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ABSTRACT 
 

The 2016 WHO classification of gliomas integrates molecular alterations 

(ie IDH mutations, and 1p19q codeletion) to histological features, defining 

distinct histo-molecular entities: IDH wild-type gliomas (mostly glioblastomas), 

and IDH mutated gliomas, divided according to 1p19q status into astrocytomas 

(1p19q intact) and oligodendrogliomas (1p19q codeleted).  

The first part of the manuscript is a contribution to molecular 

classification based on TERT promoter mutational status. We also contributed to 

GWAS analysis, and investigated the association between the risk loci and 

specific molecular entities, showing that some loci are associated with 

glioblastoma and IDH wild-type gliomas (rs2736100 near RTEL1, rs6010620 

near TERT, rs3851634 near POLR3B) whereas others are associated to IDH 

mutated gliomas (rs4295627 and rs55705857 near CCDC26, rs498872 near 

PHLDB1, rs7572263 near IDH1, rs11196067 near VTI1A, rs648044, near 

ZBTB16 and rs12230172). Notably, rs4295627 and rs55705857 near CCD26 

resulted strongly associated to 1p19q codeletion and to risk of 

oligodendrogliomas (P=2.31 x10-94).  

The second part of this work is devoted to the characterization of a 

specific oncogenic fusion between FGFR and TACC genes, which initially 

reported 3% of glioblastoma (GBM) and other human cancers and is proposed as 

a new therapeutic target. Overall, we screened 907 gliomas for FGFR3-TACC3 

fusions. We found that FGFR3-TACC3 fusions exclusively affect IDH wild-type 

gliomas (3%), and are mutually exclusive with the EGFR amplification and the 

EGFR vIII variant, whereas it co-occurs with CDK4 amplification, MDM2 

amplification and 10q loss. FGFR3–TACC3 fusions were associated with strong 

and homogeneous FGFR3 immunostaining. We show that FGFR3 

immunostaining is a sensitive predictor of the presence of FGFR3-TACC3 

fusions. FGFR3-TACC3 glioma patients had a longer overall survival than those 

patients with IDH wild-type glioma. We treated two patients with FGFR3–
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TACC3 rearrangements with a specific FGFR-TK inhibitor and we observed a 

clinical improvement in both and a minor response in one patient. These data 

support the systematic screening for FGFR-TACC fusion in all IDH wild-type 

glioma patients who can benefit from FGFR inhibition.  

 In the third section, we developed a non-invasive diagnostic tool by 1H-

magnetic resonance spectroscopy in IDH mutant gliomas. We optimized a 

uniquely different spectroscopy sequence called MEGA-PRESS for the detection 

of the oncometabolite 2-hydroxyglutarate (2 HG) that specifically accumulates 

in IDH mutant gliomas. We analysed a prospective cohort of 25 patients before 

surgery for suspected grade II and grade III gliomas and we assessed specificity 

and sensitivity, correlation with 2 HG concentrations in the tumor and 

associations with grade and genomic background.  

We found that MEGA-PRESS is highly specific (100%) and sensitive (95.2%) 

for the prediction of IDH mutation and correlated with 2 HG levels measured by 

gas chromatography-tandem mass spectrometry (GC-MS/MS) in frozen tissue. 

Preliminary follow-up during radio-chemotherapy regimen and anti-IDH therapy 

showed a decrease in 2 HG production. In conclusion, MEGA-PRESS is a 

reliable tool for IDH mutation prediction at pre-surgical stages and for measuring 

the activity of anti-cancer drugs. Long-term monitoring will help to clarify the 

prognostic and predictive value of 2 HG decrease during anti-cancer treatment.  



  Anna Luisa Di Stefano 

 

 

 

6 

RÉSUMÉ 
 

La classification des gliomes OMS 2016 a récemment intégré aux 

caractéristiques histologiques deux principales altérations moléculaires (la 

mutation IDH et la codélétion 1p19) et a défini deux entités histo-moléculaires 

distincts : les gliomes IDH wild-type (principalement les glioblastomes, GBM) 

et les gliomes IDH mutés, séparés sur la base du statut 1p19q en astrocytomes 

(1p19q non codélétés) et oligodendrogliomes (1p19 codeletés).  

La première partie du manuscrit est une contribution à la classification 

moléculaire des gliomes, basée sur la présence de la mutation du promoteur de 

TERT et de la mutation de IDH. Nous avons également contribués aux études de 

genome-wide association (GWAS), nous avons plus particulièrement exploré 

l’association entre les loci à risque et les sous-groupes moléculaires. Nous avons 

montré que certains loci sont associés aux gliomes IDH wild-type et aux 

glioblastomes (rs2736100 à proximité de RTEL1, rs6010620 à proximité de 

TERT, rs3851634 à proximité de POLR3B) et que d’autres sont associés aux 

gliomes IDH mutés (rs4295627 et rs55705857 à proximité de CCDC26, 

rs498872 à proximité de PHLDB1, rs7572263 à proximité de IDH1, rs11196067 

à proximité de VTI1A, rs648044, à proximité de ZBTB16 et rs12230172). 

Notamment rs4295627 et rs55705857 à proximité de CCDC26 sont fortement 

associés à la codeletion 1p19q (P=2.31 x10-94) 

La deuxième partie de mon travail est dédiée à la caractérisation de 

fusions spécifiques oncogéniques entre les gènes FGFR et TACC, qui avaient été 

initialement décrites dans 3% des GBM et dans d’autres cancers et identifiés 

comme une nouvelle cible thérapeutique.  

Au total nous avons analysé 907 gliomes pour la présence du gène de 

fusion FGFR3-TACC3. Nous avons montré que les fusions FGFR3-TACC3 ne 

touchent que les gliomes IDH wild-type (3%), sont mutuellement exclusives avec 

l’amplification de EGFR et avec la forme tronquée EGFRvIII et inversement, 

sont associées à l’amplification de CDK4 et de MDM2 et à la délétion du 10q.  
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Les fusions FGFR3-TACC3 sont associées à une expression intense et 

diffuse de FGFR3 en immunohistochimie (IHC). Nous avons montré que l’IHC 

pour FGFR3 est un marqueur prédictif très sensible de la présence des fusions 

FGFR3-TACC3.  

Les patients porteurs d’une fusion FGFR3-TACC3 ont une survie globale 

significativement plus longue comparés aux patients avec gliome IDH wild-type. 

Nous avons traité deux patients porteurs d’un gène de fusion FGFR3-TACC3 

avec un inhibiteur tyrosine-kinase (TK) spécifique pour FGFR et nous avons 

observé une amélioration clinique avec stabilisation de maladie et une réponse 

mineur chez un patient.  

Ces résultats justifient la réalisation d’un criblage systématique pour les gènes de 

fusions FGFR3-TACC3 chez tout nouveau gliome IDH wild-type nouvellement 

diagnostiqué qui pourrait ainsi bénéficier d’un traitement par inhibiteur TK 

spécifique pour FGFR.  

Dans la troisième section, nous avons développé une méthode 

diagnostique non invasive avec la 1-H spectroscopie en résonance magnétique 

(1H-MRS) chez les patients porteurs d’un gliome IDH muté. Nous avons 

optimisé une nouvelle séquence de spectroscopie différentielle-MEGA-PRESS-

pour la détection de l’oncometabolite 2-hydroxyglutarate (2 HG) qui s’accumule 

de manière spécifique dans les gliomes IDH mutés. Nous avons analysé de façon 

prospective une cohorte de 25 patients avant chirurgie pour probable gliome de 

grade II et grade III et nous avons calculé la sensibilité, la spécificité, la valeur 

prédictive positive et négative de la détection du pic de 2 HG, sa corrélation avec 

les concentrations de 2 HG dans le tissu et l’association avec le grade et le profil 

génomique.  

Nous avons trouvé que la MEGA-PRESS est hautement spécifique 

(100%) et sensible (95.2%) dans la prédiction de la présence de la mutation IDH. 

Son taux est corrélé aux concentrations de 2 HG mesurés sur tissu congelé par 

spectrométrie de masse (gas chromatography-tandem mass spectrometry GC-

MS/MS).  
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Des résultats préliminaires de suivi de patients traités pour un gliome IDH 

muté par radio-chimiothérapie ou par inhibiteur spécifique de IDH muté 

montrent une réduction sous traitement de la production de 2 HG. En conclusion 

la MEGA-PRESS est une technique fiable pour la prédiction de la mutation de 

IDH en phase préopératoire et également comme mesure d’activité des thérapies 

anticancéreuses. Le suivi à long terme pourra préciser la valeur d’une diminution 

du 2 HG aussi bien pronostique que prédictive de réponse aux traitements anti-

cancéreux. 

 
  



  Anna Luisa Di Stefano 

 

 

 

9 

INDEX  
 

 

ABSTRACT ........................................................................................................ 4 
RÉSUMÉ ............................................................................................................. 6 
INDEX ................................................................................................................. 9 
1. INTRODUCTION ......................................................................................... 11 

1.1 Histological and Molecular Background of Gliomas .............................. 11 

2. AIMS ............................................................................................................. 14 
3. SECTION 1-OUR CONTRIBUTION TO THE MOLECULAR 

CLASSIFICATION OF GLIOMAS ................................................................. 16 

3.1 Glioma Susceptibility Loci Reflect a “IDH-Based Watershed” in 

Gliomagenesis ............................................................................................... 34 
4. SECTION 2-THERANOSTIC MARKERS .................................................. 54 

4.1 Detection, Characterization, and Inhibition of FGFR-TACC Fusions in 

IDH Wild-type Glioma .................................................................................. 54 

4.1.1 SUPPLEMENTARY MATERIALS ................................................ 71 
4.2 Clinical Phenotype, Genetic Background and Correlations with FGFR3 

Expression of FGFR-TACC Positive Gliomas .............................................. 78 

4.2.1 BACKGROUND .............................................................................. 78 
4.2.2 METHODS ....................................................................................... 79 

Patient and Tissue Samples ....................................................................... 79 
Identification of Fusion Transcripts and analysis of Genomic Breakpoints

 ................................................................................................................... 79 
Immunohistochemistry and Histological Diagnosis .................................. 80 

Molecular Characterization of Tumor Samples ........................................ 81 
Statistical Analysis .................................................................................... 82 
4.2.3 RESULTS ......................................................................................... 82 

FGFR3 Immunostaining is Highly Specific of the Presence of FGFR3-

TACC3 Fusions .......................................................................................... 87 

Molecular Alterations in IDH Wild-Type Gliomas Harbouring FGFR3-

TACC3 Fusions .......................................................................................... 89 

4.2.4 DISCUSSION .................................................................................. 91 
4.3 Exploratory Analysis on Mechanism of Resistance to Anti-FGFR 

Therapies ....................................................................................................... 96 
5. SECTION 3 – DIAGNOSTIC MARKERS ................................................ 100 

5.1 INTRODUCTION ................................................................................. 100 
5.1.1 Overproduction of 2-Hydroxyglutarate in IDH-Mutated Gliomas 101 
5.1.2 Noninvasive Detection of 2 HG by 1H-MRS ................................ 103 

5.2 AIMS ..................................................................................................... 113 
5.3 Diagnostic value of 2-hydroxyglutarate detection by 1H-MR 

spectroscopy before surgery in patients with glioma: correlations with tumor 

phenotype and tissue dosage. ...................................................................... 114 
5.3.1 INTRODUCTION .......................................................................... 114 



  Anna Luisa Di Stefano 

 

 

 

10 

5.3.2 METHODS ..................................................................................... 115 
Patients .................................................................................................... 115 
MRI/MRS Protocol ................................................................................. 115 

Tumor analysis and 2 HG tissue dosage ................................................. 116 
Metabolite Extraction and Analysis ........................................................ 117 
5.3.3 RESULTS ....................................................................................... 117 
Patients .................................................................................................... 117 
MRI and MRS Studies ............................................................................ 119 

Quantitative Measure of 2 HG and Other Metabolites ............................ 120 
Impact of Surgery and Anti-Cancer Therapies in a Supplementary Cohort

 ................................................................................................................. 122 

5.3.4 DISCUSSION ................................................................................ 132 
6. CONCLUSIONS AND PERSPECTIVES .................................................. 134 
7. ANNEXES .................................................................................................. 136 

8. REFERENCES ............................................................................................ 219 
 

 



  Anna Luisa Di Stefano 

 

 

 

11 

1. INTRODUCTION 

 

1.1 Histological and Molecular Background of Gliomas 
 

Gliomas account for 30% of all primary brain tumors and are responsible 

for around 13,000 cancer-related deaths in the US each year (Ostrom, 2015; 

Siegel, 2011). Newly diagnosed gliomas are estimated around 20,000 in the US 

and 2500 to 3000 in France per year (Rigau, 2011) 

For the past century, the classification of brain tumors has been based 

largely on concepts of histogenesis that tumors can be classified according to 

their microscopic similarities with different putative cells of origin and their 

presumed levels of differentiation (Louis, 2007). However, rresearch into glioma 

biology of the last two decades, has led to the discovery of molecular alterations 

that proved to better define biological entities and clinical aggressiveness. 

As a result of the success of prognostic stratification according to genomic 

background of gliomas, the WHO (World Health Organization) recently updated 

the classification of brain tumors (Louis, 2016) and stated that two of them – the 

isocitrate dehydrogenase (IDH) mutations and chromosomes 1p19q codeletion – 

are determinant for the so-called “integrated” diagnosis, irrespective of 

morphological similarities of tumor cells to putative progenitors. 

By now, brain tumor entities are broadly separated according to two main 

dichotomies:  

 IDH mutations principally differentiate the more indolent lower-grade 

gliomas (grade II and grade III and progressive glioblastoma) from 

primary glioblastoma, the most aggressive of gliomas. 

 1p19q codeletion, which is tightly associated to IDH mutations, 

specifically tags oligodendrogliomas among lower-grades.  

 

Isocitrate dehydrogenase is an enzyme with three isoforms, i.e., IDH1, 

IDH2, and IDH3 (Dang, 2010). Intra-cellularly, it catalyses the oxidative 
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decarboxylation of isocitrate to α-ketoglutarate (α-KG) (Arcaro, 2007; Dang, 

2010). IDH mutations harbour in specific cancer entities: in gliomas (70–90% of 

low-grade gliomas and secondary glioblastoma), in haematological malignancies 

(~20% of acute myeloid leukaemia), in intrahepatic cholangiocarcinoma, 

chondrosarcoma and melanoma (Gross, 2010; Parsons, 2008; Waitkus, 2016; 

Yang, 2012). Glioma-specific mutations always affect the amino acid arginine in 

position 132 in IDH1 and arginine at position 172 in IDH2 (Hartmann, 2009).  

The IDH1 mutation is one of the earliest known genetic events in low-grade 

gliomas; it is thought to be a “driver” mutation for tumorigenesis (Suzuki, 2015) 

probably by accumulation of the onco-metabolite 2-hydroxyglutarate (2 HG).  

At a prognostic level, IDH mutations have revealed to have a major prognostic 

impact on morphological stratification based on the WHO’s 2007 glioma grades, 

depicting a more favourable prognosis in IDH mutants compared to tumors with 

wild-type IDH in all glioma grades (Sanson, 2009) and recognizing a worse 

outcome common to the group of IDH wild-type gliomas independent of their 

grading (Louis, 2016).  

 

Chromosome 1p/19q codeletion is strongly associated with classical 

oligodendroglial features. It results from an unbalanced translocation between 

the entire arm of 19p and 1q (Jenkins, 2006). At the genomic level, it corresponds 

to a complete loss of the 1p and 19q arms, which is important to distinguish from 

1p partial distal deletions (typically 1p36) that occur in astrocytic tumors and are 

associated with a poor prognosis (Idbaih, 2005; Idbaih, 2008; Vogazianou, 2010). 

1p19q codeletion is a strong favourable prognostic factor and since 1998 it has 

been associated with response and benefit to adjuvant chemotherapy with PCV 

after radiotherapy in anaplastic oligodendroglioma (Cairncross, 2014). 

The reasons for this better prognosis are yet to be determined.  

1p19q codeleted gliomas are systematically associated with IDH1 or IDH2 

(Labussiere, 2010) and combinations of these molecular subgroups 

(IDHmutated+1p19q codeleted/IDHmutated+non codeleted and IDH wild-type 
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gliomas) correlate with marked differences in survival rates (Figure 5.2, 

Chapter 5.1-Section 3).  

The simplified algorithm of new integrated classification of gliomas from the 

WHO’s 2016 (Louis, 2016) basing of IDH and 1p19q status, is reported in Figure 

1.1. 

 

 

 

Figure 1.1 adapted from Louis et al. 2016. A simplified algorithm for classification of the 

diffuse gliomas based on histological and genetic features according to WHO 2016.  
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2. AIMS 

 

The 3-year study in the present thesis is focused on implications for diagnosis 

and new therapies of two distinct driver molecular aberrations harbouring in the 

two principal entities discussed before: the IDH wild-type and IDH-mutant 

gliomas.  

 

The study is articulated in three sections.  

 

 Section 1 correspond to our contribution to the molecular classification 

of gliomas basing on IDH and TERT mutational status and to correlations of 

glioma susceptibility germ line variants with tumor phenotype and molecular 

background. 

 

Section 2 “Detection, Characterization, and Inhibition of FGFR-TACC 

Fusions in IDH Wild-type Glioma” is dedicated to a novel targetable aberration- 

the FGFR-TACC gene fusions-in IDH wild-type gliomas.  

In this study, conducted with the collaboration of Dr. Iavarone and Dr. 

Lasorella’s research group at Columbia University: 

 we determine distribution and frequency of FGFR-TACC fusions in 

gliomas, 

 we explore FGFR-TACC fusions, transcripts, repertoire and genomic 

background of FGFR-TACC positive gliomas, 

 we validate a screening method and correlate with FGFR3 expression 

 we characterize clinical features and evolution of patients harbouring 

FGFR-TACC fusions, and 

 we explore signals of activity of specific anti-FGFR therapies in two 

patients harbouring FGFR-TACC fusions. 
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First results of this study were published in Clinical Cancer Research (Di Stefano, 

2015). The expansion study, not published to date, is developed in Chapter 4.2.  

 

 In Section 3, “In vivo non-invasive detection of 2-hydroxyglutarate in 

IDH mutated gliomas” we focussed on the diagnostic implication of the IDH 

mutation in gliomas.  

Aims of this study were:  

 to develop and apply Magnetic Resonance Spectroscopy (MRS) 

protocols for non invasive detection of 2 HG accumulation in IDH 

mutant glioma patients, 

 to explore correlations of 2 HG accumulation by MRS and 2 HG 

tissue dosages, and 

 to follow 2 HG variations by MRS during convectional but also 

targeted anti-IDH therapies in IDH mutant patients.  

Preliminary results correspond to the manuscript in preparation for publication.  
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3. SECTION 1-OUR CONTRIBUTION TO THE 

MOLECULAR CLASSIFICATION OF GLIOMAS  

 

 

A supplementary molecular alteration that can enhance prognostic 

classification is the mutation in the promoter of TERT, which encodes 

telomerase. The increased telomerase activity seen in cancer leads to preservation 

of telomeres, allowing tumors to avoid induction of senescence.  

Among other cancer, somatic mutations of the TERT promoter (TERTp-mut) 

have been documented in gliomas (Killela, 2013; Labussiere, 2014). The two 

most common mutations in TERT, C228T and C250T, map -124 and -146 bp, 

respectively, upstream of the TERT ATG site (chr5, 1,295,228 C4T and 

1,295,250 C4T, respectively), creating binding sites for Ets/TCF transcription 

factors.  

In the two following studies (Labussiere, 2014;Labussiere, 2014) we 

largely screened brain tumor banks from Pitié-Salpetriere (Onconeurotek) for 

TERTp-mutation (807 gliomas), and we explored the prognostic value and its 

association with main molecular aberrations in gliomas, such as IDH mutation, 

1p19 codeletion and EGFR amplification.  

As a result, in the first article (Labussiere, 2014) we reported that:  

 prevalence of TERTp-mut is around 69% in gliomas 

 we showed that TERTp-mut clusters specularly with IDH mutation in 

89% of IDH+/1p19 codeleted gliomas (corresponding to 

oligodendrogliomas) and also with 75% of IDH wild-type glioblastoma  

 we showed that TERTp-mut is a determinant prognostic factor but 

interestingly its prognostic impact is contextual and depends on the 

histologic and genomic background of the tumor 

 we proposed a molecular stratification of tumors by both IDH1/2 and 

TERTp-mut status in gliomas. 
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In a second study (Labussiere, 2014) we focussed on glioblastoma: 

 showing that TERTp-mut is an independent factor of poor prognosis in 

GBM, and even stronger in IDH mutated GBM  

 we also proposed a refined prognostic classification of GBMs based on 

joint analyses of TERT, EGFR, and IDH. 

 

Such molecular prognostic classification of gliomas have been reproduced by 

other groups (Killela, 2014) and became a paradigm to define five principal 

groups of gliomas with characteristic distributions of age at diagnosis, clinical 

behavior, acquired genetic alterations, and associated germ line variants (Eckel-

Passow, 2015).  

Articles we coauthored on TERTp-mutation in gliomas and molecular prognostic 

classifications (Labussiere, 2014; Labussiere, 2014) are reported in this section.  
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3.1 Glioma Susceptibility Loci Reflect a “IDH-Based 

Watershed” in Gliomagenesis 
 

Understanding of the genetic susceptibility of glioma has been 

transformed by recent genome-wide association studies (GWAS), which recently 

disclosed a dichotomy between IDH mutated and IDH wild-type gliomas in 

heritability of gliomas.  

Starting from 2009, GWAS have progressively identified single nucleotide 

polymorphisms (SNPs) at 26 loci influencing glioma risk and have provided 

evidence for a polygenic basis of genetic susceptibility of gliomas (Shete, 2009; 

Sanson, 2011; Wrensch, 2009; Kinnersley, 2015; Walsh, 2014; Enciso-Mora, 

2013; Jenkins, 2012).  

Inherited predisposition to glioma is also suggested by a number of rare inherited 

cancer syndromes, such as Turcot's and Li–Fraumeni syndromes, and 

neurofibromatosis, which however, even collectively, account for little of the 

two-fold familial risk of glioma and for <5% of glioma cases (Hemminki, 2009). 

Giving heterogeneity of gliomas, in 2012 we started exploring 

associations between the first known 7 glioma-risk SNPs at that time, and tumor 

histological and molecular genetic profile (Di Stefano, 2013).  

Interestingly, in this study we found that certain SNPs -rs2736100 (annotating 

TERT) and rs6010620 (RTEL1) are associated with high-grade phenotype and 

molecular aberrations and that rs4295627 (CCDC26) and rs498872 (PHLDB1) 

are associated with low-grade disease, IDH mutation, and 1p-19q codeletion.  

We then proposed for the first time a model of case-control analyses based on 

four tumor molecular classes by IDH status, 1p19q codeletion and EGFR 

amplification [Figure 3.1 adapted from (Di Stefano, 2013)].  

In this study, we found that susceptibility alleles on TERT, RTEL1, 

CCDC26, PHLDB1 predispose to different molecular subgroups of gliomas and 

that IDH somatic mutation is the most robust watershed for these distinct 

etiologic pathways [Figure 3.1; (Di Stefano, 2013)].  
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Figure 3.1 adapted from (Di Stefano, 2013). Glioma susceptibility loci predispose to specific 

molecular classes of gliomas. In A) Kaplan–Meier curves in 1372 glioma patients show 

significant overall survival difference between tumor class 1-IDH mut/1p-19q codel/EGFR 

normal-(median OS 211.2 months), tumor class-2 IDH mut/1p-19q normal/EGFR normal-

(median OS 103.9 months), tumor class 3-IDH wt/1p-19q normal/EGFR normal-(median OS 

26.5 months), and tumor class 4-IDH wt/1p-19q normal/EGFR amplification-(median OS 16.6 

months). In B) Glioma risk, stratified by specific tumor class, is represented (OR and 95% CI) 

for each single SNP. IDH mutation/1p-19q codeletion/EGFR normal status; IDH mutation/1p-

19q normal status/EGFR normal status; IDH wild-type/1p-19q normal status/EGFR normal 

status; IDH wild-type/1p-19q normal status/EGFRamplification. 

 

More recently, others and we have reported supplementary susceptibility variants 

for gliomas using an imputation based approach and genotyping confirmation.  

We reported a rare variant rs78378222 (minor allele frequency 0.013) 

annotating TP53, which is strongly associated to glioma risk (P=6.86 x10 -24) 

(Enciso-Mora, 2013). This locus does not show a differential association between 

rs78378222 histological phenotype (GBM versus non-GBM tumors) and is not 

associated with TP53 somatic mutation. 

In a following study, thanks to advances in high-density genotyping and 

imputation reference panels we were able (Enciso-Mora, 2013) to deeply 

examine 8q24.21, the region encompassing the rs4295627 (CCDC26), which 

correspond to the region with the highest signal of association with IDH mutation 

and 1p19 codeleted gliomas (OR 2.44 P=10-9). Analysis revealed an imputed 

low-frequency SNP rs55705857 (P=2.24 x10-38) and stratifying by glioma 

subtype, we showed that the association with rs55705857 is confined to non-

glioblastoma (non-GBM) tumors with the tightest association ever found in 

GWAS (P=1.07x10-67; P=2.31 x10-94in the pooled analysis, of three additional 

datasets).  
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rs55705857 maps to a highly evolutionarily conserved sequence within the long 

non-coding RNA CCDC26, raising the possibility that this region (8q24.21) 

contains a germ line alteration that facilitates the initiation or progression of 

gliomas with IDH mutations (Enciso-Mora, 2013).  

 

More recently, to expand the repertoire of glioma susceptibility loci, 

others and we recently performed the following: 

 a first meta-analysis of four GWAS (totalling 4,147 cases and 

7,435 controls), reporting new risk loci for glioblastoma (GBM) 

at 12q23.33 (rs3851634, near POLR3B, P=3.02x10-9) and non-

GBM at 10q25.2 (rs11196067, near VTI1A, P=4.32x10-8), 

11q23.2 (rs648044, near ZBTB16, P=6.26x10-11), 12q21.2 

(rs12230172, P=7.53x10-11) and 15q24.2 (rs1801591, near ETFA, 

P=5.71x10-9) (Kinnersley, 2015). 

 a second larger meta-analysis, in the setting of the Glioma 

International Case Control Consortium, including past published 

GWAS and a new GWAS with replication comprising 12,496 

cases and 18,190 controls (Melin et al. Nat Genet, in press)  

This study identified 13 new risk loci, reaching a total of 26 glioma risk loci 

identified so far.  

Among them, rs7572263, mapping to 2q33.3, is associated with non-GBM 

(P=2.18×10-10, Odds Ratio=1.20) and interestingly localizes ~50 kb telomeric to 

the gene encoding IDH1. Since IDH mutation is predominate, as mentioned 

before, in non-GBM glioma, the association at 2q33.3 could potentially disclose 

additional insights into the aetiological basis of IDH mutant gliomagenenesis.  

Reported articles are included in this section.   
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4. SECTION 2-THERANOSTIC MARKERS 

4.1 Detection, Characterization, and Inhibition of FGFR-TACC 

Fusions in IDH Wild-type Glioma 
 

 

Glioblastoma multiforme (GBM) is among the most lethal and frequent 

primary brain tumors. Targeted therapies against common genetic alterations in 

GBM have not changed the dismal outcome of the disease (Weathers, 2014; 

Omuro, 2013).  

The genetic background of glioblastoma is commonly characterized by the 

absence of the IDH mutation (94%), recurrent chromosomal abnormalities (7p 

gain, 10q loss, 13q loss), oncogenes amplifications (EGFR, CDK4) and 

oncosuppressors deletions (Brennan, 2013).  

This same genetic background, notably the absence of the IDH mutation, may be 

recapitulated in a small percentage of lower grade gliomas (grade III and grade 

II), showing an aggressive clinical behaviour (Sanson, 2009). 

As discussed in the introduction section, the recent update of the WHO 

classification of brain tumors dichotomized the classification and prognostication 

of gliomas according to the IDH status (Louis, 2016) and recognized a worse 

outcome common to the group of IDH wild-type gliomas independent of their 

grading.  

Because of the failure of conventional therapies in the control of IDH wild-type 

gliomas, there is a major need for new druggable targets in this subgroup of 

patients.  

In 2012, Singh et al. reported that a small subset of GBMs (3.1%; 3 of 97 

tumors examined) harbours oncogenic chromosomal translocations that fuse in-

frame the tyrosine kinase coding domains of fibroblast growth factor receptor 

(FGFR) genes (FGFR1 or FGFR3) to the transforming acidic coiled-coil (TACC) 

coding domains of TACC1 or TACC3, respectively (Figure 4.1) (Singh, 2012).  
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The FGFR-TACC fusion protein displays oncogenic activity when introduced 

into astrocytes or stereotactically transduced in the mouse brain. The fusion 

protein, which localizes to mitotic spindle poles, has constitutive kinase activity 

and induces mitotic and chromosomal segregation defects and triggers 

aneuploidy (Figure 4.1) (Singh, 2012). 

Inhibition of FGFR kinase corrects the aneuploidy, and oral administration of an 

FGFR inhibitor prolongs survival of mice harbouring intracranial FGFR3-

TACC3–initiated glioma (Figure 4.1.1) (Singh, 2012). 

However, the full repertoire of the structural variants of FGFR-TACC fusions is 

incomplete as well as the genetic and phenotypic signature of FGFR-TACC 

positive gliomas. Clinical activity of specific inhibition with anti-FGFR therapies 

in patients harbouring this oncogenic alteration is also incomplete. 
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Figure 4.1 Adapted from Singh et al. 2012. FGFR3-TACC3 gene fusion.  

A) Genomic fusion of FGFR3 exon 17 with intron 7 of TACC3. In the fused mRNA, exon 16 of 

FGFR3 is spliced 5′ to exon 8 of TACC3. Solid black arrows indicate the position of the fusion-

genome primers. B) Sanger sequencing chromatogram showing the reading frame at the 

breakpoint and putative translation of the fusion protein. T, threonine; S, serine; D, aspartic acid; 

F, phenylalanine; E, glutamic acid. C) Schematics of the FGFR3-TACC3 protein. Regions 

corresponding to FGFR3 or TACC3 are shown in red or blue, respectively. The fusion protein 

joins the tyrosine kinase domain of FGFR3 to the TACC domain of TACC3. D) Survival of 

glioma-bearing mice was tracked after intracranial implantation of Ink4A; Arf−/− astrocytes 

transduced with FGFR3-TACC3. After tumor engraftment, mice were treated with vehicle or 

AZD4547 (50 mg/kg) for 20 days (vehicle, n = 7 animals; AZD4547, n = 6; P=0.001) E) FGFR3-

TACC3 localizes to spindle poles, delays mitotic progression, and induces chromosome 

segregation defects and aneuploidy. (A) Confocal microscopy analysis of FGFR3-TACC3 (red) 

covering the spindle poles of a representative mitotic cell. α-tubulin, green; DNA [stained with 

4′,6-diamidino-2-phenylindole (DAPI)], blue. 
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Since 2013, in the collaborative setting with research group led by Dr. Lasorella 

and Dr. Iavarone, we have been able to perform the largest screening for this 

therapeutic target in up to 907 patients to date.  

 

Results from first analysis in a dataset of 584 GBM and 211 grade II and 

grade III gliomas were published in Clinical Cancer Research in 2015 (Di 

Stefano, 2015). In this article: 

 we confirmed that RT-PCR sequencing is a sensitive and specific 

method to identify FGFR–TACC–positive patients, 

 we detected for the first time FGFR3–TACC3 fusions in about 3% of 

IDH wild-type non-GBM (grade II and grade III) and we confirmed 

the frequency of 3% of IDH wild-type glioblastoma, 

 we found that FGFR3–TACC3 fusions are associated with uniform 

intratumor expression of the fusion protein 

 we found that the presence of FGFR–TACC fusions are mutually 

exclusive of the IDH mutation, EGFR amplification, EGFR vIII 

variant and that it is associated with higher frequency of MDM2 and 

CDK4 amplifications, and 

 we observed a clinical benefit in two FGFR3–TACC3–positive 

patients treated with a FGFR inhibitor.  

The corresponding article is included in this section. 

 

Next, we started three supplementary studies, based on the prospectical screening 

for FGFR-TACC fusions at Pitié-Salpetriere Hospital of new diagnosed IDH-

wild type glioma cases.  

This screening accounts for 907 analysed cases, of which 40 FGFR3-TACC3 

positive patients have been identified so far, corresponding to the largest series 

ever identified.  

Expansion studies are focused on:  
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 an extensive characterisation of new FGFR3-TACC3 transcripts and 

molecular features, together with clinical and histological phenotypes in 

a larger repertoire of 40 FGFR3-TACC3 positive gliomas patients 

(Section 4.2) 

 

 an exploratory study on the presence of new acquired mutations 

associated with resistance in one FGFR3-TACC3 positive patient 

recurring after specific anti-FGFR therapy (Section 4.3) 

 

 a “phase Ib/phase II clinical trial testing efficacy and tolerability of an 

anti-FGFR therapy-AZD4547-in glioma patients harbouring FGFR-

TACC fusions at recurrence” (NCT02824133, TARGET trial, PI Prof 

Marc Sanson) which is the first world-wide phase II trial, testing the 

efficacy of the anti-FGFR therapy AZD4547 in this selected subgroup of 

patients. The TARGET trial started in September 2015, which included 

12 patients, and is now on the expansion phase. Preliminary results of this 

trial are not shown in this thesis.  
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4.1.1 SUPPLEMENTARY MATERIALS 

 

Supplementary Figures and Tables 

 

 

Supplementary Figure 1 from article (Di Stefano, 2015). 

Genomic PCR images and Sanger sequences of FGFR3-TACC3 genomic breakpoints. 

Fusion specific PCR products and Sanger sequencing chromatograms showing the FGFR3-

TACC3 genomic breakpoints. The genomic sequences corresponding to FGFR3 and TACC3 are 

indicated in red or blue, respectively. M, DNA adder; C-, Negative Control. 
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Supplementary Figure 2 from article (Di Stefano, 2015). 

Schematics of FGFR3-TACC3 genomic break points. Schematic representation of the genomic 

fusions between FGFR3 and TACC3 compared to the corresponding mRNA in red and blue report 

the regions belonging to FGFR3 and TACC3, respectively. The genomic breakpoint coordinates, 

according to the genome build GRCh37/hg19, are indicated above each fusion gene. 
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Supplementary Figure 3 from article (Di Stefano, 2015). 

Evaluation of the expression of FGFR3-TACC3 fusion elements. (A) Microphotographs of 

immunofluorescence staining of a representative GBM harboring FGFR3-TACC3 fusion using 

antibodies that recognize the N- and C- termini of FGFR3 (FGFR3-N, FGFR3-C) and TACC3 

(TACC3-N, TACC3-C), are in red. Nuclei are counterstained with DAPI, shown in blue. (B) 

Quantitative RT-PCR of four representative GBM carrying FGFR3-TACC3 fusion and three 

negative controls using primer pairs that amplify FGFR3 and TACC3 regions included in or 

excluded from the fusion transcripts, as indicated in the diagram. OAW28: ovarian 

cystoadenocarcinoma cell line harboring wild-type FGFR3 and TACC3 genes; GBM55 and 

GBM0822: GBM harboring wild-type FGFR3 and TACC3 genes; GBM3808; GBM1133; 

GBM0826; GBM3048: GBM harboring FGFR3-TACC3 (F3-T3) fusion. Error bars are SD of 

triplicate samples. 
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Supplementary Figure 4 from article (Di Stefano, 2015). 

The FGFR3-TACC3 fusion gene and protein are retained in recurrent GBM. (A) FGFR3-

TACC3 fusion specific RT-PCR product from untreated and recurrent GBM from patient #3124. 

(B) Sanger sequencing chromatogram showing the identical reading frame at the breakpoint and 

the putative translation of the fusion protein in the untreated and recurrent tumor from the same 

patient. The fused exons at mRNA level are shown. Regions corresponding to FGFR3 and 

TACC3 are indicated in red and blue, respectively. T = threonine; S = serine; D = aspartic acid; 

V = valine; K = lysine; and A = alanine. (C) Representative microphotographs of FGFR3 

immunofluorescence (IF) staining in both untreated and recurrent GBM. Blue staining indicates 

DAPI; Red staining indicates FGFR3. Magnification is 10x. 
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Supplementary Figure 5 from article (Di Stefano, 2015). 

PFS and OS of FGFR3-TACC3-positive glioma patients. (A) Kaplan-Meier curves in IDH wild-

type glioma patients don’t show significant differences in Progression Free Survival (PFS) 

between FGFR3-TACC3 positive (N=12, median PFS=11.20 months) and FGFR3-TACC3 

negative (N=274, Median PFS= 12.27 months) (P=0.85). (B) Kaplan-Meier curves in IDH wild-

type glioma patients don’t show significant differences in Overall Survival (OS) between 

FGFR3-TACC3 positive (N=12, Median OS=32.80 months) and FGFR3-TACC3 negative 

(N=326, Median OS=18.60 months) (P=0.6). Red indicates FGFR3-TACC3 positive patients and 

green indicates FGFR3-TACC3 negative patients. Open circles represent censored patients. 
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Supplementary Figure 6 from article (Di Stefano, 2015). Analysis of SNP6.0 arrays of GBM 

harboring CNVs of FGFR3 and TACC3 genomic loci. CNVs of the FGFR3/TACC3 genomic loci 

in “gain labeled” (LRR > 0.2) TCGA samples. The CNA magnitudes (expressed as log2 ratio) 

were classified using simple thresholds: 

deletion (x < -1), loss (-1 < x ≤ -0.2), gain (0.2 ≤ x <) or amplification (x >). Gains are in gradients 

of red, losses in gradients of blue. Samples with uniform gains/amplification of FGFR3 and 

TACC3 lack FGFR3-TACC3 fusions. Samples harboring FGFR3-TACC3 fusions (F3-T3) show 

microamplifications involving the first FGFR3 exons, which are spliced in the fusion gene. 

  



  Anna Luisa Di Stefano 

 

 

 

77 

 

 

 

Supplementary Table 1 from article (Di Stefano, 2015). Summary of FGFR-TACC fusion 

transcripts identified in all cancer types. FGFR3-TACC3 fusion variants are ranked according to 

their prevalence across any cancer type. The number of FGFR-TACC fusions identified in each 

tumor type, including those identified in the present study, is also indicated. 
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4.2 Clinical Phenotype, Genetic Background and Correlations 

with FGFR3 Expression of FGFR-TACC Positive Gliomas 
 

4.2.1 BACKGROUND 

 

FGFR-TACC fusions are potent oncogenic events that when present in brain 

tumor cells confer sensitivity to FGFR inhibitors (Singh, 2012) that had been 

detected as a recurrent event in about 3% of IDH-wild type gliomas.  

We have recently reported an unbiased screening assay for FGFR–TACC fusions 

by RT-PCR in glioma that overcomes the great variability of variants that are 

generated by FGFR–TACC chromosomal translocation and we described the 

spectrum of transcripts, genomic breakpoints and molecular features of the 15 

gliomas (12 GBMs and 3 lower grade gliomas) identified at that time (Di Stefano, 

2015). However, exhaustivity was affected by the rarity of this aberration and the 

small sample size collected.  

In the same study, we observed that all the 15 FGFR–TACC–positive glioma 

displayed strikingly uniform and strong expression of the FGFR3-N terminus as 

a result of accumulation of the fusion protein, suggesting that FGFR-TACC 

fusions are early events compatible with the glioma-initiating functions (Di 

Stefano, 2015).  

Based on this observation we hypothesized that immunostaining using an 

antibody that recognized the N-terminus of FGFR3 might be useful as a pre-

screening method on paraffin embedded samples, but no data on sensitivity and 

specificity were available from a prospective cohort.  

In this study we perform an institutional prospectic binary screening for FGFR-

TACC fusions by IHC and by RT-PCR in all new diagnosed IDH wild-type 

gliomas in Pitié-Salpétrière Hospital. We calculate predictive values of IHC 

regarding the presence of the FGFR-TACC fusion transcripts, and we depict 

clinical features of a multicentric case series of 40 FGFR3-TACC3 positive 

glioma patients, the largest series identified to date.  
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4.2.2 METHODS 

 

Patient and Tissue Samples 

 

This study includes a cohort of patients with histologic diagnosis of glioma from 

9 institutions in the setting of ANOCEF (Association des Neuro-Oncologue 

d'Expression Française) and POLA French Networks (Hopital Pitié-Salpétrière, 

Onconeurotek, Paris; Hopitaux Civils de Lyon; Hopital Foch Suresnes; Institut 

du Cancers d’Angers; Hopital la Timone, Marseille; CHU Bordeaux, Hôpital 

Roger Salengro, Lille; CHU de Toulouse).  

This cohort included a retrospective series of glioma patients from Pitié-

Salpétriere Hospital, being the object of a previous publication (Di Stefano, 

2015), a new prospective series of newly diagnosed glioma patients starting from 

January 2014 from Pitié-Salpétriere Hospital, and cases from other institutions.  

In the prospective cohort, all cases underwent parallel-blinded analysis by 

FGFR3 IHC and RT-PCR while cases from other institutions were addressed at 

our centre in order to perform RT-PCR, screening for the fusion transcripts after 

local detection of FGFR3 expression by IHC.  

Tumor specimens, blood samples and clinico-pathological information were 

collected with informed consent and relevant ethical board approval in 

accordance with the tenets of the Declaration of Helsinki. For the samples from 

the Pitié-Salpêtrière Hospital, clinical data and follow-up are available in the 

neuro-oncology database (Onconeurotek, GH Pitié-Salpêtrière, Paris). 

 

Identification of Fusion Transcripts and analysis of Genomic Breakpoints 

 

Total RNA was extracted from frozen tissues using Trizol (Invitrogen) according 

to manufacturer instructions. Two to three hundred nanograms of total RNA were 
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retro-transcribed with the Maxima First Strand cDNA Synthesis Kit (Thermo 

Scientific) or SuperScript II (Invitrogen). RT-PCR was 

Performed using AccuPrime Taq DNA Polymerase (Invitrogen). Primer pairs 

used for the FGFR3-TACC3 fusions screening were: FGFR3ex12-FW: 5’-

CGTGAAGATGCTGAAAGACGATG-3 and TACC3ex14-RV: 5’-

AAACGCTTGAAGAGGTCGGAG; amplification conditions were 94°C-3min, 

(94°C-30sec/61°C-30sec/68°C-1min40sec) for 35 cycles, 68°C-7min. FGFR1-

TACC1 fusions were amplified with FGFR1ex16-FW: 5’-

TGCCTGTGGAGGAACTTTTCA-3’ and TACC1ex13-RV: 5’- 

CCCAAACTCAGCAGCCTAAG-3’ primers (94°C-30sec/60°C-30sec/68°C-

1min40sec for 35 cycles). PCR products were subjected to Sanger sequencing. 

 

Immunohistochemistry and Histological Diagnosis 

 

For the immunohistochemical analysis (IHC) of FGFR3 expressions, 

deparaffinization and immunolabeling of the sections were performed by a fully 

automated immunohistochemistry system Ventana benchmark XT system® 

(Roche, Basel, Switzerland) using as primary antibody the mouse monoclonal 

anti-FGFR-3 diluted 1:500 (clone B9, Santa Cruz Biotechnology), and using as 

chromogen: streptavidin–peroxidase complex with diaminobenzidin. The 

percentage of immunopositive tumor cells among the total number of tumor cells 

together with the maximal intensity of the immunolabelling were evaluated by 

visual semi-quantitative examination and tumor samples were then classified 

according to “weak”, “moderate” and “intense” staining for FGFR3. Integrated 

diagnosis was reviewed according to WHO 2016 (Louis, 2016) by two  

independent expert pathologists (KM and FB).  
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Molecular Characterization of Tumor Samples 

 

Mutational status of IDH1, IDH2, TERT promoter, Histones H3B and H3F3A, 

PTEN, BRAF V600, was analysed as well as the methylation status of the MGMT 

promoter.  

Expression of IDH1-R132H mutation was analyzed by IHC as previously 

described (Reyes-Botero, 2014) and IDH1 and IDH2 gene mutations were 

identified by Sanger sequencing (Sanson, 2009).  

IDH wild-type tumors are defined according to the absence of IDH1-R132H 

immunopositivity and/or mutations in IDH1 and IDH2 genes. TERT promoter 

status was determined by the Sanger sequencing (Labussiere, 2014; Labussiere, 

2014). 

Hyper-methylation of the MGMT promoter was tested by bisulphite pyro-

sequencing (Quillien, 2012). The presence of EGFRvIII was evaluated by RT-

PCR using EGFR- FW5′- TTCGGGGAGCAGCGATGCGAC-3′and EGFR-RV 

′CTGTCCATCCAGAGG AGGAGTA-3′ primers (Idbaih, 2009). 

Copy number variations analyses have been performed using CGH arrays using 

BAC arrays (N=235). Results were normalized using control DNA from matched 

blood samples as previously described (Idbaih, 2008). Additional analyses of 154 

tumor specimens were performed by SNP array, using Illumina Omni (Gonzalez-

Aguilar, 2012). Array processing was outsourced to Integragen. Raw copy 

numbers were estimated at each of the SNP and copy-number markers. The bio-

discovery property SNP-FASST2 algorithm was then used to segment copy 

number data. Segments were mapped to hg18 genome assembly (Olshen, 2004). 

Copy number alterations (CAN) magnitudes called log-R ratio (LRR) were 

classified using simple thresholds: deletion (x ≤ -1), loss (-1< x ≤ -0.2), gain (0.2 

≤ x <) or amplification (x ≥) according to default Nexus 7.5 software.  

Targeted gene capture followed by sequencing with parallel next-generation 

sequencing (NGS) for IDH1, IDH2, TERT promoter, H3B and H3F3A, BRAF 
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V600 mutations, EGFR, CDK4, MDM2 amplifications, p16 deletions and 

chromosomal gain and losses was performed in 29 glioma cases.  

 

Statistical Analysis 

 

Differences in the distribution on categorical variables were analyzed using 

Fisher Exact test. The P values were adjusted for multiple testing according to 

the Benjamini and Hochberg false discovery rate (FDR). A q-value of 0.05 (2-

sided) was considered to be statistically significant.  

Overall survival (OS) was defined as the time between the diagnosis and death 

or last follow-up. Patients who were still alive at the last follow-up were 

considered as censored events in the analysis. Progression-free survival (PFS) 

was defined as the time between the diagnosis and recurrence or last follow-up. 

Patients who were recurrence-free at the last follow-up were considered as 

censored events in the analysis. Survival curves were calculated by the Kaplan-

Meier method and differences between curves assessed using the Log-Rank test. 

A Log-Rank test p-value ≤ 0.05 (two-sided) was considered to be statistically 

significant. Chi-square tested sensitivity, specificity, and positive and negative 

predictive values of FGFR3 staining to detect the presence of FGFR3-TACC3 

fusions. 

 

4.2.3 RESULTS 

 

To determine the frequency and features of FGFR–TACC fusions in 

human patients with glioma, we screened a cohort of 907 gliomas (655 grade IV, 

144 grade III and 108 grade II). 

This cohort included a retrospective series of 591 glioma patients from 

Pitié Salpétriere, being object of a previous publication (Di Stefano et al. 2015), 

a new prospective series of 236 newly diagnosed glioma patients starting from 

January 2014 from Pitié Salpétriere Hospital and 80 supplementary cases from 

other institutions. 
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176 cases had IDH mutations (36 grade IV, 72 grade III and 68 grade IV).  

The RT-PCR assay was used for screening, as previously reported (Di Stefano, 

2015), which allows for the detection of possible variants of FGFR3–TACC3 

fusions that retain the mRNA sequences coding for the key FGFR-TK and TACC 

domains required for the oncogenic activity of the fusion protein.  

Overall, we found 40 tumors harbouring FGFR3–TACC3 fusions. According to 

the 2016 WHO classification, 34 were glioblastoma IDH wild-type, 3 anaplastic 

astrocytoma IDH wild-type and 3 diffuse astrocytoma grade II IDH wild-type 

(see Table 4.2.1). 

In this cohort, results were consistent with what we previously discovered in that 

all glioma harbouring FGFR3-TACC3 fusions are IDH wild-type.  

Conversely, all 176 IDH mutated gliomas of the cohort were negative for 

FGFR3-TACC3 fusions.  

Sanger sequencing of the fusion amplicons revealed that each FGFR–

TACC cDNA joined in-frame the sequence coding for the entire TK domain 

upstream of TACC coding sequences that invariably include the coiled-coil 

TACC.  

We confirmed, in these larger series’, that FGFR3–TACC3 fusion isoforms are 

notably variable, even though isoforms FGFR3-exon 17-TACC3-exon 11 (17/40, 

42%), FGFR3-exon 17-TACC3-exon 10 (12/40, 30%) and FGFR3-exon 17-

TACC3-exon 8 (4/40, 10%) occurred more frequently. Seven supplementary 

variants occurred only in individual cases (Table. 4.2.1). Among them, we 

identified two new fusion transcripts (FGFR3-exon 17-TACC3-exon 13 and 

FGFR3-exon 17-TACC3-exon 4) as new variant currently unreported 

(underlined in Table 4.2.1).  

Range of size of the FGFR3–TACC3 RT-PCR amplicons was comprised between 

805 bp (for FGFR3ex18-TACC3ex13) and 1706 bp (for FGFR3ex18-

TACC3ex4), comparing to our previous findings (Di Stefano, 2015).  
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Clinical and histo-molecular features (according to WHO 2016) of patients 

harbouring FGFR3-TACC3 fusions in this series are detailed in Table 4.2.1.  

Sex ratio was 0.9 (21 females and 19 males); median age at diagnosis was 61 

years old (range 35-87).  

Information on tumor location was available for all patients harbouring FGFR3-

TACC3 fusions. In all 40 patients, FGFR3-TACC3 gliomas are supra-tentorial 

and located in cerebral lobes. No patients present tumors in the deep structures 

of the cerebrum, ventricles, cerebellum or in the brainstem. Gliomas in the frontal 

lobe accounted for 40% (16/40), temporal lobe for 27% (11/40), parietal/parieto-

occipital lobe for 30% (12/40) and occipital lobe for 1 out of 40.  

Gliomas were located more frequently in the right hemisphere (58%; 23/40) than 

in the left (42%; 17/40). 
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Next, we explored if FGFR3-TACC3 positive patients had a different clinical 

course and outcome. We compared overall survival from time of diagnosis of 

FGFR3-TACC3 positive patients with the IDH wild-type glioma of this cohort 

(including grade II, grade III and grade IV). Remarkably, we observed that 

survival is significantly longer in FGFR3-TACC3 patients than FGFR3-TACC3 

negatives (median OS 40.1 and 20.0 months respectively) (P=0.03) and this 

difference is confirmed, even more pronouncedly, in the grade IV glioma 

subgroup (median OS FGFR3-TACC3 positives 40.1 months versus FGFR3-

TACC3 negatives OS 19.0; P=0.006), as showed in Figure 4.2.1. FGFR3-

TACC3 isoforms did not correlate with different survival ranges.

 

 

 

Figure 4.2.1 OS of FGFR3-TACC3-positive glioma patients. (A) Kaplan-Meier curves in IDH 

wild-type glioma patients show significant differences in between FGFR3-TACC3 positive 

(N=40, median OS=40.1 months) and FGFR3-TACC3 negative (N=469, Median OS= 20.0 

months) (P=0.03). (B) Kaplan-Meier curves in IDH wild-type glioma grade IV subgroup show 

significant differences in Overall Survival (OS) between FGFR3-TACC3 positive (N=34, Median 

OS=40.1 months) and FGFR3-TACC3 negative (N=400, Median OS=19.0 months) (P=0.006). 

Red indicates FGFR3-TACC3 positive patients, green indicates FGFR3-TACC3 negative patients 

and open circles represent censored patients. 

  



  Anna Luisa Di Stefano 

 

 

 

87 

FGFR3 Immunostaining is Highly Specific of the Presence of FGFR3-

TACC3 Fusions 

 

In the previous study, we observed that all gliomas harbouring FGFR3-TACC3 

fusions strong and homogeneous FGFR3 immunostaining, with an antibody that 

recognized the N-terminus of FGFR3 which is retained and overexpressed in the 

fusion protein. To determine sensitivity and specificity of FGFR3 imunostaining 

to predict the presence of FGFR3-TACC3 fusions we analysed a prospective 

cohort of 236 subjects using parallel-blinded immunostaining and RT-PCR 

assay. Results are detailed in Table 4.2.2. FGFR3 immunostaining was positive 

in all patients harbouring the FGFR3-TACC3 fusions and, conversely, any 

FGFR3-TACC3 positive glioma scored negative at immunostaining. Then, 

sensitivity of FGFR3 immunostaining to predict the FGFR3-TACC3 fusions was 

100%, specificity was 81.8%, positive predictive value (VPP) was 19.6%, and 

negative predictive value (VPN) 100% (chi2 37.9).  

80 cases from other institutions were addressed at our centre in order to perform 

RT-PCR screening for the fusion transcripts after local detection of FGFR3 

expression by IHC. Of them, RT-PCR analysis was contributive in 77 patients 

while in the remaining 3, RNA concentration was too low and no supplementary 

frozen tumor was available. We added these supplementary 77 cases from other 

institutions to the prospective institutional cohort in order to calculate the positive 

predictive value in a larger sample. Adding these 77 supplementary patients, 

scoring positive for FGFR3 staining (59 FGFR3-TACC3 negative and 18 

FGFR3-TACC3 positive by RT-PCR), the positive predictive value increased to 

21.8%.  
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Table 4.2.2 Parallel-blinded analysis by FGFR3 immunostaining (IHC) and RT-PCR assay 

in an institutional prospective cohort of 236 patients. FGFR3 immunostaining proved highly 

sensitive 100%. Specificity was 81.8%.  

 

 

Regarding the intensity of FGFR3-N immunostaining 30 out of the 40 gliomas 

harbouring FGFR3-TACC3 fusions scored “intense” expression of FGFR3, 5 

“moderate” (Patients 1, 18, 28, 32 and 38 in Table 4.2.1) and 1 “weak” (Patient 

11 in Table 4.2.1). No information of FGFR3 IHC was available for four of the 

patients (Patients 15, 26, 35 and 36). 

 

While in our previous study we observed that all FGFR3-TACC3 positive 

gliomas shared a diffuse an intense pattern of FGFR3 expression, in this larger 

series we observe that rarely FGFR3-TACC3 fusions may present a weaker 

expression of FGFR3, suggesting that weak FGFR3 staining does not rule out 

the presence of FGFR3-TACC3 fusion transcript. Transcript sequencing and 

FGFR3 immunostaining of the only patient showing a “weak” expression of 

FGFR3 in this series (Patient 11) are shown in Figure 4.2.2.  
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Figure 4.2.2 Representation of FGFR3 expression in Patient 11. (A) FGFR3-TACC3 fusion 

specific RT-PCR product from untreated GBM from Patient 11, glioma sample ID 5862; 5008 

Positive control. (B) Sanger sequencing chromatogram for FGFR3-TACC3 transcript showing a 

breakpoint at FGFR3 Exon 17 and TACC3 Exon 11. Regions corresponding to FGFR3 and 

TACC3 are indicated in red and blue, respectively. (C) Is a representative microphotograph of 

FGFR3 immunostaining scoring 20% of labeled tumor cells. Magnification is 200x. 

 

 

Molecular Alterations in IDH Wild-Type Gliomas Harbouring FGFR3-

TACC3 Fusions 

 

We sought to update and extend to a larger series and a larger panel of 

chromosomal aberration than what was previously reported on the molecular 

profile of FGFR3-TACC3-positive glioma and to compare to IDH wild-type 

FGFR3-TACC3 negative gliomas.  

Genomic data were available for up to 595 IDH wild-type gliomas, and 40 

FGFR3-TACC3 positives are presented in Table 4.2.3. 

According to our previous analysis, we confirmed in a larger series the mutual 

exclusivity of EGFR amplifications and FGFR3-TACC3 fusions (0/34 cases with 

EGFR amplification in FGFR3.TACC3 positives versus 139/358 (62%) in IDH 

wild-type FGFR3-TACC3 negatives; P=0.0001), and the higher frequency of 

CDK4 amplification in FGFR3-TACC3 positives gliomas (5/29, 17% vs. 24/337, 

7% in FGFR3-TACC3 negatives; P=0.06). 
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Moreover, we confirm that MDM2 amplifications are more frequent in FGFR3-

TACC3 fusions (5/30, 16% in F3-T3 positives versus 17/380, 4% in F3-T3 

negatives; P=0.01) and that EGFRvIII is not represented in FGFR3-TACC3 

fusions (P=0.01).  

Interestingly, as a new result we found a significantly higher frequency of 10q 

loss in FGFR3-TACC3 gliomas compared to FGFR3-TACC3 negative gliomas 

(23/25, 92% versus 225/346, 65%; P=0.004).  

In these series’ we could extend analysis to other rare molecular aberrations such 

as PTEN mutation, MET amplification, histones H3F3A and H3B mutations and 

BRAF V600E mutations, and we did not find any FGFR3-TACC3 positive 

gliomas harbouring these alterations.  

We found no statistical association between FGFR3-TACC3 fusions and other 

genetic and epigenetic alterations that commonly occur in gliomas harbouring 

wild-type IDH genes (TERT promoter mutations, gain of chromosome 7p, loss 

of chromosomes 13q and 14q and methylation of the MGMT promoter, Table 

4.2.3). 
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Table 4.2.3 Molecular alterations in IDH wild type glioma harboring FGFR3-TACC3 

fusions (635 IDH wild-type gliomas; 40 FGFR3-TACC3 positive vs. 595 FGFR3-TACC3 

negative). The table reports the absolute number and frequency (percentage) of individual 

glioma-specific molecular alterations in tumors scoring positive or negative for FGFR3-TACC3 

fusions. Statistically significant associations are indicated in red (Fisher Exact test). Comparing 

to our previous study, we found a significant higher frequency of 10q loss in FGFR3-TACC3 

positive and lower of EGFRvIII variant (underlined). q-values adjusted with FDR are reported. 

 

 

4.2.4 DISCUSSION 

  

FGFR-TACC fusions are potent oncogenic events that specifically recur 

in the setting of IDH wild-type gliomas.  

Knowledge of specific histological and clinical characteristics of gliomas 

harbouring FGFR3-TACC3 fusions is affected by the rarity of this alteration and 

the small sample size of positive cases of FGFR3-TACC3. 

Beginning with the RT-PCR-sequencing assay, we have previously validated all 

possible functional FGFR3-TACC3 fusion transcripts; in this study we have 

extended the screening up to 907 cases and increased the number of identified 

FGFR3-TACC3 positive cases to 40. 
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The first relevance of our findings is that, among them, 24 patients are alive at 

the end of this follow-up and could potentially benefit from anti-FGFR therapies, 

concurrent with the example we have previously reported of the two patients 

treated with anti-FGFR therapy at recurrence (Di Stefano, 2015). 

 

 According to the remarkable variability of FGFR3-TACC3 fusion events 

we have previously reported (Di Stefano, 2015), in this larger series we were able 

to detect two new isoforms of FGFR3-TACC3 fusions (FGFR3 EX17-TACC3 

EX13 and FGFR3 EX17-TACC3 EX4), occurring in individual cases. Adding 

these novel identified variants, the numbers of isoforms that others and we have 

reported so far, increase to 14 (Supplementary Table 1 from Di Stefano, 2015). 

However, by increasing the repertoire of variants in this study, we observe that 

two variants FGFR3 EX17-TACC3 EX11 and FGFR3 EX17-TACC3 EX10 are 

highly recurrent and cover 42% and 30% of the series, respectively.  

From our previous study we know that structural heterogeneity of FGFR3-

TACC3 fusions is yet more pronounced at the genomic level, whereby even 

identical fusions transcripts (FGFR3 EX17-TACC3 EX11; FGFR3 EX17-

TACC3 EX8; FGFR3 EX17-TACC3 EX6) harbours distinct genomic breakpoints 

[Supplementary Figure 2 from (Di Stefano, 2015)]. Further studies might 

elucidate why these translocation events involve more frequently specific 

genomic regions in FGFR and TACC3 genes.  

 

 We were able to collect clinical records on the 40 patients harbouring 

FGFR3-TACC fusions identified so far.  

We did not observe specific differences in sex ratio and median age at diagnosis. 

Regarding tumor location we found that all 40 patients of this series were affected 

by supra-tentorial hemispheric brain tumors: none of them affected deep 

structures of the cerebrum, ventricles, cerebellum, brainstem and/or spine.  

Given the recognized role of FGFR3 as a regulator caudo-lateral (occipito-

temporal) cortex development (Thomson, 2009), we wondered if FGFR3-
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TACC3 initiated glioma occurred specifically in posterior lobes. In this series of 

40 FGFR3-TACC3 positive glioma patients, we found that FGFR3-TACC3 

glioma do not occur specifically in caudo-lateral lobes but rather in all cerebral 

lobes. However, we observed a slightly higher frequency in partieto-occipital 

lobes (12/40; 30%) compared to what was reported about glioma in the literature 

of around 17% (Larjavaara et al. 2007). This observation is affected by the small 

sample size of FGFR3-TACC3 cases. We plan to analyse in a larger series, with 

case-controlled analyses that may also illustrate if cortical location is 

predominant in FGFR3-TACC3 gliomas. 

  

To determine if FGFR3-TACC3 fusion events were associated with difference 

on survival, we extend follow-up and survival analysis to novel identified 

patients of this study. In our previous study, we failed to observe difference in 

survival (Di Stefano, 2015). Inversely, in this second analysis performed in a 

larger number of patients and a longer follow-up, we found a clearly longer 

median survival of up to 40 months in FGFR3-TACC3 glioma patients, as 

compared with FGFR3-TACC3 negative-IDH-wild-type patients. Difference in 

overall survival resulted yet more pronouncedly in the GBM subgroup, where we 

observed strikingly long survival rates (longer than 24 months) in 9 patients out 

of the 34 GBM harbouring FGFR3-TACC3 fusions (26%), independent of the 

transcript isoforms.  

The majority of patients in both groups received standard radio-chemotherapy at 

first line in both groups (Stupp, 2005). Eight GBM patients harbouring FGFR3-

TACC3 fusions were recently included in a phase II trial testing AZD4547, an 

ATP-competitive pan-FGFR selective inhibitor, at recurrence. Enrolment in this 

clinical trial does not explain the longer survival we observed in FGFR3-TACC3 

positive GBM because:  

 patients with the longest survivals did not match with those who received 

or are receiving AZD4547 
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 longest survivals correspond to patients with especially long remission 

intervals after first line treatment 

 enrolments in TARGET trial are relatively recent, starting from 

September 2015.  

The reason for this better prognosis remains to be determined.  

However, this finding highlights a supplementary relevance of usefulness of 

specific therapies targeting FGFR3-TK in this selected subgroup of patients. We 

previously reported a clinical improvement and a minor response in two patients 

treated with an anti-FGFR ATP-competitive pan-FGFR selective inhibitor 

(JNJ42756493) (Di Stefano, 2015). Other anti-FGFR specific reversible and 

covalent inhibitors are being tested in the setting of phase I and phase II trials in 

selected patients harbouring activating aberrations of FGFR receptors.  

In perspective, the enrichment of therapeutic armamentarium against FGFR 

oncogenic drivers may be particularly interesting in this subset of patients given 

their longer evolution, by rechallenging or combining specific therapies targeting 

FGFR3 that might finally lead to a relevant clinical benefit. 

 

In our previous study, we observed that all glioma harbouring FGFR3-

TACC3 fusions presented an intense and diffuse staining for FGFR3 as a result 

of the accumulation of the fusion protein. In this study we determined, 

prospectively, sensitivity and specificity of FGFR3 staining to predict the 

presence of FGFR-TACC fusions. While constant in all cases harbouring the 

fusion (100% sensitivity), FGFR3 expression predicts the presence of the fusion 

in only 20% of the cases.  

Despite the majority of FGFR3 showing an intense and diffuse staining for 

FGFR3, a small fraction of FGFR3-TACC3 gliomas had a weak expression of 

FGFR3, with 20 to 50% FGFR3 positive tumor cells. 

This data shows that IHC for FGFR3 is an efficient and reliable pre-screening 

method and can be integrated in histological routine work-up: when positive, it 

raises the attention level of pathologists, clinicians and biologists for 
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biomolecular analysis on frozen samples that can be performed in reference 

laboratories.  

Finally, by the extension of molecular characterization in a larger case 

series with a larger panel of molecular aberrations, we confirmed that FGFR3-

TACC3 positive glioma harbour a specific genomic background principally 

characterized by the absence of EGFR amplification and EGFRViii variant, a 

higher frequency of MDM2 and CDK4 amplification and 10q loss.  

 

Overall, our findings have shown the importance and feasibility of 

prospective genotyping for FGFR3-TACC3 fusions and provide preliminary 

elements on clinical and histological phenotype of FGFR3-TACC3 glioma 

patients. Further studies should answer the question on radiological and 

histological signatures linked to this driver oncogenic alteration, on efficacy 

FGFR-TK inhibitors and on eventual factors of resistance to this promising target 

therapy.  
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4.3 Exploratory Analysis on Mechanism of Resistance to 

Anti-FGFR Therapies 
 

FGFRs/FGFs are key molecules involved in embryogenesis, tissue 

homeostasis, tissue repair, wound healing, and inflammation (Powers, 2000). 

The main effects of the FGFR pathway include proliferation, migration, and 

antiapoptotic signals. Proliferation is mainly achieved through the MAPK 

cascade, whereas antiapoptotic signals are mediated by PI3K/AKT with cross 

talk between both pathways (Turner, 2010). 

FGF signalling is deregulated in many cancer types. Activating mutations and 

amplification occurring in 50-60% of non muscle invasive bladder cancers (van 

Rhijn, 2002) and translocations t(4;14) (p16.3;q32.3) occurring in 15-20% in 

multiple myeloma are the most frequent FGFR activating alterations reported so 

far (Chesi, 1997).  

At a therapeutic level, the most clinically advanced anti-FGFR drugs are 

small-molecule TKIs, targeting the ATP-binding site of the intracellular tyrosine 

kinase domain of FGFRs.  

In our previous study (Di Stefano, 2015), we treated two patients harbouring 

FGFR3-TACC3 recurrent glioblastoma with JNJ-42756493 an oral ATP-

competitive pan-FGFR selective inhibitor that inhibits tyrosine phosphorylation 

of activated FGFR at nanomolar (Tabernero, 2015). We observed a clinical 

improvement in both patients, a stabilization of tumor growth and one minor 

response.  

Next, 4 months after starting anti-FGFR therapy, Patient 1 showed tumor 

progression on MRI and underwent surgery 4 weeks after discontinuation of JNJ-

42756493. Expression of FGFR3 was maintained in recurring GBM, scoring 

highly positive (Id 5008 in Figure 4.3.1). We confirmed the presence of FGFR3-

TACC3 fusions transcript with the same breakpoint as the initial GBM FGFR3 

EX17-TACC3EX6 (Id 4451) Figure 4.3.1. At a genomic level, we found 
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FGFR3-TACC3 in the recurrent GBM with the same breakpoint as the initial 

tumor (FGFR3 EX17+INT17-TACC3EX5+INT5+EX6) Figure 4.3.1.  

 Recent data indicates that the FGFR pathway is a potential driver of a 

number of mechanisms of resistance to various targeted drugs. Interestingly, 

Chell et al. generated a derivative of the KMS-11 myeloma cell line 

(FGFR(Y373C)) with acquired resistance to AZD4547 (KMS-11R cells) an 

inhibitor of FGFR1-3 and they identified the presence of a secondary 

heterozygous mutation at the gatekeeper residue, encoding FGFR3(V555M) as a 

mechanism of acquired resistance to FGFR inhibitors [(Chell, 2013); Figure 

4.3.2 adapted from the article].  

Basing on this observation we looked for new acquired mutations of FGFR3-

TACC3 in the recurrent GBM.  

We performed PCR and Sanger sequencing of all 18 exons of FGFR3 and 16 

exons of TACC3 in the initial GBM and in the recurrent GBM after anti-FGFR 

therapy. By comparison of FGFR3 and TACC3 genomic DNA in exonic regions, 

we did not find any new acquired mutation in the recurrent GBM. In particular, 

no mutations at FGFR3 (V555M) were present in the primary, nor in the 

recurrent GBM. Only 6 common-indexed non funtional SNPs were found in both 

the initial and the recurrent GBM (FGFR3-Exon 14: SNV G>A; FGFR3-Exon 

18: SNV A>G, FGFR3-Exon 18: deletion of 2bp (TG>/-); FGFR3-Exon 18: 

SNV C>T ; TACC3-Exon 1: SNV T>C ; TACC3-Exon 4: SNV A>G).  

Additional studies, including % of FGFR3 cells expressing and exome 

sequencing of recurrent resistant tumors after anti-FGFR therapy are planned.  
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Figure 4.3.1 FGFR3 expression and FGFR3-TACC3 gene fusions in Patient 1, before and 

post-treatment with JNJ-42756493. In A) Post-gadolinium T1-weighted and FLAIR imaging 

show the target lesion on the right parietal lobe corresponding to progression disease (see Figure 

4 from Di Stefano et al. (2015) for baseline imaging).  

B) Representative microphographs of FGFR3 immunostaining of untreated GBM (4451) in B1 

and recurring GBM after JNJ-42756493 (5008) in B2. 10 X magnification in B1 and 40 X 

magnification in B2.  

C) Schematic representation of the FGFR3–TACC3 fusion transcripts in untreated GBM (4451) 

in C1 and recurring GBM (5008) in C2. The junction sequences of FGFR3 EX17-TACC3 EX 6 

isoform in mRNA and the reading frame at the breakpoint are reported.  

D) Schematic representation of the genomic fusions between FGFR3 and TACC3 FGFR3 

EX17+INT17-TACC3EX5+INT5+EX6 in untreated GBM (4451 in D1) and recurrent GBM 

(5008) in D2.  

The reported regions belonging to FGFR3 and TACC3 are in red and blue, respectively. 

C3 and D3: results from RT-PCR screening: M, DNA ladder. 
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Figure 4.3.2 Analysis of FGFR3 Val555 in KMS-11R cells [A and B; images adapted from 

(Chell, 2013)] and untreated GBM (4451 in C) and post treatment GBM in (5008 D) after 

anti-FGFR-therapy ATP-binding inhibitor. While resistant KMS-11R cells after AZD4547 

showed a gatekeeper mutation in FGFR3Va555Met, both untreated GBM (4451) and the 

recurrent (5008) after JNJ-42756493 show wild-type sequence at Val555. Sequence 

chromatograms of genomic DNA at codon 555 (exon 13) of FGFR3 are shown.  
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5. SECTION 3 – DIAGNOSTIC MARKERS  

In Vivo Non-Invasive Detection of 2-Hydroxyglutarate 

in IDH Mutated Gliomas 
 

5.1 INTRODUCTION 
 

Proton magnetic resonance spectroscopy (1H-MRS) is used in the 

metabolic research of gliomas, and as a supplemental tool to magnetic resonance 

imaging (MRI) in the diagnosis of gliomas (Law, 2003; Zonari, 2007). However, 

1H-MRS presents certain limitations that can be attributed to the intrinsically low 

concentrations of metabolites yielding limited signal-to-noise ratio (SNR), to the 

low spectral resolution at clinical fields, and to the lack of specificity of the 

metabolites that have been previously proposed as biomarkers of gliomas.  

In this regard, the emergence of 2-hydroxyglutarate (2 HG) as an onco-

metabolite overproduced in isocitrate dehydrogenase IDH-mutated gliomas 

(Dang, 2010; Parsons, 2008; Yan, 2009), the substantially longer survival 

duration of IDH-mutated gliomas patients (Sanson, 2009) and recent pioneering 

studies on the feasibility of non-invasive detection of 2 HG by 1H-MRS (Pope, 

2012; Andronesi, 2012; Choi, 2012), have recently drawn attention of neuro-

oncologists.  

Reportedly, due to severe spectral overlap with its background signal, the 

quantification of 2 HG is challenging (Andronesi, 2012; Choi, 2012).   
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5.1.1 Overproduction of 2-Hydroxyglutarate in IDH-Mutated Gliomas  

 

Isocitrate dehydrogenase is an enzyme with three isoforms, i.e., IDH1, 

IDH2, and IDH3 (Dang et al. 2010). Intra-cellularly, it catalyses the oxidative 

decarboxylation of isocitrate to α-ketoglutarate (α-KG) in cytoplasm and 

peroxisomes (IDH1) and in mitochondria (IDH2 and IDH3) (Figure 5.1) 

(Arcaro, 2007; Dang, 2010).  

Mutations in IDH1 were detected initially by a whole-genome sequence 

analysis in a small subset of glioblastoma patients (Parsons, 2008). Subsequent 

studies confirmed the presence of IDH mutations in 70–90% of low-grade glioma 

and secondary glioblastoma, in ~20% of acute myeloid leukaemia, and in 

intrahepatic cholangiocarcinoma, chondrosarcoma, and melanoma (Gross, 2010; 

Waitkus, 2016; Yang, 2012).  

Glioma-specific mutations in IDH1 always affect the amino acid arginine in 

position 132 of the amino acid sequence belonging to a high, evolutionarily 

conserved region located at the binding site for isocitrate (Hartmann, 2009). 

Mutations in IDH2 affect arginine at position 172, which is the analogous site to 

arginine 132 in IDH1 (Hartmann, 2009). Mutations in both IDH1 and IDH2 are 

heterozygous and of somatic origin.  

The predominant amino acid sequence alteration in IDH1 was R132H, 

accounting for 92.7% of the detected mutations. For this specific mutation, an 

immunostaining with a mutant protein recognition antibody has been proven to 

be highly sensitive and specific and successfully introduced in clinical practice 

(Capper, 2009). Less frequently, other amino acid sequence alteration IDH1 

mutation may occur in codon 132 (R132C for 4.1%, R132S for 1.5%, R132G for 

1.4% and R132L for 0.2% of all IDH1 mutations). IDH2 mutations occur with a 

frequency of 3% in non-glioblastoma tumors and interestingly seem to be 

associated with tumors with an oligodendroglial component (Hartmann, 2009). 

Type and distribution of IDH1 and IDH2 mutations are given in Table 5.1. 
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The IDH1 mutation is one of the earliest known genetic events in low-

grade gliomas, and it is thought to be a “driver” mutation for tumorigenesis 

(Suzuki, 2015). Presence of the IDH1 is associated with a more favourable 

prognosis compared to tumors with wild-type IDH1 in all glioma grades and it is 

also predictive of response to anti-cancer therapy (Cairncross, 2014; Sanson, 

2009; Houillier, 2006). The reasons for this better prognosis remain to be 

determined. IDH mutations cluster with other molecular aberrations such as 

codeletion of 1p19q: all the 1p19q-codeleted gliomas have been shown to be 

mutated on IDH1 or IDH2; inversely not all IDH mutated gliomas present 1p19q 

chromosomal translocation (Labussiere, 2010).  

Combinations of these two molecular alterations in the subgroup of non-GBM 

(grade 3 and grade) allow definition of three molecular subgroups 

(IDHmutated+1p19q codeleted/IDHmutated+non codeleted and IDH wild-type 

gliomas) with marked differences in survival rates (Figure 5.2) and differential 

response to PCV based chemotherapy in addition to radiotherapy, as recently 

reported (Cairncross, 2014). These observations could explain part of the relevant 

heterogeneity in clinical course we usually observe in non-glioblastoma patients 

(Figure 5.2) and elige the IDH mutation as a major marker for prognostication 

and for decisions regarding chemo-radiotherapy regimens.   

 

From a metabolic perspective, mutations in IDH1 and IDH2 lead not only 

to the loss of wild-type enzyme activity-interconversion of isocitrate to α-

ketoglutarate (α-KG), but also to a gain-of-function that results in the conversion 

of α-KG to the “oncometabolite” 2-hydroxyglutarate (2 HG) (Dang, 2009). 2 HG 

is a competitive inhibitor of multiple α-KG-dependent deoxygenises, such as the 

prolyl hydroxylases, and histone demethylases, and the TET family of 

methylcytosine hydroxylases (Xu et al. 2010). As a result, IDH1/2 mutant cells 

undergo extensive epigenetic modifications that ultimately result in 

tumorigenesis (Lu, 2012; Turcan, 2012; Sasaki, 2012) 
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According to previous published studies, 2 HG accumulation may be 

measured on snap frozen tumor samples by liquid chromatography - mass 

spectrometry (LC/MS) (Figure 5.3). IDH mutant tumors have been shown to 

present more 2 HG than IDH wild-type (range from 5 and 35 μmol of 2 HG per 

gram of tumor) by 100 fold, and 0.045 to 0.68 µmol/gr in IDH wild-type gliomas. 

No differences have been observed for α-KG levels and other metabolites (Dang, 

2009), Figure 5.3. 

 

5.1.2 Noninvasive Detection of 2 HG by 1H-MRS  

 

To date, a total of only 9 studies reported (Pope, 2012; Andronesi, 2012; Choi, 

2012; Natsumeda, 2014; de la Fuente, 2016; Lazovic, 2012; Emir, 2016; Heo, 

2016) on in-vivo 1H-MRS of 2 HG in gliomas including 2 animal studies 

(Lazovic, 2012; Heo, 2016). 5 different 1H-MRS methods have already been 

proposed (Table 5.2). 

The 2 HG molecule has 5 non-exchangeable protons (5-spin system) with 

complicated J-coupling interactions (Choi, 2012). These interactions refer to 

inter-spin interactions through electron bonds in a molecule (de Graaf RA, 2007; 

Allen, 1997).  Such an indirect interaction between spins rather than a direct 

interaction through space is termed as J-coupling; the spins involved in the 

interaction are said to be J-coupled (de Graaf RA, 2007; Allen, 1997). J-coupling 

results in peak splitting (e.g., a singlet into a multiplet) and changes in line shape 

and signal amplitude as a function of time (typically, echo time [TE]). 

 The majority of the 1H-MRS-detectable metabolites have coupled spins such as 

2 HG, Glu, Gln, gammaaminobutylicacid (GABA), and N-

acetylaspartylglutamate (NAAG) (Govind, 2015). On the other hand, water and 

creatine (Cr) are representative metabolites with uncoupled spins only.  

The spectral characteristics of 2 HG are determined by J-coupling in combination 

with the resonance frequencies of the 5 protons that are determined by chemical 
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environments of the protons in the molecule (chemical-shift), giving rise to three, 

non-field-dependent, multiplets centred at ~4.0, ~2.3, and ~1.9 ppm (contributed 

by 1, 2, and 2 spins, respectively) (Figure 5.4) (Choi, 2012). The spins resonating 

at ~1.9 ppm are J-coupled with the spin resonating at ~4.0 ppm, as well as with 

those resonating at ~2.3 ppm (Choi, 2012). The multiplet at ~4.0 ppm is relatively 

small in amplitude as it is contributed by only one proton, it overlaps with signals 

from lactate (Lac) and myo-inositol (mI), and is close to the strong PCr (~3.9 

ppm) and water (~4.7 ppm) signals. The multiplet at ~1.9 ppm also overlaps with 

signals from other metabolites (Figure 5.4), in particular, with N-acetylaspartate 

(NAA). The multiplet at ~2.3 ppm has the largest signal and is therefore widely 

used as a target signal for 2 HG quantification (Figure 5.4). However, it also 

overlaps widely with signals from at least 4 other metabolites (Figure 5.4) 

(Andronesi, 2012; Choi, 2012).  

Techniques for detection of 2 HG, published so far can vary insofar as:  

 pulse sequence (PRESS, LASER, COSY): series of radio frequency 

pulses applied to the sample, which may vary in number, duration, and 

shape and are related to the characteristic frequencies of the target signals 

 echotime (short TE or long TE): the time between the application of the 

radiofrequency excitation pulse and the peak of the measured signal 

(spin-echo). 

 different editing method, which allows the signals of specific metabolites 

in a target spectral region to be cancelled. 

 single or multivoxel: single or multiple region(s) of interest for spectral 

detection. 

 size of voxel (ranging from 1.8 and 8 cm3) 

 magnetic field (3 to 7T) 
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Results from the nine previous studies on 2 HG in-vivo detection by 1H-MRS, 

including 2 animal studies, are resumed in Table 5.2.  

Examples of in vivo single-voxel localized PRESS spectra from IDH mutated 

gliomas fro (Choi, 2012) are shown in Figure 5.5. 
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Figure 5.1 Adapted from (Kim, 2016). Simplified metabolic pathways associated with 

socitrate dehydrogenase (IDH) and 2-hydroxyglutarate (2 HG). Mutations of IDH1 and IDH2 

result in overproduction of 2 HG. 1H-MRS-visible metabolites including 2 HG are marked in 

bold. Acetyl-CoA = acetyl coenzyme A, Gln = glutamine, Glu = glutamate, GSH = glutathione, 

GSSG = glutathione disulfide, H2O = water, H2O2 = hydrogen peroxide, IDH-MT = mutant 

isocitrate dehydrogenase, NAD = nicotinamide adenine dinucleotide, NADH = nicotinamide 

adenine dinucleotide hydrate, NADP = nicotinamide adenine dinucleotide phosphate, NADPH = 

nicotinamide adenine dinucleotide phosphate hydrate, α-KG = alpha-ketoglutarate 
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Table 5.1Adapted from (Hartmann, 2009). Type of 716 IDH1 and 31 IDH2 mutations and 

frequency among mutations in 1,010 WHO grades II and III astrocytomas, 

oligodendrogliomas and oligoastrocytomas. N (%) number of tumors and percentage of 

mutation among all mutations. 
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Figure 5.2 Overall survival of 206 grade III gliomas from Pitié Salpétrière database, 

according IDH mutation status and the presence of 1p19q codeletion. Rounds correspond to 

censored patients.  
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Figure 5.3 Adapted from (Dang, 2010). A) Malignant human gliomas containing R132 

mutations in IDH1 contain increased concentrations of 2 HG. Human glioma samples 

obtained by surgical resection were snap frozen, genotyped to stratify as wild-type (WT) (N=10) 

or carrying an R132 mutant allele (Mutant) (n=12) and metabolites extracted for LC-MS analysis. 

Among the 12 mutant tumors, 10 carried a R132H mutation, one an R132S mutation, and one an 

R132G mutation. Each symbol represents the amount of the listed metabolite found in each tumor 

sample. Red lines indicate the group sample means. The difference in 2 HG observed between 

WT and R132 mutant IDH1 mutant tumors was statistically significant by Student’s t-test 

(p<0.0001). There were no statistically significant differences in αKG, malate, fumarate, 

succinate, or isocitrate levels between the WT and R132 mutant IDH1 tumors. B) The clinical 

characteristics, IDH1 mutation status, levels of metabolites measurement in the clinical 

specimens. 2 HG levels ranged from 5 to 32 µmol/gr in IDH mutated gliomas and from 0.045 

to 0.68 µmol/gr in IDH wild-type gliomas.  
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Figure 5.4 Adapted from (Kim, 2016). Simulated spectra of 2 HG and its background 

metabolites at 3T. Concentration ratio of 5:9.25:4.5:1.5:1.5 (mM) was assumed for 2 

HG:Glu:Gln:GABA:NAAG. Line widths of all spectra were broadened to mimic in-vivo spectra. 

GABA = gamma-aminobutylic acid, Gln = glutamine, Glu = glutamate, NAAG = N-

acetylaspartylglutamate, 2 HG = 2-hydroxyglutarate 
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Figure 5.5 Adapted from (Choi, 2012). In vivo single-voxel localized PRESS spectra from 

normal brain (a) and tumors (b-f), at 3T, are shown together with spectral fits (LCModel) and the 

components of 2 HG, GABA, glutamate, and glutamine, and voxel positioning (2×2×2 cm3). 

Spectra are scaled with respect to the water signal from the voxel. Vertical lines are drawn at 2.25 

ppm to indicate the H4 multiplet of 2 HG. Shown in brackets is the estimated metabolite 

concentration (mM) ± standard deviation. Abbreviations: Cho, choline; Cr, creatine; NAA, N-

acetylaspartate; Glu, glutamate; Gln, glutamine; GABA, γ-aminobutyric acid; Gly, glycine; Lac, 

lactate; Lip, lipids. Scale bars, 1 cm. 
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Table 5.2 1H-MRS Methods and Their Performance in Identifying IDH-mutational Status 

in Gliomas. †Specificity: estimated from IDH wild-type tumor voxels + healthy voxels, ‡Cutoff 

Cramer-Rao lower bound for successful spectral fitting, §For 2 HG concentrations of > 1 mM, 

ǁFor 2 HG concentrations of ≥ 1 mM. Cho = choline, Cr = creatine, Gln = glutamine, Glu = 

glutamate, healthy = healthy brain tissue, IDH = isocitrate dehydrogenase, MT = tissue from 

IDHmutated tumor, NA = not available, sensitivity = estimated from IDH-mutated tumor voxels, 

TE1 = 1st echo time, TE2 = 2nd echo time, TR = repetition time, WT = tissue from IDH 

wild-type tumor, 1H-MRS = proton magnetic resonance spectroscopy, 2 HG = 2-

hydroxyglutarate 
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5.2 AIMS 
 

The main objective of this study is to setup and optimize non-invasive detection 

of 2 HG in 1H-MRS by a novel difference spectroscopy sequence (MEGA-

PRESS; Mescher-Garwood Point-Resolved Echo Spectroscopy Sequence) in a 

prospective cohort of patients before surgery for a suspected glioma.  

Secondary objectives will be to determine sensitivity and specificity of this 

technique by comparison with genomic analysis of tumor samples and to 

correlate with 2 HG tumor levels measured by gas chromatography-tandem mass 

spectrometry (GC-MS/MS).  

Association with grade and genomic background will also be explored.  

A supplementary cohort of IDH mutant glioma patients will be examined after 

surgery in order to determine sensitivity of MEGA-PRESS in this setting and to 

explore 2 HG variations during anti-cancer therapies.  
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5.3 Diagnostic value of 2-hydroxyglutarate detection by 1H-MR 

spectroscopy before surgery in patients with glioma: correlations 

with tumor phenotype and tissue dosage. 

 

5.3.1 INTRODUCTION 

 

The overproduction of the oncometabolite 2-hydroxyglutarate (2 HG) in IDH 

mutated gliomas can be detected non-invasively by magnetic resonance 

spectroscopy (MRS) (Andronesi, 2012; Choi, 2012).  

IDH mutations (involving IDH1 and IDH2 isoforms) occur in 70–90% of grade 

II and grade III gliomas, and depict a molecular background and biological 

behaviour which differ significantly from IDH-wild type gliomas without 

dependence on the grade (Parsons, 2008; Sanson, 2009).  

For these reasons, IDH mutational status has been recently integrated in WHO 

classification of brain tumor (Louis, 2016) as a determinant molecular factor 

together with 1p19 codeletion for histological diagnosis. Moreover, IDH mutant 

protein may become druggable targets of new therapies that can inhibit the 

mutant protein.  

For these reasons, detection of IDH mutations is crucial for diagnosis, prognosis 

and treatment planification.  

Previous studies reported the feasibility of non-invasive detection of 2 HG by 

MR spectroscopy for concentration >1mM with different spectroscopic methods 

based on conventional sequences optimized for detection of 2 HG, or spectral 

editing (Pope, 2012; Andronesi, 2012; Choi, 2012).  

Detection of 2 HG by MRS in a preoperative setting proved to be challenging 

and IDH mutant case series reported so far are relatively small. In addition, few 

data are available on correlations with 2 HG measured in tissue samples, as well 

as the molecular status and histological phenotype. 
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In this study, we used a MEGA-PRESS difference spectroscopy sequence 

(Mescher-Garwood Point-Resolved Echo Spectroscopy Sequence; (Mescher, 

1998)), for 2 HG detection in a group of 27 patients before surgery for a 

suspected grade II and grade III glioma. We assessed specificity and sensitivity 

and we related the results to 2 HG concentration in tumor as well as tumor 

molecular status. 

 

5.3.2 METHODS 

 

Patients 

 

We prospectively studied adult patients with intracranial gliomas who went to 

the Pitié-Salpétrière Department of Neurosurgery for surgical resection or brain 

biopsy of their brain tumors. Collection of patient samples and clinico-

pathological information was undertaken with informed consent and ethical 

board approval in accordance with the tenets of the Declaration of Helsinki. All 

subjects gave written informed consent. All patients displayed measurable 

disease on magnetic resonance imaging (MRI) for which surgical resection was 

warranted. Clinical classification and grading of the tissue was performed by a 

board-certified neuropathologist (Louis, 2016). 

 

MRI/MRS Protocol 

 

Acquisitions were performed using a 3-T whole-body system (MAGNETOM 

Verio, Siemens, Erlangen, Germany) equipped with a 32-channel receive-only 

head coil. The protocol included T2-weighted FLAIR and T1-weighted 

sequences for voxel placement and tissue segmentation. MRS data were acquired 

using a single-voxel MEGA-PRESS sequence optimized for 2 HG detection 

(TR=2s, TE=68ms, 128 averages, scan time = 9 min) with editing pulses applied 

at 1.9 and 7.5 ppm, for the edited and non-edited condition respectively, which 

allows for the measure of the 2 HG signal at 4.05 ppm. 
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Water suppression was performed using VAPOR and outer volume suppression 

techniques (Tkac, 1999). A non-water suppressed scan was acquired for 

quantification of absolute metabolite concentrations. Typical VOI size was 

2x2x2 cm3 (Fig. 5. 1c, f). VOI size was adapted to tumor size in order to 

minimize partial volume effects, keeping a minimum size of 6 cm3.  

 

MRS Post-Processing 

 

Frequency and phase corrections were performed on single spectra based on the 

total choline signal at 3.2 ppm, using in-house written Matlab routines. Spectral 

quantification was performed using LCModel (Provencher, 2001) based on the 

water reference scan, assuming a bulk water concentration in tumors of 55.5 mM, 

and correcting for the water transverse relaxation time T2 (150 ms) (Madan, 

2015). The Cramer Rao lower bounds (CRLB) threshold for reliable 2 HG 

detection was set to 30%. 

 

Tumor analysis and 2 HG tissue dosage  

 

Automated IHC was performed on 4-μm-thick FFPE sections with an avidin–

biotin–peroxidase complex on Benchmark XT (Ventana Medical System Inc, 

Tucson AZ, USA) using the Ventana Kit including DAB reagent to search for 

the expression of IDH1 R132H (Dianova, H09), P53 (DAKO, DO.7), and ATRX 

(SIGMA, polyclonal). Labeling was defined as positive (at least one cluster of 

positive tumor cells) or negative (no positive tumor cells detected) (Tabouret, 

2016). 

The QIAamp DNA Mini Kit was used to extract tumor DNA from frozen tumors, 

as described by the manufacturer (Qiagen, Courtaboeuf, France). DNA was 

extracted from blood samples using a conventional saline method.  
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Mutational status of IDH1, IDH2 was determined using the Sanger technique, as 

previously described (Sanson, 2009). All cases in this series scoring negative for 

IDH1 R-132H immunostaining were analyzed for IDH1 and IDH2.  

 

The presence of 1p19q codeletion was assessed by CNV analysis by SNP array 

(9 cases) (Gonzalez-Aguilar, 2012) and a customs next-generation sequencing 

(NGS) targeted gene capture (11 cases).  

 

Metabolite Extraction and Analysis 

 

 2 HG tissue levels were measured by gas chromatography-mass spectrometry 

(GC-MS/MS) using a Scion TQ instrument (Brüker) in full scan or MRM modes 

depending on metabolite concentration. Tissue samples were homogenized in 

bidistilled water and soluble protein concentration was measured by the BCA 

assay. All samples were treated by organic (ethylacetate) extraction and by a 

standard silylation protocol (BSTFA + 1% TMCS). Stable isotope internal 

standards were purchased from Cambridge Isotope Laboratories (2,3,3-D3-2 

HG). Inter-series coefficients of variation and linearity for 2 HG were <6% and 

>99% in the ERNDIM external quality control programs 

(http://www.erndimqa.nl). "D vs. L stereoisomer determination was performed 

by chiral derivatization and GC-MS/MS in MRM mode as previously reported 

(Janin, 2014). 

 

5.3.3 RESULTS 

 

Patients 

 

Between October 2014 and July 2016, we prospectively included 27 

consecutive patients that were suspected of having a grade II or grade III glioma 

prior to surgery at Pitié Salpétriere Department of Neurosurgery (26 patients) 

and Hopital Foch (1 patient).  
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Of the 27 patients enrolled in this study, 25 were found to have good quality 

MRS: one patient was excluded because of a poor compliance during MR and 

one patient was excluded because of a small residual volume requiring voxel 

size<6 cm3 established as a minimum size for VOI in this study.  

Patient’s characteristics and findings are summarized in Table 5.3.1. 24 patients 

underwent MRS before a median interval of 1 day before surgery. Only in one 

patient (Patient 19) was surgery delayed by 6 months because of the occurrence 

of pulmonary embolism and the start of anticoagulant therapy. All patients but 

one were included before their first surgery at initial diagnosis of a suspected 

glioma. Patient 21 was included before second surgery for a known 

oligodendroglioma, which was diagnosed and operated on in 2007. Recurring in 

2010, he was treated with chemotherapy by temozolomide for 24 months and 

radiotherapy; after an interval of two years without any treatment he recurred and 

was then included in this study before undergoing his second surgery.  

With the exception of Patient 21, no patients received any cancer therapy before 

inclusion in this study. Among the 25 patients, all underwent subtotal resection 

excepted two patients (Patient 23 and Patient 24) who were biopsied. Because of 

the small size of tumor biopsy, frozen tissue for 2 HG tissue dosage was not 

available for these two patients.  

Median age at diagnosis was 38 years old (range 22-63); sex ratio was 1.2.  

Genotyping assay for IDH found 21 IDH-mutant and 4 IDH wild-type. In 

the IDH mutant group integrated diagnosis according to WHO 2016 (Louis, 

2016), resulted in diffuse astrocytoma grade II (7 patients), anaplastic 

astrocytoma (7 patients), oligodendroglioma (2 patients), anaplastic 

oligodendroglioma (3 patients), and glioblastoma IDH-mutant (2 patients) 

(Table 5.3.1). One patient (Patient 17) showed a particular phenotype IDH 

mutant, ATRX maintained, INA positive, p53 negative, hTERT C228T mutated, 

highly suggestive the presence of 1p19q which was finally not proved by NGS.  

In the IDH wild-type subgroup, one was a ganglioglioma, two were diffuse 

astrocytoma grade II and one was a glioblastoma.  



  Anna Luisa Di Stefano 

 

 

 

119 

Regarding the type of IDH mutation, twenty patients harbored IDH1 mutations 

(19 patients R132H, 1 patient R132G), one patient (Patient 20) harbored an IDH2 

R172K mutation.  

 

MRI and MRS Studies 

 

Because of the principal inclusion criteria consisting of the suspicion of 

grade II or grade III glioma, operative structural MRI imaging characteristics 

were generally indistinguishable between IDH mutant and wild-type tumors as 

shown in Figure. 5.3.1 in C and D, respectively.  

Tumor size, surrounding edema and mass were not associated with IDH 

mutational status.  

 

Localized MR spectroscopy using MEGA-PRESS of the areas of tumor 

revealed the presence of measurable 2 HG at 4 ppm.  

Principal criteria to score patients as 2 HG positives was 2 HG concentration 

CRLB <30%.  

20 patients of this series presented measurable levels of 2 HG and CRLB < 30%: 

they were then finally scored as 2 HG positives in the pre-operative setting. After 

surgery, each of these 20 patients were confirmed to harbor an IDH mutant 

glioma.  

For these patients, range of 2 HG concentrations by MRS was comprised between 

1.42 and 8.56 mM (median 3.34mM) (Figure 5.3.3 in A).  

Inversely none of the four IDH wild-type glioma patients show any 

measurable 2 HG with high CRLB (99% in two patients, 65% and 66% in the 

remaining two).  

CRLB value (31%) at limit of sensitivity were found in the remaining 

IDH1 R132H mutant patients (Patient 1): in this case, MRS was finally scored 

negative for 2 HG MRS detection (Table 5.3.1. and Figure 5.3.4.). 

No false positive for IDH mutation were recorded by MRS.  
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Example of MEGA-PRESS spectra for one IDH-mutant and one IDH 

wild-type are shown in Figure 5.3.1. 

 

Twenty IDH mutant patients had measurable levels of 2 HG by MRS, 

with low CRLB values, suggesting that the measurement of 2 HG was accurate. 

They were then scored as “2 HG positive” in MRS according to our quality 

criteria. Inversely, no false positive was recorded in this series (Table 5.3.1).  

MEGA-PRESS optimized for 2 HG detection show a sensitivity of 95% and 

specificity of 100% of prediction of the IDH mutation in the tumor. The positive 

predictive value of the presence of the IDH mutation for MEGA-PRESS was 

100% (VPN 80%) (Table 5.3.2).  

 

Quantitative Measure of 2 HG and Other Metabolites 

 

Quantitative measures of 2 HG were available by MRS for 21 cases. Levels were 

comprised between a minimum of 1 nmol/mg to a maximum of 613 nmol/mg.  

At the tissue level, gas chromatography-tandem mass spectrometry (GC-

MS/MS) quantitation of tumor-derived 2 HG shows higher levels of 2 HG in IDH 

mutant compared to IDH wild-type samples (Figure 5.3.3 in B).  

Range of tissue 2 HG was comprised between 1.7 nmol/mg and 613 nmol/mg in 

IDH mutant (median 130 nmol/mg).  

The two IDH wild-type for which a tissue dosage was available show levels at 

1.0 and 2.9 nmol/mg.  

To note, known ranges from the previous report (Dang, 2009) had 2 HG levels 

ranging from 5 to 32 µmol/gr in IDH mutated gliomas and from 0.045 to 0.68 

µmol/gr in IDH wild-type gliomas (Figure 5.3). 

Excepting for Patient 1, (presented in Figure 5.3.4), which is the only IDH1 

mutant in this series with 2 HG lower than the range reported by Dang et al., all 

other IDH mutant in this series displayed levels of 2 HG ≥ 18 nmol/mg.  
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2 HG tissue dosages by GC-MS/MS resulted then consistent with 2 HG MRS 

assessment because Patient 1 is the only IDH mutant patient scoring negative by 

MRS.  

Regression analysis showed a significant correlation between 2 HG by MRS and 

tissue dosage (r2=0.27; P=0.015) (Figure 5.3.2).  

 

Next, to determine if histo-molecular background influences 2 HG 

accumulation we compared 2 HG detectable levels by the IDH mutant-1p19 

codeleted gliomas (IDH+/1p19q+) versus IDH mutant-non codeleted gliomas 

(IDH+/1p19q-). 

We did not find significant differences in 2 HG levels measured by MRS nor in 

the tissue between IDH+/1p19+ and IDH+/1p19-.  

MRS 2 HG levels resulted 2.8 mM IDH+/1p19+ (range 1.67-8.5 mM; 4 patients) 

versus 3.8 mM in IDH+/1p19- (range 1.76-6.8 mM; 13 patients) (Figure 5.3.3 in 

C).  

By GC-MS/MS, median tumor 2 HG levels resulted in 79 nmol/mg in 

IDH+/1p19+ (range 45.9-154.0 nmol/mg; 5 patients) versus 135 nmol/mg in 

IDH+/1p19- (range 1.7-613 nmol/mg; 16 patients) (Figure 5.3.3 in D).  

 

Finally, to determine if glioma grade affected 2 HG levels, we compared 

detectable levels of 2 HG between glioma grades. We observed a higher median 

level in grade IV (7.7 mM) than in grade III (3.3 mM) and grade II (3.2 mM). 

We could not perform the Mann-Whitney test because of the number of grade IV 

samples <3. A t-test showed a significant difference of means of 2 HG- P= 0.0001 

(grade IV versus grade II) and P=0.003 (grade IV versus grade II)-by MRS 

(Figure 5.3.3 in E).  

From the tissue dosages analysis, we observed a trend to higher concentration of 

2 HG in IDH mutant GBM (median 371 nmol/mg; range 130-613 nmol/mg) 

versus grade III (median 125 nmol/mg; range 23.80-336 nmol/mg) and grade II 

(median 117 nmol/mg; range 1.7-316 nmol/mg), but these differences did not 
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raise level of significativity (P=0.06 and P=0.08 respectively) (Figure 5.3.3 in 

F). To note, Patient 25 harboring an IDH wild-type glioblastoma showed low 

levels in the tissue (2.9 nmol/mg) and no measurable 2 HG by MRS.  

 

Impact of Surgery and Anti-Cancer Therapies in a Supplementary Cohort 

 

In order to explore reliability of non-invasive 2 HG measure by MRS in 

post-operative management of IDH mutant glioma patients, we extended our 

analysis to a supplementary group of 35 patients known to be affected by an IDH 

mutant glioma. 

We analyzed these 35 patients by the same MRS protocol, as used in the pre-

operative setting and previously describe (15 grade II, 15 grade III and 4 grade 

IV at the initial tumor).  

Sixteen patients were scanned after surgery and before starting an anticancer 

therapy, 19 patients were scanned post-treatement during or after radiotherapy or 

chemotherapy.  

Interestingly, we observed that sensitivity of non-invasive detection of 2 HG 

accumulation dramatically decreased to 43%. 

Measurable levels of 2 HG, according to good quality criteria (CRLB<30%) were 

found in 15 patients out of 35.  

Among cases scoring positive for 2 HG by MRS, we noticed that a higher fraction 

of patients 9/15 (60%) were scanned in a pre-treatement phase versus 7/20 (35%) 

in the group scoring negative of 2 HG at MRS.  

Even if insignificant, this trend was consistent with a supplementary 

finding in the first patient who completed a follow-up period before and during 

radiotherapy followed by chemotherapy protocol.  

This representative case is shown in Figure 5.3.6. The patient was affected by an 

anaplastic oligodendroglioma harboring IDH mutation (Figure 5.3.6) and 1p19q 

codeletion and was treated by radiotherapy and adjuvant PCV after surgery. First 

MRS scan was performed after surgery and before starting radiotherapy, and then 
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repeated after radiotherapy and during chemotherapy protocol. During the 

follow-up we observed a striking and progressive reduction of 2 HG levels with 

regression of detectable levels of 2 HG after radiotherapy (4.1 mM with CRLB 

10% at baseline; 2.2 mM with CRLB 24% 1 month after radiotherapy and 1.37 

mM CRLB 35%, 5 months after radiotherapy and during PCV chemotherapy) as 

it showed by subsequent spectra 1 month after radiotherapy and during 

chemotherapy Figure 5.3.6.  

Similarly, 9 patients in this series were included in a phase 1 escalating dose trial 

with specific inhibitors of IDH1 (AG120) and IDH2 (AG221) (Agios). Among 

them, 6 show measurable levels of 2 HG by MRS at baseline and then continued 

the follow-up with close MRS scans during the first month after the start of the 

treatment.  

Average levels of 2 HG at different time points are illustrated in plot G in Figure 

5.3.7 and 1 representative for the anti-IDH1 and the anti-IDH2 protocols are 

illustrated in Figure 5.3.7. The follow-up of these representative cases and of 

mean levels of 2 HG show an important and permanent decrease of 2 HG rapidly 

after the start of the specific anti- IDH target therapy.  

Finally, in order to expand our analysis to a putative effect of genomic 

background of 2 HG levels, we combined 2 HG measurements by MRS in 

patients harboring glioma with IDH mutation from the pre-operative cohort (17 

patients) and the post-operative cohort (35 patients).  

In this larger series we confirmed the absence of significant differences in 2 HG 

concentrations by MRS between 1p19 codeleted gliomas (median 2 HG 3.8; 

range 1.6-9.2mM) versus 1p19 non codeleted gliomas (median 3.9; range 1.76-

6.8) but, remarkably, we found that three patients (Patient 20 from the 

preoperative cohort) and two patients from the post-operative cohort harboring 

IDH2 K172 displayed significantly higher levels of 2 HG (median 2 HG 6.8mM, 

range 4.3-9.2mM) than IDH1 mutant (3.79mM; range 1.67-8.5mM) (P=0.03). 

Despite the small sample size (only 3 IDH2 mutant), differences resulted as being 

statistically significant and results are shown Figure 5.3.5.  
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Table 5.3.1. Clinical and histo-molecular features of the cohort with corresponding 2 HG 

by MRS and tissue dosage. CRLB means Cramer Rao lower bounds; na=not available.  

 

 
 
 

 

 
 

Table 5.3.2. Predictive value of 2 HG non-invasive detection by MRS in a prospective cohort 

of 25 patients scanned before surgery. IDH mutation status was assessed in IDH1 and IDH2. 

MRS by MEGA-PRESS proved to be highly specific (100%) and sensitive (95.2%). Positive 

predictive value was 100% and the negative predictive value 80% (chi2 19.05).  
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Figure 5.3.1. Examples of MEGA-PRESS Spectra, Voxel positioning and Sanger sequence 

of IDH1 codon 132 of the tumor after resection, of one IDH mutated glioma patient (in A, 

C and E) and one IDH wild-type glioma patient in (B, D and F). MRS spectrum after 

differential editing shows a peak of 2 HG at 4ppm (in A) and the absence of the 2 HG peak in B. 

Sanger sequencing show the presence an hetozygote R-132H mutation of IDH1 characterized by 

the appearance of a green peak in chromatogram corresponding to adenine at guanine position 

(black peak) in F IDH1 wild-type sequence at codon 132.  
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Figure 5.3.2. Regression plot of 2 HG concentrations measured by MRS (X axis) and in the 

tumor GC-MS/MS (Y axis) in the subgroup of 21 patients with measurable levels of 2 HG 

on MRS (and CRLB<30%). Green Dots correspond to grade II, blue dots to grade III and red 

dots to grade IV. 2 HG concentrations in MRS display a significant correlation with concentration 

in the tumor (r2=0.27; P=0.015).  
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Figure 5.3.3. 2 HG measurable levels in the tissue, and by MRS according to IDH status (A 

and B), molecular subgroup (C and D) and grade (E and F). Each symbol represents the 

amount of the listed metabolite found in each tumor sample.  

Black bars indicate the group sample means.  

In plot A, B, C, D green dots correspond to grade II, blue dots correspond to grade III and red 

dots correspond to grade IV. In plot E and F violets dots correspond to IDH wild-type sample.  

Plot A, C, D corresponds to dosages by MRS. Only measureable levels of 2 HG with CRLB<30% 

are reported. 

Plots D, E, and F correspond to dosages by GC-MS/MS analysis. 

In A and B gliomas are stratified according to the IDH status. 

IN C and D, gliomas are stratified according to the molecular subgroup (IDHwt versus IDH 

mut1p19q codeleted versus IDH mutant 1p19q non codeleted).  

In E and F, gliomas are stratified according the grade.  
In grade IV, by MRS, 2 HG mean level was significantly higher than grade III and grade II by t 

test (P=0.0001 and 0.003 respectively).  

In grade IV, tumor 2 HG shows a trend to higher concentrations (median 371 nmol/mg; range 

130-613 nmol/mg) versus grade III (median 125 nmol/mg; range 23.80-336 nmol/mg) and grade 

II (median 117 nmol/mg; range 1.7-316 nmol/mg) (P=0.06 and P=0.08 respectively). 

No differences were observed according to the molecular subgroups IDH+/Codel+ versus 

IDH+/Codel- subgroups.  
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Figure 5.3.4: MRS and Spectra obtained by Mega-Press in Patient 1. Detection of 2 HG peak is at limit of 

sensitivity (CRBL 31%) and then MRS was scored negative for 2 HG detection. This patient correspond the only 

false negative case of this series (Tab2). Interestingly, the average percentage of tumor cells expressing the mutant 

form of IDH1 R132H was around 10%, with heterogeneous areas scoring from 50% and 1% labeled tumor cells 

(100% of tumor cells). Contamination by non-tumor cells was present. Molecular analysis showed a small peak in 

chromatogram corresponding to the mutant allele of IDH1 in codon 132 and NGS analysis assessed a fraction of 

0.048% (37/761) mutant reads. Molecular and histological findings in this patient suggest a sort of dilution with wild-

type IDH1 DNA and protein and could explain in part the negative result of MRS.  
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Figure 5.3.5. 2 HG measurable levels by MRS in 32 IDH mutant gliomas (17 from the pre-

surgery and 15 from the post-surgery subgroups) according to IDH mutation. Levels distribution 

analysis show significant higher levels in the 3 patients harboring IDH2 K172 mutations (median 

2 HG in IDH1 mutant 3.79mM versus 6.80 mM in IDH2 mutants; P=0.03)  
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Figure 5.3.6 2 HG permanent decrease during radiothemotherapy. A representative case of 

a 50-year-old patient affected by an IDH mutant 1p19q codeleted anaplastic oligodendroglioma 

that was scanned by MRS after surgery and then every month during anticancer treatment.  

In A) SNV plot of tumor DNA showing a complete loss of small arm of 1p and long arm of 19q 

(indicated by the arrows), In B) Sanger sequence showing the hetozygous mutation in codon 132 

of IDH1.  

Axial and coronal FLAIR imaging before starting radiotherapy and 1 months later and 5 months 

later during conomcitant chemotherapy by PCV (are shown in C, D and E respectively).  

MRS Spectra obtained by Mega PRESS before RT (in F), 1 month after radiotherapy and 4 

5 months after radiotherapy shows a significant decrease of 2 HG from 4.1 mM (CRLB 10%) to 

undetectable levels.  
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Figure 5.3.7 2 HG decrease specific anti IDH1 and anti IDH2 therapies.  

In the left block a representative case of a 36 patient harboring an IDH mutant glioma. In A Flair 

imaging at baseline and in B 2 HG levels measured at different time points are consistent with 

the reduction of 2 HG peak observed rapidly at 3 days (C2) and 29 days (C3).  

A similar results observed in Patient Idaspe 14 (54 years old) harboring an IDH2 mutation and 

treated by an anti IDH2. Baseline and subsequent spectra (F1, F2, F3 and F4) showed a prompt 

and persistent reduction of 2 HG at 4 ppm.  

Average levels of the 6 patients included in specific anti-IDH  therapies are reported in G, 

showing the permanent reduction of 2 HG after the start of target therapies.  
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5.3.4 DISCUSSION 

 

The quantification of the 2 HG metabolite through MRS represents an 

appealing imaging biomarker in glioma because it directly measures the product 

of the mutant enzyme, which is highly useful for diagnosis, treatment 

planification and prognosis. Moreover, the fascinating perspective of realizing 

the pharmacodynamics measure of activity of anti-IDH therapies at the tumor 

level in real time makes this technique appealing despite its technical challenges.  

A number of approaches and methodologies have been reported (PRESS; 

LASER, COSY) with high levels of sensitivity (100%) and lower levels of 

specificity 70-90% (see Table 5.3.2).  

In this study we report an original technique for 1H-MRS non-invasive detection 

of 2 HG by MEGA-PRESS as a reliable tool to predict IDH mutation. Using 

stringent criteria as CRLB<30%, MEGA-PRESS proves to be highly precise 

(100%) and with sensitivity of around 95%.  

Consistently, 2 HG levels assessment by MEGA-PRESS resulted in a good 

correlation with 2 HG tissue dosages.  

Based on our data and previous reports (Dang, 2010; Andronesi, 2012) most 

tumor levels of 2 HG seem to be high enough to grant detection by in vivo MRS, 

however there may be a number of tumors in which levels could be around or 

below the 1-mM detection threshold, conclusively affecting sensitivity.  

Indeed, one IDH mutant glioma in our series showed 2 HG levels and CRLB at 

the lower limit of detectability and was finally judged as negative by MRS. In 

this patient, we found a very low level of 2 HG in the tissue and an important 

contamination by non-tumor cells at histological and genomic level. Consistently 

with our observation, density of tumor cells has been recently suggested as a 

factor influencing 2 HG measurement by MRS (de la Fuente, 2016).  
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This point may intuitively explain the dramatic reduction of sensitivity at 43% of 

MEGA-PRESS in detection of 2 HG after surgery, as we observed in our 

supplementary series of post-operative patients.  

 

We investigated other potential factors correlating with 2 HG levels and 

we observed that high-grade IDH mutant gliomas show higher levels of 2 HG as 

well as IDH2 mutation. The 1p19 codeletion does not seem to influence 2 HG 

levels. However, the rare IDH2 mutation, which is associated with 1p19q 

codeletion, appears associated with higher levels of 2 HG. 

Finally, our preliminary result on radiological follow-up of IDH mutant 

patients during radiochemiotherapy suggests that one of the major factors that 

affect 2 HG level are cancer therapies, as shown in our representative cases and 

also other reports (Andronesi, 2012). Further studies might elucidate duration of 

such a decrease, the presence of differential response of 2 HG to specific chemo-

radiotherapy regimens and more interestingly if 2 HG decreases may be a 

predictor of tumor response, clinical benefit and/or tumor progression.  

More fascinatingly, we report here our preliminary results on 2 HG as 

dramatically and rapidly decreasing with anti-IDH therapies. This observation 

proves that MEGA-PRESS is a reliable and reproducible method for 2 HG 

assessment and open fascinating field of research on the value of this variation 

in IDH mutant response and resistance to target therapy.  
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6. CONCLUSIONS AND PERSPECTIVES 

 

To date, driver oncogenes remain the most appealing targets for development of 

innovating therapies and new diagnostic tools.  

In this study, we dichotomized the field of research in the two main nosological 

entities identified in glioma so far: the IDH mutant and IDH wild-type, and we 

developed a novel approach for target therapies and non-invasive molecular 

diagnosis.  

In the first study we proposed a molecular prognostic classification of gliomas 

basing on IDH and pTERT mutational status and we also reported a striking 

parallelism of germ line variants which are differently associated to the risk of 

developing specific subtypes of glioma mainly according the IDH status.  

In the second study focused on IDH wild-type gliomas, we reported an unbiased 

screening assay for FGFR-TACC fusions that occur in grade II and III glioma 

harboring wild-type IDH1, with frequency similar to glioblastoma (GBM), 

therefore providing a clue to the aggressive clinical behavior of this glioma 

subtype in glioma.  

Our RT-PCR based assay overcomes the great variability of variants that are 

generated by FGFR-TACC chromosomal translocation in human cancer. Thanks 

to the largest screening performed so far, we identified the highest number of 

cases harboring FGFR-TACC gene fusions and we were able to show that FGFR-

TACC fusions display a specific genomic background, which is mutually 

exclusive with IDH and EGFR amplification, but co-occurs with CDK4, MDM2 

amplification and 10q loss.  

We showed that FGFR-TACC-positive glioma displays strikingly uniform 

expression of the fusion protein and, judging from the high specificity of FGFR3 

staining, we found that FGFR3 IHC could be considered a reliable method for 

prescreening. Preclinical experiments with FGFR3-TACC3-positive glioma cells 

treated with an anti-FGFR TK inhibitor (JNJ-42756493) showed strong anti-

tumor effects and treatment of two patients with recurrent GBM harboring 
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FGFR3-TACC3 resulted in clinical improvement and radiological tumor 

reduction.  

 

We also showed that FGFR3-TAC3 fusions are associated with longer survival 

in GBM and given the promising therapies we are testing in this setting, 

rechallenge and concomitant administration of target TK inhibitors may be a 

relevant option to be tested to produce a clinically relevant benefit in this selected 

subgroup of patient. 

 

In perspective, we will then move to analysis of clinical efficacy of anti-FGFR 

specific target therapies and of eventual mechanism of resistance.  

 

In the third study, we developed and validated novel methods for 2 HG detection 

in IDH mutant tumors and we showed that this technique is highly specific and 

sensitive in pre-operative stages and that it could be integrated in diagnostic 

work-up.  

In the post-operative phase 2 HG seems to be, in a number of patients, an 

interesting new imaging marker to monitor. Further studies will answer the 

question on the predictor value of this variation of response and survival. 

 

In conclusion, our findings may have contributed to enrich the repertoire of target 

driver oncogenes of therapeutic relevance in glioma and improve access towards 

innovating diagnostic tools in the field of neuro-oncology.  
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7. ANNEXES 

 

In this section, we report twelve articles and studies where we contributed, from 

November 2013, as authors or co-authors, and that are annexes to the PhD 

research project on molecular markers of gliomas presented in this thesis.  
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