciés a cellules rondes (BCOR-
CCNB3; Pierron et al., 2012) ou inv(12)(q13.3) dans les tumeurs fibreuses solitaires (NAB2-
STAT6 ; Robinson et al., 2013).

Deletion Tandem duplication
—a— A —sH- - —— —%—I-H-bgl_h
—a—HH— —aH-——HH .-
Translocation Inversion

et sl — e ——
T T e el s

FIGURE 10 — Schéma des altérations structurales conduisant a I'expression de génes de fusion. De
gauche a droite et de haut en bas : délétion, duplication, translocation et inversion. Les deux génes
partenaires sont colorés en vert et en rouge. Image adaptée de Annala et al., 2013.

Récemment, I’implication du mécanisme de chromoplexy a pu €tre identifiée par séquen-
cage haut débit (combinaison de RNA-seq, DNA-seq et exome-seq) dans plusieurs tumeurs

mésenchymateuses : un synovialosarcome, un fibrome chondromyxoide, une tumeur mésen-
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chymateuse phosphaturique et ce phénomeéne semble également fréquent dans les sarcomes
d’Ewing (Anderson et al., 2018). La chromoplexy est un réarrangement chromosomique com-
plexe, initialement retrouvé dans le cancer de la prostate, dans lequel des translocations en
chaine s’operent sur plusieurs chromosomes (Baca ef al., 2013). Cette altération a permis de
générer plusieurs translocations dans un synovialosarcome, dont une t(X;18)(p11;q11) permet-

tant I’expression de SS18-SSX1 (figure 11).
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FIGURE 11 — Chromoplexy et formation de génes de fusion. Dans ce synovialosarcome, de multiples
translocations en chaine se produisent (en rouge) et aboutissent a la formation du gene de fusion SS18-
SSX1. Image adaptée de Anderson et al., 2018.

Ces dernieres années, 1’accessibilité des techniques de séquencage haut débit et notam-
ment le RNA-seq, a permis d’identifier non seulement de nouveaux genes de fusion mais éga-
lement de nouveaux types d’altérations génétiques comme la chromoplexy décrite ci-dessus.
BCOR-CCNB3 a ainsi été mis en évidence dans des sarcomes d’Ewing non EWSRI-FLII et
permet aujourd’hui de considérer ces tumeurs comme une entité propre parmi les sarcomes in-
différenciés a cellules rondes (Ewing-like ; Pierron et al., 2012). Le message oncogénique de
BCOR-CCNB3 n’est pas encore entierement déchiffré mais BCOR est un corépresseur de BCL6
(régulateur négatif de la transcription), CCNB3 est un régulateur positif des kinases cyclines-
dépendantes (cycle cellulaire) et le profil transcriptomique associé a 1’expression de BCOR-
CCNB3 montre une activation des voies Wnt et Hedgehog (prolifération et différenciation). On
peut aussi citer NAB2-STAT6 qui est spécifique aux tumeurs fibreuses solitaires, conduisant a
une augmentation de la prolifération cellulaire et I’expression des genes cibles d’EGRI via le

domaine de liaison entre NAB2 et EGR1 (Robinson et al., 2013).
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1.2.2.3 — Les sarcomes a génétique complexe

Présentation des différents sous-types

Les SGC regroupent de nombreux sous-types histologiques ayant plusieurs lignes de dif-
férenciation (Ducimetiere et al., 2011 ; Fletcher ef al., 2013). Les principales tumeurs diagnos-

tiquées sont :

Les LMS (20% des SGC) présentent une différenciation musculaire lisse mais cette différen-
ciation est variable d’une tumeur a une autre. Ils sont communément retrouvés au niveau
des membres, de I’utérus et du rétropéritoine. Leur agressivité dépend principalement de
leur localisation (site anatomique), de leur profondeur (superficiel ou profond) et de leur
différenciation (Pérot et al., 2014).

Les UPS (10% des SGC) ne présentent pas de ligne de différenciation et constituent un diag-
nostic d’exclusion. Ils sont généralement de haut grade et agressifs.

Les myxofibrosarcomes (MFS; 10% des SGC) ne montrent pas de différenciation particuliere
mais présentent des lésions fibroblastiques et un stroma myxoide. Cette absence de diffé-
renciation peut les rendre difficilement identifiables parmi les UPS. Ils sont généralement
superficiels et localisés au niveau des extrémités.

Les DDLPS (10% des SGC) présentent une différenciation adipocytaire plus ou moins mar-
quée selon leur stade de dédifférenciation. Ce sont des sarcomes qui se développent prin-
cipalement au niveau du rétropéritoine et qui présentent plus de rechutes locales (50%)
que de métastases (15%). 1l est estimé que 10% de ces tumeurs sont une évolution d’un
LPS bien différencié (Fletcher ef al., 2013).

Les LPS pléomorphes (<5% des SGC) présentent aussi une différenciation adipocytaire. Ils
se développent principalement au niveau des membres et du tronc et sont plus agressifs
que les DDLPS avec 40% de rechutes locales et 40% d’événements métastatiques.

Les RMS pléomorphes (<5% des SGC) présentent une différenciation musculaire striée. Ce
sont des tumeurs de haut grade a prédominance masculine et le plus souvent retrouvées

au niveau des extrémités inférieures.
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Leur génome : aneuploide et remanié

La ou les SGS sont caractérisés par des altérations ponctuelles ou structurales tres spé-
cifiques, les SGC (50% des STM) sont définis par une importante aneuploidie (figure 12).
Ces sarcomes ne sont caractérisés ni par une altération structurale, ni par une altération ponc-
tuelle (The Cancer Genome Atlas Research Network, 2017) mais ils sont caractérisés par une
trés haute complexité génomique et notamment par un nombre anormal de chromosomes. Si
I’aneuploidie est essentiellement délétere pour une cellule normale (Torres er al., 2008), elle
est toutefois I’une des propriétés de la cellule cancéreuse car on retrouve de 1’aneuploidie dans
plus de 80% des cancers (Rajagopalan & Lengauer, 2004 ; Weaver & Cleveland, 2006). Elle
participe a I’oncogenese en faisant quantitativement varier le génome. Ainsi, I’augmentation du
nombre de copies de genes dits triplo-sensibles augmente leur expression, tandis que la diminu-

tion du nombre de copies de genes dit haplo-insuffisants diminue leur expression (Davoli et al.,

2013).
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FIGURE 12 — Caryotype caractéristique d’'une cellule de sarcome pléomorphe indifférencié. De nom-
breux chromosomes ne sont pas identifiables dans ce caryotype. Image adaptée de Mairal et al. (2000).

L’aneuploidie a pu étre mesurée dans les SGC, notamment dans les LMS ou 55% des
cas sont retrouvés sous forme tétraploide (Chudasama et al., 2018) ainsi que dans les UPS ou
89% des cas montrent des caractéristiques d’au moins un doublement génomique (Steele et al.,
2019). Ceci est particulierement intéressant car le doublement du génome peut permettre aux

cellules de supporter I’aneuploidie. Il a en effet pu étre démontré qu’une augmentation de la

Page 42 1 — Introduction



ploidie permettait aux cellules de mieux résister a des conditions de stress (Rutledge et al.,
2016 ; Dewhurst et al., 2014). De plus, la tétraploidie peut étre retrouvée a des stades tres pré-
coces du développement tumoral, en étant initiatrice de 1’aneuploidie selon le modele "diploide-
tétraploide-aneuploide" (figure 13; Carter et al., 2012 ; Dewhurst ef al., 2014 ; Gerlinger et al.,
2014), et est également retrouvée dans 1’ensemble des cancers (40% des tumeurs mais le taux
est variable entre types de cancers ; Fujiwara et al., 2005 ; Zack et al., 2013). L’ensemble de ces
données soulignerait la contribution du doublement du génome dans I’oncogenese d’une partie

des sarcomes pléomorphes.

2N 2N 4N 4N 3N 2.5N
Monoallelic Second
tumor supressor Genome mutation in Drift towards Further loss of
mutation doubling tumor supressor triploidy genetic material
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gene dosage by extra gene copies mutation unmasked
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FIGURE 13 — Représentation du modéle "diploide-tétraploide-aneuploide”. Suite a I'acquisition d’alté-
rations majeures dans une cellule diploide (2N), le doublement du génome (4N) conduit & dupliquer
'ensemble du génome (altérations comprises). Le retour a I'état pseudo-diploide (3N puis 2.5N) s’effec-
tue par perte de matériel génétique ne conférant pas d’avantage sélectif (régions non altérées). Image
reprise de Gerlinger et al., 2014.

Le chromothripsis est également un acteur majeur du remaniement génomique de ces tu-
meurs, qui est généralement peu observé dans les cancers (<5% des cas) mais il est fréquent
dans les tumeurs osseuses (20%) et les LMS (35% ; Chudasama et al., 2018). Il est un événe-
ment catastrophique au cours duquel une portion d’un chromosome, un chromosome entier ou
méme plusieurs chromosomes (jusqu’a cinq) sont fragmentés en centaines de morceaux. Cer-
tains de ces morceaux vont étre pris en charge par les mécanismes de réparation de I’ADN qui
tenteront de les rassembler de maniere anarchique (figure 14 ; Stephens ef al., 2011). 1l se ca-
ractérise ainsi par de nombreux réarrangements génétiques localisés et par une perte de matériel

chromosomique due aux fragments qui sont perdus.

Du fait des nombreuses cassures génomiques induites par le chromothripsis, ce méca-
nisme pourrait €tre un événement a 1’origine d’autres altérations comme la formation de genes

de fusion, la sur-expression d’oncogenes par gain/amplification ou encore I’inactivation de
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FIGURE 14 — Représentation du mécanisme de chromothripsis. Suite a un événement catastrophique
conduisant a la pulvérisation d’'un chromosome en dizaines voire en centaines de fragments, le réas-
semblage des fragments aboutit a la restructuration du chromosome. Image reprise de Stephens et al.,
2011.

genes suppresseurs de tumeurs par perte de matériel génomique ou altération de leur séquence

codante. (Rode et al., 2016 ; Ly & Cleveland, 2017).

En plus de I’aneuploidie et des réarrangements génomiques permis par un événement de
chromothripsis, les sarcomes pléomorphes sont aussi caractérisés par de nombreuses transloca-
tions (figure 15). A I’inverses des SGS pour lesquels des genes de fusion spécifiques ont pu étre
associés a la présence de translocations, les SGC n’ont jusqu’ici pas été reliés a 1’expression

d’un gene de fusion qui puisse étre moteur de I’oncogenese.
Quelques altérations récurrentes identifiées

Parmi ces tumeurs hautement aneuploides, quelques altérations récurrentes ont été iden-
tifiées : un gain du chromosome 1 et des pertes des chromosomes 10, 13 et 16 (Mairal e al.,
1999 ; Chibon et al., 2003 ; Guillou & Aurias, 2010 ; Gibault ef al., 2011 ; Italiano et al., 2013).
Les SGC possedent également deux caractéristiques génétiques tres fréquentes : les inactiva-
tions systématiques des voies p53 et pRb, deux voies clés de la répression tumorale (Hanahan
& Weinberg, 2000, 2011). Ces deux voies sont toujours altérées via un petit nombre de génes

(Chibon et al., 2000 ; Pérot et al., 2010) : RB1 (80%, par délétion), TP53 (50%, par mutation
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FIGURE 15 — FISH 24 couleurs d’'une cellule de sarcome pléomorphe indifférencié. Ceci met en lumiére
de nombreux réarrangements inter-chromosomiques a grande échelle, indiqués par des fleches jaunes.
Image adaptée de Mairal et al. (2000).

et/ou délétion) et CDKN2A/CDKN2B (25%, par délétion). Les altérations de RBI et de TP53
semblent essentielles pour Iinitiation tumorale, comme le suggere un modele murin dans lequel
ces deux genes sont inactivés et qui permet le développement d’ostéosarcomes et de sarcomes
indifférenciés (Lin ez al., 2009). Le développement de sarcomes indifférenciés, reproduisant les
mémes caractéristiques cliniques que les tumeurs humaines, est également permis par d’autres
combinaisons d’altérations (Tp53 et Pten ou Tp53 et Kras; Dodd et al., 2010). Toutefois, le
génome de ces tumeurs n’est pas remanié, suggérant que si ces altérations sont essentielles au

développement tumoral, elles ne peuvent pas reproduire seules la génétique caractéristique des

SGC.

Hormis les altérations récurrentes mais non spécifiques de RB1 et TP53, les SGC ne pré-
sentent a ce jour aucune altération motrice a la fois récurrente et spécifique identifiée (The
Cancer Genome Atlas Research Network, 2017). D’autres altérations récurrentes, plus rares
et non restreintes a un sous-type histologique, ont pu étre identifiées telles que les amplifica-
tions des loci Sp13-p13, associées a la sur-expression de TRIO (Adamowicz et al., 2006) et du
17p12, associées a la sur-expression de MYOCD (assez spécifique des LMS du rétropéritoine ;

Pérot et al., 2009). Des pertes du 10q (PTEN ; Gibault et al., 2011) et gains du 5p (RICTOR;
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Gibault er al., 2012) ont également été observés dans ces tumeurs.

Un des mécanismes pouvant conduire a la dérégulation de ces génes pourrait étre le chro-
mothripsis. Il est d’ailleurs rapporté que le chromosome le plus souvent affecté par ce type
d’altération est le 17 (contenant notamment 7P53 et MYOCD ; Chudasama et al., 2018). Cette
méme étude montre aussi une forte association entre la présence de chromothripsis et I’inacti-
vation de TP53 (92% des cas). Ceci concorde avec la génétique des SGC dans lesquels TP53

est fréquemment inactivé (Pérot et al., 2010).

Une premiere étude portant sur la caractérisation de 1’expression de génes de fusion a été
menée sur 84 STM par séquencgage haut débit (Hofvander ez al., 2015). Elle permit I’identifica-
tion, dans trois UPS, des transcrits chimériques MED12-PRDM 10 (2 cas) et CITED2-PRMD10
(1 cas). Il faut toutefois noter que ces trois tumeurs sont de bas grade, non métastatiques et les
patients affectés étaient en rémission complete aprés 3 ans minimum, ce qui en font des cas
tres atypiques. L’évaluation de la spécificité histologique des réarrangements de PRMD10 est
délicate car, dans cette étude, les autres sous-types ne comportaient que peu de cas (22 MFS et

moins d’une dizaine de cas pour les autres sous-types histologiques).

Le seul sous-type histologique de SGC pour lequel une partie significative de 1’oncoge-
nese a pu étre identifiée est le DDLPS. Ces sarcomes présentent une amplification de la région
12q14-q15 (Chibon et al., 2002). Cette amplification conduit a la sur-expression de MDM?2 et
CDK4, geénes qui vont (entre autres) cibler et inactiver pS3 et pRb. De plus, deux régions mu-
tuellement exclusives se retrouvent co-amplifiées avec la région 12q14-ql15 : le locus 1p32.1
(Mariani et al., 2007) ou 6q23.3 (Chibon et al., 2004). Ces amplifications permettent respecti-
vement la sur-expression de JUN et de MAP3K)5 et aboutissent a 1’activation de la voie JNK,
conférant ainsi une capacité tumorigene et supposée responsable de la dédifférenciation des
DDLPS par blocage de la différenciation adipocytaire. Toutefois, si le role oncogene de 1’acti-
vation de la voie JNK a pu étre démontré, celle-ci ne semble pas étre suffisante pour conduire
seule a la dédifférenciation de ces tumeurs puisque I’on retrouve également cette voie activée

dans le compartiment bien différencié de ces tumeurs (Snyder et al., 2009).
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Linstabilité génétique

Les SGC sont caractérisés par une importante instabilité génétique. Ce processus est défini
comme I’accumulation de nouvelles altérations génétiques au cours du temps (Yates & Camp-
bell, 2012). Elle est universellement rencontrée dans les cancers sous deux formes : ’instabilité
nucléotidique et I’instabilité chromosomique (CIN pour chromosomal instability). Linstabi-
lité nucléotidique se traduit par un nombre important d’altérations ponctuelles tandis que la
CIN induit de nombreuses altérations structurales et/ou une aneuploidie. Ces deux types sont
communément retrouvés sous forme d’un équilibre : les familles de cancers présentent soit de
faibles niveaux des deux, soit fortement ’'une et faiblement 1’autre (mais pas fortement des

deux; Ciriello et al., 2013).

Si les sarcomes ne présentent pas une forte instabilité nucléotidique (comme les méla-
nomes et les cancers du poumon), la CIN est bien leur signature génomique (figure 16; Taylor
et al., 2011 ; Fletcher et al., 2013 ; The Cancer Genome Atlas Research Network, 2017). Cela
est d’autant plus vrai pour les SGC qui présentent de treés nombreuses altérations structurales

(figure 12 page 42 ; figure 15 page 45).

L’une des possibles origines de cette instabilité dans les sarcomes pourrait passer par une
crise télomérique. L' immortalisation cellulaire peut en effet étre assurée par deux mécanismes
exclusifs. Elle peut s’effectuer soit par la réactivation de la télomérase (85% des cancers), soit
par I’activation du mécanisme alternatif d’élongation des chromosomes (ALT pour alternative
lengthening of telomeres), qui est le mécanisme actif dans 60% des SGC (Henson et al., 2005
; Chudasama et al., 2018). Dans ces tumeurs, 1’activation du mécanisme ALT est associée a
une défaillance du complexe SWI/SNF, passant principalement par ATRX (inactivé dans 20 a
30% des cas; Liau et al., 2015 ; The Cancer Genome Atlas Research Network, 2017). Dans
les SGC, le mécanisme ALT est associé a I’agressivité tumorale (grade FNCLCC) et pourrait
contribuer au statut instable de ces tumeurs par insertion de séquences télomériques (TTAGGG

et/ou TCAGGG) de maniere anarchique dans le génome (Marzec ef al., 2015).
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FIGURE 16 — Analyse pan-cancer de la charge mutationnelle et variation du nombre de copies. Le
graphique représente, pour chaque type de cancer, la charge mutationnelle (ordonnée) et la variation
du nombre de copies (abscisse). Les sous-types histologiques de sarcomes sont indiqués en couleur.
SS : synovialosarcome, STLMS : LMS des tissus mous, ULMS : LMS utérins. Image reprise de The
Cancer Genome Atlas Research Network, 2017.

Un modeéle d’oncogeneéese pour les UPS

L’ensemble des données accumulées sur la génétique des UPS, combinant la mesure de la
variation du nombre de copies, la fréquence allélique et la détection d’altérations structurales,
a récemment conduit a 1’élaboration d’un modele d’oncogenese pour ces tumeurs (figure 17;
Steele et al., 2019). Dans ce modele, les altérations de TP53 et de RBI seraient initiatrices et
le développement tumoral serait assuré par quatre grandes voies d’oncogenese qui sont, pour
la plupart, associées a un doublement du génome (ces voies sont présentées ci-dessous). Il est
a noter que trois mécanismes cellulaires peuvent étre a I’origine d’un doublement du génome
mais dont un seul est explicitement nommé dans ce modele : 1’endoréduplication. Les deux

autres mécanismes sont la cytokinese abortive et la fusion cellulaire.

L’haploidisation. Cette voie serait permise par une erreur majeure de ségrégation chromo-

somique lors de la mitose. Cette ségrégation anormale pourrait conduire a la formation
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FIGURE 17 — Modéle de [l'initiation tumorale des UPS. Lanalyse de données génomiques de 52 UPS a
permis de mettre en lumiére sept signatures de variation du nombre de copies (CNS pour copy-number
signatures). CNS1 est marquée par une importante perte d’hétérozygotie et une nette augmentation
du nombre de copies, suggérant plusieurs doublements du génome. CNS2 est sensiblement similaire
a CNS1 mais présente une plus faible augmentation du nombre de copies, suggérant un seul double-
ment du génome. CNS3 est sensiblement similaire @ CNS2 mais sans augmentation du nombre de
copies (pseudo-diploide). CNS4 est caractérisée par une perte d’hétérozygotie en absence de varia-
tion du nombre de copies. CNS5 présente de grandes régions gagnées/amplifiées avec conservation
de I'hétérozygotie et de grandes régions homozygotes sans variation du nombre de copies. CNS6 est
une signature combinant de nombreuses variations, aussi bien du nombre de copies que de statut d’hé-
térozygotie (CNS6 n’est pas représentée sur le schéma). CNS7 est associée a des gains de grandes
régions génomiques. WGD : doublement du génome. Image reprise de Steele et al., 2019.

d’une cellule fille quasi-haploide, associée a une perte d’hétérozygotie de la quasi-totalité
du génome et dont la survie pourrait étre permise grace a un doublement du génome.

La perte de matériel génétique. Cette voie serait assurée par une erreur de ségrégation chro-
mosomique lors de la mitose ol une cellule fille se retrouverait pseudo-diploide et pré-
senterait donc d’importantes pertes d’hétérozygotie. Des événements de polyploidisation
pourraient ensuite générer des cellules pseudo-tétraploides voire pseudo-octoploides.

Le chromothripsis. Cette voie serait basée sur un événement catastrophique conduisant a la
pulvérisation d’un ou plusieurs chromosomes, comme précédemment mentionné.

L’endoréduplication. Cette voie correspondrait au mécanisme d’endoréduplication, ou deux

phases réplicatives successives ne sont pas séparées par une phase mitotique. Ceci per-
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mettrait également a une cellule de doubler son génome.

1.2.2.4 — Instabilité génétique et progression tumorale

La contribution de I’'instabilité génétique dans I’initiation et la progression tumorale est
bien documentée. Elle participe activement a 1’acquisition de nouvelles altérations génétiques,
conférant des avantages prolifératifs aux cellules qui seront positivement sélectionnées par ex-
pansion clonale (McGranahan & Swanton, 2017). Il existe ainsi un lien étroit entre instabi-
lité génétique, hétérogénéité intra-tumorale, résistance aux traitements et capacité métastatique

(figure 18; Campbell et al., 2010 ; Yates & Campbell, 2012).

Normal
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Distant
metastasis
Time point X: Time point Y:
‘+ et o TionS diagnosis and distant and

treatment initiation  local relapse

>
>

Time
FIGURE 18 — Instabilité génétique, hétérogénéité, résistance aux traitements et capacité métastatique.
Ce schéma représente 'acquisition successive d’altérations génétiques qui guide la dynamique de I'hé-
térogénéité intra-tumorale et I'émergence de sous-clones capables de résister aux traitements ainsi que
de se disséminer. Ce schéma représente un modeéle d’évolution branchée mais d’autres modeles d’évo-

lution non exclusifs (neutre, linéaire, paralléle, etc.) ont été formulés (Venkatesan & Swanton, 2016).
MRCA : ancétre commun le plus récent. Image reprise de Yates & Campbell, 2012.

De précédents travaux de I’équipe ont permis de corréler le niveau d’instabilité génétique
des GIST et des synovialosarcomes a leur agressivité tumorale (Lagarde er al., 2012, 2013).
Cette instabilité est évaluée par I’index génomique (GI pour Genomic Index), correspondant au

nombre d’altérations observées (en CGH-array) porté au carré sur le nombre de chromosomes
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affectés (autosomes uniquement). Cet indicateur génomique est significativement associé au
développement métastatique en identifiant un groupe a haut risque (GI>10 pour les GIST et
GI>1 pour les synovialosarcomes) et un groupe a faible risque (GI<10 pour les GIST et Gl<1

pour les synovialosarcomes).

L’agressivité tumorale a également pu €tre associ€ée au niveau d’instabilité génétique
d’autres sous-types histologiques. En effet, les LPS bien différenciés sont des tumeurs peu
agressives mais 10% d’entre elles présentent une dédifférenciation, conduisant a la formation
d’un DDLPS, tumeur agressive et dont le génome est tres remanié (figure 16 page 48 ; Fletcher
et al.,2013). De plus, une étude menée dans les MFS montre une augmentation du nombre d’al-
térations génomiques et du grade FNCLCC dans les rechutes locales comparativement aux tu-
meurs primaires (Willems ez al., 2006). 11 est également a noter que 17% des sarcomes d’Ewing
présentent des mutations inactivatrices de STAG2, codant pour une sous-unité du complexe de
la cohésine (protéine régulant la séparation des chromatides sceurs lors de la ségrégation chro-
mosomique ; Solomon ef al., 2011), et sont associ€es a une augmentation du nombre d’altéra-
tions structurales ainsi qu’a la progression tumorale (évaluée en survie globale; Tirode ef al.,

2014).

Dans les SGC, le niveau d’instabilité génétique a aussi pu étre relié a I’expression d’une
signature transcriptomique particuliere (Chibon ef al., 2010). Avant de la décrire plus en détails
(partie 1.2.3.4 page 57), nous allons voir par quels moyens le profil transcriptomique peut
étre obtenu puis comment les altérations génétiques impactent le profil transcriptomique des
tumeurs et en quoi I’étude du transcriptome est importante pour mieux comprendre la biologie

des sarcomes, notamment au travers des signatures d’expression qui ont pu étre établies.

1.2.3 — Le transcriptome : miroir des altérations génétiques

1.2.3.1 — La mesure du transcriptome

Le transcriptome représente 1’ensemble des ARN exprimés, issus du processus de trans-
cription. La modification de I’expression génique traduit des changements qui peuvent étre re-

liés a tous les processus biologiques physiologiques tels que I’inflammation, la vascularisation,
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I’apoptose, la prolifération, la différenciation, efc. (Rosenwald et al., 2003 ; Chen et al., 2012 ;
Carter et al., 2012). Puisque le transcriptome est le lien entre le génotype et le phénotype, les

altérations génétiques ont un impact mesurable sur le transcriptome.

La mesure des profils transcriptomiques s’est démocratisée avec la technologie de puces
d’expression (Schena ef al., 1995 ; Golub et al., 1999), mais elle nécessitait de connaitre la
séquence des ARN afin de générer les sondes complémentaires. Cette technologie s’est vue €tre
progressivement remplacée par des méthodes de séquencage haut débit et en 1’occurrence le
RNA-seq (Wang et al., 2009), sans a priori sur le transcriptome exprimé. Apres les premieres
études restreintes a 1’analyse quantitative de 1’expression génique (Bainbridge et al., 2006 ;
Mortazavi et al., 2008), I’analyse des séquences des ARN obtenues par des approches haut
débit a permis d’identifier des genes chimériques induits par la transcription (nommés read-
throughs ; Akiva et al., 2006), de nouveaux genes et sites d’épissage (Sultan et al., 2008), des
altérations ponctuelles (Chepelev er al., 2009), structurales (sous forme de genes de fusion;
Maher et al., 2009) et enfin de mieux appréhender I'univers des ARN non codants (ENCODE

Project Consortium et al., 2007 ; Hafner et al., 2008).

De nombreux protocoles ont pu étre mis au point pour le séquencage et 1’analyse de
données de RNA-seq, que ce soit pour I’analyse globale du transcriptome (déplétion des ARN
ribosomiques), du transcriptome codant (sélection par la queue poly(A) des ARN messagers)
ou encore I’analyse d’ARN qui peuvent étre dégradés (comme ceux extraits de blocs FFPE;
Casamassimi et al., 2017). Les dernieres avancées ont permis de quantifier le transcriptome de
cellules uniques : I’analyse single-cell (Tang et al., 2009), dont la résolution offre I’opportunité
de mieux comprendre les effets du micro-environnement, de 1’hétérogénéité et de 1’évolution
tumorale (Cieslik & Chinnaiyan, 2018). Le RNA-seq est ainsi la technique actuelle de choix

pour analyser I’ensemble du transcriptome tumoral (Costa et al., 2013).

1.2.3.2 - La spécificité transcriptomique de I’oncogenése

De nombreuses études transcriptomiques dans les sarcomes (des tissus mous et osseux)
ont mis en évidence 1’ étroite relation entre une altération génétique motrice de 1’oncogenese et le

profil transcriptomique qui en résulte. Ainsi, des différences majeures sont observées entre dif-
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férents sous-types histologiques, de telle sorte que le transcriptome puisse €tre envisagé comme
le miroir des altérations génétiques qui gouvernent le phénotype tumoral (figure 19; Nielsen
etal., 2002 ; Segal et al., 2003 ; Baird et al., 2005 ; Davicioni et al., 2006 ; Francis et al., 2007 ;

Nakayama et al., 2007 ; Davicioni et al., 2009 ; Pierron et al., 2012 ; Watson et al., 2018).
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FIGURE 19 — Profils transcriptomiques spécifiques des SGS. A : analyse t-distributed stochastic neigh-
bor embedding des profils d’expression par déconvolution des données d’expression sur 3 axes. Les
tumeurs (points) se regroupent bien selon la présence d’'une altération génétique dictant le profil trans-
criptomique. B : top 100 des génes différentiellement exprimés au travers des 24 groupes de tumeurs.
Images reprises de Watson ef al., 2018.

Cette spécificité est due a deux facteurs non exclusifs. Le premier facteur est la nature
du message oncogénique fort qui est porté par 1’altération motrice. Ce message est spécifique
et permet d’activer d’importantes voies de signalisation pour I’initiation tumorale, comme les
tumeurs qui expriment BCOR-CCNB3 ou NAB2-STAT6 et qui sont associées a des oncogeneses
distinctes (précisées partie 1.2.2.2 page 37). Ceci est principalement dii a la nature des onco-
genes forts des SGS qui sont souvent des facteurs de transcription ou des protéines kinases,
ainsi qu’a ’activation de la cascade de signalisation qui découle de leurs altérations (Mertens
et al.,2015). Le second facteur est le contexte cellulaire qui doit présenter certaines spécificités
afin d’initier le développement tumoral. Par exemple, les mutations oncogénes de Kit dans un
modele murin ne permettent le développement de GIST a partir de cellules interstitielles de
Cajal que lorsque celles-ci expriment fortement Etvl (Kwon et al., 2009 ; Chi et al., 2010).
Sans ce prérequis, I’initiation tumorale semble exclue. Dans un autre modele murin, le déve-

loppement de synovialosarcomes ne se produit qu’a partir de I’expression de $S78-SSX1 dans
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des myoblastes exprimant Myf5 et non dans des cellules musculaires plus avancées dans la

différenciation (Haldar et al., 2007).

Par opposition aux SGS, pour lesquels des profils transcriptomiques distincts sont obser-
vés, les différents sous-types de SGC ne possedent que peu de spécificités transcriptomiques
(figure 20; Segal er al., 2003 ; Baird et al., 2005), a I’exception des LMS amplifiés pour le
gene MYOCD (Pérot et al., 2009) qui promeut un message transcriptomique fort et associé a
une différenciation musculaire lisse tres marquée (Beck et al., 2010 ; The Cancer Genome Atlas

Research Network, 2017).

Ainsi, les différents sous-types histologiques de SGC ne sont caractérisés ni par une alté-
ration oncogénique spécifique, ni par un profil transcriptomique global distinct. Afin de mieux
comprendre la biologie de ces tumeurs mais également de préciser celle des SGS, plusieurs

signatures transcriptomiques ont alors été établies.

1.2.3.3 — Les signatures transcriptomiques

Les signatures transcriptomiques sont des regroupements de genes d’intérét, pouvant avoir
de nombreuses significations biologiques comme une appartenance a une voie de signalisation,
un locus génomique, un comportement métabolique, un réseau de co-expression, efc. Pres de
18000 signatures sont recensées dans la Molecular Signatures Database (MSigDB v6.2 ; Subra-
manian et al., 2005 ; Liberzon et al., 2011, 2015) et pres de 3000 dans la Gene Signature Data-
Base (GeneSigDB v4.0 chez I’humain; cette base n’est plus maintenue depuis 2011 ; Culhane

et al., 2010).

Des la fin des années 90, 1’analyse du transcriptome s’est distinguée par sa potentielle
application clinique au travers de trois intéréts majeurs : le diagnostic, le pronostic et la prédic-
tion de la réponse au traitement (Roychowdhury & Chinnaiyan, 2016 ; Cieslik & Chinnaiyan,
2018). Dans ces trois catégories, on peut par exemple citer les études pionnieres qui ont permis
d’établir une signature de 50 geénes capable de distinguer les leucémies myéloides aigiies et les
leucémies lymphoblastiques aigiies (Golub ez al., 1999), une signature de 70 geénes prédictive
du risque métastatique dans les cancers du sein (van de Vijver ef al., 2002) et un ratio d’expres-

sion entre HOXB13 et IL17RB permettant d’évaluer la réponse au tamoxifene chez des patientes
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FIGURE 20 - Profils transcriptomiques des sarcomes. A : analyse transcriptomique non supervisée
d’une série de 51 sarcomes. Image reprise de Segal et al., 2003. B : analyse transcriptomique non su-
pervisée d’une série de 181 sarcomes. Image reprise de Baird et al., 2005. Ces deux analyses montrent
des similarités transcriptomiques trés fortes pour les SGS et des classifications moins distinctes pour les
SGC. C : analyse transcriptomique non supervisée d'une série de 160 SGC. Image adaptée de Gibault
etal.,, 2011.

atteintes d’un cancer du sein (Ma et al., 2004).

Afin d’aider a la classification des STM, plusieurs signatures ont été établies pour per-
mettre I'identification de différents sous-types histologiques, notamment ceux a génétique
simple car ils présentent des profils transcriptomiques bien spécifiques (Nielsen et al., 2002
; Segal et al., 2003 ; Davicioni et al., 2006 ; Francis et al., 2007 ; Nakayama et al., 2007 ;
Davicioni et al., 2009). Toutefois, ces analyses n’ont pas permis de mettre en évidence des mar-

queurs différentiels entre sous-types histologiques de SGC, excepté pour les LMS présentant
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une amplification du gene MYOCD.

Malgré I'importance clinique de la prédiction du risque métastatique des SGC (50%
d’événements métastatiques a 5 ans), peu d’études se sont attachées a établir des signatures
pronostiques dans ces tumeurs. On peut par exemple citer une signature établie a partir de
27 LMS (20 cas non métastatiques et 7 cas métastatiques) et composée de 335 genes (dont 228
sont sur-exprimés dans les tumeurs métastatiques et 107 sont sur-exprimés dans les tumeurs non
métastatiques), mélant plusieurs voies de signalisation (cycle cellulaire, apoptose, transduction
du signal, efc. ; Lee et al., 2004). Un autre exemple est une signature établie sur 89 sarcomes
pléomorphes (50 cas non métastatiques et 39 cas métastatiques) et composée de 244 genes,
mélant aussi plusieurs voies de signalisation (hypoxie, métabolisme, adhésion, efc.; Francis
et al., 2007). Ces études sont toutefois limitées par plusieurs facteurs majeurs : elles se basent
sur des cohortes de petites tailles (<100 cas), définissent de larges signatures (>100 genes, ce
qui est source de sur-interprétation des résultats; Venet ef al., 2011), sans validation sur une
cohorte indépendante et ne comparent pas la valeur pronostique obtenue par rapport au grade
en analyse multivariée. Il est également a noter qu’aucun gene n’est commun entre ces deux

signatures.

Plut6t que de se baser sur les caractéristiques cliniques des tumeurs pour prédire leur
agressivité, une €tude s’est appuyée sur une caractéristique génétique d’intérét : 1’instabilité
chromosomique (Carter et al., 2006). L’analyse menée sur 18 jeux de données d’expression
(provenant de différents types de cancers), conduit a définir une signature de 70 génes ayant
d’importantes fonctions de régulation de la réplication et de la ségrégation des chromosomes.
La sur-expression de ces genes est associée a une agressivité tumorale accrue pour les adéno-
carcinomes du poumon, les mésothéliomes, les gliomes, les médulloblastomes et les cancers du
sein (en survie globale et/ou survie sans métastase). D’intérét clinique prometteur et en adéqua-
tion avec la génétique des SGC, cette signature n’était toutefois pas associée a 1’agressivité des
sarcomes pléomorphes (Chibon er al., 2010). Des travaux de 1’équipe ont alors établis un lien

entre instabilité génétique et agressivité tumorale dans ces tumeurs.
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1.2.3.4 — CINSARC : instabilité génétique et agressivité

La définition d’une signature d’instabilité propre aux SGC s’est articulée autour de trois
caractéristiques principales (figure 21). La premiere est le niveau d’instabilité génétique (éva-
lué par CGH-array), en distinguant les tumeurs peu réarrangées (<20 altérations) et réarrangées
(>35 altérations). La seconde est le grade FNCLCC, valeur pronostique de référence, en dis-
tinguant les tumeurs de bas grades (1 et 2) et de haut grade (3). La troisieme est le groupe
pronostique donné par la signature d’instabilité décrite ci-dessus (Carter et al., 2006) en distin-
guant les tumeurs qui expriment faiblement la signature et celles qui I’expriment fortement. Le
regroupement de tous les genes différentiellement exprimés entre ces conditions a permis d’éta-
blir une signature de 67 génes nommée Complexity INdex in SARComas (CINSARC; table 4;
Chibon et al., 2010).
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FIGURE 21 — Définition de la signature CINSARC. Létablissement de la signature a été effectuée en
se basant sur I'union de trois analyses d’expression différentielle en fonction du nombre d’altérations
génomiques (a gauche ; <20 contre >35), du grade FNCLCC (au milieu; grades 1 et 2 contre 3) et d’'une
signature d’instabilité (a droite ; faible contre forte expression; Carter et al., 2006). Les génes obtenus
par les deux premiéres analyses ont été filtrés pour ne conserver que ceux qui étaient les plus associés
a une voie biologique (sans a priori sur ces voies). Image reprise de Chibon et al., 2010.

Dans deux cohortes indépendantes de SGC (183 et 127 cas), CINSARC était significati-
vement associée au devenir métastatique des patients en stratifiant ceux a faible risque (groupe
C1) et ceux a haut risque métastatique (groupe C2; figure 22A). De plus, sa valeur pronostique

était significativement supérieure a celle du grade FNCLCC (figure 22B), démontrant un po-
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ANLN CDC7 CKAPS5 KIF14 NUF?2 SPC25
ASPM CDC20 CKS2 KIF15 OIP5 TOP2A
AURKA CDC45 ECT2 KIF18A PBK TPX2
AURKB CDCA2 ESPLI KIF20A PLK4 TRIP13
BIRCS CDCA3 FANCI KIF23 PRCI TTK
BORA CDCAS8 FBXOS5 MAD2LI PTTG1 UBE2C
BUBI CDK1 FOXM1 MCM2 RAD5IAPI ZWINT
BUBIB CENPA H2AFX MCM7 RNASEH2A
CCNA2 CENPE HPIBP3 MELK RRM?2
CCNBI CENPL KIF2C NCAPH SGO2
CCNB?2 CEP55 KIF4A NDE] SMC2
CDCo6 CHEK]I KIF11 NEK?2 SPAGS

TABLE 4 — Les 67 génes de la signature CINSARC. Table adaptée de Chibon et al., 2010.

tentiel intérét clinique. Elle fut aussi testée et validée dans d’autres pathologies : des cancers du
sein, des lymphomes diffus a grandes cellules B (Chibon et al., 2010) et par la suite dans deux
études sur des sous-types de SGS : des GIST (Lagarde ef al., 2012) et des synovialosarcomes

(Lagarde et al., 2013).
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FIGURE 22 — Valeur pronostique de CINSARC comparativement au grade FNCLCC. A : valeur pro-
nostique de CINSARC dans deux cohortes indépendantes. B : valeur pronostique du grade FNCLCC
sur les cas évaluables des mémes cohortes. Lanalyse multivariée démontre aussi une meilleure valeur
pronostique avec la signature CINSARC qu’avec le grade FNCLCC. Images reprises de Chibon et al.,
2010.

Ces genes sont impliqués dans le contrdle de la mitose et de la ségrégation des chromo-
somes, ce qui concorde avec le niveau d’instabilité ou plus les tumeurs expriment cette signature
et plus leur génome est remanié (Chibon ez al., 2010). En outre, la sur-expression individuelle

de plusieurs de ses genes tels que MAD2LI, BUBI, CCNB1, CCNB2 ou ESPLI provoque des
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défauts de ségrégation chromosomique, conduisant a des altérations génétiques et a des tumeurs
chez la souris (Sotillo et al., 2007 ; Ricke et al., 2011 ; Nam & van Deursen, 2014 ; Mukherjee

etal., 2014).

A ’ere du développement de trés nombreuses signatures pronostiques, une étude émit des
doutes sur la pertinence biologique et clinique de la plupart d’entre elles (Venet et al., 2011).
Ainsi, sur 47 signatures pronostiques définies dans le cancer du sein, 28 (60%) ne prédisaient
pas plus le devenir clinique que des signatures générées aléatoirement (de taille identique aux
marqueurs testés). De plus, 11 étaient moins bonnes prédictrices que la médiane de ces signa-
tures aléatoires. Finalement, plus de 90% des signatures aléatoires de plus de 100 génes étaient
significativement associées au devenir clinique. En conséquence, la robustesse de la signature
CINSARC fut testée dans quatre jeux de données indépendants et aucune signature générée
aléatoirement n’obtint une valeur pronostique supérieure dans I’ensemble de ces cohortes (Bru-

lard & Chibon, 2013).

Puisque CINSARC est une signature robuste et un meilleur marqueur de 1’agressivité que
le grade FNCLCC, elle pourrait tout a fait avoir sa place dans la prise en charge thérapeutique
des patients en évaluant le risque métastatique des STMA (Neuville ef al., 2014). Toutefois, la
mise en application clinique d’une signature transcriptomique est soumise a d’importantes va-
lidations, notamment au travers d’essais cliniques. Ainsi, parmi les trés nombreuses signatures
pronostiques établies dans I’ensemble des cancers, peu sont parvenues jusqu’a une application

clinique effective (Parkinson ez al., 2014 ; Schneider et al., 2015 ; Michiels et al., 2016).

1.2.3.5 — Les signatures pronostiques utilisées dans un contexte cli-

nique

A ce jour, il n’existe aucune signature pronostique présentant un avantage clinique démon-
tré au sein d’un essai clinique dans les STM. Néanmoins, I’analyse du transcriptome d’autres
tumeurs a pu mettre en évidence I’existence de profils dont le niveau d’expression était corrélé
a la progression tumorale. Il existe ainsi un petit nombre de signatures (moins d’une vingtaine)
qui sont entrées dans les habitudes cliniques afin d’apporter des précisions sur le risque d’agres-

sivité tumorale (table 5).
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Type de cancer | Signature Genes | Prédiction Référence
MammaPrint 70 Métastase van de Vijver et al., 2002

Sein Oncotype DX 212 Métastase Paik et al., 2004
Prosigna (PAMS50) | 50 Meétastase Parker et al., 2009

Poumon GeneFX Lung 15 Rechute Der et al., 2015

Protate Prolaris 460 Survie globale | Cuzick ef al., 2011
Decipher 22 Meétastase Erho et al., 2013

Colon ColoPrint 18 Mgétastase Salazar et al., 2011
GeneFx Colon 482 Rechute Kennedy et al., 2011

TABLE 5 — Exemples de signatures pronostiques utilisées en clinique. 2 : 16 génes de test et cinqg de
référence. P : 31 génes de test et 15 de référence.

Il est important de préciser que chacune de ces signatures doit étre replacée dans son
contexte clinique. La MammaPrint (van de Vijver et al., 2002) est, par exemple, indiquée pour
les patientes atteintes d’un cancer du sein de stades I/II, de moins de Scm et avec au plus trois
ganglions lymphatiques atteints. L’ Oncotype DX (Paik ef al., 2004) est, quant a elle, indiquée
pour les patientes atteintes d’un cancer du sein de stades I/II, positif pour les récepteurs aux
cestrogenes, statut HER2 négatif et avec au plus trois ganglions lymphatiques atteints. Ces si-
gnatures aident ainsi a évaluer I’ agressivité des tumeurs et orienter le traitement qui sera proposé

aux patientes.

Au-dela de modifier les pratiques cliniques en identifiant les patientes a risque de fa-
con plus précise, ces signatures permettent aussi de modifier les pratiques thérapeutiques. Par
exemple, les signatures MammaPrint et Oncotype DX ont été récemment utilisées dans des es-
sais cliniques de phase 3 (avec respectivement pres de 6700 et 9700 patientes ; Cardoso et al.,
2016 ; Sparano et al., 2018) dans le but de tester I’apport d’une chimiothérapie adjuvante (en
plus de I’hormonothérapie) dans la prise en charge des patientes. A titre informatif, la Mamma-
Print et Prosigna disposent d’une autorisation de mise sur le marché américain depuis respecti-

vement 2007 et 2013.

Savoir quelle est la meilleure signature reste une question en suspens. De nombreuses
études rétrospectives ont ét€ menées en ce sens sur le cancer du sein et ont collectivement
démontré qu’aucune ne surpassait les autres (Fan er al., 2006 ; Weigelt et al., 2010 ; Dowsett

et al., 2013 ; Sestak et al., 2018). De plus, puisque ces signatures sont capables de déduire

Page 60 1 — Introduction



plusieurs sous-types tumoraux (luminal A, luminal B, basal-like, statut HER?2 positif, ezc.), les
similitudes de classifications inter-signatures ont ét€ mesurées, relevant de 20 a 40% de taux de

discordance (Kelly et al., 2012 ; Alvarado et al., 2015 ; Bartlett et al., 2016).

Il est également a noter que ces signatures utilisent différentes technologies de quantifica-
tion d’expression : RT-qPCR pour OncotypeDX, systeme nCounter (NanoString) pour Prosigna
et puces d’expression (Agendia) pour MammaPrint. Enfin, les différentes méthodes d’applica-
tion de ces signatures prennent en charge 1’analyse d’ARN extraits de blocs FFPE, afin de

s’adapter aux pratiques des laboratoires (Chang ef al., 2017).

Au-dela de démontrer des bénéfices médicaux avérés lors d’essais cliniques, un marqueur
moléculaire doit ainsi pouvoir étre compatible avec les pratiques courantes d’analyses. Dans les
sarcomes, I’ utilisation de la signature pronostique CINSARC serait donc soumise a cette méme

contrainte si elle est amenée a étre quotidiennement appliquée (Neuville ef al., 2014).

1.2.4 - La régulation transcriptomique en absence d’altération

génomique

Les messages transcriptomiques exprimés dans les cellules tumorales ne sont pas simple-
ment le reflet des altérations génétiques qui y sont présentes. Le transcriptome est hautement
dynamique et de nombreux facteurs interviennent entre une altération de I’ ADN et le phénotype
observé. La biologie des ARN est ainsi soumise a de nombreuses régulations qui s’operent a plu-
sieurs niveaux : épigénétique, transcriptionnel et post-transcriptionnel (figure 23 ; Blair & Yan,
2012). Nous allons ici nous intéresser aux régulations épigénétiques et post-transcriptionnelles
les mieux décrites, qui modulent I’expression génique et qui ont un impact démontré dans la

biologie des sarcomes.

1.2.4.1 — L'épigénétique

L’ épigénétique est définie par des modifications stables et héritables de 1’expression gé-
nique qui ne sont pas dues a une altération génomique (Berger e al., 2009). Les acteurs les

plus décrits dans cette catégorie sont la méthylation de I’ADN et les modifications d’histones
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FIGURE 23 — Schéma des principaux acteurs de la régulation de la transcription. 1 : I'nypométhylation
des régions promotrices des genes est associée a leur expression. 2 : 'hyperméthylation des promo-
teurs est par opposition associée a la répression d’expression. Cette méthylation est rendue possible
par les méthyltransférases d’ADN (DNMT). 3 : la modification d’histones modifie la condensation de la
chromatine et module de ce fait I'expression génique. Ces modifications sont principalement la méthyla-
tion (par ajout via les méthyltransférases ou retrait par les déméthylases, respectivement HMT et HDM)
et 'acétylation (par ajout via les acétyltransférases ou retrait par les désacétylases, respectivement HAT
et HDAC). 4 : modulation de I'expression génique au niveau post-transcriptionnel par un ARN interférant.
Dans cet exemple, I'expression d’un micro-ARN conduit a la dégradation de sa cible, un ARN messager,
via le complexe RISC clivant cet ARN et empéchant donc sa traduction en une protéine fonctionnelle.
me : méthylation, ac : acéthylation. Image reprise de Blair & Yan, 2012.

(Blair & Yan, 2012 ; Allis & Jenuwein, 2016). Ces deux processus vont conduire a une va-
riation d’expression par modification des nucléotides de I’ADN sans en modifier la séquence
ou par modification de son état de condensation. L’épigénétique jouerait un role crucial dans
les premieres étapes de 1’initiation tumorale en facilitant I’oncogenese (inactivation de genes
suppresseurs de tumeurs, pression d’acquisition d’altérations spécifiques, efc. ; Baylin & Ohm,

2006 ; Feinberg et al., 2006).
La méthylation de ’ADN

La méthylation de I’ ADN consiste en 1’ajout d’un groupement méthyle sur une cytosine en
5’ d’une guanine, formant le dinucléotide CpG. Ce dinucléotide est globalement sous-représenté
dans le génome humain (1%) mais certaines de ses s€quences, de 500pb a 4kb, sont enrichies en

CpG (>50%) et sont ainsi nommées 1lots CpG (Bird, 2002 ; Takai & Jones, 2002). Pres de 70%
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des genes ont des flots CpG localisés a proximité (quelques kb) de leurs régions promotrices et
qui participent a leur régulation (Saxonov et al., 2006 ; Deaton & Bird, 2011). La méthylation de
I’ ADN agit en effet en tant que répresseur d’expression par deux mécanismes : les méthylations
peuvent directement perturber la fixation de la machinerie de transcription ou bien recruter des
protéines possédant une forte affinité pour les 5S-méthylcytosines (methyl-CpG-binding domain
proteins ; Moore et al., 2013). 11 est également décrit que la déméthylation globale du génome
tumoral est une caractéristique tres fréquente et supposée tres précoce dans I’initiation tumorale

(Feinberg & Vogelstein, 1983 ; Eden et al., 2003 ; Kanai, 2010).

La modification de méthylation de I’ADN la plus décrite dans les sarcomes est celle me-
surée dans les synovialosarcomes. L’expression de la protéine chimérique SS18-SSX modifie
en effet la conformation de la chromatine via son intégration au sein du complexe SWI/SNF,
ce qui conduit a une modification de 1’accessibilité de la chromatine, aboutissant a un profil
de méthylation d’ADN spécifique dans ces tumeurs (The Cancer Genome Atlas Research Net-
work, 2017 ; Wu et al., 2017). Une analyse intégrative menée sur les MFS révele d’importantes
variations de méthylation au sein de ce sous-type histologique, avec d’un c6té un groupe globa-
lement hyperméthylé, de bon pronostic, associé a des amplifications de MDM?2 ainsi qu’a des
mutations non-sens de TET2, et de I’autre coté un groupe globalement hypométhylé, de mau-
vais pronostic, associé a des délétions de CDKN2A, de RB1 ainsi qu’a des altérations de 7P53

(ponctuelles et structurales ; Ogura et al., 2018).

D’importantes différences de méthylation entre sous-types histologiques sont également
relevées mais dont leur origine n’est pas encore totalement compris, pouvant tout aussi bien étre
associée a des altérations génétiques et/ou des contextes cellulaires différents). Par exemple, les
LMS utérins (tumeurs hautement malignes) ont un niveau de méthylation de I’ADN inférieur
a ceux des 1éiomyomes utérins (tumeurs bénignes) et des LMS des tissus mous (tumeurs ma-
lignes; Miyata et al., 2015 ; The Cancer Genome Atlas Research Network, 2017). Dans les
LMS, des inactivations de CDKN2A et de PTEN ont également été rapportées via I’hypermé-
thylation de leurs régions promotrices, ce qui pourrait se substituer a leurs délétions génomiques

(Kawaguchi et al., 2003, 2005).

En plus de son implication dans la régulation de la transcription, la méthylation de I’ ADN
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peut avoir des conséquences sur I’acquisition de nouvelles altérations, participant ainsi a entre-
tenir un état d’instabilité génétique. La désamination spontanée des 5-méthylcytosines aboutit
a la formation d’une thymine (Pfeifer, 2006 ; Alexandrov et al., 2013). La protéine codée par
MGMT convertie les 6-O-méthylguanine (qui s’apparient avec une thymine et non pas a une
cytosine) en guanine. La répression épigénétique de MGMT dans 15% a 30% des STM (Ka-
waguchi et al., 2006 ; Kim et al., 2009) limite cette reconversion, augmentant ainsi le taux de
substitution G>A. Les méthylations aberrantes ont aussi été mises en cause dans la formation
de cassures génomiques. Les G-quadruplex sont des structures secondaires stables que peuvent
adopter des segments d’ADN et d’ARN riches en guanine. L’hypométhylation rapportée dans
ces régions pourrait sensibiliser I’ADN a des cassures génomiques dans les cancers colorectaux,

du sein et les ostéosarcomes (De & Michor, 2011).

La modification des histones

Les histones sont les protéines autour desquelles I’ADN s’enroule et qui interviennent
dans la formation des nucléosomes (octameres d’histones), permettant la condensation et la
décondensation de I’ADN (Strahl & Allis, 2000). Les histones possedent des extrémités N-
terminales qui peuvent étre modifiées afin de moduler le niveau de condensation de I’ADN et
participer a I’expression des genes. Les modifications d’histones consistent en 1’ajout de divers
groupements tels que les acétyles, les méthyles (mono, di ou triméthyles), les phosphates, les
ubiquitines, efc. (Khorasanizadeh, 2004). La permissivité de la transcription ou sa répression
dépend de la nature de la modification, de 1’acide aminé impacté et de 1’histone affectée (Fiill-
grabe et al., 2011). Par exemple, la triméthylation de la lysine 4 de I’histone H3 (H3K4me3)
permet la transcription alors que la méme modification sur la lysine 9 (H3K9me3) a un effet

répresseur.

Des modifications d’histones particulieres sont observées dans les synovialosarcomes,
dans lesquels le complexe SWI/SNF intégrant SS18-SSX permet la perte de la tri-méthylation
de H3K27m3 (associée a la répression de la transcription; McBride et al., 2018). Ceci est ex-
pliqué par la capacité du complexe SWI/SNF a évincer le complexe Polycomb Repressive Com-
plex 2 (PRC2; fonction de méthylation d’histones) de sa localisation génomique, sachant que

le remplacement de SS18 par SS18-SSX dans le complexe SWI/SNF augmente cette capacité
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d’éviction (Kadoch et al., 2017). Des mutations de type perte de fonction des genes EED et
SUZI2, impliqués dans le complexe PRC2, sont rapportées dans les MPNST, ce qui conduit
aussi a une diminution de la tri-méthylation de H3K27m3 (Pekmezci et al., 2017). A linverse,
les autres sous-types histologiques (LMS, RMS, DDLPS, GIST, ezc.) ne présentent pas cette di-
minution de méthylation d’histone particuliere (Mito ef al., 2017) et la sur-expression de PRC2

dans ces sous-types est associée a un mauvais pronostic (Cho et al., 2018).

1.2.4.2 — La régulation post-transcriptionnelle

La régulation post-transcriptionnelle s’effectue lors de nombreuses étapes dans la vie des
ARN : leur maturation, leur export du noyau vers le cytoplasme, leur édition, leur dégradation,
etc. (Corbett, 2018). Ces dernieres années et notamment grace aux techniques de séquencage
haut débit, d’importantes régulations géniques par les ARN non codants ont été observées et
particuliecrement pour deux classes d’entre eux : les micro-ARN (miRNA pour microRNA) et
les longs ARN non codants (IncRNA pour long non-coding RNA ; Suzuki et al., 2013 ; Fang &
Fullwood, 2016). L’expression de ces ARN a ainsi pu €tre corrélée a des phénotypes tumoraux
et représente un moyen de mieux comprendre les étapes menant a 1’oncogenese en 1’absence

d’altération génétique.
Les micro-ARN

Les miRNA sont de courts (20 a 25pb) ARN non codants qui participent activement a la
régulation négative de 1’expression génique par hybridation avec I’ARN du gene cible (en 3’ ou
en 5’ UTR; Lee er al., 2009 ; Bartel, 2009). Cette hybridation empéche alors la machinerie de
traduction de synthétiser la protéine. Alternativement, I’hybridation entre le miRNA et ’ARN
cible peut s’effectuer au sein du complexe RNA-induced silencing complex (RISC), dont la
fonction est de cliver les ARN cibles. D’autres types d’ARN non codants peuvent également
utiliser ce complexe (small interfering RNA, Piwi-interacting RNA, etc.; Pratt & MacRae,

2009).

On dénombre plus de 1900 miRNA dans le génome humain et leurs séquences sont tres
bien conservées entre les especes (Kozomara ef al., 2019). Ils permettent la régulation d’une

tres grande variété de processus biologiques (prolifération, différenciation, apoptose, efc.) en
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ciblant des genes bien spécifiques et leur expression est modifiée dans les cellules cancéreuses
(Suzuki et al., 2013). De nombreuses associations entre I’expression de certains "oncomirs" et
I’activation/inactivation de voies biologiques (apoptose, différenciation, prolifération, efc.) ont

été relevées (Esquela-Kerscher & Slack, 20006).

Dans les sarcomes, de nombreuses associations entre miRNA et pronostics ont été éta-
blies (Smolle et al., 2017). On retrouve par exemple 12 miRNA (mir-181b, mir-532, let-7d,
mir-98, mir-660, mir-106b, mir-185, mir-93, mir-425, mir-501, mir-224 et mir-15b) dont la sur-
expression est significativement associée a un devenir clinique péjoratif dans les LMS (The Can-
cer Genome Atlas Research Network, 2017). Des spécificités d’expression de miRNA sont éga-
lement observées en fonction de la ligne de différenciation tumorale. Par exemple, les LMS sur-
expriment mir-143 et mir-145 (méme locus génomique), dont 1’expression est sous le controle
de la myocardine et du SRF, facteurs de transcription permettant la différenciation musculaire
lisse (Cordes et al., 2009 ; The Cancer Genome Atlas Research Network, 2017). Les RMS
quant a eux, sur-expriment mir-206 et mir-133-1 car ils sont sous le controle de MyoD et de la
myogénine, facteurs de transcription contrdlant la différenciation musculaire striée (Rota et al.,

2011).
Les longs ARN non codants

Les IncRNA sont des ARN de plus de 200pb qui ne codent pas pour une protéine (Zam-
petaki et al., 2018). 1l existe plus de 16000 IncRNA chez I’Homme (Frankish ef al., 2019) dont
seulement 11% seraient exprimés, mais leur profil d’expression est plus spécifique de 1’origine

tissulaire que les genes codants (Derrien ef al., 2012).

Les fonctions des IncRNA peuvent étre définies selon cinq grandes catégories (rom
etal., 2010 ; Wang & Chang, 2011). Les IncRNA de type signal régulent une activité transcrip-
tionnelle ou de signalisation moléculaire, servant ainsi d’intermédiaire entre différentes voies
de signalisation. Les IncRNA de type decoy ont une fonction de leurre pour la régulation de
I’expression génique et peuvent par exemple servir d’appat pour des miRNA. Les IncRNA de
type guide permettent de guider des protéines vers une localisation cellulaire spécifique. Ceux
de type scaffold organisent la structuration de complexes protéiques ou induisent de simples

rapprochements spatiaux. Enfin, les IncRNA de type enhancer controlent la structure de la
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chromatine, permettant ainsi la transcription de la méme maniere que les enhancers.

Les IncRNA peuvent étre impliqués dans des processus d’oncogenese et le role de
quelques uns a pu étre décrit dans les sarcomes. Par exemple, le IncRNA HOTAIR va per-
mettre de relier deux complexes : le complexe PRC2 et le complexe LSD1/CoREST/REST.
Ces deux complexes interviennent dans la modification d’histones, ou PRC2 est impliqué dans
la formation de H3K27me3 alors que LSD1/CoREST/REST va permettre la déméthylation de
H3K4me?2, également répresseur de la transcription. Le complexe HOTAIR/PRC2/LSD1 ainsi
formé (type scaffold) est alors un puissant régulateur négatif de la transcription via ces modifi-
cations épigénétiques (Tsai et al., 2010). La sur-expression de HOTAIR est observée dans plu-
sieurs cancers (tumeurs gastriques, du poumon, du colon, efc. ; Hajjari & Salavaty, 2015) dont
les sarcomes (Milhem er al., 2011) et est associ€e a une acquisition de capacités métastatiques.
Un autre exemple est celui de TUGI (type decoy) dans les ostéosarcomes dont 1’expression
permet la régulation d’expression de POU2F1. Alors que POU2F1 est régulé négativement par
mir-9, TUGI va pouvoir se lier a ce miRNA, favorisant ainsi 1’expression de POU2F1 ce qui

participe ainsi a la progression tumorale de ces tumeurs (Xie et al., 2016).
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1.3 - En résumé

Les SGC forment un groupe tres hétérogene de tumeurs dont I’oncogenese reste a ce jour
inexpliquée car elles ne présentent pas d’altération génétique récurrente et motrice qui puisse
expliquer leur développement tumoral. Alors que les analyses transcriptomiques menées sur
I’ensemble des STM ont permis d’identifier des profils spécifiquement exprimés dans les SGS,
en relation avec le message oncogene délivré par leurs altérations motrices, le message on-
cogene des SGC reste encore incompris. Notamment, les analyses transcriptomiques menées
dans ces tumeurs, principalement par puces d’expression, n’ont pas permis de mettre en évi-
dence une quelconque spécificité oncogénique parmi 1’ensemble des sous-types histologiques

des SGC.

Une des récurrences notables du génome de ces tumeurs est leur important niveau de
remaniement. L' impact de ce remaniement génomique global sur le devenir métastatique des
SGC a d’ailleurs pu étre établi. Ainsi, I’'une des avancées majeures de ces dernicres années
fut I’établissement d’une signature transcriptomique, associée a I’instabilité génétique des SGC
et permettant de prédire le devenir clinique des patients en estimant le risque d’un événement
métastatique. La signature CINSARC est donc a la fois d’intérét génétique, afin de mieux com-
prendre I’impact de ces remaniements génomiques, et clinique, afin de mieux estimer le risque
métastatique des sarcomes. Toutefois, le role biologique de I’expression de cette signature ainsi

que son applicabilité clinique restent encore a étre définis.
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2 | Objectifs

Mise en application clinique de la signature CINSARC

De précédents travaux de 1’équipe ont établi un lien entre I’'importante instabilité géné-
tique observée dans les SGC et leur agressivité tumorale. La signature transcriptomique CIN-
SARC est en effet le reflet transcriptomique de ces altérations génomiques et permet de stratifier
les tumeurs en fonction de leur risque métastatique. La valeur pronostique de cette signature
étant supérieure a celle du grade FNCLCC, actuelle référence internationale, il devenait alors
nécessaire de pouvoir appliquer CINSARC en routine clinique. Le premier objectif de cette
thése vise a rendre possible une application clinique de la signature CINSARC, de facon a
ce qu’elle puisse étre compatible avec les pratiques courantes des centres de soins. Ceci im-
plique de travailler avec du matériel FFPE, standard de conservation des tissus tumoraux dans
un contexte diagnostique mais dont le processus de fixation dégrade les acides nucléiques. De
plus, la technologie visant a déterminer I’expression de la signature doit pouvoir €tre accessible
en routine clinique. Répondre a ces deux contraintes a ainsi été a la base de mes travaux de

these.
Identification de génes de fusion dans les SGC

Les connaissances acquises sur la génétique des sarcomes pléomorphes ne permettent pas
d’expliquer par quel(s) moyen(s) ces tumeurs sont initiées. Les analyses de cytogénétique em-
ployées jusqu’alors ont bien mis en évidence des remaniements génomiques, notamment des
translocations, mais sans pouvoir précisément déterminer s’ils étaient reliés a une altération
spécifique. Dans le but d’identifier des altérations spécifiques et récurrentes dans les SGC, nous
nous sommes intéressés aux genes de fusion. En effet, I’expression de genes de fusion onco-
genes, principalement permise par translocation, est une voie d’oncogenese observée dans 20%
des sarcomes. Le second objectif de cette these est ainsi de déterminer si les réarrangements

génomiques des SGC peuvent permettre I’expression d’un gene de fusion oncogene.
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3 | Résultats

3.1 — Instabilité génétique, CINSARC et progression tu-

morale

3.1.1 — Contexte

[’analyse pan-cancer des altérations ponctuelles et structurales a mis en évidence trois ca-
tégories de tumeurs (figure 16 page 48; The Cancer Genome Atlas Research Network, 2017).
Une premiere catégorie, représentée par une majorité de cancers, présente a la fois une faible
charge mutationnelle et une faible variation du nombre de copies. Une seconde catégorie, prin-
cipalement représentée par les mélanomes et cancers du poumon, présente une treés importante
charge mutationnelle et peu de remaniements génomiques. A ’opposé, la derniére catégorie,
principalement représentée par les sarcomes, présente peu d’altérations ponctuelles mais de tres

nombreuses altérations structurales.

A T’interface entre le niveau d’instabilité génétique des SGC et le devenir clinique des
patients, de précédents travaux de I’équipe ont permis de mettre en €vidence 1’expression d’une
signature transcriptomique spécifique (partie 1.2.3.4 page 57; Chibon et al., 2010). Cette si-
gnature, nommée CINSARC, permet de stratifier ces tumeurs en deux groupes ayant des pro-
nostics significativement différents (groupes C1 et C2 respectivement associés a un bon et a
un mauvais pronostic). Puisque CINSARC est un meilleur marqueur pronostique que le grade
FNCLCC, nous nous sommes ainsi intéressés au développement de cette signature afin de la
rendre accessible en routine clinique. Dans un second temps, nous nous sommes penchés sur
les causes de I’expression de cette signature pour tenter de déterminer quels facteurs peuvent

conditionner son expression.
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3.1.2 — Vers une application clinique de la signature

Jusqu’a présent, la prise en charge thérapeutique des patients atteints de sarcomes locali-
sés et résécables est guidée par le grade FNCLCC (figure 3 page 25 ; Casali er al., 2018) dont la
valeur pronostique reste la référence internationale (partie 1.1.4 page 22). Néanmoins, ce sys-
teme d’évaluation comporte plusieurs limitations : il n’est pas applicable a tous les sous-types
histologiques de STMA, sa reproductibilité peut varier entre pathologistes, il est peu informatif
pour les tumeurs de grade 2 (40% des cas) et il est difficile a évaluer sur micro-biopsies et/ou
les pieces d’exéreses traitées en situation néoadjuvante (Coindre ef al., 1986, 2001 ; Coindre,

2000).

L’ utilisation de la signature CINSARC, en plus d’étre un meilleur marqueur que le grade
FNCLCC (Chibon et al., 2010 ; Lagarde et al., 2013), permettrait aussi d’outrepasser les li-
mites actuelles du grade. Toutefois, avant de pouvoir I’utiliser de facon quotidienne, un travail
d’adaptation de cette signature devait €tre réalisé car son utilisation était alors limitée aux tissus
congelés et restreinte aux puces d’expression. Ces pratiques ne sont pas en adéquation avec un
contexte d’application clinique pour deux raisons (partie 1.2.3.5 page 59). La premiere est que
le support matériel de référence est le bloc FFPE mais dont le processus de fixation des tissus
et de conservation conduit a la dégradation des acides nucléiques, ce qui est particulicrement
délétere pour I'intégrité des ARN. La seconde est que, bien que des protocoles aient été mis
au point pour réaliser des puces d’expression sur ces blocs (Fedorowicz et al., 2009 ; Wimmer

et al., 2018), cette technologie est peu adaptée a une activité clinique quotidienne.

3.1.2.1 — Article 1 : RNA sequencing validation of the Complexity INdex in

SARComas prognostic signature

Lesluyes T, Pérot G, Largeau MR, Brulard C, Lagarde P, Dapremont V, Lucchesi C, Neu-
ville A, Terrier P, Vince-Ranchere D, Mendez-Lago M, Gut M, Gut I, Coindre JM & Chibon F.

Article publié dans European Journal of Cancer (2016).
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Contexte

L’évolution des méthodes de séquencage haut débit a permis de progressivement intégrer
ces technologies dans un contexte clinique. Le RNA-seq en particulier (Wang et al., 2009),
constitue une précieuse aide aussi bien diagnostique (par I’identification d’une altération spé-
cifique) que pronostique (par 1’utilisation d’un marqueur d’agressivité ou de réponse au traite-
ment) ou encore thérapeutique (par 1’identification d’une cible génétique ; Byron et al., 2016
; Serrati et al., 2016). Nous nous sommes alors demandé si cette technologie pourrait correc-
tement analyser les profils transcriptomiques a partir d’ARN extraits de blocs FFPE et donc
potentiellement treés dégradés. Ceci pourrait ainsi définir la technologie de référence pour la

future application clinique routiniere de la signature CINSARC.

Résumé de l'article

En vue d’une future application clinique de la signature CINSARC, nous devions trouver
une technologie capable de satisfaire les contraintes techniques et matérielles imposées par le
contexte clinique de la pathologie. Le matériel de référence étant le bloc FFPE, nous avions
pour objectif de trouver une technologie permettant de reproduire le profil transcriptomique
de CINSARC a partir d’ARN dégradés extraits de blocs FFPE. Nous avons ainsi challengé le

RNA-seq sur ce terrain.

Afin de porter cette signature en situation clinique, nous avons défini deux niveaux de
transfert. Le premier consiste a évaluer la valeur pronostique de CINSARC sur deux techno-
logies différentes (les puces d’expression comme référence actuelle et le RNA-seq) a partir
d’ARN intacts pour ne mesurer que la variation technologique. Le second niveau de transfert
consiste a comparer, sur la méme technologie (le RNA-seq en I’occurrence), les deux supports
matériel que sont les ARN extraits de tissus congelés et de blocs FFPE pour ne mesurer que la

variation due a la dégradation des ARN.

Pour la premiere partie, une cohorte d’apprentissage (217 cas en puce d’expression) nous
a permis d’obtenir les pronostics d’une cohorte de validation (95 cas) sur les deux technologies
(puces d’expression et RNA-seq). Ces dernieres montrent des stratifications significatives en

matiere de survie sans métastase (P=2,77e-2 pour les puces d’expression et P=1,34e-2 pour
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le RNA-seq) et un taux de valeur pronostique identique de 77% (73 cas sur 95). La validité
du RNA-seq a également été confirmée sur une cohorte indépendante : celle du projet TCGA
sur les sarcomes (246 cas; P=4,14e-3). Afin d’optimiser le processus d’analyse, nous avons
également démontré que nous pouvons réduire la profondeur de séquencage de 40 a 10 millions

de reads appariés tout en conservant une valeur pronostique significative (P=3,2e-2).

Pour la seconde partie, nous avons séquencé 41 cas extraits de blocs FFPE dont nous
avions I’équivalent en tissus congelés (dans la cohorte des 95 cas). Les profils de dégradation
des ARN (déterminés au Bioanalyzer) correlent avec la qualité du séquengage, nous permettant
de définir un seuil minimal a partir duquel nous obtenions un profil interprétable. Les 24 cas
(59%) en dessous de ce seuil n’ont ainsi pas été interprétables a cause d’un séquengage massif
d’ARN synthétiques correspondant au contrdle qualité ajouté dans la librairie (External RNA
Controls Consortium Spike-In; Jiang et al., 2011). Parmi les 17 cas (41%) au-dessus de ce
seuil, 15 cas (88%) partagent des pronostics similaires entre ARN extraits de tissus congelés et

de blocs FFPE.

Ces résultats montrent que 1’expression de la signature CINSARC peut €tre correctement
évaluée a partir de séquencage haut débit et que le pronostic déduit est conforme a celui obtenu
sur puce d’expression. Les différents profils de dégradation des ARN nous ont permis de définir
un seuil afin d’anticiper une trop importante dégradation d’ARN provenant de blocs FFPE. Les
cas au-dessus de ce seuil ont des pronostics similaires entre tissus congelés et blocs FFPE.
Néanmoins, 59% des cas testés ont dii étre exclus car présentant une dégradation d’ARN trop

importante.

L’ensemble des résultats de cette étude sont inclus ci-apres (Lesluyes et al., 2016).
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Abstract  Background: Prognosis of metastatic outcome in soft tissue sarcomas is an impor-
tant clinical challenge since these tumours can be very aggressive (up to 50% of recurring
events). A gene expression signature, Complexity INdex in SARComas (CINSARC), has been
identified as a better prognostic factor compared to the current international grading system
defined by the Féderation Nationale des Centres de Lutte Contre le Cancer. Since CINSARC
has been established on frozen tumours analysed by microarrays, we were interested in eval-
uating its prognostic capacity using next generation sequencing (NGS) on formalin-fixed,
paraffin-embedded (FFPE) blocks to better fit laboratory practices.

Methods: Metastatic-free survivals (training/validation approach with independent datasets)
and agreement values in classification groups were evaluated. Also, RNA degradation
threshold has been established for FFPE blocks and differences in gene expression due to
RNA degradation were measured.

Results: CINSARC remains a strong prognostic factor for metastatic outcome in both micro-
array and RNA-seq technologies (P < 0.05), with similar risk-group classifications (77%). We

* Corresponding author: Inserm U916, Institut Bergonié, 229 cours de I’Argonne, 33076 Bordeaux, France. Tel.: +33 556 330 443.
E-mail address: {.chibon@bordeaux.unicancer.fr (F. Chibon).

http://dx.doi.org/10.1016/j.ejca.2015.12.027
0959-8049/© 2016 Elsevier Ltd. All rights reserved.
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defined quality threshold to process degraded RNA extracted from FFPE blocks and
measured similar classifications with frozen tumours (88%).

Conclusion: These results demonstrate that CINSARC is a platform and material independent
prognostic signature for metastatic outcome in various sarcomas. This result opens access to
metastatic prognostication in sarcomas through NGS analysis on both frozen and FFPE tu-
mours via the CINSARC signature.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Adult soft tissue sarcomas are rare (<1%) and
aggressive tumours presenting a wide spectrum of
clinical behaviour [1]. Since the 1980s, therapeutic
management of patients has been widely determined by
histological type and a grading system defined by the
Feéderation Nationale des Centres de Lutte Contre le
Cancer (FNCLCC) [2]. However, the latter suffers
from major limitations: 40% of cases are classified
as intermediate grade, it is difficult to apply to micro-
biopsies, and its reproducibility may vary among
pathologists [3].

To overcome these problems, our group identified a
set of 67 genes involved in mitosis control and chro-
mosome integrity pathways [4,5]. This transcriptomic
signature, named Complexity INdex in SARComas
(CINSARC), has been proven to be a valuable prog-
nostic factor in sarcomas with complex genetics,
gastrointestinal stromal tumours (GIST), synovial sar-
comas and other tumours (breast carcinomas and lym-
phomas) [4—9]. In prospective, CINSARC could be
routinely used by clinical centres to determine the risk of
developing metastasis and administrate (neo)-adjuvant
therapy to prevent such an event or reduce its growth
rate [9].

In recent years, next generation sequencing (NGS)
has been increasingly set up in laboratory benches and is
often viewed as a competitor to microarray. Even if
RNA-seq is still more expensive than chips, it allows
getting both genes and transcripts expression, mutations
and fusions for expressed genes [10]. The aim of the
present study was to assess the prognostic value of
CINSARC using RNA-seq in order to adapt new lab-
oratory practices.

To compare the performance of RNA-seq and
microarrays, we used expressions (from both technolo-
gies) of various sarcomas and compared predictive
values based on CINSARC risk groups and clinical
annotations from the Conticabase (European sarcoma
database). We also performed RNA-seq on formalin-
fixed, paraffin-embedded (FFPE) blocks and matching
frozen samples to compare the level of agreement be-
tween these two material supports.

2. Materials and methods
2.1. Cohorts presentation

To transfer CINSARC from microarrays from frozen
tissues to RNA-seq from FFPE blocks, we used three
independent cohorts (Table 1). The first one (#1) is a
training set of 217 sarcomas with expression computed
by microarrays on frozen tissues (current CINSARC
conditions). The second one (#2) is a validation set of 95
sarcomas analysed by both microarray and RNA-seq
technologies on frozen tissues. These two cohorts are
part of the CINSARC technological transfer. The last
one (#3) is a set of 41 sarcomas with RNA-seq expres-
sion on both FFPE and frozen tissues. This cohort is
used to evaluate if CINSARC remains prognostic using
different material supports. Additional information
about sample selection, RNA extraction, sequencing,
analysis, and quality controls can be found in the
Supplementary material and methods section.

2.2. Access to data

Microarray and RNA-seq expressions are available on
Gene Expression Omnibus under accession GSE71121.
RNA-seq raw files (FastQ) will be available on May 15,
2016 on sequence read archive under accessions:
SRP057793 and SRP059588 (cohorts #2 and #3,
respectively).

3. Results
3.1. From microarray to RNA-seq

We first aimed to test the prognostic value of CINSARC
expression as evaluated by RNA sequencing extracted
from frozen samples (Table 2; Supplementary Fig. 1).
We counted the number of expressed genes based on
different thresholds to make sure that libraries reached
the depth to cover almost the whole transcriptome
(RNA-seq technology). Among 19,179 annotated cod-
ing genes [11], 12,671 (£362) genes were expressed at >1
FPKM (expected Fragments Per Kilobase of transcript
per Million fragments sequenced) level [12], 15,097
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Table 1

Characteristics of processed cohorts.

Cohort #1 (n = 217) #2 (n = 95) #3 (n = 41)
Expression quantification Microarray Microarray and RNA-seq RNA-seq

Material Frozen tissue

Median follow-up (months) [95% CI]

Median age at diagnosis (years) [95% CI] 62 [60—64]
Histotypes (%)
Undifferentiated sarcomas 56 (25.81)
Leiomyosarcomas 66 (30.41)
GIST 0
Dedifferentiated liposarcomas 31 (14.29)
Myxofibrosarcomas 31 (14.29)
Others 33 (15.21)
Genders (%)
Males 109 (50.23)
Females 108 (49.77)
Metastasis (%) 80 (36.87)
Surgical margins (%)
RO 100 (46.08%)
Rl 43 (19.82%)
R2 10 (4.61%)
Unknown 64 (29.49%)
Local recurrences (%) 49 (22.58)
FNCLCC grade (%)
I and 11 96 (44.24)
111 110 (50.69)
Unknown 11 (5.07)
NA (GIST) 0

52.44 [40.15—66.69]

FFPE and frozen tissue
19.12 [8.74—26.25]

Frozen tissue
50.92 [29.96—66.60]

65 [63—67] 63 [58—66]
33 (34.74) 9 (21.95)
23 (24.21) 13 (31.71)
0 10 (24.39)
13 (13.68) 5(122)

12 (12.63) 3(7.32)

14 (14.74) 1 (2.44)

54 (56.84) 15 (36.59)
41 (43.16) 26 (63.41)
44 (46.32) 6 (14.63)

30 (31.58%) 25 (60.98%)
33 (34.74%) 13 (31.71%)
4 (4.21%) 0

28 (29.47%) 3 (7.32%)
32 (33.68) 8 (19.51)
27 (28.42) 6 (14.63)
64 (67.37) 23 (56.1)
4(4.21) 2 (4.88)

0 10 (24.39)

FFPE, formalin-fixed, paraffin-embedded; CI, confidence interval; GIST, gastrointestinal stromal tumours; FNCLCC, Federation Nationale des

Centres de Lutte Contre le Cancer; NA, not applicable.

Others histotype for cohort #1 represents four adult fibrosarcomas, one osteosarcoma, nine pleomorphic liposarcomas, ten well differentiated
liposarcomas, one low grade myofibroblastic sarcoma, one malignant mesenchymoma, two mesenchymal chondrosarcomas and five pleomorphic
rhabdomyosarcomas. Others histotype for cohort #2 represents five pleomorphic liposarcomas, one well differentiated liposarcoma, one low grade
fibromyxoid sarcoma, five pleomorphic rhabdomyosarcomas and two synovial sarcomas. Others histotype for cohort #3 represents one pleo-

morphic liposarcoma.

(£374) were expressed at >0.1 FPKM level and 16,480
(£398) were expressed at >0.01 FPKM level.
Considering both lowly-expressed genes and those
above (>0.001 FPKM for RNA-seq and >3 log2 in-
tensity for microarray), we observed moderate expres-
sion correlations between these two technologies (mean
Pearson’s r is 0.6232; Supplementary Fig. 2) but good

Table 2

correlations when only considering CINSARC genes
(mean Pearson’s r is 0.8402; Fig. 1). Since the CIN-
SARC approach does not require value but profile
similarities, we expected highly- and lowly-expressed
CINSARC genes using microarray technology to be
highly- and lowly-expressed, respectively using RNA-
seq.

Cohort metrics in terms of sequenced reads, read loss at each analysis step and Spike-in quality control.

RNA-seq series Validation cohort

Frozen cohort

FFPE cohort #3 quality FFPE cohort #3 quality

#2 (n = 95) #3 (n = 41) land 2 (n = 24) 3and 4 (n = 17)

Sequenced reads (million) 79.14 (17.06) 75 (17.06) 73.11 (40.82) 78.69 (16.82)

% loss at pre-alignment step 4.19 (0.82) 4.69 (0.71) 7.92 (2.89) 7.65 (6.53)

% loss at alignment step 23.93 (4.16) 27.51 (4.76) 20.74 (9.43) 17.5 (7.82)

% non-standard alignments 9.52 (0.9) 9.16 (0.79) 12.72 (1.71) 12.98 (4.06)

% PCR duplicates 11.19 (2.77) 9.21 (2.07) 52.09 (10.53) 38.59 (14.69)
Total loss (%0) 48.83 (2.57) 50.57 (3.26) 93.46 (6.37) 76.72 (17.25)
Spike-in sequenced in library (%) 0.44 (0.18) 0.46 (0.18) 85.73 (21.41) 38.14 (29.7)
Correlation expression/quantity 0.9601 (0.0066) 0.958 (0.0082) 0.9831 (0.0023) 0.9834 (0.0039)
Detected Spike-ins per sample 69.03 (4.29) 67.71 (4.35) 89.04 (3.2) 85.53 (10.86)

FFPE, formalin-fixed, paraffin-embedded; PCR, polymerase chain reaction.

Numbers in brackets are standard deviations. Pre-alignment step discards short reads (<30 bp) after low-quality trim (Phred score <20) and
overlap correction. Alignment step discards reads that do not map to reference Hgl9 transcriptome. Non-standard alignments include multiple
location mapping, read mate not mapped and discordant strand orientation. Spike-ins results for frozen cohort #3 are based on the 21 samples that

include Spike-ins.
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Fig. 1. Raw comparison of CINSARC gene expression between microarray and RNA-seq technologies (performed on validation cohort
#2). (A) Example of a typical CINSARC gene analysed by both technologies (points are samples). Mean Pearson’s r for all samples is
0.8402 + 0.0998. (B) Boxplot of correlations obtained in the whole validation cohort (#2). Results indicate good agreements when
comparing CINSARC expressions across these two technologies. CINSARC, Complexity INdex in SARComas.

Thus, we performed metastasis-free survival analysis
using centroids computed in microarray training cohort
#1 and applied on validation cohort #2 with both
microarray (Fig. 2A; Table 3) and RNA-seq expressions
(Fig. 2B; Table 3) and observed a significant prognostic
value with both approaches (P = 2.8 x 1072 and
P = 1.3 x 1072, respectively). Additionally, we per-
formed the reverse analysis: we computed RNA-seq
centroids on validation cohort #2 and applied them to
the microarray expression of training cohort #1
(Fig. 2C; Table 3). Again, despite technological differ-
ences, the prognostic value was significant
(P = 9.7 x 107°). Agreement test between prognostic
groups by both RNA-seq and microarray resulted in a
similar CINSARC classification for 73 out of 95 tran-
scriptomic profiles (77% agreement).

To confirm our experiments, we decided to test our
prognostic signature on another independent sarcoma
dataset from The Cancer Genome Atlas (TCGA) and
kept 246 samples with both clinical annotations and
RNA-seq expression. We applied RNA-seq centroids on
validation cohort #2 to the available dataset of 246
sarcomas and measured significant prognostic value
(P = 4.1 x 1073; Fig. 2D; Table 3).

Also, since RNA sequencing technology gives the
opportunity to estimate transcript abundance, we
measured CINSARC prognostic at the transcript level.
For each CINSARC gene, we selected the transcript
with the better measurement of metastatic outcome and
computed transcripts centroids in validation cohort
(#2). We applied these centroids on TCGA expression

data at the transcript level and observed a significant
prognostic value (P = 7.9 x 10™%), but a higher number
of tumours classified in the high-risk group (79%;
Supplementary Fig. 3).

Finally, we were interested in validating the CIN-
SARC signature in dependence of sequencing depth. We
reduced, in silico, read numbers (20, 10 and 2 million
reads representing 10, 5 and 1 million paired-ends,
respectively) for RNA-seq cohort #2, processed the
same way than normal sequencing depth and compared
CINSARC classifications for the 95 tumours. Correla-
tions between original sequencing depth and reduced
ones tend to slightly decrease as read number falls (mean
Pearson’s r are 0.9892 4 0.0014, 0.9817 £ 0.0016 and
0.9492 + 0.0036 for 20, 10 and 2 million reads, respec-
tively). Additionally, non-expressed (below 0.001
FPKM) genes in reduced depth (non-expressed genes
below this threshold in both reduced and normal depth
are not considered) tend to increase as read number falls
(1015 £ 207, 1580 =+ 238 and 3083 + 286 for 20, 10 and 2
million, respectively). CINSARC classification remains
identical for 90 (95%), 89 (94%) and 76 (80%) tumours
for 20, 10 and 2 million reads respectively with signifi-
cant prognostic values for 20 and 10 million reads
(P=1.6x10"2and P = 3.2 x 1072, respectively) but
not significant for 2 million reads (P = 5.7 x 1072).

3.2. From frozen tissues to FFPE blocks

We selected a set of 41 FFPE blocks aged up to 4 years
(cohort #3) to estimate agreement prediction between

3 — Résultats

Page 77




108 T. Lesluyes et al. | European Journal of Cancer 57 (2016) 104—111
1.0 hazard ratio = 2.02 [1.07-3.82] 1.0 hazard ratio = 2.18 [1.15-4.13]
P =2767e-02 P =1.344e-02
0.9 0.9 —
0.8 0.8 —
- 07 - - 07+
] ]
2 s
s s
5 06 5 06
m + H——t——+ +— + @
o o
o o
= 05 05
2 2
] @
7 04 £ 044
03 0.3
02 - 02 -
0.1 0.1
—— low-risk profile (n=40): 14 events —— low-risk profile (n=42): 14 events
0.0 | —— high-risk profile (n=55): 30 events 0.0 | —— high-risk profile (n=53): 30 events
T T T T T T T T T T T T T T 1 T T T T T T T T T T T T T
[ 2 8 4 5 6 7 8 9 10 11 12 13 14 15 o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (years) Time (years)
1.0 4 hazard ratio = 2.6 [1.58-4.28] 1.0 4 hazard ratio = 1.93 [1.22-3.07]
P =9.7e-05 P =4.136e-03
0.9 0.9 —
0.8 0.8 *MM
— 074 — 07+
] ]
2 £
s s
5 06 5 06
w @
o o
o o
= 05 =05 o
@ £
] @
‘3 0.4 g 0.4 o
8 - s
2 B
0.3 0.3
0.2 o 0.2 o
0.1 0.1 o
—— low-risk profile (1=92): 21 events —— low-risk profile (n=126): 28 events
0.0 - —— high-risk profile (n=125): 59 events 0.0 - —— high-risk profile (n=120): 50 events
T T T T T T T T T T T T T T T T T T T T T T T T T T T 1T

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time (years)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time (years)

Fig. 2. Kaplan—Meier survival analysis according to CINSARC expression. (A) Prognostic value using training cohort (#1) centroids on
validation cohort (#2) with microarray expression. (B) Prognostic value using training cohort (#1) centroids on validation cohort (#2)
with RNA-seq expression. (C) Prognostic value using validation cohort (#2) RNA-seq centroids on training cohort (#1). (D) Prognostic
value using validation cohort (#2) RNA-seq centroids on TCGA cohort with RNA-seq expression. Each combination is significant so
prognostic value of CINSARC remains good with a technological transfer. CINSARC, Complexity INdex in SARComas.

frozen tissues (current CINSARC reference) and FFPE
blocks (challenger). Using cut-offs, we assigned a quality
index ranging from 1 (worst quality) to 4 (best quality)
to each of the 41 RNA extractions (Supplementary
material; Supplementary Fig. 4). Twelve samples were
assigned to each quality 1, 2 and 3, and five samples
were assigned to quality 4.

Though sequencing depth is similar between cohorts,
we measured a massive Spike-in sequencing [13] and a
high percentage of total read loss in FFPE tumours
compared to frozen tumours (Table 2; Supplementary
Figs. land 5), consistent with RNA degradation. We
also measured expressions of two housekeeping genes,

ACTB and RPLP0, and observed a significant expres-
sion loss in FFPE tumours compared to frozen tumours,
result also consistent with degraded RNA
(Supplementary Fig. 6).

We computed correlations between expression from
frozen tissues and from FFPE blocks. Interestingly, 22
samples showed very low to moderate correlations
(Pearson’s r from 0.2 to 0.6) and 19 samples showed
moderate to strong correlations (Pearson’s r from 0.6 to
0.9) with a significant correlation difference if RNA
quality is considered (Wilcoxon’s P = 4.06 x 107*,
higher correlations in groups 3 and 4). No dependency
was found between quality and block age, extraction
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Table 3
Survival analysis metrics corresponding to Fig. 2 Kaplan—Meiyer curves.
Condition (A) microarray centroids, microarray expression (B) microarray centroids, RNA-seq expression
Time (years) 0 2 4 6 8 10 0 2 4 6 8 10
Cl1 Nrisk 40 26 21 17 12 8 42 27 23 18 10 5
Events 2 9 11 13 14 14 3 10 11 13 14 14
MFS 0.95 0.75 0.69 0.61 0.58 0.58 0.93 0.74 0.71 0.64 0.61 0.61
C2 Nrisk 55 23 15 12 7 5 53 22 13 11 9 8
Events 6 26 30 30 30 30 5 25 30 30 30 30
MFS 0.89 0.49 0.40 0.40 0.40 0.40 0.91 0.48 0.36 0.36 0.36 0.36
Condition (C) RNA-seq centroids, microarray expression (D) RNA-seq centroids, RNA-seq expression
Time (years) 0 2 4 6 8 10 0 2 4 6 8 10
Cl N risk 92 68 50 40 28 16 126 40 20 12 7 1
Events 4 12 20 21 21 21 15 27 28 28 28 28
MFS 0.96 0.86 0.76 0.74 0.74 0.74 0.88 0.73 0.71 0.71 0.71 0.71
C2 N risk 125 64 48 42 34 22 120 32 17 7 1 1
Events 9 38 49 52 55 58 22 46 48 48 50 50
MFS 0.93 0.66 0.55 0.51 0.47 0.42 0.82 0.55 0.51 0.51 0.33 0.33

C1 (Classification 1) is the low-risk profile group, C2 (Classification 2) is the high-risk profile group, N risk is the number of patients in groups,

Events is the cumulative number of metastasis in groups and MFS refers to metastasis-free survival.

date or any known clinical parameter (e.g. histotype,
size of tumour, metastatic event, local recurrence event,
FNCLCC grade, necrosis, surgical margin, site of
tumour, radiotherapy and chemotherapy) suggesting
that RNA degradation in FFPE block is not associated
to any of the tested parameters and that 4-year blocks
are viable for CINSARC processing.

Since results we obtained with low-quality RNA from
FFPE blocks (groups 1 and 2) demonstrated a high total
read loss, a massive Spike-in sequencing, poor correla-
tions with RNA from frozen tumours and low house-
keeping gene expression, we consequently pursued
experiments on the 17 better quality RNA (groups 3 and
4).

Given that FFPE blocks were not older than 4 years

and that the FFPE good quality RNA cohort #3
comprised 17 cases, it was difficult to process survival
analysis. Instead, we computed CINSARC groups using
RNA-seq centroids on validation cohort #2 applied to
the 17 high-quality samples from cohort #3 (Fig. 3). We
measured a similar prediction between the two material
supports (88% agreement, 90% sensibility and 86%
sensitivity).

4. Discussion

The development of a reliable and reproducible,
investigator-independent method to predict sarcoma
aggressiveness may be essential to optimise the clinical
management of patients, especially in the context of
sarcomas with complex genomics for which surgery is
currently the most effective treatment. We report here
the possibility of using a transposable gene expression
signature, CINSARC, from microarrays to NGS and
from frozen tumours to FFPE blocks, with a proven
usefulness on metastatic prognosis in several cancer
types and particularly in sarcomas. RNA sequencing, a

reproducible technique across laboratories [14], can be
used as a new tool by clinical centres to prospectively
test this signature and identify other alterations (i.e.
other candidate mutant/translocation/signature) to
manage patients with a personalised medicine approach.

In the first part of the CINSARC transfer, we
measured significant prognosis values with two expres-
sion quantification technologies (P = 2.7 x 1072,
P=13x102and P = 9.7 x 107> for microarray
centroids/microarray expression, microarray centroids/
RNA-seq expression and RNA-seq centroids/micro-
array expression, respectively) and similar risk-group
classifications  (77%), consistent with observed

concordant
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©
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discordant

1

[

C1/C2

CINSARC classification across material support (n)

0 -

C1/C1 C2/C2 C2/C1

Fig. 3. Material support classification based on CINSARC pro-
files. Supports are frozen tissue and FFPE blocks before and after
slash character, respectively. This shows 88% agreement, 90%
sensibility and 86% specificity. CINSARC, Complexity INdex in
SARComas; FFPE, formalin-fixed, paraffin-embedded.
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moderate to high correlations between these two
methods [15—19]

From a raw comparison, CINSARC expression
correlated well using both quantification technologies
(mean Pearson’s r is 0.8402; Fig. 1). However, correla-
tion was poor for two genes (HPIBP3 and SGOL2,
Pearson’s r are 0.2859 and 0.5729, respectively). Addi-
tional investigations demonstrated that microarray
probe selection (maximum interquartile range for each
CINSARC gene) did not always reflect RNA-seq
expression: switching probes for these two genes signif-
icantly improved correlation (0.7142 and 0.8181 for
HPIBP3 and SGOL2, respectively). Thus, RNA
sequencing allows overcoming probe selection which
may not reflect global gene expression as probes could
be transcript specific.

TCGA enabled us to validate our expression signa-
ture on a large independent dataset of annotated sar-
comas, with a significant measurement of CINSARC
prognostic at gene (P = 4.1 x 107%) and transcript
(P = 7.9 x 107 levels. We hypothesise that we would
have an even better prediction of metastatic outcome
with similar bioinformatics pipeline to produce results
that could be perfectly comparable, without technical
artifacts due to differences in expression computation
(i.e. reference transcriptome, alignment and quantifica-
tion software, mapping stringency, etc.).

The transcript selection we used (one per gene) may
not be the best possible combination for metastatic
prognosis. However, considering that the number of
combinations is extremely high (8.77 x 10" possible
transcript permutations), we did not have enough sta-
tistical power to evaluate all of them. In terms of risk
classification, tumours were equally balanced between
low- and high-risk groups at the gene level (51% and
49%, respectively) but not at the transcript level (21%
and 79%, respectively), suggesting that the transcript
selection either does not reflect CINSARC expression
(although significant) or is more sensible but less specific
compared to gene expression. Also, since new splices are
commonly discovered over time, transcripts signature
should be computed repeatedly.

We demonstrated that it is possible to obtain similar
CINSARC classification when reducing, in silico,
sequenced reads (from 79 to 10 million) with high cor-
relations (mean Pearson’s r is 0.9817), low number of
non-expressed (below 0.001 FPKM) genes (1580) and
significant prognostic values (P = 3.2 x 107%). How-
ever, a too much read reduction (from 79 to 2 million)
produces a high number of non-expressed (below 0.001
FPKM) genes (3083) and non-significant prognostic
value. Though a necessary sequencing depth of 10
million reads (5 million paired-ends) is thus mandatory
for a correct CINSARC prognostication, targeted
sequencing focussing on the 67 CINSARC genes (and
some additional control genes) would require a lower
coverage. However, several million reads produced by

sequencing centres is enough to have a reliable gene/
transcript expression for CINSARC prognostication
(typically >20 million reads are sequenced) [14].

In the second part of CINSARC transfer, we wanted
to test whether the technological transfer could be
applied on FFPE samples. Since we had too few and too
recent cases in cohort #3 to process survival analysis, we
could only use the CINSARC classification. As we
previously demonstrated that CINSARC is a prognostic
factor in GIST [6], we could include ten of them in
cohort #3. For this purpose, we identified RNA quality
thresholds based on Bioanalyzer profiles that define
whether RNA, extracted from FFPE blocks, is viable
for transcriptomic analysis or not. In accordance to
these profiles, we showed that RNA sequencing on
quality groups 1 and 2 produced massive duplicated
reads due to RNA degradation responsible for the po-
lymerase chain reaction duplication of a small RNA
fraction less degraded. Using a minimum quality
threshold of 3, RNA sequencing produced a reliable
CINSARC expression with similar risk group classifi-
cations across material support on 17 tumours (88%
agreement). Since we observed a very important read
loss (>75%; Table 2) and massive Spike-in sequencing
(>30%) in RNA-seq from FFPE tumours, library size
should not be reduced under 50 million reads (25 million
paired-ends).

Tumour heterogeneity can play a role in a different
CINSARC classification even if we realised internal
controls to choose similar tumour areas (>60% of tumour
cells, no or low necrosis) between frozen/FFPE tumours
and microarray/RNA-seq technologies (Supplementary
material and methods). However, since we observed
similar risk-group classifications (77% and 88% for
technological and material support transfers, respec-
tively) this would suggest that similar tumour area pro-
duces similar CINSARC profile and/or that the
CINSARC signature is expressed by the tumour bulk
despite intra-tumoural heterogeneity, making CINSARC
expression an early event in tumour development.

It has been described that storage conditions (e.g.
effects of sunlight, temperature, fixation time, etc.) play
a key role in RNA degradation in FFPE blocks [20]. We
did not have measurements of these parameters to
evaluate what specific condition(s) are responsible for
this phenomenon. A challenge, to routinely use CIN-
SARC, will be to identify these factors and produce/
store FFPE blocks that least degrades RNA.

To our knowledge, this is the first report on a
simultaneous transfer of a gene expression signature in
terms of expression quantification technology and ma-
terial support. To go further into the clinical applica-
bility of the CINSARC signature, we foresee three
major steps: to improve the technical aspect of FFPE
sequencing by testing new RNA extraction kits adapted
to FFPE samples, to set up a CINSARC targeted
sequencing to manage multiple patients per sequencing
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run, and to prospectively validate CINSARC in the
clinical context (two Europe-wide clinical trials are
currently ongoing).
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Supplementary material and methods
1. Ethics statement
The samples used in this study are part of the Biological Resources Center of Bergonié Cancer Institute (CRB-
IB). In accordance with the French Public Health Code (articles L. 1243-4 and R. 1243-61), the CRB-IB has received
the agreement from the French authorities to delivered samples for scientific research (number AC-2008-812, on
February 2011). These samples are from care and re-qualified for research. The project was approved by the Bergonié

ethic committee (scientific advisory board).

2. Tumor samples

Tumors were operated in expert centers of the French Sarcoma Group and come from surgical fragments.
Every case was histologically reviewed by the pathologist subgroup from the French Sarcoma Group and classified
according to the 2013 World Health Organization classification by histology, immunohistochemistry, molecular
genetics and cytogenetics when needed.

Before RNA extraction, tumor cellularity and lack of necrosis areas of each frozen sample were verified by a
pathologist (J-M. C.) using a mirror block or a frozen section stained with hematoxylin, eosin and safran (HES). Only
frozen samples with at least 60% of tumor cells and no or few necrosis (maximum of 5%) were used. In the same
manner: FFPE blocks were first verified by a pathologist (J-M. C.) on the corresponding HES slide and only areas with
a minimum of 60% of tumor cells and no or few necrosis (maximum of 5% in two cases) were selected to perform RNA

extraction on FFPE samples.

3. RNAextraction
RNA extraction from frozen samples (around 50 mg of tumor) was performed using a standard TRIzol (Life
Technologies) / chloroform extraction followed by 70% ethanol precipitation and RNA purification using the RNeasy

Mini Kit (Qiagen) with a DNase treatment (RNase-Free DNase Set, Qiagen).
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RNA extraction from FFPE tissue (six to ten carrots obtained using a punch of 1.5 mm diameter, Laboderm)
was performed using a Deparaffinization Solution (Qiagen) as recommended by the manufacturer followed by a DNase
treatment (RNase-Free DNase Set, Qiagen) and RNA purification using the RNeasy FFPE kit (Qiagen) according to the
manufacturer’s recommendations.

RNA were quantified using a Nanodrop 1000 spectrophotometer (Thermo Scientific) and were qualified with
the Agilent 2100 Bioanalyzer (Agilent) using the Agilent RNA 6000 Nano Kit (Agilent) according to the
manufacturer’s instructions.

An ERCC RNA Spike-In Mix (Life technologies) was added to each RNA as recommended by the
manufacturer [13].

RNA extractions used in RNA-seq and microarrays experiments come from different extractions of the same

tumor fragments.

4. Sample preparation and RNA sequencing

The RNA-seq libraries from FFPE tissue samples total RNA were prepared using a modified TruSeq RNA
Sample Prep Kit v2 protocol. Briefly, rRNA was depleted from 0.5 pg of total RNA using the RiboZero Magnetic Gold
Kit (Human/Mouse/Rat, Epicentre). Ribosomal RNA-depleted RNA samples were purified using Agencourt RNA
Clean XP beads (Beckman Coulter Genomics) and RNA was eluted with the Elute, Prime, Fragment Mix from the
TruSeq RNA Sample Prep Kit v2 (Illumina Inc.). The RNA fragmentation time (2.5 to 5 minutes) varied depending on
the quality of the initial total RNA (assessed by Eukaryote Total RNA Nano Bioanalyzer assay, Agilent). Following the
fragmentation, first and second strand synthesis, the Illumina barcoded adapters were ligated at 1/10 dilution of the
recommended concentration. Libraries were enriched with 15 cycles of PCR. The size and quality of the libraries were
assessed in a High Sensitivity DNA Bioanalyzer assay (Agilent).

Number of PCR cycles is a parameter that cannot compensate for low input material (less than the required
quantity of total RNA for standard sequencing). If material quantity is not sufficient for standard RNA-seq protocol,
then another specific RNA sequencing protocol must be employed.

Starting input material for the libraries construction was DNA free total RNA from frozen tissue using the
TruSeq™ RNA Sample Prep Kit v2 (Illumina Inc.,) according to manufacturer’s protocol. In short, 0.5 pug of total RNA
was used for poly-A based mRNA enrichment selection followed by fragmentation by divalent cations resulting into
fragments of 80-250nt, with the major peak at 130nt. Double stranded cDNA was end repaired, 3"adenylated and the 3"-
“T” nucleotide of barcoded Illumina adapters was used for the adapter ligation. The ligation product was amplified with

12 cycles of PCR and quality controlled in Agilent DNA 7500 Bioanalyzer assay (Agilent).
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Each library was sequenced using TruSeq SBS Kit v3-HS, in paired end mode with the read length 2x76bp.
We generated minimally 23 million paired end reads passing filter for each FFPE RNA-seq library or at least 35 million
paired end reads passing filter for each frozen tissue RNA-seq library in a fraction of a sequencing lane on HiSeq2000
(Illumina, Inc) following the manufacturer’s protocol. Image analysis, base calling and base quality scoring of the run
were processed by integrated primary analysis software - Real Time Analysis (RTA 1.13.48) and followed by

generation of FASTQ sequence files by CASAVA (v1.8).

5. Bioinformatics analysis pipeline for RNA-seq

From a bioinformatics standpoint, we treated RNA from frozen tissues and FFPE blocks the same way. We
estimated general read quality using FastQC (v0.10.1), trimmed low-quality 5' and 3' ends (Phred score <20) using
Sickle (v1.2) and used a home-made routine to treat overlapping reads because sometimes, insert size of paired-end
reads is too small so reads may overlap each other. In such cases, mutations and gene fusions located in these overlap
may be counted twice, generating a bias in detection. To overcome this problem, we merged overlapping reads (at least
10 bp) using SeqPrep (v1.1) and split merged reads in half with a Awk routine. Finally, paired-ends with one read
shorter than 30 bp were discarded.

Transcriptomic (coding RefSeq [11] genes from Hgl9 UCSC Table Browser [21] fixed on 2014/01)
alignments were performed by TopHat2 (v2.0.1) [22]. Once aligned, we removed paired-end reads that mapped at
multiple locations on transcriptome, low-quality (score <20) and discordant paired-end reads using SAMtools (v0.1.19)
[23]. MarkDuplicates (PicardTools v1.99) removed PCR duplicates and Cufflinks (v2.1.1) [12] estimated gene and
transcript abundances. HTSeq (v0.5.4) [24] numbered reads mapped to Spike-in and reference chromosomes. Gene

fusions were reported by deFuse (v0.6.1) [25]. Miscellaneous filters, statistics and plots were performed by R (v.3.1.1).

6. Microarray expression
We performed microarray expression using Affymetrix Human Genome U133 Plus 2.0 on 312 samples. We
normalized chips with GCRMA algorithm from justGCRMA routine implemented in gcrma (v2.34) R package. To
select probes that better describe CINSARC expression in our cohorts, we computed interquartile range (IQR) of each
probe associated to CINSARC genes (release 33 of HG-U133 Plus 2.0 annotations) and kept, for each gene, the probe

that maximizes IQR value.

7. The Cancer Genome Atlas data analysis
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We obtained clinical annotations and gene expressions from The Cancer Genome Atlas (TCGA at

http://cancergenome.nih.gov/) data portal for the sarcoma project. Based on metastatic and follow-up information, we

built annotation file to process metastasis-free survival analysis on 246 samples. We defined values (metastatic events
and dates) as followed. If new tumor event type was set to distant metastasis in follow-up, metastatic event was set to
positive and event date was set to the earliest metastatic event. If metastatic disease annotation was confirmed without
follow-up information, metastatic event was also set to positive and event date was set to 0 (e.g. corresponds to tumor
diagnosis date). If metastatic disease was negative, metastatic event was set to negative and event date was set to the
last contact day. If metastatic disease annotation was not available and there was no follow-up information, metastatic

event was set to negative and event date was set to the last contact day.

8. FFPE blocks quality analysis
Based on Agilent 2100 Bioanalyzer profiles, samples were categorized according to the following criteria: 1)
length of the longest RNA fragments, 2) amount of sample (fluorescence intensity) and 3) slope/profile of samples
(broad/narrow peak). This lead to the establishment of four quality groups ranging from 1 (worst quality) to 4 (best

quality). Low quality RNA refers to groups 1 and 2, high quality RNA refers to groups 3 and 4.

9. ERCC Spike-in quality control

To assess whether RNA-seq expression is consistent with RNA quantity, sequenced libraries included the
External RNA Controls Consortium (ERCC) Spike-in [13]. According to manufacturer recommendations and
observations of sequenced Spike-ins in different studies [26], three quality criteria have to be fulfilled: 1) the correlation
between Spike-in expression and concentration has to be high (Pearson's r >0.95); 2) at least 60 Spike-ins have to be
expressed (the most concentrated ones); and 3) Spike-in reads should represent about 1% of total reads.

RNA-seq validation cohort #2 (95 samples) satisfied these requirements with expression correlated to RNA
quantity (mean Pearson's r is 0.9601), a good sequencing depth (number of detected Spike-in mean is 69.03) and a good
Spike-in proportion (mean is 0.44% of total reads; Table 2; Supplementary Figure 1).

RNA-seq on frozen cohort #3 (41 samples) also satisfied these requirements with expression correlated to
RNA quantity (mean Pearson's r is 0.958), a good sequencing depth (number of detected Spike-in mean is 67.71) and a
good Spike-in proportion (mean is 0.46% of total reads).

RNA-seq on FFPE cohort #3 (21 samples among 41 included Spike-ins) showed good correlations between
expression and RNA quantity (means Pearson’s r are 0.9831 and 0.9834 for quality 1 or 2 and 3 or 4 respectively), high

number of detected Spike-ins (means are 89.04 and 85.53 for quality 1/2 and 3/4, respectively) and high percentage of
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Spike-ins reads in libraries (means are 85.73% and 38.14% for quality 1/2 and 3/4, respectively). These results are
consistent with RNA degradation measured in FFPE blocks: Spike-in RNA, not degraded since added in library

preparation, are more likely to be sequenced compared to tumor RNA.
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Supplementary Fig. 1 ERCC Spike-in quality control evaluation. (A) Example of correlation between RNA-seq
expression and RNA quantity for a given sample. Mean Pearson's r for all samples is 0.9601 + 0.0066. (B) Correlations
obtained in the different cohorts. (C) Numbers of detected Spike-ins in the different cohorts. (D) Sequencing in library
in the different cohorts. Horizontal black line in A represents our expression threshold. Horizontal black lines in B, C
and D represent Spike-in metric thresholds recommended by manufacturer. Legend: FPKM is gene expression unit as:
expected Fragments Per Kilobase of transcript per Million fragments sequenced, C° is RNA quantity in Mix given by
manufacturer and Q refers to RNA quality.
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Supplementary Fig. 2 Raw comparison of gene expression between microarray and RNA-seq technologies (performed
on validation cohort #2). (A) Example of a typical sample where only expressed genes in both technologies are
considered (FPKM >0.001 and log2 intensity >3, thresholds represented as black lines, points are genes). Mean
Pearson's r for all samples is 0.6232 + 0.0463. (B) Boxplot of correlations obtained in the whole validation cohort (#2).
Results indicate moderate agreements when comparing gene expressions across these two technologies.
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Supplementary Fig. 3 Kaplan-Meyer survival analysis according to CINSARC expression at transcript level on TCGA

dataset with validation cohort (#2) centroids. This shows a significant metastatic prognosis using transcript expression.
Legend: C1 (Classification 1) is the low-risk profile group, C2 (Classification 2) is the high-risk profile group, N risk is

the number of patients in groups, Events is the cumulative number of metastasis in groups and MFS refers to metastasis-

free survival.
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Supplementary Fig. 4 Typical Agilent 2100 Bioanalyzer (Agilent Technologies) profiles of RNA extracted from FFPE
blocks for each assigned quality from lowest to highest (1 to 4, left to right and top to bottom, respectively). Legend:

FU is fluorescence unit, nt is nucleotides and RIN is RNA integrity number.
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Supplementary Fig. 5 Read loss at each pipeline step. This shows read evolution through pipeline analysis at each
main step. Comparing both material supports: there are significant read losses at stages: pre-alignment/PCR duplicates
(higher losses in FFPE groups, Wilcoxon's P<107%) and alignment step (higher loss in frozen groups, Wilcoxon's
P=0.012). No group difference at non-standard alignment removal step (Wilcoxon's P=0.91). Legend: Q refers to RNA
quality.
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Apport de I’'étude

Ces résultats relatent le premier transfert de la signature CINSARC vers une plateforme
technologique compatible avec les pratiques cliniques courantes : le RNA-seq. Nos résultats
montrent qu’il est un procédé parfaitement viable pour I’obtention de la valeur pronostique de
CINSARC sur tissus congelés, ou les pronostics obtenus sont compatibles a ceux provenant de

puces d’expression.

L’analyse d’ARN extraits de blocs FFPE est plus problématique. Si les cas évalués (au-
dessus du seuil de dégradation) ont des profils transcriptomiques viables et des pronostics simi-
laires a ceux obtenus a partir de tissus congelés, 59% des cas sont exclus car trop dégradés pour
étre analysés. Ceci constitue une limitation critique dans le contexte d’une application clinique.
Il deviendrait nécessaire d’optimiser le processus de fixation des tissus ainsi que son stockage
pour déterminer si des facteurs (dge du bloc, exposition au soleil, température de stockage,
temps de fixation, etc.) peuvent étre corrélés a la dégradation mesurée (von Ahlfen et al., 2007).
Le contrdle de ces parametres permettrait une meilleure conservation de I’intégrité des acides

nucléiques et confererait alors une meilleure applicabilité au RNA-seq sur blocs FFPE.

D’autres facteurs inhérents au RNA-seq peuvent limiter son application clinique : le prix
du séquencage, le délai d’obtention du résultat (comprenant le séquencage et les analyses), la
complexité de sa mise en place (moyens bioinformatiques/biostatistiques, stockage des don-
nées) ou encore sa reproductibilité (pipeline d’analyse utilisée). Il faut toutefois noter que ces
contraintes se sont drastiquement atténuées depuis une décennie avec 1’établissement de pro-
tocoles et d’outils de référence, rendant le RNA-seq beaucoup plus abordable (en maticre de
rapidité de mise en place, de simplicité d’analyse et de cofit) que par le passé (Casamassimi

et al., 2017 ; Cieslik & Chinnaiyan, 2018).

Cette technologie n’étant, en I’état, pas adaptée a une activité clinique standard, nous
avons alors testé une autre technologie qui permettrait d’outrepasser les limitations techniques

dues a la dégradation des ARN.
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3.1.2.2 — Article 2 : Validation of the Complexity INdex in SARComas prog-
nostic signature on formalin-fixed, paraffin-embedded, soft-tissue sarco-

mas

Le Guellec S, Lesluyes T, Sarot E, Valle C, Filleron T, Rochaix P, Valentin T, Pérot G,

Coindre JM & Chibon F. Article publié dans Annals of Oncology (2018).
Contexte

La dégradation des ARN extraits de blocs FFPE étant un facteur limitant pour le RNA-
seq, nous nous sommes tournés vers le systeme nCounter (NanoString) qui propose un protocole
adapté a de tels échantillons. En effet, son processus de quantification d’expression ne passe ni
par une étape de rétro-transcription des ARN, ni par une étape d’amplification de séquences.
Il se base sur un systeme d’hybridation entre les ARN et des sondes spécifiques contenant
un code-barres coloré (enchainement de couleurs spécifiques), dont le produit d’hybridation
va étre fixé sur un support solide. Chaque molécule d’ARN capturée peut alors étre détectée
par une caméra a fluorescence en peu d’étapes, réduisant ainsi les possibles sources de biais.
Ceci permet une quantification d’expression trés automatisée, sans réaction enzymatique ni de

préparation particuliere de librairie (Geiss et al., 2008).

Ce systeme a d’ores et déja rendu certains CodeSets d’intérét (sélection de sondes s hy-
bridant aux genes spécifiés) accessibles en routine clinique par 1’analyse de blocs FFPE. On
peut par exemple citer Prosigna (PAMS50), signature transcriptomique de 50 genes, prédictive
du développement métastatique des cancers du sein a dix ans (partie 1.2.3.5 page 59 ; Parker
et al., 2009 ; Nielsen et al., 2014). 11 existe aussi plusieurs CodeSets qui proposent la détection
simultanée de dizaines de transcrits de fusion classiquement retrouvés dans les différents sous-
types de sarcomes "a translocation" (Chang et al., 2018 ; Sheth et al., 2018). La nature de cette
technologie ne permettant pas de mesurer 1’intégralité du transcriptome, le design de CodeSets

est fait sur demande jusqu’a un maximum de 800 cibles.
Résumé de l'article

Nous avons généré un CodeSet, nommé NanoCind, comprenant les 67 genes de CIN-

SARC et huit genes de ménage (ACTB, B2M, GAPDH, HPRT1, PGK1, PPIA, RPLPO et SDHA)
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utilisés pour la normalisation des échantillons et comme controle qualité interne.

Afin de tester I’applicabilité clinique de NanoCind avec cette technologie, nous avons
défini deux cohortes. La premiere cohorte est constituée de 124 cas passés a la fois en RNA-seq
et en puces NanoString sur tissus congelés afin de comparer la valeur pronostique de chacune
de ces méthodes. La seconde cohorte est constituée de 67 cas extraits de blocs FFPE (dont
20 micro-biopsies) pour challenger les effets de la dégradation des ARN sur I’obtention des

pronostics.

Sur la cohorte de 124 cas, CINSARC évalué avec la puce NanoCind a une valeur pronos-
tique significative (P=1,01e-2) alors que celle obtenue avec le RNA-seq est non significative
(P=9,68e-2). Les 67 cas FFPE, incluant les 20 micro-biopsies, ont tous pu étre analysés par

NanoCind avec une évaluation correcte du risque métastatique (P=1,13e-2).

Parmi les 116 cas, passés a la fois en RNA-seq et en puces NanoString, pour lesquels
I’information du grade FNCLCC était disponible, seule la technologie NanoString donne une
stratification significativement pronostique (P=9,39e-3 contre P=1,16e-1 et P=6,58e-1 pour le
RNA-seq et le grade FNCLCC). De plus, NanoCind retrouve une stratification significative
parmi les tumeurs de grade 2 par son évaluation du risque métastatique (43 cas; P=5,16e-

4).

Le systeme nCounter développé par NanoString nous a ainsi permis de créer une puce de
référence pour I’évaluation pronostique de CINSARC : NanoCind. Cette solution technologique
propose alors 1’obtention du pronostic de la signature sur ARN provenant de tissus congelés et

également de blocs FFPE ou la dégradation n’est pas un facteur limitant.

L’ensemble des résultats de cette étude sont inclus ci-apres (Le Guellec et al., 2018).
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Validation of the Complexity INdex in
SARComas prognostic signature on formalin-fixed,
paraffin-embedded, soft-tissue sarcomas
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U1218, Institut Bergonié, Bordeaux; *University of Bordeaux, Bordeaux; °Institut Claudius Regaud, IUCT-Oncopole, Toulouse; °Plateau Génomique et
Transcriptomique, INSERM U1037, Cancer Research Center of Toulouse (CRCT), Péle technologique, Toulouse; Departments of “Biostatistics; “Oncology, Institut
Claudius Regaud, IUCT-Oncopole, Toulouse; “Department of Biopathology, Institut Bergonié, Bordeaux, France

*Correspondence to: Dr Sophie Le Guellec, Department of Pathology, Institut Claudius Regaud, Institut Universitaire du Cancer Toulouse-Oncopole, 1 avenue Iréne Joliot-
Curie, 31059 Toulouse Cedex 9, France. Tel: 4-33-531-156-594; E-mail: LeGuellec.sophie@iuct-oncopole.fr

Background: Prediction of metastatic outcome in sarcomas is challenging for clinical management since they are aggressive
and carry a high metastatic risk. A 67-gene expression signature, the Complexity INdex in SARComas (CINSARC), has been
identified as a better prognostic factor than the reference pathological grade. Since it cannot be applied easily in standard
laboratory practice, we assessed its prognostic value using nanoString on formalin-fixed, paraffin-embedded (FFPE) blocks to
evaluate its potential in clinical routine practice and guided therapeutic management.

Methods: A code set consisting of 67 probes derived from the 67 genes of the CINSARC signature was built and named
NanoCind®. To compare the performance of RNA-seq and nanoString (NanoCind®), we used expressions of various sarcomas

(n =124, frozen samples) using both techniques and compared predictive values based on CINSARC risk groups and clinical
annotations. We also used nanoString on FFPE blocks (n = 67) and matching frozen and FFPE samples (n = 45) to compare their
level of agreement. Metastasis-free survival and agreement values in classification groups were evaluated.

Results: CINSARC strongly predicted metastatic outcome using nanoString on frozen samples (HR=2.9, 95% ClI: 1.23-6.82)
with similar risk-group classifications (86%). While more than 50% of FFPE blocks were not analyzable by RNA-seq owing to poor
RNA quality, all samples were analyzable with nanoString. When similar (risk-group) classifications were measured with frozen
tumors (RNA-seq) compared with FFPE blocks (84% agreement), the CINSARC signature was still a predictive factor of metastatic
outcome with nanoString on FFPE samples (HR =443, 95% Cl: 1.25-15.72).

Conclusion: CINSARC is a material-independent prognostic signature for metastatic outcome in sarcomas and outperforms
histological grade. Unlike RNA-seq, nanoString is not influenced by the poor quality of RNA extracted from FFPE blocks. The
CINSARC signature can potentially be used in combination with nanoString (NanoCind®) in routine clinical practice on FFPE
blocks to predict metastatic outcome.

Key words: sarcoma, FFPE, prognosis, cancer, nanoString, NanoCind®
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Introduction management consists in surgical resection with optional adju-
vant therapies that depend on clinical characteristics, tumor

Adult soft-tissue sarcomas (STSs) are rare tumors (<1%) that  histological type and histological grade [2]. The histological
form a heterogeneous group with more than 100 different grading system of the FNCLCC (Fédération Nationale des
pathological subtypes and an aggressive clinical course (40/  Centres de Lutte Contre le Cancer) comprises three grades: low,
50% metastases within 5years of diagnosis) [1]. Clinical intermediate and high risk of metastasis. It is at present the

©The Author(s) 2018. Published by Oxford University Press on behalf of the European Society for Medical Oncology.
Allrights reserved. For permissions, please email:journals permissions@oup.com
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best predictor of metastatic relapse in early-stage sarcoma and
the most influential for deciding on adjuvant chemotherapy
[3]. However, it has several limitations. It is not applicable in
all pathological subtypes, its reproducibility may vary between
pathologists, it is poorly informative grade 2, which represents
~40% of cases, and it is difficult to apply on tumor microbiop-
sies and on surgical specimens post neo-adjuvant therapy [4].
In 2010, our group identified and validated a 67-gene expres-
sion signature named CINSARC (Complexity Index in
SARComas) that is a valuable prognostic factor in several sar-
coma histotypes and outperforms histological grade [5-7].
CINSARG, in which genes are involved in mitotic control and
chromosomal integrity, stratifies tumor prognosis into two
groups (“low-risk, C1” and “high-risk, C2”), instead of three
with the FNCLCC system, thus facilitating clinical manage-
ment. It was first used on frozen tumors analyzed by microar-
rays and was subsequently applied on formalin-fixed,
paraffin-embedded (FFPE) RNA-sequencing [8]. However,
the RNA is degraded in more than half of all tested FFPE
tumors so its routine use for clinical and therapeutic purposes
has been limited until now. Indeed, the availability of fresh-
frozen tumor material is very low in daily routine practice.
Archived FFPE tumor-tissue samples are available in anatom-
ical pathology laboratories and tissue banks. Unfortunately,
formalin fixation induces chemical modifications such as
crosslinking between nucleic acids and proteins and RNA deg-
radation, so the subsequent use of frozen tissue for genomic
and transcriptomic applications such as microarrays and RNA
sequencing is limited [9]. NanoString, a recently developed
probe-based technique using direct digital measurement of
transcript abundance with multiplexed color-coded probe
pairs, has been shown to quantify mRNA expression accurately
in FFPE and fragmented material [10, 11]. This feature of
nanoString offers advantages compared with PCR-based
methods, including the absence of amplification bias, which
may be higher when using fragmented RNA isolated from
FFPE blocks. Several publications have demonstrated the ac-
curacy and precision of nanoString with FFPE material [10,
12, 13]. A code set comprising 67 probes derived from the 67
genes of the CINSARC signature was built and named
NanoCind®. Thus, the aim of the present study was to evaluate
the prognostic value of the CINSARC signature established by
nanoString (NanoCind®) on FFPE tumor blocks in order to
use it in routine clinical practice to determine the risk of devel-
oping metastases and to guide personalized therapeutic
management.

To compare the performance of RNA-seq and nanoString in
establishing CINSARC-based risk, we applied both techniques on
sarcoma cohorts with clinical annotations from the Conticabase
(European sarcoma database). We tested a large cohort of 124
frozen samples and a subgroup of 45 samples together with
matching FFPE blocks plus 20 additional FFPE core needle biop-
sies to test the performance of NanoCind® on degraded material
typical of that used in daily practice.

Materials and methods

More details are available in the Supplementary Methods file, available at
Annals of Oncology online.

Cohorts and design

To evaluate the potential transfer of the CINSARC signature from RNA-
seq on fresh-frozen samples (FESs) to nanoString on FFPE blocks, we
used two independent cohorts. The first one which comprised 95 sarco-
mas was used in 2016 by Chibon’s team to validate the transfer of
CINSARC from microarrays to RNA-seq on FFES [8]. Of the 95 sarcomas
described in that publication, FFS or RNA were still available for 77 cases.
A second set of 47 sarcomas was added since RNA-seq expression on FFS
(n=47) and FFPE (n=45) had already been tested by our team.
Therefore, for the transfer from RNA-seq to nanoString, we analyzed a
set of 124 (77 and 47) sarcomas (named cohort #1) by both RNA-seq and
nanoString (NanoCind®) on FFS. To evaluate whether CINSARC had a
prognostic value on FFPE tissue, we analyzed the 47 sarcomas plus 20
microbiopsies (cohort #2) with NanoCind® on FFPE blocks.

Tumor samples

Tumors were operated in expert centers of the French Sarcoma Group
and came from surgical resections or microbiopsies of untreated primary
tumors. RNA was extracted from all FFPE blocks (n=67) in cohort #2
using the High Pure FFPET RNA Isolation Kit (Roche). To optimize the
extraction protocol, we tested a second extraction kit (Roche FFPET
RNA Isolation Kit, used in Prosigna Breast Cancer Prognostic Gene
Signature). Finally, Lesluyes et al. used the RNeasy FFPE kit (Qiagen) in
2016 for RNA extraction in 45 cases in cohort #2, but only 17 were analyz-
able by RNA-seq, owing to poor RNA quality as a result of formalin
fixation.

NanoString CodeSet design and expression
quantification

Our nCounter code set (NanoCind®) consisted of a panel of 75
probes, including 67 distinct test probes derived from 67 distinct
genes (Supplementary Table S1, available at Annals of Oncology on-
line) and 8 housekeeping genes for biological normalization
purposes.

Results
Cohorts

Tumor characteristics and follow-up of patients in both cohorts
are presented in Table 1.

NanoString nCounter gene expression system
performance

First the reproducibility of the nCounter system in measuring the
NanoCind® panel was examined. The raw counts for all 75 genes
on the same sample from two independent hybridizations of
RNA from FFS are shown in Supplementary Figure SIA, available
at Annals of Oncology online (between two independent car-
tridges) and S1B (in the same cartridge). A linear fit to the data
resulted in a median Pearson’s correlation coefficient of 0.9849
(inter- and intra-cartridges). Then, we examined the linearity
and dynamic range of two FFS. Supplementary Figure S1, avail-
able at Annals of Oncology online shows the results for all 75 genes
from each hybridization reaction with inputs of 100 ng (reference
input), 300, 600 and 1000 ng of RNA from the same FFS. Raw
points demonstrated a linear correlation between different inputs
of the same sample (Supplementary Figure SIC, available at
Annals of Oncology online).

Volume 29 | Issue 8 | 2018

doi:10.1093/annonc/mdy194 | 1829

6102 Adeniga gz uo Jasn osiq/wlasu| Aq £00920S/8Z81/8/6Z/30BIISqe-a[o1e/ououue/wod dnoolwapese//:sdjy wolj papeojumoq

3 — Résultats

Page 97




Annals of Oncology

Table 1. Characteristics of processed cohorts

Cohort #1(n=124) #2 (n=67)
Expression quantification RNA-seq and NanoString RNA-seq and NanoString
Material Fresh-frozen tissue FFPE blocs
Median age at diagnosis (years) [95% CI] 63 [60-65] 64 [62-68]
Histotype (%)
Dedifferentiated liposarcoma 15 (12.10) 17 (25.37)
Gastrointestinal stromal tumor 12 (9.68) 11 (16.42)
Leiomyosarcoma 32 (25.81) 17 (25.37)
Myxofibrosarcoma 11(8.87) 4(597)
Undifferentiated pleomorphic sarcoma 39 (31.45) 17 (25.37)
Others 15 (12.10) 1(1.49)
Gender (%)
Female 61 (49.19) 37(55.22)
Male 63 (50.81) 30 (44.78)
FNCLCC grade (%)
1 5(4.03) 1(1.49)
2 27 (21.77) 16 (23.88)
3 74 (59.68) 37(55.22)
Unknown 6 (4.84) 2(299)
NA (GIST) 12 (9.68) 11 (16.42)
Surgical margin (%)
RO 53 (42.74) 37 (55.22)
R1 42 (33.87) 21 (31.34)
R2 3(242) 0
Unknown or NA 26 (20.97) 9(1343)
Median follow-up (month) [95% CI] 57.31 [45.27-66.60] 4435 [33.18-52.49]
Local recurrence (%) 39 (31.45) 13 (19.4%)
Metastasis (%) 48 (38.71) 15 (22.39)

Among the 67 cases in cohort #2: all were processed with nanoString and 17 were processed with RNA-seq. The intersection between nanoString on fro-
zen tissues and nanoString on FFPE blocs is 45 cases. This cohort includes 47 regular FFPE blocs and 20 FFPE core needle biopsies. See Supplementary
Figure S4, available at Annals of Oncology online for full details. Others cohort #1: two low-grade fibromyxoid sarcomas, two malignant solitary fibrous
tumors, six pleomorphic liposarcomas, four pleomorphic rhabdomyosarcomas and one synovial sarcoma. Others cohort #2: one pleomorphic

liposarcoma.

FFT, fresh-frozen tissue; FFPE, formalin-fixed, paraffin-embedded; R, RNA sequencing; N, NanoString.

Technological transfer: from RNA-seq to
nanoString (NanoCind®)

We carried out comparisons of the same FFS (cohort #1, n=124)
between both techniques. Pearson’s correlation of 67 CINSARC
gene expression values for the same high quality RNA samples be-
RNA-seq and nanoString was 0.797 =0.130
(Supplementary Figure 2B, available at Annals of Oncology on-
line). Thus, we aimed to test the prognostic value of CINSARC.
An agreement test between the prognostic groups (CINSARC Cl1,
low-risk and CINSARC C2, high-risk) by nanoString on FFS
resulted in a similar CINSARC classification for 107 of 124 tran-
scriptomic profiles (86% agreement; Cohen’s kappa =0.687;
P< 107" compared with RNA-seq classification on FFS. By
combining associated clinical data outcome, we carried out
metastasis-free survival analysis. NanoString had a significant
prognostic value (P=1.01 x 1072, HR =2.9, 95% CI: 1.23-6.82)
(Figure 1A) while RNA-seq did not (P=9.68 x 102, HR = 1.69,
95% CI: 0.89-3.2) (Figure 1B, Table 2, Supplementary Figure S4,
available at Annals of Oncology online).

tween

Material transfer: from fresh-frozen tissue to FFPE
blocks

To optimize the quantity and quality of RNA extraction, we car-
ried out different extractions on the same FFPE blocks with dif-
ferent commercial kits. Mean Pearson’s correlation of the raw
counts with the NanoCind® panel for the High Pure FFPET RNA
Isolation Kit, Roche (reference kit) compared with the Roche
FFPET RNA Isolation Kit (used in Prosigna) (n=2) was 0.993
(Supplementary Figure S3A and B, available at Annals of
Oncology online). Mean Pearson’s correlation of the raw counts
with the NanoCind® panel for the High Pure FFPET RNA
Isolation Kit, Roche (reference kit) compared with the RNeasy
FFPE kit, Qiagen Kit (n=27) was 0.786 (range, 0.104—0.984)
(Supplementary Figure S3C, available at Annals of Oncology on-
line). Moreover, we assessed the stability of RNA from unstained
slides following extraction at different times after cutting with a
view to using this technique in routine practice. On the same
FFPE block, we carried out RNA extractions on unstained slides
the same day of the cut (JO, reference protocol) and 21 days room
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Figure 1. Metastasis-free survival analysis according to CINSARC signature. (A) Prognostic value of nanoString expression data (cohort #1,
fresh-frozen samples). (B) Prognostic value of RNA-seq expression data (cohort #1, fresh-frozen samples). (C) Prognostic value of nanoString
expression data (NanoCind®) (cohort #2, FFPE samples). (D) Comparison of prognostic values of the two techniques. Fresh-frozen and FFPE

samples used with each technique were pooled.

temperature storage after the day of cutting (J21). Pearson’s
correlation for interval extraction replicate was 0.990
(Supplementary Figure S3D, available at Annals of Oncology
online).

Thus, we carried out comparisons of paired FFS and FFPE
samples (17 =45) with nanoString. NanoString provided a good
correlation between all 45 pairs of fresh-frozen and FFPE RNA
(mean Pearson’s r=0.651 * 0.118; Supplementary Figure S2A,
available at Annals of Oncology online). Moreover, Pearson’s cor-
relation of 67 CINSARC gene expression values for the same sam-
ples (n=45) between RNA-seq on FFS (reference material and
technique) and nanoString on FFPE blocks was 0.687 = 0.104
(Supplementary Figure S2C, available at Annals of Oncology on-
line). Then, we tested the prognostic value of the CINSARC sig-
nature evaluated by nanoString on FFPE samples. The agreement

test between prognostic groups (CINSARC Cl, low-risk and
CINSARC C2, high-risk) by nanoString on FFPE samples
resulted in a similar CINSARC classification for 38 of 45 tran-
scriptomic profiles (84% agreement; Cohen’s kappa = 0.688;
P=3.79 x 10°) compared with RNA-seq classification on FFS
(reference technique and materials). Moreover, nanoString had a
significant prognostic value (P=1.13 x 10~%, HR = 4.43, 95%
CI: 1.125-15.72) (Figure 1C, Table 2, Supplementary Figure S4,
available at Annals of Oncology online) on FFPE samples (surgical
resections (1= 47) and microbiopsies (n = 20).

Finally, we carried out metastasis-free survival analysis of the
pooled FFS and FFPE samples (n=141) with both RNA-seq and
nanoString analyses (Figure 1D). Both techniques provided a signifi-
cant prognostic value but the CINSARC signature with nanoString
(NanoCind®)(P=2.45 x 10, HR = 3.19, 95% ClI: 1.43-7.08) was
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Table 2. Prognostic analyses for metastasis-free survival according to CINSARC signature and to FNCLCC grading system according to cohorts, materials and

technologies

Characteristics Total, n Prognosis, n P-value HR [95% CI]

Cohort #1

CINSARC, RNA-seq, fresh-frozen tissue 124 0.0968 169 [0.89-3.2]
C1 (n metastasis) 45 (13)
C2 (n metastasis) 79 (35)

CINSARC, nanostring (NanoCind®), fresh-frozen tissue 124 0.0101 29[1.23-6.82]
C1 (n metastasis) 34.(6)
C2 (n metastasis) 90 (42)

Cohort #2

CINSARC, RNA-seq, FFPE 17 0.134 5.12[1.61-549]
C1 (n metastasis) 8 (0)
C2 (n metastasis) 9(3)

CINSARC, nanoString (NamoC\'nd®), FFPE 67 0.0113 443 [1.25-15.72]
C1 (n metastasis) 33(3)
C2 (n metastasis) 34(12)

Pooled cohort #1 and #2

FNCLCC grade 116 0.658 1.16 [0.6-2.26]
G1/G2 (n metastasis) 35(12)
G3 (n metastasis) 81 (32)

CINSARC, RNA-seq 116 0.116 1.74 [0.88-3.53]
C1 (n metastasis) 36 (10)
C2 (n metastasis) 80 (34)

CINSARC, nanoString (NanoCind® 116 0.00939 3.58[1.28-10]
C1 (n metastasis) 27 (4)
C2 (n metastasis) 89 (40)

Significant P-values <0.05 are in bold.

FNCLCC, Fédération Nationale des Centres de Lutte Contre le Cancer; G1, grade 1 FNCLCC; G2, grade 2 FNCLCC; G3, grade 3 FNCLCGC; CINSARC,
Complexity INdex in SARComas; C1, low-risk CINSARC; C2, high-risk CINSARC; HR, hazard ratio; Cl, confidence interval; FFPE, formalin-fixed, paraffin-

embedded.

more discriminating than that obtained by RNA sequencing
(P=3.42x 10" HR=1.94, 95% CI: 1.03-3.64). For discordant
samples, we found a lower strength of association with the nearest
centroid using RNA-seq versus nanoString (P=9.49 x 103
Supplementary Figure S5A, available at Annals of Oncology online)
compared with the same experiment with concordant samples
(P=4.36 x 10~ % Supplementary Figure S5B, available at Annals of
Oncology online). Among the pooled FFS and FFPE samples
(n=141) with data obtained by RNA-seq and nanoString, the
FNCLCC histological grade was available for 116 cases. The
CINSARC signature with nanoString (NanoCind®) discriminated
two groups of low- and high-risk subjects with clearly significant
and different outcomes (P=9.39 x 10>, HR = 3.58, 95% CI: 1.28—
10, Figure 2A), whereas its prognostic value with RNA-seq was not
significant (P=1.16 x 10", HR = 1.74, 95% CI: 0.86-3.53, Figure
2B) and histological grade (G1/G2 versus G3) did not predict out-
come (P=6.58 x 10~!, HR=1.16, 95% CI: 0.6-2.26, Figure 2C).
Consequently, we also investigated the performance of CINSARC in
subjects of the same histological grade and in grade 2 tumors, the
CINSARC signature (NanoCind®) identified two groups of different
outcomes with a significant prognostic value (P=5.16x 10~%,
HR = 15.73, 95% CI: 2.01-123.37, Figure 2D).

Discussion

STSs are a group of rare, heterogeneous, aggressive tumors with
high metastatic risk. The CINSARC signature outperforms histo-
logical grade for metastatic prognosis in several cancer types and
especially in STS [5-7]. Nevertheless, it is not applicable in rou-
tine clinical practice because it was developed and validated in
microarrays and RNA-sequencing, which are techniques requir-
ing large amounts of high-quality RNA, especially from fresh-
frozen tumor tissue. In the current study, the CINSARC signature
established by nanoString (NanoCind®) on FFPE blocks was a
strong predictor for metastatic events (which outperformed
histological grade) and is therefore usable in routine clinical
settings.

In the first part of the CINSARC transfer, CINSARC gene ex-
pression values correlated well using these two techniques (mean
Pearson’s r is 0.797 between RNA-seq and nanoString), which is
consistent with already published methodological correlations
[10-13]. Furthermore, similar risk-group classifications (86%)
were noted. However, while its prognostic value with RNA-seq
was nonsignificant (reference technique, P=9.68 x 1072), it was
significant with nanoString (eP=1.01 x 1072).
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Figure 2. Metastasis-free survival analysis (fresh-frozen samples, cohort #1 and FFPE samples, cohort #2) according to CINSARC signature
using nanoString expression data (NanoCind®) (A), RNA-seq expression data (B) and FNCLCC grade (C). (D) Metastasis-free survival analysis
according to CINSARC signature using nanoString expression data (NanoCind® on grade 2 FNCLCC cases.

In recent decades, high-throughput molecular analyses, espe-
cially gene expression profiling, have led to the identification of
specific gene expression signatures as a prognostic factor in sev-
eral malignancies such as breast cancer and lymphoma [14, 15].
For example, several multigene signatures such as Oncotype™™ or
Prosigna'™ are marketed for early-stage breast cancer and are
used in routine practice for therapeutic management [16]. No
similar signature is currently available in routine practice for sar-
coma patients. Indeed, although Chibon et al. [5] identified and
validated a prognostic molecular signature in sarcomas
(CINSARC) in 2010, they worked on frozen tumor material that
was evaluated by microarrays, a technique that is not widely avail-
able. Moreover, several studies have shown the validity of the
CINSARC signature [5-7, 17, 18], in accordance with the
REMARK criteria for replicability of biomarker signatures [19].
In 2016, Lesluyes et al. successfully transferred the signature using

RNA-seq with frozen tissues. However, their attempt to adapt it
on FFPE blocks was disappointing with more than 50% of FFPE
cases that could not be analyzed with RNA-seq owing to degrad-
ation of RNA induced by formalin [8]. In our study, all (n=67)
FFPE blocks (the same cases as those tested by Lesluyes et al., ex-
cept microbiopsies) were analyzable with nanoString. Moreover,
in terms of prognosis, the CINSARC signature obtained with
nanoString (NanoCind®) from RNA extracted from FFPE blocks
had a significant prognostic value (P=1.13 x 1072, HR = 4.43,
95% CI: 1.125-15.72), allowing its use in routine practice. The
low quality of RNA extracted from FFPE blocks did not influence
the efficiency of the results when nanoString was used. These
findings are in accordance with previous studies reporting the ro-
bust performance of nanoString on RNA extracted from FFPE
material with results comparable to those obtained with RNA
from fresh-frozen tissue by microarrays [13]. Indeed, nanoString
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does not require reverse transcription of mRNA and subsequent
c¢DNA amplification. This feature offers advantages over NGS
and PCR-based methods, including the absence of amplification
bias, which may be higher when using fragmented RNA isolated
from FFPE specimens. This could explain the few discordant clas-
sifications we observed and particularly why poor prognosis
patients were classified as “good” prognosis by the RNA-seq ap-
proach. The value and the superiority of nanoString
(NanoCind®) were confirmed by three of our results: first, it gave
a significant prognostic value which was more discriminating
than that established by RNA-seq (P=2.45x 10" versus
P=3.42 x 107%); second, it outperformed the current histologic-
al grade (FNCLCC) (P=9.39 x 10~ versus P=6.58 x 10 ')
and third, in grade 2 (FNCLCC) tumors, it clearly and signifi-
cantly differentiated two groups of different outcomes
(P=5.16 x 10™*). Tts advantage over histologic grading is that it
stratifies patients into two groups instead of three, which is essen-
tial for facilitating clinical management. A major point that we
have started to test is its applicability to microbiopsies, which is
at present the gold standard in terms of STS management [1]. All
20 cases (FFPE, microbiopsies) could be analyzed using
nanoString, despite somewhat degraded samples with limited
amounts of RNA. Moreover, among the 20 FFPE microbiopsies,
three patients have metastases and these three tumors were classi-
fied as “poor outcome” by nanoString.

To be able to use this signature in routine clinical practice, we
tested it in several conditions. It showed excellent reproducibility
(replicates averaging R” of 0.983) and robustness, consistent with
previous reports [10]. Moreover, we tested three different com-
mercial nucleic acid extraction kits for FFPE material. The two
we tested demonstrated good results with high (Pearson’s
r=10.786 for RNeasy FFPE kit, Qiagen) to excellent (Pearson’s
r=0.993 for Roche FFPET RNA Isolation Kit, used in Prosigna)
correlation. Finally, the test turnaround time with nanoString is
shorter than for NGS approaches; library preparation and nucleic
acid amplification are not required and the complexity of data
analysis is negligible compared with NGS, which requires a speci-
alized bioinformatics pipeline and sequence analysis strategies.

Conclusion

In conclusion, the CINSARC signature, which can now be deter-
mined using FFPE samples with nanoString (NanoCind®), has
reached another step towards its use in routine practice.
Following on from recent data demonstrating that it is an excel-
lent prognostic marker of clinical outcome in many other human
malignancies [17], it can now be tested and validated on other in-
dependent cancer-specific cohorts with FFPE blocks. In patients
with STS, its prognostic value has been widely confirmed and it
seems to be better than FNCLCC grade, as suggested by the pre-
sent study and previously observed [5, 7]. Above all, the
CINSARC signature could overcome one of the major limitations
of FNCLCC grading by splitting patients with FNCLCC grade 2
STS into two separate prognostic groups that could then benefit
from different therapeutic strategies. Furthermore, a French
Sarcoma Group study aiming to tailor treatment based on the
CINSARC signature will soon begin. Finally, as expected since
several publications have demonstrated the accuracy and preci-
sion of nanoString in small samples with limited amounts of

Annals of Oncology

RNA such as tissue biopsies [ 10, 12, 13], our preliminary data on
20 cases suggest that Nanocind® is feasible in FFPE microbiop-
sies, i.e. the standard approach in STS diagnosis [1]. Further
NanoCind® evaluation in a larger cohort of FFPE microbiopsies
is currently ongoing and will be the final step to consider full
CINSARC routine evaluation and global use.
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Validation of the Complexity INdex in SARComas prognostic sighature

on formalin-fixed, paraffin-embedded, soft tissue sarcomas
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Supplementary methods

Tumor samples

Tumors were operated in expert centers of the French Sarcoma Group (FSG) and came
from surgical resections of untreated primary tumors. Every case was histologically
reviewed by the pathologist subgroup from the FSG and classified according to the 2013
World Health Organization classification by histology, immunohistochemistry and
molecular genetics when needed. FFPE blocks were first verified by a pathologist (SLG or
JMC) on the corresponding HES slide and only areas with a minimum of 60% of tumor
cells were selected for RNA extraction. RNA was no longer available in 45 cases in cohort
#1, so a new extraction was performed from fresh-frozen samples using the same
protocols as those described by Lesluyes et al. [1]. RNA was extracted from all FFPE
blocks (n=47) in cohort #2 (10-micron-thick sections) using a deparaffinization solution and
RNA purification using the High Pure FFPET RNA Isolation Kit (Roche), according to the
manufacturer’s recommendations. One to three (for surgical resections) and three to eight

(for core needle biopsies) unstained slides were obtained depending on the tumor
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cellularity and tumor surface area. To optimize the extraction protocol, we tested a second
extraction kit (Roche FFPET RNA lIsolation Kit, used in Prosigna Breast Cancer Prognostic
Gene Signature). Finally, Lesluyes and al. used the RNeasy FFPE kit (Qiagen) in 2016 for
RNA extraction in 41 cases in cohort #2, but only 17 were analyzable by RNA-seq. These
17 tumors could be processed by RNA sequencing using RNAs from FFPE blocs. As
previously described, we performed unstranded and rRNA-depleted (to overcome
degraded polyA tails) sequencing with at least 20 million paired ends [1]. RNA-seq
expressions are available on Gene Expression Omnibus under accession number
GSE71121. RNA-seq raw files (FastQ) are available on Sequence Read Archive under
accession numbers SRP057793 and SRP059588 (frozen tissues and FFPE blocs,
respectively). RNA extracted from both fresh-frozen and FFPE tissues was assessed for
concentration using Nanodrop 1000 (Thermo Scientific). To assess RNA quality, all
samples were run on an Agilent Bioanalyzer 2100 (Agilent Technologies, Canada). The
degree of RNA integrity was assessed using the smear analysis function in the Agilent
2100 Expert Software to measure the percentage of RNA molecules between 50bp and
300bp (DVso-300 metric). Data regarding patients’ characteristics and tumor description
were obtained by a retrospective review of the medical records. These records and
histologic data were entered into a centralized database

(https://conticabase.sarcomabcb.org). Ethical approval was obtained from the appropriate

committees.

Tissue samples, RNA sample yield and quality

Bioanalyzer analysis of fresh-frozen tissue samples (n=124) showed a good RNA quality
with a median RIN (RNA Integrity Number) of 8.18 (range, 3.3-9.9). Concerning FFPE
blocks (n=47), data on RNA quality are presented in Supplementary Table 2. FFPE
samples (surgical resections) were degraded with a median RIN of 2.24 (range, 1-2.6) and

a median DVso-300 of 37.8% (range, 21-62%). FFPE samples (core needle biopsies) were
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degraded with a median DVso-300 of 53% (range, 30-68%). This result was expected since
FFPE samples were archival tissues. The FFPE samples used in this study were archived

between 2009 and 2013.

NanoString CodeSet design and expression quantification

This technique has already been described by Geiss et al. [2]. Briefly, unique multiplexed
probes were made with two sequence-specific probes complementary to a 100-base target
region per target mRNA. The capture probe comprised a target-specific oligonucleotide
coupled with a short sequence linked to biotin. The reporter probe consisted of a second
50mer target-specific oligonucleotide linked to a unique chain of dye-labelled segments for
detection by the system. Our nCounter code set, named NanoCind®, consisted of a panel
of 75 probes, including 67 distinct test probes derived from 67 distinct genes
(Supplementary Table 1) and eight housekeeping genes for biological normalization
purposes. Probe sets were designed and synthesized by nanoString. Additional
information concerning probes can be found in the patent, which is filed under the number
EP18305190.3. We used 100 ng of total RNA isolated from fresh-frozen tissues, as
suggested by the manufacturer. FFPE tissues required a higher amount of total RNA,
corresponding to “100 ng adjusted” (adjusted input) according to the DVso-300 value, i.e. the
percentage of RNA fragments between 50-300 nucleotides. All FFPE cases were included
by modifying the adjusted input. Cases were assessed in cartridges of 12 cases per run.
The detailed protocol for mRNA transcript quantification, including sample preparation,
hybridization, detection and scanning, followed the manufacturer's recommendations,
using the nCounter PrepStation and nCounter Digital Analyzer. Data were extracted and

validated using the nSolver v3.0 software.

Statistical analysis
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NanoString data were normalized using the manufacturer's software (nSolver v3.0) and
recommendations. Background subtraction was performed on negative control probes and
normalization with positive control probes and housekeeping genes was performed with
the geometric mean method. Both RNA-seq and nanoString expression values were log2-
transformed. As previously described, we used the nearest centroid method to determine
CINSARC risk groups. To apply the signature independently on each sample, we
performed leave-one-out cross-validation by computing distances from a sample to
centroids (good and poor prognoses) of all other samples using the same technique [3].
Metastasis-free survival was analyzed by the Kaplan-Meier estimator from the original
diagnosis to diagnosis of the metastatic event or the last follow-up. Significance was
expressed by the Cox proportional hazards regression model implemented in the survival

package (v2.41-3) available in R (v3.4.2).
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Supplementary Table 1. Location and cytoband of 67 genes of the CINSARC
signature

Genes Chromosome Cytoband
ANLN 7 pl4.2
ASPM 1 q31.3

AURKA 20 q13:2
AURKB 17 p13.1
BIRCS 17 q25.3
BORA 13 q22.1
BUB1 2 ql3
BUB1B 15 q15.1

CCNA2 4 q27
CCNB1 5 qi3:2
CCNB2 15 q22.2
€DC20 1 p34.2
CDC45 22 ql1.21
CcDC6 17 q21.2
cDC7 1 p22.2
CDCA2 8 p21.2
CDCA3 12 p13.31
CDCA8 1 p34.3
CDK1 10 q21.2
CENPA 2 p23.3
CENPE 4 q24
CENPL 1 q25.1
CEPS5 10 q23.33
CHEK1 11 q24.2
CKAPS 11 p11.2
CKS2 9 q22.2
ECT2 3 42631
ESPL1 12 q13.13
FANCI 15 q26.1
FBX05 6 q25.2
FOXM1 12 p13.33
H2AFX 11 q233
HP1BP3 1 p36.12
KIF11 10 q23.33
KIF14 1 q32.1
KIF15 3 p21.31
KIF18A 11 pl4.1
KIF20A 5 q31.2
KIF23 15 q23
KIF2C 1 p34.1
KIF4A X q13.1

MAD2L1 4 q27
MCM2 3 q213
MCM7 7 q22.1
MELK 9 p13.2
NCAPH 2 ql1.2
NDE1 16 p13.11
NEK2 1 q32.3
NUF2 1 q23.3
01P5 15 q15.1

PBK 8 p21.1
PLK4 4 q28.2
PRC1 15 q26.1
PTTG1 5 q33.3

RAD51AP1 12 p13.32

RNASEH2A 19 p13.2
RRM2 2 p25.1
$GO2 2 33.1
SMC2 9 q31.1
SPAGS 17 ql12
SPC25 2 q31.1
TOP2A 17 q21.2
TPX2 20 ql1.21
TRIP13 5 p15.33

TTK 6 ql4.1
UBE2C 20 q13.12
ZWINT 10 q21.1
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Supplementary Table 2. RIN, D0260/280, D0260/230 and DVso-300 of FFPE tumor

samples
Ide:::::;aetrlon l\(’lsa/t;ir:s?l RIN 26([))/380 263/230 DVso-a0ol%)
5120 FFPE (S) 2.3 1.85 1.7 29
s121 FFPE (S) 2.5 1.94 1.88 45
5122 FFPE (S) 2.3 1.88 1.7 35
s124 FFPE (S) 2.4 1.91 1.8 32
5126 FFPE (S) 2.3 1.92 1.83 40
s111 FFPE (S) 2.4 1.9 1.7 23
S76 FFPE (S) 2.3 1.88 2.01 41
s77 FFPE (S) 2.5 1.84 1.4 22
79 FFPE (S) 2.4 1.95 1.97 46
$80 FFPE (S) 2.3 1.84 1.7 33
s81 FFPE (S) 2.5 1.93 2.04 33
5123 FFPE (S) 2.3 1.92 1.7 44
S84 FFPE (S) 1 1.75 1.06 54
$85 FFPE (S) 2.3 1.91 1.93 32
86 FFPE (S) 1.7 1.7 0.9 41
s87 FFPE (S) 2.3 1.9 1.7 37
88 FFPE (S) 1.3 1.9 1.5 48
S89 FFPE (S) 2.3 1.87 1.9 41
S90 FFPE (S) 2 1.73 1.1 49
s91 FFPE (S) 2.3 1.9 1.7 34
592 FFPE (S) 1.8 1.9 1.5 22
93 FFPE (S) 2.2 1.9 2.1 27
s94 FFPE (S) 2.1 1.9 2 40
95 FFPE (S) 2.3 1.9 1.7 41
S96 FFPE (S) 2.1 1.8 1.3 39
s97 FFPE (S) 2.5 2 2 29
$98 FFPE (S) 2.3 1.9 1.7 33
S99 FFPE (S) 2.4 1.9 1.6 41
5100 FFPE (S) 2.2 1.8 1.2 40
5101 FFPE (S) 2.2 1.8 1.3 41
5102 FFPE (S) 2.4 2 2.1 40
5103 FFPE (S) 2.2 1.9 1.3 31
5104 FFPE (S) 2.3 2 2.1 54
5105 FFPE (S) 2.2 1.9 1.5 44
5106 FFPE (S) 2.6 1.8 1.3 42
5107 FFPE (S) 2.3 1.91 1.7 62
5108 FFPE (S) 2.4 1.6 0.9 48
5109 FFPE (S) 2.6 1.93 2.1 21
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$110 FFPE (S) 2.4 1.92 2.02 21
s112 FFPE (S) 2.3 1.9 1.8 44
5113 FFPE (S) 2.1 1.8 1.5 23
s114 FFPE (S) 2.2 1.9 1.6 60
s115 FFPE (S) 2.2 1.91 2.07 31
S116 FFPE (S) 2.5 1.93 2.01 25
s117 FFPE (S) 2.3 1.91 1.84 51
s118 FFPE (S) 2.3 1.95 2.04 43
s119 FFPE (S) 2.4 1.29 1.92 24
5127 FFPE (MB) 1.1 1.48 0.7 61
5128 FFPE (MB) 2.1 1.9 1.2 68
5129 FFPE (MB) NA 1.8 1.6 53
5130 FFPE (MB) 1 2 1.5 44
5131 FFPE (MB) 2.7 1.9 1.5 66
5132 FFPE (MB) 1.7 1.8 1.3 55
5133 FFPE (MB) 1.3 1.9 1.4 48
5139 FFPE (MB) 2.1 1.9 1.4 53
5134 FFPE (MB) NA 1.8 0.6 30
s135 FFPE (MB) 1 1.9 1.5 41
5136 FFPE (MB) 1.4 1.9 1.7 54
5137 FFPE (MB) 1.3 1.8 1.3 44
5138 FFPE (MB) NA 2 1.8 62
5140 FFPE (MB) NA 1.9 1.4 44
5141 FFPE (MB) NA 1.8 1.2 62
s142 FFPE (MB) NA 1.8 1.3 57
5143 FFPE (MB) NA 1.7 1.9 62
s144 FFPE (MB) NA 1.6 0.8 48
5145 FFPE (MB) NA 1.8 1 65
S146 FFPE (MB) NA 1.9 1.4 43
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Apport de I’'étude

Ces résultats nous confortent dans la future application clinique routiniere de CINSARC.
La technologie proposée par NanoString, nCounter, nous a permis de définir un CodeSet repré-
sentatif de 1I’expression de cette signature : NanoCind. Cette technique procede ainsi, de fagon
conjointe, les ARN extraits de tissus congelés et de blocs FFPE. La qualité des ARN n’est alors

plus un facteur limitant 1’obtention de 1’expression de la signature.

Ces résultats ont également démontré que CINSARC peut prédire le développement méta-
statique parmi les sarcomes de grade 2, des résultats similaires ayant déja été rapportés (Chibon
et al., 2010). Ce résultat est intéressant d’un point de vue clinique car les tumeurs de grade 2
ont une agressivité intermédiaire comparativement aux tumeurs de bas grade (bon pronostic) et
de haut grade (mauvais pronostic). Ces tumeurs sont nombreuses et leur prise en charge théra-
peutique n’est pas standardisée, méme si les recommandations de ’ESMO tendent a grouper
les tumeurs de grade 2 avec celles de grade 3, ce qui réunirait plus de 80% des STMA dans
une catégorie a haut potentiel métastatique (Casali et al., 2018). Le reclassement des STMA de
grade 2 selon leur potentielle agressivité constituerait une précieuse aide décisionnelle pour le

traitement des patients (Charville & Lazar, 2018).

3.1.2.3 — Article 3 : Chemotherapy in localized soft tissue sarcoma: will we

soon have to treat grade 1 tumors? Update on CINSARC performances

Valentin T, Lesluyes T, Le Guellec S & Chibon F. Lettre a 1’éditeur publiée dans Annals
of Oncology (2019).

Contexte

Une chimiothérapie néoadjuvante n’est recommandée que pour les tumeurs de hauts
grades (2 et 3), profondes et de plus de Scm. Par opposition, une chirurgie seule est recom-
mandée pour les tumeurs de grade 1 qui bénéficient d’une résection RO (marges chirurgicales
saines a I’examen microscopique). La premiere branche décisionnelle thérapeutique recom-
mandée pour les STMA non métastatiques et résécables est donc définie par le grade FNCLCC

(partie 1.1.5 page 24 ; Casali et al., 2018). Le second critere majeur est la qualité de la chirurgie,
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ou les traitements seront plus importants en cas d’effraction tumorale (planifiée ou non).

Nous nous sommes alors demandé quel pourrait tre 1’apport pronostique de la signature
CINSARC si, pour convenir aux pratiques actuelles et avant de devenir le premier critere d’éva-
luation de I’agressivité des STMA, elle s’insérait entre 1’évaluation du grade et la qualité de la
chirurgie. Nous avons donc réalisé une méta-analyse des cohortes pour lesquelles nous avions

déterminé le statut CINSARC et pour lesquelles le grade FNCLCC était disponible.

Résumé de ’article

Nous avons démontré dans plusieurs études que CINSARC est un meilleur marqueur de
I’agressivité des STMA que le grade et que la signature est capable de re-stratifier les tumeurs de
grade intermédiaire en fonction du risque métastatique. Afin de statuer sur I’apport de la signa-
ture par rapport au standard actuel, en accord avec les pratiques cliniques, une étude exhaustive

sur chacun des différents grades est alors nécessaire.

Nous avons constitué une cohorte de 605 tumeurs en compilant les données de plusieurs
études précédemment réalisées. Les cas passés sur plusieurs technologies ont été filtrés de telle
sorte que seule la méthodologie la plus récente soit conservée, a savoir : le systtme nCounter
(priorité pour les cas FFPE puis aux tissus congelés; Le Guellec ef al., 2018), puis le RNA-
seq (tissus congelés uniquement; Lesluyes er al., 2016, incluant aussi la cohorte du TCGA
sarcomes) et finalement les puces d’expression (tissus congelés uniquement; Chibon et al.,
2010 ; Lagarde et al., 2013). Ceci inclut par conséquent 128 cas passés sur puces NanoString
(54 FFPE et 74 tissus congelés), 214 RNA-seq (19 de notre cohorte et 195 du TCGA) et 263
puces d’expression (220 SGC et 43 synovialosarcomes). Les valeurs pronostiques de CINSARC

utilisées sont celles données par leurs études respectives.

Sur I’ensemble de la cohorte, le grade FNCLCC et CINSARC sont tous les deux des
facteurs prédictifs significatifs du développement métastatique. Toutefois, une meilleure strati-
fication est obtenue par CINSARC (P=5,8e-11) comparée a celle donnée par le grade FNCLCC
(P=3,81e-4). Parmi I’ensemble des trois grades distincts, CINSARC permet d’identifier les tu-
meurs en fonction de leur potentiel métastatique (P=7,9e-4 pour le grade 1; P=1,78e-6 pour le

grade 2 ; P=3,35e-3 pour le grade 3).
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Il y a donc bien un intérét majeur a utiliser la signature CINSARC, que ce soit en complé-
ment du grade FNCLCC, pour lequel chaque groupe est bien re-stratifié en fonction du risque

métastatique, ou en remplacement de celui-ci.

Ces résultats sont inclus ci-apres (Valentin ez al., 2019).
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Letter to the editor

Chemotherapy in localized soft tissue
sarcoma: will we soon have to treat grade 1
tumors? Update on CINSARC performances

The debate concerning perioperative chemotherapy use in local-
ized soft tissue sarcoma (STS) is mired in a dead-end, following
the results of a dozen of randomized studies completed by two
meta-analyses. In the current guidelines [1], chemotherapy is not
yet considered as a standard of care and may be proposed as an
option in high-risk patients, currently imperfectly identified with
classical factors as tumor size, depth and (Fédération Frangaise

des Centres de Lutte Contre le Cancer) FNCLCC grade [2]. This
uncertainty may reflect the limits of these factors (in particular
FNCLCC grade) for the precise identification of the high-risk
patients’ population.

When developed in 2010, CINSARC transcriptomic signature
clearly appeared to be a promising way to overcome these limita-
tions, as a tool able to identify high-risk STS patients independ-
ently of classical prognostic factors, in particular FNCLCC grade
[3]. Initially incompatible with routine use (performed on frozen
tumors analyzed by microarrays), CINSARC has been optimized
[4, 5] is now fully evaluable with FFPE tumors using NanoString
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Figure 1. Metastasis Free Survival of patients with STS according to FNCLCC grade and CINSARC signature (A) Metastasis Free Survival of
patients with FNCLCC grade 1 (B) grade 2 (C), or grade 3 (D) STS, according to CINSARC signature.
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Annals of Oncology

technology (NanoCind®, patent number <EP18305190.3>>) T. Valentin"?', T. Lesluyes>>*, S. Le Guellec>® & F. Chibon®®
[5]. This reproducible, low-cost array only needs small inputs of "Department of Medical Oncology, Institut Claudius Regaud,
RNA, making perfectly feasible in core needle biopsies samples, Toulouse; INSERM U1037, Cancer Research Center of Toulouse
gold standard for STS diagnosis. (CRCT), Toulouse; *INSERM q1218, Institut Bergonié, Bordeaux;

Following its technical optimization, CINSARC performan- “University of Bordeaux, Bordeaux; *Department of Pathology, Institut

Claudius Regaud, Toulouse, France

ces showed a remarkable constancy over successive works. Since . e ;
(*E-mail: valentin.thibaud@iuct-oncopole.fr)

its first development, CINSARC signature has indeed been

applied to more than 600 STS samples, including 367 samples

from the three pivotal studies, 195 samples from TCGA pro-

gram, and a series of 44 synovial sarcoma samples. The pooled Funding

results of these analyses confirm that CINSARC perfectly splits

STS patients into two separate prognostic groups (in term of

Metastasis Free Survival) more accurately than FNCLCC grade

[HR 2.7 (1.98; 3.69) versus 2.29 (1.17; 5.5)] (Figure 1). More Disclosure

interesting, this meta-analysis allows to demonstrate that . )

CINSARC identifies, in each ENCLCC grade, a subgroup of The authors have declared no conflicts of interest.

high-risk patients. This feature has already been proposed as a
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3.1.2.4 — Conclusion

Historiquement limitée a I’évaluation de son expression sur puces d’expression avec du
matériel congelé, nos récentes études ont étendu 1’applicabilité de la signature CINSARC a
de plus récentes technologies : le RNA-seq (Lesluyes et al., 2016) puis le systtme nCounter
(NanoString ; Le Guellec e al., 2018). Cette derniere méthode est actuellement la plus 2 méme
d’analyser les extraits tumoraux issus de blocs FFPE afin de s’adapter aux pratiques courantes

des laboratoires.

Ces résultats nous confortent dans 1’applicabilité clinique de la signature, ou elle pourrait,
en premiere intention, seconder le grade FNCLCC pour orienter la décision thérapeutique des
sarcomes localisés et résécables (Valentin ez al., 2019). La prochaine étape sera alors de tester la
valeur de la signature, non plus dans un but rétrospectif mais en condition prospective au cours
d’essais cliniques. A I’issue de ces essais et selon ses performances, CINSARC pourrait alors

devenir le principal critere d’évaluation du risque métastatique dans les sarcomes.
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3.1.3 — Une signature pronostique universelle ?

CINSARC a initialement été validée sur deux cohortes indépendantes de 183 et 127 SGC
(Chibon et al., 2010). Cette premiere étude a également démontré sa valeur pronostique dans
une cohorte de 32 GIST (en survie sans métastase), deux cohortes de 78 et 295 cancers du sein
(en survie sans métastase) et deux cohortes de 136 et 278 lymphomes diffus a larges cellules
B (en survie globale). Deux études supplémentaires, sur 60 GIST (Lagarde ez al., 2012) et 58
synovialosarcomes (Lagarde er al., 2013), sont venues par la suite démontrer son intérét clinique

dans les SGS (en survie sans métastase).

CINSARC est donc un marqueur de 1’agressivité tumorale (en survie globale et/ou survie
sans métastase) dans plusieurs types de cancers. Cette signature est composée de genes impli-
qués dans la ségrégation des chromosomes et son expression est corrélée a un phénotype d’in-
stabilité chromosomique. Celle-ci étant universellement rencontrée dans les cancers (méme si
son degré est variable selon les familles de cancers ; Carter ef al., 2012 ; Sansregret ef al., 2018),
il est donc d’intérét de regarder si CINSARC peut étre un marqueur universel de I’agressivité

tumorale.

3.1.3.1 — Article 4 : The CINSARC signature as a prognostic marker for clin-

ical outcome in multiple neoplasms

Lesluyes T, Delespaul L, Coindre JM & Chibon F. Article publié dans Scientific Reports

(2017).
Contexte

L’émergence et le développement des approches pan-cancers ont conduit a 1’établisse-
ment d’outils et de bases de données regroupant plusieurs familles de cancers. Notamment, la
base PREdiction of Clinical Outcomes from Genomic profiles (PRECOG) qui compile des don-
nées cliniques (en survie globale) et transcriptomiques de pres de 18000 tumeurs représentant
39 types tumoraux (Gentles ef al., 2015). En interrogeant les données assemblées dans PRE-

COG, nous avons entrepris une large étude pan-cancer de la valeur pronostique de la signature
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CINSARC pour déterminer, de fagon exhaustive, si son expression est associée a un phénotype

d’agressivité tumorale transversal a I’ensemble des cancers.

Résumé de l’article

Nous avons exploré la ressource PRECOG dans le but de mesurer la valeur pronostique
de la signature CINSARC dans la majorité des familles de cancers (Gentles et al., 2015). PRE-
COG compile les valeurs pronostiques de 23287 genes dans 166 études, regroupées en 39 types
de cancers. Ces valeurs pronostiques sont fournies brutes, pondérées par type de cancer et pon-

dérées en analyse pan-cancer (comprenant alors tous les types tumoraux).

Nous avons d’abord analysé les données pondérées en analyse pan-cancer ou nous avons
mesuré I’enrichissement de CINSARC en genes individuellement pronostiques, comparative-
ment a 15499 autres signatures définies dans la GeneSigDB et la MSigDB (>25 genes ; Culhane
et al., 2010 ; Liberzon et al., 2015). Ces mesures montrent que CINSARC est dans le top 5
des signatures les plus enrichies en genes individuellement pronostiques. L’analyse dans les
différents types de cancers montre que CINSARC est significativement enrichie en genes les
mieux corrélés au devenir clinique dans 21 types différents et que toutes les autres signatures

ne couvrent pas autant de familles de cancers.

Nous avons finalement étudié la valeur de CINSARC en analyse de survie dans 83 études
(> 50 patients, > 25 genes de CINSARC et entre 10 et 90% de taux de survie). Nous avons
démontré que CINSARC était bien associée au devenir clinique des patients dans 33 études
(40%), couvrant 17 types tumoraux. Plus les études comportent de patients et plus CINSARC
avait une valeur pronostique significative, suggérant que de plus importantes tailles de cohortes

aboutiraient a une évaluation pronostique plus robuste de la signature.

Ces résultats montrent que I’expression de CINSARC, comparativement a plusieurs mil-
liers d’autres signatures transcriptomiques, est universellement associée a un devenir clinique

péjoratif en étant pronostique dans de nombreux types de cancers.

L’ensemble des résultats de cette étude sont inclus ci-apres (Lesluyes er al., 2017). Les
figures additionnelles 3 et 4 ainsi que la table additionnelle 1, trop volumineuses pour étre

incluses, sont accessibles en ligne (https://doi.org/10.1038/s41598-017-05726-x).
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: tissue sarcomas, breast carcinomas and lymphomas through genomic instability, acting as a major

factor for tumor aggressiveness. In this study, we used a published resource to investigate CINSARC
enrichment in poor outcome-associated genes at pan-cancer level and in 39 cancer types. CINSARC
outperformed more than 15,000 defined signatures (including cancer-related), being enriched in top-
ranked poor outcome-associated genes of 21 cancer types, widest coverage reached among all tested
signatures. Independently, this signature demonstrated significant survival differences between
risk-groups in 33 published studies, representing 17 tumor types. As a consequence, we propose
the CINSARC prognostication as a general marker for tumor aggressiveness to optimize the clinical
managements of patients.

From the first report of gene expression quantification method by Schena et al. in 1995, to RNA sequencing
(RNA-seq), extensively used nowadays by international consortia to decipher transcriptomic abnormalities> >,
gene expression has become an essential tool in cancer research. For two decades, microarrays provided much
information, both at gene and transcript levels, on various oncogenic factors*~”. Following on, the next-generation
sequencing (NGS) permitted sequencing of RNA fragments, to a single base-pair resolution, where RNA abun-
dance is directly related to the proportion of sequenced reads mapped to a given gene®. Moreover, dedicated
RNA-seq algorithms allow obtaining genomic information such as point mutations, insertions/deletions, translo-
cations and genomic integrations from foreign organisms: well-known oncogenic and tumor progression mech-
anisms’~'!. However, standard measurements are yet to be defined since numerous software exist for RNA-seq
processing, including many different gene expression normalization methods'2.

Such transcriptomic investigations generated a large amount of data. Consequently, databases were set up to
standardize all information associated with expression matrices, notably: organism, platform identifier, normali-
zation, unit measurement and study-specific information (i.e. cell types, treatments, time series, sampling and cul-
ture conditions, etc.). Among the many available gene expression databases, the two most used are Gene Expression
Omnibus from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/geo)**
and ArrayExpress from the European Bioinformatics Institute (http://www.ebi.ac.uk/arrayexpress)!*. These
resources, by gathering results from microarrays and RNA-seq experiments, provide an easy access to millions of
cancer-related transcriptomic profiles (cell lines, primary tumors and metastases/relapses).

Since Golub et al. identified a specific gene set capable of distinguishing acute myeloid leukemia from acute
lymphoblastic leukemia in the late 90s', establishment of gene expression signature remains a key part of cancer
research. This first study demonstrated the possibility to use gene expression as a new in silico classifier, whereas
previous options were limited to clinical observations and immunohistochemistry experiments. Subsequently,
multiple gene sets were defined, not only to differentiate entities, but also to try predicting disease evolution.
Two publications in early 2000s demonstrated the usefulness of transcriptomic profile as a survival indicator
in breast cancer by focusing on specific genes'® 7. Few years later, a two-gene expression ratio was found to be
a good predictor of tamoxifen response for breast cancer'®. Then, inferring chromosomal instability from gene
expression has become a promising predictor of clinical outcome in various cancers'. To date, the prognostic
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values of specific gene expression signatures have been demonstrated for breast cancer, lymphoma, leukemia,
hepatocellular carcinoma, sarcoma, etc.?-%,

In 2010, we defined a set of 67 genes as a predictor for metastatic events in sarcomas with complex genetics®,
with a better prognosis compared to the standard FNCLCC (Fédération Nationale des Centres de Lutte Contre le
Cancer) grading system based on tumor differentiation, mitotic index and necrosis*. These genes were identi-
fied based on differential expression analyses with three different classifiers: FNCLCC grade, genomic alteration
number and chromosomal instability signature!®. Gene ontologies associated with these genes are mitosis and
chromosome integrity pathways. This signature, called CINSARC (Complexity INdex in SARComas), was also
informative in diffuse large B-cell lymphomas and breast carcinomas. We extended its application scope to sarco-
mas with simple genetics (harboring recurrent and specific genomic alteration): gastrointestinal stromal tumors
and synovial sarcomas®®?. Venet et al. demonstrated that randomly generated gene sets could be better predic-
tors compared to published signatures in breast cancers?. Based on this observation, we compared the prognostic
value of CINSARC to 1000 equal-sized randomly generated gene sets on four independent sarcoma datasets. We
reported that no randomly generated signature was a better predictor than CINSARC”.

Recently, Gentles et al. reported an extensive data-mining analysis and compiled their results into a new resource
named PRECOG (PREdiction of Clinical Outcomes from Genomic profiles; https://precog.stanford.edu)*.
They evaluated the prognostic value of 23,287 genes across 39 cancer types from 166 published expression data-
sets, approximately representing 18,000 tumors. Experiments were performed on genes associated with good
outcome, particularly genes involved in the immune system with a particular interest for the CIBERSORT (Cell
type Identification By Estimating Relative Subsets Of known RNA Transcripts) approach’!. Gentles et al. also
observed that prognostic genes are significantly more shared by different tumor types than expected by chance,
either associated with good or poor outcome. This highlights the possibility of using a non-cancer-specific sig-
nature as an outcome predictor, consisting of genes sharing same expression patterns across several tumor types.

Since we previously demonstrated that CINSARC is a significant prognostic factor in multiple malignan-
cies, we analyzed the PRECOG resource and evaluated its prognostic ability in the available 39 cancer types.
Furthermore, this signature has been compared to other gene sets defined by various methods (transcription
factor regulated genes, cancer expression patterns, chromosomal positions, co-expression networks, specific
immune processes, etc.). We address the following questions: is CINSARC a signature enriched in genes asso-
ciated with poor outcome in a pan-cancer overview? Could CINSARC be applied to multiple cancer-specific
studies such that, with additional validations, this signature could be tested in prospective studies to optimize the
clinical management of patients?

Results

Signature enrichments at pan-cancer level. To obtain an exhaustive set of gene expression signatures,
we used the MSigDB (Molecular Signatures DataBase; v5.2), including 18,026 gene sets, and the GeneSigDB
(Gene Signature DataBase; v4.0), including 2,951 human gene sets*> **. CINSARC has already been included in
GeneSigDB (named SARCOMA CHIBON10 67GENES GENOMECOMPLEXITYPREDICTOR), but lacks several
genes (62 instead of 67). Consequently, we included the full signature named SARCOMA CHIBON10 67GENES
GENOMECOMPLEXITYPREDICTOR CURATED. We performed the popular Gene Set Enrichment Analysis
(GSEA) method to determine signature enrichments in genes significantly associated to poor outcome (see
methods)*. As recommended by GSEA documentation, we removed signatures with less than 25 known genes
in PRECOG database to avoid inflated scorings for very small gene sets. This filtered out 4,394 (24%) and 1,085
(37%) signatures from MSigDB and GeneSigDB, respectively. Of note, BORA (formerly known as C130rf34) was
not evaluated in PRECOG and is therefore missing in both full (curated) and reduced (62 genes) CINSARC.

In the database of 15,499 gene sets, 1,273 (8%) were significantly enriched in genes associated with poor prog-
nosis (family-wise error rate P < 0.05; Supplementary Table 1: sheet 1). Sorted by decreasing normalized enrich-
ment scores (NES; primary statistic for examining gene set enrichment results; see methods), reduced and full
CINSARC ranked 9 and 17, respectively (Figs 1 and 2). In addition to a high NES, leading-edges metrics (exten-
sion of the NES results; see methods) showed high sensitivity (tags are 97% and 95%, ranked 4 and 11 for reduced
and full CINSARC, respectively), low false-negative rate (lists are 2% and 3%, ranked 5 and 25 for reduced and
full CINSARG, respectively) and high enrichment signal strength (signals are 99% and 98%, ranked 11 and 15
for reduced and full CINSARGC, respectively). All these four metrics combined (NES and the three leading-edge
metrics), other signatures in the top 20 performed worst compared to CINSARC with a mean sensitivity of 76%
(range: 65-97%), a mean false-negative rate of 7% (range: 2-13%) and a mean enrichment signal strength of 81%
(range: 69-99%). Scored by the mean ranks of the four metrics, CINSARC obtained scores of 7.25 and 17, corre-
sponding to ranks 1 and 4 for reduced and full CINSARGC, respectively (Fig. 2). Of note, the top 10 consisted of
another breast cancer signature defined by Reyal et al. (ranked 3 with a score of 15.5)*. Other signatures in the
top 10 were co-expression networks of the following genes: CCNA2, HMMR, CCNB2, CDC20, CDC2, CENPF
and RRM2. Taken together, the top 10 enriched signatures are composed of a limited number of 92 genes strongly
involved in mitosis and chromosome segregation pathways (P < 10~; see methods). This result demonstrates
that CINSARC is strongly enriched in genes associated with poor prognosis at pan-cancer level, with a high sen-
sitivity and low false-negative rate compared to other signatures.

Signature enrichments at cancer type level. In PRECOG, many cancer types have few
outcome-associated genes (e.g. at Q < 0.05). Fifteen cancer types have no such genes and seven cancer types have
from 1 to 9 such genes, for a total of 22 cancer types with less than 10 outcome-associated genes. We wondered
how signature enrichments perform in cancer types with low versus high outcome-associated gene contents. We
split the 39 cancer types into two subgroups using a threshold of 10 outcome-associated genes: 17 types have at
least 10 such genes and 22 have less.
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Figure 1. Enrichment plots of the reduced (left) and full (right) CINSARC signatures. Genes are ranked
according to their individual prognosis given in PRECOG (poor and good prognoses in the left and right sides,
respectively), represented by red and blue segments. Across these segments, CINSARC genes are marked by
vertical black lines. The enrichment score (green plot) corresponds to a running-sum statistics: for each gene, if
part of the signature, a positive value is added and a negative one otherwise.

In 10 out of the latter 22 types (45%), CINSARC (both full and reduced) was significantly enriched in
top-ranked genes (though these genes are not significantly associated with poor prognosis), the widest type cov-
erage reached by all tested signatures (Supplementary Table 1: sheets 2 to 23). Two other cancer signatures per-
formed similar to CINSARC: BREAST REYAL08 72GENES and ROSTY CERVICAL CANCER PROLIFERATION
CLUSTER. Furthermore, eight co-expression networks in MSigDB performed similar to CINSARC: CCNA2,
CCNB2, CDC20, CENPF, MCM4, PCNA, RRM1 and RRM2. These 12 signatures are predominantly enriched
in the same tumor types: adrenocortical cancer, medulloblastoma, gastric cancer, Burkitt’s lymphoma, liver
cancer, primary liver cancer, melanoma, mesothelioma, pancreatic cancer and Ewing’s sarcoma. The lack of
prognosis-associated genes in these 22 types is also measured by different indicators. They present less enriched
signatures, less gene ontology enrichments and less protein-protein interactions (Wilcoxon rank sum tests are
1.71 X 107, 1.03 X 10~ and 7.28 x 107, respectively; Supplementary Figure 1; see methods) compared to the 17
others (those with at least 10 outcome-associated genes).

In these 17 cancer types (with at least 10 outcome-associated genes), CINSARC (both full and reduced) was
significantly enriched in top-ranked genes (significantly associated with poor prognosis) of 11 types (65%), the
widest type coverage reached by all tested signatures (Supplementary Table 1: sheets 24 to 40). Several other
signatures performed equally: BREAST THORNERO09 217GENES, BREAST TROESTER06 134GENES UP
DOXTREATED-HME-CC, BREAST TROESTER06 81GENES UP SHAM HME-CC, CAIRO HEPATOBLASTOMA
CLASSES UP, GSE18893 TCONV VS TREG 24H TNF STIM UP, NAKAYAMA SOFT TISSUE TUMORS PCA2
UP, RODRIGUES THYROID CARCINOMA POORLY DIFFERENTIATED UP, STEMCELL SHATS10 100GENES
CONSENSUS STEMNESS RANKING, WHITEFORD PEDIATRIC CANCER MARKERS and ZHOU CELL
CYCLE GENES IN IR RESPONSE 24HR. These 12 signatures are predominantly enriched in the same tumor
types: bladder cancer, astrocytoma, glioma, neuroblastoma, breast cancer, germ cell tumor, Mantle cell lym-
phoma, multiple myeloma, lung adenocarcinoma, ovarian cancer and prostate cancer.

Considering the full set of 39 tumor types, CINSARC covers the largest possible spectrum of tested cancer
types, being enriched in top-ranked genes of 21 types: adrenocortical cancer, medulloblastoma, gastric cancer,
Burkitt’s lymphoma, liver cancer, primary liver cancer, melanoma, mesothelioma, pancreatic cancer, Ewing’s
sarcoma, bladder cancer, astrocytoma, glioma, neuroblastoma, breast cancer, germ cell tumor, Mantle cell lym-
phoma, multiple myeloma, lung adenocarcinoma, ovarian cancer and prostate cancer. Aggregated into groups
(brain, blood, head and neck and solid), no significant association was observed between CINSARC enrichments
and cancer families. Other 18 types, without CINSARC enrichments, are: glioblastoma, colon cancer, acute mye-
loid leukemia, chronic lymphoid leukemia, diffuse large B-cell lymphoma, melanoma metastasis, meningioma,
head and neck cancer, hypopharyngeal cancer, oesophageal cancer, oral squamous cell carcinoma, B-cell acute
lymphoblastic leukemia, follicular lymphoma, kidney cancer, large cell carcinoma of the lung, squamous cell
carcinoma of the lung, small cell lung cancer and osteosarcoma. As a consequence of these results, we pursued
experiments by focusing on the CINSARC signature.

CINSARC prognostic value with survival analysis. Being enriched in genes associated with poor out-
come does not essentially make a signature a prognostic factor. This can be explained by the fact that collective
information of each individual gene prognostic value may be different from the prognostic value given by a
whole set of genes. Accordingly, we investigated whether CINSARC was associated with survival differences in
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Figure 2. Pan-cancer overview of the top 20 signatures by several metrics (from top to bottom): normalized
enrichment score, tag (sensitivity), list (false-negative rate), signal (enrichment strength) and the mean ranks
of the previous metrics. Histograms are sorted to display best to worst ranks from top to bottom, respectively.
CINSARC signatures are highlighted in black.

studies used to build the PRECOG resource. To obtain a robust evaluation, we filtered out datasets with less than
50 annotated cases, less than 25 CINSARC genes and <10% or >90% death rates. Accordingly, 83 datasets (out
of 166; 50%) were investigated using the Kaplan-Meier estimator, covering 27 different cancer types. Since the
investigated datasets did not permit generation of training-validation cohorts (median number of samples was
111), we performed leave-one-out cross-validation as the classifier method.

A total of 33 datasets (40%) produced significant survival differences according to the CINSARC classification
(Supplementary Table 2, Supplementary Figures 2 and 3). The 17 cancer types associated with these 33 datasets
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are: neuroblastoma, breast cancer, Mantle cell lymphoma, diffuse large B-cell lymphoma, ovarian cancer, prostate
cancer, acute myeloid leukemia, lung adenocarcinoma, bladder cancer, liver cancer, multiple myeloma, follicular
lymphoma, colon cancer, squamous cell carcinoma of the lung, oral squamous cell carcinoma, chronic lymphoid
leukemia and B-cell acute lymphoblastic leukemia. Importantly, cancer types where CINSARC was significantly
enriched in top-ranked genes demonstrated higher proportion of significant survival differences (22 among 42
datasets; 52%) compared to the others (11 among 41; 27%). Also, cancer types with at least 10 genes associated
with poor prognosis demonstrated higher proportion of significant survival differences (25 among 56 datasets;
45%) compared to the others (8 among 27; 30%).

Though no correlation has been measured between survival difference and microarray platform or the num-
ber of evaluated CINSARC genes, clear evidence of cohort size effect has been observed: the larger cohort, the
higher survival difference (Wilcoxon rank sum test P=1.7e-5). Among the 83 tested datasets, 46 contain at least
100 tumors and CINSARC classification is significantly associated with the outcome in 26 of them (57%). There
are 30 datasets with at least 150 tumors and CINSARC classification is significantly associated with the outcome
in 19 of them (63%). At 200 tumors threshold, CINSARC classification is significantly associated with the out-
come in 11 out of 16 (69%) datasets.

In these 11 datasets, we wondered how would perform CINSARC if less tumors were taken into account. In
fact, we previously reported CINSARC robustness as it was a clinical marker in independent sarcoma datasets?
but we did not evaluate its robustness in term of cohort subsampling®. To firmly evaluate CINSARC robustness
regarding cohort size, we investigated the 11 datasets with a least 200 tumors where CINSARC is a prognostic
factor. For each dataset, we randomly generated 10,000 sub-cohorts at 75% and 50% of the total cohort size with
similar death rates (+:10%; Supplementary Figure 4). All of the 11 datasets demonstrate that better prognoses are
obtained with 75% compared to 50% subsampling. In eight datasets, CINSARC still classify tumors according
to their aggressiveness in most of random trials (>50% at P < 0.05). However, due to the decrease in statistical
power, CINSARC mostly produces non-significant prognoses in three datasets (PMID: 17410195, 21720365 and
17023574, cancer types are: B-cell acute lymphoblastic leukemia, multiple myeloma and ovarian tumors, respec-
tively). These results confirm that cohort sizes affect prognosis values and that, nonetheless, CINSARC is a robust
signature as it remains a prognostic marker for tumor aggressiveness in subsampling analyses.

Discussion

Cancer gene expression signatures have been widely used as tools to classify tumors into specific subtypes, as a
prognostic factor for clinical outcomes or as a predictive factor for treatment responses®. Using the GSEA algo-
rithm, we demonstrated that CINSARC, among 15,499 signatures established by various methods, is strongly
enriched in prognostic genes at pan-cancer level, with high sensitivity (>95%) and low false-negative rate (<3%).
At tumor-specific level, CINSARC covers the largest possible spectrum of tumor types among all tested cancer
gene expression signatures (enriched in 21 cancers types among 39 tested). As it was not evaluated in PRECOG,
we hypothesize that BORA gene would increase CINSARC prognostic value since it has been described as an
important Aurora kinase A (AURKA) activator, required for centrosome maturation, spindle assembly and asym-
metric protein localization during mitosis®®. Moreover, AURKA alone has been identified as a prognostic marker
in gastrointestinal stromal tumors?. Originally, CINSARC is a metastatic marker to predict which sarcomas
with complex genetics have high relapse risk (on average 50% at 5-year)*". The results we present demonstrate its
usefulness as a generic tumor aggressiveness predictor since overall/disease-specific survivals were considered in
PRECOG.

Importantly, several PRECOG factors could restrict signature prognostic values, CINSARC included, in the
different cancer types. First: it is questionable that a single tumor dataset represents the classical cancer-specific
transcriptomic profile and therefore another dataset could produce different results. Second: some studies com-
prise very high or very low (typically > 90% or < 10%, respectively) death rates which could be a limiting factor in
PRECOG survival evaluation since cohorts are split by median gene expression. Third: several cancer types, due
to microarray models used in the different studies, may lack important genes so prognostic values were limited to
arestricted number of genes (i.e. GPL80: Affymetrix Hu6800, GPL91: Affymetrix HG-U95A, non-commercial:
GPL257 and GPL3906, etc.). Fourth: it has been described that cohort size is a parameter affecting survival esti-
mation®. To bypass these limitations and confirm GSEA results, we performed survival analyses using CINSARC
classification. Most datasets (>>57%) with at least 100 samples presented a significantly survival difference
whereas smaller datasets performed worst. This can be explained as statistical power depends on sample size so
the larger dataset, the more statistical power. Moreover, the classification method (leave-one-out cross-validation)
computes more robust gene expression patterns with large datasets. Finally, we assessed CINSARC robustness in
terms of cohort subsampling and, previously reported, dataset independence?.

Of note, 483 signatures (out of 15,499; 3%) were investigated at pan-cancer level with unexpected small
intersections (<90%) with known genes in PRECOG, corresponding to 10,004 unique genes not reported in
PRECOG. A large proportion is punctual: 92% of them only appear in maximum two signatures. As for the recur-
ring genes (806), majority are uncharacterized and/or non-coding genes: 414 are genes predicted by open reading
frame analyses, 92 are genes with unknown functions and unidentified orthologs, 60 are L and R ribosomal
protein pseudogenes and 28 are long intergenic non-protein coding RNA. Considering the recurrent and curated
genes, only 212 of them were not evaluated in PRECOG resource, suggesting high coverage of annotated genes.

We thus demonstrated that CINSARC is enriched in genes having a significant impact on tumor aggressive-
ness and that this signature can be used as a prognostic marker in multiple malignancies. This highlights the
point that mitosis and chromosome segregations are two key pathways leading tumor aggressiveness through
genomic instability, a well-known hallmark mechanism*. Part of the CINSARC signature, it has been observed
that overexpression of several individual genes disrupts chromosomal segregation, generating genomic alter-
ations and tumors in mice (MAD2L2, BUB1, CCNBI1, CCNB2 and ESPL1)*-*4. A recent study highlighted an

SCIENTIFICREPORTS | 7: 5480 | DOI:10.1038/541598-017-05726-x 5

3 — Résultats Page 127



www.nature.com/scientificreports/

aberrant persistence of several CINSARC proteins beyond mitosis in tetraploid versus diploid cells from sarcoma
cell lines*. This was correlated to high motility (migration and invasion) capabilities measured in tetraploid ver-
sus diploid cells, whereas proliferation levels were similar. Though clear evidence of anaphase-promoting complex
(APC) deficiency has to be established, a question arises about the impact of this protein persistence and the
clinical prognostic interest of this signature.

Recently, we granted CINSARC a better clinical applicability with two major improvements*. First: the
ability to perform RNA-seq rather than microarray technique, overcoming probe selection as probes can be
transcript-specific and could not reflect full gene expression. Second: the ability to analyze FFPE (Formalin-Fixed,
Paraffin-Embedded) tumor, daily material used by pathologists as opposed to frozen tissues previously required.
As a consequence, two ongoing French and Europe-wide clinical trials will prospectively test the CINSARC sig-
nature in various sarcomas. Our results increase its application scope, demonstrating that this signature can
be considered as a poor outcome predictor in multiple human malignancies. Finally, though it remains a very
informative resource, we highlighted some limitations of PRECOG. Consequently, this study incites additional
validations on other independent cancer-specific datasets.

Methods
Gene Set Enrichment Analysis (GSEA) usage. To evaluate the prognostic value of different gene
sets as the collective information of individual genes, we used the GSEAPreranked tool from GSEA (Gene Set
Enrichment Analysis; v2.2.3) algorithm?". The algorithm ranks genes based on the available PRECOG z-scores,
which represents the significance of the association of a given gene to the prognosis of a given cancer type. All
combined cancer types were summarized into meta-z-scores also available in PRECOG. Based on gene ranks, the
algorithm computes a running-sum statistics to determine the enrichment score of each gene set. The enrichment
scores are then normalized to take into account different gene set sizes, giving the normalized enrichment score
(NES), and significance levels were determined with the family-wise error rate, a more conservative method than
the false-discovery rate. Signatures with P < 0.05 (family-wise error rate) were considered significantly enriched.
Three leading-edges statistics are also computed. First: tag corresponds to the percentage of genes in a given
signature hit before the maximum enrichment score is attained. By analogy, it represents the sensitivity since a
high tag value indicates a higher proportion of the signature participating in the core enrichment. Second: list
corresponds to the percentage of total genes before the maximum enrichment score. By analogy, it represents
the false-negative rate (e.g. 1-specificity) since a low list value indicates a high gene set enrichment purity. Third:
signal corresponds to the enrichment signal strength combining the two previous metrics. A high signal value
indicates a top-ranked narrow enrichment.

Other statistical methods. Biological pathways were determined using GOseq (v1.26.0) package from
Bioconductor on the top 200 genes ranked by decreasing meta-z-scores or z-scores”. P are given by the Wallenius
noncentral hypergeometric distribution method and adjusted with Benjamini-Hochberg correction for multiple
comparisons.

Protein-protein interactions were determined using expected/existing interaction ratios from STRINGdb
(1.14.0) package from Bioconductor with database version 10 and score threshold set to 400 (removes
low-confidence interactions) on the top 200 genes ranked by decreasing meta-z-scores or z-scores. The lower
expected/existing interaction ratios, the higher are the number of protein-protein interactions®.

The leave-one-out cross-validation classification was performed as follows: each sample was categorized using
the nearest centroid method according to outcomes and transcriptomic profiles of all other samples.

Survival analyses were measured using survival (v2.40-1) package with the Kaplan-Meier estimator, where
significance levels are given by the log-rank test (P) and survival differences given by hazard ratios (HR).

Miscellaneous computations, filters, statistics and plots were performed with R (3.3.2).
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Supplementary legends

Supplementary table 1: Significantly enriched signatures (family-wise error rate P<0.05) at pan-
cancer level (sheet 1) and for each tumor type (sheets 2 to 40), sorted by mean ranks order. NES refers

to Normalized Enrichment Score.

Supplementary table 2: Survival analyses on 83 published studies, ranked by significance levels.

PMID refers to PubMed Identifier. P refers to nominal log-rank test significance. HR refers to Hazard

Ratio. HR CI refers to Hazard Ratio Confidence Interval.

Supplementary figure 1: Differences between low and high (dark grey and light grey, respectively)
outcome-associated gene contents in the different cancer types. Tested metrics are (from left to right):
the number of significantly enriched signatures, the number of enriched gene ontologies and the number
of protein-protein interactions (measured by expected/existing ratios; the lower ratio, the higher

interactions).

Supplementary figure 2: Overview of survival information in the 33 published studies with
significant survival differences according to the CINSARC signature. Low and high risk-groups are
represented in blue and red colors, respectively. Complete details of these survival analyses can be
found in supplementary figure 3. P refers to nominal log-rank test significance. HR refers to Hazard

Ratio.

Supplementary figure 3: Complete survival information in the 33 published studies with significant

survival differences according to the CINSARC signature. Survival table, below every Kaplan-Meier,
describes survival information at several times: from 0 to 5 years. P refers to nominal log-rank test
significance. HR refers to Hazard Ratio. C1 and C2 refer to the low and high-risk CINSARC

classifications, respectively. N risk refers to the remaining population size.

Supplementary figure 4: Evaluation of cohort size effect on prognosis value. Compared to the

significance level of CINSARC in the full cohort (Prge) and to the standard significance threshold (P=0.05;
vertical dashed lines), significance levels for 75% and 50% subsampling are given by the red and blue
densities, respectively. Distributions of prognoses compared to 0.05 and Pge are indicated in the table
below each density plot. P>0.05 represent non-significant subsampling, Pre:<P<0.05 represent significant
subsampling with lower prognosis than the complete cohort and P<Pge represent better prognosis than

the complete cohort. The sum of the two latter categories represents significant subsampling.
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Supplementary table 2

PRECOG . CINSARC Cohort
PMID Accession Platform Cancer type Cancer subtype Outcome P HR HR CI

ID genes size
30 20551037 GSE20486 GPL6947 Breast cancer 0s 1.04e-03 277 1.47-5.24 67 97
17 12670911 Nutt Glioma HGU95AV2 EntrezCDF Brain cancer Glioma os 1.12e-01 182 0.86-3.82 46 50
111 11707567 ca00191 HGU95Av2 EntrezCDF Lung cancer ADENO os 1.18e-01 1.46 0.91-2.34 46 125
27 19435916 GSE10885 GPL887 Breast cancer os 1.23e-01 2.22 0.8-6.2 62 52
14 18565887 GSE7696 HGU133Plus2 EntrezCDF Brain cancer Glioblastoma os 1.29e-01 0.68 0.42-1.12 67 80
166 21372215 GSE21257 GPL10295 Sarcoma Osteosarcoma os 1.48e-01 1.88 0.79-4.46 67 53
65 23634996 TCGA AML HGU133Plus2 EntrezCDF Hematopoietic cancer AML os 1.50e-01 1.33 0.9-1.96 67 182
153 16273092 GSE3149 HGU133A EntrezCDF Ovarian cancer 0s 1.58e-03 2.09 1.31-3.34 62 133
143 18505921 GSE8401 HGU133A EntrezCDF Melanoma Metastasis os 1.62e-01 0.64 0.33-1.21 62 67
125 20421987 GSE19188 HGU133Plus2 EntrezCDF Lung cancer scc os 1.63e-01 15 0.85-2.66 67 82
28 19435916 GSE10885 GPL1390 Breast cancer os 1.75e-01 1.94 0.73-5.14 50 93
150 19294737 GSE14764 HGU133A EntrezCDF Ovarian cancer os 1.79e-02 0.33 0.12-0.86 62 80
129 17082175 GSE5123 GPL3877 Lung cancer scc os 1.80e-01 1.68 0.78-3.59 56 51
128 16549822 GSE11969 GPL7015 Lung cancer scc os 1.89e-02 1.74 1.09-2.77 54 149
75 16760442 GSE4475 HGU133A EntrezCDF Hematopoietic cancer DLBCL 0s 1.90e-02 172 1.09-2.72 62 159
58 21989116 GSE31056 HGU133Plus2 EntrezCDF | Head and neck cancer Oral SCC os 1.94e-02 2.16 1.12-4.17 67 96
136 16885343 GSE4573 GPL96 Lung cancer scc os 1.97e-01 0.73 0.45-1.18 61 130
159 20644708 GSE21501 GPL4133 Pancreatic cancer os 2.16e-01 1.36 0.83-2.21 66 102
126 21742808 GSE29013 HGU133Plus2 EntrezCDF Lung cancer ScC os 2.20e-01 1.84 0.69-4.9 67 55
32 21364938 GSE19783 GPL6480 Breast cancer os 2.28e-01 141 0.81-2.45 67 112
109 12118244 ca00153 Hu6800 EntrezCDF Lung cancer ADENO os 2.32e-01 1.65 0.72-3.8 29 86
21 20015288 GSE16581 HGU133Plus2 EntrezCDF Brain cancer Meningioma os 2.34e-01 0.4 0.08-1.92 67 67
87 17023574 GSE24080 HGU133Plus2 EntrezCDF Hematopoietic cancer Multiple myeloma DSS 2.42e-02 1.59 1.06-2.38 67 553
72 21625232 GSE22762 HGU133Plus2 EntrezCDF Hematopoietic cancer CLL 0os 2.52e-02 2.67 1.09-6.52 67 107
135 19118056 Roepman LungCancer Roepman Lung cancer Sscc os 2.54e-02 191 1.07-3.41 55 171
114 18641660 ca00182 HGU133A EntrezCDF Lung cancer ADENO os 2.58e-03 15 1.15-1.95 62 442
157 19192944 GSE13876 GPL7759 Ovarian cancer os 2.64e-04 153 1.21-1.93 66 415
81 15345589 Glas FL Glas FL Hematopoietic cancer FL os 2.65e-03 2.66 1.38-5.12 38 75
158 21720365 TCGA Ovarian HTHGU133A EntrezCDF Ovarian cancer os 2.79e-02 1.31 1.03-1.67 62 503
161 20233430 GSE16560 GPL5474 Prostate cancer os 2.82e-04 1.68 1.27-2.23 41 281
132 20643781 GSE17710 GPL9053 Lung cancer scc os 2.86e-01 15 0.71-3.17 66 56
66 19171880 GSE14468 HGU133Plus2 EntrezCDF Hematopoietic cancer AML os 2.98e-01 117 0.87-1.59 67 262
31 20098429 GSE16446 HGU133Plus2 EntrezCDF Breast cancer 0s 3.19e-01 0.59 0.21-1.67 67 107
64 18270328 GSE10358 HGU133Plus2 EntrezCDF Hematopoietic cancer AML 0s 3.46e-04 214 1.4-3.29 67 178
155 22241791 GSE32062 GPL6480 Ovarian cancer os 3.59e-01 119 0.82-1.71 67 260
74 18615101 E-TABM-346 HGU133A EntrezCDF Hematopoietic cancer DLBCL 0s 3.62e-01 1.39 0.68-2.85 62 53
76 16760443 GSE4732 GPL3706 Hematopoietic cancer DLBCL os 3.62e-01 116 0.84-1.61 27 272
29 21586611 GSE29174 GPL3676 Breast cancer os 3.76e-01 0.72 0.34-1.5 56 96
123 18486272 GSE10245 HGU133Plus2 EntrezCDF Lung cancer scc os 3.81e-01 0.69 0.3-1.6 67 58
36 17545524 GSE7390 HGU133A EntrezCDF Breast cancer 0s 4.04e-04 3.1 1.6-6 62 198
134 19010856 GSE8894 GPL570 Lung cancer scc os 4.17e-02 1.83 1.01-3.31 66 138
37 16273092 GSE3143 HGU95Av2 EntrezCDF Breast cancer os 4.31e-02 1.82 1.01-3.28 46 158
148 19962670 GSE18521 HGU133Plus2 EntrezCDF Ovarian cancer os 4.33e-01 0.77 0.41-1.44 67 53
39 21542898 GSE24450 GPL6947 Breast cancer os 4.66e-04 3.52 1.66-7.45 67 183
133 17601969 GSES5828 GPL3877 Lung cancer scc os 4.72e-01 0.77 0.37-1.58 54 59
46 21619627 GSE24549 GPL5175 Colon cancer Dss 4.83e-01 0.8 0.43-1.48 67 83
68 17410195 GSE11877 HGU133Plus2 EntrezCDF Hematopoietic cancer BALL 0s 4.92e-02 1.89 0.99-3.61 67 207
93 18923165 GSE10143 GPL5474 Liver cancer os 4.96e-02 1.76 0.99-3.13 41 144
59 18716133 GSE12417 HGU133Plus2 EntrezCDF Hematopoietic cancer AML 0os 5.19e-01 0.83 0.46-1.47 67 79
149 16204010 GSE31245 HGU95AV2 EntrezCDF Ovarian cancer os 5.19e-01 0.77 0.34-1.73 46 57
113 22080568 GSE31210 HGU133Plus2 EntrezCDF Lung cancer ADENO os 5.32e-04 3.52 1.65-7.52 67 226
130 20823422 GSE14814 HGU133A EntrezCDF Lung cancer Scc os 5.49e-01 0.82 0.44-1.56 62 90
154 18593951 GSE26712 HGU133A EntrezCDF Ovarian cancer Dss 5.67e-01 0.9 0.63-1.28 62 185
80 19038878 GSE10846 HGU133Plus2 EntrezCDF Hematopoietic cancer DLBCL 0s 5.73e-05 1.94 1.4-2.69 67 414
67 17312329 GSE5314 GPL3999 Hematopoietic cancer BALL os 5.85e-01 119 0.64-2.22 54 53
41 12490681 Vijver BreastCancer Vijver Agilent Breast cancer os 5.88e-12 6.02 3.37-10.75 57 295
142 20460471 GSE22155 GPL6102 Melanoma os 6.08e-02 175 0.97-3.18 65 54
83 18416826 GSE10793 GPL3278 Hematopoietic cancer Mantle cell lymphoma (e 6.21e-06 4.09 2.13-7.83 25 71
139 15016488 GSE1037 GPL962 Lung cancer SCLC os 6.33e-02 2.41 0.93-6.3 55 61
20 11807556 Pomeroy CNS GPL80 Brain cancer Medulloblastoma os 6.37e-01 0.8 0.32-1.99 28 60
156 18698038 GSE9899 HGU133Plus2 EntrezCDF Ovarian cancer 0s 6.46e-01 1.09 0.75-1.59 67 278
44 19399471 GSE12945 HGU133A EntrezCDF Colon cancer os 6.72e-01 0.78 0.25-2.46 62 62
6 20059769 GSE13507 GPL6102 Bladder cancer os 6.86e-04 2.37 1.42-3.95 65 165
131 16273092 GSE3141 HGU133Plus2 EntrezCDF Lung cancer scc os 7.17e-01 0.91 0.54-1.53 67 111
152 20300634 GSE17260 GPL6848 Ovarian cancer 0s 7.37e-01 11 0.62-1.98 66 110
92 15565109 GSE1898 GPL1528 Liver cancer os 7.38e-04 2.87 1.52-5.44 66 76
47 19914252 GSE17536 HGU133Plus2 EntrezCDF Colon cancer os 7.40e-01 1.08 0.68-1.73 67 177
34 19204204 GSE10886 GPL1390 Breast cancer 0s 7.77e-01 0.91 0.47-1.75 60 178
45 21619627 GSE24550 GPL5175 Colon cancer DSS 8.15e-03 0.1 0.01-0.81 67 7
137 22960745 TCGA LUSC HTHGU133A EntrezCDF Lung cancer scc os 8.18e-01 1.07 0.61-1.88 62 132
35 18347175 GSE9893 GPL5049 Breast cancer os 8.20e-07 4.12 2.24-7.58 32 155
54 20458058 Thurlow HNSCC HGU133Plus2 EntrezCDF | Head and neck cancer Dss 8.36e-01 1.08 0.52-2.24 67 74
85 17409404 GSE6477 HGU133A EntrezCDF Hematopoietic cancer Multiple myeloma os 8.47e-04 219 1.37-3.52 62 145
43 19914252 GSE17537 HGU133Plus2 EntrezCDF Colon cancer os 8.73e-01 0.93 0.39-2.25 67 55
24 20676065 E-MTAB-179 NBCustomAgilent4x44K Brain cancer Neuroblastoma 0s 8.84e-18 6.46 3.96-10.54 67 478
16 18772890 TCGA Glioblastoma HTHGU133A EntrezCDF Brain cancer Glioblastoma os 9.01e-01 1.01 0.8-1.29 62 348
151 19047114 GSE8842 GPL5689 Ovarian cancer os 9.12e-01 0.94 0.34-2.65 42 83
63 16597596 ca00119 HGU95Av2 EntrezCDF Hematopoietic cancer AML 0os 9.14e-02 133 0.95-1.85 46 169
77 11786909 Shipp DLBCL Hu6800 EntrezCDF Hematopoietic cancer DLBCL os 9.34e-01 1.03 0.47-2.26 29 58
112 19414676 GSE13213 GPL6480 Lung cancer ADENO os 9.46e-04 2.61 1.45-4.7 67 117
23 18851746 E-TABM-38 A-MEXP-255 Brain cancer Neuroblastoma os 9.60e-10 | 21.92 5.27-91.23 55 251
138 22960745 TCGA LUSC AgilentG4502A Gene Lung cancer SCC 0s 9.67e-01 0.99 0.58-1.68 57 151
18 19244127 €a00037 HGU133Plus2 EntrezCDF Brain cancer Glioma os 9.87e-01 1.01 0.52-1.94 67 147
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Supplementary figure 1

E 22 cancer types with less than 10 outcome-associated genes
O 17 cancer types with at least 10 outcome—associated genes
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Supplementary figure 2
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3.1.3.2 — Conclusion

Les données contenues dans PRECOG (Gentles ef al., 2015) nous ont permis de démon-
trer que CINSARC est significativement enrichie en genes individuellement pronostiques en
analyse pan-cancer et que, parmi 15499 signatures, elle est la plus associée au devenir clinique
des patients. En ré-analysant les données en survie globale, nous avons pu confirmer qu’elle est
bien un facteur pronostique dans 33 études, couvrant 17 types de cancers. Il semble donc y avoir
un potentiel intérét a utiliser cette signature comme un reflet de I’agressivité tumorale au-dela

des sarcomes.

Ce travail constitue une premiere €valuation exhaustive hors-sarcomes de CINSARC.
Bien que tres informative, plusieurs limitations de PRECOG peuvent artificiellement limiter
la valeur pronostique de la signature. L’un de ces facteurs limitants, et le plus mesurable, est
la taille des cohortes (<100 patients) pour de nombreuses études. Ainsi, des analyses plus fines
(contrdle des tailles des cohortes, des sous-types de tumeurs, des taux de survie, etc.) sur chaque

type de cancer permettront de statuer sur le bénéfice du pronostic de CINSARC.

Pour chaque type de cancer, un systeme de référence a justement été établi pour permettre
une évaluation correcte de 1’agressivité tumorale (sous forme de survie sans rechute, sans mé-
tastase et/ou survie globale). Des analyses similaires seront nécessaires afin de tester la valeur
pronostique de CINSARC comparativement au systeme de référence de chaque type de cancer.
Dans le cas oli, comme dans les sarcomes (Valentin et al., 2019), CINSARC serait un meilleur
marqueur que le systeme de référence d’une pathologie, elle aura alors un intérét clinique ma-

jeur.

Par ailleurs, en collaboration avec Sabrina Croce (pathologiste a I’Institut Bergonié, Bor-
deaux), des analyses sont en cours pour déterminer 1’apport de CINSARC dans les tumeurs
musculaires lisses utérines (TMLU). De récents travaux nous ont en effet conduits a nous in-
téresser a cette famille de cancers gynécologiques dont I’instabilité génétique a une valeur a la
fois diagnostique et également pronostique (Croce et al., 2018 en annexe I page 228). Les cri-
teres morphologiques ne permettent pas toujours d’identifier un sous-type histologique précis

parmi les TMLU, conduisant au diagnostic d’exclusion de tumeur musculaire lisse de malignité
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incertaine (STUMP pour uterine smooth muscle tumor with uncertain malignant potential).
L’analyse génomique que nous avons menée sur 77 TMLU nous a permis de déterminer que
le nombre d’altérations génomiques (évalué par le GI) était relié a la malignité des tumeurs.
Les remaniements mesurés permettent ainsi de re-stratifier les STUMP sur leur caractere bénin
ou malin, ayant alors un comportement clinique similaire aux léiomyomes (tumeurs bénignes ;
GI<10) ou aux LMS utérins (tumeurs hautement malignes; GI>10). De plus, le profil géno-
mique, au sein des tumeurs malignes, est pronostique du statut vital des patientes (P=3,5e-2;
seuil de GI=35). Cet apport pronostique est d’autant plus important qu’il re-stratifie aussi de
facon significative les tumeurs de stade I (P=1,93e-2), évaluées selon les criteres définis par la
Fédération Internationale des Gynécologues-Obstétriciens. En plus des TMLU, CINSARC sera
aussi prochainement testée dans d’autres pathologies : les tumeurs de I’endometre (en colla-
boration avec Eliane Mery-Lamarche, pathologiste a I’Institut Universitaire du Cancer de Tou-
louse) et les tumeurs de 1’ovaire (en collaboration avec Laurence Gladieff et Gwenael Ferron,

respectivement clinicienne et chirurgien a I’ Institut Universitaire du Cancer de Toulouse).
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3.1.4 — Causes possibles de I’expression de CINSARC

Si I’association entre I’expression de la signature et 1’agressivité tumorale est maintenant
bien établie, I’origine de cette expression reste inexpliquée. La composition de la signature
CINSARC permet néanmoins de poser deux constats. Premierement, ces genes font partie d’un
réseau transcriptomique extrémement bien co-régulé (Su et al., 2004 ; Subramanian et al., 2005
; Szklarczyk et al., 2015). Deuxiemement, ces genes ne sont que tres rarement retrouvés géné-
tiquement altérés dans les tumeurs (Gordon et al., 2012 ; Potapova et al., 2013 ; Sansregret &
Swanton, 2017 ; The Cancer Genome Atlas Research Network, 2017). Puisque la régulation de
I’expression de cette signature ne semble pas €tre associée aux altérations de ses propres genes,
nous avons cherché a déterminer quels facteurs permettraient son expression conditionnelle afin

de mieux comprendre quels mécanismes régissent 1’agressivité des SGC.

La complétion du projet TCGA sur les sarcomes a justement rendu publique un important
volume de données dont certaines que nous pourrions utiliser afin de mieux comprendre les
possibles origines de la signature CINSARC. Ces données consistent, entre autres, au niveau de
méthylation du génome et a I’expression de miRNA. Ces deux régulateurs majeurs de 1’expres-
sion génique sont de plus en plus impliqués dans les processus d’initiation et de progression
tumorale (partie 1.2.4 page 61) et seraient de bons candidats pour expliquer I’expression diffé-

rentielle de CINSARC.

3.1.4.1 — Présentation des données et sélection des cas du TCGA

Le projet TCGA sarcomes correspond a une analyse intégrative de 206 tumeurs
comprenant six sous-types histologiques (LMS, DDLPS, UPS, MFS, MPNST et synovia-
losarcomes; The Cancer Genome Atlas Research Network, 2017). Des données non pu-
bliées de cas additionnels sont également rendues publiques pour un total de 261 cas
(https://portal.gdc.cancer.gov/projects/TCGA-SARC). Pour chacun de ces cas, différents types
de données sont accessibles : données cliniques (caractéristiques des patients et des tumeurs
aux niveaux macroscopique et microscopique), profils transcriptomiques (RNA-seq), altéra-

tions somatiques ponctuelles (exome-seq et quelques DNA-seq), méthylome (puces Infinium
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450K, Illumina), expression de miRNA (miRNA-seq pour microRNA sequencing) et variations

du nombre de copies (puces SNP6, Affymetrix).

Avant d’explorer les données de méthylome et de miRNA, le premier objectif est de déter-
miner si nous retrouvons les associations entre CINSARC, agressivité tumorale et remaniements
génomiques dans la cohorte du TCGA. La validation de cette étape permettrait d’établir une so-
lide base de travail pour pouvoir effectuer une analyse exploratoire exhaustive de I’origine de
I’expression de cette signature. Nous avons déja montré que CINSARC est un marqueur pro-
nostique dans une grande partie de cette cohorte (P=4,1e-3 sur 246 cas; Lesluyes er al., 2016).
Toutefois, ce groupe est tres hétérogene et le temps de suivi de nombreux patients est insuffisant
(quelques mois) pour précisément définir le statut métastatique. La sélection d’un sous-groupe

aux caractéristiques controlées devenait alors nécessaire.

Sur I’ensemble des 261 cas, nous avons retenu les principaux sous-types de SGC (UPS,
MES et LMS) dans le but de constituer un groupe homogene et représentatif de la pathologie.
De plus, les cas non métastatiques devaient avoir un suivi de plus d’un an et les données de
RNA-seq devaient étre accessibles pour I’ensemble de ces cas. Ceci nous a permis de constituer
une cohorte initiale de 130 cas. A partir des données cliniques et ’expression de la signature
CINSARC, nous avons déterminé le pronostic de chaque tumeur par une méthode analogue
au leave-one-out cross-validation, ou la valeur pronostique de chaque tumeur est obtenue en
utilisant la méthode du plus proche centroide sur I’ensemble des autres tumeurs comme réfé-
rence (en deux groupes de bon et de mauvais pronostic selon le statut métastatique ; Lesluyes
etal.,2017). Sur ces 130 tumeurs, CINSARC est un facteur pronostique significativement asso-
cié au développement métastatique (test du log-rank P=1,89e-2; HR=1,82 [1,1-3,03]). Pour les
besoins des futures analyses et afin de maximiser les différences entre groupes, nous n’avons

conservé que les cas les plus fortement associés a leurs plus proches centroides (p>0,2).

La cohorte finale est composée de 84 tumeurs, dont 36 sont de bon pronostic (CINSARC
C1) et 48 sont de mauvais pronostic (CINSARC C2; figure 24A). Ces deux groupes partagent
des caractéristiques cliniques similaires en matiere de genre, sous-type histologique et résection
chirurgicale (enrichissements de Fisher P>0,05). Le groupe C1 est significativement enrichi en

sarcomes localisés dans le tronc par rapport au groupe C2 dans lequel les tumeurs sont principa-
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lement localisées aux niveaux des extrémités (enrichissements de Fisher P<0,05). Les différents
taux d’événements métastatiques dans les groupes se traduisent par des survies sans métastase
significativement différentes (P=2,89¢-03; figure 24B). Ces taux de survie sans métastase a
cinq ans pour les deux groupes sont de 66% [52-84] pour le groupe C1 et 24% [13-43] pour
le groupe C2. Les profils transcriptomiques de cette cohorte permettent ainsi, via la signature
CINSARC, de bien stratifier les tumeurs en fonction de leur agressivité en deux groupes de pro-
nostics différents. Nous avons ensuite analysé ces profils transcriptomiques afin de déterminer
si les génes de CINSARC sont bien significativement plus exprimés dans le groupe de mauvais

pronostic.

Sur I’ensemble des 55594 geénes annotés (codants et non codants), I’analyse d’expression
différentielle (réalisée avec DESeq2 ; Love ef al., 2014) montre que les 67 genes de la signature
sont bien sur-exprimés dans le groupe C2 comparativement au groupe C1 (P<0,05 pour les 67
genes ; P<0,05 et log2 fold-change>1 pour 61 genes; figure 24C ou les genes de CINSARC
sont colorés en orange). Cette analyse permet aussi d’identifier 136 génes qui suivent la ten-
dance différentielle des genes de CINSARC (figure 24C : trainée de points noirs se confondant
avec les points oranges). Ces genes font partie intégrante du réseau d’expression de la signa-
ture CINSARC (Su er al., 2004 ; Subramanian et al., 2005 ; Szklarczyk et al., 2015). Dans sa
globalité, I’analyse d’expression différentielle identifie 2037 genes sur-exprimés dans le groupe
CINSARC C2 et 2028 genes sur-exprimés dans le groupe CINSARC C1. Les principales voies
biologiques associées au groupe C2 sont la ségrégation chromosomique et la régulation de la
division cellulaire (P<le-15; analyse réalisée avec GOseq; Young et al., 2010), ce qui concorde
avec une sur-expression globale du réseau dans les tumeurs de mauvais pronostic. Les princi-
pales voies biologiques associées au groupe C1 sont la contraction musculaire (P=1,35e-10) et
I’homéostasie calcique (P=7,57e-9). Ce dernier résultat pourrait &tre associé€ a une différencia-
tion musculaire lisse des LMS du groupe C1 qui sont plus nombreux (et peut étre aussi plus
différenciés) que dans le groupe C2. Les geénes de la signature sont ainsi bien sur-exprimés dans

le groupe de mauvais pronostic.

En se basant sur les données de variation du nombre de copies, nous avons regardé si
I’expression de CINSARC est associée aux remaniements génomiques comme précédemment

décrit (Chibon ef al., 2010 ; Lagarde et al., 2012, 2013). Les tumeurs de mauvais pronostic
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FIGURE 24 — Sélection des cas du TCGA et analyses génomiques. A : présentation des caractéristiques
cliniques des cas retenus. B : courbes de survie sans métastase des groupes de bon et de mauvais
pronostic de la cohorte. C : analyse d’expression différentielle entre CINSARC C1 et C2, les 67 genes
de la signature sont colorés en orange. D : variation différentielle du nombre de copies détectées dans
les deux groupes. E : variations récurrentes du nombre de copies dans les deux groupes de différents
pronostics. Le niveau de variation différentielle est mesuré en utilisant des tests d’enrichissement de
Fisher ajustés par la méthode de Benjamini-Hochberg.
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présentent significativement plus de variations quantitatives que les tumeurs de bon pronostic
(P=3,06e-3; figure 24D). Quant a la localisation génomique, la seule région différentiellement
altérée est le 1p, région plus fréquemment gagnée dans le groupe de mauvais pronostic que
dans celui de bon pronostic (figure 24E). Il est a noter que cinq genes de la signature se situent
sur la région 1p : CDC20 (1p34.2), CDC7 (1p22.2), CDCAS8 (1p34.3), HPI1BP3 (1p36.12) et
KIF2C (1p34.1). De précédentes études ont permis de rapporter des variations récurrentes dans
les SGC : gain du chromosome 1 et perte des chromosomes 10, 13 et 16 (Mairal ef al., 1999 ;
Chibon et al., 2003 ; Guillou & Aurias, 2010 ; Gibault et al., 2011 ; Italiano et al., 2013). Nous
retrouvons ici ces altérations comme les plus récurrentes, mais les pertes des chromosomes 10,
13 et 16 ne sont pas significativement associées a un groupe CINSARC. Le gain du 1p est la
seule région qui soit reliée a un phénotype plus agressif. A titre comparatif : neuf génes de
CINSARC sont sur le 1q et les chromosomes 10, 13 et 16 contiennent respectivement six, deux

et deux genes de la signature.

Le doublement du génome est considéré comme 1’étape conduisant a 1’aneuploidie et a
I’instabilité génétique, condition nécessaire a 1’acquisition de nouvelles mutations et a 1’aug-
mentation de I’hétérogénéité intra-tumorale (Dewhurst ef al., 2014 ; Gerlinger et al., 2014 ;
Venkatesan & Swanton, 2016). Tous ces parametres ont ét€ mesurés dans le cadre du projet
TCGA sarcomes. La charge mutationnelle a été¢ déterminée avec I’exome-seq/DNA-seq entre la
tumeur et le tissu sain du patient pour ne considérer que les altérations ponctuelles somatiques.
Le doublement du génome, la ploidie et la sous-clonalité ont été déterminés d’apres les don-
nées de puces génomiques (algorithme ABSOLUTE ; Carter ef al., 2012). Afin de mieux définir
les caractéristiques génétiques des tumeurs CINSARC C1 et C2, nous avons alors comparé les

mesures de ces parametres dans nos deux groupes de pronostics opposés.

Sur les 84 tumeurs de la cohorte étudiée, ces informations sont disponibles pour 61
cas (73%). Les analyses statistiques montrent que le groupe CINSARC C2 est significative-
ment enrichi en tumeurs ayant doublé leur génome comparativement au groupe CINSARC
C1 (P=3,98e-2; figure 25A). Un résultat similaire est obtenu par 1’analyse de la ploidie, ol
les tumeurs de bon pronostic sont majoritairement diploides alors que les tumeurs de mauvais
pronostic ont des ploidies plus élevées (P=1,87e-2; figure 25B). L’analyse de la charge muta-

tionnelle indique que les tumeurs CINSARC C2 présentent significativement plus de mutations
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somatiques que les tumeurs CINSARC C1 (P=1,67e-2; figure 25C). Finalement, I’estimation
de la fraction de génomes sous-clonaux indique une plus grande hétérogénéité intra-tumorale

pour le groupe CINSARC C2 que le groupe CINSARC C1 (P=5,91e-5; figure 25D).

A B

2.0

Teinsare

CINSARC Prishers = 3.98e-02 Prishers = 1.878-02
m C1 = Gt
m Co m C2

1.5

0
o))
c
>
8 o k]
o T o
£
o o
c
0]
0]
n
9 4
o
S - o -
s @ ]
o Pelchs ttest = 1 .679—020 ° Pwelchs ttest= 5-919‘05°
o
(=] < ©
2 -% S
3 T o £ o
1
o X I g ° |
© | |
E 8 : 2 < 1
o - g ° ° |
- ] o))
S ©
S
= S
o ! 8 o
B 7] [ S S S —
1 « 1
! _
—_ |
|
o o | P T
o
T T T T
C1 c2 C1 c2
CINSARC CINSARC

FIGURE 25 — Relation entre CINSARC, ploidie, charge mutationnelle et hétérogénéité intra-tumorale. A :
relation entre le doublement du génome et le statut CINSARC. Le seuil de définition des groupes a été
fixé a 1 (0 doublement contre au moins 1). B : relation entre la ploidie et le statut CINSARC. Le seuil
de définition des groupes a été fixé a 2,28 (correspond au gap observé entre tumeurs pseudo-diploides
et pseudo-triploides). C : relation entre la charge mutationnelle et le statut CINSARC. D : relation entre
I'hétérogénéité intra-tumorale et le statut CINSARC.

L’ensemble des résultats acquis sur cette cohorte confirme les précédentes observations :
I’expression de la signature CINSARC est reliée au pronostic et a la complexité génomique de

ces tumeurs. Cette nouvelle cohorte a également apporté de nouveaux résultats en précisant que
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les tumeurs de mauvais pronostic ont une ploidie (associée a un doublement du génome), une
charge mutationnelle ainsi qu’une hétérogénéité plus importantes que les tumeurs de bon pro-
nostic. Ces données sont en accord avec la littérature, de nombreuses études ayant démontré que

ces facteurs sont associés a une plus grande agressivité tumorale (partie 1.2.2.4 page 50).

Grace aux données disponibles dans le projet TCGA sarcomes, nous pouvons donc re-
chercher si I’expression de CINSARC peut étre directement régulée via le méthylome (régu-
lation épigénétique) et/ou I’expression de miRNA (régulation post-transcriptionnelle), pistes
jusqu’alors inexplorées et pouvant expliquer 1’origine de 1’expression différentielle de cette si-

gnature.

3.1.4.2 — Exploration des données de méthylation

La méthylation d’flots CpG dans les régions promotrices permet de réguler négativement
I’expression génique et la déméthylation globale du génome est fréquemment observée dans les
cancers (partie 1.2.4.1 page 61; Feinberg & Vogelstein, 1983 ; Podlaha et al., 2012). Sur la
base de ce constat, nous nous sommes demandé¢ si la régulation de CINSARC pourrait avoir le

méthylome comme origine.

N

Le matériel et méthodes associés a cette partie sont disponibles en annexe II

page 241.

En analyse non supervisée, lorsque 1’on classe les tumeurs par niveau de méthylation
croissante (moyenne des [3-values de chaque tumeur), nous observons un enrichissement signi-
ficatif des tumeurs de mauvais pronostic dans le groupe hypométhylé (P=1,24e-4 ; figure 26A).
Un tel enrichissement est aussi observé en matiere d’événement métastatique mais cette asso-

ciation, bien que significative, est moindre (P=4,66e-2 ; figure 26B).

En analyse supervisée (test t de Welch et ajustement par la méthode de Benjamini-
Hochberg; Du et al., 2010), nous avons identifié 3369 sites (0,94%) hyperméthylés dans le
groupe de mauvais pronostic et 41827 sites (11,64%) hyperméthylés dans le groupe de bon
pronostic (figure 26C). Par opposition, aucune sonde n’est différentiellement méthylée selon le

statut métastatique des tumeurs (figure 26D).
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FIGURE 26 — Expression de la signature CINSARC et niveau de méthylation. A et B : mesure du niveau
de méthylation global en fonction du pronostic de la signature CINSARC (A) et du statut métastatique
(B)- Les graphiques du bas montrent les enrichissements de Fisher sur des fenétres glissantes. C et D :
sondes différentiellement méthylées en fonction du pronostic de la signature CINSARC (C) et du statut
métastatique (D). E : visualisation génomique des sondes différentiellement méthylées en fonction du
pronostic de la signature CINSARC (C1 et C2 sont respectivement représentés vers le bas et le haut).
F : visualisation génomique de régions identifiées comme différentiellement méthylées en fonction du
pronostic de la signature CINSARC (C1 et C2 sont respectivement représentés vers le bas et le haut)
par trois algorithmes implémentés dans ChAMP (Morris et al., 2014 ; Tian et al., 2017).
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Puisque des sondes sont différentiellement méthylées selon le statut CINSARC, nous
avons cherché a identifier quelles régions génomiques (regroupant un ensemble de sondes) sont
préférentiellement impactées. Ces sondes sont réparties sur la totalité du génome humain mais
certaines régions semblent sélectivement méthylées selon le statut CINSARC (comme le 1p ou
les régions 6p22.2-p21.33; figure 26E). Afin de déterminer si ces régions sont bien sélecti-
vement méthylées, nous avons utilisé plusieurs algorithmes dédié€s a la détermination de telles
régions (paquet ChAMP qui implémente trois algorithmes différents : BumpHunter, DMRcate,
et Probelasso; Jaffe er al., 2012 ; Morris et al., 2014 ; Peters et al., 2015 ; Butcher & Beck,

2015 ; Tian et al., 2017).

Ces algorithmes ont permis I’identification de nombreuses régions génomiques différen-
tiellement méthylées (figure 26F). Toutefois, aucune de ces régions n’impacte I’un des genes de
la signature CINSARC. De plus, I’analyse des geénes localisés dans ces régions ne permet pas de
détecter un enrichissement d’une voie biologique particuliere (régions C1 et C2 analysées sépa-
rément). En I’absence de résultat significatif au niveau de régions génomiques, potentiellement
trop courtes pour étre détectées par les algorithmes, nous sommes retournés sur les données de

sondes différentielles.

Les puces contiennent 881 sondes localisées a I'intérieur, ou proches (<4kb), des ilots
CpG reliés aux genes de la signature CINSARC (pouvant €tre proches ou lointaines des régions
promotrices). Parmi ces 881 sondes, 12 (1,36%) sont significativement différentiellement mé-
thylées (P<0,05 et différence absolue de M-value>1). Ces 12 sondes correspondent a six genes
et sont toutes hyperméthylées pour les tumeurs CINSARC CI1 (table 6). En analyse non super-
visée, ces 12 sondes permettent de retrouver le statut CINSARC en fonction de leur niveau de

méthylation (enrichissement de Fisher P=1,77e-8 ; figure 27).

Si le niveau de méthylation de ces sondes est bien associé au statut CINSARC, les dis-
tances entre ces sondes et les sites d’initiation de la transcription (TSS pour transcription start
site) des genes ne sont pas en faveur d’une potentielle régulation. En effet, le niveau de mé-
thylation des régions promotrices, proches des TSS, permet de moduler I’expression génique.
Ces sondes ne sont pas situées sur ces régions promotrices mais a plus d’1kb en aval, dans les

régions codantes ou introniques des genes. Parmi les 881 sondes associées a CINSARC, 91
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Sonde Localisation Dist. ilot | Localisation de I’ilot Geéne Dist. TSS
cg06373377 | chrl:43360074 +686 chr]:43358463-43359388 CDC20 +1089
cg05525368 | chr1:43360233 | +845 +1248
cg00277165 | chr5:912268 -111 +19624
cg01577755 | chr5:912318 -61 +19674
cgl14499678 | chr5:912484 Dedans +19840
c§11421768 chr5:912597 Dedans | C1o012379-912746 TRIPIS 1= 19953
cgl17510385 | chr5:912706 Dedans +20062
cgl12705693 | chr5:912745 Dedans +20101
cgl7367077 | chr5:160423146 | +1040 chr5:160421772-160422106 | PTTG1 | +1217
cg05005217 | chr8:25460122 | +610 chr8:25457770-25459512 CDCA2 | +989
cg03489186 | chr15:89247613 | +3153 chr15:89243767-89244460 FANCI | +3299
cg14398957 | chr15:90992950 | -1056 chr15:90994006-90994988 | PRCI +1668

Table 6 — Sondes de CINSARC différentiellement méthylées selon le pronostic de la signature. Les
coordonnées génomiques sont indiquées selon I'annotation du génome hg38. Dist flot : distance entre la
sonde et I'llot CpG. Dist TSS : distance moyenne entre la sonde et les sites d'initiation de la transcription
(transcription start site ; TSS) des différents transcrits du géne.
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FIGURE 27 — Sondes de CINSARC différentiellement méthylées selon le pronostic de la signature. La P
indiquée dans le texte correspond a I'enrichissement différentiel du statut CINSARC entre la branche de
28 tumeurs la plus a droite (sondes hyperméthylées) comparativement aux deux branches de gauche
regroupant 56 tumeurs (sondes hypométhylées).

905525368 (CDC20)

906373377 (CDC20)
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905005217 (CDCA2)

(9,68%) correspondent a ces six genes et sont majoritairement non significatives (79 sur 91;
87%), incluant des sondes plus proches des TSS que celles significatives. Le nombre de sondes
non significatives pour chacun des six genes, informant aussi de leur distance par rapport aux

TSS, est donné a la suite. CDC20 : huit (dont sept a moins de 500pb des TSS), TRIP13 : 24
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(dont 20 a moins de 1500pb des TSS), PTTGI : neuf (dont huit 2 moins de 1000pb des TSS),
CDCA?2 : 15 (dont dix a moins de 1000pb des TSS), FANCI : 11 (toutes a moins de 1000pb des
TSS) et PRCI : 12 (dont dix a moins de 1000pb des TSS).

Le candidat le plus statistiquement associé au statut CINSARC est TRIP13 dont I’'Tlot CpG
chr5:912379-912746 est hyperméthylé en condition C1, information supportée par six sondes
sur les neuf reliées a cet 1lot. Cette méthylation différentielle affecterait I’intron 10 de TRIP13
(sur 12; NM_004237), a une distance de 20kb par rapport au TSS de ce transcrit, ce qui serait
une régulation atypique. Les différences de méthylation a I’échelle du génome sont majeures
entre les statuts CINSARC C1 et C2. Néanmoins, les résultats obtenus ne sont pas en faveur
d’une régulation directe de I’expression de la signature CINSARC par un niveau de méthylation
différentielle. Le méthylome ne semble alors pas directement a 1’origine de la sur-expression de

la signature.

3.1.4.3 — Exploration des données de miRNA-seq

Puisque les miRNA sont des régulateurs négatifs de 1’expression génique et dont certains
ont été mis en cause dans I’initiation et la progression tumorale (partie 1.2.4.2 page 65), nous
nous sommes intéressés a leur expression en tant que cause possible a la régulation d’expression
de la signature CINSARC. Les données de miRNA-seq compilent des données d’expression de
1881 miRNA pour 82 tumeurs sur les 84 de la cohorte (les deux cas ainsi retirés sont un LMS
utérin et un UPS de la jambe chez deux femmes, deux CINSARC C2). Le différentiel d’expres-
sion en fonction du statut CINSARC permet d’identifier 73 miRNA sur-exprimés dans le groupe
C2 et trois miRNA sur-exprimés dans le groupe C1 (figure 28A). Par opposition, aucun miRNA

n’est différentiellement exprimé selon le statut métastatique des tumeurs (figure 28B).

Afin de déterminer si ces miRNA (significativement conditionnellement exprimés) sont
reconnus impliqués dans un processus oncogene, nous avons analysé les données bibliogra-
phiques qui les concernent, compilées avec miRCancer (Xie et al., 2013). Les trois miRNA
sur-exprimés en condition C1 (et donc sous-exprimés en condition C2; mir-143, mir-29c et
mir-204) sont tous décrits comme ayant des propriétés anti-tumorales (diminution de la migra-

tion et/ou de la prolifération ; figure 28C). Par opposition, sur les 25 miRNA sur-exprimés en
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FIGURE 28 — Phénotype CINSARC et expression de miRNA. A et B : différentiel d’expression sur les
1881 miRNA annotés dans le TCGA en fonction du pronostic de la signature CINSARC (A) et du statut
métastatique (B). C et D : données bibliographiques, obtenues avec miRCancer (Xie et al., 2013), sur
les miRNA sur-exprimés dans le groupe CINSARC C1 et CINSARC C2.

condition C2 et a plus de dix études répertoriées dans miRCancer, 17 (68%) sont majoritaire-

ment (>50% des études) connus pour leurs roles pro-tumoraux (figure 28D).

Puisque la fonction des miRNA est une régulation négative d’expression post-
transcriptionnelle par hybridation avec leurs ARN cibles, nous avons émis 1’hypotheése que
les trois miRNA sur-exprimés en condition C1 peuvent étre une source de régulation négative
de I’expression de CINSARC. Les validations expérimentales des interactions miRNA-ARN,

compilées dans miRTarBase (Chou et al., 2018), montrent que ces miRNA ont peu de cibles
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connues envers la signature CINSARC. Mir-143 ne cible aucun gene de la signature. Mir-204
cible CDCA3 (Whisnant et al., 2013 ; Memczak et al., 2013) et FOXM1 (Sun et al., 2015)
mais I’expression de ce miRNA n’est pas significativement corrélée a I’expression de ces deux
genes (r=-0,25 et P=0,16 pour CDCA3 ; r=-0,30 et P=0,09 pour FOXM1). Mir-29c cible CCNA2
(Hafner et al., 2010 ; Kishore et al., 2011 ; Whisnant et al., 2013 ; Memczak et al., 2013) et
I’expression de ce miRNA est significativement anti-corrélée a 1I’expression de ce gene (r=-0,38

et P=6,78e-3).

Nous avons alors exploré les interactions miRNA-ARN prédites, au cas ol les données
expérimentales n’aient pas été exhaustives pour nos genes d’intérét. Plusieurs outils dédiés a la
prédiction d’interactions miRNA-ARN existent et se basent principalement sur les similarités
d’appariements entre un miRNA et une cible potentielle. Chaque algorithme affine sa prédiction
en intégrant des variables plus complexes comme la conservation du miRNA entre especes ou
encore la stabilité prédite du possible appariement. Nous avons donc interrogé la base miRGate
qui integre cinq de ces outils (RNAhybrid, MicroTar, Pita, TargetScan et miRanda; Kriiger &
Rehmsmeier, 2006 ; Thadani & Tammi, 2006 ; Kertesz et al., 2007 ; Friedman et al., 2009 ;

Betel er al., 2010 ; Andrés-Ledn et al., 2015).

Selon ces prédictions (d’au moins un outil), mir-143, mir-204 et mir-29¢ ont respecti-
vement 15 cibles possibles (BIRC5, CDC6, CDKI, CENPL, FANCI, KIF11, KIF14, KIF4A,

MCM2, MCM7, PBK, PRCI1, SMC2, TOP2A et TPX2), 14 (AURKB, BUBIB, CCNA2, CDC6,

CDC7, CDCA3, CKAPS5, HPIBP3, KIF20A, KIF4A, PBK, RRM2, SMC2 et TRIPI3) et 8

(CCNA2,CDC7,ECT2, H2AFX, KIF4A, NDEI, TPX2 et TRIP13) parmi la signature CINSARC

(Ies genes soulignés seraient régulés par plusieurs miRNA). L’union de ces trois miRNA pour-

rait négativement réguler 1I’expression d’un collectif de 28 genes de la signature (42%).

Nous avons alors cherché a établir un lien entre 1’expression de ces trois miRNA et I’ex-
pression de génes cibles par régression linéaire afin d’obtenir le niveau de corrélation (r de
Pearson) mais également la valeur statistique de cette association (P ajustées par la méthode
de Benjamini-Hochberg). Pour réaliser cette analyse, nous avons retenu 11626 genes codants
et exprimés dans la série des 82 tumeurs (expression moyenne >1 en fragments per kilobase

of transcript, per million mapped reads) parmi 1’ensemble des 55594 genes du transcriptome.
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Cette analyse permet d’identifier 2679 (dont 20 CINSARC), 169 (dont 19 CINSARC) et 899
(dont 54 CINSARC) genes significativement anti-corrélés avec 1’expression de mir-143, mir-

204 et mir-29c.

Nous obtenons des relations d’anti-corrélations significatives entre expression de miRNA
et expression d’ARN, dont une partie de ces genes correspondent a la signature CINSARC.
Nous devons donc déterminer si les genes de CINSARC sont les mieux anti-corrélés parmi tous
ces genes, ou si aucune force d’anti-corrélation n’existe dans la série. Pour ce faire, nous avons
utilisé une méthode d’enrichissement par rangs, analogue a 1’algorithme implémenté dans Gene
Set Enrichment Analysis (figure 29A ; Subramanian et al., 2005). Pour mir-204, les expressions
des 19 genes de CINSARC ne font pas partie des genes les mieux anti-corrélés parmi les 169
(P=2,55e-1). Pour mir-29c, nous avons observé un enrichissement significatif des 54 genes de
CINSARC, démontrant que 1’expression d’une importante partie de la signature (81%) est signi-
ficativement anti-corrélée a I’expression de ce miRNA (P=3,58e-6). Pour mir-143, le constat est
inverse : les expressions des 20 genes de CINSARC sont celles les moins anti-corrélées (mais

toujours significatives) a celle du miRNA (P=3.,44e-4).

Nous avons également mesuré des corrélations significatives entre I’expression de miRNA
sur-exprimés en condition C2 et I’expression de nombreux genes (figure 29B). Ainsi, sur le top
5 de ces miRNA (P ajustées décroissantes en différentiel d’expression), 1319 (dont les 67 CIN-
SARC), 1217 (dont 66 CINSARC), 1781 (dont 62 CINSARC), 2020 (dont 64 CINSARC) et
1978 (dont 59 CINSARC) genes sont significativement corrélés a I’expression de ces miRNA
(respectivement : mir-4746, mir-15b, mir-425, mir-130b et mir-589). Les mémes tests d’en-
richissement ont été effectués pour déterminer si, parmi tous ces genes, ceux qui composent
CINSARC sont les plus corrélés a I’expression des miRNA. Les résultats montrent que ceci est

bien le cas pour tous ces miRNA (P<le-10).

Ces résultats indiquent que les tumeurs CINSARC C2 expriment une plus grande diversité
de miRNA (n=73) que les tumeurs CINSARC C1 (n=3). La majorité de ces miRNA ont des rdles
connus en faveur (groupe C2) ou défaveur (groupe C1) d’un message oncogene. Peu de données
expérimentales obtenues sont en faveur d’une régulation négative d’expression de CINSARC

par la sur-expression des miRNA que nous avons identifiés dans le groupe C1. Néanmoins, un
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FIGURE 29 — Association entre expression de miRNA et d’ARN. A : enrichissements de la signature
CINSARC parmi les génes significativement anti-corrélés a I'expression des trois miRNA sur-exprimés
dans les tumeurs C1. B : enrichissements de la signature CINSARC parmi les génes significativement
corrélés a I'expression du top 5 (P ajustées décroissantes en différentiel d’expression) des miRNA sur-
exprimés dans les tumeurs CINSARC C2. Les P indiquées sont calculées par la méthode du mean-rank
gene set enrichment test (Michaud et al., 2008). ES : score d’enrichissement.

possible régulateur pourrait tre mir-29c dont I’expression est significativement anti-corrélée a
celle de 54 genes de CINSARC (81% de la signature) et, parmi les autres genes anti-corrélés,

ces 54 sont les plus associés a I’expression de ce miRNA.

3.1.4.4 — Conclusion

Nous avons en premier lieu confirmé les précédentes observations autour de la signature
CINSARC sur la cohorte du TCGA : I’expression de la signature est un facteur pronostique
(P=2,89¢-3; figure 24B page 140) et est associée a une augmentation des altérations quantita-
tives (P=3,06e-3; figure 24D page 140). Les données disponibles ont apporté un nouveau re-
gard en précisant d’autres facteurs associés a I’instabilité génétique. Les tumeurs CINSARC C2

ont plus souvent doublé leur génome (P=3,98e-2 ; figure 25A page 142) conduisant a une aug-
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mentation générale de la ploidie (P=1,87e-2; figure 25B page 142). Les altérations ponctuelles
somatiques augmentent également dans le groupe de tumeurs CINSARC C2 (P=1,67e-2; fi-
gure 25C page 142). Toutes ces altérations participeraient a I’augmentation de 1’hétérogénéité
intra-tumorale, plus importante dans les tumeurs les plus agressives (P=5,91e-5; figure 25D

page 142).

Ces associations statistiques entre doublement du génome, hétérogénéité et agressivité
font écho a des résultats que nous avons obtenus sur deux lignées de sarcomes CINSARC C2
(provenant de deux UPS distincts; Jemaa ef al., 2017 en annexe III page 242). Ces deux li-
gnées sont principalement composées de cellules diploides mais également de sous-populations
aneuploides/tétraploides. Les analyses expérimentales menées sur des clones diploides et té-
traploides ont montré que la différence de ploidie ne conférait pas d’avantage prolifératif mais
était associée a une mobilité accrue chez les cellules tétraploides. De plus, alors que I’expres-
sion de la signature CINSARC était similaire entre clones diploides et tétraploides, 1’expression
protéique de la signature était nettement plus importante dans les cellules tétraploides. Ces don-
nées suggereraient que, parmi les sous-clones présents dans la tumeur, les cellules tétraploides

auraient un potentiel métastatique supérieur aux cellules diploides.

Nous cherchions a déterminer si le méthylome et I’expression de miRNA pouvaient étre
a I’origine de I’expression de la signature CINSARC. Si d’importantes différences a 1’échelle
du génome entier sont observées entre statuts C1 et C2 (P=1,24e-4; figure 26A page 144),
le méthylome ne semble pas étre directement responsable de I’expression de la signature car
aucune région promotrice de I’un des geénes n’est conditionnellement méthylée. Concernant
les miRNA, mir-29¢ pourrait étre un bon candidat a la régulation négative d’expression de
CINSARC, dont I’expression de 54 genes est significativement anti-corrélée avec celle de ce

miRNA.

L’ensemble de ces résultats nous a alors permis d’établir les cartes d’identité des tumeurs
CINSARC CI1 et C2 (figure 30). Ces données serviront ainsi de base pour de futurs travaux
permettant de mieux comprendre les tenants et les aboutissants du remodelage génomique des

sarcomes pléomorphes, notamment autour de 1’expression de la signature CINSARC.
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FIGURE 30 — Associations génomiques et pronostics de la signature CINSARC. Ce graphique repré-
sente les associations différentielles identifiées entre les tumeurs CINSARC C1 et C2. Les tumeurs
exprimant fortement la signature ont significativement plus d’altérations quantitatives, de doublements
génomiques, de copies de chromosomes, d’altérations ponctuelles et d’hétérogénéité intra-tumorale que
les tumeurs C1. Les tumeurs CINSARC C1 ont des niveaux de méthylation augmentés comparativement
aux tumeurs CINSARC C2.
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3.2 — Expression de genes de fusion dans les sarcomes

pléomorphes

3.2.1 — Contexte

Au-dela du travail qui a été réalisé autour de la signature CINSARC, le RNA-seq consti-
tuait également une formidable opportunité de mieux définir les sarcomes pléomorphes car les
altérations génétiques menant leur oncogenese sont encore mal comprises. Jusqu’ici, les tech-
niques de cytogénétique (notamment la FISH 24 couleurs et la CGH-array) ont pu mettre en
évidence certains réarrangements structuraux dans ces tumeurs (partie 1.2.2.3 page 41). Ceci
inclut les inactivations de RB1 par délétion (dans 80% des cas; Chibon et al., 2000), de TP53
par délétion ou mutation ponctuelle (dans 50% des cas; Pérot et al., 2010), de PTEN par dé-
1étion (50% des cas; Gibault ef al., 2012), de CDKN2A par délétion (dans 30% des cas; Pérot
et al., 2010) ou encore de NFI par délétion ou mutation ponctuelle (dans 10% des cas; Bar-
retina et al., 2010). Les inactivations récurrentes de ces genes suppresseurs de tumeurs sont
bien décrites dans la littérature : elles ne sont pas spécifiques, sont partagées par d’autres types
de cancers et notamment dans plusieurs sous-types histologiques de SGC (The Cancer Genome
Atlas Research Network, 2017 ; Bailey ef al., 2018). Ces altérations ne peuvent donc pas, a elles
seules, expliquer la diversité histologique de ces tumeurs. Ainsi, aucune altération récurrente et

spécifique d’un sous-type histologique de SGC n’a pu étre identifiée.

Par opposition, les SGS expriment un oncogene fort et spécifique, participant activement a
leur transformation. Parmi les altérations identifiées dans ces tumeurs, la formation de genes de
fusion, principalement par translocation, est une mécanique chromosomique fréquemment ren-
contrée (20% des STM, couvrant plus d’une dizaine de sous-types histologiques ; partie 1.2.2.2
page 37; Taylor et al., 2011 ; Fletcher et al., 2013 ; Mertens et al., 2016). Elles permettent

I’expression d’un transcrit chimérique, codant pour une protéine chimérique oncogene.

Dans les SGC, aucune étude n’a permis d’identifier la présence de tels genes de fusion.
Si de nombreuses translocations s’operent dans ces tumeurs (Mairal ef al., 2000), I’expression

de genes de fusion qui pourrait y étre associée reste ainsi a déterminer. En effet, I’identification
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de telles altérations est rendue difficile avec les techniques de cytogénétique précédemment
employées. La FISH 24 couleurs permet d’identifier des translocations et des altérations quan-
titatives de grandes tailles (plusieurs dizaines de kilobases). La CGH-array renseigne, quant a
elle, sur les altérations quantitatives (de quelques kilobases) mais n’informe pas sur la réorga-
nisation génomique observée au sein de ces tumeurs. La résolution de ces deux méthodes ne
permet donc pas d’identifier avec précision la présence d’un gene de fusion dans un génome
aussi remanié que celui des sarcomes pléomorphes. La nature de la dérégulation transcripto-
mique qui s’opere suite a I’expression d’un gene de fusion n’est pas non plus évaluable par ces

techniques.

La précédente constitution d’une cohorte de SGC passée en RNA-seq (Lesluyes et al.,
2016) était ainsi une formidable opportunité de pouvoir conduire cette étude. Les avancées
technologiques successives en matiere de séquencage haut débit ont en effet rendu possible
une telle résolution d’analyse (Maher ef al., 2009), le RNA-seq étant a ce jour la meilleure
technologie permettant d’identifier de nouveaux transcrits chimériques (avec plusieurs dizaines
d’algorithmes dédiés ; https://omictools.com/gene-fusion-detection-category). Cette méthode a
déja permis de mieux comprendre la biologie de certains types histologiques de sarcomes en
identifiant I’expression de nouveaux genes de fusion et en les reliant a des dérégulations trans-
criptomiques spécifiques. On peut par exemple citer I’identification du gene de fusion BCOR-
CCNB3 dans des sarcomes d’Ewing non EWSRI-FLII ou I’identification du gene de fusion
NAB2-STAT6 dans les tumeurs fibreuses solitaires (partie 1.2.2.2 page 37 ; Pierron et al., 2012

; Robinson et al., 2013).

Ces données n’ayant jamais été explorées a grande échelle dans les SGC, nous avons en-
trepris une caractérisation des genes de fusion exprimés dans ces tumeurs. L’ objectif de 1’étude
était alors de déterminer si un transcrit chimérique, codant pour une protéine chimérique onco-

gene, pouvait expliquer une partie de I’oncogenese des SGC.
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3.2.2 — Article 5 : Recurrent TRIO fusion in nontransloca-

tion—related sarcomas

Delespaul L, Lesluyes T, Pérot G, Brulard C, Lartigue L, Baud J, Lagarde P, Le Guellec
S, Neuville A, Terrier P, Vince-Rancheére D, Schmidt S, Debant A, Coindre JM & Chibon F.

Article publié dans Clinical Cancer Research (2017).
Résumé de I'article

Afin de caractériser les transcrits chimériques exprimés dans les SGC, nous avons réalisé
le séquencage ARN d’une cohorte de 112 tumeurs primaires (cas avec de I’ARN en réserve
pour aller a la validation expérimentale parmi la cohorte de Lesluyes er al., 2016) et de cinq
lignées. Sur ces données de séquencage, 1’algorithme deFuse (McPherson et al., 2011) nous a
permis de détecter I’ensemble des transcrits chimériques exprimés dans ces échantillons. Les
différentes étapes de filtrage (élimination des read-throughs, conservation du cadre de lecture
et validation en séquencage Sanger) ont alors menées a I’identification d’un seul gene de fusion
récurrent exprimé dans la cohorte : TRIO-TERT. Le méme résultat fut obtenu avec deux autres

outils : TopHat-Fusion (Kim & Salzberg, 2011) et ChimeraScan (Iyer et al., 2011).

Par cette analyse, trois cas ont ét€ identifiés présentant I’expression de genes de fusion im-
pliquant la fusion de TRIO (exons 33 ou 34) avec le gene TERT. Ces cas expriment chacun deux
transcrits chimériques par épissage alternatif de TERT (au niveau de 1’exon 2), ’'un conservant
le cadre de lecture et I’autre ne le conservant pas. Un cas supplémentaire fut identifié présen-
tant la fusion entre les geénes TRIO, CDH18 et TERT, également avec perte du cadre de lecture.
Nous avons alors recherché, puisque les domaines de TERT ne sont pas conservés dans la plu-
part des transcrits chimériques, si TRIO pouvait étre fusionné avec d’autres partenaires. Ceci
nous a amenés a identifier deux autres cas présentant des réarrangements de TR/O, impliquant

toujours les exons 33 et 34, avec respectivement les genes LINC01504 et ZNF558.

L’expression de ces transcrits est spécifique aux SGC car ils n’ont pas été détectés dans
des SGS (testé expérimentalement dans des GIST et des synovialosarcomes) ni dans d’autres

types de tumeurs (données bibliographiques). L’analyse du transcriptome des tumeurs qui ex-
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priment un 7R/O tronqué, comparativement aux autres, a montré une sur-expression de génes
impliqués dans I'inflammation, la prolifération et le cycle cellulaire. Nous avons alors expé-
rimentalement démontré que 1’inhibition de 1’expression du transcrit chimérique TRIO-TERT,

dans une lignée d’UPS, diminue la prolifération de fagon significative.

L’ensemble des résultats de cette étude sont inclus ci-apres (Delespaul ef al., 2017). Les

tables additionnelles 5 et 6, trop volumineuses pour €tre incluses, sont accessibles en ligne

(https://doi.org/10.1158/1078-0432.CCR-16-0290).
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Abstract

Purpose: Despite various differences, nontranslocation-related
sarcomas (e.g., comprising undifferentiated pleomorphicsarcoma,
leiomyosarcoma, myxofibrosarcoma) are unified by their complex
genetics. Extensive analysis of the tumor genome using molecular
cytogenetic approaches showed many chromosomal gains, losses,
and translocations per cell. Genomic quantitative alterations and
expression variations have been extensively studied by adapted
high-throughput approaches, yet translocations still remained
unscreened. We therefore analyzed 117 nontranslocation-related
sarcomas by RNA sequencing to identify fusion genes.

Experimental design: We performed RNA sequencing and
applied a bioinformatics pipeline dedicated to the detection of
fusion transcripts. RT-PCR and Sanger sequencing were then
applied to validate predictions and to search for recurrence and
specificity.

Results: Among the 6,772 predicted fusion genes, 420 were in-
frame. One recurrent rearrangement, consistently involving TRIO

Introduction

Sarcomas represent a heterogeneous group of rare tumors
accounting for approximately 1% of adult cancers with more
than 50 histologic subtypes. These tumors, derived from mes-
enchymal tissues (i.e., soft tissue, bone, or muscle), are classi-
fied on the basis of their line of differentiation, following the
World Health Organization (WHO) recommendations (1).
Along with this histologic heterogeneity, sarcoma genetics is
also highly heterogeneous in terms of oncogene-specific driver
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with various partners, was identified in 5.1% of cases. TRIO
translocations are either intrachromosomal with TERT or inter-
chromosomal with LINC01504 or ZNF558. Our results suggest
that all translocations led to a truncated TRIO protein either
directly or indirectly by alternative splicing. TRIO rearrangement
is associated with a modified transcriptomic program to immu-
nity/inflammation, proliferation and migration, and an increase
in proliferation.

Conclusions: TRIO fusions have been identified in four
different sarcoma histotypes, likely meaning that they are not
related to a primary oncogenic event but rather to a secondary
one implicated in tumor progression. Moreover, they appear
to be specific to nontranslocation-related sarcomas, as no
such rearrangement was identified in sarcomas with simple
genetics. More cases could lead to a significant association of
these fusions to a specific clinical behavior. Clin Cancer Res; 23(3);
857-67. ©2016 AACR.

alterations and whole-genome instability. Sarcomas can be
classified into two groups depending on genome stability. One
group consists of sarcomas with a relatively stable genome with
specific oncogenic alterations (rare gains and losses involving
mainly full chromosomes). Among these, gastrointestinal stro-
mal tumors (GIST; KIT or PDGFRA mutations; ref. 2) and
sarcomas with a specific translocation (e.g., Ewing sarcoma,
synovial sarcoma, and alveolar rhabdomyosarcoma; refs. 3-5)
represent 20% and 30% of sarcomas, respectively. The second
group consists of nontranslocation-related sarcomas with
higher chromosomal instabilities and pleomorphic histologic
patterns. There is no specific genetic alteration described so far
in those sarcomas. Nevertheless, we can distinguish well-dif-
ferentiated and dedifferentiated liposarcoma (20% of sarco-
mas) with recurrent MDM2 and CDK4 amplification within a
moderately rearranged profile (6, 7). The remaining 30%
mainly comprise leiomyosarcoma, undifferentiated pleomor-
phic sarcoma, myxofibrosarcoma, pleomorphic liposarcoma,
and pleomorphic rhabdomyosarcoma. Although their genomic
instability has not been deciphered yet, some recurring genetic
alterations have been identified in these tumors: the 13q14-21
region is frequently lost in leiomyosarcomas and undifferen-
tiated pleomorphic sarcoma targeting RB1 deletion/inactiva-
tion (8); the TP53 pathway is consistently inactivated, mainly
by TP53 deletions/mutations (9); and a gain of 5p region is also
frequent and triggers TRIO amplification (10, 11). Extensive
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Translational Relevance

Nontranslocation-related sarcoma is one of the most com-
mon and aggressive subtype of soft tissue sarcomas. Despite
extensive quantitative and structural characterization of their
genome and transcriptome, it remains the largest sarcoma
group without any specific genetic alteration that can be
targeted for therapy. Therefore, treatment is still based on
surgery with wide margins. Previous high-throughput studies
based on quantitative analysis failed to identify such specific
alteration. We thus applied RNA sequencing on a large cohort
of nontranslocation-related sarcomas from the French Sarco-
ma Group and identified recurrent, and so far specific, TRIO
fusions with various partners. Fusion-positive tumors belong
to four different histotypes, likely meaning that fusions are not
related to a specific primary oncogenic event but rather to a
secondary one implicated in tumor progression. Our data
suggest that fusion triggers a modified transcriptomic and
phenotypic program that could lead to an increase in cell
proliferation.

analysis of the tumor genome by molecular cytogenetic
approaches showed many breakpoints [array comparative
genomic hybridization (aCGH)| and translocations per cell
(chromosome painting; refs. 12, 13). Breakpoints located in
coding regions are supposed to produce chimeric transcripts
with potent oncogenic effects. It has been demonstrated that
RNA sequencing (RNA-seq) is an efficient approach to identify
fusion transcripts in tumors, particularly in sarcomas (14-16).
Hence, we subjected 117 nontranslocation-related sarcomas to
RNA-seq to identify fusion transcripts.

Materials and Methods

Ethics statement

The samples used in this study are part of the Biological
Resources Center of Institut Bergonié (CRB-IB; Bordeaux, France).
In accordance with the French Public Health Code (articles L.
1243-4 and R. 1243-61), the CRB-IB has received the agreement
from the French authorities to deliver samples for scientific
research (number AC-2008-812). The samples come from care
and are requalified for research. The project was approved by the
Institut Bergonié ethics committee (scientific advisory board).
Every case was histologically reviewed by the pathologist sub-
group from the French Sarcoma Group and classified according to
the 2013 WHO dlassification by histology, IHC, and molecular
genetics and cytogenetics when needed.

Sample description

The screened series was composed of 112 sarcomas with
complex genomics and five cell lines (CL; CL1 derived from an
undifferentiated pleomorphic sarcoma T1; CL2 derived from a
dedifferentiated liposarcoma; CL3 derived from a myxofibrosar-
coma; and CL4 and CL5 derived from two leiomyosarcomas) for
the first cohort.

The second and the third cohorts are composed of 27 synovial
sarcomas and 74 GIST, respectively. All tumors have been histo-
logically reviewed by a pathologist panel from the French Sarco-
ma Group.

Cell line establishment and culture

Cell line establishment was performed as described previously
(17). Authentication of cell line is analyzed by aCGH by com-
paring the cell line with the corresponding tumor origin.

The culture medium was composed of RPMI1640 with Gluta-
MAX (Gibco BRL, Life Technologies) supplemented with 10%
FCS and 1% antibiotics (penicillin/streptomycin, Gibco BRL, Life
Technologies). All cell lines were tested for mycoplasma by PCR
(Sigma; LookOut Mycoplasma PCR Detection Kit) according to
the manufacturer's recommendations.

RNA extraction, sample preparation, and RNA-seq

RNA extraction from frozen and formalin-fixed paraffin-
embedded (FFPE) samples, sample preparation, and RNA-seq
were performed as described previously (18).

Bioinformatics pipeline for fusion detection and gene
expression

Bioinformatics analysis was performed as described previously
(18).

Briefly, deFuse (v0.6.1; ref. 19) was used on curated FastQ files
with ENSEMBL GRCh37.74 annotations. We kept candidate
fusions with the following criteria: probability >50%,
non-read-through, non-read-through like (same chromosome,
indicated as deletion, coding/coding gene region, and genomic
distance <20,000) and breakpoint homology <30.

TopHat-Fusion (v2.1.0; ref. 20) was used on curated FastQ files
with the same annotations as described by Lesluyes et al. in 2016
(18). Fusion minimum distance was set to 10,000, and fusion
anchor length was set to 13. Other parameters were similar to the
expression processing.

ChimeraScan (v0.4.5; ref. 21) algorithm was used on raw FastQ
files (equal-length reads restriction) with UCSC (fixed on 2016/
02/09) annotations. Multiple hits parameter was set to 50. We
kept fusions with the following criteria: non-read-through, score
>5, spanning reads >2, and non-HLA/HLA fusions (due to
sequence homology).

For the three detection algorithms, duplicated entries (same
genes) and non-ORF conservation fusions were discarded.

Unsupervised clustering method was performed with Wald
algorithm and Euclidean distance available in the cluster R package
(v2.0.3). Differential gene expression analysis was performed
with DESeq2 R package (1.8.1; ref. 22). Gene interaction was
performed using BioGRID (23). Gene Set Enrichment Analysis
(GSEA; v2.2.0; refs. 24, 25) was used with Hallmarks gene sets
from MSigDB (v5.0), gene set permutation type, RefSeq chip
platform without gene symbol collapse, and a minimum set size
of 10. Differentially exonic expression was performed by DEXSeq
(6 vs. 40; ref. 26).

RT-PCR and Sanger sequencing

Total RNA was reverse transcribed using High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) according to the
manufacturer's instructions.

For PCR, primers were designed using Primer3 program (http://
frodo.wi.mit.edu/primer3/) and are presented in Supplementary
Table S1. Touchdown 60°C program has been used (TD 60°C; two
cycles at 60°C, followed by two cycles at 59°C, two cycles at 58°C,
three cycles at 57°C, three cycles at 56°C, four cycles at 55°C, four
cycles at 54°C, five cycles at 53°C, and finally 10 cycles at 52°C).
PCRwas performed on 50 ng of cDNA using AmpliTagGold DNA
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Polymerase (Applied Biosystems). PCR products were then puri-
fied using ExoSAP-IT PCR Purification Kit (GE Healthcare), and
sequencing reactions were performed with the Big Dye Terminator
V1.1 Kit (Applied Biosystems) according to the manufacturer's
recommendations. Samples were then purified using the Big Dye
XTerminator Purification Kit (Applied Biosystems) according to
the manufacturer's instructions, and sequencing was performed
on a 3130xl Genetic Analyzer (Applied Biosystems). Sequence
analysis was performed with SeqScape software v2.5 (Applied
Biosystems).

Quantitative RT-PCR

Expression of different TRIO-TERT and TRIO transcripts was
studied with probes and primers listed in Supplementary Table
S2. Normalization of expression was carried out with two refer-
ence genes: ACTB and RPLP0. Probes and primers (TagMan Gene
Expression Assay, Life Technologies) of these genes are
Hs99999903_m1 and Hs99999902_m1, respectively. Reaction
was performed with TagMan Universal PCR Master Mix (Life
Technologies) using StepOnePlus (Life Technologies) according
to the manufacturer's recommendations. Expression was calcu-
lated with the formula: ACc = Co 1, rier = Cpopurence gcnc(27). Sub-
sequently, difference of expression between both transcripts was
calculated with the formula 22 ngeript 1 -transcript 2+

FISH

FISH assay on FFPE cases T1, $867, and $909 was performed
using the Histology FISH Accessory Kit (Dako) as described
previously (28) on a 4-um paraffin-embedded section. Regarding
metaphase chromosome spreading on CL1, cells were incubated
with colchicine overnight and resuspended in isotonic KCl buffer.
Cells were finally fixed in standard 3:1 methanol:acetic acid final
fixative. After several washes, cells were spread on a glass slide.
Denaturation (5 minutes at 82°C for paraffin-embedded tissues
and 1 minute at 73°C for chromosome spreading) and hybrid-
ization (overnight at 37°C) were achieved by placing the slides
into a hybridizer (Dako). For the identification of the TRIO fusion,
one BAC clone covering 5’ part of TRIO (RP11-1134M22; red
signal) and two BAC clones covering 3’ part of TRIO (RP11-81P9,
RP11-1079G4; green signals) were used; green and red fluorescent
signals were analyzed in tumors using a Nikon Eclipse 80i
fluorescence microscope with appropriate filters. Pictures were
captured using a Hamamatsu C4742-95 CCD camera and ana-
lyzed with the Genikon software. A TRIO rearrangement was
detected when red and green signals were separated in the nucleus.
ATRIO rearrangement was considered as present if at least 10% of
tumor cells showed a rearrangement pattern. Unbalanced rear-
rangements (fusion signal associated with at least one supernu-
merary red signal) are considered as positive case when chimeric
transcript has been validated by RT-PCR and Sanger sequencing
and with at least 10% rearranged signals.

Affymetrix CytoScan HD Array

Genomic DNA was isolated using a standard phenol-chloro-
form extraction protocol. Affymetrix CytoScan HD Array (Affyme-
trix) was used according to the manufacturer's instructions. The test
was conducted on DNA samples from TRIO translocated cases. CEL
files obtained by scanning the CytoScan arrays were analyzed using
the Chromosome Analysis Suite software (Affymetrix) and the
annotations of the genome version GRCH37 (hg19).

www.aacrjournals.org

TRIO Fusion in Sarcomas

Immunofluorescence

Tissues were deparaffinized in xylene and rehydrated in a
series of ethanol baths. For antigen retrieval, slides were incu-
bated in DAKO Target Retrieval Solution, pH 9 (DAKO), for 20
minutes in a microwave oven. The primary antibodies and
dilutions (dilution in DAKO REAL antibody diluent, DAKO)
used in this study are as follows: anti-PML (PG-M3, 1:200, sc-
966, Santa Cruz Biotechnology) and anti-TERF2 antibody
(1:200, HPA001907, Sigma). All primary antibodies were incu-
bated for 1 hour at room temperature. Secondary antibodies
and dilutions used are as follows: anti-mouse immunoglobu-
lins/FITC (1/400, Dako) and anti-rabbit IgG (H+L) Alexa Fluor
594 conjugate (1/500, Invitrogen). Slides were mounted with
VECTASHIELD/DAPI medium (Vector Laboratories) and were
then analyzed using a Nikon Eclipse 80i fluorescent microscope
with appropriate filters. Pictures were captured using a Hama-
matsu C4742-95 CCD camera.

Design and infection of TRIO-TERT shRNA

Short hairpin RNA (shRNA) sequences targeting TRIOs;-
TERT, and a nontargeting control sequence (Supplementary
Table S3) were cloned into the doxycycline-inducible pLKO.1-
neo lentiviral shRNA vector (Addgene). VSV-G-pseudotyped
lentiviral particles were produced by cotransfection of 293T
cells with pLKO.1 constructs and the compatible packaging
plasmids psPAX2 and pVSVg. Cell lines were incubated over-
night with lentiviral supernatants in the presence of 8 ug/mL
polybrene (Sigma H9268), and stably transduced cells were
selected with neomycin (0.1-1 mg/mL, Sigma 4727894001)
for 10 days. Downregulation of TRIO53-TERT,;3 mRNA expres-
sion was controlled by qRT-PCR.

Proliferation assay

Proliferation measurement was performed using the IncuCyte
Live Cell Imaging System (Essen BioScience). CL1s were seeded at
3,000 cells per well in a 96-well plate with eight replicates for each
conditions. Cells were pretreated with or without doxycycline
(1 pug/mlL, Sigma D3072) for 48 hours before proliferation anal-
ysis. Treatment was maintained during 5 days of experiment.
Proliferation was monitored according to the manufacturer's
recommendations (two pictures every 2 hours for each well).

Data access

RNA-seq raw files (FastQ) are available on Sequence Read
Archive under the accession numbers SRP057793 (contains
112 tumors) and SRP059536 (contains the five sarcoma cell lines:
CL1is M965, CL2is M969, CL3 is M961, CL4 is M963, and CL5 is
M964).

Expression data for the 117 samples are available on Gene
Expression Omnibus under accession number GSE75885.

Results

RNA-seq analysis and fusion prediction

To identify fusion transcripts, we performed RNA-seq on 112
sarcomas with complex genetics (Table 1) and 5 sarcomas cell
lines. Means of 78.34 (+ 18.71) and 74.97 (+ 17.83) million
reads per sample were obtained after library sequencing following
low quality 5" and 3’ trims and overlap correction, respectively.
DeFuse (19) analysis predicted a total of 10,382 fusion transcripts
for all samples with a fusion mean of 88.74 (+ 52.7) per sample
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Table 1. Nontranslocation-related sarcomas cohort description (N = 112)

Cohort (N = 112)
2.94 (95% CI, 2M-3.77)
64.5 (95% Cl, 62-67)

Characteristics
Median follow-up (years)
Median age (years)

Sex
Female 56 (50%)
Male 56 (50%)
FNCLCC grade (%)
1 3 (2.68%)
2 29 (25.89%)
3 76 (67.86%)
Unknown 4 (3.57%)
Histologic type (%)
UpPsS 36 (32.14%)
LMsS 33 (29.46%)
DDLPS 18 (16.07%)
MFS 15 (13.39%)
PLPS 4 (3.57%)
PRMS 4 (3.57%)
Other 2 (1.79%)
Location
Lower limb 45 (40.18%)
Internal trunk 25 (22.32%)
Trunk wall 18 (16.07%)
Upper limb 16 (14.29%)
Gl tract 3(2.68%)
Gynecologic area 3(2.68%)
Head and neck 2 (1.79%)

Relapse events (%)
Metastasis 38 (33.93%)
Local recurrences 34 (30.36%)
Median size of tumor (mm; n = 109) 100 (95% Cl, 80-100)
Abbreviations: Cl, confidence interval; DDLPS, dedifferentiated liposarcoma;
FNCLCC, Fédération Frangaise des Centres de Lutte Contre le Cancer; Gl,
gastrointestinal; LMS, leiomyosarcoma; MFS, myxofibrosarcoma; PLPS, pleo-
morphic liposarcoma; PRMS, pleomorphic rhabdomyosarcoma; UPS, undiffer-
entiated pleomorphic sarcoma.

Workflow
s '
10,382 detected chimeric transcripts by deFuse in 117 sarcomas
samples
. v,

s 3

6,772 chimeras predicted as non-read-through by deFuse

\. J

420 predicted in-frame fusion genes

Eight recurrent in-frame fusion genes: CTSC-RAB38, GSE1-
RP11-680G10.1, NSUN4-FAAH, CTBS-GNG5P2, TRIO-TERT,
FARSA-SYCE2, RPL11-TCEB3, and TFG-GPR128

Three recurrent chimeric transcripts tested by PCR and Sanger
sequencing: GSE1-RP11-680G10.1, TRIO-TERT, and FARSA-

v
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cted chimeric transcripts

(Fig. 1). Among them, 3,610 detected chimeric transcripts were
actually read-throughs (chimeric transcripts between two adja-
cent genes and induced by transcription; ref. 29) according to
deFuse and were consequently discarded from further proces-
sing. Following this selection, 6,772 potential fusion transcripts
were kept. To identify in-frame fusion transcripts, we filtered this
selection and focused on the 420 in-frame predicted fusions
with conserved open reading frame (ORF) for each partner.
Among these transcripts, eight presented a potential recurrence:
CTSC-RAB38 (13 samples), GSE1-RP11-680G10.1 (12 samples),
NSUN4-FAAH (8 samples), CTBS-GNG5P2 (8 samples), TRIO-
TERT (4 samples), FARSA-SYCE2 (2 samples), RPL11-TCEB3 (2
samples), and TFG-GPR128 (2 samples). Among these eight
transcripts, five are known to be read-throughs but evaded the
deFuse filter: CTSC-RAB38 and TFG-GPR128 have been reported
as read-throughs (30, 31), whereas CTBS-GNG5P2, RPL11-
TCEB3, and NSUN4-FAAH are referenced in the ConjoinG
database (32), which contains detailed information about iden-
tified read-throughs in the human transcriptome. FARSA-SYCE2
and GSE1-RP11-680G10.1 fusions have been identified in nor-
mal human tissues (RT-PCR and Sanger sequencing; Supple-
mentary Fig. $1) and the two genes implicated in the fusion are
on the same chromosome and transcribed on the same geno-
mic strand. As they share similar characteristics as read-
throughs, we discarded them from further analysis. The last
potential in-frame recurrent chimeric transcript predicted by
deFuse, TRIOs3/34-TERT,/3 (fusion between TRIO either exon
33 or 34 and either TERT exon 2 or 3), occurred in four samples
(CL1, $867, S829, and $822) and has not been detected in
normal tissues (Fig. 2A and B). In addition, TRIO-TERT gene
fusion has been validated by RT-PCR and Sanger sequencing in
T1, the primary tumor of CL1 (Fig. 2A). No reciprocal transcript
has been detected for these fusions (data not shown). Same

l Chimeric transcripts known as read-through by deFuse

l Detected chimeric transcripts with conservation of ORF
N

Figure 1.
Candidate fusion gene selection.

described like read-through in database and litterature

SYCE2
-ad-through identification by PCR and sequencing
s )
One recurrent chimeric transcript:
TRIO-TERT
\ J
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Figure 2.

Identification of seven fused TR/O cases. RT-PCR and chromatograms obtained with the four exon combinations involving TR/O, TERT, LINCO1504, and ZNF558 genes.
A and B, Cases with TRIOs5-TERT /5 (A), TRIO34-TERT /5 TRIO34-CDHI8-TERT 5 (B) expressions. C, Genomic location of TRIO, TERT, and CDHI8. D and

E, TRIO35-LINC01504 (D) and TRIO34-ZNF558 (E) expressions. F, Genomic location of LINCO1504 and ZNF558. €, PCR control; NT, normal tissue; bp, base pairs.
Vertical black lines above chromatograms indicate sequence fusion between the two genes. All chimeric transcripts are represented by scheme for each case.
Out-of-frame exons are indicated by black hatches. New STOP codons are indicated by a vertical black line on the scheme. TR/O, TERT, CDHI8, ZNF558, and
LINCO1504 exons are indicated in blue, red, green, orange, and purple respectively. + and — symbols (brackets), genomic strands.

analyses have been performed with two supplementary algo-
rithms, TopHat-Fusion (20) and ChimerScan (21). TRIO-TERT
is also the only recurrent in-frame chimeric transcript detected
with these algorithms.

Consequently, TRIO-TERT fusion is the only recurring in-frame
fusion identified in this cohort.

www.aacrjournals.org

What is the genomic alteration that results in the TRIO-TERT
fusion transcript?

aCGH analysis of three translocated cases (T1, $829, and $822)
with high quality DNA available demonstrated that the TRIO
(5p15.2) and TERT (5p15.33) loci (Fig. 2C) were rearranged (gain
and/or amplification) in two of three cases (e.g., presented in
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Supplementary Fig. S2A and S2B). Interestingly, in the TRIO gene,
the copy number variation break is located in the region of fusion.
We therefore hypothesized that the frequently observed chromo-
some 5p/TRIO amplification in sarcomas (11) could be associ-
ated, at least in some cases, to TRIO rearrangements. We thus
reexamined the genomic profile of the 112 sarcomas tumors of
RNA-seq cohort and 24 supplementary cases of nontranslocation-
related sarcomas (Supplementary Table $4). Three cases presented
a comparable TRIO amplification profile (T2, $909, and $921).
Specifically, in T2, TRIOs4-TERT} fusion was detected by RT-PCR
and Sanger sequencing (Fig. 2B). The two new remaining cases
with TRIO amplification did not express TRIO-TERT gene fusion.
We performed RNA-seq on these two additional samples, and
deFuse analysis indicated that they both expressed a fusion gene
involving TRIO, but not TERT. In sample $909, TRIOs3 is fused to
LINC01504, and in sample $921, TRIO;, is fused to ZNF558; both
were subsequently validated by RT-PCR and Sanger sequencing
(Fig. 2D-F).

To validate the genomic origin of the fusion, we performed
FISH analysis in four cases with available and good enough
quality FFPE blocks. A break-apart approach targeting
TRIO validated rearrangement in the three interpretable cases
(CL1/T1, $867, and $909) with 84%, 36%, and 58% of positive
cells, respectively (Fig. 3).

Analysis of TRIO fusion isoforms

In all cases, regardless of the partner, either TRIO exon 33 or
exon 34 is fused. In five cases, fusion joined either TRIO exon 33
(TRIOs5-TERT: T1 and S867) or exon 34 (TRIO;4-TERT: cases
$829, $822, and T2) to TERT, an exception being case $822, in
which CDH18 exon 2 is inserted in between TRIO exon 34 and
TERT. Whatever the TRIO (or CDH18 for case $822) exon, fusions
occurs either with TERT exon 2 or exon 3 (TRIO-TERT, or TRIO-
TERTS).

As it has been reported that TERT exon 2 is subjected to
alternative splicing (33), the expression of both isoforms should
be due to alternative splicing instead of two translocation events
(a much rarer genomic event).

Among these six distinct chimeric transcripts of the TRIO-TERT
fusion, four (TRIOs5-TERT; TRIOs,-TERT, TRIOs;-CDHIS,-
TERT,, and TRIOs4-CDH18,.TERT;) did not conserve the TERT
OREF with a stop codon after the last fused TRIO exon at 77, 353,
23, and 23 bp, respectively (Fig. 2A and B).

Given that all cases expressed both isoforms (TRIO33/34-TERT,
and TRIO35,34-TERT;), we sought to determine which isoform is

CL1 T1

preferentially expressed. Isoform-specific quantitative RT-PCR
analysis showed that chimeric transcripts with TERT exon 3 were
at least 15 times more expressed regardless the TERT ORF con-
servation (Supplementary Fig. S3).

In case $909, TRIO exon 33 is fused to LINC01504, leading to
the expression of three isoforms: TRIO33-LINCO1504;nuon2,
TRIO33-LINC01504 0n3, OF to TRIO33-LINC01504,, resulting in
the loss of the ORF after the breakpoint with a stop codon after the
last TRIO exon at 146, 84, and 113 bp, respectively (Fig. 2D).
Different transcripts observed in S909 could be explained by
alternative splicing mechanisms as sequences near the fusion
break-points in LINC01504 introns 2 and 3 are predicted to be
splicing sequences by Human Splicing Finder (34) with 66.9%
and 74% of consensus value, respectively (Supplementary Fig.
S4).

In case $921, TRIO exon 34 is fused to ZNF558 exon 8 (TRIO 34~
ZNF558) but on the ZNF558 opposite strand resulting in the
nonconservation of ORF of ZNF558 with a stop codon after the
breakpoint at 287 bp (Fig. 2E).

Seven cases have been identified: five expressing two isoforms
of TRIO-TERT and two others cases expressing TRIO gene fusion
with out-of frame interchromosomal gene partner. For TRIO-
TERT cases, the preferential expressed isoform is TRIOs3/34-TERT3
and not the isoform with TERT ORF conservation. All these results
indicated that TRIO gene fusion lead to the formation of truncated
TRIO protein.

Unfortunately, we could not detect these fusion proteins by
Western blot analysis of sarcoma cell line lysates, due to the lack of
sensitivity/specificity of the TRIO antibody available that recog-
nize these fusion proteins (data not shown).

Are TRIO fusions specific to sarcomas with complex genetics?
The seven identified translocated cases belong to different
histotypes: three undifferentiated pleomorphic sarcomas, two
dedifferentiated liposarcomas, one pleomorphic rhabdomyosar-
coma, and one myxofibrosarcoma. According to the Fédération
Frangaise des Centres de Lutte Contre le Cancer grading system, five of
them were classified as grade 3 (T1, $867, $829, $822, and $909)
and two as grade 2 tumors (T2 and $921). Three tumors presented
a metastatic relapse and two presented a local recurrence (Table
2). These results indicate a trend toward tumor aggressiveness
without reaching significance considering the number of cases.
Specificity of all TRIO chimeric transcripts has been tested on
two independent cohorts of 74 GISTs and 24 synovial sarcomas
by RT-PCR. None have been identified in these nonpleomorphic

Figure 3.

FISH on one TRIO fusion gene

case. On the representative picture of
FISH, we could observe unbalanced
rearrangement of TR/O highlighted by
arrows in metaphase cell of CLT and
interphase cell of T1. BAC clone
covering 5’ part of TR/O (red signal) and
two BAC clones covering 3 part of
TRIO (green signals) were used.
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sarcoma cohorts associated to a specific oncogenic event (KIT/
PDGFRA mutations and t(X;18) translocation, respectively;
refs. 2-5).

TRIO gene fusion appears, thus, specific so far to nontransloca-
tion-related sarcomas.

New aa
before
stop codon
n7

n7

196

Do TRIO fusions induce a specific transcriptomic program?

To test whether the presence of chimeric TRIO transcripts could
be associated with a peculiar transcriptional profile of the fused
TRIO samples (FTS), we applied unsupervised clustering method
on 117 sarcomas with RNA-seq expression, including the six fused
TRIO cases and the 111 nonfused TRIO samples (non-FIS; Sup-
plementary Fig. S5). Our results indicate that FTSs do not have
similar transcriptomic profiles as they did not cluster together.
FTSs are localized within a subgroup of nonmuscular sarcomas,
located in the extremities (adjusted Fisher P = 0.014 for both
tumor differentiation and location).

We then performed a supervised differential gene expression
analysis comparing fused and nonfused cases and identified 423
significant genes (Supplementary Fig. $6), out of which 69
were overexpressed in the FTS (Supplementary Table S5) and
354 overexpressed in non-FIS (Supplementary Table $S6). We
observed that TRIO and TERT were significantly more expressed
(4.88 and 16.20 times, respectively) in FTS (adjusted Wald's P = 4
% 10”7 and 4.66 x 107, respectively). To establish whether TRIO
overexpression is due to wild-type or fused TRIO, we measured
TRIO differential exonic expression of FTS versus non-FI'S using
DEXSeq (Supplementary Fig. S7; ref. 26). As the analysis could not
be done on the whole non-FTS cohort (n = 111), we selected the
40 (maximum analysis capacity) samples that highly expressed
TRIO. This analysis did not measure any differentially expressed
exon in FTS versus non-FTS. However, we can see a slight exonic
usage switch in layer "exon usage" starting at exon 34. Exons
before this point are a bit more expressed in FIS, where TRIO
expression is due to wild-type and fused TRIO. The trend is
inversed after the breakpoint; exons 34 at 58 are a bit more
expressed in non-FIS. In addition, this result shows that as no
reciprocal fusions were observed in FIS and exons beyond 34 are
expressed, wild-type TRIO is expressed in FTS. Genes interacting
with TRIO and TERT were not identified as differentially expressed
according to BioGRID (23).

GSEA (24, 25) was then applied on the Hallmarks new collec-
tion included in the MSidDB v5.0 database (containing 50
referenced gene sets). In fused TRIO samples, 16 significantly
enriched gene sets were identified, mainly implicated in immu-
nity/inflammation (6/16 gene sets), regulation of cell cycle
(3/16), and cell proliferation and migration (3/16; Supplemen-
tary Fig. $8). Immunity gene set enrichment due to immune cell
infiltration has been ruled out following a histologic review
indicating that there was no significant difference between trans-
located and nontranslocated cases in terms of immune cell
infiltration. In non-FIS, overexpressed gene sets are implicated,
notably in myogenesis and adipogenesis (Supplementary Fig. S9).

These data suggest that TRIO fusion events are associated with
overexpression of genes involved in immunity and inflammation,
regulation of cell cycle, cell proliferation, and migration.
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Do fusions trigger TERT reactivation?

In a tumoral context, telomere length is maintained by two
exclusive ways, either by telomerase reactivation or by the alter-
native lengthening of telomeres mechanism (ALT mechanism),

UPS
UPS
MFS

Table 2. Clinical and pathologic data for individuals harboring TR/O gene fusion

Case
m
$867
S829
5822
S909
S921
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Figure 4.

Effect of TRIO33-TERT, knockdown on cell proliferation. A, TRIOz3-TERT,, TRIO33-TERT3, and TRIO mRNAs relative expression levels have been determined by gRT-
PCR at day 0 (DO) and day 4 (D4) in the cell line expressing doxycycline-inducible shRNA-targeting TR/O33-TERT, isoform (shTRIO33-TERTZ2) and the

cell line expressing control ShRNA (shNT, nontargeting shRNA). These cell lines have been treated (+) or not (—) with doxycycline (Dox) for 2 days before DO.
ShNT-Dox is used as control. B and C, Proliferation assay has been performed during 4 days on CL1 with shRNA control (B) or shTRIO33-TERT2 (C) treated

or not with doxycycline (representative of one experiment; n = 2, 8 replicates per condition). P values between shTR/O33-TERT2 - and + doxycycline conditions are
significantly different (Wilcoxon's P with Benjamini-Hochberg adjustment < 0.05) from 27 hours of experiment. P value at 96 hours is indicated by the

vertical line in graph.

and both mechanisms appear to be mutually exclusive (35, 36). In
pleomorphic sarcomas, the ALT mechanism is very frequent (60%
of cases; ref. 37). To test whether TRIO-TERT fusion could be
associated with TERT reactivation, we evaluated the colocalization
of PML and TERF2 as a hallmark of the ALT mechanisms, which, if
negative, means that it is the telomerase reactivation pathway
(38). The four TRIO-TERT interpretable cases were negative for
PML/TERF2 colocalization and, consequently, negative for ALT
mechanism. Moreover, $921 (TRIO34,-ZNF558) presented the
same results and was also declared ALT negative (Supplementary
Fig. $10).

Do TRIO fusions trigger phenotype modifications?

To uncover the role of TRIO fusions, we performed TRIOs3-
TERT,; knockdowns in CL1 using lentivirally delivered shRNA
contructs. Two shRNAs for each isoform were tested at day 0 and
day 4 and only one allowed the specific decrease of TRIO35-TERT,

864 Clin Cancer Res; 23(3) February 1, 2017

(50%) at 4 days without decreasing TRIO and TRIO;3-TERT;
expressions (Fig. 4A). With respect to transcriptomic analysis, we
thus used it to run proliferation assays in CL1. As shown in Fig. 4B
and C, contrary to the nontargeting shRNA, knocking down
TRIO;3-TERT; significantly reduces cell proliferation.

Discussion

Sarcomas with complex genetics are tumors that harbor a high
number of chromosomal rearrangements. To better understand
the biology of these tumors, we searched for recurrent chimeric
transcripts.

Chimeric transcripts in nontranslocation-related sarcomas

In the current study, 10,382 potential chimeric transcripts have
been predicted, and 3,604 of them were considered read-throughs
by the detection algorithm deFuse. Although read-throughs were
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not considered in this study, it has been reported that tumor-
specific read-through expression could be involved in oncogen-
esis (39).

More than 80 filtered fusion transcripts were predicted per case
in nontranslocation-related sarcomas, and most of the chimeric
transcripts detected arose from intrachromosomal rearrange-
ments and were not in-frame (96%). This is in agreement with
data reported by Yoshihara and colleagues, regarding fusion
transcript prediction in a large series of 4,366 cancers (various
types excluding sarcomas; ref. 40). They showed that the high
complexity of tumor genome is associated with a higher number
of predicted fusion transcripts. Our results are consistent with the
high genomic complexity levels of nontranslocation-related sar-
comas. On the contrary, according to the data presented by
Yoshihara and colleagues, approximately 36% of detected fusion
transcripts were predicted to be in-frame in their cohort compared
with 4.13% in our study. This suggests that chimeric transcripts
could have other role(s) in nontranslocation-related sarcomas as
they would mainly produce a truncated protein or no protein
product at all.

TRIO gene fusions lead to truncated TRIO protein expression

Here, we report recurrent TRIO fusions identified by RNA-seq
and validated in 6 poorly differentiated pleomorphic sarcomas
out of 117 (5.1%) and one dedifferentiated liposarcoma (T2)
identified in aCGH analysis out of 26 nontranslocation-related
sarcomas (3.8%). Three different TRIO fusion partners have been
identified in this study, TERT, LINC01504, and ZNF558. Whatever
the fusion partner, breakpoints in TRIO are consistently either
after exons 33 or 34. This likely suggests that either these con-
served domains, in the fused TRIO proteins, are essential or
that genomic location of the breakpoint is specifically targeted
by an unknown mechanism. Furthermore, two of the partners
(LINC01504 and ZNF558) are fused out-of-frame, suggesting that
translocation leads to a truncated TRIO protein and that this
truncated form is of a selective advantage for tumor cell. This
hypothesis is strengthened by the isoform-specific quantitative
analysis, showing that chimeric transcripts with an out-of-frame
TERT fusion are the most expressed. It is even more strengthened
by the differential expression analysis. For statistical consider-
ation, GSEA (50 cancer Hallmarks) was applied instead of Gene
Ontology (41) analysis, and we evidenced that TRIO-translocated
cases significantly overexpressed genes involved in immunity/
inflammation, cell proliferation, and migration.

TRIO protein has two GEF domains (42). While GEF1 mediates
GDP to GTP exchange, leading to Rac1 and RhoG activation, GEF2
domain triggers RhoA activation. In addition to these domains,
TRIO has a SEC14 domain, several spectrin repeats, two SH3
domains, an Ig-like domain, and a serine kinase domain. Unlike
the GEF domains, the roles of these latter domains are still unclear.
Racl and RhoG are members of Rho proteins controlling several
pathways leading to cytoskeletal rearrangements, kinase activa-
tion, and gene transcription. They are implicated in cell prolifer-
ation and motility (43).

All TRIO fusions encode for TRIO N-terminal domains Sec14,
spectrin, and GEF1 domain (Supplementary Fig. S11), which
triggers Racl activation. Racl has been demonstrated to be
directly involved in transformation and tumor progression
(44). Racl acts by promoting anchorage-independent growth
(45), proinflammatory pathway (46), proliferation, cell spread-
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ing, and migration by regulating lamellipodia formation (47, 48).
Interestingly, TRIO gene fusions lead to the loss of the C-terminal
GEF2, suggesting that the GEF2 domain is not associated to the
process of tumor progression in sarcoma. This is consistent with
the observation that most processes induced by TRIO depend on
the activation of Racl by GEF1 and not on the activation of RhoA
by GEF2 (49). Moreover, the depletion of TRIOs3-TERT, isoform
demonstrates that TRIO fusion has an impact on cell proliferation.
As this isoform is the least expressed in all cases, we hypothesize
that the effect would be stronger if the TRIO55-TERT}; isoform was
downregulated concomitantly (no shRNA available).

TRIO encodes at least seven different isoforms (49) and two of
them (B and C), containing only the Sec14, spectrin, GEF1, and
SH3 domains, are exclusively expressed in nervous system (50).
Interestingly, the TRIO exons involved in the fusions (exons 1 to
33-34) are exactly the same as the ones observed in the two
neuronal isoforms B and C, and as a consequence, they share the
same protein domains. The role(s) of these two isoforms is
unknown. Salhia and colleagues (51) have demonstrated that
the transcriptional activation of the nervous system-specific TRIO
isoform, through transfer in a different cellular context, could be
an efficient way to hijack and remodel existing metabolic path-
ways for the benefit of tumor cells as demonstrated in glioblas-
toma (51).

Telomerase reactivation in TRIO-fused cases

TRIO gene has been identified in fusion with three partners:
TERT, LINC01504, and ZNF558. Although TERT's role on elon-
gation of telomeres is well known, the role of LINC01504 and
ZNF558 is unknown. Stransky and colleagues (52) identified
TRIO;5-TERT, fusion in two dedifferentiated liposarcomas. The
authors suggest that this gene fusion could permit the expression
of TERT in these tumors. In our study, the length of telomeres is
maintained by telomerase reactivation and not by ALT mecha-
nism in the TRIO gene fusions. TERT is overexpressed in these
samples regardless of the TRIO fusion partner (ie., TERT,
LINC01504, and ZNF558), suggesting that, in these cases at least,
telomerase activation is not associated with TRIO rearrangements.
Moreover, in-frame TERT chimeric transcript loses the TEN
domain of TERT permitting the fixation of TR RNA, the matrix
for telomeres elongation (32). This prompts us to conclude that

tumors.

TRIO gene fusion is specific to nontranslocation-related
sarcomas

TRIO fusion transcripts have been detected exclusively in a
cohort of sarcomas with complex genetics. We did not detect any
TRIO chimeric transcript in large cohorts of GISTs and synovial
sarcomas, which are both sarcoma subtypes associated with a
specific genetic alteration and a very low genomic complexity.
Moreover, in Yoshihara and colleagues' study (40), chimeric RNA-
seq data of 4,366 tumor samples have been submitted to fusion
detection, and TRIO fusion transcripts have not been detected in
the whole cohort of various tumors (excluding sarcomas). TRIO
fusions could therefore be quite specific to nontranslocation-
related sarcomas, with an incidence of around 5%. It is the unique
recurrent gene fusion so far identified in these aggressive
nontranslocation-related sarcomas. Within this large sarcoma
category, TRIO fusions are not limited to a specific histologic
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subtype. This suggests that, unlike sarcomas with simple genetics
and a recurrent specific translocation (e.g., Ewing sarcoma, syno-
vial sarcoma, and alveolar rhabdomyosarcomas), which are asso-
ciated to a specific transcriptomic profile (14), this chromosomal
event is certainly not an initiating one but a secondary one caused
by genetic instability of nontranslocation-related sarcomas and
involved in tumor progression via cell proliferation enhancement.
However, we did not have sufficient statistical evidence with seven
cases to highlight this point, and we cannot exclude the possibility
that more cases would permit to refine the biological and/or
clinical context associated with these TRIO rearrangements.
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Supplementary Figure 1: Identification of FARSA-SYCE2 and GSE1-RP11-680G10.1 read-throughs in
sarcoma CL1 and normal tissue. RT-PCR and chromatograms obtained with FARSA-SYCE2 or GSE1-
RP11-680G10.1 primers. Vertical black lines indicate sequence merge between the two genes. Legend: C
refers to PCR control, NT is normal tissue and bp is base pairs.

Supplementary Figure 2: aCGH (SNP-array) profile of CL1 which present a genomic rearrangement
of TRIO and TERT genes. Horizontal black line represent chromosome 5 from 11500 kb to 16000 kb (A)
and 600 kb to 1600kb (B). The log ratios of tumor versus reference are indicated on the y axis. Each purple
point is a probe representing a short genomic region status. Above the aCGH plot, genomic location of genes
are shown in pink, exons are represented in vertical lines and introns in horizontal. TRIO (A) and TERT (B)
genes are indicated by arrows showing the strand orientations. For both TRIO and TERT genes genomic
regions are amplified. Legends: kb is kilo base.
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Supplementary Figure 3: Expression percentage of the two TRIO-TERT isoforms in three cases. TRIO-
TERT, expression percentage is indicated in red and TRIO-TERT, expression percentage in blue.
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Supplementary Figure 4: Predicted acceptor splicing regions in intron 2 and 3 of LINC01504.
LINCO01504 intronic sequences (intron 2 and 3, respectively) with validated fusion point represented by the
“I” character. Nucleic acids in red are acceptor splicing site predicted by Human Splicing Finder.

LINCO1504 intron 2

ctctgagacatagataatattgttattcccattttacag|atgaaggaacgagggcacagagagattcgagttgtcacccaagctcacatageacca

LINCO1504 intron 3

ctctttcctctecgectcagagtttacctatttattccag | aaacaaaggcacagacgtcattgtcacgttgtgeacttgaatttcaactccgaactgacc
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Supplementary Figure 5: Transcriptomic profile clustering of the 117 non-translocation-related
sarcomas. Additional information were added above sample names (from top to bottom): red refers to fused
TRIO samples, UPS, LMS, DDLPS, MFS, PLPS, PRMS and Other refer to sarcoma histotypes. This
indicates fused TRIO samples do not share a similar transcriptomic profile. Legend: CI : UPS:
Undifferentiated Pleomorphic Sarcoma ; LMS: leiomyosarcoma ; DD LPS : Dedifferentiated Liposarcoma;
MFS : Myxofirosarcoma ; PLPS : pleomorphic liposarcoma ; PRMS : pleomorphic Rhabdomyosarcoma.
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Supplementary Figure 6: Volcano plot of the 117 sarcomas with six fused TRIO cases versus 111 non-
fused TRIO cases. Horizontal and vertical dashed red lines are log2 fold change and —log10 adjusted p-
value thresholds (1/-1 and log2(0.05) respectively). Red points are significant differently expressed genes
according to the defined thresholds. TRIO gene is highlighted in blue triangular point and TERT gene in
green square. TRIO and TERT genes are identified among the most differentially expressed genes with the
higher expression in fused TRIO samples versus non-fused TRIO samples.

4 TRIO

= TERT

* 421 other significant genes
* 18794 non-significant genes

-log10 p-value

354 overexpressed in non-fused TRIO 69 overexpressed in fused TRIO
T T T T T T T
-6 -4 -2 0 2 4 6

log2 fold change

Page 172 3 — Résultats



Supplementary Figure 7: Exonic expression of fused TRIO fused and non-fused TRIO cases. TRIO
differential exonic expression of fused TRIO samples versus non-fused TRIO samples using DEXSeq. Since
the analysis could not be done on the whole non-fused TRIO samples cohort (n=111), we selected the 40
(maximum analysis capacity) samples that highly expressed TRIO. Layer “Expression” represents the
average exonic expression. Layer “Exon usage” represents the exon usage considering similar expression

between fused TRIO samples and non-fused TRIO samples. Layer “Normalized counts” represents

expression values for all tumors. Legends: FTS, fused TRIO samples; non-FTS, non-fused TRIO samples.
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Supplementary Figure 8: Enrichment plot for significant Hallmarks in six fused TRIO samples
included in the MSig5.0 database according to GSEA. Plots represent the distribution of differentially
genes between fused TRIO versus non-fused TRIO samples (from left to right). Genes involved in the gene
set are shown with vertical black lines. The green line represents the enrichment profile depending on gene
distribution and tested gene set. Adjusted P-value for gene sets enrichments are indicated below each plot

(FDR Q-value).
Enrichment plot:
- HALLMARK_PROTEIN_SECRETION

ua f

ol
LT L

FDR Q-value : 0.000

nrichment plot: HALLMARK_G2M_CHECKPOINT

m

s
oo
am
o v assale

FDR Q-value : 0.000

Enrichment plot:
HALLMARK_TGF_BETA_SIGNALING

iz
=
il u\/\“

I RRRANY

Enrichment plot:
HALLMARK_ANDROGEN_RESPONSE

2

O
" st 41
as

FDR Q-value : 0.004

Enrichment plot:
HALLMARK_INTERFERON_ALPHA_RESPONSE

FDR Q-value : 0.000

Enrichment plot:
HALLMARK_IL6_JAK_STAT3_SIGNALING

FDR Q -value : 0.000

Enrichment plot:
HALLMARK_MTORCI_SIGNALING

LW ALLLLR

FDR Q-value : 0.000

Enrichment plot:
HALLMARK_UNFOLDED_PROTEIN_RESPONSE
am

=l f
wlf

P PN
v

© S —

s

FDR Q-value : 0.010

HALLMARK | INTEIFERON GAMMA RESPONSE

/\

e il

FDR Q-value : 0.000

Enrichment plot: HALLMARK_E2F_TARGETS
an

o

FDR Q-value : 0.000

Enrichment plot: HALLMARK_COMPLEMENT
-

s
awlf
4
o=t
“ww ens consan W
o8
0 L

Enrichment plot:
HALLMARK_INFLAMMATORY_RESPONSE
as

a
aw
aes
el
an‘mu sty s
M L SR
2
.

FDR Q-value : 0.000

Enrichment plot:
HALLMARK_TNFA_SIGNALING_VIA_NFKB
"

am

e

o

P

an‘mru Com .|».4- l W
o S——

-

FDR Q-value : 0.000

Enrichment plot: HALLMARK_MYC_TARGETS_V1

e

oo

LWN;» u,w...,wlv...u. u W
o

o e sl

FDR Q-value : 0.005

FDR Q-value : 0.021

plot: HALLMARK_DNA_REPAIR

FDR Q-value : 0.031

Page 174

3 — Résultats



Supplementary Figure 9: Enrichment plot for significant Hallmarks in 111 non-fused TRIO samples
included in the MSig5.0 database according to GSEA. Plots represent the distribution of differentially
genes between fused TRIO versus non-fused TRIO samples (from left to right). Genes involved in the gene
set are shown with vertical black lines. The green line represents the enrichment profile depending on gene
distribution and tested gene set. Adjusted P-value for gene sets enrichments are indicated below each plot
(FDR Q-value).
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Supplementary Figure 10: ALT mechanism status determined by PML/TERF2 immunofluorescence

analysis. IF showing an of an example of PML (green) and TERF2 signals (red) colocalization in a tumor

sample (Control, ALT+) and an example of absence of PML and TERF2 proteins colocalization (T1, ALT-)
indicating that the ALT mechanism should be inactive in this tumor (ALT-). Magnification: X1000.
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Supplementary Figure 11: Schematics of predicted TRIO fusions proteins. A) is the representation of
wild type TRIO (blue) and TERT (red) respectively. Orange line in wild type TERT indicates the nuclear
location signal domain. B) are the fused TRIO combinations. New supplementary C-terminal domains issued
of out-of frame chimeric transcripts are indicated in black hatches. Fusion point is represented by vertical red
line. Legends: DH : Dbl Homology domain; PH : Pleckstrin Homology domain ; SH3 : SRC Homology 3
domain ; Ig-like : Imunoglobulin-like domain; TEN : TERT N-terminal domain; TRBD : Telomerase RNA-
binding domain ; CTE : C-terminal domain.
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Supplementary Tables

Forward Reverse
TRIO exon 33 ccaaggagacggcagcag atcaccactgtcagctcaca
TRIO exon 34 gtggttcactgtgcatcgc gatcatgtggggctggagg
TERT exon 3 gagctgacgtggaagatgag acgtacacactcatcagcca
TERT exon 2 cagtgcctggtgtgcgtg aaggccagcacgttcttc
ZNF558 gtgatcttatttccctcaatctccag | tcctgagagttttaagggaaagec
AK095210 intron 2 ggtcacacaagagtttctccaa ggctgectgattcaaatctc
AK095210 intron 3 aagaaccactccctctttccte catgtcaccatgaggcattc
AK095210 exon 4 ggaagccgaggagaagtcat tggaggttgcagtgagge
FARSA gtcttccgtccagagatgcet ggggactgtcatacaccatct
SYCE2 gaagagaactgcgaggagga tgaagttggtcatgagtgca
GSE1 cccgggtgagataageagtt gttttggttggagcgatggt
RP11-980G10.1 tgtggatctctggaagcatct atctgggccttgttctgete

Supplementary Table 1: RT-PCR primers used for fusion transcripts detection. Forward

and reverse primers used to control PCR before proceeding to fusion transcript detection.

Transcript Forward Reverse Probe
TRIO(exon 33)-TERT(exon 2) cteacggacgtctcagaaca aaggccagceacgttettc taaggtgtectgectgaagy
TRIO(exon 33)-TERT(exon 3) ccagcctgatacgatttcca acacagccaaccccttatcg cgcctcacggacgtctcagaac
TRIO(exon 34)-TERT(exon 2) tccagaagtagcatggaaatgga cgggccaccagcetectt | catcttcaaccacaaaggtgtectgee
TRIO(exon 34)-TERT(exon 3) ccactccagaagtagcatggaa tgcggecggaacaca | tggagggcatcttcaaccacaaagg

TRIO (exon 33-34) tcacggacgtctcagaacac gatcaccactgtcgctcaca | tggacagcgataagctctctggtgg

Supplementary Table 2: Primers used for fusion transcript quantification. Forward,

reverse and probe primers used to proceed to fusion transcript quantification by qPCR .
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ShRNA Name Sequences

shRNA NT F 5'-CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTT-3"
shRNANTR 5'-AATTAAAAACAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTG-3"
shRNA TRIO33TERT2 F

5'-CCGGGCGATAAGGTGTCCTGCCCTCGAGGGCAGGACACCTTATCGCTTTTT-3'
ShRNA TRIO33TERT2 R 5'-AATTAAAAAGCGATAAGGTGTCCTGCCCTCGAGGGCAGGACACCTTATCGC-3'

Supplementary Table 3: shRNA sequences. Forward and reverse sequences of TRIO33-

TERT2 shRNAs and control Non Targeting shRNA (shRNA NT).

Characteristics Cohort (n=24)
Median follow-up (years) 2.41 (C195% 1.44-6.88)
Median Age (years) 63 (C195% 56-66)
Sex

Female 9 (37.5%)

Male 15 (62.5%)
FNCLCC grade (%)

1 2 (8.33%)

2 4 (16.66%)

3 15 (62.5%)

NA 3 (12.5%)
Histological type (%0)

UPS 8 (33.33%)

LMS 7 (29.16%)

MFS 3 (12.5%)

PLPS 3 (12.5%)

DDLPS 2 (8.33%)

PRMS 1 (4.16%)
Location

Lower limb 13 (54.16%)

Trunk wall 6 (25%)

Internal trunk 3 (12.5%)

Upper limb 1 (4.16%)

Gl tract 1 (4.16%)
Relapse events (%)

Metastasis 13 (54.16%)

Local recurrences 7 (29.16%)
Median Size of tumour (mm) (n=21) 80 (C195% 75-120)

Supplementary Table 4: Sarcomas cohort analysed in aCGH (n=24).
Legend: Cl : confidence interval ; UPS: Undifferentiated Pleomorphic Sarcoma ; LMS:
leiomyosarcoma ; DD LPS : Dedifferentiated Liposarcoma; MFS : Myxofirosarcoma ; PLPS :

pleomorphic liposarcoma ; PRMS : pleomorphic Rhabdomyosarcoma ; Gl: Gastro intestinal
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3.2.3 — Conclusion

~

A sa publication, cette étude représentait la plus vaste exploration de transcrits chimé-
riques récurrents dans les SGC. Par la suite, ces résultats ont été confirmés par d’autres groupes
qui retrouvent ces mémes types de réarrangements de TR/O. Une premiere étude rapporta trois
cas exprimant TRIO-TERT (deux DDLPS et un UPS) et deux cas TRIO réarrangés (TRIO-
CTNNA2 dans un UPS et TRIO-CDHIS8-TERT dans un DDLPS ; The Cancer Genome Atlas
Research Network, 2017). Deux études supplémentaires rapporterent 1’expression de TRIO-
TERT dans un myxofibrosarcome (Ogura et al., 2018) et dans un liposarcome a cellules fusi-
formes (Suster et al., 2019). Cette récurrence est également retrouvée au niveau des points de

fusion de TRIO (exons 33 ou 34).

En analyse pan-cancer sur 33 types de cancers explorés dans le cadre du consortium
TCGA, de nouveaux genes de fusion impliquant TRIO ont pu étre mis en évidence (table 7;
Gao et al., 2018). Bien que de nombreux partenaires de TRIO soient retrouvés dans I’ensemble
des tumeurs, I’expression de TRIO-TERT est spécifique aux sarcomes ainsi que la récurrence
de(s) point(s) de fusion impliquant les exons 33 et 34 de TRIO. Ces données nous laissent
alors suspecter 1’existence d’une séquence et/ou structure d’ ADN particuliere qui rendrait cette

région sensible a des cassures dans les sarcomes.

Dans une lignée cellulaire d’UPS, nous avons montré que I’inhibition de I’expression
de TRIOexon 33-TERT exon » diminue la prolifération cellulaire (Delespaul er al., 2017). La perte
des exons 35 a 57, dans tous ces transcrits chimériques validés, pourrait ainsi conférer de nou-
velles propriétés a ces sarcomes, participant a la biologie de la tumeur par une sélection clonale
positive. Ceci serait en accord avec la conservation du domaine GEF1 de TRIO, permettant I’ac-
tivation des GTPases Racl et RhoG; Racl étant impliquée dans la mobilité et la prolifération

(Jaffe & Hall, 2002 ; Schmidt & Debant, 2014).

Plusieurs informations nous laissent suspecter que I’expression d’un TRIO tronqué ne dé-
livre pas un message oncogene fort. Tout d’abord, il n’existe pas de lien entre I’altération de
TRIO et les données cliniques associées a la tumeur (différences en matiere de sous-types his-

tologique, localisation tumorale et agressivité). Ceci contraste avec les genes de fusion agissant

3 — Résultats Page 179



Localisation tumorale Gene(s) de fusion Région de TRIO

TRIO-LRFNS5 Exon 46

Sein TRIO-MARCHI11 Exon 48
TRIO-IFT52 Exon 54

TRIO-FAM53B Exon 11

Téte et cou (CS) TRIO-PPP2R5E & ARIH2-TRIO | Exon 3 & exon 4

Foie TRIO-ZNF131 Exon 1

TRIO-SNHG18 Exon 34

Poumon TRIO-DNAH)5 Exon 27
TRIO-UHRF?2 Exon 1

Poumon (CS) TRIO-FBXL7 Exon 27
Prostate TRIO-IQUB Exon 8

TRIO-TERT Exon 34

TRIO-TERT Exon 33

Tissus mous TRIO-TERT Exon 34
TRIO-CTNNA2 Exon 11

TRIO-CDHI18 & CDHI1S8-TERT Exon 34

TRIO-CLNK Exon 31

Peau TRIO-ADAMTS12 Exon 21

TRIO-SLC9A3 Exon 28

TABLE 7 — Réarrangements de TRIO identifiés en analyse pan-cancer sur 9624 tumeurs (Gao et al.,
2018). Dans ce tableau, une ligne correspond a I'expression d’un transcrit chimérique impliquant TRIO
dans une seule tumeur. CS : cellules squameuses.

comme des oncogenes forts (tels que BCR-ABLI et EWSRI-FLII) qui sont généralement as-
sociés a une différenciation et/ou un phénotype agressif distincts. Ensuite, si I’expression d’un
transcrit chimérique oncogene gouverne le profil transcriptomique des sarcomes a transloca-
tion (partie 1.2.3.2 page 52), ici I’expression de ces différents transcrits ne conduit pas a une

quelconque spécificité transcriptomique.

TRIO-TERT étant le seul gene de fusion récurrent exprimé dans les SGC, I’oncogenese
de ces tumeurs n’est pas permise par I’expression de transcrits chimériques drivers. Nous avons
par la suite continué d’explorer ces données en mettant 1’accent sur les nombreux transcrits chi-
mériques tronquants exprimés. La poursuite de ce travail a conduit a identifier des inactivations
d’ATRX dans 16% de notre cohorte, par altérations structurales (délétions, translocations et in-
versions) et ponctuelles (mutations faux-sens et non-sens). Les conséquences fonctionnelles de

I’inactivation d’ATRX font aujourd’hui I’objet d’un sujet de these au sein du laboratoire.
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4 | Discussion et perspectives

L’ objectif de ma these était d’étudier les conséquences transcriptomiques du remodelage
génomique des sarcomes pléomorphes. Cette étude s’est appuyée sur deux axes, tenant compte
de I’important remaniement du génome de ces tumeurs et de leur fort potentiel métastatique. La
complétion de ces travaux nous a amené a valider I’application de la signature CINSARC sur
le systeme nCounter (NanoString). Ceci permet d’obtenir la prédiction du risque métastatique,
donné par la signature, en adéquation avec les pratiques cliniques courantes. Par ailleurs, I’ana-
lyse des transcrits chimériques exprimés dans ces tumeurs nous a conduit a identifier le seul

gene de fusion exprimé de facon récurrent : TRIO-TERT.

4.1 — La signature CINSARC

Les travaux que j’ai eu I’occasion de réaliser durant ma these ont principalement porté
sur la signature CINSARC. Un long chemin a été parcouru depuis sa définition il y a bient6t 10
ans (Chibon et al., 2010) et les différentes études réalisées au cours de ma these ont contribué a
mieux comprendre ses conséquences biologiques et a répondre aux enjeux cliniques de cette si-
gnature transcriptomique. Une revue sur CINSARC est présentée annexe I'V page 263 (Chibon

et al., 2019).

4.1.1 — Sa régulation

La complétion du projet TCGA sarcomes (The Cancer Genome Atlas Research Network,
2017) nous a donné I’opportunité d’étudier les possibles origines de 1’expression de CINSARC
au travers de puissants régulateurs de 1’expression génique : la méthylation de I’ADN et I’ex-
pression de miRNA. Nous avons ainsi identifié les tumeurs a haut et bas risque métastatique

selon la signature et réalisé des analyses différentielles entre ces groupes.
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4.1.1.1 — Via la méthylation

Nous avons commencé par mesurer d’importantes modifications de méthylation de
I’ADN entre groupes de pronostics différents, dont le plus agressif (CINSARC C2) est asso-
cié a une hypométhylation globale du génome. Ceci concorde avec les données de la littérature
puisqu’une diminution de la méthylation est observée aux stades précoces de 1’oncogenese et
est encore plus prononcée chez les tumeurs les plus agressives en contribuant activement au
processus d’instabilité génétique (Ehrlich, 2002, 2009 ; Kulis & Esteller, 2010). Cela est co-
hérent avec le statut instable des tumeurs CINSARC C2 puisqu’elles présentent un plus grand
nombre d’altérations quantitatives ainsi qu’une charge mutationnelle, une hétérogénéité et une

ploidie plus importantes (figure 30 page 153).

De facon plus spécifique, I’hypométhylation des régions péri-centromériques a pu €tre as-
sociée a des réarrangements génomiques de bras chromosomiques tels que le gain du 1q dans les
hépatocarcinomes (Wong ef al., 2001) ou le gain du 8q dans les tumeurs de la prostate (Schulz
et al., 2002). De plus, les régions génomiques répétées sont normalement hautement méthylées
afin de maintenir I’intégrité du génome et de prévenir les recombinaisons anormales (Kulis &
Esteller, 2010). Puisque les SGC sont tres réarrangées et plus particulierement les CINSARC
C2, il pourrait €tre informatif de comparer le niveau de méthylation autour des cassures géno-

miques par rapport aux régions non réarrangées.

Si le génome des tumeurs CINSARC C2 est globalement hypométhylé, nous n’avons pas
identifié de méthylation préférentielle des régions promotrices des 67 genes de la signature.
Cela suggererait que la méthylation, bien qu’importante pour la progression tumorale, ne serait
pas directement motrice de I’expression de CINSARC. Afin de préciser le role de la méthylation
de I’ADN sur I’agressivité des SGC au travers de la signature CINSARC, il serait intéressant
de mener des expériences supplémentaires. Nous pourrions mener, sur des lignées cellulaires
établies au laboratoire, des expériences d’hypométhylation sur des lignées C1 (avec de I’azaci-
tidine ou de la décitabine ; Stresemann & Lyko, 2008) et d’hyperméthylation sur des lignées C2
(avec du méthotrexate ; Nyce, 1989) afin de mesurer un potentiel impact sur 1’expression de la
signature. Le cas échéant, des expériences de caractérisation phénotypique (migration, invasion,

prolifération et étude du potentiel métastatique in vivo) pourraient &tre envisagées.
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4.1.1.2 - Via I’expression de miRNA

Les données de miRNA-seq nous ont permis de mesurer d’importantes variations entre les
groupes CINSARC C1 et CINSARC C2. De nombreux oncomirs sont exprimés dans le groupe
hautement métastatique (figure 28 page 148) et leur niveau d’expression correle avec celui de la
signature CINSARC (figure 29 page 151). Dans le groupe CINSARC C1, nous avons identifié
trois candidats susceptibles de réguler négativement 1’expression de la signature. Des analyses
additionnelles nous ont permis de retenir mir-29c, dont I’expression est significativement anti-

corrélée a celle de 54 genes de CINSARC (soit 81% de la signature).

Ce miRNA a d’importantes fonctions biologiques et son expression a déja pu étre corré-
lée a un potentiel anti-métastatique dans les MPNST, en régulant négativement 1’expression de
MMP?2 (Presneau et al., 2013). De plus, il agit comme un régulateur négatif de la progression
du cycle cellulaire via la sous-expression de CCNE] dans les carcinomes a cellules squameuses
de I’cesophage (Ding et al., 2011). Il régule négativement la prolifération en ciblant RCC2 dans
les carcinomes gastriques (Matsuo et al., 2013). 1l influe sur la méthylation de I’ADN en régu-
lant DNMT3A et DNMT3B, deux méthyltransférases d’ ADN, dans les carcinomes pulmonaires
(Fabbri et al., 2007). 11 a un effet pro-apoptotique de concert avec p53 car il régule négativement
I’expression de CDC42 et PIK3R1 (deux régulateurs négatifs de pS3) dans le cancer du cdlon
(Park ef al., 2009). Finalement, sa diminution d’expression est corrélée a un mauvais pronostic
dans plusieurs types de cancers comme le lymphome a cellule du manteau (Zhao et al., 2010),
I’hépatocarcinome (Dong ef al., 2016), le mésothéliome pleural malin (Pass e al., 2010) ou

encore le carcinome gastrique (Wang et al., 2015).

Collectivement, ces données suggerent que mir-29¢ agirait comme un suppresseur de tu-
meurs au niveau transcriptomique. Ce miRNA n’a qu’une seule cible de CINSARC connue
(CCNA2; Hafner et al., 2010 ; Kishore et al., 2011 ; Whisnant et al., 2013 ; Memczak et al.,
2013) et sept cibles potentielles identifiées grace a des algorithmes bioinformatiques (Andrés-
Leén et al., 2015) : CDC7, ECT2, H2AFX, KIF4A, NDEI, TPX2 et TRIP13 (CCNA2 étant a la
fois une cible prédite et validée). En conséquence, une plus grande exploration de ce miRNA
pourra statuer sur sa relation avec I’expression de CINSARC. Nous pourrions envisager de le

sur-exprimer dans des lignées C2 et d’inhiber son expression dans des lignées C1 afin de me-
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surer la potentielle évolution de 1’expression de la signature CINSARC et la modification de
caracteres phénotypiques (migration, invasion, prolifération et étude du potentiel métastatique
in vivo). Des expériences pourraient aussi étre réalisées afin de valider les interactions prédites

entre mir-29c et genes de CINSARC.

4.1.1.3 — Analyse critique des résultats obtenus

Ces données (méthylation et miRNA) constituent la premiére exploration bioinforma-
tique d’une possible origine d’expression de la signature CINSARC. Il est certain que d’autres
analyses devront étre réalisées pour affiner ces premieres observations. Tout d’abord, nous pour-
rions confirmer (voire compléter) ces résultats sur les autres cohortes des projets TCGA puisque
nous avons démontré que CINSARC est universellement pronostique (Lesluyes et al., 2017).
Ceci d’autant que la cohorte TCGA sarcomes dispose d’un suivi des patients assez court (mé-
diane de 2,29 ans [1,75-3,22]), impliquant qu’un certain nombre de tumeurs non métastatiques
avec un suivi d’un an (seuil utilisé pour I’analyse) seront reclassées comme métastatiques avec
un suivi plus important. La mise a jour de ces données dans quelques années permettra alors
de mieux préciser le devenir métastatique, les analyses seront ainsi plus proches de la réalité

biologique des tumeurs.

Les analyses réalisées ne statuent que sur une association directe de 1’expression de la si-
gnature avec une possible voie de régulation. Cette approche est abordée en premiere intention
afin d’obtenir un premier regard non supervisé sur ces données mais la biologie des tumeurs ne
se résume pas uniquement a des associations aussi simples. Nous avons testé une association
directe de ces facteurs avec les 67 genes de CINSARC mais ces genes agissent de concert avec
d’autres au sein d’un réseau extrémement bien régulé (Su et al., 2004 ; Subramanian et al., 2005
; Szklarczyk et al., 2015), aussi bien dans les tumeurs C1 que dans les C2. 11 est donc tout a
fait possible que d’autres membres de ce réseau soient ciblés par une méthylation particuliere
et/ou un miRNA et que la modification d’expression de CINSARC pourrait étre indirecte, en
passant par d’autres membres du réseau de co-expression. Il faudrait en ce sens définir le réseau
complet de co-régulation autour de CINSARC pour préciser les analyses et peut €tre inclure les

miRNA car I’expression de certains d’entre eux correle avec la signature. Ce genre d’approche,
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notamment via la méthode weighted gene co-expression network analysis (Zhang & Horvath,
2005 ; Langfelder & Horvath, 2008), a permis d’identifier des réseaux transcriptomiques asso-
ciés a I’évolution clinique des plusieurs cancers, comme celui du sein, de la glande surrénale ou
encore de la vessie (Clarke er al., 2013 ; Yuan et al., 2018 ; Di et al., 2019). 1l serait aussi tres
intéressant de faire de la comparaison de réseaux entre celui identifié dans les sarcomes et ceux
que nous pourrions identifier dans d’autres tumeurs via les données du TCGA. Ceci permettrait

d’en mesurer la spécificité dans chaque type de cancer ou, au contraire, I’universalité.

Nous nous sommes ici restreints a 1’exploration de données concernant la méthylation et
I’expression de miRNA mais d’autres pistes encore non explorées pourraient étre a 1’origine
de ’expression de la signature. Il faudrait réaliser une analyse intégrative, combinant tous les
parametres disponibles afin d’identifier une possible combinaison de facteurs (cliniques, géno-
miques, transcriptomiques, épigénétiques, etc.) expliquant au mieux la définition des groupes
C1 et C2. Plusieurs algorithmes proposent ce genre d’analyse, comme iCluster ou PARA-
DIGM qui ont été utilisés dans différents projets du TCGA (Shen et al., 2009 ; Vaske et al.,

2010).

4.1.1.4 — Autres facteurs possibles

Les facteurs de transcription sont de puissants régulateurs du transcriptome et nombre
d’entre eux sont impliqués dans le processus d’oncogenese en tant qu’oncogene (EWSRI-FLII,
JUN, MYC, STAT3, etc. ; Lambert et al., 2018). A ce titre, deux acteurs majeurs impliqués dans
la régulation du cycle cellulaire pourraient concerner CINSARC. Premierement, la famille des
E2F est une famille de facteurs de transcription dont le role dans le cycle cellulaire est bien
décrit (Thurlings & de Bruin, 2016). Ces protéines permettent, entre autre, la transition G1/S
par expression de leurs genes cibles sous contrdle de pRb. Deuxiemement, FOXM1 (oncogene
et lui-méme membre de CINSARC), est également impliqué dans le cycle cellulaire, notamment
pour la transition G2/M par expression de ses genes cibles tout en étant négativement régulé par
pS3 (Liao et al., 2018). 11 est intéressant de noter que ces deux acteurs soient sous le controle
de RB1 et TP53, les deux genes les plus altérés dans les SGC (a hauteur de respectivement 80%

et 50% ; Chibon et al., 2000 ; Pérot et al., 2010). Il est tout a fait envisageable que ces facteurs
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de transcription soient impliqués dans 1’expression conditionnelle de CINSARC mais doivent
s’accompagner d’autres facteurs car I’importante proportion de tumeurs ayant perdu 7P53 et/ou
RBI ferait, sans ces facteurs additionnels, que la quasi-totalité des SGC seraient CINSARC C2,

ce qui n’est pas le cas.

Une autre piste pourrait passer par la conformation de I’ADN dont I’architecture 3D peut
étre associée a la formation d’usines de transcription (Jackson et al., 1993). De tels sites pour-
raient rassembler plusieurs régions génomiques contenant les génes de CINSARC et délivrer un
message transcriptomique coordonné. Un effort de caractérisation de 1’architecture de I’ADN
commence a émerger, notamment dans des lignées cellulaires (Dixon et al., 2012 ; Schmitt
et al.,2016). Des expériences d’Hi-C (Lieberman-Aiden et al., 2009) sont justement planifiées
dans I’équipe et seront réalisées d’ici quelques mois, afin de mieux comprendre I’impact des
altérations structurales sur 1’architecture du génome des SGC. Il sera alors possible de tester
si I’expression de CINSARC pourrait étre permise via des usines de transcription particulieres.
Peut-il exister des différences spatiales de la répartition des genes de CINSARC entre les cel-
lules saines et les sarcomes, les sarcomes C1 et C2, ou méme entre les sarcomes est les autres
tumeurs ? Quelle peut €tre la contribution des réarrangements génomiques, plus importants dans
les C2 que dans les C1, vis-a-vis de I’architecture du génome ? L’une des explications de la va-
leur pronostique de CINSARC au-dela des sarcomes pourrait précisément étre la présence d’une

usine de transcription qui soit universellement stable dans les cancers.

4.1.2 — N’est-ce "que" de l'instabilité ?

Comparativement aux autres types de cancers, les sarcomes pléomorphes présentent de
hauts niveaux d’instabilité chromosomique (The Cancer Genome Atlas Research Network,
2017). Parmi cette instabilité, les SGC possédant le plus d’altérations structurales sont significa-
tivement associées a un statut CINSARC C2. 1l a également été démontré que la sur-expression
de plusieurs membres de CINSARC (tels que MAD2LI1, BUBI, CCNBI, CCNB2 et ESPLI) in-
duit de I’instabilité chromosomique et permet le développement tumoral chez la souris (Sotillo

et al., 2007 ; Ricke et al., 2011 ; Nam & van Deursen, 2014 ; Mukherjee et al., 2014).

De récents travaux ont pu établir un lien direct entre cette instabilité génétique et 1’acquisi-

Page 186 4 — Discussion et perspectives



tion d’un potentiel métastatique (Bakhoum ez al., 2018). Les cellules génétiquement instables,
suite a des erreurs de ségrégation chromosomique, peuvent exclure un ou plusieurs chromo-
somes dans un micro-noyau. La présence d’ADN cytoplasmique, par rupture de la membrane
nucléaire du micro-noyau, est alors détectée par la voie cGAS-STING capable d’activer la voie
NF-xB de facon alternative et d’accroitre les capacités migratoires et invasives des cellules. Pour
autant, ’acquisition d’un potentiel métastatique par 1’expression de la signature ne serait-elle

permise que par un phénotype d’instabilité génétique ?

Nous avons montré, dans deux lignées d’UPS CINSARC C2, que des sous-clones tétra-
ploides étaient plus mobiles que les diploides (annexe III page 242; Jemaa et al., 2017). Si
I’expression transcriptomique de la signature CINSARC ne varie pas entre clones diploides et
clones tétraploides, des différences majeures sont néanmoins mesurées au niveau protéique. Les
protéines codées par les genes de CINSARC sont en effet retrouvées en quantité nettement su-
périeure dans les cellules tétraploides. De fagon intéressante, la kinase aurora A (AURKA) ne
semble pas dégradée en fin de mitose, ce qui laisse suspecter une défaillance du complexe de
promotion de 1I’anaphase. Ce complexe permet la transition de la métaphase a I’anaphase en dé-
gradant des protéines cibles (dont les kinases aurora), permettant, entre autres, le détachement
des chromatides sceurs par dégradation de la sécurine puis la sortie de la phase mitotique via
la dégradation de cyclines (Peters, 2006). Cette persistance protéique pourrait induire un phé-
notype de non-adhérence par modification du cytosquelette comme chez une cellule mitotique,
permettant une mobilité accrue des cellules ce qui augmenterait leur potentiel métastatique. Il
est dans ce contexte intéressant de questionner 1I’apport du doublement du génome sur le niveau
d’expression protéique de CINSARC et sur ses conséquences, sachant que les tumeurs C2 ont

des ploidies et des fréquences de doublements génomiques supérieurs aux tumeurs C1.

Parmi la signature CINSARC, on dénombre huit kinésines (KIF2C, KIF4A, KIF11,
KIF14, KIF15, KIF18A, KIF20A et KIF23). Les kinésines sont une famille de protéines mo-
trices qui se déplacent le long des microtubules. Elles participent au processus de mitose et a
I’architecture du cytosquelette en permettant le transport de complexes protéiques et d’organites
cellulaires (Hirokawa et al., 2009). 11 est rapporté que deux de ces kinésines (KIF'11 et KIF20A)
sont impliquées dans le processus d’angiogenese (Exertier ef al., 2013 ; Robitaille ez al., 2014).

Une conséquence fonctionnelle de la sur-expression de la signature pourrait alors étre une aug-
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mentation de la vascularisation tumorale, pouvant accroitre son potentiel métastatique.

Plusieurs moyens d’acquisition de capacités métastatiques seraient ainsi permis par I’ex-
pression de la signature CINSARC. Cela pourrait tout aussi bien passer de I’instabilité génétique
que par un autre mécanisme, voire une combinaison de facteurs. L’hypothese des conséquences
fonctionnelles multiples serait en accord avec la valeur pronostique universelle de la signature
car de grandes variations d’instabilité génétique sont observées entre les sarcomes et les autres
types de tumeurs. Il est certain que cette instabilité joue un réle crucial dans les SGC puisqu’elle
est leur signature génétique, mais CINSARC pourrait jouer sur d’autres voies biologiques pour

moduler le phénotype métastatique.

4.1.3 — Application clinique

Les différents travaux que nous avons réalisés ont permis de rendre CINSARC applicable
en conditions cliniques. Le premier transfert technologie effectué nous a permis de démontrer
que le RNA-seq est une technologique adaptée a 1’obtention du pronostic sur des tissus congelés
mais constitue une limitation majeure pour 1’analyse de blocs FFPE avec pres de 60% de cas
exclus car trop dégradés (Lesluyes et al., 2016). Avec le second transfert, nous avons démontré
que le systeme nCounter est une solution éprouvée pour 1’analyse de blocs FFPE (Le Guellec

etal., 2018).

Nous avons pu valider un systeme de quantification d’expression qui puisse étre quoti-
diennement applicable dans un contexte clinique. Cette méthode est ainsi tout a fait comparable
avec les autres techniques de biologie moléculaire (telles que la FISH ou la CGH-array) en ma-
tiere de quantité de matériel requis, colit d’analyse et de temps de manipulation effectif (Baffert
etal., 2013 ; Perrier et al., 2018). La phase finale de son application consiste en sa validation au
travers d’essais cliniques, ou I’impact de I’ utilisation de la signature sur le pronostic des patients

sera évalué.
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4.1.3.1 — En route vers les essais cliniques

Plusieurs essais cliniques intégrant CINSARC sont en cours et d’autres sont sur le point
de débuter. Ces essais testeront la valeur pronostique de CINSARC de facon rétrospective mais
également prospective, ce qui devrait étre la dernicre étape de I’intégration de la signature dans

les pratiques cliniques.

Etudes incluant une validation rétrospective de CINSARC :

ISG-STS 1001 est une étude de phase 3 du groupe EuroSarc ayant démontré qu’une chimio-
thérapie néoadjuvante guidée par le sous-type histologique n’apportait aucun bénéfice par
rapport a une chimiothérapie conventionnelle (Gronchi et al., 2017).

STRASS est une étude de phase 3 de I’ European Organisation for Research and Treatment of
Cancer qui évalue I’impact de la radiothérapie pré-opératoire pour les STM du rétropéri-

toine (NCT01344018).

Etudes prospectives basées sur CINSARC :

NEOSarcomics est une étude du GSF sur 200 patients qui évalue la valeur prédictive de ré-
ponse a une chimiothérapie néoadjuvante par rapport au pronostic donné par la signature
CINSARC.

CIRSARC est une étude du GSF (financement PHRCK-2016) de phase 3 sur 300 patients
atteints de STM non métastatiques et résécables de grade 3. Le groupe CINSARC Cl1
(estimé a 100 patients) sera traité de facon conventionnelle. Le groupe CINSARC C2
(estimé a 200 patients) sera randomisé (1:1) en deux groupes : traitement de trois cycles
de chimiothérapie néoadjuvante comparativement a six cycles de chimiothérapie néoad-
juvante.

CHIC-STS est une étude du GSF (financement PHRCK-2018) de phase 3 sur 500 patients
atteints de STM non métastatiques et résécables de grades 1 et 2. Le groupe CINSARC
C1 (estimé a 250 patients) sera traité de facon conventionnelle. Le groupe CINSARC C2
(estimé a 250 patients) sera randomisé (1:1) en deux groupes : sans et avec (quatre cycles)

de chimiothérapie péri-opératoire (pouvant étre adjuvante ou néoadjuvante).

Les trois études cliniques prospectives basées sur la valeur pronostique de la signature
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CINSARC permettront de répondre a des enjeux médicaux cruciaux pour la prise en charge des
patients. NEOSarcomics permettra d’évaluer la valeur prédictive de la réponse au traitement
de la signature. CIRSARC permettra de statuer sur 1’apport d’une chimiothérapie intensifiée en
situation néoadjuvante. CHIC-STS permettra d’évaluer le bénéfice de la chimiothérapie péri-
opératoire pour les tumeurs de bas grades (1 et 2) dont le consensus actuel est de ne pas les
traiter par chimiothérapie, malgré un haut potentiel métastatique évalué par CINSARC. La vali-
dation au sein de ces essais cliniques permettra alors de proposer CINSARC comme la nouvelle

référence pronostique pour la prise en charge des STM non métastatiques et résécables.

4.1.3.2 — Au-dela des sarcomes ?

Le premier rapport de la valeur pronostique de CINSARC (Chibon e al., 2010) s’est en-
richi avec une étude pan-cancer ou nous démontrons sa capacité a prédire 1’agressivité tumorale
dans 17 types de cancers (Lesluyes ef al., 2017). La transversalité de la signature couplée avec
une méthode d’analyse compatible avec les pratiques cliniques (Le Guellec ef al., 2018) nous
donne I’opportunité de tester sa valeur pronostique dans d’autres types de cancers de fagon

rétrospective : les tumeurs musculaires lisses utérines, de I’endometre et de 1’ovaire.

Au-dela de sa valeur pronostique, des tests sont en cours pour définir sa potentielle uti-
lité a visée diagnostique. Dans ce contexte, les Iéiomyomes dits "a noyaux bizarres" (LM-BN
pour leiomyoma with bizarre nuclei) sont des tumeurs utérines bénignes mais dont 1’aspect mor-
phologique et I’analyse des altérations génomiques ne permettent pas toujours de les identifier
comme tels et peuvent donc étre confondus avec les LMS utérins qui sont des tumeurs tres
agressives (Croce et al., 2014). En collaboration avec Sabrina Croce (pathologiste a 1’Institut
Bergonié, Bordeaux), nous testons 1I’apport de CINSARC pour discriminer les LM-BN parmi
les 1éiomyomes conventionnels et les LMS utérins. Les premiers résultats obtenus sont encoura-
geants en ce sens ou, malgré leurs remaniements génomiques, ces tumeurs sont toutes classées
CINSARC Cl. Ces résultats préliminaires obtenus sur 10 cas seront confirmés par la consti-
tution d’une cohorte plus importante. Ceci souligne aussi que CINSARC, au moins dans les
LM-BN, n’est pas le simple reflet de I’instabilité génétique puisque ces tumeurs peuvent étre

aussi remaniées que les LMS utérins.
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4.1.3.3 — Futurs challenges

De nouveaux défis attendent CINSARC sur le terrain clinique. L’'une des limitations du
grade FNCLCC est sa difficulté d’application sur micro-biopsies car ces fragments tumoraux
peuvent ne pas étre représentatifs du phénotype global de la tumeur. Sur le méme principe,
nous n’avons encore jamais mesuré comment 1’hétérogénéité intra-tumorale peut influencer
I’expression de la signature, ce d’autant que les tumeurs CINSARC C2 sont plus hétérogenes

que les CINSARC C1 (figure 25D page 142).

L’hétérogénéité que nous avons mesurée dans deux lignées de sarcomes montre des
phénotypes cellulaires distincts entre cellules diploides et cellules tétraploides (annexe III
page 242 ; Jemaa et al., 2017). L’expression de CINSARC ne semble pas différente entre ces
sous-clones mais nous n’avons pas la puissance statistique pour le démontrer (deux clones di-
ploides et deux clones tétraploides). La valeur pronostique donnée par CINSARC est basée sur
le message transcriptomique d’une partie de la tumeur. Ceci est d’autant plus important que
nous avons démontré que CINSARC, via nCounter (Le Guellec ef al., 2018), peut étre appli-
qué sur micro-biopsies. Quelle peut alors étre la variation d’expression de la signature dans

différents fragments tumoraux ?

Des analyses transcriptomiques de cellules uniques (type single-cell RNA-seq; Tang
et al., 2009) pourraient mettre en lumiere un lignage de sous-clones qui possederait un haut
potentiel métastatique au sein de la tumeur selon CINSARC. Si un tel lignage peut exister, alors
en quelle proportion cette population de cellules doit €tre présente pour que le risque métasta-
tique soit détecté comme €levé ? De fagcon alternative, I’expression de la signature peut-elle étre
précoce lors de I’initiation tumorale et stable dans le temps de telle sorte que ce profil transcrip-
tomique ne soit que peu variable entre les différents sous-clones ? Ces questions sont d’intéréts
majeurs car la dynamique de 1’hétérogénéité intra-tumorale pourrait permettre d’expliquer une

partie des différences mesurées en matiere de pronostic et de devenir clinique.

La détection des ARN circulants de CINSARC pourrait étre pertinente car ces genes
sont tres exprimés pour les tumeurs C2 et pourraient ainsi étre détectés (malgré leur instabilité

et leur dégradation). La présence de certains ARN circulants a pu étre corrélée a de mauvais
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pronostics dans les cancers du sein (BMI1 et CCND1 ; Silva et al., 2007 ; Garcia et al., 2008), les
lymphomes (MYC; Garcia et al., 2009), les tumeurs de la prostate (TERT ; March-Villalba et al.,

2012), etc. Ceci pourrait constituer un test non invasif de choix dans le suivi des patients.

D’un point de vue thérapeutique et selon la composition de CINSARC, nous nous de-
mandons si la diminution de son expression pourrait étre envisagée comme une solution théra-
peutique. Les kinases aurora (dont AURKA et AURKB qui font partie de CINSARC) sont des
sérines/thréonines kinases qui jouent un réle important dans la ségrégation des chromosomes.
L’expression de genes est augmentée dans de nombreux cancers (Fu et al., 2007) et de nom-
breux inhibiteurs sont actuellement testés dans des essais de phases 1/2 sur différents types de
cancers (Tang et al., 2017 ; Borisa & Bhatt, 2017) et pourraient étre testés dans les sarcomes

(Nair & Schwartz, 2016 ; Toulmonde, 2016).
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4.2 — Ou en sommes nous avec la génétique des sar-

comes ?

4.2.1 — Lexpression de génes de fusion dans les sarcomes

Le travail que nous avons effectué sur les genes de fusion nous a permis d’identifier TRIO-
TERT comme le seul de transcrit chimérique récurrent dans les SGC (Delespaul et al., 2017).
Ces résultats ont par la suite été validés dans d’autres études indépendantes (The Cancer Ge-
nome Atlas Research Network, 2017 ; Ogura et al., 2018 ; Suster et al., 2019). Nous avons
ainsi caractérisé les genes de fusion exprimés dans ces tumeurs et, en dépit des nombreux re-
maniements génomiques (incluant les translocations) observés, nous pouvons en conclure que

I’oncogenese des SGC ne passe pas par une protéine chimérique oncogene.

4.2.1.1 — Identification de nouveaux genes de fusion dans les SGS

L’exploration de ces données nous a permis d’acquérir une solide expérience dans la dé-
tection et la validation des transcrits chimériques. Nous avons eu I’occasion de mettre cette
expérience en pratique dans d’autres cohortes de sarcomes atypiques, ne présentant pas leurs

altérations génétiques caractéristiques.

Nous avons débuté avec un cas de dermatofibrosarcome de Darier-Ferrand négatif pour
le transcrit chimérique classique COLIAI-PDGFB, habituellement retrouvé dans 96% des cas.
Nous avons pu identifier et valider I’expression d’un transcrit chimérique alternatif : COL6A3-
PDGFD. L'analyse d’une cohorte de 19 cas supplémentaires confirma la présence récurrente de
COL6A3-PDGFD (9 cas sur 20) mais également I’expression de EMILIN2-PDGFD (2 cas sur
20). Sur les neufs derniers cas, huit exprimaient bien le transcrit chimérique classique COLIAI-
PDGFB non retrouvé avec les outils classiques de diagnostic : FISH et PCR. Ceci pouvant
s’expliquer par la grande variabilité de la localisation du point de fusion a I’origine de 1’ex-
pression du transcrit chimérique. Si ces résultats apportent de nouveaux éléments diagnostiques

concrets, des analyses supplémentaires seront a réaliser pour comprendre les effets des alté-
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rations de PDGFD comparativement a PDGFB sur la biologie des dermatofibrosarcomes de
Darier-Ferrand. L article est présenté annexe V page 269 (Dadone-Montaudi€ et al., 2018) et
les résultats furent confirmés moins d’un mois apres par une étude américaine (Dickson ef al.,

2018).

La détection de transcrits chimériques s’est poursuivie dans un cas particulierement rare :
une tumeur utérine ressemblant a une tumeur ovarienne des cordons sexuels (UTROSCT pour
uterine tumor resembling ovarian sex cord tumor). Ces tumeurs ne présentent pas d’altération
génétique particuliere et sont généralement peu agressives (Kurman ef al., 2014). Toutefois, une
tumeur montra un phénotype agressif avec une rechute locale 17 mois apres le diagnostic puis
des métastases pulmonaires et péritonéales encore un an apres. La CGH-array de la tumeur
primaire ne montra aucune altération mais la rechute présenta deux gains spécifiques qui pou-
vaient laisser suspecter la présence d’une translocation. Le RNA-seq confirma cette suspicion
en identifiant I’expression de GREBI-CTNNBI. Ce réarrangement produit un codon stop dans
I’intron 8 de GREB]I et un codon d’initiation de CTNNB] a partir de son exon 4, ne codant pas
le domaine de dégradation de la S-caténine. L'immunohistochimie confirme ces observations
avec une forte positivité nucléaire de cette protéine et le transcriptome montra aussi une activa-
tion de la voie Wnt/[3-caténine. GREB] jouerait alors le role d’ un promoteur fort, ce géne étant
fortement exprimé dans les tissus en réponse aux cestrogenes. Méme si cette altération semble
privée, n’ayant pas été retrouvée dans 11 UTROSCT additionnelles, nous avons rapporté la pre-
miere hyper-activation de la S-caténine induite par une translocation car le gene n’était jusqu’ici
décrit que par des mutations, exclusivement au niveau de 1’exon 3. L’article est présenté annexe

VI page 280 (Croce et al., 2019).

Nous avons finalement caractérisé une entité de sarcomes rares : les sarcomes nasosi-
nusiens biphénotypiques. Ces tumeurs se développent dans la spheére nasale, sont localement
agressives et expriment le gene de fusion récurrent PAX3-MAML3 (Lewis et al., 2012 ; Wang
et al.,2014). Nous avons constitué une cohorte de 41 cas dont 37 (90%) exprimaient bien PAX3-
MAMLS3. Les quatre derniers cas, négatifs pour le géne de fusion classique par les techniques de
biologie moléculaire (PCR et FISH) ont été€ passés en RNA-seq. Ceci nous a permis d’identifier
I’expression de transcrits chimériques impliquant PAX3 avec trois partenaires : FOXOI (un cas),

NCOA?2 (un cas) et WWTRI (deux cas). L’existence de PAX3-FOXOI est déja rapportée dans
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la littérature pour ces tumeurs (Wong ez al., 2016) et I’existence de PAX3-NCOA2 était suspec-
tée car NCOA?2 partage des similarités structurelles et fonctionnelles avec MAML3, FOXO1 et
NCOAI, partenaires de PAX3 précédemment identifiés (Fritchie ez al., 2016). L’ implication de
WWTRI était jusqu’ici non évoquée, il est avec YAPI 1’'un des régulateurs maitres de la voie
Hippo impliquée dans la prolifération et la différenciation. L’article est présenté annexe VII

page 289 (Le Loarer et al., 2019).

Le RNA-seq est bien la meilleure méthode pour identifier de nouveaux transcrits de fusion
sans a priori (Nakano & Takahashi, 2018b). Ceci est particulierement vrai pour les sarcomes
"a translocation" atypiques, sans expression du transcrit de fusion classique, ou des partenaires
alternatifs peuvent étre retrouvés (PAX3 ou PAX7 avec FOXO1 pour les RMS alvéolaires, SS18
avec SSXI ou SSX2 dans les synovialosarcomes, efc. ; partie 1.2.2.2 page 37). Ceci souligne la
spécificité de I’oncogenese de ces tumeurs ou quelques variations génétiques sont tolérées mais

doivent aboutir a un message oncogene attendu.

4.2.1.2 — Transcrits chimériques en I’absence d’altérations génétiques

Dans notre analyse (Delespaul et al., 2017), nous avons exclu les read-throughs qui sont
des transcrits chimériques issus de la transcription de deux geénes adjacents (Akiva et al., 2006)
et qui ne sont donc pas formés par un réarrangement génomique. Toutefois, quel peut étre I’im-
pact transcriptomique de 1’expression de ces read-throughs dans les cancers ? Si cette question
reste en suspens dans les sarcomes, pour lesquels des efforts de caractérisation sont a planifier,
I’implication de ces transcrits particuliers dans d’autres pathologies a été rapportée. On note par
exemple I’expression de CTSD-IFITM 10 dans les cancers du sein (lignées cellulaires et tumeurs
primaires) mais pas dans les tissus normaux (mammaires ou d’autres origines tissulaires; Var-
ley et al., 2014). Ce read-through permettrait la conservation du cadre de lecture et la synthese
d’une protéine chimérique. Il a expérimentalement été démontré que la diminution de son ex-
pression diminue la prolifération cellulaire. D’ autres read-throughs ont été caractérisés dans les
tumeurs de la prostate, rénales, gastriques, efc. (Kumar-Sinha et al., 2012 ; Grosso et al., 2015
; Choi er al., 2016) et sont associés a une augmentation de 1’agressivité tumorale. Le role de

I’expression des read-throughs dans les sarcomes doit donc encore étre précisé.
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Une autre catégorie de transcrits chimériques existe et sont issus de la fusion de deux
ARN pré-messagers via un mécanisme de trans-splicing (Lei et al., 2016). S’il est estimé que
4 a 5% des couples de geénes adjacents dans le génome humain seraient capables de transcrire
un read-through (Parra et al., 2006), les transcrits chimériques issus d’un trans-splicing chez
I’humain sont trés rares. Deux cas notables ont toutefois été rapportés et concernent 1’expres-
sion de deux transcrits chimériques oncogenes retrouvés dans des cellules saines, sans rema-
niement génomique. Le premier est JAZFI1-JJAZI, retrouvé dans des cellules de ’endometre
(Li et al., 2008) mais dont I’expression est normalement permise par la translocation récurrente
t(7;17)(p15;921) dans 50% des tumeurs stromales de I’endometre (Koontz er al., 2001). Le se-
cond est PAX3-FOXOI, retrouvé dans des cellules en cours de différenciation vers du muscle
squelettique (Yuan et al., 2013) et qui lui aussi est normalement exprimé suite a la translocation
récurrente t(2;13)(q35;q14) dans 65% des RMS alvéolaires (Barr ef al., 1993). Une caracté-
risation supplémentaire de ces transcrits chimériques sera nécessaire pour déterminer si leur
expression peut favoriser I'initiation tumorale par pression d’acquisition des translocations, ou
s’il existe une cause commune entre le trans-splicing et la formation de translocations (comme

une conformation 3D particuliere de I’ADN ; Jividen & Li, 2014).

4.2.2 — Le remaniement du génome

Dans les SGC, la treés grande majorité des transcrits chimériques que nous avons identifié
sont tronquants (Delespaul ef al., 2017), ne permettant pas la conservation du cadre de lecture
du second partenaire. Une analyse sommaire sur les genes retrouvés dans ces transcrits nous
informe qu’il s’agit de génes bien connus pour leur role de suppresseur de tumeurs et souvent
ciblés par des altérations génomiques qui peuvent conduire a I’expression de transcrits chimé-

riques : TP53, ATRX et RBI (Kanezaki et al., 2006 ; Lee et al., 2015 ; Hu et al., 2018).

Ceci est en accord avec les observations du TCGA sarcomes ou il est conclu que les SGC,
hormis les DDLPS avec leurs amplifications spécifiques, présentent plus de pertes génomiques
que d’amplifications et plus de mutations d’intérét dans des genes suppresseurs de tumeurs que
dans des oncogenes (The Cancer Genome Atlas Research Network, 2017). Malgré d’impor-

tants efforts de caractérisation génétique, nous faisons toujours face a une absence flagrante
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d’altération motrice dans ces tumeurs.

Nous sommes maintenant a un tournant génétique concernant les SGC car la grande ma-
jorité des altérations sont privées et les quelques altérations récurrentes identifiées ne sont pas
spécifiques aux différents sous-types histologiques. De plus, ces dernieres concernent principa-
lement des inactivations de genes suppresseurs de tumeurs (tels que RBI, TP53, ATRX, PTEN,
CDKN2A, NF1, etc.; The Cancer Genome Atlas Research Network, 2017). En 1’absence d’al-
térations spécifiques et récurrentes, nous n’avons pas encore déterminé quelle est la voie d’on-

cogenese entreprise par ces tumeurs, ni méme s’il peut y en avoir plusieurs.

Les SGC présentent des altérations génétiques tres privées mais il est tout a fait envisa-
geable que ces différentes altérations impactent des voies de signalisation communes (Sanchez-
Vega et al., 2018). Des analyses intégrant des données multidimensionnelles (niveaux d’expres-
sion, variations du nombre de copies, points de cassures génomiques, altérations ponctuelles,
méthylation, efc.) pourraient ainsi permettre d’identifier ces voies en 1’absence de geéne récur-

rent.

Puisque I’instabilité est au coeur de la génétique des sarcomes pléomorphes, il est tentant
de postuler qu’un événement de remaniement génomique puisse €tre en lui-méme une altération
oncogene motrice (Delespaul, 2018). Dans ce modele, les inactivations récurrentes de genes
suppresseurs de tumeurs pourraient faciliter la survenue de cette catastrophe chromosomique
et/ou permettraient aux cellules d’y résister. De plus, le remaniement global du génome pourrait
activer un message oncogene par altérations (génétiques, €pigénétiques, transcriptomiques, efc.)
de genes ayant une faible capacité oncogénique mais dont I’effet cumulé pourrait égaler celui
d’un oncogene fort (Davoli ef al., 2013). Ceci expliquerait pourquoi les altérations identifiées
dans ces tumeurs sont majoritairement privées et pourquoi aucune spécificité transcriptomique

n’est identifiée.

L’hypothese d’un remaniement génomique comme événement moteur de 1’oncogenese
n’explique pas la diversité des sous-types histologiques des SGC car ces différents sous-types
partagent une grande instabilité et un transcriptome similaire (excepté les LMS présentant une
amplification de MYOCD qui ont une différenciation particuliere; Segal er al., 2003 ; Baird

et al., 2005 ; Pérot et al., 2009 ; Gibault et al., 2011). Le contexte cellulaire dans lequel cette
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instabilité s’opere pourrait alors étre a ’origine d’une différenciation particuliere. Ainsi, une
catastrophe chromosomique dans une cellule musculaire lisse pourrait par exemple aboutir a
I’initiation d’un LMS alors que le méme événement dans un fibroblaste pourrait initier un UPS.
Il serait alors tres intéressant de se pencher sur 1’apport du contexte mésenchymateux concer-

nant I’acquisition et la résistance aux altérations génomiques.
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5 | Conclusion

Les sarcomes pléomorphes, dits "a génétique complexe" (SGC), sont un groupe de tu-
meurs d’origine mésenchymateuse présentant une grande variabilité en maticre de caractéris-
tiques cliniques. Les précédentes analyses de cytogénétique ont permis de mettre en évidence de
nombreux réarrangements génomiques dans ces tumeurs. Toutefois, leur processus d’initiation
reste mal compris en raison de I’absence d’altération récurrente et spécifique. Ces tumeurs sont
également agressives, avec des taux de survie sans métastase de 50% a 5 ans et pour lesquelles

la chirurgie reste le traitement ayant le plus d’impact sur le devenir clinique des patients.
La signature CINSARC

De précédents travaux de 1’équipe ont établi un lien entre 1’instabilité génétique des SGC
et leur agressivité au travers de I’expression d’une signature transcriptomique nommée CIN-
SARC. Cette signature a une meilleure valeur pronostique que le standard d’évaluation inter-
national, le grade FNCLCC, mais son application était jusqu’alors restreinte aux ARN extraits
de tissus congelés et analysés sur puces d’expression. Nous avons ainsi mené différents travaux
permettant de rendre CINSARC applicable aux centres de soins via deux technologies : le sé-
quencage des ARN (RNA-seq) et le systeme nCounter, ce dernier pouvant conjointement quan-
tifier des ARN extraits de tissus congelés ou bien fixés. Le potentiel médical de cette signature
sera prochainement évalué au travers de deux essais cliniques de phase 3. Nous avons également
montré que 1’expression de CINSARC est un facteur pronostique au-dela des sarcomes, souli-
gnant son universalité et sa possible application dans d’autres pathologies. En conséquence, des

tests sont en cours pour évaluer sa pertinence vis-a-vis d’autres cancers.

Nous avons finalement recherché ses possibles mécanismes de régulation grace aux don-
nées rendues publiques par la complétion du projet TCGA sarcomes : la méthylation de I’ADN
et I’expression de micro-ARN. Si d’importantes modifications du méthylome sont observées
entre groupes de haut et de bas risque métastatique, les régions promotrices des genes com-

posant CINSARC ne sont pas différentiellement méthylées. Parmi les micro-ARN différen-
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tiellement exprimés entre ces groupes, mir-29c serait un bon candidat a la régulation négative
d’expression de la signature. En effet, il est sur-exprimé dans le groupe de bon pronostic et
son expression est significativement anti-corrélée a une bonne partie (81%) de la signature. Ces
premieres observations nécessiteront de plus amples investigations pour statuer sur la contribu-
tion de ces deux facteurs a la régulation de CINSARC. Des analyses additionnelles sur d’autres
acteurs potentiels, comme les facteurs de transcription ou la formation d’une usine de trans-
cription, pourraient également mettre en évidence de nouvelles relations avec 1’expression de la

signature.
Lexpression de génes de fusion

Si de nombreuses translocations ont été mises en évidence dans les SGC, I’expression de
genes de fusion qui y serait associée restait inexplorée car la nature et la résolution des précé-
dentes analyses de cytogénétique ne permettaient pas leur détection. Nous avons séquencé le
transcriptome de plus d’une centaine de sarcomes pléomorphes afin de déterminer si ’initia-
tion de ces tumeurs pouvait étre permise par la formation d’une protéine chimérique motrice de
I’oncogenese, comme cela est le cas dans plus d’une dizaine de sous-types de sarcomes dits "a
translocation". Cette étude nous a conduit a identifier TRIO-TERT comme le seul gene de fusion
récurrent (5% des cas) et conservant le cadre de lecture des deux partenaires. L’expression de
TRIO-TERT fut par la suite confirmée dans d’autres études indépendantes. Toutefois, ce gene
de fusion n’est pas spécifique d’un sous-type histologique et n’induit pas un profil transcripto-
mique spécifique. Ces résultats démontrent ainsi que 1’oncogenese des SGC ne passe pas par

I’expression d’un gene de fusion de forte capacité oncogénique.

L’expérience acquise lors de 1’étude menée sur TRIO-TERT nous a amené a poursuivre
la détection de transcrits chimériques dans des sarcomes dits "a génétique simple" mais lais-
sant suspecter la présence de translocations ayant un impact fonctionnel majeur. Nous avons
identifié plusieurs genes de fusion qui n’étaient jusque-la pas rapportés dans la littérature :
COL6A3-PDGFD et EMILIN2-PDGFD dans des dermatofibrosarcomes de Darier-Ferrand,
GREBI-CTNNBI dans une tumeur utérine ressemblant a une tumeur ovarienne des cordons
sexuels, ainsi que PAX3-NCOA?2 et PAX3-WWTRI1 dans des sarcomes nasosinusiens biphénoty-

piques.
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Genome profiling is an efficient tool to avoid
the STUMP classification of uterine smooth
muscle lesions: a comprehensive array-genomic
hybridization analysis of 77 tumors
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The diagnosis of a uterine smooth muscle lesion is, in the majority of cases, straightforward. However, in a small
number of cases, the morphological criteria used in such lesions cannot differentiate with certainty a benign
from a malignant lesion and a diagnosis of smooth muscle tumor with uncertain malignant potential (STUMP) is
made. Uterine leiomyosarcomas are often easy to diagnose but it is difficult or even impossible to identify a
prognostic factor at the moment of the diagnosis with the exception of the stage. We hypothesize, for uterine
smooth muscle lesions, that there is a gradient of genomic complexity that correlates to outcome. We first tested
this hypothesis on STUMP lesions in a previous study and demonstrated that this 'gray category' could be split
according to genomic index into two groups. A benign group, with a low to moderate alteration rate without
recurrence and a malignant group, with a highly rearranged profile akin to uterine leiomyosarcomas. Here, we
analyzed a large series of 77 uterine smooth muscle lesions (from 76 patients) morphologically classified as 19
leiomyomas, 14 STUMP and 44 leiomyosarcomas with clinicopathological and genomic correlations. We
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confirmed that genomic index with a cut-off = 10 is a predictor of recurrence (P < 0.0001) and with a cut-off =35 is
a marker for poor overall survival (P=0.035). For the tumors confined to the uterus, stage as a prognostic factor
was not useful in survival prediction. At stage I, among the tumors reclassified as molecular leiomyosarcomas
(ie, genomic index > 10), the poor prognostic markers were: 5p gain (overall survival P=0.0008), genomic index
at cut-off =35 (overall survival P=0.0193), 13p loss including RB1 (overall survival P=0.0096) and 17p gain
including MYOCD gain (overall survival P=0.0425). Based on these findings (and the feasibility of genomic
profiling by array-comparative genomic hybridization), genomic index, 5p and 17p gains prognostic value could

be evaluated in future prospective chemotherapy trials.

Modern Pathology (2018) 31, 816-828; doi:10.1038/modpathol.2017.185; published online 12 January 2018

Uterine sarcomas are rare neoplasms accounting for
4% of all uterine tumors with an estimated incidence
of 0.86 per 100 000 women.! Uterine smooth muscle
lesions include very common benign tumors such as
leiomyomas and malignant as leiomyosarcomas.?
The overall incidence of leiomyomas is 70-80% by
50 years of age.® Leiomyomas have a benign behavior
despite the benign metastasizing leiomyoma and
leiomyomatoses, whereas leiomyosarcomas even-
tually lead to death through recurrences in up to
75% of cases.*®

The diagnosis of uterine smooth muscle lesions,
based on the Stanford criteria (three morphological
features: presence of cytologic atypia, mitotic count
and tumor cell necrosis),® is straightforward in the
majority of the cases. However, sometimes morphol-
ogy is confusing and introduces a degree of sub-
jectivity in the interpretation of these criteria.
External factors such as prior treatments (hormonal
therapies) or a non-optimal fixation of the sample
may pose diagnostic challenges. Hence, such lesions
are usually classified as smooth muscle tumors of
uncertain malignant potential (STUMP).? This clas-
sification could result in a risk of under or over
diagnosis with clinical consequences for the treat-
ment that could impact the patient.

The FIGO stage is still the most important uterine
leiomyosarcomas prognostic factor and forms the
basis of the therapeutic strategy.*”~ However, FIGO
staging fails to identify patients with high risk of
death who could potentially be eligible for
chemotherapy.'®~'® Even if this disease is clinically
very aggressive,’ it is difficult to predict the outcome
especially when the diagnosis is made at stage I
(confined to the uterus). Recently, a specific uterine
leiomyosarcomas nomogram for predicting post-
resection 5-year overall survival using seven clin-
icopathological items (age, tumor size, tumor grade,
cervical involvement, loco-regional metastases, dis-
tant metastases and mitotic index) was published'*
and was subsequently validated on an independent
series.!® In this nomogram, the mitotic index and the
tumor grade were taken into account as biological
parameters. Nevertheless, the tumor grading in
uterine leiomyosarcomas is controversial because
by definition leiomyosarcomas diagnosed on the
basis of Stanford criteria® are of high grade. Contrary
to other soft tissue sarcomas, the tumor grade does

not show a prognostic value in uterine
leiomyosarcomas.’ Among the seven parameters,
three (presence of regional metastasis, distant metas-
tasis and size) are strictly linked to the FIGO stage.'*

Hence, there is a need to clarify these prognostic
strategies. A few years ago, we published a new
classification method based on genomic profiling
complementary to the morphology able to distin-
guish within the STUMP category those uterine
smooth muscle lesions with a risk of recurrence
and poor outcomes from benign lesions.!”

In this study, we analyzed the genomic profile by
array-comparative genomic hybridization in a series
of 77 uterine smooth muscle lesions (44 leiomyosar-
comas, 14 STUMP and 19 leiomyomas) to validate
the power of genomic index as a recurrence
predictor. Furthermore, we set out to improve our
previous results by studying a larger series with a
broader follow-up and to identify overall survival
prognostic factors in uterine leiomyosarcomas.

Materials and methods
Tumor Samples

Seventy-seven  formalin-fixed and  paraffin-
embedded uterine smooth muscle lesions from 76
patients (for one patient, both the primary tumor and
the recurrence were examined) were collected in
France through the French sarcoma network (RRePS
and GYN RRePS) (Institut Bergonié of Bordeaux,
Centre Oscar Lambret of Lille, Hopitaux Universi-
taires Lyon Sud, Centre JF LeClerc, Dijon, Hopital
Universitaire of Poitiers, Centre Jean Perrin, Cler-
mont-Ferrand, Centre Alexis Vautrin, Vandouevre-
les Nancy, Institut Gustave Roussy, ICO, Paul Papin,
Angers), from Belgium (Hopitaux Universitaires de
Bruxelles, Catholic University of Leuven), Czech
Republic (University Hospital from Prague) and
Switzerland (Hoépitaux Universitaires and Argot-
Lab of Lausanne). Fourteen uterine tumors diag-
nosed as STUMP along with 19 uterine leiomyomas
previously published?” were included in the series.
The tumors were diagnosed between 1977 and 2013.
For each patient, 1-8 slides were available (mean: 2
slides). All cases were centrally reviewed by one of
the authors (SC) and classified according to Stanford
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criteria® and 2014 WHO guidelines for female
reproductive organs.? Cytologic atypia was evaluated
at medium power magnification (objective x10)
according to the presence of high nuclear size or
nuclear pleomorphism and hyperchromatism,'® the
mitotic count was evaluated on 10 high-power fields
(objective x40, field diameter 0.53mm) and the
tumor cell necrosis defined by an abrupt transition
from necrotic to non-necrotic areas without inter-
posed granulation tissue.'® The mitotic cut-off was
10 mitoses/10 power fields for spindle cell smooth
muscle tumors, >4 mitoses for epithelioid and >2
mitoses for myxoid tumors.?18

Frozen material was available for five samples.
The samples from the tumor archives of each
participating department were centralized in the
Biological Resources Center of Institut Bergonié,
which the French authorities authorized for scien-
tific research (AC-2008-812).

DNA and RNA Extraction

Genomic DNA was extracted from formalin-fixed
and paraffin-embedded tissues according to the
protocol for DNA isolation from formalin-fixed and
paraffin-embedded tissues (http://www.chem-agi
lent.com/pdf/G441090020v3_1_CGH_ULS_Protocol.
pdf) (Agilent Technologies, Santa Clara, CA, USA). A
cut-off of 50% of cellularity in tumor samples was set
for the analysis.

Array-Comparative Genomic Hybridization Analysis

DNA was hybridized onto 8 x60 K whole-genome
arrays (G4450A; Agilent Technologies) according to
the manufacturer’s protocol. Microarray slides were
scanned using a DNA Microarray Scanner, images
were analyzed by Feature Extraction V10.1.1.1
followed by Agilent Cytogenomic software 4.0. The
ADM-2 algorithm of the Comparative Genomic
Hybridization Analytics v4.0.76 software (Agilent
Technologies) was used to identify the DNA copy
number anomalies at the probe level. A low-level
copy number gain was defined as a log 2 ratio >0.25
and a copy number loss was defined as a log 2 ratio
<0.25. A high-level gain or amplification was
defined as a log 2 ratio >1.5 and a homozygous
deletion was suspected when the ratio was <-1. The
range for derivative log ratio spread cut-off was fixed
to 0.50. Genomic index was calculated for each
profile as follows: genomic index=A?/C, where A
is the total number of alterations (segmental gains
and losses) and C is the number of involved
chromosomes.'%1”

Statistical Analysis

Metastasis-free survival was calculated by the
Kaplan—Meier method from the date of initial
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diagnosis to the date of first metastasis or last
follow-up. Overall survival, using the Kaplan—-Meier
method, was calculated from the date of diagnosis to
death or last follow-up. Survival curves were
compared with the log-rank test. Univariate survival
analyses were performed by using the R software
version 3.4.0 (R Development Core Team, Vienna,
Austria, 2009) and the ‘survival’ package (A Package
for Survival Analysis in S; Terry Therneau, February
2002; R package, version 2.40-1). To test whether
gene alterations (losses or gains) are enriched in
groups of tumors classified by the genomic index,
Fisher's exact tests were performed. Multivariate
survival analyses were performed using Cox regres-
sion with Firth’s correction with the ‘coxphf’
package (Georg Heinze and Meinhard Ploner, 2016,
version 1.12).

Results
Pathologic Features

After centralized pathological review, the series
comprised 19 leiomyomas, 14 STUMP and 44
leiomyosarcomas. Morphologically, all leiomyomas
but one case of bizarre nuclei leiomyoma, showed
conventional spindle cell morphology. Spindle cell
features were observed in the STUMP group (all 14
tumors).

Among the 44 leiomyosarcomas (43 patients),
29/44 tumors showed a spindle cell morphology,
10/44 epithelioid, 4/44 pleomorphic with giant
osteoclastic cells (with negative stains for melanocy-
tic markers) and 1/44 myxoid (Figure 1). The
clinicopathological data are summarized in Table 1.

Genomic Data and Clinical Correlations

Genome complexity evaluation by genomic index
assessment (quantitative approach) and prognostic
value. Array-comparative genomic hybridization
was analyzable in all 77 tumors. Follow-up data
were available for all but two patients with leiomyo-
mas (mean follow-up: 63.6 months, range: 9-
232 months). The genomic profiling split the present
series of uterine smooth muscle lesions in two
groups according to the cut-off defined in our
previous paper (genomic index =10):'7 a group with
genomic index <10 (19/74) and a second group
with genomic index > 10 (55/74; Figure 2a).

The first group (genomic index < 10) is character-
ized by a low level of chromosomal rearrangements
(Figure 3a; mean genomic index: 2.3, range: 0-9.14)
in contrast with the second group (genomic index
>10) harboring complex genomic profiles (mean
genomic index: 51.8, range: 11-180; Figure 3b).

The Kaplan—Meier analysis demonstrated a sig-
nificant difference in clinical outcome with no
recurrence in the group with genomic index <10
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Figure 1 A representation of the morphological features of uterine smooth muscle lesions. (a) Uterine leiomyosarcoma with spindle cells,
pleomorphic and osteoclastic features and atypical mitoses, stage FIGO IB and genomic index = 84. The patient developed lung metastases
and died 32.4 months after the diagnosis (patient 68). (b) Myxoid leiomyosarcoma with infiltration of myometrial wall. Some areas are
highly cellular with four mitoses, stage FIGO 2B and genomic index=13.5 (patient 47). (c) Epithelioid leiomyosarcoma with genomic
index=27. The patient died of disease 26 months after the diagnosis with peritoneal metastases (patient 48). (d) Smooth muscle lesion
with mild atypia, 20 mitoses (STUMP) with genomic index = 14.3. The patient had multiple peritoneal and retroperitoneal recurrences and

she is alive after 103.2 months (patient 33).

and recurrences and deaths in the second group
(Figure 2b), confirming our previous results.!”

Morphologically, the first group included all
leiomyomas, two STUMPs and no leiomyosarcomas.
The second group included all leiomyosarcomas and
12 STUMPs. Only four patients with leiomyosarco-
mas did not recur (of note, one patient died of
pulmonary embolism 9 days after surgery) and
among the 12 STUMPs with genomic index >10,
seven recurred (Table 1).

All leiomyomas showed a flat or very simple
profile (mean genomic index: 1.9, range: 0-9.1). The
leiomyosarcomas group showed a complex, rear-
ranged chromosome profile with numerous intra-
chromosomal breaks (gains and losses). The mean
genomic index in the leiomyosarcomas group was 55
(range: 13.5-180). The STUMP group was then split
into two groups according to genomic index. Owing
to the clinical aggressiveness and outcome of the

tumors with genomic index >10, they were there-
after considered as leiomyosarcomas.

Therefore, the second step was to identify a death
predictor in this newly defined group of leiomyo-
sarcomas. Different genomic index cut-offs (five for
each step) were tested and a cut-off of genomic
index =35 was identified as an efficient predictor of
death (P=0.035, HR=2.18 (1.04—4.58); Figure 2c).

In order to identify specific chromosomal altera-
tions (qualitative approach) related to prognostic
value, we analyzed differential penetrance plots
among the patients alive, whose tumor had genomic
index >10 (19/55) and patients who died of the
disease (36/55). We identified five frequent altera-
tions, in addition to genomic index > 35 (Figure 2c),
associated with overall survival: 5p gain (Figure 2d,
Table 2a), 1p gain, 13q loss (including RB1) and 17p
gain including MYOCD (Table 2a). Staging being the
gold standard for clinical/pathological prognosis, all
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= Clinical data Genomic data
3
53
g RFS  0OS FIGO Size Centralized FH 5p 1p 17p 13
-; Patient FU status ~ Age months months Recurrence Type of recurrence stage cm Location — Type of surgery diagnosis ~ Morphology features gain gain 17p gain  loss loss GI
5
& 1 ANOS 40 536 536 No 4 Uterus Hysterectomy LM Spindle No 0 0 0 0 0 0
o RO
2 ANOS 49 753 753 No 3.7 Uterus Hysterectomy LM Spindle No 0 0 0 0 0 1 )
RO H
3 A-NED 50 686 686 No 5.5 Uterus Hysterectomy LM Spindle Yes 0 0 0 0 0 0 El
RO =
4 ANOS 63 37 37 No 1.4 Uterus Hysterectomy LM Spindle No 0 0 0 0 0 0 2
RO ol
5 Lost 45 3.5 Pelvis/  Total resection LM Spindle No 0o 0 0 0 0 4 H
peritoneum R0 g
6 ANED 46 584 584 No 4 Uterus Total LM Spindle Yes 0 0 0 0 0 2 ES
hysterectomy RO w
7 A-NED 48 53 53 No 15 Uterus Total LM Spindle Yes 0 0 0 0 0 2 3
hysterectomy RO EY
8 A-NED 49 729 729 No 6.5 Uterus Total LM Spindle Yes [ 0 0 0 0 3
hysterectomy RO w|&
9 DOC 67 213 213 No 7 Large Total resection LM Spindle No 0 0 0 0 0 2 2|
ligament RO 3|
10 Lost 48 5.5 Uterus Total LM Spindle Yes 0 0 0 0 0 5 2|3
hysterectomy RO cellular s |3
1 A-NED 32 1015 1015 No 6.5 Uterus Myomectomy RO LM Spindle Yes 0 0 0 0 0 0
12 ANED 44 102 102 No 4.5 Uterus Total LM Spindle No 0 0 0 0 0 0
hysterectomy RO
13 A-NED 67 1021 1021 No 1.5 Uterus otal M Spindle No 0 0 0 0 0 0
hysterectomy RO
14 ANED 68 1022 1022 No 1.2 Uterus Total LM Spindle Yes 0o 0 0 0 0 0
hysterectomy RO
15 ANED 40 137.8 137.8 No 4.5 Uterus otal M Spindle Yes 0 0 0 0 0 1
hysterectomy RO
16 A-NED 36 1372 1372 No 15 Uterus Myomectomy RO LM Spindle Yes 0 0 0 0 0 1
17 ANED 44 1752 175.2 No 4.5 Uterus Total LM Spindle Yes 0 0 0 0 0 1
hysterectomy RO
19 A-NED 80  93.8 93.8 No Residual disease ND 15 Pelvis/ Total STUMP Spindle Yes (U] 0 0 0 3
uterus hysterectomy R1
20 A-NED 36 842 842 No 7 Uterus Total LM BN-LM Yes 0o 0 0 -27TP53 -2RB1 9
hysterectomy RO
21 A-NED 34 1289 1289 No ND NA Uterus Myomectomy R0 STUMP ~ Spindle Yes 0 0 0 0 0 8.3
22 A-NED 47 99.9 99.9 No 6 Uterus Total M Spindle No (U] 0 0 0 9.14
hysterectomy RO
23 A-NED 63 516 51.6 No 1B 7 Uterus Total STUMP Spindle Yes 0o 0 0 0 0 56.81
hysterectomy
24 A-NED 42 NA 61.2 No B 8 Uterus Subtotal STUMP Spindle No (U] 0 0 0 32.6
hysterectomy
25  ANED 47 NA 996 No B 7 Uterus Total STUMP  Spindle Yes 0 0 0 0 0 1428
hysterectomy
26 AWD 48 36 162.0 Yes Bladder, rectum, B 7 Uterus Total STUMP Spindle Yes (U] 0 0 -1RB1 16.9
omentum, hysterectomy
para-aortic
LN, lung
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RFS  OS FIGO Size Centralized FH 5p 1p 17p 13
Patient FU status ~ Age months months Recurrence Type of recurrence stage cm Location — Type of surgery diagnosis ~ Morphology features gain gain 17p gain  loss loss GI
27 AWD 50 57 104.4 Yes Paravertebral 1 NA Uterus Total STUMP Epithelioid No [UN() 0 -1no -1RB1 22.23
soft tissue, bone hysterectomy TP53
28 A-NOS 77 17 252 Yes Peritoneum, ileum, 1B 11 Uterus Total STUMP  Spindle No 0o 1 0 0 -2RB1 48
vagina, pelvis hysterectomy
29  ANED 60 NA 420 No 1A 2 Uterus Myomectomy ~ STUMP  Spindle No 0 1 2ampl 0 -2RB1 52
MYOC
30 DOD 66 55 552 Yes Vagina B 8 Uterus Total STUMP  Spindle Yes 0 0 0 0 -1RB1 21.33
hysterectomy
31 A-NED 85 NA  106.8 No IB 11 Uterus ‘otal STUMP Epithelioid  No 0 1 0 0 -1RB1 94.1
hysterectomy
32 DOD 43 10 156 Yes Bone 1B 20 Uterus Total STUMP  Spindle Yes 0 1 2ampl -1TP53-1RB1 100
hysterectomy MYOC
33 A-NED 46 35 103.2 Yes Peritoneum, right  IA 5 Uterus ‘otal STUMP Spindle Yes (U] 0 0 0 14.3
ovary, hysterectomy
retroperitoneum
34 ANED 48 12 1476 Yes Uterine cervix, I NA Uterus Total STUMP  Spindle Yes 0 0 0 0 0 1
peritoneum, soft hysterectomy
tissue (leg and
arm)
35 DOD 55  26.4 56.4 Yes Pelvis, I NA Uterus Total LMS Spindle Yes [UN0) 0 0 0 4464
peritoneum hysterectomy
36 DOD 51 26.4 61.2 Yes Soft tissue, bone, B 9 Uterus LMS Epithelioid ~ Yes (U] 0 0 -2 RB1 156
lung hysterectomy R
37 DOD 56 1368 1716 Yes Lung 1A 1.8 Uterus Total LMS Epithelioid  No 0o 1 0 -1TP53 -2RB1 18 S H
hysterectomy I E
38 DOD 50  19.2 57.6 Yes Lung B 7 Uterus Total LMS Spindle Yes (U] 0 -2TP53 -2 RB1 22 '§ =
hysterectomy =z
39 DOD 59 216 48 Yes Lung 1A 3 Uterus Total LMS Spindle Yes 0 0 1MYOCD-1TP53 -2RB1 52.26 ol
hysterectomy :
40 AWD 40 72 110.4 Yes Clavicular LN, IB 19 Uterus Total LMS Spindle Yes 0 0 1MYOCD -2TP53 -1 RB1 25 T
lung, pancreas hysterectomy )
40 AWD 45 NA NA — NA NA Uterus Total LMS Spindle No 0 0 1MYOCD -2TP53 -1 RB1 69 @
hysterectomy 3
41 DOD 40 0 13.2 Yes Lung IVB 8 Uterus Total LMS Spindle Yes 0 1 0 -1 TP53 -1 RB1 28.9 2
hysterectomy 3
42 DOD 63 85 276 Yes Lung B 7 Uterus Total LMS Spindle No 0 1 0 0 -2RB1 19.6 g
hysterectomy o
43 DOD 53 9 276 Yes Lung Im 2.8 Uterus Total LMS Spindle No 1 1 1MYOCD-1 TP53 -1 RB1 69 g
hysterectomy 3
44 DOD 62 1.6 348 Yes IA 45 Uterus Total LMS Spindle Yes 1 0 2MYOCD -1TP53 -2RB1 40 @
= hysterectomy
] 45 AWD 63 1.2 84 Yes Lung B 10 Uterus Total LMS Spindle No 0 0 0 0 -2RB1 15.12
] hysterectomy
=t 46 DOD 68 ND 6 ND ND B 12 Uterus Total LMS Epithelioid ~ Yes 0 1 1MYOCD 0 -1IRB1 46
K hysterectomy
H 47 DOC 62 NA 09 daysNo B 8 Uterus Total LMS Myxoid No 0 0 0 0 0 135
2 pulmonary hysterectomy
2 embolism
° 48 DOD 71 132 26 Yes Peritoneum m 12 Uterus Total LMS Epithelioid  No 0 0 2zampl -2TP53 -IRB1 27
8
5 hysterectomy MYOC
®
@
5
o o
* g
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& RFS  OS FIGO Size Centralized FH 5p 1p 17p 13
® Patient FU status ~ Age months months Recurrence Type of recurrence stage cm Location — Type of surgery diagnosis ~Morphology features gain gain 17p gain  loss  loss  GI
o
T 49 DOD 57 192 23 Yes Lung B 7.5 Uterus Total LMS Spindle No 0 0 0 0 -IRB1 36
S hysterectomy
50 DOD 38 276 ND  Yes Lung B 7.5 Uterus Total LMS Spindle No 0 0 1MYOCD 0 -1RB1 41.66 o
hysterectomy 1
51 DOD 47 12 32 Yes Vagina, bladder, I NA Uterus Total LMS Spindle No 0 0 1IMYOCD 0 0 44 g
rectum hysterectomy &
52 DOD 59 0 3 Yes Lung IVB 23 Uterus Total LMS Spindle Yes (U] 0 0 0 33 a
hysterectomy &
53 DOD 87 16 3.2 Yes Peritoneum, B 11 Uterus Total LMS Epithelioid  No 1 1 IMYOCD 0 -2RB1 384 5
ileum hysterectomy S
54 DOD 58 0 29 Yes Lung IVB 6 Uterus Total LMS Spindle No 1 1 1no 0 -1IRB1  24.9 2
hysterectomy MYOCD -
55 DOD 26 252 48 Yes Soft tissue, IA 4 Uterus Total LMS Spindle No 1 1 1MYOCD-1TP53-2RB1 141 g
Tun, hysterectomy g
56 DOD 60 0 ND  Yes Peritoneum, m 15 Uterus Total LMS Pleomorphic No 1 1 0 0 -1IRB1 35 ;
omentum hysterectomy osteoclastic wlg
57 DOD 63 28 8.2 Yes Lung, peritoneum, 1B 10 Uterus T LMS Pleomorphic Yes 0 1 0 0 -RB1 249 4|2
brain hysterectomy osteoclastic 8le
58 A-NED 76 NA 1044 No 1A 2 Uterus Total LMS Epithelioid  No 0 0 0 0 0 187 o3
hysterectomy =2
59 DOD 67 7 12 Yes Peritoneum o 20 Uterus T LMS Spindle No 0 0 0 0 -1RB1 17.28
hysterectomy
60 DOD 27 12 192 Yes Peritoneum B 8 Uterus Total LMS Spindle Yes 0 0 1MYOCD -2 TP53 -2RB  39.7
hysterectomy
61 DOD 44 0 13.2 Yes Lung, peritoneum IVB 16 Uterus LMS Spindle No 101 1no -1TP53-1RB1 88.47
hysterectomy MYOCD
62 DOD 54 732 102 Yes Lung B 7.5 Uterus Total LMS Spindle No 0 0 0 -1TP53-1RB1 60
hysterectomy
63 AWD 59  14.4 75.6 Yes Lung, liver, IVA 6 Uterus Total LMS Spindle Yes (U] 1no -2TP53 -2RB1 115
peritoneum hysterectomy MYOCD
64 DOD 58 504 2328 Yes Lung I NA Uterus Total LMS Spindle Yes 0 0 1no 0 0 18
hysterectomy MYOCD
65 DOD 36 2.9 9.4 Yes Vagina, B 6 Uterus Total LMS Spindle No 1 0 2MYOCD -2 TP53 -2RB 82
peritoneum hysterectomy
66 ANED 53 NA 576 No B 6 Uterus Total LMS Spindle No 0 0 0 -1TP53 -2RB 45
hysterectomy
67 DOD 63 10.6 18 Yes Lung, bone, pelvis 1B 10 Uterus Total LMS Spindle No 1 0 1MYOCD 0 -2RB1 101
hysterectomy
68 DOD 60 1.1 324 Yes Lung B 9 Uterus Total LMS Pleomorphic No 1 1 IMYOCD 0 -1RB1 84
hysterectomy osteoclastic
69 A-NED 43 NA 42 No IB 6.5 Uterus Total LMS Epithelioid ~ Yes (U] 0 0 0 32
hysterectomy
70 DOD 58 1.1 34 Yes Peritoneum IVA 14 Uterus Total LMS Epithelioid ~ Yes 1 1 IMYOCD 0 -1RB1 72.2
hysterectomy
71 DOD 76 2.3 26 Yes Lung, peritoneum I 7 Uterus Tot: LMS Spindle Yes 1 1 1MYOCD -1 TP53 -2RB  64.69
hysterectomy
72 A-NED 69 45 96 Yes Lung 1B 30 Uterus Total LMS Epithelioid ~ Yes 0 0 IMYOCD 0 -1RB1 180
hysterectomy
73 AWD 69 216  58.8 Yes Lung I 13 Uterus Total LMS Spindle No 0 0 0 0 -1RB1 33.9
hysterectomy
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could have an essential role in deciding on adjuvant
chemotherapy for stage I uterine leiomyosarcomas.
In our series of 37 molecular leiomyosarcomas
(genomic index >10) at stage I, four genomic
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Figure 2 Genomic index and genomic alterations and clinical outcome. (a) Histogram. The number of patients with relapse (black bar) and
without relapse (gray bar) shown in x axis; the genomic index level in y axis. The genomic index at the cut-off of 10 splits the population of
74 patients with uterine smooth muscle lesion in a group of 19 patients without metastases and a group of 55 patients with 44 metastatic
events. (b) Kaplan-Meier relapse-free survival analysis of 74 uterine smooth muscle tumors according the genomic index at the cut-off of
10. (c) Kaplan-Meier for overall survival according to genomic index at the cut-off of 35 in the subgroup with genomic index > 10 (genomic
leiomyosarcomas). (d) Kaplan-Meier analysis of overall survival in the group with genomic index > 10 (genomic leiomyosarcomas) with 5p
gain. (e) Kaplan-Meier analysis of overall survival in the group with genomic index >10 (genomic leiomyosarcomas) with 5p gain with
tumors limited to the uterus (stage I). (f) Kaplan-Meier analysis of overall survival in the group with genomic index >10 (genomic
leiomyosarcomas) with tumors limited to the uterus (stage I) according to genomic index at the cut-off of 35.

prognostic markers correctly separated the outcomes
for patients alive or dead: 5p gain, chromosome 13
loss including RB1, proximal 17p gain with MYOCD

and genomic index > 35.
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Figure 3 Penetrance plots of the different subgroups classified according to genomic index. (a) Penetrance plot of the tumors with genomic
index < 10 (benign tumors: all leiomyomas and two STUMPs). (b) Penetrance plot of tumors with genomic index > 10 (malignant tumors:
all leiomyosarcomas and 12 STUMPs). (c) Penetrance plot of tumors with genomic index > 10 (malignant tumors: all leiomyosarcomas and
12 STUMPs) of patients alive. (d) Penetrance plot of tumors with genomic index >10 (malignant tumors: all leiomyosarcomas and 12

STUMPs) of patients dead of disease.

Further analyses are required to understand
whether this is due to a chromosomal mechanism
(specific or general) or due to genes located in these
regions that are specifically overexpressed as a
consequence of a chromosomal gain. The 5p gain
was previously reported in extra-uterine?* and
uterine leiomyosarcomas?® but no association with
outcome was observed. The 17p proximal gain,
including the MYOCD gene, was previously reported
in literature in soft tissue leiomyosarcomas?426-28
and in uterine leiomyosarcomas.?®> MYOCD gene
induces smooth muscle differentiation and promotes

cell migration.?” In a human uterine leiomyosarco-
mas cell line, MYOCD induced a phenotypic cell
switch from a dedifferentiated to a differentiated
smooth muscle phenotype.?? MYOCD expression
level controls smooth muscle differentiation protein
expression and has an impact on cell migration in
soft tissue leiomyosarcomas.?” Furthermore, it con-
fers aggressive outcome in soft tissue sarcomas.??
Hu et al*® found a gain of 17p in 38% of the
uterine leiomyosarcomas and interestingly, no 17p
gain was found in alive patients (4/19). Chromosome
13 was lost in 80% of the leiomyosarcomas in our
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Table 2 Statistical data: univariate and multivariate analyses for OS of the subgroup with GI >10 (malignant tumors)

Univariate Multivariate
[0} P-value HR P-value HR
Stage < 0.001 4.32 (2.03-9.2) < 0.001 4.36 (1.82-10.42)
5p gain <0.001 5.39 (2.59-11.2) 0.0042 3.24 (1.04-10.04)
1p gain < 0.001 3.3 (1.66-6.56) 0.2989 1.61 (0.66-3.96)
GI >35 0.0349 2.18 (1.04-4.58) 0.8419 1.10 (0.44-2.71)
17p loss TP53 0.1119 1.72 (0.87-3.36) 0.4807 0.75 (0.33-1.68)
13 loss RB1 0.0103 4.19 (1.28-13.77) 0.1860 2.44 (0.65-9.19)
17p gain MYOCD 0.0054 2.57 (1.29-5.13) 0.6188 1.29 (0.48-3.47)
Abbreviations: GI: genomic index; HR: hazard ratio; OS: overall survival.
Bold values signify the significant results.
Table 2B Univariate analysis for RFS and OS of the subgroup ~ leiomyosarcomas (with recurrences and deaths)

with GI >10 (malignant tumors)

RFS oS
Atypia P=0.04918 P=0.04345
Mitoses cut-off 20 P <0.001 P <0.001
Necrosis P=0.0963 P=0.001

Abbreviations: GI: genomic index; OS: overall survival; RFS: relapse-
free survival.
Bold values signify the significant results.

Table 2C Multivariate analysis for OS for stage I LMS

0s P-value HR

GI >35 0.0333 3.10 (1.09-10.78)
Atypia 0.0837 10.89 (0.77->100)
Mitoses cut-off 20 0.128 0.48 (0.09-1.63)
Necrosis 0.263 0.48 (0.09-1.63)

Abbreviation: OS: overall survival.
Bold values signify the significant results.

series and is the most common genomic event in
uterine (76%) 2° and extra-uterine leiomyosarcomas
(ranging from 54% 282% to 71% 25) and in the
majority of the cases, correlation between this event
and follow-up was not established.

The morphological analysis based on the presence
of atypia, mitotic count and tumor cell necrosis
correlated to a poor outcome in our series. The
prognostic value of cytological atypia,®:%? as well
the mitotic count®3%34 was reported in previous
publications. However, atypia and mitoses could be
difficult to assess and there is only a moderate inter-
observer agreement on tumor cell necrosis in uterine
smooth muscle lesions among gynecological
pathologists.?> Genomic index assessment could be
a useful tool, as highlighted in our multivariate
analysis (Table 2c), to avoid such diagnostic
discrepancies.

In our series, the genomic index cut-off of 10 splits
the STUMP group into two: a flat or very simple
genomic profile group akin to leiomyomas and a group
of tumors with complex genomic profile similar to

MODERN PATHOLOGY (2018) 31, 816-828

thereby erasing the STUMP category. In the benign
lesions group with genomic index <10 (all leiomyo-
mas and two STUMP), there were no chromosomal
alterations such as RB1 and TP53 loss (Table 1). One
exception is the bizarre nuclei leiomyoma case, with a
borderline genomic index=9, which showed chromo-
some 13 loss including the RB1 gene and chromosome
17p loss including theTP53 gene. These alterations
have already been reported in these benign
lesions.?=39 In fact, some bizarre nuclei leiomyomas
inexplicably show rearranged profiles (in our experi-
ence lower than leiomyosarcomas) and a good out-
come. Furthermore, the origin of this subtype of
leiomyoma is not clear either.

Genomic profiling by array-comparative genomic
hybridization on formalin-fixed and paraffin-
embedded samples is a useful, easy and accessible
tool complementary to the morphological approach.
It is a diagnostic tool that splits the STUMP category
into benign (leiomyoma) and malignant (leiomyosar-
comas) tumors. It is a prognostic marker and a
predictor of overall survival in stage I uterine
leiomyosarcomas. Indeed, all the comparative geno-
mic hybridization analyses on our series were
performed on formalin-fixed and paraffin-
embedded and -extracted DNA, with 100% feasi-
bility. Genomic profiling could be used even on a
limited amount of material such as pre-operative
biopsies in order to guide surgical intervention
(hysterectomy vs myomectomy or a minimally
invasive surgery).

In conclusion, we have demonstrated that STUMP
classification could be overcome by utilizing geno-
mic index at the cut-off of 10. The 5p gain as
genomic event and the stage as clinical parameter are
poor overall survival prognostic factors in uterine
leiomyosarcomas. In stage I tumors, the 5p gain, 17p
gain, chromosome 13 loss and genomic index at the
cut-off of 35 are poor prognostic factors of overall
survival and therefore they could be potential
parameters for randomization in prospective clinical
trials. This approach opens the way to new insights
into uterine and other gynecological smooth muscle
lesions and would allow reclassification of lesions
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according to genomic complexity. In fact, there is a
continuum gradient of genomic complexity and
instability correlating with tumor aggressiveness.
As genomic profiling by array-comparative genomic
hybridization on formalin fixed and paraffin
embedded is feasible and accessible in hospital
laboratories, this approach could be used in routine
practice as a complement to histology.
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Il — Matériel et méthodes de la partie 3.1.4.2 (Exploration des don-

nées de méthylation)

e Présentation des données et sélection des sondes

Les données de méthylation provenant du projet TCGA sarcomes ont été produites en utilisant les puces Infinium 450K
(Affymetrix) selon le protocole décrit dans Iarticle correspondant (The Cancer Genome Atlas Research Network, 2017). Les données
regroupent 374931 sondes associées a des flots CpG répartis sur I'ensemble du génome humain. Ces sondes peuvent étre localisées
a l'intérieur des flots CpG ou en dehors. En dehors des flots, la distance de la sonde par rapport son ilot définit plusieurs régions : a
moins de 2k (régions shore), entre 2kb et 4kb (régions shelf) ou au-dela de 4kb (régions open sea ; figure ci-dessous reprise de

Cavalcante & Sartor 2017).

open sea (interCGl) CpG shore CpG shore open sea (interCGl)

l | »= | l

T T I

CpG shelf CpG island (CGl) CpG shelf

Il a été démontré que la présence de polymorphismes (SNP) a proximité des sondes peut artificiellement modifier le signal
capté par la puce et donc biaiser le niveau de méthylation qui y est associé (Chen et al., 2013). Nous avons donc conservé, parmi
'ensemble des sondes initiales, 359279 sondes (95,83%) pour la suite des analyses. Cette sélection a été effectuée par la fonction

rmSNPandCH implémentée dans le paquet DMRcate (Peters et al., 2015).

e Description et conversion entre B-values et M-values

Les données de méthylation du TCGA sarcomes sont fournies sous forme de B-values qui représentent le niveau de méthylation
pour chaque sonde pour un échantillon. Une B-value varie de 0 a 1 ol 0 indique qu’aucune copie d’ADN n’est sous forme méthylée
tandis que 1 indique que toutes les copies d’ADN sont sous forme méthylée. Bien que I'interprétation de cette valeur soit simple,
elle ne convient pas pour réaliser des analyses statistiques ou les données doivent étre converties en M-value (Du et al., 2010). Les
formules permettant de passer des B-values aux M-values sont indiquées ci-dessous.

B_ Va]uei o M-value;

1- B—Valuei) i Brvalue, =

M—Valuel- = 10g2 ( 2 M-value; +1
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ABSTRACT

Soft tissue sarcomas with complex genomics are very heterogeneous tumors
lacking simple prognosis markers or targeted therapies. Overexpression of a subset
of mitotic genes from a signature called CINSARC is of bad prognosis, but the
significance of this signature remains elusive. Here we precisely measure the cell cycle
and mitosis duration of sarcoma cell lines and we found that the mitotic gene products
overexpression does not reflect variation in the time spent during mitosis or G2/M.
We also found that the CINSARC cell lines, we studied, are composed of a mixture of
aneuploid, diploid, and tetraploid cells that are highly motile in vitro. After sorting
diploid and tetraploid cells, we showed that the tetraploid cell clones do not possess a
proliferative advantage, but are strikingly more motile and invasive than their diploid
counterparts. This is correlated with higher levels of mitotic proteins overexpression.
Owing that mitotic proteins are almost systematically degraded at the end of mitosis,
we propose that it is the abnormal activity of the mitotic proteins during interphase
that boosts the sarcoma cells migratory properties by affecting their cytoskeleton.
To test this hypothesis, we designed a screen for mitotic or cytoskeleton protein
inhibitors affecting the sarcoma cell migration potential independently of cytotoxic
activities. We found that inhibition of several mitotic kinases drastically impairs the
CINSARC cell invasive and migratory properties. This finding could provide a handle
by which to selectively inhibit the most invasive cells.

INTRODUCTION groups [3, 4]. Tumor resection followed by radiotherapy
is widely used for low graded and localized tumors,
Soft tissue sarcomas (STS) [1] are rare mesenchymal but 5 years overall survival remains very poor. Patients
malignant tumors that can derive from different cell that develop local relapse or distant metastasis, benefit
lineage and from almost any soft tissue in the body [2]. The of palliative chemotherapy treatments with a very low
genome of STS cells may present simple translocations response rate [5].
or harbor complex chromosome rearrangements that add Improved classification and identification of markers
another level of complexity to the lineage heterogeneity. started with the development of genomic analyses and
As a result, the classification of STS, based on tumor genetic characterization of STS. As a result, a list of
cell differentiation and histological grading, is very specific gene mutations, amplifications and chromosome
challenging. Indeed, although these tumors account for rearrangements is rapidly growing for many types of soft
less than 1% of human cancers, there are over 75 STS tissue sarcoma tumors [6]. Functional studies aimed at
www.impactjournals.com/oncotarget 16669 Oncotarget
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confirming altered pathways are developed with generation
of sarcoma derived cell lines and in vivo models [7] and
should allow the design of targeted therapies for patients
developing STS tumors.

In this context, genomic and expression profiling
of STS with highly rearranged genomes led to the
identification of a validated 67 overexpressed genes
signature called CINSARC for genome Complexity
Index in SARComas. In STS and several other cancers,
CINSARC predicts metastasis outcome with better
confidence than the histological grading system developed
by the French Federation of Cancer Centers Sarcoma
Group (FNCLCC) [8, 9]. CINSARC is a molecular
signature mostly composed of genes that encode cell cycle
proteins controlling chromosome integrity and mitotic
progression. Strikingly, most of the mitotic kinases and
kinesins regulating the establishment and the evolution
of the microtubule spindle during mitotic progression,
required to faithfully segregate sister chromatids in
daughter cells, are found among these 67 gene products.

Cell tetraploidization often occurs early in
tumorigenesis [10] and may result from different
insults to the cells such as telomere attrition [11, 12] or
mitotic defects. For example, centriole amplification or
overexpression of spindle assembly checkpoint proteins,
but also cytokinesis failure or loss of AURKB dependent
abscission checkpoint can all induce tetraploidization
[12-20]. In normal cells, cytokinesis failure triggers
activation of Hippo pathway, leading to TP53 dependent
G1 arrest [1, 21-23]. However, when the 7P53-dependent
surveillance mechanism is lost, tetraploid cells will keep
cycling, further promoting chromosome instability (CIN),
aneuploidy and tumorigenesis [14, 18, 24]. To keep their
proliferative advantage, derived cancer cells may adapt by
inducing centrosomes clustering and/or silencing during
mitosis [25-27].

Thus deregulation of mitotic genes observed in
CINSARC positive tumors likely participates to the
increasing complexity in chromosomes aberrations,
rearrangements and instability observed in metastatic STS
tumors.

Most intriguing, however, is the link that CINSARC
signature makes between deregulation of mitosis and
increased metastatic potential. As yet, only a few studies
suggested that mitotic gene products could be linked to
increased cell motility and invasive properties. Among
them mitotic checkpoint proteins BUBRI and Madl
were proposed to regulate cellular motility through the
regulation of MMP-2/9 metalloproteases and integrin
secretion respectively [28, 29]. Most interestingly,
identification of novel partners also directly linked
mitotic CCNA2 and AURKA Kinase to the promotion of
cell migration through RhoA and SSH1/CFL1 mediated
regulation of actin dynamics [30, 31].

Here, we show that cell lines derived from
CINSARC tumors acquired highly motile and invasive

phenotypes. From these heterogeneous cell lines, we
derived diploid and tetraploid clonal cell lines. RNA
sequencing showed that clonal populations were positive
for CINSARC signature and likely shared a same origin.

Relative to control fibroblast, overexpression
of CINSARC transcripts was similar in all clones. In
contrast, increase of most candidate mitotic gene products
steady state levels was more elevated in tetraploid versus
diploid cells. This did not confer significant proliferation
advantage to tetraploid cells but strikingly increased
their motility potential. In addition, we found that drug
mediated inhibition of major mitotic kinases AURKA/B
and TTK considerably reduced the migratory potential of
all CINSARC clones.

RESULTS

CINSARC positive MFH137 and MFH152
sarcoma cell lines are hyper motile

We investigated the motile and invasive properties
of CINSARC positive MFH152 and MFH137 sarcoma
cell lines derived from metastatic tumors. Using a
wound-healing assay to monitor cell migration, we
found that MFH152 and MFH137 cells are extremely
motile compared to non-transformed IMR90 fibroblast
cells (Figure 1A and Supplementary Video 1). To avoid
putative caveats from the wound procedure, we used
size-controlled cell seeding stoppers from Oris™ and
confirmed the high migratory potential of MFH137 and
MFHI152 cells (Figure 1B and 1C). Since these assays
measure migration of grouped cells, we used fibronectin-
coated narrow lines to monitor individual cells migration
(Supplementary Video 2). As shown in Figure 1D,
MFH137 and MFH152 still moved very fast, when forced
to migrate individually. Finally, using a collagen layer-
based 3D migration assay we found that MFH137 and
MFH152 are highly invasive compared to untransformed
fibroblasts (Figure 1E and 1F). In conclusion and as
expected from the metastatic potential of the tumors they
derive from, we found that MFH152 and MFH137 cells
are highly motile and invasive in vitro.

Cell cycle analysis reveals the heterogeneity of
MFH152 and MFH137 sarcoma cell lines

Since one striking feature of the MFH152 and
MFH137 cells is to overexpress mRNAs involved in cell
cycle regulation, we wondered whether it is correlated
with cell cycle perturbations. To address this question,
we constrained cells within fibronectin-coated circular
areas and followed them by time-lapse microscopy over
several divisions (72 hours, Supplementary Videos 3-5).
The average cell cycle length was almost twice as long
for MFH137 and MFH152 cells (32 hours) compared to
IMROO0 fibroblast cells (Figure 2A). In addition, cell cycle

www.impactjournals.com/oncotarget

Oncotarget

Annexes

Page 243




80 - 0.8-
8 *kk
14
= =
3 0.6- i
<
E o
= i £
% T 3
2 = s
8 oy
3 i
(=9
g B
T
(TR
s
Areaat0h
it Areaat24h
D E F
100 - 15+
*kk
o
&
’:L: 80 A ; *kk
s
£ o 101
< 60 - &l g
gé_ e g Hkk
@ - D
2 . < g
(__) 40 A ;
g o 54
s ~ |
2 20 A o /o
£ T bt
i T
Sy v
ol : 50 um ol
e & A | S & A
& %) nucleus SOSNCIRN)
\®Q~®<<\Z\\ @(‘8\ \@Q.éx\\‘gz\\

Figure 1: MFH137 and MFH152 sarcoma cell lines have a great invasive and motile potential. (A) Confluent IMR90
fibroblast or MFH152 or MFH137 sarcoma cell monolayers were scratched with pipet tips and imaged every hour to study collective
migration. Quantitative histogram shows the average speed, calculated from the wound closure rate, using image J software. (B) and
(C) two-dimensional migration assay using the Oris™ cell assay. Cells were allowed to migrate for 24h after the removal of cell seeding
stoppers, fixed and stained with phalloidin to evaluate their motile potential. Representative photomicrographs are shown in panel (B), the
yellow broken lines show the empty migration zone at the start of the experiment while the blue lines delimit the cell-free area after 24h
of migration. Quantitative data are presented in panel (C). (D) Speed of individual IMR90, MFH152 and MFH137 cells was evaluated
using the CytooChips Motility system to follow individual cell migration. (E) and (F) Invasive potential of IMR90, MFH152 and MFH137
cell lines measured after 24h. Representative micrographs show starting cell density at Oum (E, insets) and invasive cells at 50 um (E).
Quantitative data are represented in panel (F). For all experiments, data are reported as means + SEM (n > 3). ***p <0.001 (ANOVA test),
as compared with the human fibroblast IMR90 cell lines.
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length was very heterogeneous between individual sarcoma
cells lasting from 21 to 50 hours and from 22 to 46 hours
respectively for MFH152 and MFH137 cells (Figure 2A).
The cell heterogeneity was even more striking with mitosis
duration that ranged from 24 min to 432 min (average 93
min) and from 16 to 368 minutes (average 70 min) for
respectively MFH152 and MFH137 cells. By comparison,
IMR90 spent 27 min average in mitosis (Figure 2B).
Analyses of DNA content by flow cytometry showed that
both MFH152 and MFH137 cell lines display an unusual
proportion of cells containing at least 4n DNA content
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(Figure 2C-2D). To analyze whether the “shoulder” of
the 4n DNA peak in MFH137 and MFH152 cells could
represent G1 phase of a tetraploid subpopulation and/or
aneuploid cell subpopulation, we performed metaphase
chromosome spreads of these cells (Figure 2E). MFH152
and MFH137 cell lines contain three distinct cell populations
with respectively 46, 92 or intermediate chromosomes
number indicative of diploid, tetraploid and aneuploid
cells (Figure 2F). Altogether our results suggest that the
heterogeneity of the cell cycle in both sarcoma cell lines
likely reflects the mixture of these cell lines subpopulations.
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Figure 2: MFH137 and MFH152 sarcoma are a heterogeneous population. (A) and (B) quantitative analyses of cell cycle and
mitosis length of IMR90, MFH152 and MFH 137 cell lines following image acquisition of the cell lines for up to 72h. Panel (A) displays the
quantitative data of cell cycle duration, while panel (B) shows the length of mitosis. (C) and (D) IMR90, MFH152 and MFH137 cells lines
were fixed and stained with propidium iodide for cytofluorometric assessment of cell cycle progression. Cell cycle distribution analysed by
flow cytometry panel (C) and quantitative data (means + SEM; n = 3) of corresponding flow cytometry profiles panel (D) are shown. (E)
and (F) Metaphase spread of IMR90, MFH152 and MFH137 cells lines. Panel (E) shows examples of DAPI-stained chromosomes in the
metaphase spreads with the corresponding ploidy while panel (F) reports quantitative data.
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Cell cycle profiles of diploid and tetraploid
clones are similar but spindle assembly
checkpoint is weakened in tetraploid clones

To be able to compare the behavior of diploid and
tetraploid cells in the MFH137 and MFH152 sarcoma cell
lines, we sorted them by flow cytometry using limiting
dilution subcloning [32] and according to their size
(Supplementary Figure 1A). A number of clones derived
from single cells had a G1 profile with a 2n-4n intermediate
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content in DNA indicating strong chromosome instability
(Supplementary Figure 1B). This aneuploid subpopulation
was previously identified in the parental cell lines by
metaphase chromosome spread (Figure 2F)

We chose to further analyze diploid and tetraploid
clones that had DNA content profiles, in agreement with
respective 2n/4n and 4n/8n populations containing less
than 20% of cells in G2/M phase (Supplementary Figure
1B, Figure 3A-3B for MFH152, Supplementary Figure
2A-2B for MFH137).
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Figure 3: Cell cycle of diploid and tetraploid clones is similar but tetraploid clones have a weak spindle assembly
checkpoint. (A) and (B) Diploid (Cl1) and tetraploid (C17) MFH152 clones were fixed and stained with propidium iodide for the
cytofluorometric assessment of cell cycle progression. Cell cycle distribution analysed by flow cytometry is displayed in panel (A).
Quantitative data of corresponding flow cytometry profiles are plotted in panel (B). (C) and (D) Diploid (Cl1) and tetraploid (C17) MFH152
clones were imaged for up to 72h, by time lapse microscopy, to evaluate their respective cell cycle length and the time spent in mitosis.
Panel (C) displays the quantitative data of cell cycle duration, while panel (D) shows the length of mitosis. **p < 0.05 (ANOVA test), n.s.,
not significant. (E-F) Fraction of G2/M cells present in two diploid and two tetraploid clones were analyzed by Flow cytometry profile (E)
and quantified (F) following staining with antibodies directed against Ser10 Phospho-histone H3 (means + SEM; n = 3). (G—H) Robustness
of SAC in two diploid and two tetraploid clones. Percentage of the cell population arrested in mitosis following 16 hours exposure to carrier
(control), nocodazole (200nM) or paclitaxel (100nM) (G) and percentage of the total number of arrested mitotic cells at 16 hours (100%)
sustaining SAC over prolonged exposure to nocodazole (means + SEM; n = 3).
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Flow cytometry analyses at different cell passages
revealed that the DNA content of some of these clones
remained stable for three months (data not shown). We
thus characterized their cell cycle and motility profiles at
early passages. A more homogenous cell cycle length was
observed in subclones compared to parental cell line and
averaged 22/26 hours respectively for diploid/tetraploid
clones derived from MFHI152 (Figure 3C). A similar
behavior was observed for MFH137 cells (Supplementary
Figure 2C). The statistically significant small variation
of cell cycle length between diploid and tetraploid cells
could reflect a required lengthening of G1 to G2 phases to
prepare larger cells for cell division.

Duration of mitosis was similar in diploid and
tetraploid clones derived from MFH137 and MFH152
cell lines (Figure 3D and Supplementary Figure 2D).
To better compare the G2/M cell populations in diploid
and tetraploid clones derived from MFHI152 cells, we
next analyzed by flow cytometry, their Serl0 Phospho-
histone H3 content (Figure 3E). Quantification of the
flow cytometry profiles shows that the fraction of Ser10
Phospho-histone H3 positive cells is largely similar in
tetraploid and diploid clones (Figure 3F).

Cell tetraploidization is often linked to the
weakening of the mitotic spindle assembly checkpoint
(SAC). We thus investigated the strength of SAC in
diploid and tetraploid clones derived from MFH152 cells.
Nocodazole and taxol drugs interfere with microtubule
dynamic and induce, in exposed cells, activation of the
SAC and prometaphase arrest. Over a large range of drug
concentrations, parental MFH152 cell line could not
efficiently be synchronized likely reflecting the lack of
SAC in the aneuploid cell subpopulation (data not shown).
After 16 hours nocodazole or taxol drug exposure, diploid
clones were more efficiently arrested (60-80%) than
tetraploid clones (40-50%) and parental MFH152 cells
(20-30%) suggesting that diploid cells respond better than
tetraploid cells to checkpoint conditions (Figure 3G).

Next, to analyze, how spindle assembly checkpoint
is sustained in arrested cells. The decay of all nocodazole
arrested mitotic cells measured after 16 hours exposure
(Figure 3G) was monitored over longer time of drug
exposure. As observed (Figure 3H), tetraploid cells
escaped faster (50% escape at respectively 30 and 36
hours for clone 8 and 7) than diploid cells (50% escape at
respectively 46 and 63 hours for clone 2 and1) confirming
the weakness of the SAC in tetraploid clones.

We conclude that the dispersion, we observed for
mitosis length and cell cycle duration in parental cell
lines, likely reflected the behavior of their aneuploid cell
subpopulations. In contrast, MFH152 derived tetraploid
and diploid clones have homogeneous and comparable cell
cycle profiles with similar cell fraction in G2/M phases.
Although the spindle assembly checkpoint is more robust
in diploid than in tetraploid clones, the latter do not have
significant proliferative advantage over the diploid cells.

Sorting of diploid and tetraploid clones reveals
that the tetraploid cells are more motile than
their diploid counterparts

We next compared motile properties of diploid and
tetraploid cells and found that tetraploid MFH152 cells
migrate more efficiently than diploid cells (Figure 4A-4D).

First, motility assays were performed with confluent
cells using cells seeding stoppers, as in Figure 1B. To
avoid artifactual quantification related to diploid and
tetraploid cell size difference, we counted the number
of cells that penetrated inside the migration zone after
24 hours and found that roughly twice as many tetraploid
cells colonized the empty space compared to diploid cells
(Figure 4A-4B). The same assays performed on 2n and 4n
MFH137 clones (Supplementary Figure 2E-2F) confirmed
that motility is greatly enhanced in tetraploid compared to
diploid sarcoma subclones.

Migrating cells may behave differently during
collective cell migration, when cell/cell junctions play
important functions, or as individualized cells. We
therefore followed individual cells motility, of diploid
and tetraploid clones derived from MFH152 cells, over a
20 hours time range. As for collective cell migration, we
found that individualized tetraploid cells were significantly
more motile than diploid cells (Figure 4C—4D).

We next sought to investigate and compare the
invasive properties of MFHI152 derived diploid and
tetraploid clones. Cell Index Invasion was determined
between 10 and 20 hours after seeding the cells. We
found that tetraploid/diploid clones respectively display
the most/the less invasive behavior while the parental
MFH152 cells have an intermediate invasive behavior
(Figure 4E).

Altogether, our results show that compared to
diploid, tetraploid clones developed a more aggressive
behavior characterized by increased motility and
invasiveness.

Diploid and tetraploid subclones are closely
related and overexpress mitotic gene products

Many mitotic gene transcripts are deregulated
in CINSARC positive cells [8] and abnormal mitotic
figures are observed in these cells. As an example, strong
overexpression of kinesin KIF11 is detected on metaphase
spindle poles and in membrane blebs in MFH137 and
MFH152 parental cell lines (Figure 5A).

Since diploid and tetraploid cell subclones derive
from the same CINSARC positive tumor, we wondered
whether their different motile behavior solely results from
the specific properties of the cells they derive from inside
the heterogeneous resected tumor.

To test this hypothesis, we performed transcriptome
analyses of two diploid and two tetraploid MFH152
clones, together with IMR90 control fibroblast by RNA
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sequencing. Clustering results show that the two diploid
clones together and the two tetraploid clones together were
very similar with r=0.9901 and r=0.9939 respectively.
A strong similarity was again observed between 2n and
4n clones (r=0.9701) while respectively more distant
from the IMR90 (r=0.9114 and r=0.9046). In summary,
transcriptomic profiles of 2n and 4n subclones are very
closely related, as shown by the agglomerative coefficient
that measures the clustering structure of the data set.
Thus, they could be of same origin although this analysis
does not definitely prove that they derive from each other
(Figure 5B).

Since, mRNAs deregulation of CINSARC mitotic
genes is conserved in derived diploid and tetraploid
MFH152 subclones (Table 1 and Supplementary Figure 3)
that are closely related but have different motility
potential, we wondered whether representativity of mitotic
gene products might be different in diploid and tetraploid
subclones.

We analyzed, by western blot, the steady state
level of several candidate mitotic and non-mitotic gene
products in diploid and tetraploid MFH152 clones. We
found that most mitotic proteins tested were only modestly
overexpressed in diploid MFH152 clones compared to
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Figure 4: Tetraploid clones are more motile and invasive than diploid clones. (A-B) Four diploid (C11-4) and five tetraploid
(C15-9) MFH152 clones were plated using the Oris™ cell migration assay and grown for 24h before fixation. DAPI staining was used to
evaluate the cells migratory potential. Representative micrographs are shown in panel (A) while panel (B) shows the percentage of nuclei
inside the migration zone (means = SEM; n = 3), ***p < 0.001 (ANOVA test, each tetraploid over each diploid). In panel (A), orange
circles show the migration zone at the start of the experiment (Oh). (C-D) Two diploid (Cl 1-2) and two tetraploid (Cl 7-8) MFH152 clones
were grown in non-confluent conditions and imaged for 24 hours, using time-lapse microscopy, to evaluate respective migration potential
of individual cells. Panel (C) shows representative micrographs of the trajectories reconstituted using imagelJ software of some cells from
diploid (ClI 1) and tetraploid (Cl 8) clones, while panel (D) shows the individual cells speed (means + SEM; n = 3), ***p <0.001, **p<0.05
(ANOVA test). (E) Invasive behavior of cells from a diploid (CI 1), a tetraploid (Cl 7) clones and MFH152 mother cell line was followed
between 10 and 20 hours after seeding using the xCELLigence RTCA DP instrument (Ozyme, France) (means + SEM; n = 4).
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Figure 5: Tetraploid clones overexpress numerous proteins implicated in mitotic control and chromosome integrity. (A)
Metaphases of HS68 fibroblast, MFH137 and MFH152 parental sarcoma cells plated on L shape CYTOOchips™ coated with fibronectin
and stained for indicated antibodies and for actin (phalloidin). Phalloidin staining shows that mitotic sarcoma cells have multiple blebs and
do not adhere properly to the fibronectin coated L shape. Kinesin KIF11 is overexpressed and mislocalized in blebs. These mitotic figures
are representative examples of the numerous mitotic defects observed in sarcoma cell lines (n>5). Detail of images of tubulin and KIF11
stainings are shown on the right. Bar is 10 um. (B) Clustering results of IMR90 together with MFH152 diploid clones 1 and 2 together and
tetraploid clones 7 and 8. (C) Three diploid (Cl 1-3) and three tetraploid (Cl 6-8) MFH152 clones (framed in green and red, respectively)
and the IMR90 cell line (framed in blue) were collected for western-blot analysis of the indicated proteins involved in cytoskeleton, cell
cycle and mitotic regulation. (D-E) Immunofiuorescence of interphasic (D) or mitotic (E) cells from diploid (Cl 1-2) and tetraploid (Cl 7-8)
MFH152 subclones were stained for tubulin together with KIF11 (D) or AURKA (E). KIF11 is overexpressed in tetraploid clones. Detail of
merge images between tubulin and KIF11 is shown on the right, Bars: 20 pm (D). AURKA is overexpressed in midzone region of tetraploid
clones. Detail of merge images between tubulin and AURKA is shown on the right, Bars: 15 pm (E).
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Table 1: CINSARC genes RNA Seq data for MFH152 diploid and tetraploid clones normalized to IMR90 expression

levels
MFH152
Diploid Tetraploid
GeneSymbol IMR90 Cl1 Cl2 C17 C18
ANLN 1.0 3.0 2.9 3.1 3.2
ASPM 1.0 2.4 2.5 2.1 2.0
AURKA 1.0 1.8 2.1 1.6 1.5
AURKB 1.0 3.7 44 3.0 3.1
BIRCS 1.0 3.0 3.1 2.0 1.7
BUBI1 1.0 3.6 32 2.9 3.0
BUBIB 1.0 1.8 22 1.7 1.7
CCNA2 1.0 1.5 1.8 1.2 1.0
CCNB1 1.0 1.9 2.4 1.8 1.3
CCNB2 1.0 22 3.0 2.3 1.9
CDC20 1.0 1.9 2.1 2.7 22
CDCé6 1.0 1.7 1.6 1.5 1.7
CDC7 1.0 4.2 5.3 32 3.8
CDCA2 1.0 1.5 1.8 2.0 1.8
CDCA3 1.0 2.4 2.5 2.0 1.4
CDCAS 1.0 1.8 2.1 2.6 2.5
CENPA 1.0 2.9 3.5 2.4 1.8
CENPE/KIF10 1.0 22 22 1.2 1.0
CENPL 1.0 2.1 1.9 1.8 2.1
CEP55 1.0 29 2.6 22 2.0
CHEK1 1.0 1.4 1.5 1.3 0.8
CKS2 1.0 1.6 1.9 1.5 1.2
ECT2 1.0 2.6 29 2.7 23
ESPL1 1.0 2.3 2.4 2.4 23
FBXO5 1.0 2.3 2.5 2.5 2.4
FOXM1 1.0 2.7 32 2.8 22
H2AFX 1.0 1.7 2.0 1.2 0.8
HP1BP3 1.0 0.6 0.6 0.9 0.7
FANCI 1.0 3.0 34 42 4.6
Eg5/KIF11 1.0 22 2.1 1.9 1.7
KIF14 1.0 2.3 2.3 2.6 2.5
KIF15 1.0 1.6 2.0 1.6 1.7
KIF18A 1.0 2.7 2.8 1.7 1.9
KIF20A 1.0 1.0 1.4 1.5 1.1
KIF23 1.0 2.6 2.8 3.1 3.0
(Continued)
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MFH152

Diploid Tetraploid
GeneSymbol IMR90 Cl1 Cl2 Cc17 C18
KIF2C 1.0 23 2.9 3.9 3.7
KIF4A 1.0 32 4.0 35 2.4
KIFC1 1.0 1.8 2.0 2.4 2.2
MAD2L1 1.0 2.0 2.2 1.4 1.2
MCM2 1.0 3.1 34 2.8 2.6
MCM7 1.0 2.7 2.7 3.0 3.0
MELK 1.0 3.1 3.7 3.2 3.2
NCAPH 1.0 4.6 35 42 4.8
NDE1 1.0 0.9 1.1 1.1 0.7
NEK2 1.0 2.6 3.2 2.8 2.3
NUF2 1.0 22 2.8 2.4 2.6
OIP5 1.0 3.9 4.4 35 2.8
PBK 1.0 2.4 2.9 33 3.1
PLK4 1.0 1.8 1.9 1.4 1.4
PRC1 1.0 2.0 2.1 2.2 1.9
PTTG1 1.0 6.4 7.5 7.3 5.1
RADS51AP1 1.0 34 3.7 33 3.6
RNASEH2A 1.0 2.9 45 3.1 3.0
RRM2 1.0 1.3 1.4 1.5 1.4
SGOL2 1.0 3.0 2.9 2.8 2.8
SMC2 1.0 2.0 2.0 1.9 2.1
SPAG5 1.0 1.9 2.0 1.4 1.5
SPC25 1.0 3.0 2.6 2.6 22
TOP2A 1.0 1.4 1.6 1.0 0.9
TPX2 1.0 42 45 4.0 35
TRIO 1.0 2.2 1.6 2.0 1.8
TRIP13 1.0 1.7 1.7 1.4 1.7
TTK 1.0 2.7 3.0 33 32
UBE2C 1.0 3.0 3.7 3.1 3.0
ZWINT 1.0 3.4 3.0 33 33

IMROO cells. In contrast, overexpression of CCNBI1, along
with its associated kinase CDKI, other major mitotic
kinases AURKA, BUBRI1, PLK1, and TTK, the MAPs
and kinesins PRC1, TPX2, KIF11, KIF23, were much
increased in tetraploid than in diploid cell lines while non-
CINSARC protein EB1, CFL1, JNK1, and JNK2 steady
state levels were similar (Figure 5C). On the contrary,
CCNEI1, a G1/S gene product was mainly overexpressed

in diploid cells. We also noted a strong overexpression
of TP53 in both diploid and tetraploid clones. This is
consistent with the fact that TP53 is mutated in MFH152
and MFH137 cell lines. Although stabilized, the mutant
TP53 protein remains unable to promote CDKNIA
expression, in these cells. In contrast to IMR90 fibroblast
cells which have a low level of TP53 and high CDKN1A
steady state level.
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The differences in the steady state level of mitotic
proteins, in diploid and tetraploid clones, unlikely results
of cell cycle difference since diploid and tetraploid cells
mitotic index are similar.

Interestingly, at the cellular level, we also found that
kinesin KIF11 is more overexpressed in the cytoplasm of
interphase tetraploid than in diploid MFH152 subclones
(Figure 5D). Similarly, the interphase AURKA kinase
centrosomal staining is more prominent in tetraploid than
diploid cells (not shown), but more strikingly AURKA
strongly stained the midzone and midbody region of
mitotic tetraploid cells only (Figure 5E). Such a staining
is similar to the one expected for Aurora B kinase and
suggest that APC mediated proteolysis of AURKA may
be partially defective in tetraploid clones.

Misexpression and overexpression of microtubule
binding proteins together with regulatory kinases can
result in profound microtubule and actin cytoskeleton
rearrangements. Since actin and microtubule networks
regulate the migratory capacities of cells, we asked
whether overexpression of mitotic gene products confers
to CINSARC positive cells their increased motility
potential.

Reversine and SP600125 inhibit sarcoma cell
migration

To address this question, we developed a screen
using 22 mitosis and cytoskeleton inhibitors at 3 different
doses (0.1; 1 and 10 uM) for 24 hours (Supplementary
Table 1). The initial screen was based on our assay of
inhibition of cell migration using cell seeding stoppers.
The first readout was the consequence of these treatments
on cell death and the second was on cell migration.
Cytotoxic effect inducing cell death was assessed by the
ratio of counted nuclei (inside + outside migration zone)
in the treated versus non-treated cells. We did not consider
further, drugs that display a cytotoxic effect higher than
30% (Supplementary Table 2). Following the first round
of analyses several drugs, with a too high cytotoxic effect,
such as the PLK1 and CDK1 inhibitors, the CENPE and
KIF11 kinesin inhibitors, the proteasome inhibitors and
the cytoskeleton poisons were eliminated.

We then narrowed the screen to the drugs that
passed the cytotoxicity test. We further tested the efficacy
of these drugs at their non-toxic concentration to inhibit
cell motility in chosen diploid and tetraploid MH152
subclones. We used the cell migration assay we developed,
and counted the number of cells entering the migration
zone. Table 2 summarizes the results, we obtained. We
decided to consider 40% of migration inhibition, as a
cut off, to consider the drug efficient in inhibiting the
cell motility. Most of the kinesins, mitotic kinases and
phosphatase inhibitors that proved to be very toxic at
high doses, were only used at low concentrations with
no noticeable effects on cell migration capacity (GSK

923295, Dimethylenastron, ZM 447439, RO3306, CDKi,
Roscovitin, CDC25).

Finally only the two drugs, Reversine and
SP600125, met the criteria of conjugating low toxicity
with significant inhibition of diploid and tetraploid
sarcoma cells migration. These drugs target major mitotic
kinases. Specificity of Reversine is best toward TTK (IC,;
6 nM) and good toward AURKB (IC, of 98.5 nM) while
SP600125 inhibits AURKA and AURKB (IC,; 60nM and
190nM) but also JNK (IC; 100-200nM) and TTK (IC,,
1,9 uM).

We focused our study on these promising two
molecules, in order to better characterize their efficacy
toward inhibition of migration. Assays were enlarged
to 3 diploid sub-clones and 3 tetraploid sub-clones. We
first and again evaluated the toxicity of the drugs using
cytofluorometry-based assays. Measures of the cell death—
associated parameters, vital dye propidium iodide (PI)
and mitochondrial membrane potential (Aym)-sensing
dye DiOC, [16]) confirmed the non toxic effect of both
molecules at 24h on all sub-clones (Figure 6A). We next
repeated the two-dimensional cell migration assays.

Both Reversine and SP600125 inhibited the
migration of all sub-clones. Strikingly, the residual
migration of the highly motile tetraploid subclones was
similar to the diploid clones. These results show that
tetraploid cells, that overexpress CINSARC mitotic gene
products, were more sensitive to Reversine and SP600125
treatments (Figure 6B).

Next, to further study the effect of reversine and
SP600125 on cell invasion, we used 3D MultiCellular
Tumor Spheroid Assay (MCTS) that mimics several
features of tumor microenvironment and privilege cell-
cell adhesion over cell/extracellular matrix interactions
[33]. Diploid cells efficiently formed regularly shaped
spheroid after 24 hours culture. In contrast, even after
48-72 hours of culture, tetraploid cells only formed
small cell clumps that broke easily and did not properly
aggregate (data not shown), behaving as a number of
tumor cell lines described in an extensive survey [33].

Since tetraploid MFH152 cells were unable to form
spheroids, we concentrated on diploid MFH152 and initiated
the 3D tumor invasion assay by transferring the spheroids
in collagen-based medium and at low serum concentration
(0.1%), in order to minimize cell proliferation. Using time-
lapse imaging, we observed a remarkable induction of
cell migration from the tight untreated MFH152 diploid
spheroids embedded in the collagen matrix. Indeed, the
spheroid volume rapidly expanded in collagen matrix, as
invading cells that induced matrix proteolysis/degradation
colonize the newly emptied space (Figure 7A and
Supplementary Video 6). In contrast, when spheroids were
incubated in collagen-based medium containing either
reversine or SP600125, a complete inhibition of invasion
was observed (Figure 7A and Supplementary Video 7-8)
and quantified (Figure 7B).
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Table 2: Migration inhibition ratio for MFH152 diploid and tetraploid clones upon incubation with three doses of the

indicated drugs

Migration inhibition

Cell counts
0.1 pM 1pM 10 pM
Diploid Tetraploid Diploid Tetraploid Diploid Tetraploid
1 AZ 3146 0.00 0.00 0.12 0.00 N.R. 0.25
2 Reversine 0.04 0.00 0.08 0.00 0.40 0.47
3 SP600125 0.00 0.00 0.12 0.00 0.44 0.47
4 ZM 447439 0.00 0.10 N.R. 0.01 N.R. N.R.
5 Dimethylenastron 0.00 0.03 N.R. N.R. N.R. N.R.
6 GSK 923295 0.00 0.05 N.R. N.R. N.R. N.R.
7 SB203508 0.00 0.03 0.00 0.01 0.01 0.12
8 RO 3306 0.18 0.00 0.01 0.00 N.R N.R
9 Cdk1 Inhibitor III 0.00 0.05 0.00 0.00 N.R N.R
10 Roscovitine 0.00 0.13 0.00 N.R N.R N.R
11 NSC 95397 0.12 0.08 0.15 0.11 N.R N.R
12 IPA3 0.00 0.00 0.00 0.00 0.23 0.02
13 Y-27632 0.00 0.01 0.04 0.09 0.04 0.12
14 ITX-3 0.08 0.01 0.00 0.01 0.09 0.11
15 Blebbistatin 0.06 0.06 0.06 0.00 0.00 0.00

Green labeling indicates a migration inhibition ratio above 0.40.

This drug-mediated inhibition of invasion cannot
be attributed to mitotic arrest since we did not observe
any spheroids shape changes/expansion following drug
treatment, even at very early time points (Supplementary
Videos 6-8).

The combination of several CINSARC mitotic
gene products is likely required to upregulate
tetraploid sarcoma cells migration

Reversine and SP600125 target several major
kinases. In order to identify whether one of these kinases
could specifically regulate sarcoma cells migration. We
focused on AURKA, AURKB and TTK kinases that
are targeted by reversine and SP600125 and also chose
KIF11 that strongly stains the lamellipodia of interphase
tetraploid cells (Figure 5D). We used siRNAs directed
against AURKA, AURKB, TTK and KIF11 and highly
specific drugs commercially available (Supplementary
Table 2). MLN8237 (Alisertib), a selective AURKA
inhibitor (IC50 of 1.2nM in cell free assay, with >200 fold
higher selectivity for AURKA than AURKB); AZD1152-
HQPA (Baraserib) that is highly selective against AURKB
(IC 0.37nM is cell free assay, with >3700 fold more
selective for AURKB than AURKA); SB743921, a KIF11

inhibitor (K, of 0.1 nM, with almost no affinity to other
kinesins); Mps-BAY2a, a TTK inhibitor (IC50 of 1nM).

Consequences of siRNAs and drug treatments
on cell migration potential were tested with the cell
seeding stoppers assay (Oris ™). Almost complete
protein depletion was observed with 5nM siRNA
treatment, none of the siRNAs displayed a cytoxic effect
higher than 30% when used at 100nM (Supplementary
Figure 4A). However, when tested at 5 and 100nM,
none of the siRNA treatment induced significant effect
on either diploid or tetraploid cell migration capacity
(Supplementary Figure 4B).

To confirm these results, we used the specific
inhibitors described above. First, diploid (clone 1) and
tetraploid cells (C17) were exposed for 24 hours to a range
of drug concentration to determine by flow cytometry
their cell cycle profile (Supplementary Figure SA-5B).
Deregulation of AURKA kinase induces centrosomal
abnormalities, defective chromosome segregation
followed by aneuploidy and/or cell death. MLN8237
(AURKAI) inhibits AURKA at low nanomolar range
(10nM). But, as reported [34], MLN8237 concentration
above 100nM induced AURKB inhibition dependent
cell polyploidization. KIF11 is required for bipolar
spindle assembly and KIF11 defects result in monopolar

www.impactjournals.com/oncotarget

16680

Oncotarget

Annexes

Page 253




100 -
00 [ PIrDiOC @
EEPF
751 DT
9
S 504 e 8 2 & 2 8 2 8 2 g e 8
© ? 2 3 B 2 3 ® 2 g 9 2 3 B3 2 3 B 2 g
() £ 0 Q2 £ 0o Q £ °o g s 0 2 = 0o 2 =5 0o 2
° 5 3 & § 3 & & 3 & & 5 &4 6 5 & 6 & o
= O x o O x o O x o O xr o O x o O xx o
8 257
0.
CI CI2 CI3 Clé Cl7 CI8
B
60 , Diploid Tetraploid MControl ™ Reversine 10uM = SP600125 10uM
§ #HH
S22 40
Zx
g.s * *%* *k Fkk dkdk *kk
§® 201
°5
1S
0.

Ci CI2 CI3 Cleé Cl7 CI8

Figure 6: Reversine and SP600125 inhibit cell migration. (A) Toxicity induced in diploid and tetraploid subclones following 24h
treatment with either reversine or SP600125 was assessed by flow cytometry upon co-staining with the cell death—associated parameters
dyes, propidium iodide (PI) and DiOC6 [72] (means = SEM; n = 3). (B) Three diploid (CI 1-3) and three tetraploid (Cl 6-8) MFH152 were
plated using the Oris™ cell migration assay. Cells were grown with or without Reversine or SP600125 at 10 uM for 24h, fixed and stained
with DAPI to measure their migratory potential. Quantitative data shows the percentage of cells (DAPI staining) inside the migration
zone (means = SEM; n = 3). *(p<0.05), **(p<0.01),***(p<0.001) indicates significant difference from the absence of both Reversine or
SP600125 treatment while ### (p<0.001) indicates significant difference of the migration inhibition between all tetraploid clones taken one
by one vs all diploid clones taken one by one (ANOVA test).
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Figure 7: Reversine and SP600125 inhibit diploid MFH152 clone invasion in 3D. (A) and (B) A diploid MFH152 clone was
used to generate spheroids. Spheroids were transferred in collagen matrix (Panel A, 0 h) to allow invasion. Drug dilution buffer (Control)
or Reversine or SP600125 were added to the collagen matrix and spheroids were imaged using time-lapse microscopy for up to 24 h to
evaluate the drug effects on invasion. Panel (A) displays the fate of a single spheroid in the control and treatment conditions, at 0, 6, 12,
18 h while quantitative data of invasion are represented in panel (B).
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spindle formation and mitotic arrest [35], a phenotype
we observed with SB743921 concentrations, as low as
10nM. Cytokinesis defect and polyploidization resulting
from AURKB dysregulation [36] was induced by 20nM
AZD1152-HQPA treatment. We previously reported that
Mps-BAY2a mediated TTK inhibition prevents SAC
activation and ultimately results in aneuploidization/
polyploidization [37]. Here, cell cycle perturbations
were induced with Mps-BAY2a concentration as low as
100nM.

Cell cytotoxicity remained below 30% both for
diploid and tetraploid clones using these defined low but
effective inhibitor concentrations (Supplementary Figure
5C-5F). Nevertheless, when used at similar concentrations,
none of these drugs had a significant inhibitory effect on
either diploid or tetraploid cell motility (Supplementary
Figure 5G-5H).

In summary, interference with chosen single mitotic
gene products is not sufficient to inhibit cell migratory
activity. We suggest that it is the combination of several
deregulated mitotic gene products of CINSARC signature
that is responsible for the increased migratory capacity
of tetraploid clones. Inhibition of cell invasiveness and
motility mediated by SP60025 and reversine that have
broader effects on several mitotic gene products further
support this hypothesis.

DISCUSSION

Mitosis is a highly regulated process that leads,
in most cells, to the equal partitioning of chromosomes
and cytoplasmic material in the two daughter cells.
In normal tissues, protective mechanisms insure that
tetraploidization does not happen [1, 19, 38] and if
an accident occurs the resulting tetraploid cells are
rapidly eliminated [39, 40]. Nonetheless, cycling
tetraploid cells with supernumerary centrosomes and
aberrant mitoses are observed at very early stages of
tumorigenesis [10, 41-43] and surviving tetraploid
cells were proposed to trigger chromosome instability
(CIN) and aneuploidy in absence of 7P53-mediated
G1 checkpoint [12, 18, 24, 44, 45]. Indeed, tetraploidy
associates with increased DNA damage, abnormal
bipolar/multipolar mitoses, chromosome breaks and/or
missegregration [10, 12, 20, 46, 47].

But, in contrast to functions in tumorigenesis,
few data exist concerning a potential involvement of
tetraploidization in the promotion of cell migration and/
or invasion [18].

In tumors, cells that become invasive must detach
from other cells and degrade the extracellular matrix
through which they will migrate. Invasive behavior
requires profound changes of cell shape, adhesion and
mechanical properties that depend upon dynamic changes
of actin, microtubule but also intermediate filament
networks [48-51].

In this study, we showed that cell lines derived
from CINSARC positive soft tissue sarcoma have, as
expected, highly motile profiles and enhanced capacities
to migrate compared to non-transformed fibroblasts.
Because of the heterogeneity of the cell lines derived
from these tumors, we isolated cellular clones that proved
to be aneuploid, for most. We were, however, capable
to isolate and grow diploid and tetraploid clones that
remain stable over a three months period. Unexpectedly,
the motile and invasive behavior of tetraploid clones was
greatly enhanced compared to diploid cell clones. RNA
sequencing indicated that they likely share the same origin
and kept the CINSARC signature with similar levels of
deregulated mitotic gene transcripts. Nonetheless, the
overexpression of candidate mitotic gene products,
i.e. proteins, was greatly enhanced in the tetraploid
population. Since mitotic indexes were similar in diploid
and tetraploid cells, we assume that tetraploid dependent
increased steady state level of mitotic proteins depends
upon a regulation that is beyond the transcriptional level,
and acquired with tetraploidization. Degradation of
many mitotic proteins occurs at the end of mitosis and is
required either to exit mitosis or to prevent inappropriate
functioning in interphase [30, 52-58]. Although, we do
not know how mitotic proteins are stabilized in tetraploids
[59], it is tempting to speculate that ubiquitin-mediated
proteasome degradation of proteins at the end of mitosis
could be partly defective. Indeed, we observed by
immunofluorescence that a number of mitotic proteins,
such as KIF11, KIF23 and PLK1 were overexpressed in
interphase in sarcoma cell lines (data not shown). KIF11
kinesin, which is overexpressed in tetraploid sarcoma
cells, was shown to be involved in regulation of cell
migration [16, 60]. In addition, AURKA accumulation,
at the midzone and midbody region, in late mitosis of
tetraploid sarcoma cells also indicates that its Apc/C-cdhl
mediated proteolysis is deficient in these cells. While
AURKA degradation is important for the organization
of the spindle during anaphase [61] [62], a link was
also proposed between stabilization of AURKA and
tumorigenesis [63].

Overexpression of mitotic gene products after the
completion of mitosis would also be consistent with the
fact that invading cancer cells are mostly in GO/G1 [64].

We identified that inhibitors targeting the major
mitotic kinases AURKA/B and TTK inhibited cell
migration of diploid and tetraploid sarcoma cell subclones
and invasion from diploid spheroids. Thus, misexpression
of these mitotic kinases regulates the motile behavior of
sarcoma cells. However, using highly specific drugs and
targeted siRNA approaches, we failed to pinpoint novel
functions of a specific mitotic gene product in upregulating
motility.

This further suggests that it is a combination of
several deregulated mitotic gene products that participate
to the cytoskeleton remodeling responsible for the
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increased migratory capacity observed in tetraploid clones.
Inhibition of cell invasiveness and motility mediated by
SP60025 and reversine that affect several mitotic gene
products further support this hypothesis.

In the future, it will be of interest to study the
motile behavior of TP53"" tetraploids derived from non-
CINSARC diploid cells together with the diploid parental
cells. This will allow to address whether tetraploidization
by itself can promote increased cell motility and
eventually whether such a phenotype will be linked to the
stabilization of mitotic gene products.

Deregulation of many mitotic gene product observed
in CINSARC signature correlates with high metastatic
potential [8]. We show that the significance of CINSARC
signature, over motile and invading cell behavior, derives
from over/misexpression of mitotic kinesins and kinases.
Our study further highlights novel functions of mitotic
proteins in regulation of cell motility [28-31]. Validation
of CINSARC signature in different tumor types [8, 65]
increases its importance for prognosis and potential
targeted therapies. In this context, it would be of interest
to focus on the understanding of the origin of deregulation
of so many mitotic gene transcripts. In that regard, an
interesting candidate will be the FoxMI transcription
factor that regulates, as a bulk, most kinetochores genes
[66] and which is highly expressed in sarcoma [67].

MATERIALS AND METHODS

Cell lines and culture conditions

MFH137 and MFH152 cell lines derive from two
distinct tumors of mesenchymal origin that were initially
characterized as malignant fibrous histiocytoma (MFH)
and were subsequently reclassified as undifferentiated
pleomorphic sarcoma (UPS). Isolation of MFHI137
cell line was previously described [68]. Briefly, sterile
fragment from resected tumor was minced in culture
medium and then disaggregated by overnight incubation
in collagenase (100 units/mL) at 37°C. Long-term
culture (more than 70 passages were done) and standard
harvesting procedures were used. We followed the same
procedure to isolate the MFH152 cell line. The consistency
between the cell lines and the original tumors was done by
comparison of the genomic profiles.

IMRO90 human fibroblast cell line was a gift of Dr.
DA Skoufias (IBS, Grenoble). All cell lines were cultured
in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% foetal calf serum and antibiotics.

Reagents and antibodies

The drugs used for screening in this study are listed
in Supplementary Table 1.

Reversine, SP600125, ZM 447439, BI 2536, STLC,
Dimethylenastron, SB203508, RO 3306, Cdk1 Inhibitor
III, Roscovitine, NSC 95397, IPA3, Y-27632, ITX-3,

Nocodazole, Paclitaxel, Blebbistatin, Cytochalasin B,
MG 132 and Velcade were purchased from Sigma—
Aldrich (St. Louis, MO, USA). AZ 3146 and Mps-BAY2a
were obtained from Tocris (Bristol, United Kingdom).
MLN8237 (Alisertib), AZDI1152-HQPA (Baraserib)
and SB743921 were purchased from Selleckchem.
GSK923295 is from MedChem express.

Monoclonal antibodies against a-tubulin, CDKI,
AURKA, PLKI1, KIFIl (Sigma-Aldrich); CCNBI,
CCNEI, TP53, CDKNIA, JNK1, JNK2 (Cell signaling);
EBI1, COFILIN (Santa Cruz), TTK, BUBRI (Abcam).
Polyclonal antibodies against PRC1 (Santa Cruz), Tpx2
[69]; Kif23 [70] were used.

Migration assays

For wound-healing assay, scratches were performed,
with sterile 1000 pl tips, on confluent cell monolayers and
monitored every hour by time-lapse microscopy. The two
dimensional Oris cell migration assays were performed
according to the manufacturer’s instructions (Platypus
Technologies, Madison, USA). Briefly, cells were seeded
(2 x 10* cells per well) into 96-well plates with “silicone
stopper” and grown overnight. Then stoppers were
removed and cells were incubated for an additional 24h
to allow their migration into the empty zone. Cells were
fixed with 4% PFA in PBS, stained with DAPI (for DNA
detection) and FITC-phalloidin (for actin staining). Data
acquisitions were performed using Cellomics Arrayscan
(Arrayscan VTI Live; Carl Zeiss, Inc). The number of cells
in the migration zone and the total number of cells outside
and inside the migration zone (same area for both zones)
were counted, by thresholding the DAPI stained nuclei,
using image J software. The ratio between these two
numbers was used as the percentage of migrating cells.
For individual cell migration (Figure 1), cells were plated
on glass coverslip coated with fibronectin on linear tracks
of different widths (CYTOO™Chips Motility, CYTOO).
Cells were seeded at low concentration (approximately 20
cells per mm?), to avoid cell-cell contacts that would affect
analyses. For individual cell migration (Figure 4C—4D),
cells were plated on 6 well plates at very low density
(30000 cells per well). Cells were monitored by time-lapse
microscopy. Image acquisitions were performed every 15
or 30 min (Figure 1D/Figure 4C-4D) for 24h using a Leica
DMIRE?2 inverted cell microscope equipped with a LMC
20 x 0.4 lens (Leica, Wetzlar, Germany). Time lapse were
analyzed using ImageJ software (freely available from the
National Institute of Health, http://rsb.info.nih.gov/ij/).

Invasion assays

3D invasion assays (Figure 1E-1F) were performed
in 96-well plates (PerkinElmer) coated with 0.2% BSA
(Sigma-Aldrich) and 10* red fluorescent polystyrene
microspheres (FluoSpheres; Invitrogen). In brief, cells
were suspended in 2.3 mg/ml serum-free liquid bovine
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collagen at 10° cells/ml. 100 ul aliquots were dispensed
into the plates. Plates were centrifuged at 1,000 rpm and
further incubated at 37°C. Once collagen had polymerized,
serum was added on top of the collagen to a final
concentration of 5% (final volume of 30 ul). After 24 h,
cells were fixed with 4% PFA and stained with Hoechst
33342 (Invitrogen). Images were acquired from each
well at 50 and 0 pm from the bottom of the well using a
Cellomics Arrayscan. The invasion index was calculated
as the ratio of the cell number at 50 pm versus 0 pm.

Invasion experiments (Figure 4E) were performed
with the xCELLigence RTCA DP instrument (Ozyme,
France) according to the manufacturer’s guidelines.
24 hours prior experiment, cells were deprived of
feetal calf serum. A layer of Matrigel (300pg/ml, BD
Biosciences) was applied on the CIM-Plate 16 upper
chamber membranes as described [71]. Subsequently,
the coated upper chambers were incubated at 37°C to
homogenously gelify during a minimum of four hours,
followed by addition of 160 uL media to the lower and
30 uL serum free media to the upper chambers. 20 000
cells were seeded in every well of the upper chambers.
Cell Index (CT) of each well was automatically monitored
with the xCELLigence system every hour during a 24 hour
period. Each condition was performed in quadruplicate.
Cell Index Invasion represents the ratio of Cell Index of
Matrigel-coated wells (invasion) to Cell Index of uncoated
wells (migration) at specific time points.

In 3D MultiCellular Tumor Spheroids assay MCTS,
spheroid formation was performed by incubating the cells
(1000) in presence of 2.4% methylcellulose in U-shaped
bottom wells of 96-wells plate. After 24hours, formation
of multicellular spheroids was observed for diploid
clones. Then, using 100 pl pipet tips diploid spheroids
were transferred to wells of 96-wells plate and embedded
into a collagen matrix for the invasion assay (Invasion
matrix contains collagen (PureCol, Sigma) mixed with
culture medium at 0.1% FCS with/without drugs).
Spheroids behavior was monitored every hour by time-
lapse microscopy. Z stack images that spanned the entire
size of the spheroids were acquired at every time point.
Relative cell invasion/expansion was quantified using
ImageJ software. The area colonized by cells, away from
the spheroids, was measured in several microscopic slices
in the middle of the spheres and compared to the original
spheroid diameter. The largest surface was arbitrarily
chosen as the representative value of invasive potential
for the specific condition.

Measures of cell cycle length and mitosis
duration

Cells were seeded on glass coverslip coated with
adhesive discs of fibronectin (CYTOOchips™ Motility,
CYTOO, France) and imaged every 15 minute for 72h
with a Leica DMIRE2 inverted microscope with a LMC
20 x 0.4 lens and appropriate filters (Leica, Wetzlar,

Germany). Images were analyzed with Image J software.
Cell cycle length was estimated by measuring the time
interval between the rounding of the same cell at mitotic
entry. Length of mitosis was measured, as the time
interval between cell rounding (mitotic entry) and start of
spreading after mitotic exit.

Cytofluorometric studies

- For the assessment of cell cycle distribution, cells
were collected, washed once with 0.1% (w/v) D-glucose
(Sigma-Aldrich) in PBS and then fixed by gentle vortexing
in ice-cold 75% (v/v) ethanol for 30 sec. After overnight
incubation at -20°C, samples were centrifuged, PBS
washed and stained with 50 pg/mL PI in 0.1% (w/v)
D-glucose in PBS supplemented with 1 pg/mL (w/v)
RNase A (Sigma-Aldrich) for 30 min at 37°C. Afterwards,
samples were incubated for at least 2 h at 4°C before
cytofluorometric analysis.

- Flow cytometry acquisition and analyses
to determine the plasma membrane integrity and
mitochondrial transmembrane potential (Aym) were
performed as described previously [72]. Briefly, cells were
collected and stained with 1 pg/ mL propidium iodide
(PI), which only incorporates into dead cells, and 40 nM
3,3’-dihexyloxacarbocyanine iodide (DiOC(3), a Aym-
sensitive dye for 30 min at 37°C before FACs acquisition.

- Cytofluorometric sorting of diploid and tetraploid
cells was performed with a FACSAria cell sorter and the
gating of small and big cell was based on the size and
granularity parameters using the normal light scattering
parameters Forward Scatter (FSC) vs Side Scatter (SSC).
Single cells, sorted from mother cell line, were seeded
in 96-well plates. 1000 “small” plus 1000 “big” cells for
each MFH152 and MFH137 cell lines were sorted. After
15 days, surviving clones were cultured in 6-well plates.
We succeeded to isolate stable tetraploid clones (3 from
MFH137 and 5 from MFH152) and stable diploid clones
(more than 20 for each cell line) for up to 3 month. The
majority of surviving clones were aneuploid.

- To measure histone H3 phosphorylation on serine
10, cells were fixed with 75% (v/v) ethanol in PBS,
permeabilized with 0.25% (v/v) Tween 20 in PBS and
stained with a rabbit antiserum specific for phosphorylated
histone H3 (rabbit polyclonal IgG1 #06-570, Millipore-
Chemicon International), as previously described [73].
Cytofluorometric acquisitions were performed by means
of a FACSCalibur (BD Biosciences).

Measures of spindle assembly checkpoint
robustness

A range of concentration of microtubule dynamic
interfering drugs nocodazole and taxol was first assayed on
sarcoma cells. Mitotic arrest, indicative of activation of the
spindle assembly checkpoint, was quantified by counting
the fraction of round cells in the total cell population,
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following 16 hours drug exposure using optimized drug
concentration (200nM nocodazole and 100nM taxol). To
evaluate SAC robustness, diploid (Cl1, CI2), tetraploid
(cl7, cl8) and MFH152 cells were seeded on six well
plates, 200nM nocodazole was added after 2 hours after
cell adhesion. Cells were imaged every hour for 64h with
a Leica DMIRE?2 inverted microscope with a LMC 20 x
0.4 lens and appropriate filters (Leica, Wetzlar, Germany).
All mitotic cells at 16 hours were assigned a 100% for
every condition. The loss of spindle assembly checkpoint,
characterized by mitotic exit of these cells was determined
at 28, 40, 52 and 63hours in presence of the drugs. Images
were analysed with Image J software.

Chromosome spreads

Cells were treated with 100nM nocodazole for 16h
to enrich the percentage of mitotic cells, then collected and
subjected to hypotonic lysis by incubation in 75mM KCl
for 10 min at 37°C. After removal of hypotonic solution,
cells were fixed in freshly prepared Carnoy solution (3/1
methanol/acetic acid) and stored at -20°C. Fixed cells
were dropped onto pre-cooled glass microscope slides and
dried at room temperature. Chromosomes were stained
with 100ng/ml DAPI (Molecular Probes—Invitrogen) and
mounted in Vectashield H-1000 mounting medium (Vector
Laboratories, Burlingame, CA, USA). Fluorescent images
were acquired using a Zeiss AxioimagerZ1 motorized
microscope (Zeiss, Oberkochen, Germany) driven by
MetaMorph (Molecular Devices).

Immunofluorescence microscopy

Immunofluorescence was performed as described
[69]. Briefly, cells were either fixed in methanol for
Smin at —20°C or in 4% PFA (in PBS with 0.2% Triton
X-100), immunostained with indicated primary antibodies
Secondary antibodies conjugated to Alexa fluorochromes
(Thermo Fisher Scientific-Invitrogen) were used. F-actin
and DNA were, respectively, stained with phalloidin-
Atto647 and DAPI (Sigma-Aldrich). For analyses of mitotic
parental cells, cells were seeded on L shape CYTOOchips™,
as recommended by the manufacturer. Confocal microscopy
was performed using a Leica SP8-UV microscope equipped
with Leica 63x HCX PL APO 1.4 oil CS2 objective. For
quantitative comparison, fluorescent staining of respectively
KIF11 or AURKA were acquired using same laser power
and conditions. Stack images were acquired and maximum
intensity projection (MIP) of images (keeping same number
of grey levels between images) were analyzed with Image
J software.

RNA sequencing

Total RNA from IMR90 and from two diploid and
two tetraploid MFH152 subclones were prepared with

a TRIzol® Plus RNA Purification Kit (Thermofisher)
according to the manufacturer’s instructions. The
library from total RNA was prepared using the
TruSeq®Stranded Total Sample Preparation kit
(Illumina Inc.) according to manufacturer’s protocol.
Briefly, 0.5 ug of total RNA was ribo-depleted using
the Ribo-Zero Gold Kit. RNA fragmentation resulted in
fragments of 80-450nt, with the major peak at 160nt.
First strand cDNA synthesis by random hexamers and
reverse transcriptase was followed by second strand
cDNA synthesis, performed in the presence of dUTP
instead of dTTP. The blunt-ended double stranded cDNA
was 3 adenylated and Illumina indexed adapters were
ligated. The resulting library was enriched with 15 PCR
cycles. The libraries were sequenced on HiSeq2000
(IMlumina, Inc) in paired-end mode with a read length
of 2x76bp using TruSeq SBS Kit v3-HS. Primary data
analysis was carried out with the standard Illumina
software Real Time Analysis (RTA 1.13.48) and
followed by generation of FASTQ files.

RNA seq data analyses and clustering

We estimated general read quality using FastQC
(v0.10.1), trimmed low-quality 5> and 3’ ends (Phred
score <20) using Sickle (v1.2), merged overlapping reads
(at least 10 bp) using SeqPrep (v1.1) and split merged
reads with an Awk routine. Finally, paired-ends with one
read shorter than 30 bp were discarded. Transcriptomic
(coding RefSeq (Pruitt, 2012 #106) genes from Hgl9
UCSC Table Browser [74] fixed on 2014/01) alignments
were performed by TopHat2 (v2.0.1) [75]. Once aligned,
we removed paired-end reads that mapped at multiple
locations on transcriptome, low-quality (score <20) and
discordant paired-end reads using SAMtools (v0.1.19)
[76]. MarkDuplicates (PicardTools v1.99) removed PCR
duplicates and Cufflinks (v2.1.1) [77] estimated gene and
transcript abundances. Miscellaneous filters, statistics and
plots were performed by R (v.3.1.1).

Clustering results of IMR90 together with
MFH152 diploid clones 1 and 2 together and tetraploid
clones 7 and 8. “Height” represents euclidean
distances computed with Ward’s method between
whole transcriptomic profiles (in log2[FPKM]+1
unit). The more height, the more distances between
profiles. “Agglomerative coefficient”, ranging from 0
to 1, represents the strength of clustering structure. The
highest value, the less number of different clusters.

Statistical procedures

Data are expressed as arithmetic means + SEM.
As indicated in the figure legends, statistical analysis
was made with Graph pad Prism using ANOVA with
Tukey’s test as post-test. n denotes the number of different
experiments or counted cell.
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Abstract

Prognostication is a key issue for sarcoma patients' care as it triggers the therapeutic approach
including chemotherapy, which is still not standard for localized patients. Current prognostic evalu-
ation, based on the FNCLCC grading system, has recently been improved by the CINSARC signa-
ture outperforming histology-based grading system by identifying high-risk patients in every
grade, even in those considered as low. CINSARC is an expression-based signature related to
mitosis and chromosome integrity with prognostic value in a wide range of cancers additional to
sarcoma. First developed with frozen material, CINSARC is now coupled with NanoString technol-
ogy allowing evaluation from FFPE blocks used in clinical practice. Consequently, CINSARC is cur-
rently evaluated in clinical trials with a dual objective of demonstrating the benefit of
chemotherapy in sarcoma patients and testing its response prediction. Considering its overarching
value in oncology, its development is welcome in any cancers where the prognostication needs to

Email: frederic.chibon@inserm.fr
be improved.

KEYWORDS

1 | INTRODUCTION

Whether chemotherapy should be standard care in localized soft
tissue sarcoma (STS) is still a debated question. It is obviously a strik-
ing situation in the modern area of personalized medicine.

The clinical evaluation of any therapeutic strategy will be favor-
able only if the latter is given to patients who will benefit from
it. Sarcomas exhibit a wide range of clinical behavior from locally
aggressive proliferation, which is cured by local excision, to widely
metastatic and even fatal tumors that may benefit from systemic
treatment. Therefore, predicting the likelihood of progression at the
time of initial biopsy or resection is essential.

Currently, prognostication in sarcoma is performed the world over
by morphologic assessment of tumor grade using the Fédération
Nationale des Centres de Lutte Contre le Cancer (FNCLCC) criteria.* The
FNCLCC system includes differentiation, mitotic index, and tumor
necrosis to split sarcomas into three groups, each carrying a distinct risk
of metastatic spread and death. Histologic type, resection margin status,
tumor size, and site are also informative. Although the FNCLCC system
remains the gold standard for the prognosis of adult STS more than

three decades after its development, it has shown its limitations.

chromosome instability, CINSARC, prognosis, sarcoma

Because the parameters are somewhat subjective, its reproducibility is
imperfect. Moreover, FNCLCC grading is of greater predictive value in
some histologic subtypes than in others.?2 However, maybe the most
important limitation is that small biopsies may not adequately represent
necrosis, information that is critical to accurate grading.

The concept of histological grade was introduced by Broders in
1920 in his princeps work on squamous cell carcinoma of the lip and
was based on the percentage of the well-differentiated component
which correlated with mortality.®> Since the pioneering work of
Broders, several grading systems have been set up and used on many
tumor types such as the breast, prostate, endometrium, ovary, blad-
der, kidney, colon/rectum, brain, lymphoma, and sarcoma. In every
type, grade is based on the histological evaluation of the primary
tumor to predict aggressiveness. Histological grade should be consid-
ered as a morphological translation of molecular events that deter-
mine tumor aggressiveness. One of the main molecular events now
clearly associated with metastatic spread is chromosome instability.*
In an attempt to decipher this mechanism by applying both genomic
and transcriptomic characterizations on a sarcoma cohort, the French
Sarcoma Group identified a link between chromosomal structural

alterations and metastatic outcome in sarcoma.” The pivotal study

124 | © 2018 Wiley Periodicals, Inc.
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FIGURE1 Schematic representation of the main role of each of the Complexity INdex in SARComas (CINSARC) genes

found that FNCLCC grade was associated with genomic instability:
the more rearranged the genome is, the higher the grade. Thereafter,
a transcriptomic signature named CINSARC, which stands for Com-
plexity INdex in SARComas, was derived combining differentially
expressed genes in FNCLCC grade 3 versus grades 1 and 2 tumors
and in highly versus lowly rearranged tumors. By outperforming the
FNCLCC grading system for the prognosis of metastatic outcome,
CINSARC was seen as the tool that had been missing to select
patients who will mostly benefit from chemotherapy.

This review focuses on the biological definition of CINSARC, its
robustness and wide-ranging domain of application, and finally on its
technological development leading to clinical application in sarcomas
and, maybe, beyond.

1.1 | Whatis CINSARC?

CINSARC genes were initially selected for their statistical significance.
They all belong to the significantly enriched pathways in highly versus
lowly rearranged sarcomas and in FNCLCC G3 versus G2 sarcomas.”
Despite this objective selection, they are all related to chromosome
biogenesis, mitosis control, and chromosome segregation (Figure 1
and Supporting Information Table S1).

Gene ontology enrichment analysis indicates (Supporting Informa-
tion Table S1) that mitosis, spindle microtubules, and kinase activity

»a

are the most enriched “process,” “component,” and “function” in this
gene set. Obviously, such a highly homogeneous biological meaning

suggests that the mechanism highlighted should be a putative driver

of metastatic spread and of poor outcome. Is CINSARC really driver or
just permissive to? This is the main question we are still facing.

One might argue that the CINSARC signature is primarily indicative
of proliferation, but CINSARC-positive cells proliferate slowly and
undergo a longer period of mitosis than negative cells.® Overexpression
of several individual CINSARC genes disrupts chromosomal segregation
and generates genomic alterations and tumors in mice, that is, AURKA,
MAD2L1, BUB1, CCNB1, CCNB2, and ESPL1,”"** which argue for a
driver impact. Of note, strong associations have been reported between
CINSARC expression and the level of genome complexity/instabil-
ity.1213 CINSARC is an orchestrated gene expression signature in which
genes are overexpressed without gain, amplification, or structural varia-
tion of their matching locus. Consequently, their expression may be
induced by deregulated transcription factors. Motif analysis shows that
CINSARC genes are mainly under transcriptional control of NFY (A, B,
or C) and E2F transcription factors (Supporting Information Table S2),
which are both known to regulate cell cycle genes.** E2F refers to the
RB1 gene family, which is one of the most frequently altered pathways
in sarcomas.'®> However, no association between RB1 pathway alter-
ation and CINSARC expression has been identified and reported so far,
with the exception of GIST, in which CINSARC expression, genomic
instability, and metastatic spread are associated with CDKN2A
deletion.*? The role of E2F transcription factors in controlling the gene
expression central to the cell cycle and cell fate decisions has been well
documented,*® and there is evidence of a complex combinatorial

mechanism of gene regulation involving E2F proteins together with
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other cooperating transcriptional regulators.!”~*" This includes regula-
tory cascades in which E2Fs activate the expression of genes encoding
other transcription factors and then cooperate with these induced
factors to regulate additional target genes, a relationship known as a
feed-forward regulatory loop.2%2* This has been reported for E2F1 and
NFYB?2 as well as for DREAM and FOXM1,23%* the latter belonging to
the CINSARC gene set. Such transcriptional regulation could indeed be
more complex and even related to host, metabolism, or epigenetics
(eg, chromatin methylation and 3D-genome structure), fields still
underexplored in this context.

Another mechanistic issue is the link between genomic complexity,
as measured by CINSARC, and metastatic spread. This point has been
recently clarified by an elegant study demonstrating that genomic insta-
bility triggers DNA fragment spilling into the cytosol. This leads to the
activation of the cGAS-STING cytosolic DNA-sensing pathway and
downstream noncanonical NF-kB signaling, which in turn co-opt chronic
activation of innate immune pathways to spread to distant organs.2®

The prognostic value of CINSARC is thus supported mechanisti-
cally by (1) the pathway enrichment of the gene set restricted to mito-
sis and chromosome integrity and (2) the driver role of chromosomal
instability in metastatic spread. Moreover, it is now clear that meta-
static competence is afforded by chromosome complexity in other
cancers.?® Therefore, the CINSARC signature could serve as an impor-
tant biomarker for stratifying patients for systemic therapy in almost
every type of malignant tumor.

1.2 | CINSARC to universally predict outcome?

Initially developed for pleomorphic sarcomas, CINSARC was then
tested in sarcomas with simple genetics, either associated with a
translocation, for example, synovial sarcoma, or a point mutation, for
example, GIST (§518-S5X1/2 fusion genes and KIT or PDGFRA muta-
tions, respectively).'?*2 Its prognostic value was validated for both
entities, outperforming the “gold standard” histological classifications
(FNCLCC and AFIP grading systems, respectively).

Then, Lesluyes et al reported a pan-cancer study demonstrating
that CINSARC was significantly enriched with top-ranked poor progno-
sis genes in 21 out of 39 cancer types tested, including carcinomas (eg,
breast, liver, prostate, lung, kidney, and so forth), hematological (eg, mul-
tiple myeloma, Burkitt's, and Mantle cell lymphomas), and brain-related
(eg, astrocytoma, medulloblastoma, neuroblastoma, and glioma) can-
cers.2” With 21 different cancer types, it covered the widest spectrum
of neoplasm families compared to all other signatures (15 499 other
signatures included in the GeneSigDB?® and MSigDB?? databases).

At cancer-specific level, the prognostic value of CINSARC was
tested with overall and disease-specific survival analyses. Accordingly,
83 datasets representing 27 cancer types were evaluated. CINSARC
was a significant predictor of 33 datasets (40%) representing 17 (63%)
cancer types, demonstrating its possible application as a global marker
for tumor aggressiveness (metastasis and/or overall survival) in a wide
range of tumor families.

Therefore, the next step to make CINSARC a new standard for
patients' care, at least in sarcomas, is to establish its applicability in
daily practice and its prospective validation. For the former, its use
should be feasible with RNA extracted from FFPE blocks as it is the

material pathologists handle for diagnosis. Thereafter, patients could
be selected for clinical trials on the basis of this signature.

The rise in high-throughput sequencing has led to better under-
standing of numerous, if not all, biological mechanisms.2%3? RNA
sequencing (RNA-seq) aims to achieve the global characterization of
transcriptomic patterns at a single base-pair resolution.3? It also makes
it possible to identify novel alternative splicing,®® including the expres-
sion of transcription-induced chimeras (also termed readthroughs).34
Furthermore, RNA-seq has uncovered expressed genomic alterations
such as point mutations and insertions/deletions,®> translocations
leading to fusion genes,>® and viral genome integrations.>”

Consequently, the routine application of RNA-seq in clinical cen-
ters would lead to better management of patients. In this context,
RNA sequencing on different cohorts of soft-tissue sarcomas was
performed to assess whether CINSARC can be applied with FFPE
samples. First, using 95 fresh-frozen cases, CINSARC still predicted
outcome using both microarrays and RNA-seq with metastasis-free
survival analyses (P = 2.77 x 1072 and P = 1.34 x 102 for microar-
rays and RNA-seq, respectively). In an independent cohort of

sarcomas analyzed by RNA-seq,*®

it also remained a significant
outcome predictor at gene (P = 4.14 x 107%) and transcript levels
(P =7.9 x 107%.%7 Second, to test the validity of FFPE material sup-
port, 41 paired fresh-frozen and FFPE cases were processed (polyA-
selected and ribo-depleted libraries, respectively).>’ Unfortunately,
most of the tested samples (24 out of 41, 59%) had too degraded
RNA for correct prognostication. Among the other 17 cases, 15 (88%)
remained in the same prognostic groups compared to paired fresh-
frozen tissues.

The use of RNA-seq for CINSARC evaluation thus appears to be
limited to RNA extracted from fresh-frozen tissues, being unable to
correctly process more than half FFPE cases. A precise evaluation of
RNA degradation in FFPE samples regarding specific factors such as
sunlight, temperature, and fixation time should therefore be under-
taken to try to optimize RNA-seq processing.40

1.3 | NanoCind: The daily practice application of
CINSARC for pathologists and physicians

NanoString, a probe-based technique using direct digital measurement
of transcript abundance with multiplexed color-coded probe pairs, has
been shown to quantify mRNA expression accurately in FFPE and
fragmented material.*>*? Several publications have demonstrated the
accuracy and precision of NanoString with FFPE material. 424344
NanoString is hybridization-based and does not require reverse
transcription of mMRNA and subsequent cDNA amplification. This fea-
ture offers advantages compared to PCR-based methods, including
the absence of amplification bias, which is higher when using frag-
mented RNA isolated from FFPE blocks (eg, RNA-seq).®?

In this context, the nCounter code set NanoCind (patent number
EP18305190.3) was developed and comprises a panel of 75 probes,
including 67 distinct test probes derived from the 67 CINSARC genes
and 8 from housekeeping genes for normalization purposes.*® It
strongly predicted metastatic outcome on frozen samples (n = 124;
HR = 2.9, 95% Cl 1.23-6.82) with similar risk-group classifications
(86%) compared to RNA-seq technology. However, unlike RNA-seq,
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all (n = 67) FFPE blocks (comprising 20 core-needle biopsies) were
analyzable with NanoString, despite their poor RNA quality. Both the
value and the superiority of NanoCind were confirmed by three
results: first, the significant prognostic value was more discriminating
than that established by RNA sequencing (P = 2.45 x 10723 vs
P = 3.42 x 1072); second, it outperformed the current histological
grade (FNCLCG; P = 9.39 x 1072 vs P = 6.58 x 10™"); and third, in
grade 2 (FNCLCC) tumors, it clearly and significantly differentiated
two groups of different outcomes (P = 5.16 x 107%). CINSARC's
advantages over histologic grading could be in part related to the
stratification of patients into two groups instead of three, which is
essential for facilitating clinical management. Of note, Le Guellec
et al*® showed that NanoCind is applicable to microbiopsies, which

are currently the gold standard in terms of STS management.*¢

1.4 | CINSARC and patient care

The aim of this ongoing work on the technical optimization of CINSARC
is to allow it to be used in routine settings. The final step of this optimi-
zation®® overcomes all the former limitations to its clinical use, with a
technique now perfectly feasible in FFPE samples and requiring only
low RNA inputs, making it applicable in core-needle biopsies. This is
very timely, considering that the treatments of patients with localized
STS has hardly evolved in recent decades, making their prognoses des-
perately stagnating. In particular, by selecting patients with a high-risk
of metastatic relapse in a different way compared to classical risk fac-
tors such as tumor size/situation/FNCLCC grade, CINSARC will shed
considerable light on the most debated question concerning the treat-
ment of localized STS: the role of perioperative chemotherapy.*” Until
now, the main pitfall has been selecting which patients are most likely
to benefit from chemotherapy. A meta-analysis including all sarcoma
patients analyzed with the CINSARC signature (605 patients, fig. 2 from
Valentin et al)*® demonstrated that it identifies a subgroup of high-risk
patients in each FNCLCC grade. This feature has already been proposed
to overcome the classical limitation of FNCLCC grade in grade
2 patients. However, the meta-analysis showed that in patients with
grade 1 STS, who are typically considered as low risk, CINSARC iden-
tifies high-risk patients carrying a poor prognosis (Figure 2).

Several retrospective and prospective projects are ongoing to
confirm these findings, establish its value, and use it in therapeutic
settings. CINSARC status is currently being retrospectively analyzed
in patients included in two major recent studies: the first evaluates
the effect of histotype-tailored neoadjuvant chemotherapy in local-
ized STS (ISG-STS 1001),*° and the second the role of preoperative
radiotherapy in retroperitoneal STS (STRASS trial NCT01344018).
The NEOSARCOMICS study (NCT02789384) is underway, aiming to
assess CINSARC's value in predicting response to neoadjuvant che-
motherapy in STS. In addition, two French prospective clinical trials
are aiming to base the treatment of patients with localized STS on the
CINSARC risk. Indeed, the underlying questions may not be the same
for all STS patients: in patients previously considered as high-risk
using conventional factors (G3 FNCLCC, deep, and large tumors) and
in whom chemotherapy was thought to be beneficial, one question
could be the most effective number of perioperative chemotherapy
(dose intensity notion), whereas patients previously considered

conventionally as low-risk (G1 or G2 FNCLCC), but with a high-risk
CINSARC signature, might benefit from chemotherapy that is
currently not part of their treatment.

If the value of the CINSARC signature is confirmed by these stud-
ies, it would represent nothing less than the most significant advance

in the field of STS treatment in recent decades.

2 | DISCUSSION

Comprising genes involved in genomic instability, CINSARC is a power-
ful tool for identifying tumors in which this mechanism acts and triggers
metastatic spread. As genomic instability is likely universal, CINSARC
has been demonstrated to be efficient for detecting poor outcome in
every cancer category, that is, carcinomas, lymphomas, leukemias, and
sarcomas. Obviously, for the latest, much work has been done or is
ongoing with multivariate validation, technical transfer, and prospective
validation to make CINSARC the biomarker for patients' eligibility for
perioperative chemotherapy. Considering the performance of CINSARC
in other cancers, work now needs to be done in each individual malig-
nancy where the first question is how CINSARC performs as compared
to the classical tools in a given pathology. The more widespread use of
CINSARC will be greatly facilitated by NanoCind, which allows
CINSARC analysis to be performed with FFPE blocks and even with
fine-needle biopsies. The movement has already started with gyneco-
logical malignancies where NanoCind is being tested for its ability to
detect the rare patients with a poor prognosis in endometrial carci-
noma, or its ability to detect patients with advanced ovarian carcinoma
who will benefit from surgery and adjuvant chemotherapy.

In clinical terms, the question remains about its value in predicting
response to chemotherapy. Ongoing clinical trials should answer this
question. Beyond its clinical validation, there are still technical
improvements to be made, first of all being a noninvasive procedure
to evaluate CINSARC, from circulating tumor cells in a blood sampling,
which would thus be helping following up response to treatment.

In mechanistic terms, the remaining question is what drives
CINSARC expression? Large sequencing projects either published or
ongoing (TCGA, ICGC) and integrating multiscale genomic and tran-
scriptomic data are currently aiming to resolve this issue and should
provide insight for functional testing in the coming months. Depend-
ing on the findings, a question will be whether CINSARC is finally tar-
getable in a therapeutic setting? Some of the individual CINSARC
genes have already been targeted, that is, AURKA,° but what would
be the effect of targeting the CINSARC driver? Despite these missing
answers, it has now started its clinical evaluation to become the selec-
tion criterion for (neo-)adjuvant therapy in sarcoma and maybe
beyond. Using it to answer the question of the benefit of chemother-
apy in sarcoma would thus be a meaningful breakthrough in the field.

ORCID
Frederic Chibon = https://orcid.org/0000-0002-6548-2181
Thibaud Valentin "= https://orcid.org/0000-0002-3189-8445

Sophie Le Guellec ' https://orcid.org/0000-0003-3207-0081

Page 266

Annexes




[l

N

w

w

o

N

Time (years)

REFERENCES

Trojani M, Contesso G, Coindre JM, et al. Soft-tissue sarcomas of
adults; study of pathological prognostic variables and definition of
a histopathological grading system. Int J Cancer. 1984;33(1):
37-42.

Coindre J-M. Grading of soft tissue sarcomas: review and update. Arch
Pathol Lab Med. 2006;130(10):1448-1453. https://doi.org/10.
1043/1543-2165(2006)130[1448:GOSTSR]2.0.CO;2.

Wright JR, Albert C. Broders' paradigm shifts involving the prognosti-
cation and definition of cancer. Arch Pathol Lab Med. 2012;136(11):
1437-1446. https://doi.org/10.5858/arpa.2011-0567-HP.

Bakhoum SF, Cantley LC. The multifaceted role of chromosomal insta-
bility in cancer and its microenvironment. Cell. 2018;174(6):1347-
1360. https://doi.org/10.1016/j.cell.2018.08.027.

Chibon F, Lagarde P, Salas S, et al. Validated prediction of clinical out-
come in sarcomas and multiple types of cancer on the basis of a gene
expression signature related to genome complexity. Nat Med. 2010;
16(7):781-787. https://doi.org/10.1038/nm.2174.

Jemaa M, Abdallah S, Lledo G, et al. Heterogeneity in sarcoma cell
lines reveals enhanced motility of tetraploid versus diploid cells. Onco-
target. 2017;8(10):16669-16689. https://doi.org/10.18632/oncotarget.
14291.

Zhou H, Kuang J, Zhong L, et al. Tumour amplified kinase STK15/BTAK
induces centrosome amplification, aneuploidy and transformation. Nat
Genet. 1998;20(2):189-193. https://doi.org/10.1038/2496.

8.

N

10.

1

12.

13.

14.

=

128 Wl LEY CHIBON ET AL.
All sarcomas (n=605) Grade 1 sarcomas (n=38)
1 0 1 0 T | n n I PRRTEE W1 n . i
T 0.8+ T 0.8
2 =
2 2
a 3
o 0.6 o 0.6
e e
@ @2
& 0.4+ 2 0.4
b7 k7]
B g Y
§ 0.2 Grade § 0.2
CINSARC HR =2.29 [1.17-4.5]; P=3.81e-04 CINSARC
HR = 2.7 [1.98-3.69]; P=5.8e-11 —— 1(n=38):9 events HR = 14.63 [1.83-117.29]; P=7.9e-04
—— C1(n=244):51 events 2 (n=246): 76 events —— C1(n=23):1events
0.0 4 — C2(n=361): 178 events 3 (n=321): 144 events 0.0 = C2(n=15): 8 events
T T T T T T T T T
0 5 10 15 0 2 4 6 8 10 12
Time (years) Time (years)
Grade 2 sarcomas (n=246) Grade 3 sarcomas (n=321)
1.0 1.0
T 0.8 T 0.8
2z 2z
2 2
? 3
o 0.6 o 0.6
o g
@2 @
g 0.4 E 0.4
(2] (2}
] ]
[} [}
= 027 CINSARC = 024 CINSARC
HR = 3.24 [1.94-5.41]; P=1.78e-06 HR = 1.79 [1.2-2.68]; P=3.35e-03
— C1(n=122):20 events — C1(n=99): 30 events
0.0 — C2(n=124):56 events 0.0 - — C2(n=222): 114 events
T T T T T T
0 5 10 15 0 5 10 15

Time (years)

FIGURE 2 A, Metastasis-free survival of patients with localized soft tissue sarcoma (STS) according to Fédération Nationale des Centres de Lutte Contre
le Cancer (FNCLCC) grade and Complexity INdex in SARComas (CINSARC) signature. Metastasis-free survival of patients with localized FNCLCC grade
1 (B), grade 2 (C), or grade 3 (D) STS, according to CINSARC signature (from Valentin et al)*®
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Abstract

Dermatofibrosarcoma protuberans is underlined by recurrent collagen type I alpha 1 chain-platelet-derived growth factor B
chain (COLIAI-PDGFB) fusions but ~4% of typical dermatofibrosarcoma protuberans remain negative for this
translocation in routine molecular screening. We investigated a series of 21 cases not associated with the pathognomonic
COLIAI-PDGFB fusion on routine fluorescence in situ hybridization (FISH) testing. All cases displayed morphological and
clinical features consistent with the diagnosis of dermatofibrosarcoma protuberans. RNA-sequencing analysis was successful
in 20 cases. The classical COLIA1-PDGFB fusion was present in 40% of cases (n = 8/20), and subsequently confirmed with
a COLIAI break-apart FISH probe in all but one case (n=7/8). 55% of cases (n=11/20) displayed novel PDGFD
rearrangements; PDGFD being fused either to the 5’ part of COL6A3 (2q37.3) (n =9/11) or EMILIN2 (18p11) (n=2/11).
All rearrangements led to in-frame fusion transcripts and were confirmed at genomic level by FISH and/or array-comparative
genomic hybridization. PDGFD-rearranged dermatofibrosarcoma protuberans presented clinical outcomes similar to typical
dermatofibrosarcoma protuberans. Notably, the two EMILIN2-PDGFD cases displayed fibrosarcomatous transformation and
homozygous deletions of CDKN2A at genomic level. We report the first recurrent molecular variant of dermatofibrosarcoma
protuberans involving PDGFD, which functionally mimic bona fidle COL1A1-PDGFB fusions, leading presumably to a
similar autocrine loop-stimulating PDGFRB. This study also emphasizes that COLIAI-PDGFB fusions can be
cytogenetically cryptic on FISH testing in a subset of cases, thereby representing a diagnostic pitfall that pathologists
should be aware of.

Introduction

Dermatofibrosarcoma protuberans is a superficial and
locally invasive mesenchymal tumor, which undergoes
fibrosarcomatous transformation, portending a metastatic

These authors contributed equally: Bérengere Dadone-Montaudié, L. .
Laurent Alberti potential in 10% of cases [1]. Giant cell fibroblastoma

represents a morphological variant of dermatofi-
brosarcoma protuberans occurring in children. Both der-
matofibrosarcoma  protuberans  and  giant  cell
Electronic supplementary material The online version of this article fibroblastoma are molecularly defined by the presence of
(htlpsi//dm.org/l.().IO3$/S4]379-018-Q089-4) contains supplementary translocation (17;22)(q21.3;q13.1), which fuses collagen
material, which is available to authorized users. . . :
type I alpha 1 chain (COLIAI) with platelet-derived
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< Daniel Pissaloux growth factor B chain (PDGFB) [2]. Most dermatofi-
daniel.pissaloux @lyon.unicancer.fr brosarcomas protuberans display typical morphological
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expressing diffusely and strongly CD34 [1]. Fibrous
morphological variants of dermatofibrosarcoma protu-
berans may be confused with benign cellular fibrous his-
tiocytomas or dermatofibromas [1]. A diagnosis of
dermatofibrosarcoma protuberans warrants complete sur-
gical excision that may require large resection owing to
the propensity of dermatofibrosarcoma protuberans to
infiltrate adjacent tissues [3]. Imatinib and pazopanib
therapies, which target PDGF downstream signaling, may
be used in unresectable or metastatic cases [3, 4]. Mole-
cular confirmation of dermatofibrosarcoma protuberans is
therefore strongly recommended. COLIAI-PDGFB
fusion gene is mostly screened with dual fusion or
break-apart fluorescence in situ hybridization (FISH) in
routine practice [5]. Reverse transcription polymerase
chain reaction (RT-PCR) assays are slightly less sensitive
than FISH owing to the variability of COLIAI break-
points and require non-degraded RNA, although some
studies report comparable sensitivity [6, 7]. Cytogenetic
studies have shown that t(17;22) is mostly unbalanced,
associated with supernumerary ring chromosomes, and
may therefore be evidenced by array-comparative geno-
mic hybridization [8, 9]. Altogether, routine molecular
screening remains negative in ~4% of otherwise typical
dermatofibrosarcomas  protuberans, raising clinical
uncertainties and leading to render a diagnosis of der-
matofibrosarcoma protuberans lacking the canonical
translocation and therefore “molecularly unconfirmed”
[5]. Single reports of molecular variants of dermatofi-
brosarcoma protuberans have been reported but no sys-
tematic study has been performed so far [10-13].

In order to identify novel fusion genes in dermatofi-
brosarcoma protuberans, we investigated by RNA-
sequencing and array-comparative genomic hybridization
a series of 21 morphologically typical dermatofi-
brosarcomas protuberans, negative for COLIAI-PDGFB
fusion on routine molecular testing.

Materials and methods
Sample selection

We identified 25 cases in our records diagnosed as derma-
tofibrosarcoma protuberans between 2006 and 2017 but
negative on molecular testing. Cases were retrieved from
the archives of the department of Genetics of University
Hospital of Nice (Nice, France), and departments of
Pathology of Centre Léon Bérard (Lyon, France) and
Institut Bergonié (Bordeaux, France). Notably, all three
participating institutions used FISH for molecular testing,
but they applied two different screening strategies. First,
COLIAI-PDGFB fusion probe followed by PDGFB break-

SPRINGER NATURE

apart probe in case of negative or equivocal result. Second,
a screening with PDGFB break-apart probe in the first
place, followed if negative or ambiguous by a screening
with a COLIAI break-apart probe. Owing to the evolution
of molecular testing strategies over time, seven cases of our
series had not been previously tested with a PDGFB break-
apart probe. Hence, FISH analysis was completed in these
cases, rendering positive results in four cases, which were
therefore removed from the final cohort (n = 21).

All cases from the series were registered in the RREPS
sarcoma database, a national clinical database approved by
the Commission Nationale Informatique et Libertés (CNIL)
and the Comité national d'éthique.

The material used in this publication was provided by the
SarcomaBCB, the Conticanet database (https://auth.sa
rcomabcb.org).

Clinical review

Clinical follow-up was obtained from the medical records of
patients either available at our institutions or through cor-
responding clinicians. Follow-up duration was calculated
from the date of the clinical detection of the lesion. Clinical
data are provided in Supplementary Table 1.

Histopathological analyses

All cases of the final series were reviewed blindly by soft
tissue expert pathologists (FLL, JMC, DRV). Fibrosarco-
matous transformation was defined by the presence of a
fascicular component with increased mitotic activity con-
trasting with the storiform pattern of the DFSP component
[1]. All samples were studied with a panel of antibodies
available in routine including AE1/E3, CD34, S100 protein,
EMA, and Ki67. Pathological data are summarized in
Supplementary Table 1.

FISH analyses

FISH analyses were performed on formalin-fixed paraffin-
embedded tissue sections using commercial and custom
bacterial artificial chromosome (BAC) probes. Commercial
FISH probes used in the study included dual fusion probe
COLIAI/PDGFB (#72-2116-200, Zytovision, Bremerhaven,
Germany), PDGFB Break-Apart probe (#Z-2119-200,
Zytovision), and COLIAI Break Apart Probe (#Z-2121-
200, ZytoVision). PDGFD, EMILIN2, and COL6A3 break-
apart probes were prepared with BAC listed in Supple-
mentary Table 2. FISH analysis was performed by assessing
at least 100 non-overlapping intact nuclei by two indepen-
dent operators. The positive threshold to call the FISH assay
positive was 15%. BACs were cultured and labeled as
previously described [14].
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Array-comparative genomic hybridization analyses

Genomic DNA was extracted from formalin-fixed paraffin-
embedded tissue using QIAamp, DNA micro kit (Qiagen,
Hilden, Germany). Genomic DNA and human reference
DNA (Promega) were labeled with cyanin 5 (Cy5) and
cyanine 3 (Cy3), respectively, using the Genomic
DNA High-Throughput ULS Labeling Kit (Agilent Tech-
nologies, Santa Clara, California) and co-hybridized onto a
Sureprint G3 Human CGH microarray 4 x 180K (Agilent)
following manufacturer’s recommendations. Data were
analyzed by Agilent Genomic Workbench software v7.0 or
by Cytogenomics software (v2.9.2.4, Agilent) and expres-
sed according to the human reference hgl9 (GRCh37,
Genome Reference Consortium Human Reference 36).
The identification of aberrant copy number segments was
based on ADM-2 segmentation algorithm with a threshold
of 6.0.

RNA-sequencing analyses

RNA sequencing was performed with formalin-fixed
paraffin-embedded material in all cases. Total RNA was
extracted from formalin-fixed paraffin-embedded tissue
section using Trizol reagent (Thermo Fisher Scientific,
Courtaboeuf, France) following manufacturers’ recom-
mendations. DNA was removed using RNase-free DNase
set (Qiagen) followed by second Trizol extraction.
Quantity and quality of total RNA were evaluated using
NanoDrop (Thermo Fisher Scientific) and Tape Station
with Hs RNA Screen Tape (Agilent) using a cutoff of
DV, (defined as the percentage of RNA fragments above
200 nucleotides) above 13%. All samples passed quality
criteria. Libraries were prepared with 100 ng of total RNA
using TruSeq RNA Access Library Prep Kit (Illumina,
San Diego, USA). Libraries were pooled by group of
14 samples at 4 nM with 1% PhiX. Sequencing was per-
formed (75 cycles paired end) using a NextSeq 500/550
High Output V2 kit on Illumina NextSeq 500 platform
(Illumina, San Diego, CA). RNA-sequencing was suc-
cessful in 20 out of 21 cases. The case with failure was
ruled out from the final series as no material was available
to complete its characterization by array-comparative
genomic hybridization and FISH (final series n =20,
Table 1).

Sequencing data (up to 15 million reads per sample) were
analyzed with BaseSpace sequence Hub (Illumina). Reads
were aligned with STAR and TopHat2 on GRCh38 refer-
ence genome. The fusion transcripts were called with
Manta, STAR-Fusion, FusionMap and TopHat2 fusion and
validated if the Manta score was up to 0.7 and present in
fusion list with TopHat2 fusion and/or STAR-Fusion and/or
FusionMap [15-17].
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To perform the clustering analysis, gene expression
values were extracted using Kallisto v0.42.5 tool [18] with
GENECODE release 23 genome annotation based on
GRCh38 genome reference. Kallisto TPM expression
values were transformed in 1og2(TPM + 2) and all samples
were normalized together using the quantile method from
the R limma package within R (version 3.1.1) environment.
Clustering was performed with the R package Cluster
v2.0.3 using Pearson correlation distance and Ward’s
clustering method. Significance of clusters was assessed
using SigClust as previously described [19].

RT-PCR and Sanger sequencing

In 11 cases, we performed reverse transcriptase-polymerase
chain reaction (RT-PCR) to confirm either the COL6A3-
PDGFD fusion transcript or the EMILIN2-PDGFD fusion
transcript, using the following custom primers (designed
using Primer 3 program): COL6A3 forward primer 5'-
GCAAGGTCAGCTTCTAGTTCA-3', PDGFD reverse
primer 5-TGGCCAACTTCAGCTCTTCT-3’ (in case
number 1, 2, 4, 5, 6,7, 8, 19), COL6A3 forward primer 5'-
CAGCAAGGTCAGCTTCTAGTT-3' and PDGFD reverse
primer 5'-CAGTTCCACAGCCACAATTTC-3' (in case
number 3) and EMILIN2 forward primer 5'-
GCCACGTCTTCCAGATTTCTA-3" and PDGFD reverse
primer 5-CAGTTCCACAGCCACAATTTC-3" (in case
number 9, 10). Fusion transcripts were sequenced by Sanger
after extraction and enzymatic purification of RT-PCR
product using High pure PCR product purification kit
(Roche Diagnostics, Meylan, France).

Results
Clinicopathological features

All cases were located in classical anatomical sites
including trunk (n = 11/20), limbs (n = 6/20), and head
and neck (n = 3/20) (Table 1). Patients’ age ranged from 4
to 73 years old. Clinically, lesions presented with a
classical scar-like appearance (n=2), slow-growing
cutaneous plaques (n = 1) or cutaneous plaques with red
discoloration (n = 2). In addition, one case had a multi-
nodular presentation. All tumors displayed outcomes in
line with the local malignant potential of dermatofi-
brosarcoma protuberans with late local
occurring up to 12 years after initial resection (Supple-
mentary Table 1). All cases presented morphological
features either typical of dermatofibrosarcoma protuber-
ans (n = 12/20) (Figs. 1 and 2) or consistent with a mor-
phological variant of dermatofibrosarcoma protuberans
including fibrous pattern (n =5/20), pigmented pattern

recurrences
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Fig. 1 Cryptic COLIAI-PDGFB fusion in dermatofibrosarcoma pro-
tuberans. a-b Band-like infiltration of hypodermis and subcutaneous
adipose tissue (case number 15, HES staining, x 2.5 and x 6.5 mag-
nifications, respectively) ¢ Storiform proliferation infiltrating hypo-
dermis with a honeycomb pattern (HES, x 200 magnification). d—e
High-power field view of tumor cell nuclei displaying ovoid shape and
monomorphism d and focal interspersed multinucleated cells e (HES,
x 200 magnification) f Fluorescence in situ hybridization (FISH) using

(also referred to as Bednar tumor) (n=1/20) or hybrid
Bednar/dermatofibrosarcoma protuberans variant with focal
presence of pigments or giant cells (n=2/20) (Supple-
mentary Table 1). Four cases displayed fibrosarcomatous
transformation (Fig. 3). All but two cases showed classical
honeycomb infiltrative borders. Five cases were deeply
located in hypodermis without dermal infiltration.

RNA sequencing

Classical COLIAI-PDGFB fusions were found in eight
cases (n = 8/20). PDGFB breakpoint was constantly found
in exon 2, whereas breakpoints in COLIAI varied from
exons 11 to 45 (Supplementary Table 3).

PDGFD rearrangements were found in 11 cases (n =11/
20), PDGFD being fused either to collagen type VI alpha 3
chain (COL6A3) at 2q37 (n=9/11) or elastin microfibril
Interface 2 (EMILIN2) at 18pl1 (n=2/11). Breakpoints in
COLG6A3 involved either exon 42 (n = 8/9) or exon 43 (n =
1/9), whereas breakpoint in PDGFD constantly involved
exon 6 (Fig. 2) and breakpoints in EMILIN2 were located
within exon 4 (Fig. 3).

One case (case number 20) failed to show a fusion
transcript by RNA-sequencing with the different algorithms.

3 7 1 8 5 ™1 0 1 12 [ 1310116161766l LI

COLIAI break-apart probe. FISH analysis shows an unbalanced
translocation with a gain of the 5’ part of COLIAI (probe labeled in
red). g Array-comparative genomic hybridization profile harbors a
genomic breakpoint at COLIAI locus with a 5'COLIAI gain but no
breakpoint at PDGFB locus (chromosome 22 view not shown).
Additional copy number alterations include gains of 4q28-q35, 6p, and
whole chromosome 7

FISH and RT-PCR

COL6A3-PDGFD transcript and EMILIN2-PDGFD tran-
script were confirmed by RT-PCR in all cases (case number
1-10 and 19). Regarding cases with COLIAI-PDGFB
fusions, FISH analyses were completed with a COLIAI
break-apart probe, which was positive in 7/8 cases (Fig. 1).
Regarding cases with PDGFD fusions, FISH analyses were
carried out with PDGFD break-apart probe, which was
positive in nine cases out of 11 (n=9/11). Gene partners
fused to PDGFD were also assessed with COL6A3 and
EMILIN?2 break-apart probes (Figs. 2 and 3, respectively),
showing rearrangements in 5/7 and 2/2 cases, respectively
(Supplementary Table 3).

Array-comparative genomic hybridization

On profiles, all cases with cryptic COLIAI-PDGFB high-
lighted genomic breakpoints within COLIAI with a geno-
mic gain in flanking region 17q21.33-qter (n=>5/5).
Additional non-recurrent copy number alterations were
present in all cases. Genomic gains were seen in 1q21-
q25.3, 4928-q35, 6p, 7pter, 22q11 in one case each. Whole-
chromosome gains involved chromosomes 6, 7, 10, and
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Chromosomal position COL6A32q37.3 PDGFD 11g22.3
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Fusion transcript variant 1
COL6A3{NM_004369}:r.1_9613_PDGFD{NM_025208}:r.1146_3997
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Fig. 2 COL6A3-PDGFD dermatofibrosarcoma protuberans. a Biopsy
specimen highlighting deep-seated dense nodular proliferation (case
number 6, HES staining, x 20 magnification). b Storiform proliferation
with honeycomb infiltrative pattern typical of dermatofibrosarcoma
protuberans (HES, x200). ¢ Fibrous stromal changes focally inter-
posed between tumor cells (HES, x 250) d Tumor cells display ovoid
monomorphic nuclei (HES, x400). e Array-comparative genomic
hybridization profile showing deletions and breakpoints involving
COL6A3 and PDGFD. Additional copy number alteration includes

SPRINGER NATURE

gain of chromosome 12. f-g Fluorescence in situ hybridization (FISH)
using COL6A3 break-apart probe f and PDGFD break-apart probe g
showing an unbalanced rearrangement with loss of the 3'COL6A3 and
the 5'PDGFD, respectively. h Structure of COL6A3-PDGFD fusion
transcript. From top to bottom: scheme representing locus and chro-
mosomal position of COL6A3 and PDGFD; schematic of breakpoints
positions involving COL6A3 exon 42 and PDGFD exon 6; nucleotide
sequence of adjoined sequences
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Fig. 3 EMILIN2-PDGFD dermatofibrosarcoma protuberans. a Biopsy
specimen highlighting densely cellular tumor infiltrating hypodermis
(case number 9, HES staining, x2 magnification). b Focal col-
lagenized stroma arranged in elongated fascicles suspicious for fibro-
sarcomatous transformation (x 200 magnification). ¢ Tumor cells
display ovoid monomorphic nuclei embedded in a collagenous stroma
(x 400 magnification). d CD34 staining in this case (x 250 magnifi-
cation). e Array-comparative genomic hybridization profile showing a
homozygous deletion of CDKN2A (P16) but no breakpoint within

genomic loss were seen in 1q22-23 6q12-q26 and 8p in one
case each (Supplementary Table 3).

Array-comparative genomic hybridization analysis of the
dermatofibrosarcomas protuberans with COL6A3-PDGFD

EMILIN2 or PDGFD loci. f-g Fluorescence in situ hybridization
(FISH) using EMILIN?2 break-apart probe f and PDGFD break-apart
probe g showing a rearrangement of the EMILIN2 and PDGFD loci,
respectively. h Structure of EMILIN2-PDGFD fusion. From top to
bottom scheme representing locus and chromosomal position of
EMILIN2 and PDGFD; schematic of breakpoints positions which
constantly occurred in exon 4 of EMILIN2 and in exon 6 of PDGFD;
nucleotide sequence of adjoined sequences

fusion highlighted no breakpoint within PDGFB nor
COLIAI but within COL6A3 and PDGFD in 4/7 and 6/8
cases, respectively. Copy number alterations were present in
the regions flanking the breakpoints in all but one case (n =
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Top 10% most variable (IQR) expressed genes (log2(TPM+2)>2)

ward's distance
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DFSP16
DFSP17
DFSP5
DFSP9
DFSP2
DFSP3
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F3664
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PDGFB
PDGFB
PDGFD
PDGFD
PDGFD
PDGFD
PDGFD
PDGFD
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No fusion gene
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COL1A1.PDGFB

EMILIN2.
COL1A1
COL1A1
COL6A3.
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COL6A3.
COL6A3.
COL6A3.
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COL1A1.PDGFB
ETV6
ETV6
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Fig. 4 Transcriptomic classification of dermatofibrosarcoma protu-
berans. Unsupervised hierarchical clustering, using the top 10% most
variant genes based on interquantile range, comparing PDGFB-rear-
ranged dermatofibrosarcoma protuberans (n =8, including 3 “con-
ventional” dermatofibrosarcomas protuberans positive for PDGFB
rearrangement using FISH analysis), PDGFD-rearranged dermatofi-
brosarcoma protuberans (n =9), infantile fibrosarcomas (n = 7), clear
cell sarcomas of soft tissue (superficially seated) (n=2), ALK-

6/7). Additional non-recurrent copy number alterations
included gain of chromosome 12 (n = 1/7), loss of 3q (n =
1/7), gains of chromosomes 1, 7, and 17 (n=1/7). The
genomic profiles of the two cases of EMILIN2-PDGFD
dermatofibrosarcoma protuberans displayed breakpoints
within PDGFD (n = 1/2), without copy number alteration
involving EMILIN2. Interestingly, both profiles presented
homozygous deletion of CDKN2A locus (n = 2/2). None of
these cases displayed copy number alterations in the
genomic regions flanking the breakpoints.

Clustering analysis

To assess whether PDGFD-rearranged dermatofi-
brosarcoma protuberans were biologically similar to
PDGFB-rearranged dermatofibrosarcoma protuberans, we
compared the RNA-seq expression profiles of samples of
our cohort (including five PDGFB- and nine PDGFD-
rearranged dermatofibrosarcoma protuberans) to other
spindled cutaneous neoplasms including infantile fibro-
sarcomas (n = 7), clear cell sarcomas of soft tissue (n = 2),
ALK-rearranged Spitzoid neoplasms (n=15), NTRKI/3-
rearranged Spitzoid neoplasms (n=7) and conventional
PDGFB-rearranged  dermatofibrosarcomas  protuberans
positive for gene rearrangement upon routine molecular
screening (n=3) (Supplementary Table 4). All cases
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rearranged Spitzoid neoplasms (n=5), and NTRKI/3-rearranged
Spitzoid neoplasms (n = 7). Branches depicted with colors within the
dendrogram were found significant (p value <10e-5) by SigClust
clustering significance assessment. Samples are listed in Table 1 and
Supplementary Table 4. Infantile fibrosarcomas are highlighted in
purple, low grade fibromyxoid sarcomas in orange, spitzoid neoplasms
in yellow, clear cell sarcomas in light red, and dermatofibrosarcoma
protuberans in red

clustered together with transcriptional profiles distinct from
ALK- and NTRK/3-rearranged Spitzoid proliferations and
infantile fibrosarcomas. The dermatofibrosarcoma protu-
berans cluster lumped together all dermatofibrosarcoma
protuberans including those with PDGFB fusions (both
cryptic and overt rearrangements) and PDGFD fusions
(Fig. 4).

Discussion

Dermatofibrosarcoma protuberans has historically been
defined by the presence of recurrent COLIAI-PDGFB
fusions, which lead to the upregulation of PDGFRB sig-
naling through an autocrine activating loop [2,20-22].
However, ~4% of dermatofibrosarcoma protuberans prove
negative for the translocation upon routine FISH testing [5].

We evidenced by RNA-sequencing that molecularly
unconfirmed dermatofibrosarcoma protuberans displayed
“cryptic” COLIAI-PDGFB fusions in 40% of cases (n =8/
20). All dermatofibrosarcomas protuberans associated with
“cryptic” fusions involved previously reported COLIAI
breakpoints, which position have been shown to vary con-
siderably from exon 7 to exon 49. Interestingly, all cases
displayed visible genomic breakpoints within COLIAI on
quantitative genomic profiles along with and/or gains of the
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17q locus flanking the breakpoint (n = 5/5) (Fig. 1). Nota-
bly, subsequent FISH analyses with COLIAI break-apart
probe were positive in all but one case (n=7/8). Alto-
gether, our findings support that array-comparative genomic
hybridization or screening with COLIA] break-apart probe
may support the diagnosis of cryptic dermatofibrosarcoma
protuberans. This complementary screening strategy
remains cost-effective as compared with the cost of RNA-
sequencing performed in all cases suspicious of dermatofi-
brosarcoma protuberans. Cryptic rearrangements have also
been reported in other translocation-related sarcomas and
are thought to be related to structural variations of the
translocation or induction of neo-exons secondary to spli-
cing variations [23-27].

Second, we report herein that 55% (n = 11/20) of cyto-
genetically negative- dermatofibrosarcoma protuberans are
associated with alternative rearrangements involving
PDGFD. Two different types of fusion transcripts were
evidenced with the 3" part of PDGFD being fused to the 5’
part either of COL6A3 (n=9/11) or EMILIN2 (n=2/11).
PDGFD, located at 11q22.3, encodes a protein belonging to
the same family of platelet-derived growth factor than
PDGFB [28]. PDGFD is able to bind to PDGF receptor B
(PDGFRB) [29, 30]. PDGFD has oncogenic properties
through promotion of cell proliferation and angiogenesis
[28] and its overexpression has been linked to a variety of
malignancies [31-34]. The breakpoint was constantly
located within exon 6, preserving the binding domain to
PDGF receptors in a similar manner than translocations
involving PDGFB. Interestingly, the loss of exon 6 have
been shown to induce truncation owing to a premature stop
codon in mice, therefore a breakpoint located downstream
exon 6 might jeopardize PDGFD signaling [35]. COL6A3,
located at 2q37.3, encodes a protein of extracellular matrix
involved in cellular adhesion belonging to the same super-
family as COLIAI [36]. COL6A3 contains 3152 amino
acids-long alpha 3 chains, which have the same sequence as
alpha 1 chains and harbor the same triple-helical and von
Willebrand factor A domains [36]. Notably, somatic rear-
rangements of COL6A3 have been previously reported in
tenosynovial giant cell tumors in which COL6A3 is fused to
colony stimulating factor 1 (CSF1) [37, 38]. In addition,
overexpression of COL6A3 has been described in a wide
array of malignancies including gastric [39], ovarian [40],
colorectal [41, 42], and pancreatic cancers [43]. It has also
been correlated to resistance to chemotherapy [40, 44]. The
breakpoint occurred in exon 42 of COL6A3 in all but one
case (n = 8/9), in contrast to the frequent variations seen in
COLIAI. All COL6A3-PDGFD cases displayed genomic
imbalances in regions flanking the breakpoints of COL6A3
and/or PDGFD and three cases displayed additional copy
number alterations (n = 3/7). The morphological and clin-
ical features of COLO6A3-rearranged dermatofibrosarcoma

protuberans did not differ from those seen in bona fide
dermatofibrosarcoma protuberans. The second fusion part-
ner EMILIN2 was involved in 2/11 cases a. EMILIN2,
located at /8p11.32-p11.31, encodes a glycoprotein related
to the superfamily of collagen, which contains collagen-like
domains [36]. EMILIN2 assembles into multimers,
involved in the composition of extracellular matrix [45, 46].
The genomic breakpoints were located constantly in exons
4 and 6 of EMILIN2 and PDGFD, respectively. The fusion
preserved preserves key structural domains of EMILIN2,
including EMI domain, coiled-coil structures and leucine
zippers and gClq domain [45, 46]. EMILIN2-PDGFD
dermatofibrosarcoma protuberans displayed homozygous
deletion of CDKNZ2A in both cases (n = 2/2). Interestingly,
both cases displayed fibrosarcomatous transformation and
were deep-seated within hypodermis without dermal con-
nection. It is notable that homozygous deletions of
CDKN2A are linked to malignancy in varied tumor types
including mesenchymal, melanocytic, and epithelial neo-
plasms [47-49]. Therefore, this alteration may portend an
increased malignant potential in this subset of dermatofi-
brosarcoma protuberans, which warrants further studies on
larger cohorts with longer follow-up to assess whether the
behavior of cases of EMILIN2-PDGFD dermatofi-
brosarcoma protuberans is similar or not to classical and
COL6A3-PDGFD-associated cases.

Altogether, PDGFD rearrangements may functionally
mimic the biology of COLIAI-PDGFB fusions as it
involves functionally related genes and display a similar
structure. Rearrangements might therefore be targeted by
imatinib as classical dermatofibrosarcoma protuberans.

In conclusion, we report herein new and recurrent
molecular variants of dermatofibrosarcoma protuberans
underlined by PDGFD rearrangements, which are clini-
cally, morphologically and molecularly indistinguishable
from COLIAI-PDGFB dermatofibrosarcoma protuberans.
Furthermore, we showed that roughly half of cases of der-
matofibrosarcoma protuberans negative upon routine FISH
screening are associated with cryptic COLIAI-PDGFB
rearrangements that may be identified by array-comparative
genomic hybridization or FISH with a COLIA1 break-apart
probe. The functional similarities between the classical
COLIAI-PDGFB and the alternative COL6A3-PDGFD or
EMILIN2-PDGFD transcripts suggest they activate an
analogous oncogenic autocrine loop involving PDGFRB
signaling.
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1 | INTRODUCTION (WHO) classification of tumors of the female reproductive organs

includes these tumors in the category of endometrial stromal and
Uterine tumor resembling ovarian sex cord tumor (UTROSCT) is a rare related neoplasms and defines these as “neoplasms that resemble
mesenchymal neoplasm predominantly arising in perimenopausal and ovarian sex cord tumors without a component of recognizable endo-

postmenopausal women. The 2014 World Health Organization metrial stroma”." First described in 1976 by Clement and Scully,? they
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can exhibit a wide array of morphologic features (including diffuse,
trabecular, tubular, nested, and retiform architecture) and typically
have a polyphenotypic immunophenotype with variable expression of
epithelial, smooth muscle, endometrial stromal and sex cord markers
and hormone receptors.?~® Clinically, these are regarded as tumors of
uncertain but low malignant potential.” In a recently reported series of
34 cases, 23.4% developed extrauterine recurrence and 8.8% died of
disease, although the authors noted that the high percentage of cases
exhibiting malignant behavior may reflect a degree of referral bias as
some of the cases were referred for specialist review because of
malignant behavior.°

Only a few studies have investigated UTROSCT at the molecular
level.}*~** UTROSCT does not harbor the characteristic rearrange-
ments seen in low-grade and high-grade endometrial stromal sarco-
mas (ESSs)***® and does not contain DICER1 or FOXL2 mutations,
these mutations being characteristic of ovarian Sertoli-Leydig cell
tumor and adult granulosa cell tumor, respectively.’? To the best of
our knowledge, no rearrangement has been reported in UTROSCT
with the exception of one case harboring t(X;6)(p22.3;923.1) and t
(4;18)(q21.1;21.3) translocations without identified genes.13

Herein, we report the first case of UTROSCT with an identified
specific fusion transcript involving Growth Regulation by Estrogen in
Breast cancer 1 (GREB1) and catenin (cadherin-associated protein),
beta 1 (CTNNB1) genes; the transcript was identified by high-
throughput paired-end RNA sequencing.

2 | MATERIAL AND METHODS

2.1 | Independent series of 11 UTROSCTs

Eleven additional cases of UTROSCT from the Biopathology Depart-
ment of Institut Bergonié, CHU Lyon Sud, IUCT Oncopole Toulouse,
CHU Strasbourg and Anticancer Research Center of Dijon were col-
lected. The cases were reviewed by one of the authors (SC) and the
diagnoses confirmed.

2.2 | RNA extraction and high-throughput
paired-end RNA-sequencing

Total RNA was extracted from the primary tumor and the adjacent
normal myometrium (frozen material). RNA extractions (around 50 mg
of tumor) were performed using a standard TRIzol (Life Technologies,
Carlsbad, CA)/chloroform extraction followed by 70% ethanol precipi-
tation and RNA purification using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) with a DNase treatment (RNase-Free DNase Set,
Qiagen, Hilden, Germany). RNA was quantified using a Nanodrop
1000 spectrophotometer (Thermo Scientific, Waltham, MA) and qual-
ity checked with the Agilent 2100 Bioanalyzer (Agilent, Technologies,
Santa Clara, CA) using the Agilent RNA 6000 Nano Kit (Agilent)
according to the manufacturer's instructions. An ERCC RNA Spike-In
Mix (Life technologies) was added to RNA as recommended by the
manufacturer.

Each library was sequenced using TruSeq Stranded mRNA prep
kit (Illumina Inc., San Diego, CA) in paired-end mode with a read length

of 76 bp. A minimum of 20 million paired-end reads were produced
using a HiSeq2000 (lllumina Inc.) following the manufacturer's proto-
col. Image analysis, base calling and base quality scoring of the run
were processed by integrated primary analysis software—Real Time
Analysis and followed by generation of FASTQ sequence files by
CASAVA. We used the deFuse algorithm (v0.6.1; Ref. 16) to look for
gene fusions on FastQ files with ENSEMBL GRCh37.74 annotations,
with breakpoint homology <30 and maximum identity of fusion
sequence alignments to EST, EST island, and cDNA <10%. Gene
fusions fulfilling the following conditions were retained: probability
>50%, non-read-through, non-read-through-like (same chromosome,
indicated as deletion, coding/coding gene region, and genomic dis-
tance <20 000) and breakpoint homology <30. Expression quantifica-
tion was performed as previously described.}” Gene set enrichment
analysis (GSEA) was performed on expressed genes (FPKM > O;
n =17 178) ranked by decreasing expression difference between
tumor and surrounding normal tissue (normal myometrium).*® We ran
a GSEA for each different signature database in MSigDB version

6.1.192°

2.3 | Reverse transcriptase PCR and Sanger
sequencing for chimeric transcript validation

Reverse transcriptase PCR (RT-PCR) was performed on the primary
tumor and its recurrence as well as on the 11 additional UTROSCTs.
Total RNA was reverse transcribed using High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA)
according to the manufacturer's instructions.

For PCR, primers were designed using the Primer 3 program
(http://frodo.wi.mit.edu/primer3/) and are presented in Supporting
Information Table S1. Touch-down 60°C program was used (TD 60°C;
2 cycles at a 60°C, followed by 2 cycles at 59°C, 2 cycles at 58°C,
3 cycles at 57°C, 3 cycles at 56°C, 4 cycles at 55°C, 4 cycles at 54°C,
5 cycles at 53°C, and finally 10 cycles at 52°C). PCR was performed
on 50 ng of cDNA using AmpliTagGold DNA polymerase (Applied
Biosystems). PCR products were then purified using ExoSAP-IT PCR
Purification Kit (GE Healthcare, Chicago, IL) and sequencing reactions
were performed with the Big Dye Terminator V1.1 Kit (Applied Bio-
systems) according to the manufacturer's recommendations. Samples
were then purified using the Big Dye XTerminator Purification kit
(Applied Biosystems) according to the manufacturer's instructions and
sequencing was performed on a 3130xl Genetic Analyzer (Applied
Biosystems). Sequence analyses were performed with SeqScape soft-
ware v2.5 (Applied Biosystems).

2.4 | DNA extraction and array-comparative
genomic hybridization analysis

Genomic DNA was extracted from frozen tissues using QIAmp DNA
Mini kit according to the manufacturer's protocol for DNA isolation
(Agilent Technologies). A cut-off of 50% of cellularity in tumor sam-
ples was set for the analysis. DNA was hybridized onto 8 x 60 K
whole-genome arrays (G4450A; Agilent Technologies) according to
the manufacturer's protocol. Microarray slides were scanned using a
DNA Microarray Scanner and images were analyzed by Feature
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Extraction V10.1.1.1 followed by Agilent Cytogenomic software 4.0.
The ADM-2 algorithm of the comparative genomic hybridization
(CGH) Analytics v4.0.76 software (Agilent Technologies) was used to
identify the DNA copy number anomalies at the probe level. A low-
level copy number gain was defined as a log 2 ratio > 0.25 and a copy
number loss was defined as a log 2 ratio < —0.25. A high-level gain or
amplification was defined as a log 2 ratio > 1.5 and a homozygous
deletion was suspected when the ratio was <—1. The range for deriva-

tive log ratio spread cut-off was fixed to 0.50.

2.5 | CTNNBI1 exon 3 sequencing

Exon 3 of CTNNB1 was amplified by PCR; details of the primers are
presented in Supporting Information Table S2. The PCR condition
included an initial denaturation step at 95°C for 10 minutes, 40 cycles
of 95°C denaturation for 30 seconds, 62°C annealing for 45 seconds,
72°C elongation for 45 seconds, and a final elongation step at 72°C
for 20 minutes. The quality of the PCR products was analyzed by 2%
agarose gel electrophoresis. The PCR products were sequenced using
a Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems)
on a 3130XL Genetic Analyzer (Applied Biosystems) to identify the

mutation.

2.6 | p-Catenin immunohistochemistry

Immunohistochemistry was performed on 4 um thick sections from a
representative paraffin block of both the primary and recurrent
tumors and on whole tissue sections from the 11 UTROSCTs. Staining
was also performed on a tissue microarray (TMA) containing 103 uter-
ine mesenchymal tumors which comprised 31 low-grade ESS, one
endometrial stromal nodule, 14 high-grade ESS, 24 undifferentiated
uterine sarcomas, 12 leiomyomas, 11 smooth muscle tumors of uncer-
tain malignant potential (STUMP), and 10 leiomyosarcomas. The pri-
mary antibody against mouse monoclonal anti-p-catenin (14/8-
Catenin clone, from Cell Marque, 760-4242, prediluted) directed
against the C-terminus of human p-catenin was incubated for
56 minutes on a Benchmark ULTRA (Roche-Ventana, Tucson, AZ)
with detection Kit Optiview DAB IHC (reference: 760-500). Heat-
induced antigen retrieval was performed using Cell Ventana Condi-
tioning buffer (CC1 standard), for 64 minutes.

UltraView Ventana was used as revelation system. A desmoid
tumor served as a positive external control (nuclear immunoreactivity).

3 | RESULTS

3.1 | Case history and pathological findings

A 70-year-old woman underwent a total hysterectomy with bilateral
salpingo-oophorectomy because of a myometrial mass. Gross exami-
nation showed a 10 cm yellow, soft and fleshy well-circumscribed
myometrial-based mass, which had ruptured the uterine serosa
(Figure 1A). Both ovaries and fallopian tubes were grossly normal.
Histologically the myometrial mass comprised a relatively well-
circumscribed tumor with a diffuse, tubular, nested, and trabecular
growth pattern (Figure 1B). The tumor was composed of epithelioid

cells with round to ovoid nuclei and prominent nucleoli. Focally, there
was a rhabdoid appearance with eccentric nuclei and abundant eosin-
ophilic cytoplasm (Figure 1C). Elsewhere the tumor cells had clear
foamy cytoplasm (Figure 1D). There was little in the way of nuclear
atypia and the mitotic rate was low (approximately one mitosis/10
HPF). The tumor cells were set in a fibrous stroma.

The tumor diffusely expressed estrogen receptor (ER), progester-
one receptor (PR), and CD10. Desmin, AE1-AE3, epithelial membrane
antigen (EMA), CK8/18, calretinin, WT-1, and Melan A were focally
positive. H-caldesmon, HMB45, S100, FOXL2, inhibin, myogenin,
SALL4, cyclin D1, and BCOR were negative. There was retention of
nuclear immunoreactivity with SMARCA4 (BRG1).

The break apart FISH for JAZF1, PHF1, or YWHAE were negative.

The endometrium was atrophic with no hyperplasia or malignancy
and the cervix, both ovaries and fallopian tubes were histologically
normal.

Based on the morphological features and immunophenotype, a
diagnosis of UTROSCT was made.

Seventeen months later, the tumor recurred with widespread pel-
vic nodules. The patient underwent a posterior exenteration. Morpho-
logically, the tumor was identical to that seen in the original specimen
with epithelioid cells in diffuse, corded, and nested arrangements
(Figure 1E). The immunophenotype was virtually identical to the origi-
nal neoplasm. Following the posterior exenteration, the patient was
treated with aromatase inhibitors but the tumor did not respond. She
developed lung metastases and abdominal peritoneal recurrence a
year later.

The original and recurrent neoplasms were reviewed by two
gynecological pathologists (SC, WGM) and the diagnosis of UTROSCT
confirmed.

The samples from the tumor archives have been declared in the
Biological Resources Center of Institut Bergonié, for which the French
authorities authorized for scientific research (AC-2008-812) and the
patient signed an informed consent for research.

3.2 | RNA-sequencing, CGH analysis and
immunohistochemical results

RNA-sequencing on the initial index case identified a fusion tran-
script GREB1-CTNNB1 as a product of the translocation t(2;3)(p25;
p22). No other in frame rearrangements was detected. This fusion
transcript was validated by RT-PCR with specific primers (Table S1,
Supporting Information) and was detected in the primary tumor and
in the recurrence (Figure 2A). No reciprocal transcript was detected
in both (data not shown). The Sanger sequencing analysis of the
amplified fusion transcript showed a chimeric transcript consisting of
the first eight exons (of 32) plus a small part of intron 8 of GREB1
gene (NM_014668) and the end of exon 3 of CTNNB1 gene until its
3’ end. (NM_001098209) (Figure 2B and C). This produces a stop
codon in intron 8 of GREB1, leading to no or truncated GREB1 pro-
tein. It also produces a start codon at the beginning of the exon 4 of
CTNNB1.The GREB1-CTNNB1 fusion transcript codes for a truncated
form of p-catenin without the 87 N-terminal amino acids that
are involved in the protein degradation upon phosphorylation
(Refs. 20,21; Figure 2D).
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FIGURE1 A, The UTROSCT comprises a large fleshy soft yellow myometrial mass. B, The primary tumor is composed of epithelioid cells with
round nuclei and prominent nucleoli arranged in nested, trabecular, and tubular arrangements. C, Rhabdoid appearance with eccentric nuclei and
abundant eosinophilic cytoplasm. D, Occasional cells have foamy cytoplasm. E, Morphologic features of the recurrent tumor that are similar to
the primary neoplasm with diffuse, nested, and corded arrangements [Color figure can be viewed at wileyonlinelibrary.com]

Array-CGH performed on the primary tumor and the recurrence
showed a very simple profile for the primary tumor (Figure 2E) with-
out evidence of break in chromosome band 2p25 (GREB1 gene) or in
chromosome band 3p22 (CTNNB1 gene). A more complex genomic
profile was observed in the recurrence (Figure 2F) with evidence of
breakpoints in chromosome band 3p22 and 2p25 involving both rear-
ranged genes.

Immunohistochemistry was performed to evaluate whether this
translocation resulted in overexpression of nuclear p-catenin. This
showed strong nuclear positivity in the primary tumor (Figure 3A), as

well as in the recurrence (Figure 3B). To rule out the possibility that

the nuclear accumulation was caused by CTNNB1 mutation, we per-
formed Sanger sequencing of exon 3 and observed no p-catenin
mutation.

We then performed GSEA between the primary tumor and sur-
rounding normal tissue (adjacent myometrium) (see Section 2). We
observed a higher expression of genes belonging to the Wnt/p-
catenin signaling pathway in the tumor compared to the surrounding
myometrium (FDR g-value = 1.79e-2; Figure 4A). In addition, genes
whose proteins interact (selectively and non covalently) with Wnt-
protein were also overexpressed in the tumor (FDR g-value = 2.34e-

2; Figure 4B). We also observed, using the same method, a lower level

Annexes

Page 283




CROCE €T AL WI L EY 159

—
®w oz &5 . (8)
= s
3
e BEEDEDE B
CTNNBI
(€)
GREB1 exon 8 GREB1 intron 8
s & ‘ L ,'J!i!‘ £ ‘n‘ ' \ u”‘ ;
il o Mt A
Stop Codon Start Codon
(D)
T -«
ol
Niormint 150 Amino-Acid _.I.II.lIIl_ 100 Amino Acids S
Bvons 1 2 3
Degradation Cell to Cell Adhesion Wnt Signaling Pathway
(E)
— it
A A Gy S VRN S A S s e S e S P s G B e TR g e
(F)

GREB-1 (2025)

Py

Lwamﬂm P Py i TR W A S 0 Y e gy e e e o S e
»

1 1 I 4 H ‘ 7 ] § [] " [ [] [ [ A ] X

CTNNBI (3p22)

FIGURE2 A, RT-PCR obtained for GREB1-CTNNB1 chimeric transcript. KU626T: primary tumor; LR 654: recurrence; -: lymphocyte negative
control. B, Schematic representation of GREB1 and CTNNB1 genes and fusion transcript. GREB1 and CTNNB1 exons implicated in translocation
are indicated in red and green, respectively. Exons implicated in translocation are shown in light color. Fusion point is represented with a red
lightning. C, Partial chromatography electropherogram showing the junction point between intron 8 of GREB1 gene and exon 4 of CTNNB1 gene.
GREB1 and CTNNB1 exons are indicated in red and green, respectively. Point fusion is indicated with black line. D, Primary structure of chimeric
protein (modified from Ref. 41). Break point is represented with a red lightning. Different partners of CTNNB1 are indicated. The corresponding
exons to different CTNNB1 domains are represented at bottom of CTNNB1 protein domains. E, Array-CGH of the primary tumor showing a flat
profile. Absence of evidence of breakpoint on CTNNB1 (Ch 3p22) or GREB1 (Ch2 p25) genes. F, Array-CGH of recurrence showing a breakpoint
on chr 3p22 with CTNNB1 gene [Color figure can be viewed at wileyonlinelibrary.com]
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of early (Figure 4C) and late (Figure 4D) estrogen response genes
(GREB-1 gene being one of those genes) in the tumor sample as com-
pared with the normal adjacent myometrium.

We performed specific RT-PCR and B-catenin immunohistochem-
istry in the additional 11 UTROSCTs and observed no fusion tran-
script or nuclear immunoreactivity (data not shown). In the TMA of
103 uterine mesenchymal tumors, there was no nuclear expression of
pB-catenin except for a single undifferentiated uterine sarcoma which
exhibited nuclear and cytoplasmic immunoreactivity (Supporting Infor-
mation Figure S1).

4 | DISCUSSION

We report the first case of specific gene fusion in a UTROSCT, namely
the GREB1-CTNNBI1 fusion transcript as a product of the translocation
t(2;3)(p25;p22). The diagnosis of UTROSCT was established on the
basis of the characteristic morphology and a supportive polyphenoty-
pic immunophenotype with expression of CD10, hormone receptors
(ER, PR), desmin, epithelial markers and markers which are commonly
positive in ovarian sex cord-stromal tumors, including calretinin, WT-
1, and Melan A. Inhibin and FOXL2 were negative but these markers
are not positive in all UTROSCTs. 1012

UTROSCT was originally described as a neoplasm of uncertain
but low malignant potential which usually exhibits a benign behavior.?
In a recent series, one of us (WGM) coauthored the largest published
0. in that series, 8 of 34 (23.5%) cases,
including the index case in this article, exhibited malignant behavior
with extrauterine spread. It is possible that the GREB1-CTNNB1 fusion
transcript in this case contributed to the aggressive behavior. Array-

series of cases with follow-up

CGH showed a very simple genomic profile of the primary tumor and,
consonant with the behavior, a more complex profile for the recur-
rence with evidence of breakpoints in chromosome band 3p22 and
2p25 involving both rearranged genes. This fusion was not found in
the series of 11 additional UTROSCTs tested by RT-PCR. There has
been limited study of the molecular abnormalities in UTROSCT but in
a prior study coauthored by two of us (SC, WGM), mutations in FOXL2
and DICER1 were not identified'?; these mutations are characteristic
of ovarian adult granulosa cell tumor and Sertoli-Leydig cell tumor

FIGURE3 A, f catenin nuclear staining in the primary tumor. B, B catenin nuclear staining in the recurrent tumor [Color figure can be viewed at

respectively, two neoplasms with morphological and immunophenoty-
pic overlap with UTROSCT.

p-Catenin protein, encoded by the CTNNB1 gene, is implicated in
the canonical Wnt signaling pathway which modulates cell prolifera-
tion, cell polarity and differentiation during embryonic development,
and regulates the cell-cell adhesion, extra-cellular signals and gene
transcription.?* Wnt-induced B-catenin stabilization and nuclear shut-
tling results in the T-cell factor/lymphoid enhancer factor (TCF) family
of proteins forming a complex with p-catenin, which recruits other
coactivators for gene activation via displacement of Groucho.??2%
B-Catenin acts as a coactivator for TCF and with its transactivation
domain activates transcription initiation, histone methyltransferases,
histone modification, chromatin modification, and facilitates
transcription.?®

Mutations (in particular in exon 3) are the most frequent mecha-
nisms of alteration in CTNNB1, affecting the ubiquitination and result-
ing in hypophosphorylated p-catenin accumulation and translocation
in the nucleus. The resultant effect is the constitutive activation of
the Wnt/B-catenin signaling pathway and reprogramming of down-
stream nuclear transcriptional networks.2*~2” Although some tumors
have been reported to harbor 3p21 breakpoints, according to the
Mitelman Database of Chromosome Aberrations and Gene Fusions in
Cancer (http://cgap.nci.nih.gov/Chromosomes/Mitelman), transloca-
tions involving CTNNB1 are extremely rare?®=3%; the only well-
characterized translocation in the literature with CTNNB1 as a specific
partner until now is the t(3;8)(p21;q12) involving CTNNB1 and PLAG1
genes in pleomorphic salivary adenoma®*3?; this translocation results
in the activation of PLAG1 and reduced expression of p-catenin. To
our knowledge, t(2;3)(p25;p22) involving GREB1 and CTNNB1 has
never been reported. Unlike the CTNNB1-PLAG1 fusion, the chimeric
transcript results in the overexpression of p-catenin via excision of the
first three exons of CTNNB1, wherein the serine phosphorylation sites
and the GSK3, CK1 binding sites (Figure 2D), responsible for the deg-
radation of p-catenin, are located.®® GREB1 gene, the partner of
CTNNB in this fusion, is rearranged in some other types of neoplasia
such as T-cell acute lymphoblastic leukemia®* and prostate
carcinoma,®® and recently rearrangement has been demonstrated in

an undifferentiated uterine sarcoma. In our case, given the modality
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FIGURE4 A, Gene set enrichment analysis of tumor (“na_pos” on the left side) versus normal adjacent myometrium (“na_neg” on the right side)
transcriptomic profiles. This identified an overexpression of genes involved in the Wnt/p-catenin signaling pathway (FDR g-value = 1.79e-2) in
the tumor compared to peripheral normal tissues. B, Gene set enrichment analysis of tumor (“na_pos” on the left side) versus normal adjacent
myometrium (“na_neg” on the right side) transcriptomic profiles. This indicates an overexpression of genes whose proteins interact (selectively
and non covalently) with Wnt-protein (FDR g-value = 2.34e-2) in the tumor compared to peripheral normal tissues. C, Gene set enrichment
analysis of normal adjacent myometrium (“na_pos” on the left side) versus tumor (“na_neg” on the right side) transcriptomic profiles. The graph
indicates underexpression of genes related to the early response to estrogens in the tumor compared to the peripheral normal tissue. D, Gene set
enrichment analysis of normal adjacent myometrium (“na_pos” on the left side) versus tumor (“na_neg” on the right side) transcriptomic profiles.
The graph indicates underexpression of genes related to the late response to estrogens in the tumor compared to the peripheral normal tissue

[Color figure can be viewed at wileyonlinelibrary.com]

of the rearrangement resulting in a truncated form of GREB1 in the
transcript fusion (Figure 2B), we can assume that GREB1 protein is
not synthesized and that the oncogenic effect is driven by truncated
pB-catenin expression. Nevertheless, this gene has an important role in

promoting mRNA expression as it is highly expressed in estrogen-
related tissues.’¢>” Furthermore, in our case, we observed that the
normal myometrium expressed more of the early (Figure 4C) and late
(Figure 4D) estrogen-response genes than the tumor suggesting a
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diminution of GREB1 expression. This observation could explain the
poor response of the tumor to antihormone therapy (aromatase inhib-
itors) and the high expression of the translocated p-catenin, under the
transcriptomic control of GREB1 promoter.

The nuclear localization of B-catenin as result of GREB1-CTNNB1
rearrangement was confirmed by immunohistochemistry in the pri-
mary tumor and in the recurrence. There was no nuclear expression in
the additional 11 UTROSCTs and in the TMA series of 103 uterine
mesenchymal tumors with the exception of one undifferentiated uter-
ine sarcoma which exhibited nuclear and cytoplasmic immunoreactivity.

The main limitation of this study is the absence of a cellular model
derived from the tumor. Such a model would allow demonstration of
the effects of GREB1-CTNNB1 gene fusion on cellular proliferation
and investigation of its driver role in the genesis of this tumor. A pos-
sible significance of the CTNNB1 rearrangement is that p-catenin
could be a possible therapeutic target in this tumor. Prior studies have
demonstrated inhibition of tumor proliferation in pancreatic neuroen-
docrine tumors,® acute myeloid leukemia,?’ breast and prostate can-
cer with p-catenin inhibitors.*®

In summary, we report a novel translocation t(2;3)(p25;p22)
involving GREB1 (intron 8) and CTNNB1 (exon 3) genes in a UTROSCT.
This is the first report of this specific gene fusion in a mesenchymal
tumor and in a UTROSCT.
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série de 41 BSNS élargissant leur spectre moléculaire
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Clinicopathologic and Molecular Features of a Series
of 41 Biphenotypic Sinonasal Sarcomas Expanding
Their Molecular Spectrum
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Abstract: Biphenotypic sinonasal sarcoma (BSNS) is a locally
aggressive tumor occurring in the sinonasal region. It harbors
both myogenic and neural differentiation and is characterized by
PAX3 rearrangement with MAML3 as the most frequent fusion
partner, but the partner of PAX3 remains unidentified in a subset
of cases. About 70 cases have been reported so far. In this study,
we report a series of 41 cases with clinical, pathologic, and mo-
lecular description. Twenty-five (61%) patients were female in-
dividuals, and the median age was 49 years. Tumors arose
predominantly in the nasal cavity and ethmoidal sinuses. Local
recurrences occurred in 8 cases of the 25 (32%). Histologic fea-
tures were characteristic of BSNS, with 5 cases showing focal
rhabdomyoblastic differentiation. Immunohistochemistry showed a
constant positivity of S100 protein and PAX3 and negativity of
SOX10. MyoD1 was focally positive in 91% of cases, whereas only
20% were positive for myogenin. Molecular analysis showed a
PAX3-MAMLS3 transcript in 37 cases (90%). RNA sequencing was
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performed in the 4 negative cases for PAX3-MAMLS3 fusion, and it
showed that 1 case harbored a PAX3-FOXOI fusion, as previously
described in the literature, and 2 novel fusions: PAX3-WWTRI
fusion in 2 cases and PAX3-NCOA?2 fusion in 1 case. RNA se-
quencing results were confirmed by fluorescence in situ hybrid-
ization, reverse transcription-polymerase chain reaction, and Sanger
sequencing. The PAX3-NCOA2-positive case showed focal rhab-
domyoblastic differentiation. In conclusion, we report 2 novel fu-
sions (PAX3-WWTRI and PAX3-NCOA?2) in BSNS and show that
MyoD1 is more sensitive than myogenin for demonstrating myo-
genic differentiation in this tumor.

Key Words: biphenotypic sinonasal sarcoma, PAX3, MAML3,
FOXOl, WWTRI1, NCOA2

(Am J Surg Pathol 2019;00:000-000)

iphenotypic sinonasal sarcoma (BSNS), also known as
low-grade sinonasal sarcoma with neural and myogenic
features, is a locally aggressive tumor occurring in the si-
nonasal region, first delineated at the morphological level
by Lewis et al in 2012.' In 2014, these tumors were shown
to harbor a recurrent PAX3-MAML3 fusion.2 In 2016,
Huang et al® and Wong et al* reported, respectively, 2 cases
with a PAX3-NCOAI and 1 case with a PAX3-FOXOI
fusion. The same year, Fritchie et al® reassessed the Mayo
Clinic series initially studied by Lewis and colleagues and
Wang and colleagues. In this larger series of 44 SNS, they
reported 24 cases with a PAX3-MAML3 fusion, 3 with a
PAX3-FOXOI fusion, and 1 with a PAX3-NCOAI fusion,
whereas 11 cases showed a PAX3 rearrangement with no
defined partner, one case showed a M AML3 rearrangement
with no defined partner, and 4 were negative for PAX3,
MAML3, FOXOI, NCOAI, and NCOA2 genes.
We investigated a retrospective and prospective series
of 41 cases at the clinical, histologic, immunohistochemical,
and molecular levels. Our findings expand the molecular
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spectrum of these lesions with the description of 2 pre-
viously unreported fusion variants, PAX3-NCOA2 and
PAX3-WWTRI.

MATERIALS AND METHODS

Selection of Cases

Ethical approval from the appropriate committees
was obtained. All sarcoma cases are recorded in the na-
tional sarcoma pathology RREPS database, approved by
the National Committee for Protection of Personal Data
(CNIL, no. 910390), in compliance with the ethical prin-
ciples of the Helsinki Declaration.

Formalin-fixed paraffin-embedded specimens diagnosed
between January 2000 and June 2018 were retrieved from the
archives of the pathology departments involved in the French
soft tissue (RRePS) and head and neck (REFCOR) pathology
networks. Forty-four cases were identified, but 3 cases were
excluded, as the available material was not suitable for mo-
lecular analysis. The following clinical data were collected: sex,
age at diagnosis, location and size of tumor, initial treatment,
and follow-up. All cases were microscopically reviewed by 2
pathologists (S.L., J.-M.C.).

Immunohistochemistry

The tissue slides were deparaffinized in xylene, hydrated
in alcohol, and baked in a microwave (30 min in Trisbuffer, pH
9). Endogenous peroxidase was blocked. Staining was per-
formed on the Benchmark ultra-automated stainer (Ventana)
using diamino-benzidine as chromogen (Dako, Glostrup,
Denmark). The following antibodies were used: Pankeratin
AEI/AE3 (clone PCK26, prediluted; Ventana Media Systems,
Tucson, AZ); EMA (clone E29, prediluted; Ventana Media
Systems); S100 protein (clone poly Z311, dilution 1:500; Dako);
smooth muscle actin (clone 1A4, dilution 1:12000; Sigma Al-
drich, Saint Louis, MO); desmin (clone DE-R-11, prediluted;
Ventana Media Systems); myogenin (clone LO 26, dilution
1:20; Leica Biosystems, Buffalo Grove, IL); MyoDI1 (clone
EP212, prediluted; Cell Marque, Rocklin, CA); CD34 (clone
QBEnd10, prediluted; Ventana Media Systems); beta-catenin
(clone 14, prediluted; Cell Marque, Rocklin, CA); SOX10
(clone EP268, dilution 1:100; BioSB, Santa Barbara, CA);
H3K27Me3 (clone C36B11, dilution 1:200; Cell Signaling
Technology, Danvers, MA); and PAX3 (clone 274212, dilution
1:100; RD Systems Europe, Lille, France).

For myogenin, MyoD1, SOX10, H3K27me3 beta-
catenin, and PAX3 only a nuclear staining was considered
as positive.

Fluorescence In Situ Hybridization

Fluorescence in situ hybridization (FISH) analyses
on interphase nuclei from paraffin-embedded 4-um-thick
sections were performed by applying custom probes using
bacterial artificial chromosomes (BACs) flanking PAX3,
MAML3, and NCOAI genes according to the procedure
previously described.?

FISH analysis for FOXOI, NCOA2, and WWTRI was
performed with 4-um sections of formalin-fixed paraffin-
embedded tissue and the Histology FISH Accessory Kit

2 | www.ajsp.com

(Agilent K5799; Dako) using commercially available break-
apart probes covering FOXO! (Zytovision, Zytolight spec
Z-2208-200), NCOA2 (Empire genomics, EG-NCOA2BA-
20-ORGR) and WWTRI (Zytovision, Zytolight spec
Z7-2212-50).

RNA Extraction for Real-Time Reverse
Transcription-Polymerase Chain Reaction and
Paired-end RNA sequencing

Total RNA was extracted from the formalin-fixed
paraffin-embedded tissue section using Trizol reagent
(Thermo Fisher Scientific, Courtaboeuf, France) according
to the manufacturers’ recommendations. DNA was re-
moved using RNase-free DNase set (Qiagen) followed by a
second Trizol extraction. The yield of total RNA obtained
was evaluated using NanoDrop (Thermo Fisher Scientific).

Reverse Transcription-Polymerase Chain
Reaction Analysis for PAX3-MAML3,
PAX3-FOXO1, PAX3-NCOA2, and PAX3-WWTR1
Fusion Genes

Real-time reverse transcription-polymerase chain
reaction (RT-PCR), using Tagman technology according
to the technique previously described by Hostein et al,°
was performed for PAX3-MAML3 and PAX3-FOXOI
fusion genes.

For PAX3-MAMLS3 gene fusion, the following pri-
mers and probe were used:

PAX3 forward primer: 5'-TTT CCA GCT ATA CAG
ACA GCT TTG-¥

MAML3 reverse primer: 5-TCC TTC CAA CTT CCT
TTT CAC AGT-3'

Probe: 5-FAM-AACCCCACCATTGGCAATGG
CCT-TAMRA-3'

For PAX3-FOXOI gene fusion, the following pri-
mers and probe were used:

PAX3 forward primer: 5-TTG GCA ATG GCC TCT
CAC C-3'

FOXOI reverse primer: 5'-ATC CAC CAA GAA CTT
TTT CCA G-3'

Probe: 5'-TET-CCCTAC ACA GCA AGT TCA TTC
GTG TGC AG-TAMRA-3'

Conventional RT-PCR was performed for PAX3-
NCOA2 and PAX3-WWTRI fusion genes.

An aliquot of the RNA extracted from FFPE tissue
was used to confirm the novel fusion transcripts identified.
One microgram of total RNA was reverse-transcribed in
cDNA with the High Capacity cDNA Reverse Transcription
Kit with RNase Inhibitor (Invitrogen, cat. No. 4374966). PCR
was performed using the AmpliTaq Gold DNA Polymerase kit
(Applied Biosystems, cat. No. 4311806) on 50 ng of cDNA
with the following primers: PAX3 FWD: 5" GACCCTGT-
CACAGGCTAC 3 and WWTRI_REV: 5 TCTGCTGG
CTCAGGGTACT 3’ and for the reciprocal transcript:
WWTRI1_FWD: 5 CACACCAGTGCCTCAGAG 3’ and
PAX3_REV: 5 CGTGTTCAAAAGGATTTGAAACC
3’. For PAX3-NCOA2 validation, the following primers
were used: PAX3_FWD: 5 CTTTGTGCCTCCGTCGG
G 3’ and NCOA2_REV: 5 CTCGTGTCTGGGAAAA

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Page 290

Annexes




Am | Surg Pathol * Volume 00, Number 00, Il W 2019

Biphenotypic Sinonasal Sarcoma

GCTG 3'. The Touchdown 60°C program was used (TD
60°C; 2 cycles at 60°C, followed by 2 cycles at 59°C, 2
cycles at 58°C, 3 cycles at 57°C, 3 cycles at 56°C, 4 cycles
at 55°C, 4 cycles at 54°C, 5 cycles at 53°C, and, finally, 10
cycles at 52° C). PCR products were then purified using the
Tllustra ExoProStar PCR Purification Kit (GE Healthcare,
cat. no. US77702), and sequencing reactions were per-
formed with the Big Dye Terminator V1.1 Kit (Applied
Biosystems, cat. no. 4337450). After purification with the
Big Dye XTerminator Purification Kit (Applied Bio-
systems, cat. no. 4376486), the samples were sequenced on a
3130x1 Genetic Analyzer (Applied Biosystems).

Paired-end RNA Sequencing

Four cases were studied by RNA sequencing with
formalin-fixed paraffin-embedded material (cases 5, 8, 29,
and 40). All samples had a percentage of RNA fragments
above 200 nucleotides (DV200) above 13% upon Tape
Station analysis using the Hs RNA Screen Tape (Agilent).

Libraries were prepared with 100 ng of total RNA
using the TruSeq RNA Access Library Prep Kit (Illumina,
San Diego). Libraries were pooled by groups of 12 samples.
Paired-end sequencing was performed using the NextSeq.
500/550 High Output V2 kit (150 cycles) on an Illumina
NextSeq. 500 platform (Illumina, San Diego, CA).

Sequencing data (average of 65 million reads per
sample) were aligned with STAR on GRCh 38 reference
genome. The fusion transcripts were called with STAR-
Fusion, FusionMap, FusionCatcher, ERICSCRIPT, and
TopHat-fusion and validated if present in the fusion list of

at least 2 algorithms.” 1!

RESULTS

Clinical Features

A total of 41 cases were included in this study. Patient
characteristics and clinical follow-up are presented in
Table 1. Sixteen patients were male individuals (39%) and 25
were female individuals (61%). The mean and median ages at
diagnosis were 52.2 and 49 years, respectively (range, 25 to
84y). Tumors arose predominantly in the nasal cavity (28
cases, 68%) and ethmoid sinuses (20 cases, 49%), with 11
cases in both the nasal cavity and ethmoid sinuses (27%).
Seven cases (17%) arose in the facial sinuses NOS, and 6
cases (15%) showed an extensive tumor with involvement of
the sinuses and adjacent bones. Tumor size was known in 17
cases and ranged from 10 to 90 mm (median size 35 mm).

Treatment was known in 33 patients and consisted in
surgery for 32, with radiotherapy in 9 patients, chemotherapy
in 2, and radiotherapy and chemotherapy in 2 patients.

Clinical follow-up varied from 11 to 185 months
(median, 45 mo) and was available for 25 patients of the
cohort with 8 recent cases. Local recurrences occurred in 8
cases (32%) at 9 to 95 months of follow-up. No patient
showed evidence of distant metastasis.

Pathologic Features
Initial diagnosis was schwannoma (n = 6), neurofibroma
(n=1), MPNST (n =13, with rhabdomyoblastic differentiation
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in 5 cases), synovial sarcoma (n=1), fibrosarcoma (n=3),
and low-grade sinonasal sarcoma (n=17). Of 20 cases seen
after 2014, 17 were properly classified by the initial pathologist.
Final diagnosis of BSNS was based on histology and im-
munohistochemistry according to the original description.!
The histologic characteristics are highly reproducible, and
diagnosis is easy in most cases (Fig. 1).

Tumors were poorly circumscribed with infiltrative
involvement of surrounding tissues, particularly the sinonasal
bones (19/33 samples containing bone tissues). Twenty-five
cases showed hyperplasia of the overlying respiratory epi-
thelium with entrapment of benign glands in the tumor. The
tumors consisted of hypercellular proliferation of monotonous
spindle cells arranged in fascicles, often with a herringbone
pattern. The cellularity was typically high with usually scanty
collagen and focally myxoid changes in 7 cases. A hemangio-
pericytoma-like pattern was focally present in 33 cases. Tumor
cells were uniform with a monotonous elongated hyper-
chromatic nucleus with fine granular chromatin and a small
amount of cytoplasm with indistinct borders. Pleomorphic cells
were visible focally in only 1 case (Fig. 2). Cells with abundant
eosinophilic cytoplasm in favor of rhabdomyoblastic differ-
entiation were present in 5 cases (cases 5, 6, 7, 14, and 16).
Mitotic activity was low in most cases (from 0 to 4 mitoses/10
high-power fields, median count, 1), but 2 cases showed 9
and 12 mitoses per 10 high-power fields. Necrosis was
always absent.

Immunohistochemical Features

Results are summarized in Table 2. All 41 cases (100%)
showed focal (56%) or diffuse (44%) positivity for S100
protein, whereas SOX10 was negative in all cases tested
(Fig. 3). H3K27me3 was retained in 33% of cases, and there
was a partial loss in 67% of cases (median, 65% of positive
tumor cells). Smooth muscle actin was positive in 90% of
cases, desmin in 66%, myogenin in 20%, and MyoDI1 in
91%. Desmin, myogenin, and MyoD1 were positive only
focally. PAX3 was positive in 29 cases that were tested, with
21 cases showing a diffuse positivity (strong positivity in 14
and weak in 7 cases), and 8 cases with a focal positivity
(strong positivity in 2 cases and weak in 6 cases). Nuclear
beta-catenin was focally positive in 26% of cases. Pankeratin
AEI1/AE3, EMA, and CD34 were focally positive in 11, 11,
and 10% of cases, respectively.

Molecular Biological Features

Initially, 44 cases were screened with RT-PCR for
PAX3-MAMLS3: 35 cases were positive, 5 negative, and 4
noninterpretable because of nucleic acid degradation.
Theereafter, 8 of these negative or noninterpretable cases
were screened with FISH for probes for PAX3: 5 were
positive and 3 noninterpretable. These 3 noninterpretable
cases for RT-PCR and FISH were excluded from the
study because of nucleic acid degradation. Among the 5
positive cases with FISH for PAX3, 2 were positive with
FISH for MAML3 (cases 9 and 15) and 3 were negative.
These 3 negative cases (cases 5, 8, and 29) were also
negative with FISH for NCOAI and FOXOI. These 3
cases as well as case 40 (recent case negative for initial
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TABLE 1. Clinical and Follow-up Data in a Series of 41 Biphenotypic Sinonasal Sarcomas

Local Recurrence Follow-up
Case Sex Age (y) Site of Tumor Treatment Modalities (mo) (mo) Status
1 F 69 Sinus (ethmoid) Surgery Yes (36 m) 185 AWD
2 F 25 Nasal cavity Surgery No 175 NED
3 M 35 Nasal cavity NA NA NA NA
4 F 49 Sinus (ethmoid) Surgery No 145 NED
5 F 49 Nasal cavity/sinus (ethmoid) Chemotherapy, surgery, No 83 NED
radiotherapy
6 F 40 Nasal cavity/sinus (ethmoid)/cribriform Surgery NA NA NA
plate/skull base
7 F 38 Sinus (NOS) NA NA NA NA
8 M 76 Nasal cavity Surgery No 119 NED
9 F 63 Sinus (ethmoid)/skull base/orbit Chemotherapy, radiotherapy Yes (91 m) 102 AWD
10 F 37 Nasal cavity Surgery, chemotherapy No 107 NED
11 M 63 Nasal cavity Radiotherapy, surgery Yes (95m) 96 NED
12 F 43 Sinus (ethmoid)/skull base Surgery, radiotherapy, No 69 NED
chemotherapy
13 M 28 Nasal cavity Surgery Yes (24 m) 33 NED
14 F 62 Nasal cavity/sinus (ethmoid) Surgery, chemotherapy No 55 NED
15 F 81 Nasal cavity/sinus (ethmoid) Surgery NA NA NA
16 F 25 Nasal cavity NA NA NA NA
17 M 28 Nasal cavity Surgery Yes (27 m) 34 NED
18 M 38 Nasal cavity Surgery No 54 NED
19 M 50 Nasal cavity/sinus (ethmoid/frontal) Surgery Yes (15m) 49 NED
20 F 84 Sinus (ethmoid/frontal)/orbit Surgery No 45 NED
21 M 77 Nasal cavity/sinus (ethmoid/frontal) NA NA NA NA
22 F 71 Sinus (etmoid/frontal) Surgery No 23 NED
23 F 77 Nasal cavity/sinus (ethmoid)/orbit/skull Surgery No 17 NED
base
24 M 32 Nasal cavity/sinus (ethmoid/frontal) Surgery No 27 NED
25 M 59 Sinus (ethmoid/frontal)/orbit Surgery, radiotherapy No 12 NED
26 M 65 Nasal cavity/sinus (ethmoid) Surgery, radiotherapy Yes (11 m) 23 NED
27 F 50 Nasal cavity Surgery, radiotherapy No 25 NED
28 F 70 Nasal cavity Surgery No 25 NED
29 F 65 Nasal cavity Surgery NA NA NA
30 F 49 Sinus (NOS) NA NA NA NA
31 M 29 Sinus (ethmoid) Surgery, radiotherapy No 20 NED
32 M 41 Nasal cavity/sinus (ethmoid) Surgery, radiotherapy No 18 NED
33 F 64 Nasal cavity/sinus (NOS) Surgery Yes (9m) 11 AWD
34 F 77 Nasal cavity/sinus (ethmoid) Surgery NA Recent case NA
35 M 38 Sinus (ethmoid) Surgery, radiotherapy NA Recent case NA
36 F 41 Sinus (NOS) NA NA Recent case NA
37 F 60 Nasal cavity/sinus (NOS) NA NA Recent case NA
38 M 65 Nasal cavity/sinus (NOS) Surgery NA Recent case NA
39 F 31 Nasal cavity Surgery NA Recent case NA
40 M 39 Nasal cavity Surgery, radiotherapy NA Recent case NA
41 F 48 Sinus (NOS) NA NA Recent case NA

AWD indicates alive with disease; F, female; M, male; NA, not available; NED, no evolutive disease.

RT-PCR) were analyzed by RNA sequencing. This revealed
a fusion transcript, which was confirmed by both RT-PCR
and FISH: PAX3-NCOA? (case 5), PAX3-WWTRI (cases 8
and 29), and PAX3-FOXOI (case 40). Fusion transcripts
PAX3-NCOA2 and PAX3-WWTRI were also confirmed by
Sanger sequencing (Figs. 4, 5). They were both in frame
fusions involving PAX3 exon 7 with NCOA2 exon 12 and
PAX3 exon 8 with WIWWTRI exon 5, respectively.

DISCUSSION
To our knowledge, 3 series of BSNS have been published
with 44, 11, and 15 cases, respectively.>!213 We report here the
second largest series with 41 cases. We confirm that this tumor
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is locally aggressive with frequent bone destruction and local
recurrence but with no distant metastasis. It occurs in the nasal
cavity and/or paranasal sinuses, predominantly in middle-aged
women. Histologically, BSNS is a poorly circumscribed and
hypercellular proliferation of monotonous spindle cells with a
low mitotic rate and, frequently, entrapped hyperplastic surface
epithelium. In our series, only 1 case showed focal pleomorphic
cells, 2 cases showed some mitotic activity, and focal myxoid
changes were present in 7 cases. We also confirm previously
published data, with consistent, at least, focal S100 protein
positivity, frequent positivity with muscle markers, and neg-
ativity for SOX10, epithelial markers, and CD34. As recently
reported by Jo et al, 1> all our tested tumors were PAX3 positive
but with weak and/or focal positivity in about half of them.
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FIGURE 1. Main histologic features of biphenotypic sinonasal sarcoma. The tumor is poorly circumscribed (A), with frequent
involvement of the sinonasal bones (B). Hyperplasia of the overlying respiratory epithelium with entrapment of benign glands by
tumor cells is a typical feature (C). The tumor is composed of hypercellular proliferation of monomorphic spindle cells arranged in
medium-to-long fascicles, often with a herringbone pattern (D). Hemangiopericytoma-like pattern is common (E). Tumor cells are
uniform with monotonous spindle nucleus and low mitotic activity (F).

FIGURE 2. Rare morphologic patterns of biphenotypic sinonasal sarcoma. Myxoid changes may be focally present (A). Focal
chronic inflammatory infiltrate is rare. One case (#5) showed a histiocytic infiltrate (B). Only one case (#19) showed focal nuclear
atypia (C). Focal rhabdomyoblastic differentiation was present in 5 cases with large round or elongated cells with abundant
eosinophilic cytoplasm (D) and focal cross-striation. Desmin (E) and myogenin (F) were always positive in these areas.
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TABLE 2. Immunohistochemical Results in a Series of 41
Biphenotypic Sinonasal Sarcomas

Focal Diffuse Total
Positivity  Positivity Positivity

Antibody Negativity (n) (n) (n) (%)
S100 protein 0 23 18 100
SOX10 34 0 0 0
H3K27me3 0 10 20 100
Desmin 14 27 0 66
MyoD1 3 32 0 91
Myogenin 33 8 0 20
Smooth 4 28 7 90

muscle

actin
PAX3 0 8 21 100
Beta-catenin 16 5 1 27
AEI/AE3 34 4 0 11
EMA 32 4 0 11
CD34 36 4 0 10

n indicates number of cases.

With regard to muscle markers, we found frequent focal pos-
itivity for MyoD1 (91% of cases) but a much lower rate of
positivity for myogenin (20%). This is in agreement with the
expression profiling reported by Wang et al® in 8 cases of
BSNS. In that study, MyoD1 was one of the top 150 overex-
pressed genes. However, they observed a focal expression of
MyoDl in only 4 of 25 cases, whereas we found positivity in

91% of our cases. This difference may be due to the different
antibodies used in the studies (clone 5.8 A by Wang and col-
leagues and clone EP212 in our study). Unlike Rooper et al'?
who reported an almost constant nuclear positivity for beta-
catenin, only 26% of our cases showed focal nuclear positivity.
Therefore, other studies are necessary to evaluate the usefulness
of this marker in BSNS.

A recurrent PAX3-MAMLS3 fusion event is present in
most BSNS cases, with a few cases showing alternative fusion
of PAX3 with NCOAI and FOXOI. In their series of 44 cases,
Fritchie et al® reported 24 cases with a PAX3-MAML3, 3 cases
with a PAX3-FOXOI, and 1 case with a PAX3-NCOAI fusion
gene, whereas 11 cases showed a PAX3 rearrangement, but
with no rearrangement of MAML3, FOX0OIl, NCOAI, and
NCOA2 genes. In the present study, 37 cases showed a
PAX3-MAML3 fusion, 2 cases a PAX3-WWTRI fusion, 1
case a PAX3-FOXOI fusion, and 1 case a PAX3-NCOA2
fusion. Given the structural and functional similarity of the
MAML3, FOXOI, NCOAI, and NCOA2 proteins, the
presence of a PAX3-NCOA?2 fusion transcript in BSNS was
expected.’ Like the 2 cases of BSNS with an NCOAI re-
arrangement reported by Huang et al’ our case with an
NCOA? rearrangement showed focal rhabdomyoblastic dif-
ferentiation. PAX3-WWTRI is a new fusion in BSNS.
WWTRU, also known as TAZ, is a transcriptional coactivator
with a PDZ binding motif. In mammals, YAPI and WWTRI
are downstream effectors of the Hippo signaling pathway,
which is an evolutionarily conserved network that plays a

FIGURE 3. Immunohistochemical profile of biphenotypic sinonasal sarcoma. S100 protein was always positive focally or diffusely
(A), whereas SOX 10 was always negative (B). MyoD1 was positive in about 90% of cases (C). Myogenin was focally positive in only
20% of cases (D). PAX3 was positive in all tested cases, strongly and diffusely in about half of them (E) but weakly and/or focally in

the other cases with a background in some cases (F).
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FIGURE 4. Novel PAX3-NCOA2Z fusion in biphenotypic sinonasal sarcoma (case 5). Typical aspect of BSNS (A) with areas showing
rhabdomyoblastic differentiation (B). Immunohistochemistry with desmin highlights cross-striations (C). FISH using a break-apart
probe shows a rearrangement of NCOA2 (D). E, Structure of PAX3-NCOA2 fusion transcript. From up to bottom: schematic
representing locus and chromosomal positions of PAX3 and NCOAZ2; schematic of breakpoint positions involving PAX3 exon 7 and
NCOA2 exon 12; nucleotidic sequence of adjoined sequences.
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FIGURE 5. Novel PAX3-WWTRT fusion in biphenotypic sinonasal sarcoma (cases 8 and 29). Typical aspect of BSNS (A: case 8) with
diffuse positivity of ST00 protein (B: case 8). FISH using a break-apart probe shows a rearrangement of WWTR1 (C: case 29). D,
From up to bottom: schematic representing locus and chromosomal positions of PAX3 and WWTRI1; schematic of breakpoint
positions involving PAX3 exon 8 and WWTRT exon 5 for both cases, and associated reciprocal fusion transcript WWTRT exon 4 and
PAX3 exon 10 for case 29; nucleotidic sequence of adjoined sequences for cases 8 and 29.
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central role in regulating cell proliferation and cell fate to
control organ growth and regeneration. The Hippo pathway
controls gene expression by inhibiting the activity of YAPI and
WWTRI. Hyperactivity of these 2 genes promotes uncon-
trolled cell proliferation, impairs differentiation, and is asso-
ciated with cancer."* A WWTRI-CAMTAI fusion has been
shown in epithelioid hemangioendothelioma and is now a key
diagnostic tool for this rare tumor.!> BSNS is a second example
of the direct role of WWTRI in the development of a cancer.
Recently, Sun et al'® reported the important role of YAPI and
WWTRI in skeletal muscle stem cell function. They showed
that YAPI and WWTRI play a similar role in promoting
myoblastic proliferation and that, during the later stage of
myogenesis, WWTRI switches toward influencing satellite cell
fate by promoting myogenic differentiation. YAPI! and
WWTRI have many common target genes, but WWTRI
regulates some genes independently of YAPI, including myo-
genic genes such as PAX7, MYF5, and MYODI.

In conclusion, this is the second largest series of
BSNS. We report 2 new fusion transcripts, PAX3-NCOA2
and PAX3-WWTRI, and confirm the major value of im-
munohistochemistry for the diagnosis, with constant pos-
itivity of S100 protein and PAX3 associated with
negativity of SOX10. Moreover, we found that MyoD1 is
more sensitive than myogenin for demonstrating myo-
genic differentiation in this tumor.
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