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RESUME en français

Les sarcomes sont des tumeurs malignes des tissus conjonctifs, représentant moins de 1%

des tumeurs malignes de l’adulte, mais près de 8% de l’ensemble des cancers pédiatriques. En

raison de leur rareté, de leur grande variété histologique et de leur potentiel évolutif

hétérogène, les sarcomes sont des pathologies difficiles à traiter, tant sur le plan diagnostique,

pronostique que thérapeutique. Ces dernières années, l’avènement de techniques d’analyse

pangénomiques par biologie moléculaire a permis d’améliorer la prise en charge clinique des

sarcomes, mais les microARN sont des biomarqueurs émergents encore peu utilisés.

Au cours de ce travail de thèse, nous avons choisi d’étudier la valeur des profils

d’expression des microARN dans les rhabdomyosarcomes et les ostéosarcomes. Les données

brutes des profils d’expression ont été obtenues à l’aide d’une technologie à moyen débit basée

sur des réactions de PCR quantitative. Nous avons tout d’abord développé une méthodologie

d’analyse permettant d’obtenir des données d’expression précises, reproductibles et à forte

valeur ajoutée, à partir de matériel biologique hétérogène. Dans un second temps, nous avons

montré que les profils d’expression des microARN permettent d’améliorer la prise en charge

clinique des deux types de sarcomes étudiés : il est possible d’affiner la classification

nosologique des rhabdomyosarcomes, et de prédire la réponse des ostéosarcomes à la

chimiothérapie néo adjuvante. La recherche de nouvelles applications cliniques liées aux profils

d’expression des microARN doit donc être poursuivie, et peut désormais l’être grâce à l’outil

robuste que nous avons développé au cours de cette thèse.

TITRE en anglais Expression profiles of microRNAs in sarcomas: from raw data 
to clinical applications 

RESUME en anglais

Sarcomas are malignant soft tissue tumors, accounting for 1% of adult tumors and 8% of all

pediatric malignancies. Sarcomas are rare, and display a variety of histological subtypes and

clinical characteristics. Therefore, everyday management is difficult in terms of diagnosis,

prognosis and treatment. Recently, the development of pangenomic molecular techniques

improved the clinical management of sarcomas, but the use of microRNAs as biomarkers is still

being investigated.

In the present work, we studied the value of microRNA expression profiles in

rhabdomyosarcomas and osteosarcomas. Raw data of expression profiles were obtained using a

medium throughput technology based on quantitative PCR. We first developed an analysis

methodology to gain accurate, reproducible and relevant expression data, starting from

heterogeneous samples. Furthermore, we showed that microRNA expression profiles can

improve the clinical management of both sarcoma entities: they are helpful to upgrade the fine

nosological classification of rhabdomyosarcomas, and they are able to predict the response of

osteosarcomas to neoadjuvant chemotherapy. Searching for new clinical applications to

microRNA expression profiles must be pursued.

DISCIPLINE Cancérologie

MOTS CLES MicroARN, cancer, sarcomes, profils d’expression, rhabdomyosarcomes,
ostéosarcomes, PCR quantitative, normalisation

INTITULE ET ADRESSE DE L’U.F.R. OU DU LABORATOIRE
Equipe Ciblage de la Tumeur et de son Environnement Immunitaire
Centre de Recherche en Cancérologie de Lyon (CRCL), UMR INSERM 1052 CNRS 5286
Centre Léon Bérard, 28 rue Laënnec, 69373 Lyon cedex 08
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LISTE DES PRINCIPALES ABRÉVIATIONS

ABC Famille des transporteurs ABC (ABCB1 à ABCB6)

ABCB1 ATP binding cassette, sub family B (MDR/TAP), member 1

aCGH Array comparative genomic hybridization

ACP Analyse en composantes principales

ADICAP Association pour le développement de l informatique en cytologie

et anatomie pathologique

ADN Acide désoxyribonucléique

ADNc Acide désoxyribonucléique complément

AGO Famille des protéines argonautes (AGO1 à AGO4)

AM Représentation graphique de type AM

ANM Académie Nationale de Médecine

ANOVA Analysis of variance

AP 2 beta Activating enhancer binding protein 2 beta

ARMS Alveolar rhabdomyosarcoma

ARN Acide ribonucléique

ARNi Acide ribonucléique interférence

ARNm Acide ribonucléique messager

ATCC American Type Culture Collection

BCL2 B cell CLL/lymphoma 2

CCND1 Cyclin D1

CDK Cyclin dependent kinase

CDK4 Cyclin dependent kinase 4

CDK6 Cyclin dependent kinase 6

CDKN1A Cyclin dependent kinase inhibitor 1A (P21)

CDKN2A Cyclin dependent kinase inhibitor 2A (P16, P14)

CGH Comparative genomic hybridization

CINSARC Complexity index in sarcomas

CIT Carte d’Identité des Tumeurs®

CONTICANET Connective tissue cancer network

Ct Cycle threshold

Ct Méthode du delta delta Ct

DDIT3 DNA damage inducible transcript 3

DGCR8 DiGeorge syndrome critical region gene 8

E Efficacité (de la PCRq)

E2F1 E2F transcription factor 1

EDTA Acide éthylène diamine tétraacétique

EGFR Epidermal growth factor receptor

EJC European Journal of Cancer

ERBB2 v erb b2 erythroblastic leukemia viral oncogene homolog 2

ERMS Embryonal rhabdomyosarcoma
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FFPE Formalin fixed, paraffin embedded

FGFR1 Fibroblast growth factor receptor 1

FISH Hybridation in situ fluorescente

FOXO Famille des gènes FOXO (FOXO1, FOXO4)

FOXO1 Forkhead box O1 (FKHR)

FOXO4 Forkhead box O4 (MLLT7)

GIST Gastro intestinal stromal tumor

GO Gene ontology

HES Hématoxyline, éosine, safran

HRAS v Ha ras Harvey rat sarcoma viral oncogene homolog

ICR International Classification of Rhabdomyosarcoma

IGF 1R Insulin like growth factor 1 receptor

IGF2 Insulin like growth factor 2

IHC Immunohistochimie

IFO Ifosfamide

IL1 Interleukin 1

IRM Imagerie par résonance magnétique

IRSG Intergroup Rhabdomyosarcoma Study Group

KEGG Kyoto Encyclopedia of Genes and Genomes

KIT v kit Hardy Zuckerman 4 feline sarcoma viral oncogene homolog

KRAS v Ki ras2 Kirsten rat sarcoma viral oncogene homolog

LMS Léiomyosarcome

LNA Locked nucleic acid

LOESS Locally estimated scatterplot smoothing

LOH Loss of heterozygosity

LOWESS Locally weighted scatterplot smoothing

MAPK Famille des gènesMitogen activated protein kinase

MAP3K5 Mitogen activated protein kinase kinase kinase 5

MDM2 p53 E3 ubiquitin protein ligase homolog

MDM4 Mdm4 p53 binding protein homolog

MDR multi drug resistance

MINDACT Microarray In Node negative Disease may Avoid ChemoTherapy

MRE MicroRNA response element

MYC v myc myelocytomatosis viral oncogene homolog

MYCN v myc myelocytomatosis viral related oncogene (N myc)

nARMS Translocation negative alveolar rhabdomyosarcoma

NCOA Famille des gènes NCOA (NCOA1, NCOA2)

NCOA1 Nuclear receptor coactivator 1

NCOA2 Nuclear receptor coactivator 2

NF1 Neurofibromin 1

NOS Not otherwise specified

NRAS neuroblastoma RAS viral (v ras) oncogene homolog

OMS Organisation Mondiale de la Santé
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OS Ostéosarcome

pARMS Translocation positive alveolar rhabdomyosarcoma

PAX Famille des gènes PAX (PAX3, PAX7)

PAX3 Paired box 3

PAX3 FOXO1 Transcrit de fusion constitué des gènes PAX3 et FOXO1

PAX3 FOXO4 Transcrit de fusion constitué des gènes PAX3 et FOXO4

PAX3 NCOA1 Transcrit de fusion constitué des gènes PAX3 et NCOA1

PAX3 NCOA2 Transcrit de fusion constitué des gènes PAX3 et NCOA2

PAX7 Paired box 7

PAX7 FOXO1 Transcrit de fusion constitué des gènes PAX7 et FOXO1

PCR Polymerase chain reaction

PCRq Quantitative polymerase chain reaction

PTEN Phosphatase and tensin homolog

RAS Famille des gènes RAS (HRAS, KRAS, NRAS)

RB1 Retinoblastoma 1

RISC RNA induced silencing complex

RMS Rhabdomyosarcome

RQ Quantité relative

RT Reverse transcription

RT PCR Reverse transcription Polymerase chain reaction

SAI Sans autres indications

SIOP Société Internationale d Oncologie Pédiatrique

siARN Small interfering RNA

SNP Single nucleotide polymorphism

SQSTM1 Sequestosome 1

SS18 Synovial sarcoma translocation, chromosome 18

TFAP2B Transcription factor AP 2 beta

TGF Transforming growth factor, beta 1 (TGFB1)

TLDA TaqMan® Low Density Array

TMA Tissue micro array

TNF Tumor necrosis factor

TNFRSF11A Tumor necrosis factor receptor superfamily, member 11a, NFKB

activator (RANK)

TP53 Tumor protein P53

TRBP TAR (HIV 1) RNA binding protein 2

ULS Universal linkage system

UNA Unlocked nucleic acid

UTR Untranslated region

VEGF Vascular endothelial growth factor

VEGFR Vascular endothelial growth factor receptors

Wnt Famille des gènes wingless type MMTV integration site

XPO5 Exportin 5













1. Les rhabdomyosarcomes
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Date 1958 1989 1995 2002 2013 (orientations)

FletcherFletcher ((OMS)OMS) FletcherFletcher ((OMS)OMS)SIOPSIOP NewtonNewton (ICR)(ICR)NomNom HornHorn EnterlineEnterline

Base

Morphologie
Morphologie

Cytologie

Morphologie

Cytologie

Pronostique

Morphologie

Cytologie

Génétique

Morphologie et Cytologie

Génétique

Âge du patient

ARMS

ARMS (dont les
formes mixtes si > 50
% d’histologie
alvéolaire)

M
P

ARMS (dont les formes
mixtes quelle que soit
l’étendue de la zone
alvéolaire)

ARMS
conventionnel
forme solide
mixte ARMS/ERMS

ARMS

ERMS

ERMS
dense, bien / peu

différencié
SAI
lâche, non botryoïde

P
I ERMS

P

ERMS conventionnel

BB
P

ERMS à cellules
fusiformes

ERMS à cellules fusiformes

a
ss
if
ic
a
ti
o
n

ERMS
à cellules fusiformes
botryoïde
anaplasiqueanaplasique

ERMS botryoïde
ERMS lâche,
botryoïde

ERMS botryoïde ERMS botryoïde

Embryonal sarcoma

C
l RMS

pléomorphe
RMS pléomorphe

Absents (classification

pédiatrique)
RMS pléomorphe

AA

RMS pléomorphe

M
P

RMS indifférencié / SAI
RMS SAI (si non
représentativité de
l’échantillon / zone/ ggrise))

RMS sclérosant

RMS à cellules fusiformes

RMSRMS épithélioïdeépithélioïde





Figure 1 : coupe en paraffine colorée hématoxyline éosine safran (HES) d’un ERMS.





Figure 2 : coupe en paraffine colorée HES d’un ARMS.





Figure 3 : représentation schématique des principales translocations retrouvées dans les ARMS.









Figure 4 : résumé des événements génétiques qui se produiraient durant la myogenèse et qui

pourraient mener à la formation des RMS.



Figure 5 : coupe colorée HES d’un RMS indifférencié de la zone grise, difficile à classer.



Caractéristiques ERMS ARMS

Tableau 2 : tableau comparatif des principales caractéristiques biologiques des ARMS et ERMS









2. Les ostéosarcomes







Figure 6 : coupes en paraffine colorées HES des trois formes les plus courantes d’OS.

A B

C





Figure 7 : schéma des voies métaboliques TP53 et RB1.





Figure 8 : formule chimique de l’ifosfamide.













1. Définition et mode d’action





Figure 9 : évolution du nombre de publications annuelles traitant des microARN et de leurs

implications dans le cancer, jusqu’en septembre 2012.





Figure 10 : voie de biogenèse des microARN chez les animaux







Figure 11 : principes de l’interaction microARN ARNm.



Figure 12 : modes d’action du complexe miRNP.





2. MicroARN et cancer



Figure 13 : les différents niveaux de régulation de la tumorigenèse par les microARN.







- Diagnostic et classification 



- Indicateurs pronostiques 

- MicroARN circulants : biomarqueurs non invasifs 



- Indicateurs prédictifs d’une réponse au traitement 





Figure 14 : principales stratégies pour les traitements basés sur l’ARNi.







1. Technologies pour l’étude des profils d’expression des microARN

- Définition et historique 





- Principe de fonctionnement des puces microARN 





Figure 15 : principe des puces à ADN adaptées à la quantification de l’expression des microARN.



- Définition et historique de la PCR quantitative 



Figure 16 : principe de fonctionnement des chimies TaqMan et SYBR Green.



- Principe de la PCR quantitative appliquée aux microARN 



Figure 17 : principe d’une réaction de RT PCRq adaptée aux microARN.

)



2. Méthodes de normalisation des données d’expression

- Principes généraux 





- Détection du type de biais 



Figure 18 : exemples de graphiques de corrélation démontrant l’importance de la transformation

des valeurs brutes d’intensité en valeurs logarithmiques.



Figure 19 : exemples de graphiques démontrant l’utilité de la représentation AM.





Figure 20 : exemples de graphiques AM montrant les effets d’une méthode de normalisation

globale par la médiane.



Ct (gène cible) = Ct (gène cible) – Ct (gène de référence)

Ct = Ct (échantillon testé) – Ct (échantillon calibrateur)

RQ = 2 Ct







Figure 21 : exemples de graphiques AM montrant les effets d’une normalisation locale par la

méthode LOESS.

Echantillon 1 Echantillon 2 Echantillon 3
Gène A (I) 6 13 8
Gène B (II) 12 10 6
Gène C (III) 1 3 11



Echantillon 1 Echantillon 2 Echantillon 3 Moyenne
Gène A 1 3 6 3
Gène B 6 10 8 8
Gène C 12 13 11 12

Echantillon 1 Echantillon 2 Echantillon 3 Moyenne
Gène A 3 3 3 3
Gène B 8 8 8 8
Gène C 12 12 12 12

Echantillon 1 Echantillon 2 Echantillon 3
Gène A 8 12 8
Gène B 12 8 3
Gène C 3 3 12



Figure 22 : exemples de graphiques AM montrant les effets d’une normalisation locale par la

méthode des quantiles.

3. Outils statistiques pour l’analyse des profils d’expression des microARN



Figure 23 : boites à moustache (en haut) et diagramme de Pearson (en bas) réalisés à partir du même

set de données brutes issues de plaques TLDA, sous le logiciel Microsoft Excel.







Figure 24 : exemple de clustering hiérarchique non supervisé des profils d’expression des

microARN dans les sarcomes, réalisé à partir de données de puces d’expression.



Figure 25 : exemple d’ACP non supervisée des profils d’expression des microARN dans des

sarcomes, réalisée à partir de données issues de plaques TLDA.









INTRODUCTION AU TRAVAIL EXPÉRIMENTAL

PROBLÉMATIQUE





OUTILS

Modèles animaux et lignées cellulaires :





RÉSULTATS

98

un groupe contrôle, traité à l’aide d’une solution saline, ou à un groupe traité par

injection sous cutanée d’IFO, deux fois à sept jours d’intervalle. Un dernier PET Scan

est réalisé une semaine après la deuxième injection, et 24h avant le sacrifice des rats.

Figure 26 : organisation des manipulations sur le modèle d’OS de rat.

Plateforme TLDA pour microARN :

Toutes les expériences de TLDA ont été réalisées sur un appareil PCRq de type

Applied Biosystems 7900HT. Selon l’origine des prélèvements, nous avons utilisé des

TLDA pour l’homme ou pour les rongeurs. Dans la version 2 des TLDA, l’ensemble

des microARN est détecté à l’aide de deux plaques A et B. Pour l’homme, 377

microARN sont détectés par la plaque A, et 290 microARN par la plaque B, pour un

total de 667 microARN. Pour les rongeurs, 226 microARN de rat sont détectés par la

plaque A, et 77 par la plaque B, pour un total de 303 microARN. La plateforme TLDA

simplifie considérablement les étapes de transcription inverse et de chargement des

plaques, par rapport à des PCRq uniques (figure 27).



Figure 27 : processus résumant une expérience réalisée sur plaque TLDA.



Techniques de FISH pour la détection des translocations rares dans les ARMS :

Figure 28 : idéogramme présentant la sonde FOXO1 de type break apart.



Figure 29 : idéogramme présentant la sonde PAX3 de type break apart.

Figure 30 : photos de techniques de FISH prises au microscope à fluorescence sur un cas d’ARMS à

transcrit rare.



Plateforme CGH utilisée pour l’établissement des profils génomiques :

Figure 31 : déroulement d’une expérience de CGH réalisée sur puces pangénomiques Agilent.



Logiciels de programmation de d’analyse :

Figure 32 : récupération des données brutes via le script Perl.



1. Des Cts bruts à l’interprétation biologique : importance du traitement des
données primaires
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Abstract: 

MicroRNAs (miRNAs) are small non-coding RNAs regulating gene expression in a complex 

network and with coordinate actions. They are involved in many cell processes and play a 

crucial role in cancer development. High throughput miRNA expression profiling is the best 

way to identify single miRNA biomarkers in cancer cell lines and clinical samples, and to 

conduct classification studies providing new insights. 

Global miRNA expression profiling using TaqMan® Low Density Array technology (TLDA, 

Life Technologies) was conducted in 117 tumor samples, mainly composed of gastrointestinal 

stromal tumors (GISTs), rhabdomyosarcomas and osteosarcomas. Frozen and formalin-fixed, 

paraffin embedded (FFPE) specimens were used to identify the most appropriate method for 

the accurate normalization of miRNA expression data. The performances of the different 

normalization methods were compared for their ability to correctly classify these distinct 

tumor entities. 

When working on cohorts exclusively composed of frozen or FFPE samples, applying the 

standard delta-delta Ct (ǻǻCt) method alone was sufficient, and optimal results were obtained 

choosing the median as a virtual endogenous housekeeping gene. For mixed frozen and FFPE 

cohorts, a prior LOESS normalization was the most efficient way to correct the local bias 

induced by the fixation. 

The methodology developed here enables a reliable determination of miRNA expression 

profiles. In addition, this methodology works equally on frozen and FFPE archived material, 

which is a relevant advantage in the field of rare pathologies. Obtaining statistically 

significant data is no longer an issue for miRNA discovery. 

  



Introduction: 

MicroRNAs (miRNAs) are small non-coding RNAs that repress gene expression through 

sequence-specific base pairing with their target mRNAs (Doench and Sharp 2004). There are 

currently 2042 entries for Homo sapiens mature miRNAs in the 19th release of the miRBase 

sequence database, but new entities are still being identified (Griffiths-Jones 2004; Griffiths-

Jones et al. 2006; Griffiths-Jones et al. 2008). MiRNAs are involved in many processes such 

as control of cell proliferation, differentiation and apoptosis (He and Hannon 2004). MiRNAs 

are deregulated in many tumor types, and can either act as oncogenes or tumor suppressors 

(Tie and Fan 2011; Zhang et al. 2007). Each miRNA has approximately one hundred targets 

(Brennecke et al. 2005). MiRNA profiling combined with a solid target database represents an 

attractive strategy to identify novel nosological entities, activated pathways in cancer cells, 

and new targets for research, diagnosis or clinical use (Betel et al. 2008; Friedman et al. 2009; 

Krek et al. 2005). 

 

MiRNA expression profiles  are usually assessed using microarray hybridization and high-

throughput quantitative real-time PCR (qPCR) (Jing et al. 2010). MiRNA profiling using 

microarray hybridization allows the screening of all known miRNAs at once, but their 

limitation is that probes cannot distinguish mature miRNAs from miRNA precursors, and 

accurate microarray profiling requires their separation by polyacrylamide gel electrophoresis 

(Shingara et al. 2005). Results obtained through microarray hybridization are expressed in 

relative intensities and  need to be validated by qPCR assays (Morey et al. 2006). 

Conversely, qPCR-based miRNA expression profiling relies on the 384 wells format, with a 

simplified sample preparation and loading process. Therefore, the number of simultaneous 

miRNAs that can be studied in a single experiment is lower than the microarray-based 

technique. QPCR experiments are often presented as fold changes over a control sample. 

Because of their specific technologies, these two platforms provide non comparable results, 

and cross-platform analysis can be challenging (Wang et al. 2011). Moreover, there is still no 

consensus on the optimal  normalization method to be used  for miRNA profiling studies 

(Meyer et al. 2010). 

 

MiRNAs are assumed to be less prone to degradation than other longer nucleic acid materials. 

It has already been shown that qPCR is suitable for miRNA quantification on single assays 

(Siebolts et al. 2009), and that FFPE sample could give interpretable results using the TLDA 

technology (Hui et al. 2009; Sotolongo et al. 2010). When FFPE samples are compared to 



frozen samples, a bias varying along the Ct values, i.e. a local bias, is visible on correlation 

plots (Goswami et al. 2010; Steg et al. 2006). However, no correction method has been 

successfully applied so far to improve the reliability of results. The ability to use FFPE tumor 

samples would open up large tumor collections from clinical trials and from other tumor bank 

collection centers (Gnanapragasam 2010). Their analysis might enable researchers to identify 

new targets that are linked to disease progression or response to cancer therapy (Oulas et al. 

2009; Trang et al. 2008). 

 

As any emerging technology, there are few studies evaluating the key parameters influencing 

TLDA results and showing how to analyze optimally these datasets (Gillis et al. 2007). 

Scientists often use the standard ǻǻCt method with no consensus concerning the choice of the 

endogenous housekeeping gene(s), and limiting themselves to fold change analyses (Flamant 

et al. 2010; Mor et al. 2011; Packer et al. 2008; Tatro et al. 2010). Commercial software 

solutions have emerged to enable TLDA analysis (Sorby et al. 2010; Zhao et al. 2012). These 

solutions implement several analysis tools related to qPCR normalization. However, selecting 

the parameters within the software is at the discretion of the user, and inappropriate selections 

can lead to non consistent results (Chugh and Dittmer 2012). Moreover, normalization 

algorithms are applied globally, over the whole dataset, and local biases can remain 

uncorrected with these approaches (Steg et al. 2006). 

 

We propose in the present work a standardized approach for the analysis of TLDA for 

miRNA raw data. QPCR will be processed using the ǻǻCt method, with a carefully selected 

optimal endogenous housekeeping gene. We will also investigate here the best significant way 

to normalize TLDA data derived from a heterogeneous set of samples, composed of FFPE and 

frozen samples, using tools originally designed for microarray data. 

 

 

  



Results: 

The main objective was to establish a standard and reproducible analysis methodology to 

obtain reliable miRNA expression profiles, starting from TLDA raw data. The aim is the 

production of data with high quality, directly available for statistical analyses such as 

unsupervised or supervised clusterings. This methodology should be applicable to frozen, 

FFPE or mixed frozen/FFPE cohorts. The entire cohort is composed of a variety of sarcoma 

entities (Table 1). The evaluation of the normalization methods is based on their ability to 

accurately classify the different samples. 

 

Obtaining the cleanest dataset: raw data extraction, filtering and quality control 

 

The method used to collect the raw data was found to be a potential source of bias. Using an 

automatic threshold, Ct values obtained for a given GIST sample processed alone differed 

from the Ct values obtained for the same sample extracted as a part of different groups of five 

distinct GIST samples (Figure 1A). In this example, Ct values of three representative miRNAs 

of the GIST sample #F1728 are presented. The first miRNA shows no variation, the second 

one a limited variation and the third one the maximum variation observed. The maximum 

variation was of 7.72 cycles for the miR-628-5p. Among expressed miRNAs, 10 % of Ct 

values showed no variation, but the variation of Ct values was greater than 2 cycles for 18% 

of Ct Values (Figure 1B). A plate by plate extraction was found to be the best way to retrieve 

raw data, which were then not affected by the constitution of the analysis group. 

Subsequently, each sample can be easily included in various cohorts. However, in this case, a 

manual threshold must be chosen, since the use of an automatic threshold on a single plate 

produced an unusual stepwise distribution of Ct values, due to algorithm approximations 

(Figure 1C). The threshold for Ct determination was set up as close as possible to the base of 

the exponential phase. Following the visualization of amplification curves for more than a 

hundred of TLDA arrays, a manual threshold of 0.25 was chosen. All Ct values were 

extracted with this threshold and an automatic baseline. 

 

For each TLDA, quality controls were performed on raw data (see Materials and Methods). 

Box plots, the following of the expression level of the MammU6 internal control, and heat 

maps based on Pearson’s correlation coefficients were sufficient to detect samples with an 

abnormal data distribution or with unusual overall late Ct values (Figure 2A and 2B). 

Inconsistent samples were removed to avoid any biases during the normalization procedures. 



Among all tumor samples, 2 out of 104 (2%) FFPE samples and 4 out of 13 frozen (32%), 

overall 5% of all samples, did not pass these criteria and were removed from the analysis 

process. 

 

Commercial analysis software products often allow users to allocate an arbitrary value to 

undetermined Cts or Cts above a chosen cut-off  before any calculations (Xia M. et al. 2010). 

Using this approach, a miRNA whose expression was undetermined for several samples may 

end up with different expression levels after applying the ǻǻCt method described thereafter 

(Table 2). Thereby, undetermined Ct should not be changed into arbitrary Ct values at this 

step. At the end of the analysis procedure, a miRNA which is non-expressed across several 

samples would show artefactual variations of no biological significance; this could influence 

final results, especially if there are a high number of undetermined or late Cts in samples. The 

arbitrary value for undetermined or late Cts must be given after the normalization by the 

endogenous housekeeping gene(s). 

 

Overall, these results show that the extraction of raw data is a critical preanalytic step for 

frozen and FFPE samples. The proposed method prevents the emergence of biases. 

 

Choosing the optimal endogenous housekeeping gene(s) for the ǻǻCt method 

 

Prior to the processing of Ct values with the global ǻǻCt normalization method, the absence 

of any potential local bias on TLDA data had to be verified on MA plot (see Materials and 

Methods). Raw Ct datasets coming from all 102 FFPE samples were plotted against each 

other (see example Figure 3A). No local biases were detected, as shown by scatter plots being 

always straight and horizontal. The ǻǻCt method can therefore be used on FFPE-only cohorts 

as the only and sufficient normalization method. 

 

The next step was to optimize the ǻǻCt normalization method. To that aim, the 102 FFPE 

samples composed of 25 rhabdomyosarcomas, 21 osteosarcomas and 56 GISTs were used. 

Different sizes of training sets within the cohort of 102 samples were tested (random 

samplings, see Materials and Methods). The main issue concerning the ǻǻCt method is the 

need to determine the optimal endogenous housekeeping gene(s). Four different methods for 

the choice of the endogenous housekeeping gene(s) were evaluated on these different training 

sets: 1/ the normalization factor MammU6, 2/ normalization using the geometric mean of the 



four most stable miRNAs identified by geNorm or Normfinder, and 3/ normalization by the 

sample medians. 

 

As a performance indicator, the ability of these four methods to accurately classify samples 

according to histological diagnosis was investigated, using unsupervised clusterings. To 

compare the results of the classification algorithm, confusion rates and purity indexes were 

calculated (see Material and Methods). Overall, the curves generated showed that the purity 

index is always better in large cohorts, while the confusion rate is more stable. We describe 

hereunder the results obtained with the four methods (Figure 4A and 4B). 

 

1/ Single gene control method: MammU6 endogenous control 

The MammU6 endogenous control produced the worst purity index and confusion rate when 

compared to the three other methods. Results are particularly inaccurate for small cohorts, as 

seen with the purity index. Conversely, the confusion rate increases together with the size of 

the cohort. These opposite results emphasize the fact that the purity index values are different 

whether misclassified samples are all located in the same cluster, or in several different 

clusters. In our study, purity index was reduced because of a large amount of errors occurring 

in the same cluster (e.g. GIST cluster, data not shown). This index is therefore not 

representative of the overall error rate. Whatever the size of the cohort, the 3 other approaches 

always outperformed the MammU6 method, probably indicating that the expression of 

MammU6 was varying across samples. 

 

2/ GeNorm and Normfinder methods 

GeNorm and Normfinder algorithms have to be run again for each training sets, because the 

most stable miRNAs can change depending on the size and the composition of the cohort. 

Using both methods and studying the same subsets of samples within two different cohort 

sizes with two random drawings, the selected miRNAs varied substantially (Table 3). The two 

methods never retrieved the exact same group of stable miRNAs, and similar miRNAs were 

always differently ranked. Even for different drawings within a training set, the retrieved 

miRNA normalizers were found different. Interestingly, using the geNorm method, the 

expression of MammU6 was found to be stable in some training sets, as shown by its presence 

in the table. 

The analysis of purity indexes and confusion rates shows that the Normfinder method 

performs better, especially for small cohorts. When using cohorts containing more than 50 



samples, the efficacy of the Normfinder method is very similar to that of the median described 

hereunder. However, the disadvantage of the Normfinder method is that it requires a prior 

knowledge of the constitution of the groups to determine the best miRNA normalizers, which 

is an unknown factor in most discovery studies. 

 

3/ Median method

With this approach, the median is calculated for each sample and is considered as a virtual 

endogenous housekeeping gene. The median curves of the purity index and the confusion rate 

can be considered more stable, regardless of the size of the cohort, yet improving slowly as 

the size of the cohort increases. Together with Normfinder, the median method performed 

best with both indicators, regardless of the cohort size. Due to the advantage of the median 

method for studies where there is no prior knowledge about the constitution of groups, this 

method was selected as the best compromise. 

 

 

Normalizing heterogeneous analyses cohorts containing FFPE and frozen 

samples 

We previously showed that it is possible to analyze homogenous FFPE cohorts with the 

standard ǻǻCt method. However, the feasibility of comparing FFPE and frozen samples 

together in the same cohort had to be evaluated. To that aim, we used a cohort composed of 

13 tumors and one rhabdomyosarcoma cell line having both frozen and their FFPE equivalent 

counterpart (see Materials and Methods). TLDA for miRNAs were run for all samples, and 9 

out of these 13 paired tumor samples passed all quality control criteria. The SJCRH30 

rhabdomyosarcoma cell line was added to this study for a total of 10 paired samples. 

 

The presence of any potential biases was then assessed. For all paired samples, the two raw 

data sets were visualized on a MA plot. The example of a leiomyosarcoma sample is shown 

on Figure 3B. Scatter plot followed an oblique line with a slight curvature, a plot 

characteristic of the presence of a local bias, varying along the Ct values. A local 

normalization must be applied to correct this bias prior to the ǻǻCt method. 

 

To find out the best method to correct this local bias, the 10 paired samples (9 paired frozen 

and FFPE tumor sample, and paired samples of an RMS cell line) were analyzed using 3 

different approaches : without any local normalization, with the quantile method (Rao et al. 



2008), and with the LOESS method (Cleveland WS. 1979; Cleveland WS. and Devlin SJ. 

1988). All samples were analyzed using our previously established ǻǻCt method, with 

medians as endogenous housekeeping genes. All data modifications due to normalization 

steps were controlled by box plots and MA plots (Figure 5). 

 

After the quantile normalization of all paired samples, box plots showed exactly the same 

distribution, with a shared median (Figure 5B1). However, the local biases were only partially 

corrected using this method, as shown in the MA plot. Moreover, the distribution of the data 

shows an increased overall spread of dots (Figure 5B2). After LOESS normalization, box plot 

showed that frozen and FFPE samples were globally corrected by pairs, with pairs having the 

same median value but a different distribution (Figure 5C1). Using an MA plot, samples 

correlations were correctly adjusted along the Ct values, so the scatter plot is straight and 

horizontal around the zero line (Figure 5C2). All samples will share the same median and will 

be comparable for further analysis after the application of the ǻǻCt method. 

 

The accuracy of these two local normalization methods were then assessed measuring their 

ability to pair corresponding frozen and FFPE samples when performing an unsupervised 

clustering on log2(RQ) values (Figure 5A3, B3 and C3). With no local normalization, 8 

samples out of 10 were correctly paired: tumors #4 and #12 were split in different groups 

(Figure 5A3). As expected, samples correctly paired in the absence of local correction 

exhibited a flat distribution on MA plots (data not shown). The quantile normalization method 

was able to classify accurately only 7 samples (Figure 5B3). The LOESS normalization 

performed the best with a perfect recognition of all paired samples (Figure 5C3). Importantly, 

entities with similar histologies were clustered together, such as liposarcoma samples 

(WDLPS, DDLPS and US tumors) and rhabdomyosarcoma samples (ARMS cell line and 

ERMS tumor). In our study, the rhabdomyosarcoma cell line is not separated from fresh 

tumor samples, in contrast with what was reported in previous molecular profiling studies 

(Ertel et al. 2006; Houshdaran et al. 2010; Kao et al. 2009; Virtanen et al. 2002). 

 

The LOESS normalization is therefore an appropriate method for the analysis of TLDA data 

when there is a need for a local bias correction between FFPE and frozen samples. 

 

  



Discussion: 

In the present work, we present a novel analysis methodology for miRNA profiling using 

TLDA, in the third largest cohort ever reported for miRNA expression profiling on the TLDA 

platform (104 FFPE samples) (Nakata et al. 2011; Schultz et al. 2012). The objectives of the 

present work was to delineate a method to enable a reliable, reproducible, evaluation of  

miRNA expression profile among a variety of tumor samples, with the aim of a potential 

clinical use. 

TLDA data are generally analyzed as usual qPCR results, using the ǻǻCt method as the sole 

normalization method, but with no consensus about the optimal endogenous housekeeping 

gene(s). In the present report, we observe that the use of gross and heterogeneous methods 

may significantly affect the reproducibility of the results across laboratories using TLDA 

platforms (Wang et al. 2011; Wang et al. 2012). The management of the quality of the data 

was found to be essential at all steps of the procedure, with the aim to prevent or correct any 

possible technical or biological bias. The adapted ǻǻCt method proposed in the present 

manuscript, using the median as a virtual endogenous housekeeping gene, is applicable to 

homogeneous cohort of frozen samples or FFPE samples and lead to optimal results in our 

dataset. For heterogeneous cohorts, composed of FFPE and frozen samples, a local bias was 

identified, which was found correctible using an additional LOESS normalization. 

 

Usually, for the validity of quantification using the comparative ǻǻCT method, the efficiency 

of the target amplification and the efficiency of the active reference amplification must 

approximately be equal. The median being a virtual endogenous housekeeping gene, it has no 

quantifiable efficiency, but averages the efficiencies across the whole sample set. In the 

present work, we show that this median method was found to contribute to very limited and 

non detectable quantification errors and outperformed all other methods evaluating real 

endogenous housekeeping gene(s). 

 

The results presented here show in particular that MammU6 cannot be always considered as 

an endogenous control. MammU6 frequently stands out as a differentially expressed target in 

several statistical analyses, as shown also in other studies (Peltier and Latham 2008; Tatro et 

al. 2010). In general, using a single control reference has been reported to be suboptimal in 

several studies (Huggett et al. 2005; Lee et al. 2002). 

Using geNorm and Normfinder, the most stable miRNAs were found to differ significantly in 

the various training subsets tested. These algorithms have therefore to be run again every time 



a change in the composition of samples occurs, in particular with the addition of a novel 

sample. Conversely, the median is sample-related only, and needs to be calculated once and 

for all. Choosing the median as a virtual endogenous housekeeping gene is therefore saving 

many efforts and calculation times (Deo et al. 2011). This easy way of normalizing TLDA 

data with the ǻǻCt method is of particular interest for discovery studies in rare pathologies, 

where a given stable miRNA found in a small cohort might not be representative. 

 

In cancer research, high-throughput platforms are often used to find a small subset of 

deregulated targets of interest. In order to be cost-effective, the expression level of these 

targets can then be measured in single assays for diagnostic, prognostic or therapeutic 

applications. Using the median method recommended here as a virtual endogenous 

housekeeping gene can no longer be used in single qPCR assays. At the present time, the only 

solution is to select one or several real endogenous control miRNAs using large cohort 

studies, constituted with adequate samples. However, the cost of TLDA, which could limit the 

present approach, is significantly lowering, making this issue considerably less relevant for 

the near future. 

 

In order to compare FFPE and frozen samples, we directed our efforts on local normalization 

methods given the presence of local biases on the Ct values. It has already been shown that 

non-linear normalization methods perform the best for microarray data analysis (Bolstad et al. 

2003), and two commonly used methods are used in this context: the LOESS normalization 

and the quantile normalization methods. In the present work, the LOESS normalization 

method was found to be superior to the quantile normalization method for TLDA data 

correction. The LOESS function actually fits a smoothing curve to a dataset. This represents 

an advantage for miRNA profiling, as the family of known miRNAs represents a relatively 

small dataset: an adjustable smooth parameter in the LOESS function allows users to work 

with a few hundreds of targets. Besides, LOESS was also proven to be efficient with miRNA 

microarrays, containing much fewer spots than whole-genome gene expression microarrays 

(Hua et al. 2008). Conversely, the quantile normalization was originally designed for the 

accurate correction of expression values of thousands of targets. It is a more “aggressive” 

procedure than LOESS, because it redistributes the data in one data set to match the 

distribution of another data set. Quantile normalization is therefore less appropriate in small 

datasets. 



In this work, the use of paired frozen and FFPE samples allowed us to use a simple LOESS 

normalization method. When working on various non-related FFPE and frozen sample, the 

cyclic LOESS has to be used instead as there is no matched reference sample (Yang et al. 

2002). This generalization of the global LOESS method normalizes values for a set of 

samples by working in a pairwise manner. Alternatively, it should be possible to use more 

recent algorithms based on LOESS smooths (Ballman et al. 2004). 

 

We used a cohort composed of frozen and FFPE samples, but a lot of other non tested 

sampling conditions could also require this LOESS normalization. Ct values could be locally 

disturbed by therapeutic treatments of patients, sample decalcifications, and fixation methods 

used before the embedding of samples in paraffin. Therefore, an assessment of biases using 

MA plot should always be performed when samples with different treatment and storage 

conditions are analyzed. In the present study, the complexity was limited by using samples 

sharing the same formaldehyde conservation method, even if they were processed in several 

different hospitals. 

 

Data treatment methods were evaluated according to their performances during clustering, 

based on the assumption that tumors were initially optimally classified by pathologists using 

morphological and immunophenotypical criteria, the institution being a reference center for 

sarcoma pathology in France. Evaluating the performance of a normalization method on a 

well-defined real data set and clustering analyses has already been proven to be particularly 

efficient with biological data (Kim S.Y. et al. 2006). A superior cluster robustness and 

accuracy can be considered as the best biological proof of an unbiased normalization. Using 

this strategy, we validated a novel analysis methodology for miRNA profiling using TLDA: 

when there is no local bias in the raw data, the ǻǻCt method using the median as the 

endogenous housekeeping gene is the best approach to obtain accurate results. If a local 

variation is detectable in the raw data, a prior LOESS normalization enables a good correction 

of this particular bias. This analysis methodology is therefore virtually applicable to cohorts 

composed of homogenous or non homogenous biological material. This is of particular 

relevance in rare tumors, for retrospective or prospective cohorts gathering samples from 

various origins, with different preparations as well as storage. 

 

This novel analysis methodology was successfully applied within our group to improve the 

management of patients with sarcoma. MiRNA profiles generated by this analysis 



methodology were used to identify  a miRNA signature that can predict therapeutic responses 

in osteosarcomas (Gougelet et al. 2011b). The set of discriminating miRNAs is consistent 

with other published studies, targeting signaling pathways involved in bone resorption and 

osteogenesis, such as the TGFȕ and the Wnt pathways, and other various pathways implicated 

in immune response (Kingsley et al. 2007; Mintz et al. 2005; Salas et al. 2009). It was also 

shown that miRNA profiles obtained through this methodology have a diagnostic value, and 

may guide nosological classification when standard molecular diagnostic criteria are not 

enough differentiating. MiRNA profiles provide further information, especially for 

rhabdomyosarcoma fine classification (Gougelet et al. 2011a). The use of clustering analysis 

for qPCR data is a great advantage over simple fold-change analysis. The sharing of miRNA 

expression databases resulting from such studies, on well characterized samples, will open to 

novel, refined understanding of rare pathologies (Sarver et al. 2010; Subramanian et al. 2008). 

Acting at a different level, miRNA expression profiles can therefore be used in the field of 

cancer research to explore another layer of complexity on top of other high throughput 

technologies like CGH, mRNA expression microarrays or protein arrays (Subramanian and 

Kartha 2012). 

Finally, another application could be the quantification of miRNA expressions in a non 

invasive way for the patient, starting from human serum samples (Zampetaki et al. 2012). 

Recent advances have been made to detect small quantities of miRNAs with an alternative 

technology (Chapin and Doyle 2011). 

Overall, the work described enables to define a robust methodology to explore miRNA 

expression profiles in FFPE samples, as well as in tumor samples with different conservation 

techniques. This method is reliable, and particularly relevant to compare expression profiles 

across tumor samples in rare tumors, where retrospective collection of samples stored with 

different conditions is a major limitation to investigate expression profile. 

 

 

  



Materials and Methods: 

Tumor samples selection 

Frozen and FFPE tumor samples were obtained from the department of Biopathology at the 

Centre Léon Bérard in Lyon, the La Timone hospital in Marseille and the Ambroise Paré 

hospital in Boulogne. A total of 117 tumors were collected. The cohort was composed of three 

major groups of FFPE sarcoma samples: 21 osteosarcomas, 26 rhabdomyosarcomas and 57 

gastrointestinal stromal tumors (GISTs). In addition, 13 tumors having both frozen and FFPE 

samples were randomly picked out among a variety of sarcoma subtypes, including sarcomas 

with simple genomics such as rhabdomyosarcoma, synovial sarcoma, liposarcoma, myxoid 

liposarcoma, and sarcomas with complex genomics such as chondrosarcoma, 

leiomyosarcoma, osteosarcoma, and unclassified sarcoma (Table 1). A rhabdomyosarcoma 

cell line was also selected to be frozen and formalin fixed, paraffin embedded (SJCRH30 cell 

line, ATCC# CRL-2061). 

 

RNA extraction 

Frozen tumor fragments conserved in liquid nitrogen were cryo-grounded. Total RNA was 

extracted from tissue powders using a single phenol/chloroform extraction protocol with 

Trizol®, according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA). RNA 

pellets were dissolved in 20 μl of RNase-free water and stored at -80°C. 

FFPE samples were cut into approximately 30 x 4 μm sections and placed in a 

microcentrifuge tube. Deparaffinization was perfomed using xylene followed by ethanol and 

buffer TE washes. After centrifugation and removal of the buffer, tissues were placed in a 

tissue lysis buffer with proteinase K (Qiagen) and rotated at 65 °C for 24 to 72 h as needed for 

full digestion. Subsequent total RNA extraction and purification was carried out with a double 

phenol/chloroform extraction separated by a DNase step. RNA pellets were resuspended in 20 

μl of RNase-free water and stored at -80°C. 

No enrichment for small RNAs was made, as recommended per the manufacturer. 

 

Multiplexe reverse transcription 

All RNA samples were first diluted using RNase-free water, in order to input 500 ng of total 

RNA into the Megaplex RT reactions. Briefly, each sample of total RNA is reverse 

transcribed using two Megaplex pools of RT primers (A and B pools corresponding to A and 

B cards), and the Taqman® MicroRNA Reverse Transcription kit. The RT master mix is 

prepared as per the manufacturer’s instructions. For each tube, 3 μl of diluted RNA solution is 



added to 4.5 μl of the RT reaction mix. Thermal cycler conditions are set as follows: 40 

cycles with 2 min at 16°C, 1 min at 42 °C and 1 sec at 50 °C, followed by a 5 min step at 

85°C. The resulting cDNA samples were used immediately for subsequent TLDA analyses or 

stored at -20°C. 

 

Quantitative real-time PCR using TLDA 

All qPCR experiments were run with the TLDA Human MicroRNA Panel v2.0, which 

allowed the analysis of 365 and 290 mature human miRNAs, respectively on the A and B 

cards. No pre-amplification step was added. 6 μl of RT products are added to 444 μl of 

nuclease-free water and 450 μl of the TaqMan Universal PCR Master Mix (Life 

Technologies). Final volumes are introduced through the height loading ports of the TLDA 

plate. By centrifugation and thanks to micro-channels, mixtures reach miniature wells that are 

preloaded with dehydrated specific primers and probes. The card is then sealed and 

introduced in the thermal cycler upon the software-locked conditions recommended by the 

manufacturer for miRNA amplifications. 

 

qPCR data extraction 

For each miRNA, the threshold cycle (Ct) was calculated plate by plate thanks to the ABI 

7900 Sequence Detection System Software v2.4 and the RQ manager v1.2.1 (Life 

Technologies). Along with the Ct values, flags based on fluorescence raw data were also 

retrieved in a tabulated text file (Woo DC. and Subramaniam Y. 2008). Containing valuable 

information, some of these flags had to be interpreted immediately. Wells flagged with 

"Empty Well" or "Bad Passive Reference" were considered as missing data, whether they 

were undetermined or not; in our experiments, it could happen when the TLDA plate was not 

correctly sealed, inducing leaks of reagents during the amplification process. On the contrary, 

the "Non-Amplified Well" flags really signified non-expressed targets. Ignoring these flags 

would induce impaired results, especially if the well is producing an absurd Ct. 

 

In practice, late Ct values of qPCR assays are discarded in order not to take into account 

hazardous values that would induce analysis bias. According to previously published data 

using the TLDA technology for miRNA expression profiling, a cut-off of 37 was applied to 

exclude these late Ct values (Lao K. et al. 2008; Witwer K.W. et al. 2011). All Ct above these 

cut-offs were considered as undetermined for the rest of the analyses. 

 



qPCR data quality control 

The initial quality of raw data was verified for each sample, checking the valid expression of 

internal controls (small nucleolar RNAs MammU6, RNU44 and RNU48), using box plots and 

heat maps based on Pearson’s correlation coefficients (Altman 1991; Benjamini 1988). 

Another quality control, the MA plot, was performed on raw data and after every 

normalization procedure (Dudoit S. et al. 2002). The MA plot is basically a scaled, 45 degree 

rotation of the standard correlation plot. On the Y axis M represents the Ct values ratio, and 

on the X axis A represents the average Ct values of every dot in the plot. MA plots are 

particularly useful to visualize local biases, i.e. biases varying along the Ct values. 

 

qPCR data global normalization 

All data manipulations were done using the R software v2.14.2 (Ihaka R. and Gentleman R. 

1996). Samples were normalized in a global way using the standard ǻǻCt method, with four 

different approaches for the choice of the endogenous housekeeping gene(s). The first 

approach consisted in using the Life Technologies internal control gene MammU6, which is 

repeated four times on each TLDA card and stands for the U6 small nuclear 1 RNA 

(Accession Number NR_004394). The second and third approaches were the use of the 

geometric mean of the four most stable miRNAs found by geNorm (Vandesompele et al. 

2002) or Normfinder (Andersen et al. 2004). The fourth approach consisted in using of the 

median, calculated for each sample. When comparing geNorm and Normfinder methods, a 

subset consisting of four most stable miRNAs was used. This particular set of miRNAs was 

chosen on the basis of published experience (Vandesompele et al. 2002). 

 

The standard ǻǻCt method was used to determine the relative quantities (RQ) as follows: 

ǻCt = Ct – [Ct of the chosen endogenous housekeeping gene(s)] 

ǻǻCt = ǻCt – [Mean of ǻCt across samples for each miRNA] 

RQ= 2^-(ǻǻCt) 

 

In this formula, the Ct of the chosen endogenous housekeeping gene(s) is determined by the 

four approaches we decided to test. This Ct is therefore either real or virtual. For the ǻǻCt 

calculation, it was more relevant for the upcoming statistical analyses to use the mean of all 

ǻCt obtained across samples for each miRNA, instead of using the ǻCt of a reference sample. 

The fold change being obsolete when there is a need for classification, the calculated RQ 

values had to be adapted. To obtain symmetrical data around zero, RQ values were 



transformed thanks to the logarithmic function. Log2(RQ) values could directly be used in 

any statistical analysis software dedicated to microarray, for clustering purposes. 

 

qPCR data local normalization 

In order to prove the utility of a local correction and to find out the best suited method for 

TLDA data when working with mixed frozen and FFPE samples, paired samples were 

analyzed using 3 different approaches : without any local normalization, with the quantile or 

with the LOESS normalization methods. LOESS corrects systematic deviations in the MA 

plot by carrying out a locally weighted linear regression as a function of the X axis and 

subtracting the calculated best-fit average ratio from the experimentally observed ratio for 

each data point (Cleveland WS. 1979; Cleveland WS. and Devlin SJ. 1988). The LOESS 

function was empirically set with a smooth parameter of 0.8. The quantile normalization is a 

procedure that redistributes the data in one dataset to match the distribution of another dataset. 

This is made possible by sorting each sample distribution, and setting each sample value to 

the mean of the other sample values of the same rank (Bolstad et al. 2003; Rao et al. 2008). 

Both of these local normalization methods were applied prior to the ǻǻCt method when 

needed. 

 

Statistical analysis 

After data normalization, some quality markers were used to improve subsequent statistical 

analysis. In our study, miRNAs that were never expressed in our cohorts and miRNAs whose 

expression was always weak were tagged. Thus, it was possible to work on the most reliable 

data at first, with the possibility to broaden the analysis to lower quality data if needed. 

Logarithmic values of normalized RQ data were directly input into the Spotfire® 

DecisionSite for Functional Genomics analysis software v9.1.1 (TIBCO Software Inc., 

Somerville, MA) and the R software v2.14.2. We performed unsupervised or supervised 

hierarchical clustering to classify samples, in order to prove the accuracy or not of the various 

data treatments. These hierarchical clusterings were done using Euclidean distance and 

Ward’s linkage. 

The best way of choosing the endogenous housekeeping gene(s) stood out comparing the 

ability of all methods to separate three groups of different sarcoma entities in an unsupervised 

clustering test. Among the 102 samples used for these tests, five subsets of different sizes (20, 

31, 51, 61 or 71 tumor samples, respectively around 20%, 30%, 50%, 60% et 70% of the size 

of the initial cohort) were randomly picked out by drawing without replacement. For each 



cohort size, 50 random sampling were analyzed. On every subset, we performed unsupervised 

clusterings corresponding to the four tested endogenes. 

Two cluster validation indicators were calculated to evaluate the accuracy of clusterings in 

terms of correct classification: the confusion rate (Kohavi R. and Provost F. 1998) and the 

purity index (Rendon E. et al. 2011). The confusion rate directly represents the percentage of 

samples that are misclassified. The purity index corresponds to the weighted sum of the 

number of misclassified tumors in each cluster. These calculations show how different a 

clustering is from the expected one. In this way, when comparing different normalization 

approaches, the lowest the confusion rate and the purity index are, the better the method has 

to be considered. 

 

 

 

ACKNOWLEDGMENTS: 

This work is supported by the Conticanet Network of Excellence (EU-FP6-06188), the 

EUROSARC network of clinical trials (EU-FP7-278742), and the LYRIC Integrated Cancer 

Research Site (INCa_4664). We are very grateful to Corinne Bouvier, M.D., from the La 

Timone hospital for providing the osteosarcoma tumor samples, Jean-François Emile, M.D., 

from the Ambroise Paré hospital for providing GIST tumor samples, and to Anne-Valérie 

Decouvelaere, M.D., from the Centre Léon Bérard hospital in Lyon for providing 

rhabdomyosarcoma tumor samples and paired frozen and FFPE tumor samples. 

 

  



REFERENCES: 

 

Altman, D. G. 1991. Practical Statistics for Medical Research.  285-288. 

Andersen, C. L., Jensen, J. L., and Orntoft, T. F. 2004. Normalization of real-time quantitative 

reverse transcription-PCR data: a model-based variance estimation approach to identify 

genes suited for normalization, applied to bladder and colon cancer data sets. Cancer 

Res. 64: 5245-5250. 

Ballman, K. V., Grill, D. E., Oberg, A. L., and Therneau, T. M. 2004. Faster cyclic loess: 

normalizing RNA arrays via linear models. Bioinformatics. 20: 2778-2786. 

Benjamini, Y. 1988. Opening the box of a boxplot. The American Statistician 42: 257-262. 

Betel, D., Wilson, M., Gabow, A., Marks, D. S., and Sander, C. 2008. The microRNA.org 

resource: targets and expression. Nucleic Acids Res. 36: D149-D153. 

Bolstad, B. M., Irizarry, R. A., Astrand, M., and Speed, T. P. 2003. A comparison of 

normalization methods for high density oligonucleotide array data based on variance 

and bias. Bioinformatics. 19: 185-193. 

Brennecke, J., Stark, A., Russell, R. B., and Cohen, S. M. 2005. Principles of microRNA-

target recognition. PLoS.Biol. 3: e85- 

Chugh, P. and Dittmer, D. P. 2012. Potential pitfalls in microRNA profiling. 

Wiley.Interdiscip.Rev.RNA. 3: 601-616. 

Cleveland WS. 1979. Robust Locally Weighted Regression and Smoothing Scatterplots.  

Journal of the American Statistical Association 74: 829-836. 

Cleveland WS. and Devlin SJ. 1988. Locally-Weighted Regression: An Approach to 

Regression Analysis by Local Fitting.  Journal of the American Statistical Association 

83: 596-610. 

Deo, A., Carlsson, J., and Lindlof, A. 2011. How to choose a normalization strategy for mirna 

quantitative real-time (qpcr) arrays. J.Bioinform.Comput.Biol. 9: 795-812. 

Doench, J. G. and Sharp, P. A. 2004. Specificity of microRNA target selection in translational 

repression. Genes Dev. 18: 504-511. 

Dudoit S., Yang YH., Callow MJ., and Speed TP. 2002. Statistical methods for identifying 

differentially expressed genes in replicated cDNA microarray experiments. Statistica 

Sinica 12: 111-139. 

Ertel, A., Verghese, A., Byers, S. W., Ochs, M., and Tozeren, A. 2006. Pathway-specific 

differences between tumor cell lines and normal and tumor tissue cells. Mol.Cancer 5: 

55- 



Flamant, S., Ritchie, W., Guilhot, J., Holst, J., Bonnet, M. L., Chomel, J. C., Guilhot, F., 

Turhan, A. G., and Rasko, J. E. 2010. Micro-RNA response to imatinib mesylate in 

patients with chronic myeloid leukemia. Haematologica 95: 1325-1333. 

Friedman, R. C., Farh, K. K., Burge, C. B., and Bartel, D. P. 2009. Most mammalian mRNAs 

are conserved targets of microRNAs. Genome Res. 19: 92-105. 

Gillis, A. J., Stoop, H. J., Hersmus, R., Oosterhuis, J. W., Sun, Y., Chen, C., Guenther, S., 

Sherlock, J., Veltman, I., Baeten, J. et al. 2007. High-throughput microRNAome 

analysis in human germ cell tumours. J.Pathol. 213: 319-328. 

Gnanapragasam, V. J. 2010. Unlocking the molecular archive: the emerging use of formalin-

fixed paraffin-embedded tissue for biomarker research in urological cancer. BJU.Int. 

105: 274-278. 

Goswami, R. S., Waldron, L., Machado, J., Cervigne, N. K., Xu, W., Reis, P. P., Bailey, D. J., 

Jurisica, I., Crump, M. R., and Kamel-Reid, S. 2010. Optimization and analysis of a 

quantitative real-time PCR-based technique to determine microRNA expression in 

formalin-fixed paraffin-embedded samples. BMC.Biotechnol. 10: 47- 

Gougelet, A., Perez, J., Pissaloux, D., Besse, A., Duc, A., Decouvelaere, A. V., Ranchere-

Vince, D., Blay, J. Y., and Alberti, L. 2011a. miRNA Profiling: How to Bypass the 

Current Difficulties in the Diagnosis and Treatment of Sarcomas. Sarcoma. 2011: 

460650- 

Gougelet, A., Pissaloux, D., Besse, A., Perez, J., Duc, A., Dutour, A., Blay, J. Y., and Alberti, 

L. 2011b. Micro-RNA profiles in osteosarcoma as a predictive tool for ifosfamide 

response. Int.J.Cancer 129: 680-690. 

Griffiths-Jones, S. 2004. The microRNA Registry. Nucleic Acids Res. 32: D109-D111. 

Griffiths-Jones, S., Grocock, R. J., van, Dongen S., Bateman, A., and Enright, A. J. 2006. 

miRBase: microRNA sequences, targets and gene nomenclature. Nucleic Acids Res. 34: 

D140-D144. 

Griffiths-Jones, S., Saini, H. K., van, Dongen S., and Enright, A. J. 2008. miRBase: tools for 

microRNA genomics. Nucleic Acids Res. 36: D154-D158. 

He, L. and Hannon, G. J. 2004. MicroRNAs: small RNAs with a big role in gene regulation. 

Nat.Rev.Genet. 5: 522-531. 

Houshdaran, S., Hawley, S., Palmer, C., Campan, M., Olsen, M. N., Ventura, A. P., Knudsen, 

B. S., Drescher, C. W., Urban, N. D., Brown, P. O. et al. 2010. DNA methylation 

profiles of ovarian epithelial carcinoma tumors and cell lines. PLoS.One. 5: e9359- 



Hua, Y. J., Tu, K., Tang, Z. Y., Li, Y. X., and Xiao, H. S. 2008. Comparison of normalization 

methods with microRNA microarray. Genomics 92: 122-128. 

Huggett, J., Dheda, K., Bustin, S., and Zumla, A. 2005. Real-time RT-PCR normalisation; 

strategies and considerations. Genes Immun. 6: 279-284. 

Hui, A. B., Shi, W., Boutros, P. C., Miller, N., Pintilie, M., Fyles, T., McCready, D., Wong, 

D., Gerster, K., Waldron, L. et al. 2009. Robust global micro-RNA profiling with 

formalin-fixed paraffin-embedded breast cancer tissues. Lab Invest 89: 597-606. 

Ihaka R. and Gentleman R. 1996. R: A language for data analysis and graphics. Journal of 

Computational and Graphical Statistics 5: 299-314. 

Jing, H., Song, Q. X., and Zhou, G. H. 2010. [Advances in approaches for the quantitative 

detection of microRNAs]. Yi.Chuan 32: 31-40. 

Kao, J., Salari, K., Bocanegra, M., Choi, Y. L., Girard, L., Gandhi, J., Kwei, K. A., 

Hernandez-Boussard, T., Wang, P., Gazdar, A. F. et al. 2009. Molecular profiling of 

breast cancer cell lines defines relevant tumor models and provides a resource for 

cancer gene discovery. PLoS.One. 4: e6146- 

Kim S.Y., Lee J.W., and Bae J.S. 2006. Effect of data normalization on fuzzy clustering of 

DNA microarray data. BMC Bioinformatics 7: 

Kingsley, L. A., Fournier, P. G., Chirgwin, J. M., and Guise, T. A. 2007. Molecular biology 

of bone metastasis. Mol.Cancer Ther. 6: 2609-2617. 

Kohavi R. and Provost F. 1998. Glossary of Terms: Special Issue on Applications of Machine 

Learning and the Knowledge Discovery Process. Machine Learning 30: 271-274. 

Krek, A., Grun, D., Poy, M. N., Wolf, R., Rosenberg, L., Epstein, E. J., MacMenamin, P., da, 

Piedade, I, Gunsalus, K. C., Stoffel, M. et al. 2005. Combinatorial microRNA target 

predictions. Nat.Genet. 37: 495-500. 

Lao K., Xu N.L., Yeung V., Chen C., Livak K.J., and Straus N.A. 2008. Multiplexing RT-

PCR for the detection of multiple miRNA species in small samples. Biochemical and 

Biophysical Research Communications 343: 85-89. 

Lee, P. D., Sladek, R., Greenwood, C. M., and Hudson, T. J. 2002. Control genes and 

variability: absence of ubiquitous reference transcripts in diverse mammalian expression 

studies. Genome Res. 12: 292-297. 

Meyer, S. U., Pfaffl, M. W., and Ulbrich, S. E. 2010. Normalization strategies for microRNA 

profiling experiments: a 'normal' way to a hidden layer of complexity? Biotechnol.Lett. 

32: 1777-1788. 



Mintz, M. B., Sowers, R., Brown, K. M., Hilmer, S. C., Mazza, B., Huvos, A. G., Meyers, P. 

A., Lafleur, B., McDonough, W. S., Henry, M. M. et al. 2005. An expression signature 

classifies chemotherapy-resistant pediatric osteosarcoma. Cancer Res. 65: 1748-1754. 

Mor, E., Cabilly, Y., Goldshmit, Y., Zalts, H., Modai, S., Edry, L., Elroy-Stein, O., and 

Shomron, N. 2011. Species-specific microRNA roles elucidated following astrocyte 

activation. Nucleic Acids Res. 39: 3710-3723. 

Morey, J. S., Ryan, J. C., and Van Dolah, F. M. 2006. Microarray validation: factors 

influencing correlation between oligonucleotide microarrays and real-time PCR. 

Biol.Proced.Online. 8: 175-193. 

Nakata, K., Ohuchida, K., Mizumoto, K., Kayashima, T., Ikenaga, N., Sakai, H., Lin, C., 

Fujita, H., Otsuka, T., Aishima, S. et al. 2011. MicroRNA-10b is overexpressed in 

pancreatic cancer, promotes its invasiveness, and correlates with a poor prognosis. 

Surgery 150: 916-922. 

Oulas, A., Reczko, M., and Poirazi, P. 2009. MicroRNAs and cancer-the search begins! IEEE 

Trans.Inf.Technol.Biomed. 13: 67-77. 

Packer, A. N., Xing, Y., Harper, S. Q., Jones, L., and Davidson, B. L. 2008. The bifunctional 

microRNA miR-9/miR-9* regulates REST and CoREST and is downregulated in 

Huntington's disease. J.Neurosci. 28: 14341-14346. 

Peltier, H. J. and Latham, G. J. 2008. Normalization of microRNA expression levels in 

quantitative RT-PCR assays: identification of suitable reference RNA targets in normal 

and cancerous human solid tissues. RNA. 14: 844-852. 

Rao, Y., Lee, Y., Jarjoura, D., Ruppert, A. S., Liu, C. G., Hsu, J. C., and Hagan, J. P. 2008. A 

comparison of normalization techniques for microRNA microarray data. 

Stat.Appl.Genet.Mol.Biol. 7: Article22- 

Rendon E., Abundez I.M., Gutierrez C., Diaz Sagal S., Arizmendi A., Quiroz E.M., and 

Arzate H.E. 2011. A Comparison of internal and external cluster validation indexes. 

Proceedings of the 2011 American conference on applied mathematics and the 5th 

WSEAS international conference on Computer engineering and applications  158-163. 

Salas, S., Jezequel, P., Campion, L., Deville, J. L., Chibon, F., Bartoli, C., Gentet, J. C., 

Charbonnel, C., Gouraud, W., Voutsinos-Porche, B. et al. 2009. Molecular 

characterization of the response to chemotherapy in conventional osteosarcomas: 

predictive value of HSD17B10 and IFITM2. Int.J.Cancer 125: 851-860. 

Sarver, A. L., Phalak, R., Thayanithy, V., and Subramanian, S. 2010. S-MED: sarcoma 

microRNA expression database. Lab Invest 90: 753-761. 



Schultz, N. A., Andersen, K. K., Roslind, A., Willenbrock, H., Wojdemann, M., and 

Johansen, J. S. 2012. Prognostic MicroRNAs in Cancer Tissue from Patients Operated 

for Pancreatic Cancer-Five MicroRNAs in a Prognostic Index. World J.Surg.  

Shingara, J., Keiger, K., Shelton, J., Laosinchai-Wolf, W., Powers, P., Conrad, R., Brown, D., 

and Labourier, E. 2005. An optimized isolation and labeling platform for accurate 

microRNA expression profiling. RNA. 11: 1461-1470. 

Siebolts, U., Varnholt, H., Drebber, U., Dienes, H. P., Wickenhauser, C., and Odenthal, M. 

2009. Tissues from routine pathology archives are suitable for microRNA analyses by 

quantitative PCR. J.Clin.Pathol. 62: 84-88. 

Sorby, L. A., Andersen, S. N., Bukholm, I. R., and Jacobsen, M. B. 2010. Evaluation of 

suitable reference genes for normalization of real-time reverse transcription PCR 

analysis in colon cancer. J.Exp.Clin.Cancer Res. 29: 144- 

Sotolongo, B., Asaoka, T., Island, E., Carreno, M., Delacruz, V., Cova, D., Russo, C., 

Tryphonopoulos, P., Moon, J., Weppler, D. et al. 2010. Gene expression profiling of 

MicroRNAs in small-bowel transplantation paraffin-embedded mucosal biopsy tissue. 

Transplant.Proc. 42: 62-65. 

Steg, A., Wang, W., Blanquicett, C., Grunda, J. M., Eltoum, I. A., Wang, K., Buchsbaum, D. 

J., Vickers, S. M., Russo, S., Diasio, R. B. et al. 2006. Multiple gene expression 

analyses in paraffin-embedded tissues by TaqMan low-density array: Application to 

hedgehog and Wnt pathway analysis in ovarian endometrioid adenocarcinoma. 

J.Mol.Diagn. 8: 76-83. 

Subramanian, S. and Kartha, R. V. 2012. MicroRNA-mediated gene regulations in human 

sarcomas. Cell Mol.Life Sci.  

Subramanian, S., Lui, W. O., Lee, C. H., Espinosa, I., Nielsen, T. O., Heinrich, M. C., 

Corless, C. L., Fire, A. Z., and van de Rijn, M. 2008. MicroRNA expression signature 

of human sarcomas. Oncogene 27: 2015-2026. 

Tatro, E. T., Scott, E. R., Nguyen, T. B., Salaria, S., Banerjee, S., Moore, D. J., Masliah, E., 

Achim, C. L., and Everall, I. P. 2010. Evidence for Alteration of Gene Regulatory 

Networks through MicroRNAs of the HIV-infected brain: novel analysis of 

retrospective cases. PLoS.One. 5: e10337- 

Tie, J. and Fan, D. 2011. Big roles of microRNAs in tumorigenesis and tumor development. 

Histol.Histopathol. 26: 1353-1361. 

Trang, P., Weidhaas, J. B., and Slack, F. J. 2008. MicroRNAs as potential cancer therapeutics. 

Oncogene 27 Suppl 2: S52-S57. 



Vandesompele, J., De, Preter K., Pattyn, F., Poppe, B., Van, Roy N., De, Paepe A., and 

Speleman, F. 2002. Accurate normalization of real-time quantitative RT-PCR data by 

geometric averaging of multiple internal control genes. Genome Biol. 3: 

RESEARCH0034- 

Virtanen, C., Ishikawa, Y., Honjoh, D., Kimura, M., Shimane, M., Miyoshi, T., Nomura, H., 

and Jones, M. H. 2002. Integrated classification of lung tumors and cell lines by 

expression profiling. Proc.Natl.Acad.Sci.U.S.A 99: 12357-12362. 

Wang, B., Howel, P., Bruheim, S., Ju, J., Owen, L. B., Fodstad, O., and Xi, Y. 2011. 

Systematic evaluation of three microRNA profiling platforms: microarray, beads array, 

and quantitative real-time PCR array. PLoS.One. 6: e17167- 

Wang, B., Zhang, S. G., Wang, X. F., Tan, M., and Xi, Y. 2012. Testing for differentially-

expressed microRNAs with errors-in-variables nonparametric regression. PLoS.One. 7: 

e37537- 

Witwer K.W., Sarbanes S.L., Liu J., and Clements J.E. 2011. A plasma microRNA signature 

of acute lentiviral infection: biomarkers of central nervous system disease. AIDS 25: 

2057-2067. 

Woo DC. and Subramaniam Y. 2008. Automated quality control method and system for 

genetic analysis. United States Patent  

Xia M., Sherlock J., Hegerich P., You X., Lee K., Walworth C., and Spier E. 2010. 

DataAssist™ - Data Analysis Software for Taqman® Real-Time PCR Data. 

Proceedings of the International MultiConference of Engineers and Computer Scientists 

2010  

Yang, Y. H., Dudoit, S., Luu, P., Lin, D. M., Peng, V., Ngai, J., and Speed, T. P. 2002. 

Normalization for cDNA microarray data: a robust composite method addressing single 

and multiple slide systematic variation. Nucleic Acids Res. 30: e15- 

Zhang, B., Pan, X., Cobb, G. P., and Anderson, T. A. 2007. microRNAs as oncogenes and 

tumor suppressors. Dev.Biol. 302: 1-12. 

Zhao, L., Morgan, T. E., Mao, Z., Lin, S., Cadenas, E., Finch, C. E., Pike, C. J., Mack, W. J., 

and Brinton, R. D. 2012. Continuous versus cyclic progesterone exposure differentially 

regulates hippocampal gene expression and functional profiles. PLoS.One. 7: e31267 

 

 

  



Table 1. Summary of tumors characteristics: number, histological subtypes and conservation method. A total of 111

tumors were included in the analyses, consisting of three major subtypes: gastrointestinal stromal tumor (GIST),

osteosarcoma (OS) and rhabdomyosarcoma (RMS).

Type of information
Screening 

cohort

Remaining samples 

after QC

117 111Number of tumors

Histological subtypes

57 56

22 21

27 26

2 1

1 1

1 1

1 1

1 0

2 1

1 1

1 1

Gastrointestinal stromal tumor (GIST)

Osteosarcoma (OS)

Rhabdomyosarcoma (ERMS and ARMS)

Unclassified sarcoma (US)

Dedifferentiated liposarcoma (DDLPS)

Well differentiated liposarcoma (WDLPS)

Myxoid liposarcoma (MLPS)

Chondrosarcoma (CS)

Malignant fibrous histiocytoma (MFH)

Synovialosarcoma (SS)

Malignant peripheral nerve sheath tumors (MPNST)

Leiomyosarcoma (LMS) 1 1

Conservation method

104 102FFPE samples (GIST + OS + RMS)

Paired samples (Frozen / FFPE) 13 9



Figure 1. Extraction of TLDA raw data from the software. (A) Example of raw Ct values obtained for one GIST sample

extracted with an automatic threshold calculation, alone or as a part of two different cohorts of five samples. (B) Histogram

representing the major variations (V) of the Ct Values observed in the F1728 GIST sample. Values are expressed in

percentage over the total number of expressed miRNA. (C) Distribution curve of the Ct values obtained for the frozen sample

#13, used here as an example; the TLDA was extracted alone, using an automatic threshold. An example of an usual

distribution curve is shown in the insert at the bottom right corner of the figure.
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F1728

(cohort #1)

F1728

(cohort #2)

33.96 33.96 33.96

26.96 26.57 25.96

hsa-miR-18b

hsa-miR-17

hsa-miR-628-5p 33.98 26.26 31.84
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Figure 2. Quality controls of TLDA raw data

performed on the 104 FFPE samples. (A)

Graphics representing the expression of the

mean, the median and the MammU6 internal

control. Two samples were removed because of a

late MammU6 expression (highlighted in red) (B)

Heat map based on Pearson’s correlation

coefficients representing the correlation of the all

samples with each other. The same two

inconsistent samples stood out and were removed

from the analysis (highlighted in blue).

A

B

GIST OSRMS

MammU6 Ct value

Sample mean

Sample median



Table 2. Management of undetermined Ct values. This example shows the evolution of Ct values during

the ΔΔCt procedure, and the effect of changing undetermined Ct values prior to the ΔCt step. The three

Ct values that were undetermined at the beginning of the procedure end up with three different ΔΔCt

values with obviously no biological significance

Frozen sample #4
Frozen 

sample #3

Frozen 

sample #5

Frozen 

sample #6
Calculations

Raw Ct hsa-miR-133a 31,14 Undet Undet Undet

Undetermined Ct for hsa-miR-133a

are replaced by an arbitrary value
31,14 40 40 40

2,70 12,06 12,82 14,46ΔCt hsa-miR-133a

ΔΔCt hsa-miR-133a -0,51 8,84 9,60 11,24



Figure 3. Assessment of the nature of the bias using MA plots. (A) Example of a MA plot of two distinct FFPE

samples (F1731 versus F1728). The scatter plot is straight and horizontal, reflecting the absence of any local bias. (B)

Example of a MA plot of a paired frozen and FFPE sample (Leiomyosarcoma, frozen sample #13 versus FFPE

sample #13). The scatter plot follows an oblique line with a slight curvature, reflecting the presence of a local bias.

A B



Figure 4. Evolution of two performance indicators, according to the size of the training set. (A) Evolution of the purity index.

Overall, the purity index is always better in large cohorts. The median and the Normfinder methods give the best results.

MammU6 obtains the worst results. (B) Evolution of the confusion rate.
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Table 3. Analysis of geNorm and Normfinder results in four distinct training sets. The four most stable miRNA

retrieved with both methods are presented for each training set. This table shows an example of two random

sampling on 2 different sizes of training set. The four most stable miRNA are different, and differently ranked.

Method & rank
20% panel, first 

random sampling

20% panel, second 

random sampling

60% panel, first 

random sampling

60% panel, second 

random sampling

geNorm

miR 1

miR 2

miR 3

miR 4

hsa-miR-125a-5p

hsa-miR-191

hsa-miR-331-3p

hsa-miR-422a

hsa-let-7g

hsa-miR-26b

hsa-miR-103

hsa-miR-331-3p

hsa-miR-191

hsa-miR-331-3p

hsa-miR-324-3p

hsa-miR-28-3p

MammU6.1

MammU6.3

hsa-miR-191

hsa-miR-331-3p

Normfinder

miR 1

miR 2

miR 3

miR 4

hsa-miR-191

hsa-miR-28-5p

hsa-miR-125a-5p

hsa-miR-331-3p

hsa-miR-331-3p

hsa-miR-103

hsa-miR-324-3p

hsa-let-7g

hsa-miR-331-3p

hsa-miR-324-3p

hsa-miR-191

hsa-miR-342-3p

hsa-miR-324-3p

hsa-miR-331-3p

hsa-miR-125a-5p

hsa-miR-191



Figure 5 (1 of 2). Results of the local normalization procedures for the 9 fresh tumor samples and the

rhabdomyosarcoma cell line.

A1 A2 A3

B1 B2 B3



Figure 5 (2 of 2). Results of the local normalization procedures for the 9 fresh tumor samples and the rhabdomyosarcoma cell

line. (A1) Boxplot of raw data paired samples. (B1) Boxplot of data after the quantile normalization. (C1) Boxplot of data

after the LOESS normalization. (A2) MA plot of the raw data of sample #13, used here as an example. (B2) MA plot of

sample #13 after quantile normalization. (C2) MA plot of sample #13 after the LOESS normalization. (A3) Unsupervised

clustering with no local normalization. 8 paired samples are well-classified. (B3) Unsupervised clustering after the quantile

normalization method. 7 paired samples are well-classified. (C3) Unsupervised clustering after the LOESS normalization

method. All paired samples are well-classified.

C1 C2 C3



2. Validation par comparaison avec les puces microARN

2.1.  Présentation de la plateforme de puce à microARN 

Figure 33 : présentation de la plateforme de puce présente à l’Erasmus MC.



2.2.  Analyse des résultats des profils d’expression obtenus sur puce 





Figure 34 : boites à moustaches montrant le suivi des résultats de la normalisation par les quantiles.



Figure 35 : clustering hiérarchique non supervisé des dix couples d’échantillons représentant des

sarcomes variés, en provenance du CLB.



Figure 36 : clustering hiérarchique non supervisé des 11 échantillons congelés.



 

2.3.  Conclusion 
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Micro-RNAs (miRNA) are currently used as cancer biomarkers for hematological cancers and solid tumors. Osteosarcoma

is the first primary malignant bone tumor, characterized by a complex genetic and resistance to conventional treatments.

For this latter property, the median survival has not been improved since 1990 despite preoperative administration of

chemotherapeutic agents. The prediction of tumor response before chemotherapy treatment would constitute a major

progress for this pathology. We assessed in this study if miRNA profiling could surpass the current limitations for

osteosarcoma diagnosis. We measured the miRNA expression in different osteosarcoma samples: (i) 27 osteosarcoma

paraffin-embedded tumors from patients, (ii) human osteosarcoma cell lines, and (iii) tumors from a syngeneic rat

osteosarcoma model, recapitulating human osteosarcoma. miRNA profiles were determined using microfluidic cards

performing high-throughput TaqMan
RV-based PCR assays, called TaqMan

RV Low Density Arrays. Osteosarcoma of rat and human

origins showed a miRNA signature, which could discriminate good from bad responders. In particular, we identified five

discriminating miRNAs (miR-92a, miR-99b, miR-132, miR-193a-5p and miR-422a) in patient tumors, which could be easily

transferable to diagnosis. These discriminating miRNAs, as well as those identified in rat, targeted the TGFb, the Wnt and the

MAP kinase pathways. These results indicate that our platform constitutes a potent diagnostic tool to predict tumor

sensitivity to a drug in attempt to better adapt treatment to tumor biological specificities and also to identify new potential

therapeutic strategies.

Micro-RNAs (miRNAs) are 22 nucleotide non-coding small

RNA molecules, involved in the regulation of growth, devel-

opment and differentiation.1 According to the miRBase

Sequence Database release 15, 940 miRNA sequences have

been identified to date in Homo sapiens and 326 in Rattus

norvegicus. miRNAs are synthesized from intronic regions,

processed by specific complexes of proteins containing

Drosha and Dicer and integrated in RISC complex following

maturation.2,3 Their matching with complementary sequences

in messenger RNA (mRNA) results in translation inhibition

and accelerated mRNA degradation. miRNAs could also act

through a mechanism based on chromatin silencing.4

miRNA expression levels are characteristic for one tissue

to regulate tissue-specific target genes during development.5

Recent studies have suggested miRNA implication in skeletal

tissue development, that is, miR-29 for osteoblast phenotype

attainment6 or miR-223 for osteoclast differentiation.7 miR-

NAs also regulate oncogenesis, being both oncogene and

tumor suppressor.8 Their expression is thus modified in vari-

ous cancers as compared to normal tissues,9,10 resulting in a

tumor miRNA signature, which could be useful for their

classification in line with their tissue origin and molecular

alterations9,11,12 and their diagnosis.11,13

This study focused on miRNA expression in osteosar-

coma, the most frequent primary malignant bone tumor,

whose major localizations arise in the femur or the tibia.

High grade tumors are highly metastatic, particularly in lung

sites, when adjuvant chemotherapy is not administered.14

Key words: osteosarcoma, miRNA profiling, diagnosis, chemotherapy,

targeted therapy

Abbreviations: Ct: threshold cycle; FFPE: formalin-fixed paraffin

embedded; ifos: ifosfamide; KEGG: Kyoto Encyclopedia of Genes and

Genomes; mus: muscle; NT: non treated; PCA: principal component

analysis; RQ: relative quantity; RT-qPCR: real-time quantitative PCR;

TLDA: TaqMan Low Density Array; Tum: tumor; Tum ori: original

tumor; 15-47: human osteosarcoma cells CRL-15-47.
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Since 1990, the median survival has not been further

improved through preoperative administration of chemother-

apeutic agents (doxorubicin, cyclophosphamide, cisplatin or

methotrexate), currently used in combination.15 Unfortu-

nately, many cases of resistance or relapse occur after treat-

ment, and only few therapeutic options are possible and gen-

erally noncurative.16 The discovery of new targets involved in

osteosarcoma tumorigenesis could hence be of great benefit

to offer targeted therapies. miRNAs are also promising diag-

nosis biomarkers with their tissue specificities and since they

are detected in cancer patient sera.17,18 A non-invasive diag-

nostic tool based on miRNAs may be useful to adapt chemo-

therapy protocols to tumor biological specificities.

Here, we studied miRNA expression in different osteosar-

coma samples: (i) tumors from a syngeneic rat osteosarcoma

model, recapitulating human osteosarcoma, (ii) osteosarcoma

tumors from patients, and (iii) human osteosarcoma cell lines

derived from patient tumors. miRNA profiles were deter-

mined using microfluidic cards performing high-throughput

TaqMan
RV
-based PCR assays, called TaqMan

RV
Low Density

Arrays (TLDA). Interestingly, a miRNA signature was identi-

fied in osteosarcoma of rat and human origins; this profile

was diagnostic and predictive of tumor response to treat-

ment. These results indicate that miRNA profiling could con-

stitute a potent diagnostic tool to predict tumor sensitivity to

a drug in attempt to better adapt treatment to tumor biologi-

cal specificities and finally to improve the patient initial care.

Experimental Procedures
Rat osteosarcoma model

Procedures for animal care were performed according to

institutional and national guidelines. Animals were anesthe-

tized throughout all surgical and imaging procedures with

isoflurane/oxygen (2.5%/2.5%, v/v) (Minerve, Esternay,

France). The transplantable orthotopic and metastatic rat os-

teosarcoma model has been previously described.19,20 This

model mimics its human counterpart in terms of aggressive-

ness, metastatic spreading and chemoresistance pheno-

type.20,21 All the tumors obtained were classified as osteoblas-

tic following histological analyses. Briefly, small tumor

fragments (100 mm3) taken from a hyperproliferative osteo-

genic tumor area (Tum ori), were grafted on 3-weeks old

immunocompetents Sprague-Dawley rats (Charles River Lab-

oratories, Wilmington, MA). Using a lateral approach, a tu-

mor fragment was placed contiguous to tibial diaphysis after

periostal abrasion; then, the cutaneous and muscular wounds

were sutured. Fourteen days after tumor transplantation,

animals underwent a first 18F-FDG PET Scan and were

randomly assigned to a control group treated with saline

solution or a treated group exposed to a subcutaneous dose of

10 mg/kg ifosfamide (ifos, Baxter, Deerfield, IL), 7 days apart

(at days 15 and 22 after tumor transplantation). A second
18F-FDG PET Scan was performed 7 days after the second

ifos administration. Animals were sacrificed 1 week after the

end of the treatment. Tumor and normal tissue fragments

(muscle, bone and lung) were collected for RNA extractions.

A second (S2) and third (S3) series of untreated tumors were

independently obtained

Human osteosarcoma tumors

Twenty-seven patients treated for high grade conventional

osteosarcoma in the Centre Léon Bérard or the La Timone

hospital were included in this study. Histological diagnosis

was made on biopsies before treatment for all patients.

Informed consent was obtained from all patients. All tumors

were formalin-fixed paraffin-embedded tumors (FFPE).

Osteosarcoma cell lines

Two human osteosarcoma cell lines were obtained from

ATCC (Manassas, VA): MNNG/HOS Cl #5 [R-1059-D] (ref-

erence CRL-15-47) and Saos-2 (HTB-85). Cells were grown

in DMEM (Gibco, Carlsbad, CA), supplemented with 10%

decomplemented fetal calf serum (Lonza, Basel, Switzerland),

10 mL penicillin streptomycin (10 U/mL/10 lg/mL, Gibco,

Carlsbad, CA) and 5 mL L-glutamin (200 mM; Gibco) at

37�C humidified atmosphere containing 5% CO2. Cells were

exposed to 50 lM ifosfamide (ifos) (Baxter) for 24 hr.

RNA extraction and quantitative real-time PCR

Tissue and tumor fragments were cryo-ground. Total RNA

was extracted from tissue powders and cell pellets using a

single phenol/chloroform extraction protocol with TRIzol
RV
,

according to the manufacturer’s instructions (Invitrogen,

Carlsbad, CA). Five hundred nanograms of total RNA were

subjected to the microfluidic PCR technology performed by

Applied Biosystems (Foster City, CA). In brief, RNA was

reversed transcribed, using multiplexed specific looped

miRNA primers from the TaqMan
RV

MicroRNA Reverse

Transcription kit. The second step consists in a real-time

quantitative PCR (RT-qPCR) on TLDA: RT products are

introduced through micro-channels into miniature wells that

are preloaded with deshydrated specific primers and probes.

Recently, Applied released the second version of TLDA,

which consists of two cards A and B. Rodent card A allows

the analysis of 226 rat-specific miRNAs, while card B analy-

ses 77 miRNAs. For human, analyses were performed for 377

miRNAs on card A and 290 on card B, respectively.

PCR data normalization

For each miRNA, the threshold cycle (Ct) was calculated by

the ABI 7900 Sequence Detection System software (plate by

plate manual Ct analysis with a threshold at 0.25 and auto-

matic baseline). All further data manipulations were done

using R scripts. A cut-off of 32 was applied to discard the

late Ct values. Around 60% of miRNAs passed the filtering

criteria and were used for further analysis. For each TLDA,

quality controls were performed on the raw data by checking

internal controls and using box plot and scatter plot dia-

grams. Samples with any kind of problems were discarded so
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they would not introduce bias during the following normal-

ization procedures. We tested different methods of normal-

ization since the recommended ‘‘pseudo’’ normalization fac-

tor mammU6 plotted in each card was not stably expressed

in our different samples. Normalization with the two most

stable miRNAs identified by GeNorm, miR-744 and miR-

335-5p, was not optimal too. Finally, a global normalization

by the median was chosen for its reliability over experiments.

Tissues included in a given analysis were treated altogether,

the normalization procedure being applied separately for the

two types of card, A and B. Distribution of normalized data

was checked with box plots and correlation plots. The follow-

ing formula was used to correct Ct values of every card:

½Normalized Ct� ¼ Ct
� ½mean of medians�=½median of the card�

Through this approach, the new median value shared by

all samples can be considered as a sort of perfect ‘‘virtual

housekeeping gene.’’ Therefore the standard DDCt method

can be used to determine the relative quantities (RQ) as

follows:

DCt ¼ ½Normalized Ct� � ½New shared median�

For the DDCt calculation, it was more relevant for the

statistical analyses to use the mean of all DCt obtained across

samples for each miRNA, instead of using the DCt of a refer-

ence sample:

DDCt ¼ DCt
� ½Mean of DCt across samples for each miRNA�

RQ ¼ 2^ � ðDDCtÞ

miRNA target predictions

We compiled 4 databases to determine miRNA targets: Tar-

getScan 5.1, MiRanda, PICTAR and the miRbase databases.

These databases search the presence of conserved 8 mer and

7 mer sites on the 3’UTR parts of messenger RNA that match

the seed region of each miRNA. It also predicts the efficacy of

targeting for each matching site. We created our own data-

base, which regrouped each miRNA with the geneID of all

their protein targets, for rat and human. We only conserved

couples miRNA/geneID present in two databases at least.

miRNA-regulated cell signaling pathways predictions

We used the ‘‘G-language microarray’’ web application,

which allows the mapping of molecular dataset onto ‘‘Kyoto

Enclycopedia of Genes and Genomes’’ (KEGG) pathway

maps.22 We first input miRNA-targeted proteins of interest

and the sum of RQ values for all miRNAs that regulate these

proteins, contained between 1 and 50; the software then gen-

erates KEGG data to create FLASH graphics of cell signaling

pathways in which proteins are involved. The color intensity

of a highlighted protein varies with the strength of its regula-

tion by miRNAs.

Proliferation assay

Cells were plated in 96 well plates at 5,000 cells/well and

exposed to 50 lM ifosfamide or not (NT). Cell growth was

measured 24, 48 and 72 hr later with 20 lL Cell Titer Glo
RV

luminescent reagent (Promega, Madison, WI) for 10 min.

Luminescence was recorded using a Microbeta reader

(PerkinElmer, Fremont, CA).

Statistical analysis

Normalized RQ data were directly input into the TIBCO

Spotfire
RV
DecisionSite for Functional Genomics analysis soft-

ware. We performed unsupervised hierarchical clustering to

classify samples by groups. The selection of miRNAs useful to

predict tumor response to treatment was statistically realized

using ANOVA tests with p-values of 0.03 at least. Results

were verified through supervised hierarchical clustering.

Data from miRNA lists of interest were then used as vari-

ables in a two dimensional principal component analysis

(PCA) performed with R 2.9.0 package to demonstrate their

capabilities to distinguish between sensitive and resistant

tumors. PCA supplies a simplified two-dimensional picture

to our multivariate dataset of miRNA RQ values. By mathe-

matical combination of values according to their strength,

two principal components are created that represent as much

as possible the variability of the data. Thus, tumors possesses

two new coordinates in a two-dimensional space. According

to their localization in this space, tumors form groups and

can be predicted sensitive or resistant.

Results
miRNA signature of osteosarcoma tumors in rat model

miRNA expression profiles were performed on a series of 34

samples [of tumor (Tum), lung, muscle (mus) and bone ori-

gins] collected from an orthotopic osteosarcoma rat model,

randomly treated or not with 10 mg/kg ifosfamide.19,20 As

mentioned previously, this model closely mimics its human

counterpart, regarding aggressiveness, chemoresistance and

the onset of lung metastases. Tumors as normal tissue frag-

ments collected at the end of the treatment were submitted

to RNA extraction and analyzed using the TLDA plateform,

using two 384-microfluidic cards A and B designed to mea-

sure miRNA levels. We did not used card B plotted with

recently discovered and poorly described miRNAs, since only

one miRNA plotted on this card was significantly modulated

by treatment in our preliminary experiments (data not

shown). About 230 miRNAs among the 381 represented in

the card A (60%) met the filtering criteria. Ct values of each

miRNA were normalized to median Ct of all miRNAs plotted

on all cards, the best normalization method as described by

D. Pissaloux in our laboratory (in press).

A three-dimensional scatter plot analysis showed that

three different samples of one tissue, of tumoral or normal
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origin, expressed similar miRNA patterns (Supporting

Information Fig. S1a). In addition, an unsupervised clustering

based on Spearman’s correlation revealed that all samples

from one tissue clustered together (Supporting Information

Fig. S1b). Finally, an unsupervised hierarchical clustering

based on euclidian distance confirmed that all tissues were

grouped according to their origins (Fig. 1). Osteosarcoma

tumors presented a miRNA signature distinct from those of

muscle and lung and also from those of bones. These profiles

were highly conserved since other samples from independent

experiments perfectly clustered with the previous ones (noted

S2 for series 2 in Fig. 1).

Tumor miRNA profiles were correlated to their response to

ifosfamide treatment

Thereafter, we focused on miRNA profiles of the tumor

samples obtained at the end of treatment. We performed a

supervised hierarchical clustering following an ANOVA (p

< 0.03) between two groups, treated or not with ifos. Rat

treatment was detailed in Supporting Information Table

S1. The clustering highlighted that tumors clustered in

three groups: (i) a group with tumors 2, 5, 7 and 8, (ii) a

group containing Tum 3, 9 and 10, and (iii) a group com-

posed of Tum 1 and 6 (Fig. 2a). This subsequent clustering

was found in perfect correlation with the response

observed in vivo during the experiment: untreated tumors

were tumors 3, 9 and 10; tumors 1 and 6 were treated and

sensitive to treatment (tumor volume <50% volume of

control group, necrotic and hypoxic according 18F-FDG

PET Scan and immunohistochemistry analyses), while Tum

2, 5, 7 and 8 were resistant tumors (Supporting Informa-

tion Table S1). Then, we performed a similar supervised

hierarchical clustering (p < 0.03) with normal tissues and

observed that muscle as well as bone samples were ran-

domly distributed, regardless of treatment (Fig. 2b). There-

fore, tumor miRNA profiles were associated to response to

treatment and not a bias related to the exposure of the ani-

mal to ifosfamide.

Figure 1. Heat map clustering of miRNA expression in osteosarcoma tumors (12 samples) as compared to bone (8), lung (5) and muscle

(9). Each row represents the relative levels of expression for each miRNA and each column shows the expression levels for each sample.

The red or green color indicates relatively high or low expression, respectively, while grey squares indicate absent data points. The four

main groups of the dendogram are gathered by tissue: a: tumor; b: bone; c: lung; d: muscle.

Gougelet et al. 683

Int. J. Cancer: 129, 680–690 (2011) CV 2010 UICC



The predictions by miRNA profiling were consistent with

tumor response in vivo

Since the TLDA platform was reliable for the identification

of tumor miRNA profiles correlated to response to treatment,

we investigated whether this technology allowed us to predict

the hypothetical response of untreated tumors to ifosfamide.

To this aim, we compiled relative quantity values for miR-

NAs allowing us to discriminate sensitive and resistant

tumors in Figure 2. We stastically selected a panel of 10 miR-

NAs shared by rat and human and stably expressed in all the

tumors in the three experiments. Then, we performed a sta-

tistical analysis based on Principal Component Analysis,

which studies the variability between a set of variables. In

brief, this mathematical procedure assigned for each contrib-

utory miRNA in treated tumors a new coordinate system,

composed of two coordinates in our case (Fig. 3a). We could

notice that all miRNAs presented a negative contributory fac-

tor according to their vector representation in left quadrant

in Figure 3a. This corroborated the previous observation in

Figure 2 that discriminating miRNAs were overexpressed in

sensitive tumors. In addition, these selected miRNAs were

representative of tumor response since their variance in

the new 2D-system represented more than 97% variance of

initial values (component 1 þ component 2). Finally, some

miRNAs were particularly involved in tumor response, that

is, miR-142-3p, miR-30c, miR-19b and miR-93, since their

graphic representation showed a longer vector and a larger

angle with the axis ‘‘component 1’’ (Fig. 3a). After this analy-

sis, we adjusted RQ values of each miRNA among the 10

selected for each untreated tumors by the new coefficients

obtained previously. Thus, two new coordinates were

assigned to each untreated tumor following the sum up of all

miRNAs. The couples of coordinates were useful to realize a

2D PCA diagram in attempt to predict tumor response to

treatment (Fig. 3b). These computations suggested that tumor

3 may respond to ifosfamide, since it appeared in left win-

dow near Tum 1 and 6, while tumor 9 might be resistant.

These predictions were consistent with the miRNA profiles

obtained in Figure 2a: Tum 9 clustered with refractory

tumors 2, 5, 7 and 8 in the dendogram, while Tum 3 clus-

tered with Tum 1 and 6. Tumor 10 appeared in left panel in

Figure 3b. Although its position was in favor of a good

response, it appeared quite far from axis ‘‘component 2’’.

In the next steps, we considered this type of tumor as unde-

termined on the basis of statistical analysis and by cross-

checking with the clustering.

Altogether, these different analyses showed the reliability

and the reproducibility of this technology resulting in relevant

Figure 2. miRNA expression profiles of osteosarcoma tumors were consistent with their response to treatment. This hierarchical clustering

only conserved miRNA differently expressed in tumors according to their response to treatment (untreated, good response, no/low

response) following an ANOVA (p < 0.03). a: The three main groups of the dendogram are gathered by conditions of treatment: 1: tumors

resistant to ifosfamide, 2: untreated tumors, 3: tumors sensitive to ifosfamide. b: muscle and bone profiles. Samples from ifosfamide

treated animals were indicated in bold red.
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biological miRNA profiles. miRNA profiling could constitute a

tool of choice to predict tumor susceptibility to treatment. In

particular, these data strongly supported that tumor miRNA

profiles were correlated to tumor response, even if these

tumors presented a similar genetic background and were

injected in syngeneic rats.

miRNA signature in patient ostesarcoma tumors

Thereafter, we performed a similar analysis with 27 osteosar-

coma FFPE tumors obtained from patients. As previously

suggested by Liu et al., FFPE tissues are suitable for miRNA

expression analysis.23 We performed a supervised hierarchical

clustering with a p value < 0.07 with good responders versus

poor responders. As previously for rat model, we only used

the TLDA card A for human analysis. Five miRNAs discrimi-

nated good responders from bad ones: miR-92a, miR-99b,

miR-193a-5p and miR-422a were overexpressed in good res-

ponders contrary to miR-132, which was reduced (Fig. 4 and

Supporting Information Fig. S3). Interestingly, three of them

(miR-193, miR-99b and miR-92a) were also deregulated in

the rat model according to tumor sensitivity to ifosfamide.

On the basis of these five miRNAs, we realized a similar

PCA analysis than previously, which successfully classed the

good responders in a distinct group from the poor respond-

ers (Fig. 5). The selected miRNAs were representative of tu-

mor response since their variance represented 80% inertia

(component 1 þ component 2). Three tumors were consid-

ered as undetermined as previously mentioned for the in vivo

model (Fig. 3b).

Relationship between miRNA profiles of human

osteosarcoma cell lines and cell response to ifosfamide

Finally, we investigated if miRNA signature identified in

human osteosarcoma tumors was also representative of

two human osteosarcoma cell lines, Saos-2 and CRL-15-47

(15-47), which could constitute an interesting in vitro model.

We first tested the response of these cells to ifosfamide by a

proliferation assay based on ATP measurement. As shown in

Figure 6a, 15�47 cells are resistant to 50 lM ifosfamide,

while Saos-2 growth only decreased after 72 hr treatment.

Thus, these two cell lines could mimic the different response

observed in vivo (Supporting Information Table S1). We

investigated if these two cell lines presented different miRNA

profiles when they were exposed to 50 lM ifosfamide or

untreated. We chose an exposure of 24 hr, since apoptosis

program might be engaged at this time in sensitive Saos-2

cells but no mortality was observed, to obtain enough cells

for RNA extraction.

Saos-2 and 15-47 cells effectively expressed different

miRNA patterns at the basal level and after exposure to ifos-

famide (Fig. 6b). 80% filtered miRNAs were over-expressed

in the sensitive Saos-2 cells, as it was observed for sensitive

tumors in Figure 2a. A supervised hierarchical clustering

with a p-value < 0.03 highlighted 61 miRNAs significantly

Figure 3. Predictive response of untreated tumors were consistent with hierarchical clustering. a: Principal component analysis diagram of

the 10 miRNAs, which signed tumor response to treatment and were stably expressed in all tumor samples. The arrow represents the

contribution of each miRNA expression level to tumor response as described in Material and Methods. b: PCA of untreated tumors as a

tool to determine the potential tumor response to treatment. RQ values of the ten selected miRNAs for each tumor were corrected by the

coefficients determined in A, as described in Material and Methods. Tumors and cells represented in left panel, (l) and (n), respectively,

were predicted sensitive to treatment, while those in right panel were considered as resistant, (*) and (&). Tumors with very low value for

component 2 were considered undetermined (D).
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and differently expressed between the two cell lines. Of great

interest, we could notice that miR-99b, miR-132 and miR-

193a-5p identified in human tumors, were also significantly

deregulated in these cells according to their response to

ifosfamide. A panel of six miRNAs identified as essential for

tumor response in rat (miR-15b, miR-29c, miR-24, miR-93,

miR-19b and miR-30c) were also significantly affected by

treatment of these cell models (Fig. 3a). The PCA analysis

indicated that Saos-2 cells were predicted as sensitive to ifos-

famide, contrary to 15�47 cells (Fig. 3b), in agreement with

the results obtained in the proliferation assay in Fig. 6b.

In conclusion, these two cell lines could constitute a

promising model, mimicking osteosarcoma tumors from

patients, to decipher the importance of the miRNAs identi-

fied as discriminating for drug response.

miRNA targets were involved in tumor cell cycle, invasion,

osteosarcoma tumorigenesis and bone physiology

Thereafter, we searched through an in silico approach the

predicted targets of the five miRNAs shown as differently

expressed in tumors according to their response to ifosfamide

(Fig. 4). We created a database, as described in Material and

Methods, which predicted 1,349 potential targets for these

miRNAs. Since selected miRNAs were, in most cases,

increased in good responders, their protein targets might be

decreased. It was thus not surprising that these miRNAs

mainly target regulators of cell proliferation like the MAP

kinase pathway, of invasion (ADAM, MMP) and of bone

resorption (SMAD, BMP, NFIB).

Then, we concatenated RQ values for each miRNA with

the geneID of their protein targets and inserted these data in

the G-language micro-array web application. This application

connects miRNA targets according to their involvement in

similar KEGG pathways. Supporting Information Figure S2

showed that two essential pathways were inhibited by the dis-

criminating miRNAs: (i) the TGFb pathway, stimulating

bone and tumor cell proliferation,24 and associating with

higher osteosarcoma grade25; (ii) the Wnt pathway, shown to

control osteoblast and osteoclast differentiation26 and osteo-

sarcoma invasiveness.27 These two pathways were similarly

targeted by the discriminating miRNA identified in osteosar-

coma tumors (Supporting Information Fig. S2 left panel) as

well as in rat model in response to ifosfamide (Supporting

Information Fig. S2 right panel). In consequence, it showed

Figure 4. miRNA expression profiles of osteosarcoma tumors from patients were consistent with their response to treatment. This

supervised hierarchical clustering only conserved miRNA differently expressed in tumors according to their response to treatment (good

response, no/low response) following an ANOVA (p < 0.07). The table summarizes the characteristics of tumors obtained from patients:

mean age, sex, response, histological subtypes and type of neoadjuvant chemotherapy administered.
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that even if the miRNA profiles were not fully similar in our

three models, the signaling pathways they targeted were iden-

tical. In future, these few miRNAs could constitute bio-

markers of choice for osteosarcoma diagnosis; some of them,

or the proteins they repress, could also constitute promising

therapeutic targets as an alternative for chemotherapeutic

treatment.

Discussion
miRNA signatures are observed for many types of cancers,

that is, sarcoma,12 breast and prostate cancers.11,28 These sig-

natures constitute potent diagnosis and prognosis tools for

chronic lymphocytic leukaemia,13 colon adenocarcinoma29 or

lung cancers.30 It was the first study showing that osteosar-

coma also expressed miRNA patterns, which allow us to dis-

criminate tumor response to chemotherapeutic agents (Fig. 4)

and to predict it with our algorithms (Fig. 5). This miRNA

signature was observed in osteosarcoma from patients (Fig. 4)

but also in the two models that we possess, the rat osteosar-

coma model (Fig. 2) and the osteosarcoma cell lines (Fig. 6).

Tumor miRNA profiles could constitute a potent predic-

tive tool since supervised hierarchical clustering was perfectly

correlated to tumor response predictions calculated by a PCA

for human osteosarcoma tumors (Fig. 5) as well as rat osteo-

sarcoma model (Fig. 3). Thus, it seems that miRNA profiling

could surpass the current limitations for osteosarcoma

Figure 5. Predictive response of osteosarcoma tumors was consistent with hierarchical clustering. This diagram represents a PCA of the five

miRNAs, which signed tumor response to treatment and were stably expressed in all tumor samples. The arrow represents the contribution

of each miRNA expression level to tumor response as described in Material and Methods. Tumors represented in left group were predicted

sensitive to treatment (l), while those in right panel were considered as resistant (*). Tumors with very low value for component 2 were

considered undetermined (D).
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diagnosis since molecular abnormality detection appeared not

fully adapted for this pathology. Indeed, osteosarcoma is

characterized by complex chromosomal abnormalities in 70%

of cases instead of specific chromosomal translocation or mo-

lecular defects, as it is observed for other sarcomas.31 In fact,

osteosarcoma is the consequence of various sequential events

leading to a complex karyotype32 and tumors with a similar

genetic background could differently respond to treatment.

We confirmed this concept through CGH array performed

with the rat tumors previously used for miRNA profiling.

The majority of chromosomal aberrations observed in CGH

array was common to untreated tumors and treated tumors,

regardless of their response to treatment (data not shown).

No miRNA were found in these regions, suggesting that the

different miRNA profiles were closely linked to tumor

response to treatment and not due to upstream chromosomal

rearrangements.

miRNA signatures differed for all models but some miR-

NAs were common: miR-132, miR-99b and miR-193 for rat

and human osteosarcoma, miR-132, miR-92a and miR-99b

for osteosarcoma cell lines and patient tumors (Figs. 3a

and 4). Interestingly, miR-92a belongs to miR-17-92 cluster

which signs pancreas, stomach, prostate and colon can-

cers.10,28,33 For our interest, this anti-angiogenic factor seems

to be upregulated in activated osteoblasts34,35; miR-132

is implicated in osteoarthritis and rheumatoid arthritis.36

miR-193 is poorly described but might be involved in caspase

activation.37 Of great interest, circulating miR-92a and miR-

99b could be detected in the serum of ovarian cancer

patient18 and colon cancer patient for miR-92a.38 In fact, a

non-invasive diagnosis tool based on miRNA profiling from

patient serum could be a major advance for osteosarcoma,

requiring a biopsy for its diagnosis, which could result in a

secondary amputation. These past 2 years, numbers of studies

identified circulating miRNAs as potential clinical biomarkers

for ovarian cancer18 or breast cancer patients39 as compared

to healthy donors. We have recently succeeded in the detec-

tion of let-7a and miR-142 in the serum of sarcoma patients

with the TaqMan
VR
technology.

In addition, even if miRNA profiles were not fully similar

between all models, we showed that all miRNA signatures

potentially targeted the same signaling pathways, in particular

the calcium signaling, the MAP kinase, the TGFb and the

Wnt pathways (Supporting Information Fig. S2). Of great in-

terest, these pathways regulate bone resorption and osteogen-

esis40 and are deregulated in chemotherapy resistant pediatric

osteosarcoma.41 Besides a clinical trial has been opened in

Korea to test if the level of blood TGFb could predict osteo-

sarcoma response to chemotherapy. On the basis of our data,

we could envisage a therapy targeting the MAP kinase, the

TGFb and the Wnt pathways for which some specific inhibi-

tors are currently tested in clinical trials: the MAP Kinase

Kinase MEK inhibitors AKD6244 or GSK20212, the anti-

TGFb GC1008, or the anti-Dkk1 BHQ880.

Interestingly, the KEGG pathway analysis we performed

with the miRNAs discriminating poor and good responders

showed that various pathways implicated in immune

response were altered, especially the Fc c mediated phagocy-

tosis and the natural killer mediated cytotoxicity. This was in

accordance with the SSH analysis published by S. Salas with

the same osteosarcoma tumors, suggesting that IFITM2,

IFITM3, HLA-DRA, HLA-DQA1, HLA-DQB1 and LY6E

were differentially expressed in poor responder tumors.42

This could explain that the response of fragments collected

Figure 6. Relationship between osteosarcoma cell response to

ifosfamide and their miRNA profiles. Saos-2 and 15–47

osteosarcoma cells were exposed to 50 lM ifosfamide (ifos) or not

(NT). A: Cell growth was measured by the Cell Titer GloLuminescent

assay as described in materials and methods 24, 48 and 72 hr after

drug exposure. Results were represented as the mean of relative

proliferation normalized to time 0 of two independent experiments

realized in duplicate. B: hierarchical clustering of miRNA profiles in

osteosarcoma cells from cards A and B. This clustering was realized

after an ANOVA (resistant, sensitive) (p < 0.03).
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from the same tumor varied in the rat model (Supporting In-

formation Table S1). Indeed, all tumors in our study were

grafted from the same initial osteogenic tumor, called ‘‘Tum

ori.’’ As shown in Figure 1, Tum ori clustered with the sensi-

tive tumors, while tumors derived from this latter could be

sensitive or resistant. This was not due to different genetic

aberrations, since CGH arrays were very similar for all

tumors. The first experiments we performed consisting to

graft tumor fragments in the bone cavity revealed that

miRNA profile was not altered in this intraosteal model as

compared to the paraosteal model. This excludes that tumor

response depends on the site of tumor implantation.

Although we could not rule out that the different zones of a

tumor could be more or less osteogenic and aggressive, we

could hypothesize that tumor environment (microvessel den-

sity or immune cell infiltration) was a major determinant of

tumor sensitivity to treatment. This was corroborated by a

number of recent studies exploring the impact of immune

cells on osteosarcoma progression, that is, natural killers,43

tumor-infiltrating lymphocytes44 or killer dendritic cells45

and also by the use of immunotherapy for osteosarcoma

treatment.46

To resume, our study highlighted promising therapeutic

targets, a panel of miRNAs whose expression level might

determine osteosarcoma susceptibility to treatment but also

the proteins they target. In future, we would like to confirm

the implication of these miRNAs in treatment response in

vitro through the use of miRNA mimics or inversely of

Locked Nucleic Acid against these miRNAs. As mentioned in

this study, we possess an interesting in vitro osteosarcoma

model on which we could test the miRNA functionality in

the presence of different drugs. The identification of a panel

of miRNAs specifically involved in the response to one drug

could highlight new targeted therapy strategies to encounter

resistance to treatment, we could test on these cell lines and

also in vivo.

To conclude, we possess a reliable TLDA platform for

osteosarcoma diagnosis. This platform is practical and easily

transferable to another laboratory. This technology was

highly reproducible since analyses with RNA samples

obtained in an independent manner perfectly clustered alto-

gether (Fig. 1). This analysis revealed a distributional similar-

ity (Supporting Information Fig. S1a) and a strong correla-

tion between two samples from a similar origin (Supporting

Information Fig. S1b). It generates relevant biological data

(Figs. 2, 4, and 6), in accordance with predictions obtained

with our algorithms (Figs. 3 and 5) for the rat model and the

patient osteosarcoma tumors. We also showed the reliability

of miRNA measurement by TLDA on FFPE samples, as it

was previously shown by Daniel Pissaloux in our laboratory

(in press) and others.23,47,48 Even if these data might be con-

firmed with others samples to obtain a bigger cohort of

patient tumors, we envisage to realize a prospective study

with patient tumors. The great advantage of this platform is

its need for a low level of total RNA (500 ng), which is

highly required for osteosarcoma diagnosis from micro-

biopsies of very small volumes. This allows us detecting

circulating miRNAs in patient serum.

Altogether, these promising results open up the way to a

new diagnosis tool, which could decrease the intensity of pre-

operative chemotherapy cures and thus improve patient

survival.

Acknowledgements
We are very grateful to Corinne Bouvier and Sébastien Salas from the La
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INTRODUCTION 
 

La rareté et la complexité histologique des sarcomes font qu’ils nécessitent une prise 
en charge organisée et multidisciplinaire dans des centres spécialisés. L'immunohistochimie a 
contribué à clarifier la classification des sarcomes, qui est depuis peu complétée par des 
diagnostics moléculaires pour certains sarcomes dits à génétique simple. Nous nous 
proposons, dans le cadre de ce projet de thèse, de réaliser une puce à ADN de diagnostic de 
ces sarcomes, qui permettra la détection des translocations chromosomiques, et plus 
précisément des ARN messagers chimériques associés appelés transcrits de fusion. 

Cette nouvelle technologie permettra de compléter, d'améliorer ou de remplacer les 
techniques actuelles utilisées pour le diagnostic en routine. 

Ces travaux sont réalisés au Centre régional de lutte contre le cancer Léon Bérard 
(CLB), et plus précisément au sein du laboratoire Cytokines et Cancer de l’INSERM U590. 
 

 

1. Contexte et motivations du projet de thèse 
 

1.1. L'importance du diagnostic initial des sarcomes 

 

Les sarcomes sont considérés comme des pathologies rares en cancérologie, puisqu’ils 
représentent environ 1 à 3% des tumeurs malignes de l’adulte. On enregistre 4500 à 5000 
nouveaux cas par an en France 1. Ils constituent une entité très hétérogène tant sur le plan de la 
localisation que de l’histologie. Plus d’une cinquantaine de types majeurs de sarcomes ont été 
identifiés 2, 3. En incluant les sous-types, l’OMS a répertorié au total plus de 150 entités 
différentes. Les sarcomes sont des tumeurs curables dans 50% des cas environ. Cependant, la 
rareté et la complexité de ces pathologies réservent leur prise en charge à des équipes 
multidisciplinaires dans des centres spécialisés, et ce dès le diagnostic initial 4, 5, 6. 
 Dans une étude rétrospective réalisée en 2002 à partir de dossiers de patients traités 
entre 1999 et 2001, le CLB a évalué la prise en charge des patients atteints de sarcomes des 
tissus mous selon les recommandations nationales 7. Cette étude a montré que la prise en 
charge des sarcomes suivait les recommandations de pratiques cliniques pour 30% des 
patients, notamment en ce qui concerne la prise en charge initiale de ces sarcomes (diagnostic 
et premier geste chirurgical) 8. Ces observations sont semblables à celles recueillies dans 
d’autres études internationales réalisées dans des pays occidentaux. De plus, il a été montré 
que la mise en place de concertations multidisciplinaires augmentait le taux de conformité des 
pratiques par rapport aux recommandations nationales et était associée, dans cette étude 
rétrospective, à une amélioration de la survie sans rechute des patients. Il apparaît donc très 
clairement que le diagnostic initial est un facteur primordial pour le bien-être du patient. 
 

1.2. Le diagnostic moléculaire des sarcomes et ses limitations 

 
 Depuis plus de 20 ans, un nombre croissant d’anomalies chromosomiques sont 
décrites dans les sarcomes. Pour certains types de tumeurs, ces anomalies sont suffisantes et 
spécifiques pour avoir une valeur diagnostique. A ce jour, la biologie moléculaire est une aide 
bien établie pour les pathologistes. Elle concerne une dizaine de types de sarcomes et permet 
de consolider un diagnostic obtenu sur des bases morphologiques et immunohistochimiques. 
Ces informations se révèlent tout particulièrement utiles dans le cas des micro-prélèvements, 
et dans le cas de prélèvements peu représentatifs ou peu différenciés 9, 10. La biologie 
moléculaire permet ainsi le diagnostic de 35% des sarcomes à anomalie génétique simple.



Ainsi, mon laboratoire d'accueil s’est spécialisé dans le diagnostic moléculaire en 
routine de sept grands types de sarcomes à génétique simple : le sarcome d’Ewing, le 
synovialosarcome, le rhabdomyosarcome, le liposarcome bien différencié ou dédifférencié, le 
liposarcome myxoïde, le sarcome à cellules claires et les tumeurs desmoplatiques à petites 
cellules rondes. Ces diagnostics sont basés sur la détection d’amplifications ou de 
translocations de gènes par PCR quantitative en temps réel 11, 12, 13. Cette technique est réalisée 
à partir de matériel biologique congelé ou d’échantillons fixés au formol et inclus en paraffine 
(FFPE), en dépit des désavantages que ce dernier type de fixation implique : présence 
d'inhibiteurs de PCR, dégradations et modifications chimiques des acides nucléiques 14. 
 Cette technique, bien que performante, a ses limites. Aujourd'hui, à partir d'un 
échantillon inclus en paraffine, il faut utiliser pas moins de treize sets différents de RT-PCRq 
pour diagnostiquer un sarcome pédiatrique difficile, lorsqu'il existe un doute entre un 
synovialosarcome, un sarcome d'Ewing ou un rhabdomyosarcome (annexe 1). Malgré ce 
nombre important de tests, il est en  plus possible de passer à côté de certains types rares. 
Cette technique de routine se révèle donc très consommatrice en matériel biologique. En 
particulier, pour les sarcomes dont la famille comprend de nombreux sous-types de 
translocations, il n’est pas rare de ne pas pouvoir rendre de résultat par manque de matériel 
biologique de départ. Les sarcomes pédiatriques sont particulièrement touchés par ce 
problème, car les chirurgiens essaient dans la mesure du possible d'effectuer des micro-
prélèvements les moins invasifs possibles.
 

D'autres alternatives existent pour la détection de transcrits de fusion dans les 
sarcomes, avec leurs avantages et leurs inconvénients (tableau 1) 15. Pour l'instant, aucune 
d'elles ne combine les avantages que promettrait une approche plus globale de type puce à 
ADN. En effet, un screening de toutes les entités connues en une seule expérience permet un 
rendu de résultat plus rapide, une consommation moindre en matériel biologique et une 
réduction des coûts financiers. De plus, grâce au principe d'hybridation de séquences 
nucléiques complémentaires, il est possible d'obtenir une précision à l'échelle des gènes et 
même des exons impliqués dans les translocations recherchées. 
 
 

  Avantages Inconvénients 

Cytogénétique 

Caryotype 
- Détection des anomalies de nombre 
- Détection des translocations non connues 

- Technique longue et difficile 
- Sensibilité insuffisante 

FISH 
- Bonne sensibilité 
- Technique facile et rapide 

- Détection des seules translocations 
connues 
- Coût élevé des sondes fluorescentes 
- un seul test (sonde) par expérience 

Multi-FISH - Détection des translocations non connues 
- Mise en évidence des chromosomes 
impliqués mais pas des gènes précis 

Biologie 

Moléculaire 

PCR 

simplex 

- Technique rapide et sensible 
- Mise en évidence des gènes et des exons 
précis impliqués 

- Translocations connues seulement 
- un seul test (amorce) par expérience 
- Coûteux en matériel biologique si 
plusieurs partenaires 

PCR 

multiplex 

- Plusieurs tests par expérience 
- Econome en matériel biologique 

- Précision inférieure à la PCR simplex 
- Très rapidement limité par des 
problèmes de réactions aspécifiques 

 
Tableau 1 : méthodes actuelles les plus utilisées pour la détection des transcrits de fusion. Les techniques de 
cytogénétique et les techniques de biologie moléculaire présentent chacune des avantages et des inconvénients 
distincts détaillés dans ce tableau ci-dessus. 
 
 



 
 

2. Objectifs scientifiques du projet de thèse 
 
 Au vu des divers inconvénients liés aux techniques de diagnostic moléculaire déjà 
existantes, mes travaux de thèse consistent à développer une approche plus globale de 
caractérisation moléculaire des sarcomes à translocations, basée sur une technologie de puce à 
ADN. 

Plus précisément, je m'attacherai à développer et à valider une puce à ADN de 
diagnostic fiable, capable de fonctionner à partir de matériel génétique extrait aussi bien de 
tissus frais ou congelés, qu'à partir de tissus fixés en paraffine. Une seule expérience 
d'hybridation doit suffire à la détection de la totalité des transcrits de fusion répertoriés 
aujourd'hui dans les sarcomes à génétique simple. Cette nouvelle technique sera donc très 
économe en termes temps de manipulation et de matériel biologique. 

La première étape de mon travail de thèse a été de dresser la liste complète des points 
de cassure précis des translocations déjà référencées dans la littérature. Ce travail nous a 
permis de définir précisément l'ensemble des séquences "sondes" à immobiliser sur la puce. 
Après avoir choisi et affiné notre stratégie d'amplification et de marquage des cibles, les 
amorces de RT et de PCR nécessaires à ces étapes ont été dessinées. Une puce prototype a 
alors été fabriquée sur un nombre restreint d'entités. Cette première puce nous a permis de 
vérifier la faisabilité de notre projet, et a tout d'abord été évaluée à l'aide de lignées cellulaires 
de sarcomes bien établies. Dans un second temps, nous envisageons de tester plus précisément 
sa sensibilité et sa spécificité à partir d'échantillons de patients déjà diagnostiqués et 
caractérisés au niveau moléculaire au Centre Léon Bérard. Cela nous permettra d'évaluer sa 
propension à être utilisé comme outil de diagnostic moléculaire de routine des sarcomes à 
translocations. 

Enfin, nous élaborerons le cahier des charges d'une version pré-finale de la puce, en 
tenant compte de nos résultats et en incorporant l'ensemble des translocations initialement 
répertoriées et absentes sur la puce prototype. Cette nouvelle version de puce sera de nouveau 
testée de façon exhaustive ce qui nous permettra, après de derniers ajustements, d'obtenir la 
version finale de la puce à ADN de diagnostic des sarcomes à translocations. En cas de succès 
lors de son application en routine au Centre Léon Bérard, le Réseau d'Excellence Européen 
Conticanet contribuera à la diffusion de cette nouvelle technologie dans les principaux centres 
anticancéreux Européens. 
 
 
  



RESULTATS OBTENUS LORS DE LA PREMIERE ANNEE DE THESE 
 

1. Travaux préliminaires : partie pré-analytique 
 

1.1. Création d'une base de données exhaustive des séquences d'intérêt 

 

 L'intégralité des séquences des transcrits de fusion résultant des translocations connues 
à ce jour a été récupérée à partir des banques nucléiques publiques et des résultats de 
séquençages des points de cassure indiqués dans la littérature. Ces séquences ont alors été 
entrées dans une base de données spécialisée dans la manipulation et l'analyse de séquences 
nucléiques, à l'aide du logiciel Vector NTI® (figure 1). 
 .  

 
 
Figure 1 : extrait du contenu de la base de données de séquences d'intérêt sous le logiciel Vector NTI® 
commercialisé par la société Invitrogen. 

 
 Dans cette base, les séquences nucléiques de chacun des transcrits de fusion peuvent 
être annotées de façon très détaillée. Ainsi, les points de cassure ont été indexés, ainsi que les 
délimitations de chacun des exons, les variants d'épissage connus, les séquences codantes et 
enfin les amorces de RT-PCRq utilisées actuellement dans l'équipe de diagnostic moléculaire 
des sarcomes par PCR au Centre Léon Bérard (figure 2). 
 

 
 
Figure 2 : représentation du transcrit de fusion SYT(E10)-SSX1(E6) montrant les possibilités graphiques et les 
annotations contenues dans la base de données du logiciel Vector NTI®. 



 
De plus, cette base de données contient les séquences ADN et ARN annotées de tous 

les gènes normaux impliqués dans les translocations présentes dans les sarcomes. A ce jour, 
cette base de données contient 14 familles de sarcomes représentant 159 transcrits de fusion 
différents. Elle contient également plusieurs centaines de séquences nucléiques correspondant 
aux gènes normaux non transloqués. 

 
1.2. Création d'une banque des transcrits de fusion par clonage 

 

 Lors des futures étapes indispensables de tests de la puce à ADN de diagnostic, il se 
posera le problème de la disponibilité du matériel biologique de support. En effet, le matériel 
tumoral est précieux car difficile à obtenir sans justification diagnostique ou consentement 
éclairé écrit du patient concerné. Nous avons donc rapidement réfléchi à deux solutions 
alternatives : le clonage des transcrits de fusion déjà obtenus au Centre Léon Bérard via la 
technique de PCRq, et l'utilisation de lignées tumorales bien établies. 
 Dans cette optique, nous avons cloné avec succès cinq séquences de transcrits de 
fusion (SYT-SSX1, SYT-SSX2, PAX3-FKHR, PAX7-FKHR et EWS-FLI1), à partir d'ARN 
extraits d'échantillons tumoraux déjà diagnostiqués et positifs pour l'un des types de sarcomes 
recherchés par RT-PCRq. Ces transcrits de fusion ont été insérés dans des vecteurs pGEM®-
T de chez Promega ou des vecteurs pCR®8/GW/TOPO® de chez Invitrogen (figure 3). Ces 
transcrits de fusion clonés seront ensuite utilisés lors des premiers tests de marquage et 
d'hybridation de la puce à ADN de diagnostic. 
 

 
 
Figure 3 : schéma de l'un des vecteurs de clonage utilisé, le pCR®8/GW/TOPO® de chez Invitrogen. Un 
produit PCR (dans notre cas le transcrit de fusion d'intérêt) peut facilement être introduit dans ce vecteur au 
niveau des sites d'action de la topoisomérase. Ainsi, nous disposons de matériel immortalisé "inépuisable" pour 
nos phases de test ultérieures de la puce à ADN de diagnostic. 

 



1.3. Principe et mode opératoire de la puce à ADN de diagnostic 

 
 Les réflexions sur le principe et le mode opératoire les plus adaptés pour une puce à 
ADN capable de détecter des transcrits de fusion ont été menées en collaboration avec la 
société Ipsogen (Marseille), qui disposait déjà d'une expertise reconnue dans ce domaine 16. 
Ainsi, Ipsogen a suggéré un enrichissement des cibles avant leur détection par hybridation sur 
puce, selon une méthode précédemment publiée 17. Les grandes lignes et limites de ce projet 
ont rapidement été posées. Il a alors été décidé, dans un premier temps, de réaliser une 
première puce de diagnostic centrée sur les sarcomes pédiatriques, à savoir les sarcomes 
d'Ewing, les synovialosarcomes et les rhabdomyosarcomes (liste des sous-types en annexe 2). 
Ces sarcomes ont l'énorme avantage de disposer tous trois d'un diagnostic via technique PCRq 
bien établi au Centre Léon Bérard. Il sera donc possible, lors des phases de test, de comparer 
les résultats obtenus entre notre technique innovante et la technique de référence. A l'issue de 
cette phase de faisabilité, la puce pourra être élargie à l'ensemble des sarcomes caractérisés 
par des translocations. 
 
 Afin de réduire au maximum les coûts de notre outil destiné à être utilisé en routine, il 
a été décidé que la puce serait constituée d'une membrane en nylon sur laquelle deux types de 
sondes seraient fixées (figure 4) : 
 - des sondes de recherche 

Pour chacun des transcrits de fusion recherchés, deux sondes de recherche constituées 
d'oligonucléotides d'environ 50 mers, correspondant à des séquences localisées de part et 
d'autre du point de cassure, mais très proches de celui-ci (condition essentielle pour réussir à 
générer par PCR des cibles marquées à partir de matériel dégradé car fixé en paraffine). 
 - des sondes contrôles positifs 

Les autres sondes présentes sur la puce (50 mers également) serviront de contrôles positifs, et 
correspondront à une séquence située en amont du point de cassure du gène partenaire situé 
du côté 3' du transcrit de fusion. 
 
 

 
 
Figure 4 : schéma explicatif du choix des sondes, basé sur la détection du transcrit de fusion de type EWS(E7)-
FLI1(E5) présent dans les sarcomes d'Ewing. Concernant cette entité, trois sondes seront créées : deux sondes de 
recherche EWS(E7) et FLI1(E5), de part et d'autre du point de cassure, et une sonde contrôle positif située en 
regard de l'exon 3 du gène FLI1 (l'exon le plus en amont des différents points de cassures connus pour le gène 
FLI1). 
 
 
 



 Le test diagnostique sera basé sur la détection après amplification des transcrits de 
fusion au moyen d'une transcription inverse de l'ARN du patient suivie d'une PCR ancrée. La 
technologie mise au point pour l'étape de traitement de l'échantillon garantira que tous les 
événements de réarrangement d'un gène donné puissent être détectés avec une bonne fiabilité, 
quelles que soient la longueur du transcrit et la position du point de fusion des deux gènes sur 
la séquence. 
 Brièvement, l'ARN total est extrait de l'échantillon congelé ou fixé en paraffine. Une 
transcription inverse (RT) multiplexe, basée sur l'utilisation d'amorces ancrées spécifiques des 
partenaires de la translocation du côté 3', est réalisée sur cet ARN total (figure 5). L'ADNc 
ainsi obtenu est amplifié par PCR multiplexe ancrée à l'aide d'amorces spécifiques du gène 
partenaire de la translocation du côté 5' (en amont du point de cassure) et d'amorces 
spécifiques de l'ancre utilisée lors de l'étape de RT. Au cours de cette PCR, le produit 
d'amplification est marqué par l'incorporation d'un nucléotide biotinylé (figure 6). Les 
amplicons complexes ainsi obtenus sont hybridés sur la puce. 
 
 

 
 
Figure 5 : principe de l'extraction et de la RT multiplexe à l'aide d'amorces possédant une ancre. L'ADNc 
produit contient la séquence de l'ancre suivie de celle du transcrit de fusion. 
 
 

 
 
Figure 6 : principe de la PCR multiplexe ancrée permettant l'amplification et le marquage des cibles. L'amorce 
sens spécifique des partenaires situés du côté 5' de la translocation permet de n'amplifier que les amplicons des 
allèles transloqués. En effet, le mécanisme de translocation ne touchant qu'un seul allèle, cela permet de ne pas 
amplifier le produit de RT résultant de l'allèle normal. 
 
 
 La biopuce sera conçue de manière à permettre une lecture simple et directe du 
résultat. Une réaction colorimétrique montrera la présence ou non d'une translocation génique 
et, le cas échéant, indique quel est le gène partenaire impliqué et quelle est la position 
approximative du point de cassure sur ce dernier. 
 

 

 



2. Analyse bioinformatique des séquences d'intérêt 
 

2.1. Design des sondes oligonuléotides à déposer sur la puce 

 
 En se basant sur les séquences et les annotations entrées dans la base de données, nous 
avons procédé à une première étape globale d'analyse bioinformatique. Dans un premier 
temps, des sous-séquences de 400 nucléotides provenant de chacune des séquences d'intérêt 
ont été extraites (200 nucléotides en amont et 200 nucléotides en aval du point de cassure). 
C'est dans ces sous-séquences que les sondes oligonucléotides doivent être choisies. Pour les 
transcrits de fusion des trois sarcomes pédiatriques sur lesquels nous nous focaliserons sur la 
première puce prototype, cela représente vingt-quatre séquences uniques pour les partenaires 
du côté 3' de la translocation, et dix-huit séquences uniques pour les partenaires du côté 5' de 
la translocation. Chacune de ces séquences a été comparée par BLAST et alignements 
multiples contre toutes les autres séquences. Cette analyse a montré de fortes homologies 
entre certains partenaires différents : c'est en particulier le cas des partenaires 3' SSX1, SSX2 
et SSX4 qui sont trois gènes phylogénétiquement très proches impliqués dans les 
synovialosarcomes, et c'est également le cas des partenaires 5' du rhabdomyosarcome, PAX3 
et PAX7. Ces résultats sont à garder en mémoire, car ils pourront expliquer des phénomènes 
d'hybridations croisées non désirés sur la puce à ADN de diagnostic finale. 

 
 Après cette étape préliminaire, nous avons essayé de localiser les meilleures sondes 
oligonucléotides sur ces séquences. Pour chaque secteur concerné, correspondant 
généralement à un exon, une liste d'oligonucléotides candidats d'environ 50 mers est créée, 
par système de fenêtre coulissante. Un script permet alors de calculer les propriétés physiques 
de chaque sonde potentielle. Un fichier Excel renseigne la longueur exacte de ces 
oligonucléotides, leur position relative par rapport au point de cassure, le nombre de bases G 
et C, le pourcentage de GC, la présence de triplets C ou G et la température de fusion (Tm) de 
l'oligonucléotide (tableau 2). Cette dernière est calculée selon deux méthodes, la méthode des 
GC et la méthode thermodynamique (Nearest Neighbour analysis). Enfin, les 
oligonucléotides sont soumis à un BLAST contre les séquences humaines de référence du 
NCBI et les zones encadrant les points de cassure. Pour chacun des partenaires uniques, nous 
avons alors sélectionné une sonde finale entre 40 et 50 mers. 
 
 

GTAGAAGTGTATCTCTTTC
AGTTGAACGTCCTCAGAT
GACTTTCGG

46 51 43,5 11 9 3 76,9 66,9 OK 0 0

GTAGAAGTGTATCTCTTTC
AGTTGAACGTCCTCAGAT
GACTTTCGGC

47 52 44,7 11 10 4 78,1 67,6 OK 0 0

GTAGAAGTGTATCTCTTTC
AGTTGAACGTCCTCAGAT
GACTTTCGGCAGG

50 55 46 13 10 4 80,3 68,8 OK 0 0

GAAGTGTATCTCTTTCAGT
TGAACGTCCTCAGATGACT
TTCGGCAGGC

48 56 47,9 12 11 4 81,8 69,1 OK 0 0

 
Tableau 2 : extrait du tableau de rendu des résultats du logiciel d'analyse montrant les critères 
thermodynamiques essentiels pour le choix des sondes. 
 
  
 



 L'ensemble des sondes choisies est vérifié une ultime fois en positionnant ces 
dernières sur les séquences des transcrits de fusion de notre base de donnée sous Vector 
NTI®. Nous pouvons ainsi être sûrs que la taille des amplicons (distance entre les deux 
sondes d'un transcrit de fusion) n'excède pas 150 pb, la taille moyenne des fragments d'ARN 
dégradés rencontrés dans les échantillons FFPE. 
  
 Il est à noter qu'aucune solution satisfaisante n'a été trouvée pour régler les problèmes 
d'homologie entre les transcrits de fusion impliquant les gènes SSX1, SSX2 ou SSX4. Il est 
fort probable que les trois sondes correspondantes se comportent de la même façon lors de 
l'hybridation et ne permettent pas de discriminer les sous-types. En ce qui concerne les 
transcrits de fusion impliquant les gènes PAX3 et PAX7, il serait possible de choisir des 
sondes en dehors des zones d'homologies, mais les amplicons auraient une taille de 200 pb. 
 
 Notre liste finale est composée de 52 sondes, dont 36 sondes de recherche de transcrits 
de fusion et 16 sondes contrôles positifs des étapes de RT et de PCR multiplexes. Ces sondes 
nous permettront de diagnostiquer les 4 sous-types de rhabdomyosarcomes, les 24 sous-types 
d'Ewing et les 7 sous-types de synovialosarcomes connus. 
 
 

2.2. Design des amorces de RT et de PCR 

 

Nous avons choisi d'élaborer une puce de diagnostic qui soit compatible avec le 
matériel fixé au formol et inclus en paraffine (FFPE). En effet, ce mode de conservation 
présente un avantage certain en termes de coûts de stockage puisque les échantillons sont 
alors stabilisés et peuvent être entreposés à température ambiante. Il permet également de 
faire circuler plus facilement et plus sûrement les échantillons entre les laboratoires et les 
différents services d’un ou plusieurs hôpitaux. En revanche, ces échantillons nécessitent un 
traitement beaucoup plus compliqué lorsqu’il s’agit de réaliser des études de biologie 
moléculaire, et les techniques classiques doivent très souvent être adaptées. En effet, les 
acides nucléiques (ADN et ARN) extraits sont très dégradés et les bases nucléiques subissent 
des modifications chimiques pouvant gêner les enzymes couramment utilisées en biologie 
moléculaire (figure 7). 

 
 

Figure 7 : exemples de profils de dégradation obtenus grâce au Bioanalyzer Agilent. Il s’agit d’électrophorèses 
capillaires des ARN extraits (A) à partir d’un tissu congelé et (B) à partir d’un tissu fixé au formol et inclus en 
paraffine (FFPE). Les ARN extraits du tissu FFPE sont dégradés, les fragments obtenus ont une taille moyenne 
d’une centaine de paires de base. Les pics caractéristiques des ARNs ribosomiques 18S et 28S disparaissent. 
 
 
  

Congelé FFPE



 Mon laboratoire d’accueil fait partie des rares laboratoires spécialisés (il en existe 
seulement trois en France) qui réalisent des diagnostics moléculaires par PCRq sur les 
sarcomes inclus en paraffine. Les résultats obtenus sont excellents et le CLB est devenu un 
des centres de référence pour le traitement des échantillons FFPE. Le savoir-faire et 
l’expertise acquis dans ce domaine peuvent donc être mis à profit pour le design des amorces 
nécessaires aux étapes de RT et de PCR. Ainsi, par rapport à une PCR classique, la PCR à 
partir d'échantillons FFPE doit être robuste, et la taille d'un amplicon de PCR ne doit pas 
excéder 150 pb. Une stratégie de PCR de type ancrée a été retenue, pour sa capacité à réduire 
drastiquement la complexité du pool d'amorces, qui se doivent d'être multiplexées en 
correspondance à l'ensemble des transcrits de fusion recherchés 18. Cela a pour effet direct de 
limiter au maximum les produits d'amplification non spécifiques gênants qui se produisent 
généralement au cours d'une PCR multiplexe. Ainsi, lors de notre processus d'amplification et 
de marquage des sondes, seules les amorces sens vont varier, les amorces antisens 
correspondant à l'ancre choisie (séquence artificielle absente du génome humain). Cette ancre 
aura été introduite dans l'ADNc servant de matrice à la réaction de PCR grâce à une amorce 
de RT chimérique, contenant une partie de la séquence cible du côté 3' et l'ancre artificielle du 
côté 5'. 
 Concernant le design des amorces de RT, la séquence de l'ancre nous a été fournie par 
la société Ipsogen. Pour assurer la spécificité de l'amorce de RT à sa cible, une séquence de 
dix nucléotides correspondant à l'extrémité de la sonde située sur le partenaire du côté 3' a été 
ajoutée à l'ancre. Différents logiciels de design d'amorces PCR ont été évalués. Le logiciel 
libre disponible en ligne Primer3 a finalement été retenu pour son adaptabilité face aux 
séquences difficiles, sur lesquelles nous avions peu de latitude de mouvement en raison des 
contraintes de taille des tissus FFPE 19. Les résultats présentés à partir d'ici concerneront le 
rhabdomyosarcome, car il s'agit du sarcome de plus faible degré de complexité (seulement 
quatre sous-types connus) par rapport aux autres sarcomes qui seront présents sur la puce 
prototype (figure 8). Les résultats de design des deux autres sarcomes pédiatriques sont 
donnés en annexe (annexe 3). 
 

 
 
Figure 8 : résultats du design d'amorces de RT et de PCR obtenus pour le rhabdomyosarcome. Les quatre 
premières séquences correspondent aux quatre transcrits de fusion connus dans les rhabdomyosarcomes : PAX3-
FKHR, PAX7-FKHR, PAX3 MLLT7 et PAX3-NCOA1. Les trois dernières séquences sont les gènes normaux 
des partenaires du côté 3' des transcrits de fusion servant de contrôles positifs. 
 
 Une fois la liste des différentes amorces de RT et de PCR obtenue au format texte 
tabulé, nous avons commandé ces oligonucléotides chez la société Eurogentec (tableau 3).  
 



Nom des amorces Séquence Num Taille 

Primer R ANCRE2 CACGAGAGAGACTACACGGTACTGG 1 25 

Primer F PAX3E7 ccctccaaccccatgaac 2 18 

Primer F PAX7E7 gccctccaaccacatgaac 3 19 

Primer F PAX3E6 tgccaacgtaccagctgtc 4 19 

Primer F MLLT7E1 cctacttcaaggacaagggtga 5 22 

Primer F FKHRE1 cttcaaggataagggtgacagc 6 22 

Primer F NCOA1E12 cctgccagcttcacttcag 7 19 

Primer RT FKHR+ANCRE2 CACGAGAGAGACTACACGGTACTGGccagttcctt 8 35 

Primer RT MLLT7+ANCRE2 CACGAGAGAGACTACACGGTACTGGcatccaccaa 9 35 

Primer RT NCOA1+ANCRE2 CACGAGAGAGACTACACGGTACTGGcgcctgttcc 10 35 

 
Tableau 3 : exemple de la liste d'amorces de RT et de PCR commandés chez Eurogentec pour le diagnostic du 
rhabdomyosarcome. Cette liste contient 7 amorces de PCR (6 amorces sens et 1 amorce antisens correspondant à 
l'ancre) et 3 amorces de RT (car il existe 3 partenaires différents du côté 3' des transcrits de fusion). 
 
 Ces amorces ont tout d'abord été testées et optimisées sur des culots congelés d'une 
lignée cellulaire de rhabdomyosarcome, caractérisée par RT-PCRq classique, et possédant une 
translocation de type PAX3-FKHR. Après avoir réalisé une RT multiplexe (mix de RT 
contenant les 3 amorces), nous avons réalisé les PCR des 6 couples d'amorces possibles ainsi 
qu'une PCR multiplexe contenant toutes les amorces à la fois (figure 9 et annexe 4). 
 

 
 
Figure 9 : résultats de migration sur gel des produits de la RT-PCR multiplexe ancrée réalisée sur de l'ARN 
extrait à partir d'une lignée de rabdomyosarcome congelée. Sachant que cette lignée est caractérisée par une 
translocation de type PAX3-FKHR, il est possible de déduire les tailles d'amplicons attendues. Dans chacun des 
puits d'électrophorèse, nous obtenons des bandes aux tailles attendues. Il existe cependant des bandes non 
spécifiques, en particulier au niveau du front de migration, qui correspondent probablement à des dimères 
d'amorces, puisqu'on les retrouve dans le puits contrôle sans matrice ADNc. 
 
 



 
 Les résultats de ce premier test sont très encourageants. En effet, pour chacun des six 
couples d'amorce testés, nous retrouvons bien des bandes aux tailles attendues, aux environs 
de 150 pb (couples n° 1, 2, 4, 5 et 6) et de 360 pb (couple n°3). Il existe toutefois des bandes 
aspécifiques dans de nombreux puits d'électrophorèse, mais on peut supposer que ces produits 
non spécifiques n'auront pas d'influence au moment de l'hybridation de l'ensemble de ces 
cibles sur la puce. De même, le résultat de la PCR contenant l'ensemble des sept amorces 
multiplexées est positif puisqu'on ne retrouve pas les bandes parasites des autres puits (hormis 
une bande entre 50 et 100 pb correspondant très probablement à des dimères d'amorce), 
comme si l'amplicon d'intérêt prenait le dessus sur les réactions parasites. 
 
 Nous avons ensuite essayé d'optimiser la réaction de PCR multiplexe en essayant de 
trouver la température de fusion idéale, c'est-à-dire celle favorisant le plus l'amplicon d'intérêt 
par rapport aux produits de PCR non spécifiques. Pour cela, nous avons réalisé, pour chacun 
des six couples, une PCR en gradient de température, avec des Tm variants de 54 à 65°C 
(figure 10). La température idéale a pu être estimée à environ 58°C. 
 
 

 
 
Figure 10 : résultats de la migration sur gel des PCR réalisées en gradient de température pour chacun des six 
couples d'amorce de la PCR multiplexe du rhabdomyosarcome. Une température optimale d'environ 58°C 
permettra de limiter au maximum l'apparition de produits aspécifiques. 
 
 
 Nous utiliserons désormais cette température de 58°C pour l'ensemble de nos autres 
tests. Après avoir testé notre design d'amorces sur un culot cellulaire congelé, nous avons 
souhaité l'appliquer à du matériel fixé au formol et inclus en paraffine. Pour cela, des culots 
cellulaires congelés ont été envoyés au service d'Anatomie et Cytopathologie du Centre Léon 
Bérard, pour procéder à leur fixation dans du formol puis à leur enrobage dans de la paraffine. 
L'ARN de ces cellules fixées a ensuite été extrait selon les protocoles classiques d'extraction 
utilisés pour le diagnostique de tumeurs en routine. Un test de RT-PCR multiplexe a été 
réitéré, par couples d'amorces et avec l'ensemble des amorces PCR (figure 11). 
 
 
 
 
 



 
 

 
 
Figure 11 : résultats de la migration sur gel des RT-PCR multiplexes réalisées à un Tm de 58°C, à partir d'ARN 
extrait de culots cellulaires de la même lignée de rhabdomyosarcome, congelée ou fixée au formol puis incluse 
en paraffine. Il est à noter que le nouveau Tm permet de limiter l'apparition de bandes non spécifiques. De plus, 
les PCR réalisées à partir de matériel FFPE sont beaucoup plus "propres" que celles réalisées à partir de matériel 
congelé. Enfin, la bande à environ 360 pb de la PCR n°3 disparaît pour l'échantillon inclus en paraffine, ce qui 
est cohérent avec le fait que le matériel génétique d'un tissu FFPE est très dégradé (les tailles des acides 
nucléiques oscillent autour de 150 pb). 
 
 
 Le design et l'optimisation de la RT-PCR multiplexe du rhabdomyosarcome est une 
réussite, en particulier sur le matériel FFPE. Le travail effectué a été renouvelé pour le 
sarcome d'Ewing et le synovialosarcome. Par la suite, il suffira de rajouter des nucléotides 
biotinylés à la PCR multiplexe pour obtenir des cibles marquées. 
 

 

 

 

 

 

 

 

 

 

 

  



3. Réalisation de la première puce prototype 
 

3.1. Design de la puce à ADN prototype 

 
 Après obtention des premiers résultats positifs en ce qui concerne la partie de 
préparation des cibles (RT-PCR multiplexe de marquage des cibles), nous avons initié la 
production d'une première puce prototype. L'ensemble des sondes choisies précédemment a 
été synthétisé par la société Invitrogen. Ces sondes ont ensuite été déposées sur une 
membrane de nylon chez notre collaborateur Ipsogen, grâce à une séquence d'accroche qui 
permet d'augmenter l'accessibilité des sondes pour les cibles (figure 12). 
 
 

 
 
Figure 12 : principe d'accrochage des sondes sur la membrane de nylon. 
 
 Un schéma de positionnement des sondes a été décidé, et les sondes représentant les 
partenaires du côté 5' des translocations (les plus importantes) sont déposées en duplicats 
(figure 13). 
 

 
 
Figure 13 : schéma de positionnement des sondes sur la membrane (à gauche) et photo de la première puce 
prototype (à droite). 



3.1.1. Premiers tests de la puce à ADN prototype 

 
 Une première expérience d'hybridation a été menée sur les premiers échantillons de la 
puce prototype, en marquant les cibles lors de l'étape de PCR ancrée multiplexe à l'aide de 
nucléotides marqués radioactivement au 32P. Ce marquage radioactif est juste utilisé en test 
pour sa grande sensibilité, mais ne sera bien sûr pas retenu comme principe de marquage 
final, en raison des contraintes qu'il engendre et qu'on ne peut pas transposer dans un 
laboratoire de diagnostic en routine. 
 Pour ce premier test, nous avons encore une fois utilisé notre lignée de 
rhabdomyosarcome possédant la translocation PAX3-FKHR. Les produits de PCR radioactifs 
ont été hybridés sur la nuit sur la puce à ADN, puis révélés pendant 24h (figure 14). 
 
 

 
 
Figure 14 : premier résultat d'hybridation sur puce à ADN prototype des produits d'amplification de la lignée de 
rhabdomyosarcome de type PAX3-FKHR. Les spots attendus comme positifs sont entourés sur le plan de la puce 
(à gauche). A droite, on peut voir le résultat de l'étape de révélation, sur laquelle on a superposé un masque 
permettant le repérage des sondes. 
 
 Les sondes contrôles MLLT7(E1), MLLT7(E2), FKHR(E1) et FKHR(E2) sortent 
clairement positives. Les sondes contrôles NCOA1 sortant très mal, elles seront donc 
abandonnées lors du design final de la puce, et les amorces correspondantes seront retirées du 
pool multiplexe utilisé pour la préparation des cibles. Les seules sondes s'allumant en duplicat 
et correspondant au partenaire du côté 5' de la translocation sont les sondes PAX3(E7). La 
puce à ADN nous montre donc la présence d'une translocation de type PAX3(E7)-gène3', le 
gène3' correspondant plutôt au gène FKHR qu'au gène MLLT7 au vu de l’intensité des 
signaux obtenus.  
 



CONCLUSION ET PERSPECTIVES 
 
 Les travaux réalisés jusqu'à présent ont clairement prouvé la faisabilité de la détection 
sur puce à ADN de transcrits de fusion amplifiés et marqués par RT-PCR ancrée multiplexe. 
Ainsi, en une seule expérience, il est possible de détecter l'ensemble des translocations 
répertoriées dans les sarcomes complexes. 
 Les travaux de design d'amorces ont été achevés sur les sarcomes pédiatriques 
(rhabdomyosarcome, synovialosarcome et sarcome d'Ewing). Le test du rhabdomyosarcome a 
été couronné de succès. Il reste à tester les design d'amorces des deux sarcomes pédiatriques 
restants, à l'aide de lignées caractérisées si possible, ou à l'aide des transcrits de fusion clonés 
dans des vecteurs bactériens. Une fois les différents tests effectués, la puce prototype pourra 
être améliorée, et sa complexité sera réduite, en ne gardant que les meilleurs contrôles positifs 
pour chacun des types de sarcomes. 
 Ensuite, une fois la puce à ADN pédiatrique éprouvée, ce principe de détection sera 
élargi à l'ensemble des sarcomes à translocations répertoriés dans la base Vector NTI® qui est 
fréquemment maintenue à jour grâce à l'utilisation de flux RSS. 
 
 Enfin, nous pourrons lancer une étude plus large basée sur de vrais échantillons 
tumoraux. Ces tests seront simultanément menés sur puce et via notre approche diagnostique 
traditionnelle par RT-PCRq, pour comparer exhaustivement ces deux techniques en termes de 
sensibilité et de spécificité. Après validation des résultats obtenus et en cas de réussite, nous 
envisageons de transférer cette technologie en routine, en tant que nouveau test diagnostique 
moléculaire de référence au Centre Léon Bérard. 
 
 
 
 
 
 
 
  



ANNEXES 
 
1. Liste des sous-types pédiatriques diagnostiqués au Centre Léon Bérard par RT-PCRq 

-> Sarcome d'Ewing /pPNET: 8 sous-types 
ES/pPNET - Type I EWS (E7) - FLI1 (E6) 

  ES/pPNET - Type II EWS (E7) - FLI1 (E5) 
  ES/pPNET - EWS (E7) - FLI1 (E7) 
  ES/pPNET - EWS (E7) - FLI1 (E8) 
  ES/pPNET - EWS (E7) - FLI1 (E9) 
  ES/pPNET - EWS (E10) - FLI1 (E5) 
  ES/pPNET - EWS (E7) - ERG (E6) 
  ES/pPNET - EWS (E7) - ERG (E8) 
-> Synovialosarcome: 3 sous-types 
  SS - SS18 (E10) - SSX1 (E6) 
  SS - SS18 (E10) - SSX2 (E6) 
  SS - SS18 (E10) - SSX4 (E6) 
-> Rhabdomyosarcome : 2 sous-types 
  ARMS - PAX3 (E7) - FKHR (E2) 
  ARMS - PAX7 (E7) - FKHR (E2) 
 
2. Liste des sous-types présents sur la puce à ADN prototype de diagnostic des sarcomes pédiatriques 

-> Sarcome d'Ewing /pPNET: 24 sous-types 
ES/pPNET - Type I EWS (E7) - FLI1 (E6) 

  ES/pPNET - Type II EWS (E7) - FLI1 (E5) 
  ES/pPNET - EWS (E7) - FLI1 (E4) 
  ES/pPNET - EWS (E7) - FLI1 (E7) 
  ES/pPNET - EWS (E7) - FLI1 (E8) 
  ES/pPNET - EWS (E7) - FLI1 (E9) 
  ES/pPNET - EWS (E7) - ERG (E6) 
  ES/pPNET - EWS (E7) - ERG (E7) 
  ES/pPNET - EWS (E7) - ERG (E8) 
  ES/pPNET - EWS (E7) - ERG (E9) 
  ES/pPNET - EWS (E7) - ETV1 (E10) 
  ES/pPNET - EWS (E7) - ETV4 (E9) 
  ES/pPNET - EWS (E7) - FEV (E2) 
  ES/pPNET - EWS (E8) - FLI1 (E7) 
  ES/pPNET - EWS (E8) - ZNF278 (E1) 
  ES/pPNET - EWS (E9) - FLI1 (E4) 
  ES/pPNET - EWS (E9) - FLI1 (E7) 
  ES/pPNET - EWS (E10) - FLI1 (E5) 
  ES/pPNET - EWS (E10) - FLI1 (E6) 
  ES/pPNET - EWS (E10) - FLI1 (E8) 
  ES/pPNET - EWS (E10) - ERG (E6) 
  ES/pPNET - EWS (E10) - FEV (E2) 
  ES/pPNET - FUS (E6) - ERG (E9) 
  ES/pPNET - FUS (E7) - ERG (E8) 
-> Synovialosarcome: 7 sous-types 

SS - SS18 (E9) - SSX1 (E4) variant 
  SS - SS18 (E10) - SSX1 (E6) 
  SS - SS18 (E10) - SSX2 (E6) 
  SS - SS18 (E10) - SSX2 (E6) variant 
  SS - SS18 (E10) - SSX2 (E6) variant 2 
  SS - SS18 (E10) - SSX4 (E6) 
  SS - SS18 (E10) - SSX4 (E7) variant 
-> Rhabdomyosarcome : 4 sous-types 
   ARMS - PAX3 (E7) - FKHR (E2) 
   ARMS - PAX7 (E7) - FKHR (E2) 
   ARMS - PAX3 (E6) - NCOA1 (E13) 
   ARMS - PAX3 (E7) - MLLT7 (E2) 



3. Liste des amorces de RT et de PCR dessinées pour le synovialosarcome et le sarcome d'Ewing 
 

Amorces synovialosarcome Séquences Num Taille

Primer R ANCRE2 CACGAGAGAGACTACACGGTACTGG 1 25

Primer F SS18E10 agcctggaccaccacagc 2 18

Primer F SS18E9 tatccaccccagcagcag 3 18

Primer F SSX1E3 ctcggagaaaatcagctatgtg 4 22

Primer F SSX24E5 aggttgaacgtcctcagatg 5 20

Primer RT SSX1E6+ANCRE2 CACGAGAGAGACTACACGGTACTGGGTGGGCCAGA 6 35 

Primer RT SSX1E4+ANCRE2 CACGAGAGAGACTACACGGTACTGGCTGGAAGTCT 7 35 

Primer RT SSX1E5+ANCRE2 CACGAGAGAGACTACACGGTACTGGCTTCGGGATG 8 35 

Primer RT SSX24E6+ANCRE2 CACGAGAGAGACTACACGGTACTGGGGCACTTCCT 9 35 

Primer RT SSX2E6V2+ANCRE2 CACGAGAGAGACTACACGGTACTGGGAACTGAGGC 10 35 

Primer RT SSX2E6V3+ANCRE2 CACGAGAGAGACTACACGGTACTGGCCTGCCGAAA 11 35 

Primer RT SSX4E7+ANCRE2 CACGAGAGAGACTACACGGTACTGGCAGCTGCTTT 12 35 

  

Amorces Ewing Séquences Num Taille

Primer R ANCRE2 CACGAGAGAGACTACACGGTACTGG 1 25 

CHIP_EWSE7_F cagccaagctccaagtcaat 2 20 

CHIP_EWSE8_F gaggcatgagcagaggtg 3 18 

CHIP_EWSE8EC_F gttcctggagcttaggatgtgt 4 22 

CHIP_EWSE9_F aggaggacgcggtggaat 5 18 

CHIP_EWSE10_F ggacccatggatgaaggac 6 19 

CHIP_FUSE6_F gcagtggtggctatgaacc 7 19 

CHIP_FUSE7_F gaggcagaggtggcatgg 8 18 

CHIP_ERGE5_F gcttttattttcccaaatacttca 9 24 

CHIP_ETV1E9_F ggccccaggcagttttatg 10 19 

CHIP_ETV4E8_F gggtggtgatcaaacaggaac 11 21 

CHIP_FLI1E3_F caacatgaccaccaacgagag 12 21 

CHIP_ZNFE1C_F gtggctggacccctatcc 13 18 

CHIP_ERGE6_RT+ANCRE2 CACGAGAGAGACTACACGGTACTGGGCCGTGACCG 14 35 

CHIP_ERGE7_RT+ANCRE2 CACGAGAGAGACTACACGGTACTGGGGACGCTGGT 15 35 

CHIP_ERGE8_RT+ANCRE2 CACGAGAGAGACTACACGGTACTGGGGATTTGCAA 16 35 

CHIP_ERGE9_RT+ANCRE2 CACGAGAGAGACTACACGGTACTGGGCTGTCCGAC 17 35 

CHIP_FEVE2_RT+ANCRE2 CACGAGAGAGACTACACGGTACTGGCCCCCAGCTC 18 35 

CHIP_FLI1E4_RT+ANCRE2 CACGAGAGAGACTACACGGTACTGGGGCCCACTCC 19 35 

CHIP_FLI1E5_RT+ANCRE2 CACGAGAGAGACTACACGGTACTGGGTGAGGATTG 20 35 

CHIP_FLI1E6_RT+ANCRE2 CACGAGAGAGACTACACGGTACTGGGAATTCATGT 21 35 

CHIP_FLI1E7_RT+ANCRE2 CACGAGAGAGACTACACGGTACTGGCCGTTGCTCT 22 35 

CHIP_FLI1E8_RT+ANCRE2 CACGAGAGAGACTACACGGTACTGGGGTTGGCTAG 23 35 

CHIP_FLI1E9_RT+ANCRE2 CACGAGAGAGACTACACGGTACTGGCTGTCGGAGA 24 35 

CHIP_ETV1E10_RT+ANCRE2 CACGAGAGAGACTACACGGTACTGGCGTTGGTATG 25 35 

CHIP_ETV4E9_RT+ANCRE2 CACGAGAGAGACTACACGGTACTGGCAGAGAAGCC 26 35 

CHIP_ZNFE1_RT+ANCRE2 CACGAGAGAGACTACACGGTACTGGCCTTGGGCGG 27 35 

 



4. Protocoles utilisés pour les RT et PCR multiplexes 
 
-> RT multiplexe 
   Volume final de RT : 40 μl 
   Quantité ARN : 3 μg 
 

Mix 

Volume 

(μl) 

ARN (C = 1,461 ng/μl) 2,1 

Oligos RT multiplexés (10 μM chacun) 2 

dNTP (10 mM) 2 

H20 qsp 24 μl 17,9 

5 min à 65°C 

Tampon 5X 8 

dTT 4 

RNasine 2 

2 min à 42°C 

SuperScript II 2 

50 min à 42°C 

15 min à 70°C 

  

-> PCR ancré multiplexe 

    Volume final de PCR : 50 μl 
    Volume de RT : 5 μl 
    [primers] / réaction : 0,2 μM 
 

Mix Volume pour 1 réaction (μl) 

ADNc 5 

Tampon 10x 5 

dNTP 2 

MgCl2 1,5 

Primer Mix (10 μM chacun) 1 

Taq Polymérase 0,5 

H2O qsp 50 μl 35 
 
 Programme thermocycleur PCR  Tubes = 0,2 ml 
      Vf = 50 μl 
 

Température (°C) Temps Répétitions 

94 2 min 1 

94 1 min 

40 60 1 min 

72 45 sec

72 7 min 1 

16  inf 1 

     

Oligos RT multiplexés 

CHIP_A+FKHR_RT 

CHIP_A+MLLT7_RT 

CHIP_A+NCOA1_RT 

Préparation du pool Multi RT 

Rhabdo 

> Solutions mères à 100 μM 

> Solutions filles à 30 μM 

60 μl sol. mère + 140 μl H20 

> Solution multi RT Rhabdo 

100 μl de chacune des solutions filles 

soit 300 μl à 10 μM chacuns 
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2. Classification des rhabdomyosarcomes grâce aux profils microARN
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Copyright © 2011 Angélique Gougelet et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Sarcomas are divided into a group with specific alterations and a second presenting a complex karyotype, sometimes difficult to
diagnose or with few therapeutic options available. We assessed if miRNA profiling by TaqMan low density arrays could predict
the response of undifferentiated rhabdomyosarcoma (RMS) and osteosarcoma to treatment. We showed that miRNA signatures
in response to a therapeutic agent (chemotherapy or the mTOR inhibitor RAD-001) were cell and drug specific on cell lines and a
rat osteosarcoma model. This miRNA signature was related to cell or tumour sensitivity to this treatment and might be not due to
chromosomal aberrations, as revealed by a CGH array analysis of rat tumours. Strikingly, miRNA profiling gave promising results
for patient rhabdomyosarcoma, discriminating all types of RMS: (Pax+) or undifferentiated alveolar RMS as well as embryonal
RMS. As highlighted by these results, miRNA profiling emerges as a potent molecular diagnostic tool for complex karyotype
sarcomas.

1. Introduction

Sarcomas are rare malignant tumours arising in connec-
tive tissues like fat, muscle, bones, and cartilage. Accord-
ing to molecular cytogenetic alterations, sarcomas could
be divided into two classes: (1) sarcomas with specific
alterations (translocation, oncogenic mutation) including
Ewing sarcoma, gastrointestinal stromal tumours, and alve-
olar rhabdomyosarcoma (2) sarcomas with complex kary-
otype like leiomyosarcoma, pleomorphic liposarcoma, or
osteosarcoma. Osteosarcoma is the most frequent primary
malignant bone tumours, characterized by its metastatic
potent particularly in lung sites and its resistance to con-
ventional treatments like chemotherapy and radiotherapy
[1]. Even if the median survival of osteosarcoma patients
has been improved through preoperative administration of
chemotherapeutic agents, there are nowadays around 40%

poor-responder patients [2]. In fact, osteosarcoma tumours
often resist or relapse to presurgical chemotherapeutic
treatment, and only few therapeutic options are possible
and generally noncurative [3]. A second intensive cure of
chemotherapy is currently administered in this case. Thus, it
seems essential to develop a diagnosis tool to predict tumour
response to chemotherapy to avoid the administration of
inefficient drugs. There is also a need for efficient therapeutic
alternatives based on the discovery of new targets involved in
osteosarcoma tumourigenesis.

Rhabdomyosarcoma (RMS) is one of the most common
soft-tissue sarcoma. Three types of RMS are observed:
alveolar RMS (20%), embryonal RMS (eRMS, 60%), and
pleomorphic RMS (20%). 70% aRMS present a specific
translocation of the transcription factor Pax3 at the 3′end
of FOXO1, creating a potent transcription factor able to
induce myogenesis and survival [4]. 10% aRMS present
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a translocation of Pax7 with FOXO1 [5]. aRMS are of bad
prognosis as compared to eRMS, particularly those with Pax3
fusion gene [6]. Thus, it appears primordial to obtain a
diagnosis tool identifying precisely the RMS subtypes, and
particularly discriminating Pax-aRMS from eRMS, difficult
to separate according to patient survival characteristics, gene
expression profiles, and CGH arrays [7].

Micro-RNAs (miRNAs) are promising diagnosis bio-
markers with their tissue specificities and their involve-ment
in oncogenic process [8]. miRNAs are non-coding small
RNA molecules synthesized from intronic regions with a
size range from 16 to 35 nucleotides. They are processed by
specific complexes of proteins containing Drosha and Dicer
to be matured and finally integrated in RISC complexes
[9, 10]. Mature miRNAs match with complementary
sequences in messenger RNAs resulting in translation
inhibition and accelerated mRNA degradation [11]. miRNA
expression levels are characteristic for one tissue to regulate
gene expression during growth and development, as it
was shown for skeletal tissue and muscle development
[12–14]. Their expression is also deregulated in many
cancers [15, 16], resulting in a tumour miRNA signature,
which could be useful for their classification in line with
their tissue origin and molecular alterations [17–19]. Thus,
they currently constitute potent biomarkers for cancer diag-
nosis [18, 20] with their abilities to be detected in patient
serum. A noninvasive diagnostic tool based on miRNAs for
osteosarcoma could be very useful to adapt chemotherapy
protocols to tumour biological specificities.

In this study, we performed the miRNA profiling of sar-
coma cell lines, human or rat tumours, to assess if miRNAs
could constitute potent biomarkers to surpass the current
limitations for rhabdomyosarcoma diagnosis and osteosar-
coma treatment. miRNA expression levels were determined
using microfluidic cards performing high-throughput Taq-
Man Low Density Arrays (TLDA), a real-time quantitative
PCR (RT-qPCR) assays based on TaqMan technology. We
firstly studied the effects of different chemotherapeutic
agents on osteosarcoma cell miRNA profiles; we observed
that these miRNA signatures were cell specific and drug spe-
cific. A CGH array of osteosarcoma tumours obtained from
a rat model revealed that this miRNA signature, conserved
in rat and human cells, was independent of chromosomal
rearrangements, suggesting that miRNA profiles were linked
to tumour phenotypes rather than to their genetic back-
ground. Of great interest, a miRNA signature was identified
in rhabdomyosarcoma tumours from patients in accordance
with the molecular translocation Pax3 or Pax7. This sig-
nature was in fact a potent tool to discriminate alveolar
RMS (Pax-) from embryonal RMS, indistinguishable by the
molecular techniques currently used. In conclusion, miRNA
profiling constitutes a promising technology as an alternative
or a partner of usual molecular techniques to overcome the
present difficulties in diagnosis and treatment of sarcomas.

2. Experimental Procedures

2.1. Human Rhabdomyosarcoma Tumours. Seventeen pa-
tients treated for rhabdomyosarcoma in the Centre Léon

Bérard were included in this study. Four frozen tumours and
thirteen formalin-fixed paraffin-embedded tumours were
obtained from biopsies realized at the diagnosis. Tumour
diagnoses were realized by a referent anatomopathologist
specialist for this pathology by immunohistochemistry,
FISH, and qPCR.

2.2. Cancer Cell Lines. Five cancer cell lines were obtained
from ATCC (Manassas, VA, USA): the two human osteosar-
coma MNNG/HOS Cl #5 [R-1059-D] (reference CRL-15-
47) and Saos-2 (HTB-85) cells, the chondrosarcoma cell line
SW1353 (HTB-94) and the two Burkitt lymphoma Daudi
(CCL-213) and Namalwa (CRL-1432) cells. Osteosarcoma
and chondrosarcoma cells were grown in DMEM (Gibco,
Carlsbad, CA, USA), supplemented with 10% decomple-
mented fetal calf serum (Lonza, Basel, Switzerland), 10 mL
penicillin streptomycin (10 U/mL/10 µg/mL, Gibco, Carls-
bad, CA, USA), and 5 mL L-glutamin (200 mM; Gibco)
at 37◦C humidified atmosphere containing 5% CO2. Lym-
phoma cells were grown in RPMI (Gibco, Carlsbad, CA,
USA). Cells were exposed to 100 nM RAD-001 (Novartis),
50 µM ifosfamide (ifos, Baxter) or 1 µM cisplatin (CDDP,
TEVA) or 100 µM methotrexate (MTX, TEVA) for 24, 48, and
72 h.

2.3. Rat Osteosarcoma Model. Procedures for animal care
were performed according to institutional and national
guidelines. Animals were anesthetized throughout all
surgical and imaging procedures with isoflurane/oxygen
(2.5%/2.5%, v/v) (Minerve, Esternay, France). The trans-
plantable orthotopic and metastatic rat osteosarcoma model
has been previously described [21–23]. This model mim-
ics its human counterpart in terms of aggressiveness,
metastatic spreading and chemoresistance phenotype [21–
23]. All the tumours obtained were classified as osteoblastic
following histological analyses. Briefly, small tumour frag-
ments (100 mm3) taken from a hyperproliferative osteogenic
tumour area were grafted on 3-weeks old immunocom-
petents Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA, USA). Using a lateral approach, a tumour
fragment was placed contiguous to tibial diaphysis after
periosteal abrasion; then, the cutaneous and muscular
wounds were sutured. Fourteen days after tumour trans-
plantation, animals underwent a first 18F−FDG PET Scan
and were randomly assigned to a control group treated with
saline solution or a treated group exposed to a subcutaneous
dose of 10 mg/kg ifosfamide (ifos, Baxter, Deerfield, IL,
USA), 7 days apart (at days 15 and 22 after tumour transplan-
tation). A second 18F−FDG PET Scan was performed 7 days
after the second ifos administration. Animals were sacrificed
one week after the end of the treatment. Tumour and normal
tissue fragments (muscle, bone, and lung) were collected for
RNA extractions.

2.4. RNA Extraction and Quantitative Real-Time PCR. FFPE
tumours were lysed for 24 h in ATL buffer (Qiagen, France)
supplemented with proteinase K (Qiagen) at 60◦C in rotative
agitation after different washes with toluene, ethanol, and
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tris/EDTA in this order. Total RNA was extracted from
tumour or cell pellets using a single phenol/chloroform
extraction protocol with Trizol, according to the manufac-
turer’s instructions (Invitrogen, Carlsbad, CA, USA). Five
hundred nanograms of total RNA were subjected to the
microfluidic PCR technology performed by Applied Biosys-
tems (Foster City, CA, USA). In brief, RNA was reversed
transcribed, using multiplexed specific looped miRNA
primers from the Taqman MicroRNA Reverse Transcription
kit. The second step consists in a real-time quantitative PCR
on TLDA: RT products are introduced through microchan-
nels into miniature wells that are preloaded with dehydrated
specific primers and probes. Recently, Applied biosystems
released the second version of TLDA, consisting of two cards
A and B. Analyses were performed for 377 miRNAs on card
A and 290 on card B.

2.5. PCR Data Normalization. For each miRNA, the thresh-
old cycle (Ct) was calculated by the ABI 7900 Sequence
Detection System software (plate by plate manual Ct analysis
with a threshold at 0.25 and automatic baseline). All further
data manipulations were done using R scripts. A cutoff

of 32 was applied to discard the late Ct values, except
for RMS analysis. Around 60% of miRNAs passed the
filtering criteria and were used for further analysis. For
each TLDA, quality controls were performed on the raw
data by checking internal controls and using box plot and
scatter plot diagrams. Samples with any kind of problems
were discarded so they would not introduce bias during
the following normalization procedures. We tested different
methods of normalization since the recommended “pseudo”
normalization factor mammU6 plotted in each card was
not stably expressed in our different samples. Normalization
with the two most stable miRNAs identified by GeNorm
was not optimal too. Finally, a global normalization by
the median was chosen for its reliability over experiments.
Tissues included in a given analysis were treated altogether,
the normalization procedure being applied separately for
the two types of card, A and B. Distribution of normalized
data was checked with box plots and correlation plots. The
following formula was used to correct Ct values of every card:

(Normalized Ct) =
Ct× (mean of medians)

(median of the card)
. (1)

Through this approach, the new median value shared by
all samples can be considered as a sort of perfect “virtual
housekeeping gene”. Therefore, the standard ∆∆Ct method
can be used to determine the relative quantities (RQ) as
follows:

∆Ct = (Normalized Ct)− (New shared median). (2)

For the ∆∆Ct calculation, it was more relevant for the
statistical analyses to use the mean of all ∆Ct obtained across

samples for each miRNA, instead of using the ∆Ct of a
reference sample

∆∆Ct

= ∆Ct −
(

Mean of ∆Ct across samples for each miRNA
)

,

(3)

RQ = 2−(∆∆Ct) (4)

2.6. miRNA Target Predictions. We compiled 4 databases
to determine miRNA targets: TargetScan 5.1, MiRanda,
PICTAR, and the miRbase databases. These databases search
the presence of conserved 8mer and 7mer sites on the 3′UTR
parts of messenger RNA that match the seed region of each
miRNA. It also predicts the efficacy of targeting for each
matching site. We created our own database which regrouped
each miRNA with the geneID of all their protein targets, for
rat and human. We only conserved couples miRNA/geneID
present in two databases at least.

2.7. miRNA-Regulated Cell Signalling Pathways Predictions.
We used the “G-language microarray” web application,
which allows the mapping of molecular dataset onto “Kyoto
Encyclopedia of Genes and Genomes” (KEGG) pathway
maps [24]. We first input miRNA-targeted proteins of
interest and the sum of RQ values for all miRNAs that
regulate these proteins, contained between 1 and 50; the
software then generates KEGG data to create FLASH graphics
of cell signalling pathways in which proteins are involved.
The colour intensity of a highlighted protein varies with the
strength of its regulation by miRNAs.

2.8. Proliferation Assay. Cells were plated in 96 well plates
at 5000 cells/well and exposed to 100 nM RAD-001, 50 µM
ifosfamide, 100 µM methotrexate, or 1 µM cisplatin or not
(NT). Cell growth was measured 24, 48, and 72 h later
with 20 µL Cell Titer Glo luminescent reagent (Promega,
Madison, WI, USA) for 10 min. Luminescence was recorded
using a Microbeta reader (PerkinElmer, Fremont, CA, USA).

2.9. Western Blot. Pelleted cells were resuspended in lysis
buffer (Tris 50 mM pH 7.4, NaCl 250 mM, EDTA 5 mM,
NaF 50 mM, Triton X-100 0.1%, orthovanadate 1 µM) plus
protease inhibitors for 30 min on ice. After a centrifugation at
14000 rpm for 10 min, supernatants were boiled for 5 min in
Laemmli sample buffer (Biorad, Hercules, CA, USA). Analy-
sis of protein content was performed on 4%–12% gradient
gel. After electrophoretic separation, 30 µg proteins were
electrotransferred on a polyvinylidene difluoride membrane
(Immobilon P, Millipore corp., Bedford, MA, USA). The
membrane was then blocked for 1 h at room temperature
with blocking agent 0.2% in PBS/Tween 0.1%, probed
overnight with a primary rabbit antibody against the protein
of interest, and finally revealed with a secondary antirabbit
antibody HRP conjugated (Upstate Biotechnology, Lake
Placid, NY, USA) and ECL Advance system (GEhealthcare,
Chicago, IL, USA). Primary antibody used was obtained
from Cell Signaling (New England Biolabs, Beverly, MA,
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USA) used at 1/1000. The β actin was used as a reference
(Sigma).

2.10. CGH Array. Oligonucleotide-based microarray analy-
sis was performed using a custom-designed, 244K-feature
whole-rat genome microarray manufactured by Agilent
Technologies (Santa Clara, CA). Genomic DNA labeling,
array hybridization, and washing were performed as spec-
ified by the manufacturer (Agilent Technologies). Results
of aberration calls consisting of three or more consecutive
oligos were then displayed using custom oligonucleotide
CGH analysis software (Genespring).

2.11. Statistical Analysis. Normalized RQ data were directly
input into the TIBCO Spotfire DecisionSite for Functional
Genomics analysis software. We performed unsupervised
hierarchical clustering to classify samples by groups. The
selection of miRNAs useful to predict tumour response to
treatment was statistically realized using ANOVA tests with P
values of .05 at least. Results were verified through supervised
hierarchical clustering.

Data from miRNA lists of interest were then used as vari-
ables in a three-dimensional principal component analysis
(PCA) performed with R 2.9.0 package to demonstrate their
capabilities to distinguish types of tumours. PCA supplies
a simplified three-dimensional picture to our multivariate
dataset of miRNA RQ values. By mathematical combina-
tion of values according to their strength, three principal
components are created that represent as much as possible
the variability of the data. Thus, tumours possess three new
coordinates in a three-dimensional space. According to their
localization in this space, tumours form groups, and their
subtypes can be predicted.

3. Results

3.1. miRNA Signatures of Osteosarcoma Cell Lines. In our
recent study published in International Journal of Cancer,
we showed that the two osteosarcoma Saos-2 and CRL-15-
47 (15-47) cells mimic the biological response of human
osteosarcoma and tumours obtained from a rat model. In
fact, we identified in an osteosarcoma rat model a panel of
61 miRNAs discriminating tumours with a good response
to ifosfamide from those with a bad response [25]. On the
basis of this signature, we realized a principal component
analysis allowing predicting tumour response. In this PCA
diagram, we could notice that the Saos-2 cells were predicted
as sensitive to ifosfamide contrary to 15-47 cells (Figure 3(b)
[25]), according the results obtained by a proliferation assay
(Figure 6(a) [25] and Figure S1). This was confirmed by a
PCA analysis realized with the miRNA signature identified in
human tumours (Figure S2). We so considered that these two
cell lines were an interesting model to study the importance
of miRNAs in cell response to treatment and to identify new
therapeutic strategies.

3.2. miRNA Signatures of Human Cancer Cell Lines. We
firstly performed a preliminary miRNA profiling on different
cell models to compare the miRNA profiles of osteosarcoma

cells used in our laboratory to perform in vitro experiments,
Saos-2 and 15-47 cells, with the chondrosarcoma cells SW-
1353 (chondro) and the Burkitt lymphoma Daudi and
Namalwa cells. In a previous study, we identified 61 miRNAs
involved in osteosarcoma cell response to treatment [25].
We only conserved these miRNAs to realize an unsupervised
hierarchical clustering with the five cancer cell lines. As
shown in Figure 1(a), this miRNA signature was represen-
tative of the two human osteosarcoma cell lines, since these
two cells clustered together independently but closely to the
chondrosarcoma cells. These three cell lines were classed in
a distinct group from the two lymphoma cells Daudi and
Namalwa. This confirmed that each cancer cell line presents
a miRNA signature in accordance with their origin, as shown
by others [15, 16].

3.3. miRNA Profiles in Response to Chemotherapeutic Agents
Were Cell Specific. Then, we assessed if miRNA profiles were
specifically modified in response to chemotherapy. We chose
to expose osteosarcoma and lymphoma cells to ifosfamide,
an alkylating chemotherapeutic agent currently used for
paediatric osteosarcoma. A proliferation assay based on ATP
measurement showed that the only Saos-2 cell line was
moderately sensitive to 50 µM ifosfamide after 48 h exposure
(proliferation inhibition around 30%) (Figure S1). Based
on this observation, we decided to expose these cells to
50 µM ifosfamide for 24 h to realize miRNA profiling. On the
basis of the panel of 61 miRNAs identified in our previous
study [25], osteosarcoma cells were markedly different from
lymphoma cells, confirming that miRNA profiles were cell
specific as shown by the unsupervised hierarchical clustering
in Figure 1(b). We could notice that Saos-2 cells present a
unique miRNA signature in which the majority of miRNAs
were overexpressed (in red in Figure 1(b)). A supervised
hierarchical clustering realized following an ANOVA P <
.03 between the Saos-2 sensitive cells versus the resistant
cells revealed that they effectively clustered according to
their sensitivity to ifos: Saos-2 in one hand, independently
to 15-47 cells and both lymphoma cells (Figure 1(c)). We
confirmed this observation with the other chemotherapeutic
agent ciplatin. As previously, cells were classified according to
their susceptibility to CDDP on the supervised hierarchical
clustering in Figure S3A (ANOVA P < .03): the 15-47 and
Namalwa cells, sensitive to CDDP based on the proliferation
assay in Figure S3B, clustered together, independently to
Daudi and Saos-2 cells refractory to this treatment.

3.4. Osteosarcoma Cell miRNA Profiles Were Specific of Each
Chemotherapeutic Agent. Thus, since miRNA signatures of
untreated as well as treated cells were cancer specific, we
assessed if each chemotherapeutic drug induced a different
miRNA profile in a same cell. As suggested previously
for osteosarcoma cells, cisplatin and ifosfamide exposure
resulted in quite different miRNA profiles. After a statistical
analysis with an ANOVA P < .03, we only found two
dicriminating miRNAs common to both miRNA signatures
induced by ifos and CDDP in the two cell lines (Figure S3).
In this context, we test a third cytotoxic agent currently
administered in osteosarcoma pathology, the methotrexate.
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Figure 1: Cancer cell miRNA signatures were consistent with their tissue origin and with their sensitivity to ifosfamide. (a) This unsupervised
hierarchical clustering only conserved the 61 miRNAs which discrimated osteosarcoma cells according to their response to treatment.
Osteosarcoma cell lines clustered together near chondrosarcoma cells and independently to the lymphoma Daudi and Namalwa cells. Each
row represents the relative levels of expression for each miRNA, and each column shows the expression levels for each sample. The red or
green colour indicates relatively high or low expression, respectively, while grey squares indicate no expressed miRNA. (b) and (c) miRNA
profiles after exposure to 50 µM ifosfamide for 24 h. (b) This unsupervised hierarchical clustering only conserved the 61 miRNA differently
expressed in osteosarcoma cells according to their sensitivity to ifos following an ANOVA (P < .03). (c) This supervised hierarchical clustering
conserved miRNAs differently expressed in cells according to their response to treatment following an ANOVA (P < .05) after removing the
miRNAs whose expression depends on the cell types. The red or green colour indicates relatively high or low expression, respectively, while
grey squares indicate no expressed miRNA.

As shown in the unsupervised hierarchical clustering in
Figure 2, only conserving the 61 miRNAs of interest for
osteosarcoma response, as explained above, the miRNA
signature in the two osteosarcoma cells Saos-2 and 15-47
strongly differed from those observed for ifsofamide and
cisplatin. It is important to note that a majority of these
miRNAs were overexpressed in both cell lines in response
to MTX. This was relevant with their sensitivity to MTX
as shown in the proliferation assay in Figure 2(b). In
brief, it seems that discriminating miRNAs were generally
overexpressed in the cells after exposure to a cytotoxic
agent, to which they were sensitive, as it was also shown
for ifosfamide in the Saos-2 cells (Figure 1(b)). This also
confirmed that miRNAs predicting cell response to a
treatment differed according to the drug.

On the basis of these preliminary in vitro results, we could
suggest that miRNA profiles, due to their drug specificity,
could be a potent tool to predict a cancer cell response
to a treatment. Since osteosarcoma is currently resistant to
conventional treatments, the prediction of its response to one
agent could be a progress for this pathology.

3.5. Osteo- and Chondrosarcoma Cell Response to the mTOR
Inhibitor RAD-001. As highlighted by these previous data,

we were able to classify and predict osteosarcoma cell
response to chemotherapy. Our algorithms were not only
interesting for chemotherapeutic agents but also promising
to identify new targeted therapies to encounter osteosarcoma
resistance. Thus, we tested a potent drug for skeletal sarcoma
treatment, which inhibits the pro-oncogenic protein
mTOR, called RAD-001 (Everolimus, Novartis). mTOR
is often aberrantly activated in cancers and, in particular
in chondrosarcoma [26] and osteosarcoma [27]. mTOR
signalling has been described as implicated in tumour
development, metastasis, and drug resistance [28, 29];
thus, mTOR targeting successfully inhibits tumour growth
and renders them sensitive to conventional treatments
[30, 31]. RAD-001, acting in a similar manner than
rapamycin through the inhibition of mTORC1 complexes,
is currently tested in various clinical trials for renal cell
carcinoma (RECORD program), advanced papillary
tumours (RAPTOR), metastatic neuroendocrine tumours
(RAMSETE), or breast cancers (BOLERO).

Thus, we performed in vitro experiments on chon-
drosarcoma and osteosarcoma cells with 100 nM RAD-
001. The Saos-2 and chondrosarcoma cell proliferation was
reduced of 40% following exposure to RAD-001 during 72 h
contrary to 15-47 cell growth (Figure 3(a)). In parallel, we
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Figure 2: miRNA expression profiles osteosarcoma cells were
specific for each chemotherapeutic agent. (a) This unsupervised
hierarchical clustering conserved the miRNAs identified as dis-
criminating for ifosfamide response after removing the miRNAs
whose expression depends on the cell types. Each row represents
the relative levels of expression for each miRNA, and each column
shows the expression levels for each sample. The red or green
colour indicates relatively high or low expression, respectively, while
grey squares indicate no expressed miRNA. (b) Cell growth was
measured by the Cell Titer GloLuminescent assay as described in
Section 2.6 24, 48, and 72 h after exposure to 100 µM methotrexate.
Results were represented as the mean % of proliferation normalized
to untreated cells of two independent experiments realized in
duplicate.

realized Western blot with RAD-001 on chondrosarcoma
and osteosarcoma cells concerning the major actors of the
mTOR cell signalling pathways. This revealed that the mTOR
pathway was inhibited by RAD-001 in chondrosarcoma cells
contrary to 15-47 cells, in particular eIF4G and p70 S6 kinase
whose phosphorylation level was decreased (Figure 3(b)).

Thus, we analysed if the miRNA signatures of these cells
were different and could explain their differential response to
RAD-001. We performed a supervised hierarchical clustering

between untreated Saos-2, chondrosarcoma and 15-47 cells
following an ANOVA with P < .05. This clustering revealed
that 16 miRNAs discriminated the chondrosarcoma and
Saos-2 cells in one hand and the 15-47 cells in the other hand
(Figure 4). Except miR-146, Saos-2 and chondrosarcoma
overexpressed these contributory miRNAs.

Thereafter, as we have explained in our previous study on
osteosarcoma [25], miRNA profiling constitutes a potent tool
to identify miRNA-targeted cell signaling pathways through
an in silico approach. In our case, we searched if these miR-
NAs shown as differently expressed in cells according to their
response to RAD-001 potentially target the mTOR signalling
pathway. We created a database, as described in Section 2.6
which determine the predicted targets for these miRNAs
described in the miRbase. Then, we summed up the RQ
values for each miRNA in the Saos-2 and chondrosarcoma
cells sensitive to RAD-001 and concatenated with the geneID
of their protein targets. We finally inserted these data in
the G-language microarray web application, which connects
miRNA targets according to their involvement in similar
KEGG pathways, the mTOR pathway in this case. As shown
in Figure 5, the mTOR pathway is targeted by these miRNAs
and particularly its downstream proteins implicated in VEGF
signaling and autophagy processes, in particular RICTOR,
ATG1, and HIF-1a. Thus, the Saos-2 and chondrosarcoma
cells overexpressed miRNAs that potentially inhibit mTOR
signalling. Inhibition of these miRNAs through the use of
Locked Nucleic Acid (LNA) and qPCR measurement of
RICTOR, ATG1, and HIF1a could confirm this concept.

To resume, miRNAs constitute potent biomarkers to
determine the susceptibility to a treatment and could be very
useful to identify new therapeutic targets as an alternative of
chemotherapy for chondrosarcoma and osteosarcoma often
refractory to this treatment. In the next steps, we assessed if
these observations were relevant in vivo, with a model of rat
osteosarcoma and with patient samples.

3.6. Predictive miRNA Signature of a Rat Osteosarcoma Model
Was Probably Not Related to DNA Aberrations. As described
in other studies realized by members of our team [21, 22, 25],
we possess a rat osteosarcoma model mimicking the human
pathology concerning aggressiveness, chemoresistance and
the apparition of lung metastases (see Section 2.6). The
treatment of animals with ifosfamide results in two groups,
the good versus the bad or moderate responders, in a
proportion closer to that observed for patients. By miRNA
profiling, we were able to distinguish tumours sensitive to
ifosfamide from those refractory to this drug and above
all to predict the response of untreated tumours with ten
miRNAs through the use of statistical algorithms created
in our lab [25]. Following these interesting data, we would
like to confirm that this miRNA signature was specific of
tumour response to treatment and not related to different
tumour genetic backgrounds. We thus realized an analysis
in CGH array with the same tumours used for miRNA
profiling. We analysed two tumours of each type, untreated,
treated with ifosfamide and good responder, or treated
with ifosfamide and bad responder, as compared to the
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Figure 3: mTOR inhibition by RAD-001 in chondrosarcoma resulted in cell proliferation inhibition. (a) Cell growth was measured by the
Cell Titer GloLuminescent assay as described in Section 2.6 24, 48, and 72 h after exposure to 100 nM RAD-001. Results were represented as
the mean % of proliferation normalized to untreated cells of two independent experiments realized in duplicate. A Fisher test was realized,
NS corresponds to “nonsignificant”. (b) Western blot analysis of RAD-001 effects on the mTOR pathway in the chondrosarcoma and 15-47
osteosarcoma cells exposed or not (NT) to doxorubicin (dox). 30 µg protein extracts were analysed by Western blot with antibodies 1/1000
against actors of the mTOR pathway (phosphorylated form or not) (Cell signalling, Beverly MA).

same untreated bone sample, the reference tissue in CGH
analysis. The majority of chromosomal aberrations observed
in CGH array was common to untreated tumours and treated
tumours, regardless of their response to treatment (Figure 6).
The few different abnormalities were essentially linked to
individual tumour biological specificities.

We compiled all abnormalities and verified in our
“home-made” database if any miRNA, identified as discri-
minating of tumour response, was located in these DNA
regions. Interestingly, this in silico analysis also revealed that
neither miRNA nor gene were present in the few differential
aberrations observed in these tumours, in particular in the
chromosome 4 (Figure S4), suggesting that the different
miRNA profiles were rather linked to tumour response to
treatment and not due to upstream chromosomal rearrange-
ments. Although we could not rule out that some trans-
acting proteins could be deregulated consequently to these
aberrations, this suggested that all tumours were homo-
geneous and that an increase in some miRNAs in sensitive
tumours were due to their upregulation and not to a genetic
amplification.

It seems that molecular diagnosis based on miRNA pro-
filing highlights the tumour behaviour, that is, in response to
a treatment, and thus a phenotype rather than a genotype
contrary to CGH array. These two molecular techniques
could be a couple of choice to improve the care of patients
with pathologies currently hardly to diagnose.

3.7. Rhabdomyosarcoma miRNA Profiles Were Correlated to
their Histological Subtypes. Finally, to corroborate the pre-
vious idea considering that miRNA profiling could be very
helpful for uncertain diagnoses, we performed the miRNA
profiling of rhabdomyosarcoma samples. In fact, we recently
showed that miRNA profiling was reliable for osteosarcoma
diagnosis on 29 formalin-fixed paraffin embedded (FFPE)
biopsies of patients [25]. Based on the expression level of
a panel of five miRNAs, we successfully separated good
responders from bad responders to treatment. So, we
assessed if our TLDA platform was also competitive for
RMS diagnosis. We obtained seventeen tumours including
alveolar RMS patients, (Pax3+) (3 patients) or Pax7+ (2),
embryonal RMS patients (6) and negative fusion aRMS (6).



8 Sarcoma

15-47 Saos-2Chondro

miR-146a

miR-99a

miR-26a

miR-140-5p

miR-100

miR-27a

miR-625

miR-491-5p

miR-29c

miR-29b
miR-139-3p

Let-7b

miR-598

miR-192

miR-135b

miR-494

Figure 4: miRNA expression profiles of osteosarcoma and chon-
drosarcoma cells were consistent with their sensitivity to the
mTOR inhibitor RAD-001. This hierarchical clustering only con-
served miRNA differently expressed in tumours according to their
response to treatment following an ANOVA (P < .05). Each row
represents the relative levels of expression for each miRNA and each
column shows the expression levels for each sample. The red or
green colour indicates relatively high or low expression, respectively,
while grey squares indicate no expressed miRNA.

All these tumours were diagnosed through the use of
immunohistochemistry, FISH and qPCR, which were val-
idated by a referent anatomopathologist (Table S5). A
supervised hierarchical clustering on rhabdomyosarcoma
tumours following an ANOVA with a P value < .03 between
the four types of RMS, revealed that tumours clustered
according to their molecular alterations Pax3/FOXO1, Pax7/
FOXO1 or no translocation, on the basis of the expres-
sion level of 10 miRNAs (Figure 7(a)). (Pax+) tumours,
particularly those (Pax3+) overexpressed all these miRNAs.
Then, we performed a statistical analysis with these ten
miRNAs based on Principal Component Analysis, a method
which allows studying the variability between a set of
variables. This consists of assigning a new system of three
coordinates to each contributory miRNA by a mathematical
procedure. Then, RQ values of each miRNA are adjusted
for each tumour by the new coefficients obtained previously
and summed up. Thus, a 3-dimension PCA diagram was
realized with the three new coordinates for each tumour
(Figure 7(b)). Through this mathematical representation,
we could distinguish (Pax+) from fusion negative aRMS
and eRMS. eRMS also constitutes an independent group
with a high value of component 2 (represented in the y-
axis on Figure 7(b)). The fusion negative aRMS constitute a
separate group even if some samples were difficult to classify
in accordance with their uncertain diagnosis. Even if the
number of samples was low for each subset, a statistical

analysis showed a significant P value between (Pax3+) and
(Pax7+) and between (Pax+) and (Pax−) tumours, 0.05 and
0.0005 respectively (Figure S6).

We showed that miRNA profiling was a potent tool to
discriminate fusion negative aRMS from embryonal RMS.
miRNAs could be useful biomarkers to improve the diagnosis
of this type of RMS, since fusion negative aRMS are currently
molecularly indistinguishable from eRMS [7].

4. Discussion

miRNA signatures are observed for many types of cancers,
that is, sarcoma [19], breast and prostate cancers [18, 32].
These signatures constitute potent diagnosis and prognosis
tools for chronic lymphocytic leukemia [33], colon ade-
nocarcinoma [34], or lung cancers [35]. Here, we showed
that osteosarcoma cell lines also expressed miRNA patterns
different from those of chondrosarcoma and lymphoma
cells (Figure 1(a)) and which allow us to discriminate cell
response to chemotherapeutic treatment (Figures 1(b), 2,
and S3). In addition, osteosarcoma miRNA signatures were
cell and drug specific (Figure 2(a)). This drug specificity of
osteosarcoma has also been observed by Song et al. with
U2-OS osteosarcoma tumour xenografts, in which different
miRNAs were deregulated in response to the chemothera-
peutic agents doxorubicin, cisplatin, and ifosfamide; only
3 miRNAs were commonly found deregulated in response
to all drugs [36]. With their specificity, miRNAs constitute
promising biomarkers to anticipate the tumour response to
a treatment of interest. As we have recently shown, through
miRNA profiling, we were able to predict osteosarcoma
tumour response to chemotherapy for rat tumours as well as
for patient FFPE biopsies [25]. Here, we showed that miRNA
profiles of osteosarcoma cells were in accordance with their
response to the mTOR inhibitor, RAD-001 (Figures 3 and 4).
The miRNAs deregulated in response to this drug in sensitive
cells, effectively targeted the mTOR pathway, in particular the
downstream proteins eIF4G and p70 S6 kinase (Figure 3(b)),
and potentially RICTOR, ATG1 and HIF1a, which might be
validated by qPCR analysis (Figure 5).

In brief, miRNAs appeared very useful for the iden-
tification of new exciting therapeutic approaches through
the targeting of some miRNA protein targets or some
miRNAs involved in tumour development themselves. In
future, we would like to confirm the implication of these
miRNAs in treatment response in vitro through the use
of miRNA mimics or inversely of Locked Nucleic Acid
(LNA) against these miRNAs. As mentioned in this study,
we possess an interesting in vitro osteosarcoma model, on
which we could test the miRNA functionality in the presence
of the different drugs used in this work. Following the
validation of miRNA involvement in vitro, we would also
test these mimics or LNAs in vivo in the model of rat
osteosarcoma. This approach has been successfully employed
in rhabdomyosarcoma through the conditional expression of
miR-206 in mice [37] and could become a potent therapeutic
strategies [38].

In addition to the identification of new targets, miRNA
also constitute an interesting alternative to the conventional
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Figure 5: The discriminating miRNAs interfered with the mTOR pathway. Proteins in yellow, orange, and red colours represent targets of
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molecular technologies routinely used for cancer diagnosis.
In fact, osteosarcoma present complex karyotypic alterations
rendered them difficult to diagnose with current diagnostic
methods, like CGH array [39]. With the rat osteosarcoma
model, we confirmed that tumours presented numerous long
chromosomal aberrations (Figure 6). These abnormalities
were generally common to all tumours, regardless to their
susceptibility to treatment and neither miRNAs of interest
nor genes were located in these regions (Figure S4). Even
if some proteins involved in the regulation of miRNA
expression (trans-acting factors or epigenetic regulating
factors) could be deregulated following these mutations,
the miRNA profiles observed in rat tumours might be
correlated to the effects of the cytotoxic drugs on the miRNA
machinery and no to upstream DNA rearrangements. Even
if miRNAs could be submitted to epigenetic regulation like
methylation or acetylation, this only concerns 5% to 10%
miRNAs, and we could consider that this process is minor
for the miRNA signature of osteosarcoma tumours and
cells based on 61miRNAs [40, 41]. Enthusiastically, our
work is the first suggesting that miRNA signatures were
not correlated to DNA amplifications, as it was observed
for neuroblastoma [42] or in mixed lineage leukemia [43].
Although our cohort was not fully satisfying, it appeared
that miRNA profiling could predict tumour response to
treatment by reflecting tumour biological specificities and
not genotypic characteristics. This work also highlights

miRNA measurement as an interesting partner to CGH
array in the case of pathologies with unstable karyotypes.
In the same way, Selvarajah et al. was the first to suggest a
combination of CGH array and interphase FISH to better
understanding osteosarcoma pathogenesis [44].

miRNA patterns were not only related with osteosarcoma
phenotypic properties but also with rhabdomyosarcoma
histological subtypes. By miRNA profiling, we were able to
discriminate the different subtypes of rhabdomyosarcoma:
Pax3+ or Pax7+ or fusion negative, classically difficult to
diagnose by histological analysis (Figure 7(a)). This miRNA
pattern was unique since all miRNAS identified as discrim-
inating are no or weakly described in the literature. Very
interestingly, on the basis of their miRNA profiles, our
algorithms allow us to discriminate embryonal RMS from
fusion negative aRMS (Figure 7(b)). It was in agreement with
the work of Wachtel et al. identifying different expression
profiles linked to aRMS (Pax+), fusion negative aRMS, and
eRMS [45].

Altogether, it seems that miRNA measurement is advan-
tageous for sarcoma with complex karyotype, since fusion
negative RMS, similarly to osteosarcoma, are characterized
by a complex karyotype linked to allelic imbalance, loss of
heterozygoty and heterogeneous gene expression profiles.
Although the molecular classification of fusion negative RMS
is always controversial, our work corroborates the study of
Davicioni et al. suggesting that Pax/FOXO1 dictates a specific
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Figure 6: CGH analysis of six tumours from an osteosarcoma rat model. Here, we represent six chromosomes among the twenty + X
chromosomes present in rat genome. All the analyses were performed with the same untreated bone sample as a reference.

expression signature in RMS by oligonucleotide microarray
expression profiling [46]. Inversely, this differs from the
recent work of Williamson suggesting that fusion negative
alveolar rhabdomyosarcoma is difficult to distinguish from
embryonal rhabdomyosarcoma concerning patient survival

characteristics, gene expression profiles, and CGH arrays [7].
In fact, our work and theirs were not totally contradictory,
since they only focused on genomic analysis. As suggested
for osteosarcoma, miRNA patterns reflect the phenotypic
tumour properties rather than its genetic and could be
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Figure 7: Rhabdomyosarcoma miRNA signatures were consistent
with their molecular alterations. (a) This supervised hierarchical
clustering only conserved miRNA differently expressed in the
different subtypes of RMS following an ANOVA (P < .03).
Each row represents the relative levels of expression for each
miRNA, and each column shows the expression levels for each
sample. The red or green colour indicates relatively high or low
expression, respectively, while grey squares indicate no expressed
miRNA. (b) Principal component analysis of RMS tumours as
a tool to determine the potential tumour response to treatment.
RQ values of the ten selected miRNAs for each tumour were
corrected by the coefficients determined in (a), as described in
Section 2.6.

a promising alternative for RMS diagnosis to surpass the
current limitations of molecular analysis combined to tradi-
tional histopathology.

Thus, it seems that miRNA profiling could be very useful
for osteosarcoma and rhabdomyosarcoma diagnosis. Here,
we showed that on the basis of ten miRNAs, we were able to
separate the different subtypes of RMS. We have previously
suggested that a panel of five miRNAs was statistically
sufficient to distinguish the potent response of osteosarcoma
patients to treatment [25]. The TLDA technology presents
numerous advantages including its need for few amount of
total RNA and the possible analysis of FFPE samples, as
it was previously shown by others [47–49]. This method
is especially useful to detect circulating miRNAs in patient
serum, an emerging field these two past years [50, 51].
A blood-based molecular diagnosis tool through miRNA
profiling from patient serum could be a major advance for
osteosarcoma, requiring a biopsy for its diagnosis, which
could result in a secondary amputation.

Altogether, these promising results open up the way to
a new diagnosis tool based on miRNA for osteosarcoma as
well as rhabdomyosarcoma, which could improve patient
survival in both cases through the prediction of patient
response to chemotherapy and the precise identification of
RMS subtypes, respectively.
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3. Caractérisation génomique des rhabdomyosarcomes à transcrits rares

3.1.  Recherche de cas rares grâce aux profils d’expression des microARN 



Figure 37 : ACP supervisée de 41 RMS pour lesquels les profils d’expression des microARN ont été

établis sur la plateforme TLDA.



3.2.  Recherche des transcrits rares par technique FISH et PCR 



3.3.  Caractérisation génomique par technique CGH sur puce 



- Etude de cas : RMS embryonnaire à transcrit rare 



Figure 38 : profils génomiques aCGH obtenus sur plateforme Agilent.
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- Etude de cas : RMS alvéolaire à transcrit rare 



Figure 39 : profil génomique aCGH obtenu sur plateforme Agilent.
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Abstract: 

 

Rationale: 

Leiomyosarcoma (LMS) represent 15% of adult sarcomas. The aim of this work was to 

identify novel altered pathways in LMS which may be of therapeutic value for patients. 

Material and methods 

13 fresh frozen samples of soft tissue and visceral LMS were analyzed and compared with 

normal smooth muscle uterine tissue (NSM) for phosphoproteomic profile. Four proteins 

were found differentially expressed including Tyro3. The functional role of Tyro3 and its 

ligand Gas6 was investigated in 2 LMS cell lines, SK-LMS-1 and CNIO-AA. 

Results: 

Four proteins and phosphoproteins were differentially expressed in LMS samples vs NSM: a 

loss of FAK Y397 phosphorylation was observed in all LMSs while Tyro3, MSH2, and PKC 

theta were consistently overexpressed. Gas6, the major ligand of Tyro3 was expressed in 8 of 

the 13 LMS samples, and Gas6 expression highly correlated to Akt Y473 phosphorylation and 

to a lesser extent to Erk1/2 phosphorylation. SK-LMS-1 and CNIO-AA LMS expressed 

Tyro3, Axl and Gas6 at high level in CNIO-AA, while at low levels in SK-LMS-1. Exposure 

of both cell lines to foretinib, a tyrosine kinase inhibitor of 

Met, Axl and Tyro3, reduced cell viability and induced caspase 3/7 activation. Transfection of 

CNIO-AA with siRNA directed against Tyro3 and Axl genes induced a reduction of the 

expression of the specific proteins, and when combined, significantly reduced CNIO-AA cell 

viability. 

Conclusion:

Leiomyosarcomas overexpress Tyro3. Gas6, a ligand of Tyro3, exerts an autocrine activities 

though Tyro3 and Axl in a subgroup of LMS. 

  



Introduction: 

Leiomyosarcomas (LMS) account for 15% of all adult soft tissue and visceral sarcomas (1-4). 

Primary sites include limbs, trunk, retroperitoneum, and visceral uterus (3). Despite 

heterogeneous clinical presentations and biology, the management of LMS is based on a 

complete surgical excision of the tumour followed or preceded, for most localisations, by 

radiotherapy on the tumour bed (5). In advanced or metastatic LMS, doxorubicin, trabectedine 

(8), gemcitabine and anti-angiogenic agents have a significant yet limited antitumour activity 

(8-10). Leiomyosarcomas exhibit complex and heterogenous genomic alterations, with 

probably different nosological entities. It would be useful to identify potential “driver” genes 

in these tumours, as KIT for GIST (11-17). 

The objective of the present work was to investigate the presence of abnormal proteomic 

patterns in leiomyosarcomas cell lines and fresh frozen tumour samples to screen for possible 

druggable targets. We report here that Tyro3 and its ligand Gas6 are expressed and activated 

in LMS cell lines and fresh tissues, and contribute to LMS cell survival and proliferation. 

 

 

Materials and Methods: 

 

Cell lines and tumour samples: 

The SK-LMS-1 uterine leiomyosarcoma cell line was purchased from ATCC (Manassas, 

VA). The CNIO-AA cell line, derived from a soft tissue leiomyosarcoma, was obtained from 

Pharmamar (Tres Cantos, Spain). Thirteen fresh frozen samples of LMS and normal smooth 

muscle (NSM) uterine tissue sample were collected from the Centre Léon Bérard and the 

ConticaBase tumour bank (conticabase.org). All patients gave a written consent to research 

use of biological material according to the French laws. 

 

Protein preparation for Kinex™ antibody microarrays: 

Tumours and normal tissues were grinded in liquid nitrogen and suspended in lysis buffer. 

The lysates were then centrifuged at 13000 rpm at 4°C and the amount of proteins in the 

supernatant fraction was quantified using the Bio-Rad Dc Protein Assay. 

 

 

 



Kinex™ antibody microarray analysis: 

The experiment was performed by Kinexus Bioinformatics Corporation (Vancouver, BC, 

Canada). Briefly, tumour or normal tissue proteins were tagged with a fluorescent dye, then 

incubated with the antibody microarray; target proteins were captured by specific antibodies 

immobilized on the microarray, and unbound proteins were washed away. Captured proteins 

were quantified according to the amount of dye signal within each spot. For this study, 

Kinex™ Service used the KAM-1.1 chip containing over 650 antibodies each spotted in 

duplicate. Antibodies are directed against 240 protein kinases, 28 phosphatases and 90 other 

cell signalling proteins that regulate cell proliferation, stress and apoptosis, for a total of 630 

proteins tested. 

 

Western blot analysis: 

Lysates of tumour cells were rocked for 30 min at 4°C, and centrifuged to remove insoluble 

material. Supernatant protein contents were determined using Bio-Rad Dc Protein Assay 

(500-0113-0114-0115). The normalized soluble proteins (supernatant fraction) were directly 

analyzed by SDS-PAGE Western blotting with antibodies of interest. 

 

Analysis of Tyro3 and Gas6 interaction: 

The analysis of Tyro3 and Gas6 in the CNIO-AA cell lines was performed using the Duolink 

assay (Uppsala, Sweden). Briefly, the two primary antibodies directed against Tyro3 and 

Gas6 recognize the two antigens of interest in the cells and are recognized by two species-

specific secondary antibodies (provided in the Duolink kit) each labelled with a different short 

DNA strand attached to it .When the secondary antibodies are in close proximity, the DNA 

strands can interact through the addition of two other circle-forming DNA oligonucleotides, 

which are then joined by enzymatic ligation. Upon addition of the amplification solution 

(containing nucleotides and polymerase), several 100–fold replication of the DNA circle 

occur, and fluorescent probes highlight the product. The resulting high concentration of 

fluorescence in each single-molecule amplification product is visible as a bright spot in a 

fluorescence microscope. Nuclei are counterstained with Dapi (blue). 

 

  



siRNA transfections: 

The siRNAs examined in this study were synthesized by Dharmacon, Inc (Lafayette, CO, 

USA): siGENOME smart pool - Human Axl: M-003104-03-0010, Human TYRO3: M- 

003183-02-0010, Human GAS6: M-009069-00-0010. Cells were transfected with the 

DharmaFECT 2 transfection reagent according to the manufacturer’s instructions. To 

determine the efficiency of gene silencing, the whole cell lysates of the co-transfected cells 

was used for western blotting as described above and probed using specific antibodies for 

Gas6, Tyro3 and Axl. 

 

Viability assay: 

SK-LMS-1 and CNIO-AA leiomyosarcomas cells were plated in duplicate in 96-well plates 

(625 cells/well and 2000 cells/well respectively). After 24h, the media was replaced by media 

containing either non-targeting siRNA, siRNA directed against Gas6, Tyro3, or Axl 

(Dharmacon), alone, in paired combinations or all together for 24, 48, and 72h. Relative 

numbers of viable cells were measured in comparison to the untreated control and the siRNA 

control (scramble) using the Cell Titer-Glo® Luminescent Cell Viability Assay (Promega, 

Charbonnières, France) according to the manufacturer’s instructions. Caspase 3/7 assays were 

performed with the Promega luminescent assay caspase-Glo 3/7 luminescent reagent 

(Promega, Charbonnières, France). 

 

Sources of antibodies and tyrosine kinase inhibitors: 

The following antibodies were used: human Gas6 mouse monoclonal antibody, human Dtk 

(Tyro3) goat polyclonal antibody, phosphor-Y799-Axl rabbit polyclonal antibody, human Axl 

goat polyclonal antibody were obtained from R&D systems (France). Phospho-Y397-FAK 

rabbit polyclonal antibody, FAK mouse monoclonal [12G4] antibody from Abcam (France), 

phospho-S473-Akt rabbit monoclonal antibody from Epitomics (France), Akt rabbit 

polyclonal antibody, P44/42 MAP kinase antibody, Phospho-p44/42 Thr 202/Tyr 204 MAP 

Kinase antibody, PTEN (138G6) rabbit monoclonal antibody were obtained from Cell 

signaling (France), ȕ-actine: mouse monoclonal antibody from Sigma (France), GAPDH 

mouse antibody from Biodesign (France). Foretinib, a tyrosine kinase inhibitor of VEGFR2, 

Met, Axl and Tyro 3 was provided by Glaxo Smith Kline (GSK, North Carolina, USA). 

  



Statistical analysis: 

For the statistical analysis of proteomic arrays, Excel® spreadsheets containing raw data, i.e. 

spot signal and local background intensities were provided by Kinexus, as results for the 

hybridization experiments and for each microarray. Duplicate values were averaged, and 

samples were normalized by the mean, first in an intra-slide way (by pairs) to enable direct 

comparison between samples, then in an inter-slide way to compare data derived from 

samples that had been assayed on different slides within the same Kinexus batch. The raw 

intensity data coming from the samples (LMS and NSM as a control) were normalized on an 

Excel sheet according to Kinexus recommendations. Data of insufficient quality were then 

removed, upon manufacturer’s recommendations by applying the following filters: 1) the 

normalized intensities should be above 500 in at least one sample. 2) The signal/noise ratio 

should be above 1.5. 3) In addition, mean values resulting from non consistent duplicates 

were discarded when the error range was above 15%. 4) Finally, to keep only the most 

discriminant antibodies, Log2 (ratio) values between samples were calculated and the 

antibodies that had a two-fold change (|Log2 (ratio) |>1) at least one time were selected. An 

unsupervised clustering was then performed on the remaining 192 proteins selected, after a z-

score transformation. Viability rates between samples were compared with Student T test. 

Protein expression levels between subgroups were compared using a chi square or Fisher’s 

exact test. 

 

  



Results: 

 

Protein expression of leiomyosarcoma vs normal uterine smooth muscle: 

Four (phospho) proteins were most differentially expressed between normal smooth muscle 

(NSM) and the 13 fresh leiomyosarcoma tumour samples tested. All leiomyosarcoma fresh 

tissues showed a down regulation of the phosphorylation of FAK on tyrosine 397 (Figure 1). 

The 3 most overexpressed proteins were Tyro-3, PKCș, and MSH2 (Figure 1). PKCș and 

MSH2 expression will not be further discussed in this paper. 

 

Tyro-3, Axl and Gas6 expression in léiomyosarcome: 

Tyro3 is a transmembrane tyrosine kinase receptors, structurally related to Axl and Mer (19). 

The expression of Gas6, the ligand of Tyro3, and Axl, was investigated in LMS (19). In 

Western blot, the 140 kDa and 120 kD isoforms of Tyro3 were found expressed at various 

levels , the latter being detectable only in 8 of the 13 LMS tested (Figure 2). Tyro3 was also 

detectable at lower level in NSM. No anti phospho-Tyro3 antibody was available for Western 

blot analysis. Axl was found expressed and phosphorylated in 12 of the 13 samples, at 

markedly variable levels (Figure 2, Table 1). 

Gas6 was found expressed in 8 of the 13 LMS, and in NSM (Figure 2). Interestingly, 

phosphorylation of Akt on S473 was low or non detectable in 5 of the 5 tumours with low or 

undetectable Gas6 expression while all 8 tumours with high levels of Gas6 had high levels of 

P-Akt on S473 (p=0.0003, Figure 2, Table 1). High levels of Erk1/2 phosphorylation were 

observed in 9 of the 13 tumours, including all but 1 of the Gas6-expressing tumours (chi2, 

p=0.02) (Table 1). No correlation between Gas6 expression and clinical presentation (grade, 

gender, location) or outcome was found in this small series. 

Protein expression of was investigated in the two LMS cell lines, CNIO-AA (a soft tissue 

LMS) and SK-LMS-1 (a uterine LMS) using Western blot (Figure 3). CNIO-AA expressed 

high levels of Gas6, Tyro3, Axl, phosphorylated Akt, phosphorylated Erk1/2, and low levels 

of phosphorylated FAK Y397. Conversely, SK-LMS-1 expressed low to undetectable levels 

of phosphorylated Akt but phosphorylated Erk1/2 and Y397-phosphorylated FAK in contrast 

with what was observed in LMS samples (Figure 3). Gas6 was detectable at low 

concentrations (<50pg/mL/106cells/24h) in CNIO-AA but not in SK-LMS-1 supernatant. 

Both cell lines had detectable Gas6 in cell lysates, The protein expression profile of CNIO-



AA profile was therefore very similar to that of LMS samples with Gas6 expression, while 

that of SK-LMS-1 differed of LMS tumour samples, including the uterine LMS sample. 

 

Interaction and colocalisation of Tyro-3 and Gas6 in léiomyosarcome: 

To further investigate a putative Gas6/Tyro-3 autocrine pathway in leiomyosarcomas, 

weinvestigated the cellular interaction and co-localisation of Tyro3, Axl and Gas6 in SK-

LMS-1 and CNIO-AA using the DuoLink assay. As shown in figure 4A, Gas6 and Tyro3 

colocalize in CNIO-AA with a dot-like pattern within the tumour cells (Figure 4A). This was 

also observed with Axl and Gas6 (Figure 4B). Possibly because of the low level of Gas6 

expression, the interaction of Gas6 with Tyro3 and Axl was not detectable in SK-LMS-1 

(Figure 4C, 4D). 

 

Response of leiomyosarcoma to exogenous Gas6: 

Recombinant Gas6 was added to “low” Gas6-producing SK-LMS-1 culture. The addition of 

exogenous Gas6 on SK-LMS-1 cell line induced a significant increase of Akt phosphorylation 

in serum free conditions (Figure 5A). In the presence of serum, cell viability was not 

increased by the addition of Gas6 (Figure 5B). Upon serum deprivation, cell viability 

increased only marginally after 24 and 48 hours of exposure to Gas6 (Figure 5C). FAK Y397 

phosphorylation was detectable in SK-LMS-1, and at low levels in CNIO-AA. Recombinant 

Gas6 did not alter the phosphorylation of FAK Y397 in serum free conditions in both cell 

lines (not shown). 

 

Cell viability and caspase activity in cells exposed to Tyro3 and Axl inhibitors: 

Anti-Gas6, and/or anti-Tyro3, and/or anti-Axl antibodies did not affect significantly SK-

LMS-1 or CNIO-AA cell viability nor Akt phosphorylation (not shown). Cell viability of SK-

LMS-1 and CNIO-AA cells was however reduced when cells were then cultured in the 

presence of foretinib, a tyrosine kinase inhibitor Tyro3, Axl, VEGFR2, and Met. Foretinib 

induced also an increase in caspase 3 and 7 activity (Figure 6). Phospho Axl expression was 

reduced upon foretinib exposure. Akt phosphorylation was not reduced in CNIO-AA, which 

lacks PTEN expression. CNIO-AA was then cultured with siRNA against Tyro3 and Axl. 

These siRNA significantly reduced the expression of both proteins in cells (Figure 7A). Gas6 

expression decreased at 3h in the presence of Gas6 siRNA (not shown), but Akt 

phosphorylation was not affected in this PTEN negative cell line (Figure 7A). Tyro3 and Axl 



siRNA combination reduced cell viability of CNIO-AA after 24, 48 and 72 hours of 

incubation (Figure 7B). 

 

Discussion: 

In the present work, we report that the Tyro3 and Axl receptor tyrosine kinases and their 

ligand Gas6, act in an autocrine manner, promoting cell survival and activtatiobn of Akt in 

leiomyosarcomas (LMS). 

The initial goal was to identify novel targets I LMS by studying differences in proteomic 

pattern in LMS as compared to the normal smooth muscle (NSM). The choice of uterine NSM 

tissue as control was dictated by practical considerations (availability of hysterectomy 

specimens), although the proteomic pattern of uterine smooth muscle cells may be different to 

that of smooth muscle cells from other organs. 

FAK Y397 was consistently hypophosphorylated in all LMS tested. Conversely, three 

proteins were found significantly up regulated, Tyro3, PKC�, and MSH2. The significance of 

the overexpression of these 2 proteins is unclear (20), PKC� ҏ has been found overexpressed in 

GIST and PNET (21, 22) However, the present work is focused only on the role of Tyro3. Axl 

and Tyro3 contribute to neoplastic transformation, tumour progression and resistance to 

treatment in renal cell carcinoma, pancreatic adenocarcinoma, glioblastoma, breast 

adenocarcinoma, synovial sarcoma (23-28). Tyro3 has been found activated and to contribute 

to tumour progression in melanoma and thyroid cancer (29-31). 

Tyro3 was found overexpressed as compared to NSM in all the 13 LMS samples and in 2 

LMS cell lines. Axl was also expressed and phosphorylated but at variable levels, in LMS 

samples and also in NSM. The overexpression of Tyro3 is therefore the specific molecular 

feature of LMS cells. We are exploring with CGH array the specific amplification of these 

genes on LMS samples. 

Gas6 was expressed in 8 of the 13 LMS samples and this correlated with Akt 

phosphorylation. Similarly, the CNIO-AA cell line, a soft tissue leiomyosarcomas 

coexpressed Gas6 and phosphorylated Akt at high levels. This is consistent with the 

involvement of the PI3K/Akt pathway in Tyro3 signalling (32). SK-LMS-1 (a uterine LMS) 

expressed low levels of both Gas6 and phosphorylated Akt. 

The observation of cellular colocalization of Tyro3 and Gas6 in the CNIO-AA cell line 

confirms the binding of Gas6 to its receptor, showing an autocrine, possible intracrine, 

pathway in this cell line. Of note while Gas6 was found undetectable in SK-LMS-1 



supernatant, and detectable at low level in CNIO-AA supernatant, it was present at high levels 

in CNIO-AA tumour cell lysates, supporting a possible intracrine lopp of Gas6 and its 

receptors in CNIO-AA, as already reported for KIT in GIST and IL-6 in renal cell carcinomas 

(33, 34). The lack of detection of co-localisation in the SK-LMS-1 may result from the lower 

level of expression of the cytokine in this cell line. 

Antibodies against Axl, Tyro3 or Gas6 did not affect cellular proliferation in the 2 cell lines 

possibly because they act in an intracrine loop as reported in other models (33, 34). In the 

absence of serum, the SK-LMS-1 cell line experienced a dramatic decrease of cell viability, 

despite the induction of Gas6 proteins. Recombinant Gas6 did not significantly increase cell 

viability in the absence of serum possibly again because of a preferred intracrine mode of 

action in this cell lines. Foretinib, a broad spectrum tyrosine kinase inhibitor of Axl and 

Tyro3, but also VEGFR2 and Met, reduced cell viability and induced caspase 3/7 activity in 

both cell lines. The pattern of Tyro3, Gas6 and phospho-Akt expression in CNIO-AA is 

similar to that of LMS samples: combination siRNA against Axl and Tyro3 reduced 

significantly CNIO-AA viability, as well as the expression of their respective protein, while 

Gas6 siRNA induced only a transient decrease of Gas6 protein. SiRNA were not tested in the 

SK-LMS-1 cell line. 

Taken together, these results indicate that 1) Tyro3 is overexpressed in all LMS cell lines and 

tumours, 2) Gas6 is expressed in a subgroup of LMS, 3) that Tyro3 and Gas6 colocalize 

within an intracellular compartment in CNIO-AA, 4) Gas6 expression correlates with 

phosphorylation of Akt, 5) Gas6 induces Akt phosphorylation in the SK-LMS-1 cell line, 6) 

that foretinib induces caspase activation, and impairs cell viability in both cell lines. 

Tyro3 may therefore be target for tyrosine kinase inhibitorsd in leiomyosarcoma patients. A 

potential biomarker in this perspective may be Gas6 expression by leiomyosarcoma cells. 

A downregulation of FAK phosphorylation on the critical Y397 residue was found an 

important proteomic hallmark of leiomyosarcomas. This is in marked contrast with what is 

observed in carcinoma models where FAK Y397 phosphorylation correlates to prognosis and 

aggressiveness in ovarian carcinoma and other carcinoma (35). Loss of FAK Y397 

phosphorylation was unrelated to the presence or addition of Gas6. FAK promotes invasion, 

cell adhesion and matrix adhesion cross talk, as well as matrix adhesion independent cell 

growth and a protection from anoikis (35-37). FAK has been shown to play an important role 

in the formation of normal vascular structure by vascular smooth muscle cells (38). The loss 

of this physiological function of FAK may contribute to neoplastic progression in LMS, 

pointing out the possible vascular origin of most leiomyosarcomas. Actually, the 



identification of Tyro3/Gas6 pathway contributing to LMS cell survival also points to the 

vascular smooth muscle cell origin of leiomyosarcoma cells in humans. Tyro3, Axl, and Gas6 

are important signalling molecules for vascular smooth muscle cells (VSMC) (38). Gas6 is 

induced following vascular injury, promotes VSMC migration (39), and prevents VSMC 

apoptosis (40). A subgroup of leiomyosarcomas may well represent a neoplastic 

transformation of VSMC. 

In conclusion, we report on the presence of an autocrine loop of Tyro3 and Gas6 associated 

with Akt activation in a subset of LMS. The Tyro3 family of receptors may represent an 

attractive target for tyrosine kinase inhibitors in leiomyosarcomas expressing Gas6. 

  



Legends to the figures: 

 

Figure 1: Four proteins differentially expressed in LMS vs normal smooth muscle 

Fig1A: Level of expression of phosphorylated FAK in leiomyosarcoma (LMS) samples vs 

normal smooth muscle (NSM) according to the Kinex assay, expressed in arbitrary units 

(normalized intensity); Fig1B: Western blot showing the loss of FAK Y397 in LMS samples 

vs NSM; Fig1C: Relative expression (fold-increase of normalized intensities) of Tyro3, PKC 

theta, and MSH2 proteins in LMS samples as compared to NSM using the Kinex assay. 

 

Figure 2: Expression of Tyro3, Axl, Gas6, and Akt proteins in leiomysarcomas 

Western blot evaluating the expression of Gas6, Tyro3, Axl, phosphorylated Axl, Akt, 

phosphorylated Akt in LMS samples and normal smooth muscle (NSM) as detailed in 

material and methods. All 5 tumours with low or undetectable levels of expression of Gas6 

(LMS samples 1, 6, 7, 8, 13) had consistently low or undetectable levels of Akt protein 

phosphorylated on S473, while all 8 other LMS tumours with detectable Gas6 have also high 

levels of Akt protein phosphorylated on S473 (0 of 5 vs 8 of 8 p=0.0003). 

 

Figure 3: Expression of Tyro-3, Gas6 and Axl, Erk and Akt in leiomyosarcoma cell lines 

Western blot evaluating the expression of Gas6, Tyro3, Axl, Y397-phosphorylated FAK 

(FAK P-Y397) S473- phosphorylated Akt (Akt P-S473), phosphorylated Erk1 / 2 (P-Erk1/2) 

in leiomyosarcoma cell lines as detailed in material and methods. 

 

Figure 4: Intracellular colocalisation of Tyro3 and its ligand Gas6 

The Duolink assay (see material and methods), was used to demonstrate the interaction of 

Tyro3 and its ligand Gas6 (Fig4A, Fig4C) as well as Axl and Gas6 (Fig4B, Fig4D) in the 

CNIO-AA cell line (Fig4A, Fig4B) but not detectable in SK-LMS-1 cell line (Fig4C, Fig4D). 

 

Figure 5: Modulation of cell viability and Akt phosphorylation in SK-LMS-1 by 

exogenous Gas6 

Cell viability of SK-LMS-1 in the presence of exogenous Gas6 in the presence (Fig5A) or 

absence of serum (Fig 5B) using the Cell Titer-Glo® Luminescent Cell Viability Assay 

(Promega). LCPS: luminescence counts per second Fig5C: Western blot showing the 

modulation of Akt phosphorylation in SK-LMS-1 cell line by recombinant Gas6. 



Figure 6: Foretinib reduces viability and induces caspase activity in SK-LMS-1 and 

CNIO-AA cell lines 

Cells were cultured 24 hours in presence of the indicated concentrations of foretinib then 

tested for cell viability using the Cell titer glow assay (Fig6A, Fig6B) and caspase 3/7 activity 

using the Promega luminescent assay caspase-Glo 3/7 luminescent reagent (Fig6C). 

Foretinib blocks the proliferation of both cell lines and induces caspase 3 and 7 activation in a 

dose dependent manner in the SK-LMS-1 and CNIO-AA cell lines. 

Figure 7: siRNA directed against Gas6, Tyro3 and Axl reduce CNIO-AA cell viability 

Fig7A: The expression of Tyro3 and Axl, in CNIO-AA exposed to 100nM specific siRNA ; *: 

for P-Akt, cells were exposed to 100nM of Gas6 siRNA only. 

Fig7B: The cell viability of CNIO-AA is decreased when cultured with Tyro3 and Axl siRNA 

LCPS: luminescence counts per second. 
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Table 1: Characteristics of the patients and semi-uantitative expression of molecular markers 

Legend :  

AWD : alive with disease, DOD : dead of disease, NED : non evolutive disease, LFU : lost to follow-up,  

Semi-qantitative evaluation of protein expression: 0: no expression, + low elvel of expression, ++ high level of expression 

Patient Id Age Sex Grade 
Site of the 

primary 
Clinical 
Status 

Tyro3 
Gas6 

Axl 
Phospho 

Axl 
Akt 

Phospho 
Akt 

Erk1/2 
Phospho 

Erk

LMS 1 80 M 3 Shoulder NED ++ 0 + ++ ++ + ++ ++ 

LMS 3 55 F 2 Retroperitoneum  DOD ++ ++ + ++ ++ ++ ++ ++

LMS 4 64 F 3 Thigh NED + ++ ++ + ++ ++ ++ ++

LMS 5 75 M 3 DOD ++ + + + ++ ++ ++ ++

LMS 6 64 F 3 DOD + 0 ++ + ++ 0 + 0 

LMS 2 71 F 2 

Thigh

Thigh

Thigh DOD ++ ++ ++ ++ ++ ++ ++ 0 

LMS 11 69 M 3 Abdominal wall DOD ++ 0 ++ + ++ 0 ++ 0 

LMS 9 72 F 3 Trunk wall DOD ++ ++ + + ++ ++ ++ ++

LMS 10 69 M 2 Leg DOD + ++ + ++ ++ ++ ++ ++

LMS 8 65 F 3 Pelvis NED + 0 ++ + ++ + ++ ++

LMS 7 80 F 2 Arm AWD ++ 0 ++ + ++ + ++ 0 

LMS 12 53 F 3 Uterus LFU + ++ + + ++ ++ ++ + 

LMS 13 67 F 3 Retroperitoneum  NED ++ ++ + ++ ++ ++ ++ ++



F
ig

u
re

s:
 

0

1000

2000

3000

4000

5000

6000

N
or

m
al
 M

u

L
s

M
cl
e

S

L
11

M L
S
 2

M L
S
 7

M L
S
 1

M L
S
 8

M L
S
 3

M L
S
 9

M

LM
S
 4

S

L
10

M

LM
S
 5

S

L
12

M

LM
S
 6

S
 1

3

IB: FAK PY 397125 KDa

IB: beta-actine42 KDa

N
M

L
M

S
1
 

L
M

S
8
 

L
M

S
3
 

L
M

S
9
 

L
M

S
4
 

L
M

S
1
0
 

L
M

S
5
 

L
M

S
1
2
 

L
M

S
6
 

L
M

S
1
3
 

L
M

S
7
 

L
M

S
2
 

L
M

S
1
1
 

C
tr

 +
 

C
tr

 +
 

Fig. 1A

Kinex Assay 

Western blot 

Fig. 1B 

Figure 1: Loss of FAK P –Y397, overexpression of PKCΘ, MSH2, Tyro3 in LMS 
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Fig. 2: Expression of Tyro3, Axl, Gas6, and Akt proteins in leiomysarcomas samples.
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Fig. 3: Expression of  Gas6, Tyro3 and Axl, FAK, Akt and Erk1/2  proteins in 

leiomyosarcoma cell lines 
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Fig.4: Intracellular colocalisation of Tyro3 and its ligand Gas6 
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Fig. 6: Modulation of proliferation and apoptosis in SK-LMS-1 and CNIO-AA 

with and Axl/Tyro3 tyrosine kinase inhibitor 
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1. Biais biologiques





Figure 40 : profils génomiques aCGH obtenus sur plateforme Agilent pour un même échantillon de

tumeur mélanique, analysé sur deux zones différentes.





Figure 41 : techniques de FISH réalisées sur coupe paraffine d’un échantillon de synovialosarcome.



2. Biais de manipulations et d’analyse





Figure 42 : analyse des intensités brutes de fluorescence avant extraction des données.



Figure 43 : conséquences du phénomène de distribution des données en escalier.



Figure 44 : données de la littérature présentant une distribution en escalier.



Figure 45 : exemples de courbes LOESS en fonction du paramètre de lissage appliqué.





Figure 46 : comparaison de profils aCGH.

B

A



Figure 47 : photos de techniques FISH correspondant au cas contrôle d’ERMS.





1. Aléas technologiques et évolutions
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Figure 48 : agrandissement d’une photo montrant la zone de remplissage d’une plaque TLDA.

Exemple d’une plaque déjà remplie et scellée. En dessous de la zone de remplissage, on distingue les

huit micro canaux permettant d’acheminer la solution d’ADNc dans chacun des 384 puits, lors de

l’étape de centrifugation.

D’après l’ensemble de nos résultats et de la littérature, cette plateforme donne

des résultats robustes. Cependant, un utilisateur est en droit de se demander s’il ne

peut pas exister un problème mineur de contamination inter puits, qui se produirait

lors du remplissage par centrifugation de la plaque TLDA. En effet, les puits n’étant

évidemment pas scellés à cette étape, une fraction infime de liquide transportant des

amorces et des sondes spécifiques pourrait ressortir d’un puits et aller contaminer les

puits situés en aval de la même ligne de remplissage (figure 49).



Figure 49 : représentation schématique des flux d’une plaque TLDA lors du remplissage.





Figure 50 : conséquences du décalage d’une tête du sabot de scellage sur les données brutes.







2. Limites biologiques

2.1.  Limites de la classification actuelle des rhabdomyosarcomes 



Figure 51 : comparaison dans le temps des courbes de survie globale des RMS.



2.2.  Complexité génomique des ostéosarcomes 



Modèle d’étude Rat Homme Lignées d’OS

Nombre de tumeurs

Bagage génétique

Signature MicroARN

Tableau 3 : synthèse des différentes signatures microARN retrouvées comme discriminantes pour

la réponse à la chimiothérapie, en fonction du modèle d’étude.







1. Profils d’expression des microARN et voies métaboliques



Figure 52 : schéma de la base de données de prédiction de cibles et d’annotations ontologiques.



Figure 53 : exemple d’intégration des microARN différentiellement exprimés entre OS

chimiosensibles et OS chimiorésistants, sur la voie métabolique de Wnt.



2. Développement d’outils cliniques de routine





3. Poursuite générale des projets en cours



Figure 54 : corrélation entre coupe colorée HES et technique FISH, réalisés sur une même lame.
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l’étude des profils génomiques (aCGH en cours d’analyse). Dans les GIST, nous

disposons déjà d’une grande cohorte analysée en plaques TLDA (cf. article I, en

soumission à RNA). La plupart de ces tumeurs étant incluses dans l’essai clinique

multi centrique BFR14, nous aurons bientôt accès aux données cliniques et nous

pourrons alors essayer de trouver une signature d’expression relative aux différentes

mutations du gène KIT. De plus, dans les tumeurs desmoïdes, nous sommes

actuellement en train de montrer que les profils d’expression des microARN ont une

valeur pronostique.

Enfin, disposant d’une plateforme CGH compatible avec les puces d’expression

ARNm, nous n’excluons pas la possibilité d’analyser le transcriptome de tumeurs

pour certaines de ces pathologies, afin d’avoir la vue la plus complète possible de la

biologie des systèmes de ces tumeurs et des phénomènes de régulations en jeu.

L’intégration de toutes les anomalies moléculaires retrouvées sur des voies

métaboliques sera alors un nouveau défi à relever.
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